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Foreword

Our warmest welcome to all of you who are engaged in the 16th International Conference on
Construction Applications of Virtual Reality (CONVR 2016), which is jointly organized by the
Hong Kong University of Science and Technology and Teesside University on 11-13 December
2016 in Hong Kong. The mission of the conference is to develop a research community that
together can collaborate and develop research in the areas of construction virtual reality (VR),
visualization technologies, Building Information Modeling (BIM), and others. For the last 15
years, CONVR has been organized in America, Europe, Asia, Middle East and the Far East,
and has been credited with developing research and innovation in construction VR that has
direct values and benefits to the built environment sector around the world.

This year CONVR is very special, as we have many of the best international researchers
presenting their cutting edge projects from more than 20 countries. In addition, the conference
is being held in wonderful Hong Kong, where the advancements of all aspects of visualization
technologies are embedded in every aspect of construction processes. The conference has a
unique blend of participants from both academia and industry. The conference provides a good
platform to exchange ideas and best practices in the built environment sector, stemming from
innovative research activities in the areas of BIM and visualization technologies. We believe
that you would find the topics in the conference informative and insightful.

Prof. Jack C.P. Cheng Prof. Nashwan Dawood Prof. JS Kuang

Conference Chair Conference Co-Chair Conference Co-Chair
The Hong Kong University of Teesside University, UK The Hong Kong University of
Science and Technology, HK Science and Technology, HK
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KEYNOTE SPEECH I: BIM in Hong Kong: What is Your Contribution?

Ms. Ada Fung, BBS, JP, Deputy Director of Housing (Development
& Construction), Hong Kong Housing Authority, Hong Kong

Chairperson, CIC’s Committee on Construction Safety

ABSTRACT: Building Information Modelling (BIM) is a term that has

become ubiquitous in the construction field in the past two decades, with

significant development in many parts of the world including the United

States, United Kingdom, European Union, Middle East, Singapore and

China. Hong Kong has in the past, played an important part of global
BIM development. With the Construction Industry Council’s (CIC) Working Group on Roadmap for
BIM Implementation acting as a coordinator and anchor to steer and drive BIM development in Hong
Kong, we have been moving ahead steadily in the past years. It is encouraging to see that a great
momentum has been gathered in recent years, both from the private and public sector.

Building on this momentum, it is imperative that we must handle BIM development in Hong Kong
carefully in the coming years. We are at a very critical stage where strategic planning is required and
contribution by all stake-holder is vital. In this presentation, | will share my thoughts on what are the
key focus areas and how we may all contribute to shape the future of BIM development in Hong Kong.

BIOGRAPHY: Ms. Ada Fung, JP is the Deputy Director of Housing serving the Hong Kong Housing
Authority. She supervises the Development & Construction Division of the Housing Department,
overseeing all facets of work covering project management, planning, design and contract management,
as well as establishing operational policies on procurement, design, construction, quality, performance
assessment, dispute resolution, research and development, safety and the environment for public housing
development in Hong Kong. She is the Chairperson of the Working Group on Roadmap for BIM
Implementation at Hong Kong Construction Industry Council (CIC). She is an active member in the
architectural field as well as in the construction industry in Hong Kong. She is Chairperson of CIC’s
Committee on Construction Safety, Chairperson of the APEC Architect Monitoring Committee of Hong
Kong (2012 — 2016), one of the directors of the Hong Kong Green Building Council, past Chairperson
of the Architects Registration Board (2010 — 2011), Immediate President of the Hong Kong Institute of
Architects (2013 — 2014).
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KEYNOTE SPEECH I1: Applications of Computing and Al in Engineering

Prof. Kincho H. Law, Ph.D.,M.S,,B.S., B.A.
Professor, Civil and Environmental Engineering, Engineering
Informatics Group, Stanford University, USA

ABSTRACT: Civil and construction Engineering has had a long and

successful history in adopting computing technologies, from computer

graphics, CAD, engineering analyses, virtual simulations, to project

management. As technologies continue to advance, there are many new

opportunities that can take advantage of information science and
computing technologies in engineering. Technologies such as building information modeling, virtual
reality, high definition images, sensors, etc., are now widely deployed in the civil and construction
engineering industry. This presentation will provide an overview of current trends of computing
technologies in the AEC domain. Recent years have also seen the re-emergence of artificial
intelligence (Al) applications. This presentation will attempt to discuss some of the potential
applications of Al in engineering.

BIOGRAPHY: Professor Kincho H. LAW is currently a Professor of Civil and Environmental
Engineering at Stanford University. His research has been focused on computing, information and
communication technologies in engineering. He has published over 400 articles in journals and
conference proceedings. He was the recipient of the ASCE Computing in Civil Engineering Award in
2011. He has received a number Best Paper Awards, including ASME Manufacturing Science and
Engineering Conference in 2015, ASCE Journal of Computing in Civil Engineering in 2014, ASCE
International Workshop on Computing in Civil Engineering in 2013, and the 6th and the 4th International
Conference on Electronic Governance (ICEGOV) in 2012 and 2010, respectively. He acts as Editorial
Board Member of Journal of Engineering with Computers, International e-Journal on IT in Construction
(ITCON), Journal on Advances in Engineering Software, and ASTM Journal on Smart and Sustainable
Manufacturing Systems. He has also served as an Associate Editor of ASME Journal of Computing
Information and Science in Engineering and a Senior Specialty Editor of ASCE Journal of Computing
in Civil Engineering.
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KEYNOTE SPEECH 11l (Diamond-Sponsored): BIM Implementation in
Mainland and HK: Similarity & Difference

Ir Francis Leung, Founding Chairman, The Hong Kong Institute of
Building Information Modelling, Hong Kong

Associate Director, New World Construction Company

ABSTRACT: Building Information Modelling (BIM) has been rapidly

developing in the worldwide arena in the recent years. Although the

principles of BIM are commonly agreeable in different countries, the ways

of BIM implementation are quite diversified. Simply from our experience

in New World, the objectives and demands for BIM are not exactly the
same between that in HK and Mainland projects although there are also similarities. For example, in
HK, we have in house Main Contractor (MC) such that the MC can participate in the design stage for
the earliest access to the information. BIM is then the best tool to manage building information. In
Mainland, BIM is handled by MC focused on the development of shop drawings for complex items such
as facade for fancy building form and combined services for building services. In the keynote,
similarities and differences in the BIM implementation in Mainland and HK will be elaborated.
Audience may take reference to the cases where they have similar situation.

BIOGRAPHY: Ir Francis Leung is the Founding Chairman of The Hong Kong Institute of Building
Information Modelling. He is a Fellow Member of The Hong Kong Institution of Engineers, Registered
Structural Engineer. Ir Leung has been developing BIM from an engineering consultant perspective and
now in an enterprise approach. In New World, a BIM team is established for the BIM modelling and
information management as well as the development of BIM Standards and Workflow.
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KEYNOTE SPEECH IV: BIM and IT in Construction - The Research and
Practice Gap

Prof. Lucio Soibelman, ph.D.,, M.S,, B.S.
Professor and Chair, Sonny Astani Department of Civil and
Environmental Engineering, University of Southern California, USA

ABSTRACT: ltis certainly no surprise that BIM implementation varies

a lot from company to company and from country to country. During his

talk Professor Soibelman will first discuss BIM practice and

implementation issues by introducing case studies from the US and from

Brazil. He will present use cases of BIM to support better understanding

of BIM benefits at all phases of facilities life cycle (design, construction,
and operations) evaluating the value of BIM deployment to all stakeholders.

After that Professor Soibelman will focus more on BIM research opportunities by introducing, as
example, results obtained from several studies developed by his research group. He will present a study
that developed methods for integrating unstructured text documents and pictures in A/E/C model based
systems. In this study, automated processes for retrieval, classification, and integration of unstructured
documents in A/E/C model based systems were explored. Specifically, a combination of techniques
from the areas of information retrieval, text mining, image reasoning, and computer vision were
analyzed to develop visual interfaces that allow the identification of documents/pictures relevant to each
component of the project model. Finally he will discuss the influence of BIM application on research
developments for 3D as-build models creation, virtual reality, robotics, and additive manufacturing in
construction.

BIOGRAPHY: Professor Soibelman obtained his PhD in Civil Engineering Systems at Massachusetts
Institute of Technology (MIT) in 1998. He then started as an Assistant Professor at University of Illinois
at Urbana Champaign. In 2004, he moved as an Associate Professor to Carnegie Mellon University
(CMU) and in 2004 was promoted to Professor. In 2012, he joined University of Southern California as
the Chair of the Sonny Astani Department of Civil and Environmental Engineering. His research areas
include advanced data acquisition, management, visualization, and mining for construction and
operations of advanced infrastructure systems. He published over 100 books, book chapters, journal
papers, conference articles, and reports and performed research with funding from many different
funding agencies, such as NSF, NASA, DOE, US Army, NIST, IBM, and RedZone Robotics. He is the
current chief editor of the ASCE Computing in Civil Engineering Journal. He received the ASCE
Computing in Civil Engineering Award in 2010 and the 2011 FIATECH Outstanding Researcher
Celebration of Engineering & Technology Innovation Award in 2012. In recent years, he has been
providing consulting services on BIM implementation in Brazil.
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KEYNOTE SPEECH V: Building BIM Capability in Singapore

Mr. Tai Fatt Cheng, Deputy Managing Director, BCAA and BERII,
Building and Construction Authority, Singapore

ABSTRACT: Singapore’s vision for the construction industry is that of
a highly integrated and technologically advanced sector led by progressive
firms and supported by a skilled and competent workforce. To this end,
BIM/Virtual Design and Construction (VDC) has been touted as one of the
key technologies to improve productivity and integration across the value
chain.

Even as BCA encourages the industry to adopt new technologies for construction, the built environment
sector will also require a higher quality workforce equipped with technology-oriented skills and
knowledge. The presentation will share how BCA drives this vision through various programmes and
initiatives.

BIOGRAPHY: Mr. Tai Fatt CHENG is currently a Deputy Managing Director of two groups in
Building and Construction Authority (BCA), namely BCA Academy and Built Environment Research
& Innovation Institute. In BCA Academy, he oversees the various built environment training
programmes from tradesman to post-graduate. In the Built Environment Research and Innovation
Institute, he is responsible for driving BIM/VVDC adoption in the Singapore. He helped to formulate the
BIM roadmap and is tasked to drive the wide adoption of BIM across the industry to improve
construction productivity. He was directly involved in the development and implementation of
CORENET e-Submission system in Singapore. He is also an active member of buildingSMART
Singapore Chapter.
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KEYNOTE SPEECH VI: Cyber-Physical Systems in Construction -
Development Lessons and Future Directions

Prof. Chimay J. Anumba, FREng, Ph.D., D.Sc., Drhc. ,
CEng/PE , FICE , FIStructE , FASCE

Dean, College of Design, Construction and Planning, University of
Florida, USA

ABSTRACT: Cyber-physical systems (CPS) enable the synergistic

integration of virtual models and the physical environment and are now

being increasingly recognized as vital for improved construction project

information management, more efficient project delivery, and enhanced
facilities management. A critical aspect of the deployment of CPS in construction is ensuring bi-
directional coordination between the physical components and their virtual representations. This
presentation will draw on examples from research prototypes to highlight the key features and benefits
of these systems, and the steps involved in their development. The lessons learned from developing a
variety of systems for various stages of a constructed facility’s lifecycle will also be outlined. Following
this, the future directions for CPS in construction will be discussed.

BIOGRAPHY: Professor Chimay Anumba is a Fellow of the Royal Academy of Engineering, the
United Kingdom’s National Academy of Engineering. He holds a Ph.D. in Civil Engineering from the
University of Leeds, UK; a higher doctorate — D.Sc. (Doctor of Science) from Loughborough University,
UK; and an Honorary Doctorate (Dr.h.c.) from Delft University of Technology in The Netherlands for
outstanding scientific contributions to Building and Construction Engineering. His research interests are
in the fields of advanced engineering informatics, concurrent engineering, knowledge management,
distributed collaboration systems, and intelligent systems. He has over 450 scientific publications in
these fields and his work has received support worth over $150m from a variety of sources. He has also
supervised more than 45 doctoral graduates and mentored over 20 postdoctoral scholars. He is a
Chartered/Professional Engineer and Fellow of the ICE, IStructE and ASCE.
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KEYNOTE SPEECH VII: Towards Smart Industry in Construction: a
Pathway of Converging Research

Prof. Xiangyu Wang, Ph.D., M.S., B.S.

Curtin-Woodside Chair Professor for Oil, Gas & LNG Construction and
Project Management; Curtin Director of Australasian Joint Research
Centre for Building Information Modelling (BIM), Department of
Construction Management, Curtin University, Australia

ABSTRACT: The world is now in the early stages of the fourth industrial

revolution which are bringing together digital and physical systems.

Dramatic changes are all around us across all sectors, happening at
exponential speed. The vision of tomorrow's construction, as part of the fourth industrial revolution is a
highly dynamic, customized and resource-friendly smart industry.

Today’s construction processes could become highly integrated and situation-awareness systems with a
significant portion of embedded intelligences, where digital systems (e.g., design, information,
communication) and physical systems (e.g., machines/equipment, raw materials, labor) are coming
together within an "Internet of Everything" and cooperatively drive construction. Physical resources
find their way independently through the logistics and construction processes.

To move towards the vision more effectively, inter-disciplinary approaches are not sufficient but a
converging way will replace. This keynote presents a pathway of converging research that creates an
eco-system which integrates industry and academia together. This partially proved pathway is also
further underpinned by enumerating a variety of emerging integrations of new business models,
disruptive technologies and innovative management philosophies.

BIOGRAPHY: Professor Wang is currently the College of Experts of ARC (Australian Research
Council) and received 2016 nomination for Australian Academy of Technological Science and
Engineering (ATSE). Prof. Wang is an internationally recognised leading researcher in the field of
Construction IT, BIM, Lean, Productivity, Computational Methods for Engineering, Data Analytics,
Visualization Technologies, Megaproject Management, and Training, having obtained over USD $ 10
Million research funds and published over 200 peer-reviewed journal articles. He has presented over 30
keynote and plenary speeches at international research and industrial conferences on BIM, construction
and project management. He is currently the Editor-in-Chief of Visualization in Engineering which is
an international research journal hosted by Springer-Verlag. His work with Woodside Energy Ltd., Shell
Ltd., and other 40 industrial partners, win numerous awards and has dozens of global media exposures.
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KEYNOTE SPEECH VIII: Global VDC Adoption - Insights into Best
Practices and Challenges

Prof. Calvin Kam, Ph.D., AIA, PE, LEED AP
Director of Industry Programs and Adjunct Professor, Stanford
University's Center for Integrated Facility Engineering (CIFE), USA

ABSTRACT: This presentation will build upon global working

experiences around the world. BIM-driven groundbreaking pilots, applied

research, technical developments, government mandates and standards,

and international adoption of open standards and their impacts on business

will be shared through first-hand experiences from Dr. Calvin Kam’s team,
and evaluated through the bimSCORE framework. The applicability of such approaches will provide a
dynamic value proposition for researchers and practitioners to strategize and implement.

Furthermore, at Stanford University‘s Center for Integrated Facility Engineering (CIFE), Dr. Kam's
research team is developing key performance indicators (KPIs) for innovative and industrialized
construction. Pertaining to KPI, the AECOO industry has adopted pools of metrics measuring broad
areas of construction performance. To identify the set of measurements that are most indicative of project
performance, Dr. Kam's team is developing a CIFE Performance Dashboard with a live repository of
performance indicators. Key indicators are distilled from extensive pools of metrics using statistical
algorithms. Recommended indicators will be tracked on projects and the performance dashboard will
help track and improve industry and project performances. Dr. Kam's presentation will also cover the
roles that the industry can play in the Smart City movement and advice for the industry to better embrace
for some potentially disruptive innovations.

BIOGRAPHY: Dr. Calvin Kam is the Founder and CEO of Strategic Building Innovation |
bimSCORE—the "GPS Navigator" for construction innovation. He is an Adjunct Professor at Stanford
University’s Center for Integrated Facility Engineering (CIFE), where he specializes in Virtual Design
and Construction (VDC), Smart City Developments, and Management Scorecards. He is the Senior
Program Expert and a Co-founder of the National 3D-4D-BIM Program with GSA Public Buildings
Service. He is an appointed international BIM expert for Singapore Building Construction Authority,
Shanghai Municipal Government’s BIM Center, and the only international Honorary Director of the
China National BIM Union and Standards. He is serving on the Research Advisory and International
Practice Committees of the American Institute of Architects; he was AlIA’s former National Co-
Chairman of AIA Center for Integrated Practice and AIA-TAP Knowledge Community. He was a
recipient of various AIA, ASCE, SOM, Stanford University and ENR’s “20 under 40” honors/awards.
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KEYNOTE SPEECH IX: Implementing Intelligent Semantic Enrichment -
the SeeBridge Project

Prof. Rafael Sacks, D.sc., M.S., B.Sc.
Associate Professor, Civil and Environmental engineering, Israel Institute
of Technology, Israel

ABSTRACT: Building Information Modeling is a powerful technology,

but transferring information among applications is still limited by the

diversity of their internal representation schema. The goal of ‘Open BIM’

with fully interoperable models remains elusive despite development of

the IFC standards. For similar reasons, model-checking and functional

simulations using building models is hampered by the need for careful
tailoring of the content of model files exported from BIM authoring tools. Semantic enrichment is a
novel approach to this problem. It applies expert system technology to interpret and enrich the semantic
content of models so that they can be re-used for multiple purposes with minimal rework. The technique
will have application in a wide variety of situations. Among those being developed in current research
are precast concrete detailing, cost estimation, compilation of as-built models of bridges for bridge
surveys, and acquisition of building data for facility maintenance.

Semantic enrichment is a core technology in the SeeBridge project, a multinational research project
funded by the EU Infravation Program. A semantic enrichment prototype named SeeBIM 2.0 has been
developed and is being applied to aid in compiling building models of highway bridges from point cloud
data that can be used for survey and recording of damage to the bridges. This large scale experimental
application has yielded important insights into the ways in which rule sets can be compiled rigorously,
to ensure that they can accurately classify model components based on feature vectors and topological
relationships. It has also contributed deeper understanding of the potential application of semantic
enrichment to scan to BIM conversion, which requires classification, naming and numbering, treatment
of occlusions, inference of missing components, aggregation of components in systems, and inference
of structural support and flow systems. Prof. Sacks’ talk will explore the need for semantic enrichment,
its technology aspects, the ways in which it can contribute to providing interoperability, and the promise
of a more advanced approach. For more information on the SeeBridge project, visit
http://seebridge.net.technion.ac.il

BIOGRAPHY:: Rafael Sacks’ research focuses on the synergies of Building Information Modeling
(BIM) and Lean Construction. Research at his Virtual Construction Lab at the Technion includes
development of BlIM-enabled lean production control systems; innovative approaches to BIM
interoperability; BIM systems for earthquake search, rescue and recovery; and design for safety. Prof.
Sacks was Head of Structural Engineering and Construction Management in the Faculty of Civil and
Environmental Engineering from 2012-2015. He is a co-author of the “BIM Handbook”.
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KEYNOTE SPEECH X: Integrated Management of BIM Design and
Construction in Mainland China

Mr. Jiazhi Kuang, General Manager (Department of Architectural
Digitalization and BIM), China Construction Digital International, China

ABSTRACT: Civil and construction Engineering has had a long and

successful history in adopting computing technologies, from computer

graphics, CAD, engineering analyses, virtual simulations, to project

management. As technologies continue to advance, there are many new

opportunities that can take advantage of information science and

computing technologies in engineering. Technologies such as building
information modeling, virtual reality, high definition images, sensors, etc., are now widely deployed in
the civil and construction engineering industry. This presentation will provide an overview of current
trends of computing technologies in the AEC domain. Recent years have also seen the re-emergence
of artificial intelligence (Al) applications. This presentation will attempt to discuss some of the potential
applications of Al in engineering.

BIOGRAPHY: Mr. Kuang, is currently a certified Senior Engineer and General Manager of the
Department of Architectural Digitalization and BIM at China Construction and Design Institute (CCDI),
the largest private design company in China. He oversees research, technical advancement, project
management, quality assurance and standards drafting of BIM for the company. He holds a BA degree
in Engineering of Thermal Energy from Northeastern University (China). He has devoted himself in the
AEC industry for over 20 years, and in building digitalization and BIM for over 10 years. He also act as
the Vice Director of Beijing Exploration and Design Information Committee, Special Consultant of
Tsinghua University National BIM Research Group, and Member of the Drafting Committee of Beijing
Civilian Architecture BIM Standard. He supervised the utilization of BIM for a serials of iconic building
projects in China, such as Tianjin Ship Terminal (2008), Wanda Xishuangbanna Theater (2012), Longfor
Changyingtianjie Residence Area (2012), Shenzhen Pingan Tower (2012), and Beijing Z15 Tower
(2013).
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KEYNOTE SPEECH XI: BIM Technology enabled Smart Airport Design
and VR Applications in Third Runway Development

Ir Kevin Poole, Executive Director, Hong Kong Airport Authority,
Hong Kong

ABSTRACT: Airport Authority has been utilizing BIM for design and
construction since 2006, commencing with the “North Satellite Concourse”
project continuing through to the recently completed *“Midfield
Concourse”. BIM is adopted for all our current capital works projects
related to Three-Runway System.

Appropriate use of relevant BIM strategies and technology can assist in
achieving the Authority’s commitment to Smart, Green & Sustainable airport design. This can be
through effective and efficient space utilization, facilities visualisation and analysis that supports a
shorter design iteration cycle and decision making process, for example: passenger flow study, means-
of-escape, illumination coverage and heat & ventilation analysis etc. The analytical results can be
updated quickly with design changes and optimized results obtained from the integrated BIM model that
allow stakeholders to visualize solutions and thereby aid decision making.

AAHK is also exploring the use of VR for projects in the various stages of design, construction,
operation and maintenance. With pre-defined project requirements in VR collaboration formats, it makes
VR integration ready for our projects by plugin to appropriate VR platform and devices. The immersive
VR environment, with intuitive eyesight direction by head tracking technology, may provide a better
sense of space and object relationship than from a monitor. At the same time, realistic lighting, texture
mapping and rendering technology improves the level of realism that would benefit a design review in
a VR guided walkthrough. In the future, it may be that life-like operational experiences can be simulated
in the virtual environment such as the check-in process, travel on the APM system, emergency escape
route, complex equipment maintenance or even training.

BIOGRAPHY: Kevin Poole is an Executive Director of the Hong Kong Airport Authority and
independently responsible for the direct management of the planning, concept development, feasibility
study, engineering, design, procurement and implementation of all capital works projects undertaken by
the Authority. He has more than 30 years of experience in the building and civil engineering field
specializing in major multi-disciplined infrastructure and building projects. In the UK, he was involved
in the construction management teams on the London Docklands’ Connaught Crossing and the Queen
Elizabeth 11 Bridge over the Thames at Dartford. Experience in Hong Kong includes as a senior member
of a consultant team working for Government clients of tube tunnel, highway and reclamation projects.
He is a member of the Construction Industry Council (CIC) in Hong Kong and Chairman of the

Committee on Environment at CIC.

11



Proceedings of the 16th International Conference on Construction Applications of Virtual Reality, 11-13 December 2016, HK

Part I. BIM Adoption and Project Management
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A TOOL FOR ASSESSING THE COMPLIANCE OF PROJECT
ACTIVITIES AND DELIVERABLES AGAINST THE REQUIREMENTS
OF BIM LEVEL 2 POLICY DOCUMENTS

Mohamad Kassem, Associate Professor, Northumbria University,

Mohamad.Kassem@northumbria.ac.uk

Mohammadreza Jenaban, KTP Associate, Sotech Optima & Teesside University,

mj@sotech-optima.co.uk

David Craggs, KTP Associate, DKS Architects & Teesside University

dcraggs@dksarchitects.com

Nashwan Dawood, Professor, Technology Futures Institute, Teesside University

n.n.dawood@tees.ac.uk

ABSTRACT: Public and private procurers around the world are either mandating or encouraging the adoption
of BIM within their construction sectors and projects. For example, in the UK, BIM (i.e., ‘BIM Level 2°) is
mandatory on all government centrally procured projects. ‘BIM Level 2’ is a collaborative way of working, in
which 3D models with the required data are created in separate discipline models according to a set of guides,

standards and specifications.

Mandating BIM Level 2 required the development of a range of guides, standards and specifications .
These policy documents are intended to guide and facilitate the adoption of BIM by the project supply chain. They
are considered complex as evidenced from the large amounts of requirements included within each of them and
from the strenuous discussions around their implementation in professional networks and specialised blogs. Tools
for assessing the compliance of project activities and deliverables these against requirements of these policy

documents do not exist.

This research proposes a tool, which enables a project team to determine the compliance of project activities and
deliverables with BIM Level 2 policy documents at every phase of the project lifecycle. The tool was built by
extracting all requirements from the policy documents. This paper will present the tool and demonstrate its
application in a case study. The results show that the proposed tool can help in assessing the compliance of project
activities with the policy documents and in simplifying their complexity. The two limitations of this research include
the following: a) the used requirements were added to the matrix without any prior processing (e.g. semantic and
ontological development),; and b) an assumption was made that the policy documents used to build the matrix are
trustworthy despite several of them are still at the specification stage — a stage that precedes their conversion into

standard — and are untested from research perspective.

KEYWORDS: BIM, BIM Level 2, Compliance.

L All these document types are referred to as ‘policy documents’ in the remainder of the paper.
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1. INTRODUCTION

BIM is now considered as the current expression of digital innovation within the construction industry (Succar and
Kassem, 2015). When BIM is implemented properly, it facilitates many of the functions and activities required
across the whole project lifecycle (Eastman et al., 2011). It is changing the workflows across all the construction
project phases from planning and design through construction to operation. This impact on the entire project
lifecycle is evidenced by the development of model use taxonomies - e.g. by Succar et al. (2016) and Kreider et

al., 2015 - that include uses of BIM for each and every phase of the project lifecycle.

The UK Government has mandated the use of BIM —i.e., BIM Level 2 - since April 2016 on all centrally procured
projects. To provide guidance for the supply chain involved in BIM-enabled projects, several policy documents
and one tool — the digital Plan of Work (dPoW) - were developed. This sheer volume of policy documents were
produced in a relatively short timeframe — less than three years — which immediately preceded the BIM mandate
effective date (4 April 2016). As a result of this intensive and hasty development and launch of policy documents,
the industry was left with much to ponder and many unanswered questions. A key area of concerns is the
complexity of the policy documents which is resulting in a limited understanding of the requirements and
expectations from the project supply chain. The complexity is partly caused by the approach used to organise the
policy documents that “‘deliberately” abstained from providing detailed levels of granularity. To date there have
been no attempt to address this challenge within research. The dearth of studies in this area can be justified as: 1)
it requires an action research approach (interventionist approach to the acquisition of knowledge which requires
more generous timeframes to conduct research with the involved organisations) that is generally difficult to
implement in construction-related research, and 2) the short time elapsed since the policy documents were issued.
This research has been conducted as part of an initiative called ‘KT4BIM’ (Knowledge Transfer for BIM). The
initiative brought together individuals from several organisations (Table 1) with the common aim of simplifying
the complexity surrounding the implementation of BIM-enabled projects according to BIM Level 2 and its policy
documents. The initiative was led and sponsored by the BIM4ASME Group — BIM4SME is one of the UK BIM
Task Group working groups composed of individuals from Small and Medium Enterprises (SMEs), public
agencies and academia. In this paper, we report the results from the development and application of a tool for the
checking of the compliance of project activities and deliverables against the requirements of BIM Level 2 across
all project phases of the RIBA Plan of Work 2013. The paper shows the proposed tool and demonstrates its

application in one case study at the Strategic Definition project phase.

Table 1 Consortium involved in the KT4BIM initiative

Academic Partner Industry / Public Partner
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Heriot Watt University BSRIA
Reading University Links Project
Teesside University M+W Hargreaves
University of Central Sotech Optima Ltd
Lancashire BWB Consulting
University of Reading Henry Riley LLP
University of Salford Frank Whittle Partnership (FWP)
University of Westminster Nunelah Design Consultant
University of Wolverhampton Kent Council
DKS Architects
Elliottwood

2. LITERATURE REVIEW

The escalating coverage, connotation and impact of BIM concepts and tools have led to the proliferation of BIM-
focused publications (e.g. BIM strategy documents, BIM adoption reports, data exchange standards, and model-
based collaboration protocols) emanated by Industry associations, governmental bodies and academic
communities across several countries (Kassem et al., 2016). In parallel with the deepening interest in BIM, industry
and academia have been attempting to develop tools for assessing and improving its adoption. These efforts were
targeted at different levels ranging from studies investigating BIM adoption at market-wide level (Succar and
Kassem, 2015), through organisational scale (e.g., Geil, 2013; CIC, 2013; BRE, 2015; VICO, 2011) and
individuals/teams (Change Agents AEC, 2013), to projects (Arup, 2014; bimSCORE, 2013; NIBS, 2015; Nepal et
al., 2014). A review and an appraisal of available methods across the three different organisational scales is
available in Azzouz et al. (2015). The assessment scale (organisation vs. project) affects the definitions of the used
metrics. For example, the assessment at organisation scale is often focussed on assessing the vision, plans, culture
change, collaboration and strategies of BIM within organisations, while assessment at project scale evaluates the
different BIM implementation facets at project level, e.g. data richness, data exchange/interoperability and model
use (Azzouz et al., 2015; Bougroum and Copping, 2016; Mansson and Lindahl, 2016). As this paper is focussed

on BIM implementation at project level, only the methods addressing the scale will be reviewed.

The ARUP BIM Maturity Measure (BIM-MM) is used to assess different organisational (e.g. vision, objectives,
availability of defined BIM roles, etc.) and project aspects (e.g. data richness, data exchange, model deliverables,
etc.) using a five-level index: 0. Non-existent; 1. Initial; 2. Managed; 3. Defined; 4. Measured, and 5. Optimised.
Both the project and the involved trades (e.g. Mechanical, Electrical and Structural) can be assessed and their score

is compared with an established target level (Arup, 2014).

The Virtual Design and Construction (VDC) Scorecard evaluates projects using 4 scorecard areas (i.e., planning,

adoption, technology, and performance) that are further divided into 10 divisions which includes 56 measures
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(Kam et al., 2013). The percentage score uses a tier of ‘Maturity Levels of VDC Practice’ which includes:
Conventional Practice (0%-25%); Typical Practice (25%-50%); Advanced Practice (50%-75%); Best Practice
(75%-90%); Innovative Practice (90%-100%). An online commercial tool (i.e., bimSCORE) was developed based

on the VDC score and is used to assess the performance of new projects against past projects (bimSCORE, 2013).

The Interactive Capability Maturity Model (I-CMM) establishes ‘a tool to determine the level of maturity of an
individual BIM as measured against a set of weighted criteria agreed to be desirable in a Building Information
Model’ (Suermann, et al., 2008, p. 2; NIBS, 2007; NIBS, 2015). The ICMM has 11 ‘areas of interest” measured

against 10 maturity levels.

From this review it can be concluded that tools and methods for the evaluation and assessment of BIM-enabled
project are still very limited. More importantly, much of the available methods and tools for the assessment of
BIM-enabled projects do not seem to be based on a solid theoretical foundation. While the proposed methods and
tools claim to be able to determine the ‘maturity’ of project, our research is focussed on assessing ‘compliance’.
In projects, assessing or checking compliance is often considered a project ‘audit’ activity which aims to identify
issues and non-compliance with policies, procedures and processes, and ensures that appropriate controls are in

place.

3. TOOL FOR COMPLIANCE ASSESSMENT

Several policy documents have been developed between 2012 and 2016 in the UK to prescribe the processes and
requirements for participating in BIM Level 2 enabled projects and to educate the supply chain. However, there
has been significant debate in the industry and academic communities about whether these policy documents are
effective in achieving these targets. A key challenge that is often cited in such debates is the clarity of the policy
documents with regards to the requirements and responsibilities of each of different project stakeholders at each
of the project lifecycle. To address this important challenge, an industry initiative called ‘KT4BIM’ was
collaboratively formed by a group of organisations and universities to develop a tool for assessing the compliance
of project activities and deliverables with BIM Level 2 policy documents. The methodology adopted an action
research approach in which the practitioners — who simultaneously play also the role of researchers as they work
on joint projects between industry and academia that are funded by Innovate UK — spent six months working on a
case study of a BIM-enabled project. The remainder of this paper will illustrate the tool for compliance assessment

and its application at the Strategic Definition (Stage 0 of the RIBA Plan of Work 2013).

3.1 Development of the Compliance Tool

The approach (Figure 1) used to develop the compliance tool consisted of manually mining the requirements and
clauses from the policy documents and mapping them against the applicable project stage. Details about the policy
documents used to mine the requirements are included in Table 1. Several practitioners and researchers participated
in this mining exercise, each with a responsibility for mapping a particular policy document. The results were
merged into a unique file — a spreadsheet with multiple sheets — which formed the compliance tool. All practitioners

and researchers followed an agreed upon process to build the matrix. For a given policy document, the requirement
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mining process included these steps: 1. identify the requirement within the document’s text; 2. identify applicable
project stage; 3. input the requirement attributes into the spreadsheet (i.e., requirement code/number in the original
document, category/class, and requirement description). For each requirement (each line in Table 3) and for each

stage, the additional columns are:

 ‘Comment Stage x?': it includes commentary to explain how the project activities/deliverables meet or deviate

from the requirement;

« ‘Pass Stage x*’: a binary score of 1 (Pass) or 0 (Fail) for the project activity/deliverable when it is checked

against the requirement;

« ‘Assessment Stage x’: This column is used to verify that the requirement being assessed is applicable to the
stage. It is filled automatically by referring to a different table (see Tables 4 and 5) that maps requirement against
applicable stages. If the requirement is not applicable to the stage, it will return N/A (Not Applicable) to the

corresponding cell. It is a mechanism to ensure accuracy in the application of the matrix;

« “Validation Stage x?’: This cell enables a second layer of verification by cross checking the values in the
aforementioned two cells. It automatically transposes the value of pass or fail from ‘Pass Stage x** only if the

requirements is applicable to stage (i.e., only if the value in Assessment Stage x? is different from N/A),

» ‘Unjustified Fail’: it is a field that is filled automatically to check whether an applicable requirement to the

current stage is failed without a commentary (empty value in the ‘Comment Stage’ call).

After performing these steps on all BIM Level 2 policy documents except the PAS 1192-5 2015, the compliance
tool was developed. It was implemented as a spreadsheet with multiple sheets. Each sheet is reserved for checking
the compliance against one policy document. Table 4 shows the number of requirements from all policy documents
that are applicable across all the project stages. The results from all sheets are automatically amalgamated in a
summary sheet in which the compliance of project activities/deliverables is monitored against all requirements at
every project stage. The summary sheet represents a dashboard for visualising the status of compliance of project
activities/deliverables with the policy documents across all project stages. Across all project stages, the policy
documents included 3487 requirements (Table 4) — not unique requirements as they include recurrences — which
makes the compliance assessment a time and resource demanding process. The next paragraph illustrates the

application of the matrix in a case study.

Table 2. BIM Level 2 policy documents

Code Title

BS 1192:2007° Collaborative production of architectural, engineering and construction information. Code of practice

2 x denotes the project stage number (0 to 7).
8 This was updated in 2016 and has become BS 1192:2007 + A2:2016
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Specification for information management for the capital/delivery phase of construction projects using building
PAS 1192-2:2013
information modelling

Specification for information management for the operational phase of assets using building information modelling
PAS 1192-3:2014
(BIM)

Collaborative production of information. Fulfilling employer’s information exchange requirements using COBie.
BS 1192-4:2014
Code of practice

Specification for security-minded building information modelling, digital built environments and smart asset
PAS 1192-5:2015
management

BS 8536-1:2015* L . . . . L
Briefing for design and construction. Code of practice for facilities management (Buildings infrastructure)

Table 3. Requirement mining from the BS1192-2007

Requirement

Requirement Category Requirement description

number

412 Roles and Responsibilities Roles and responsibilities should be agreed.

Information, once prepared, should be placed into the WORK-IN-PROGRESS

421 Common Data Environment

(WIP)

The data continues to be updated in the WIP area and should be indexed to
422 Common Data Environment  indicate minor version changes, e.g. P02.1, etc., until next published to the

SHARED area

When a model has reached a status that is “fit for co-ordination” it should be
4231 Common Data Environment

uploaded to the SHARED area of the CDE.

4 This document was not issued when this research has started and a reference was made to the ‘Government Soft Landing’ -
a methodology for the smooth transition from the design and construction phase to the operational phase of a built or refurbished
asset. It proposes a lifecycle view of asset cost and value.
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Figure 1. Approach for mining requirements from BIM Level 2 policy’s documents and their mapping against

the project stages

Table 4. Mapping of the 18 requirements — each line represents one requirement — from the BS 1192-2007

against the project stages

Requirement

Requirements from the BS 1192-2007

Code

R1 Roles and responsibilities should be agreed

R2 A “Common Data Environment” (CDE) approach should be adopted.

R3 Information, once prepared, should be placed into the Work-1n-Progress (WIP)

R4 The data continues to be updated in the WIP area and should be indexed to indicate minor version changes, e.g. P02.1,
etc., until next published to the SHARED area

R5 When the data is SHARED with the other members of the project team, the data is checked and issued to the CDE and
the revision code is updated to indicate a major revision, e.g. PO1.

R6 When a model has reached a status that is “fit for co-ordination” it should be uploaded to the SHARED area of the CDE.

R7 Before uploading to the shared area, a model should be reviewed and checked according to compliance requirements in
order to be fit for a specific purpose

R8 The “issue” status should be used to identify the suitability of the information provided. The “suitability” code gives
ownership to the design teams and restricts access by others until information is sufficiently developed, co-ordinated,
approved and authorized.

R9 The data shared with status “Fit for Co-ordination” should be in the changeable formats. All information having a
different status should be produced as documents in non-changeable formats
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R10 Models that are downloaded by others should never be re-uploaded to the SHARED area. When a model is used as
background information by others, it is important to ensure that this does not result in information in models being
duplicated. Therefore, a procedure should be agreed that ensures information occurs only once in the SHARED area.

R11 Before information in the shared area of the CDE is made available to the wider project team, for example for tender or
construction, it should be formally checked, approved and authorized. Suitable checking and approvals processes should
be defined and applied. These should apply to consultants and subcontractors’ documents.

R12 Once the document has been approved and authorized, it passes to the contractor for “Action” and the revision changes
from “Preliminary” to “Construction”.

R14 Archive folder: all data should be kept and maintained for possible future use

R15 Naming Convention: Directories

R16 Naming Convention: Files

R17 Naming Convention: Containers

R18 Spatial Coordination: common origin and orientation

Table 5. BS 1192-2007 requirements and applicable stages

Requirement

Stage Stage Stage Stage Stage Stage Stage Stage

Code 2 3 4 5 6 7
R1 ° °
R2 [ J [
R3 [ J [ ] [ ] [ ] [ ] [ ] [ ] [ ]
R4 [} [} [} [} [} [} [} [}
R5 [ J [ ] [ ] [ ] [ ] [ ] [ ] [ ]
R6 [} [} [} [} [} [} [} [}
R7 [ J [ ] [ ] [ ] [ ] [ ] [ ] [ ]
R8 [} [} [} [} [} [} [} [}
R9 [ J [ ] [ ] [ ] [ ] [ ] [ ] [ ]
R10 [} [} [} [} [} [} [} [}
R11 [ J [ ] [ ] [ ] [ ] [ ] [ ] [ ]
R12 [} [} [} [} [} [} [} [}
R14 [ J [ ] [ ] [ ] [ ] [ ] [ ] [ ]
R15 [} [} [} [} [} [} [} [}
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R16 (] (] [ ] [ ] [ ] [ ] [ ] [ ]
R17 L] L] [ J [} [} [} [} [ J
R18 [ ] [ ] [ ] [ ]

Table 6. The number of requirements extracted from the policy documents and mapped against project stages

PAS
BS PAS 1192- PAS 1192- BS 1192- 1192-5 CIC CIC Info Requirements-
1192:2007 2:2013 3:2014 4:2014 2015 Protocol  manager GSL Total
Stage 460
17 139 53 8 177 8 24 34
0
Stage 23 432
17 58 46 168 2 28 90
1
Stage 28 472
16 61 45 166 5 23 128
2
Stage 507
16 63 45 38 166 5 22 152
3
Stage 494
16 65 45 37 166 5 22 139
4
Stage 1 400
16 37 45 11 167 22 101
5
Stage 349
15 16 45 13 166 1 23 70
6
Stage 372
15 16 47 6 169 1 4 114
7
3.2 Case Study

A project brief given was given to a multi-disciplinary team of architects, structural engineers and MEP
(Mechanical Electrical and Plumbing) engineers. The brief required the design of a self-build module that can
accommodate a living space, a kitchen, a bathroom, a bedroom and a parking for up to four vehicles. The brief
specified the maximum construction and materials budget at £40,000 excluding land, professional and local
authority fee, service connections, insurances and warranties. The site is 15m wide and 30 m deep and can
accommodate up to three storeys. The multi-disciplinary team aimed to deliver this brief across the RIBA Plan of

Work 2013 design stages from the Strategic Definition (Stage 0) to the Technical Design (Stage 4).

The paper illustrates the results from the case study for Stage 0 (Strategic Definition) only. During this stage, the
multidisciplinary team collaboratively worked and endeavoured to develop the project according to a fully enabled

BIM Level 2 project. An appointed Information Manager monitored the compliance of the project
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activities/deliverables using the proposed compliance tool. An extranet as a Common Data Environment for
collaboration and other tools for model authoring, costing and virtual meetings were all in-kind provided by the
industry partners. Weekly meetings were used by the Information Manager to assess the compliance of project
deliverables/activities using the proposed matrix. A binary score of either ‘Pass’ or ‘Fail” was used to assess project
activities/deliverables against each individual policy document. However, when the compliance of the entire
project stage is assessed, the final decision is based upon a ‘Stage Compliance Rate’ (SCR in %) which is not
binary. Using the SCR and the supplementary comments that explains the reasons for not achieving full compliance,
the Information Manager can objectively decide whether the project can proceed to the next stage. In this
case study, the results from compliance checking against all the applicable requirements to Stage 0 are described
in Figure 1. Based on the compliance score achieved (76.2%) and the additional comments, the Information
Manager considered Stage 0 as compliant and authorised the project to proceed to the next stage provided that
some minor corrective actions and changes are addressed (i.e. the generation of a MIDP - Master Information
Delivery Plan; the generation of IMP to manage information related to the operational phase of an asset). The non-
full compliance was also attributed to several requirements that are not applicable to the current context of a virtual
case study. The results in Figure 2 amalgamates the results from 8 tables / sheets (one for each policy document)
with a total number of line exceeding 3487 lines (a line for each requirement). The tool successfully allowed the
checking of compliance of project deliverables and provided transparency to all involved parties. However, there

are a number of issues and challenges facing the use of the proposed tool. These are discussed in the next section.
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Figure 2. Results of the project compliance with the policy documents at Stage O (Strategic Definition).

4. DISCUSSION & CONCLUSION

Several policy documents surfaced in the UK to support the BIM mandate represented by the so-called ‘BIM Level
2’. All these documents were developed and launched within less than 4 years, separating the announcement of
the mandate in 2011 from its effective date in 2016. The construction industry in the UK and SMEs in particular
have expressed their apprehension about the complexity of these policy documents. Typical discussion items that
often emerged in forums and networking events are: what are the compliance requirements for BIM Level 2
projects?; How do we know if a requirement have been met?; how can compliance issues be identified and
resolved?; How and when do we progress through stages?, etc. The KT4BIM initiative was set as a collaborative
effort between several industrial and academic partners to address these concerns. The proposed tool was
developed within the KT4BIM initiative as a tool for enabling compliance checking against all the policy document

at every project phase.

The tool successfully enabled the compliance checking at the design phase of a virtual project. The testing of the
tool in a virtual project has limitations compared to its deployment in a real life project. Issues that inhibit
collaboration such as trust, legalities and intellectual properties (Azhar, 2011; Ghassemi and Becerik-Gerber; 2011;
Sebastian, 2010; Kassem et al., 2013) and their impact were eliminated in the virtual project. Therefore, the impact
of these issues on the adoption of the tool remain unclear and warrants future investigations. Nevertheless, the tool
showed several benefits and limitations in the illustrated case study. For example, the whole multidisciplinary team
had a shared access to the tool and all project stakeholders were informed about the compliance levels and the
issues that requires attention. This allowed the team to constructively collaborate on the resolution of the identified
compliance issues. However, the interim uses of the matrix within each project stage often showed low compliance
levels as the progression of project activities/deliverables was partial. In such cases, the compliance checking
resulted in unnecessary pressure for the involved team. Interim uses have also made the application of the matrix
challenging given the high number of requirements that are applicable to each stage. To address this issue, it is
suggested to define an event-driven process (e.g. at submittal of deliverables, at key project milestones) for

performing the compliance checking across the project stages.

The proposed tool can also enable the comparative analysis of compliance across projects — when results are
available from numerous projects — and may be used to establish industry benchmarks or targets for project
compliance. More importantly, data from the adoption of the tool from many projects can provide a feedback loop
to both policy makers and the project supply chain. Indeed, aggregated data from several projects can help policy
makers understand the areas of policy documents that require improvement. For example, if one part in one of the
policy documents is always revealing difficult to comply with (e.g. unrealistic requirements), the policy maker can
review and improve that part. The project supply chain can use prior compliance results as lesson learned to exploit

in new projects.

The number of requirements (i.e., 3487) applicable to a level 2 BIM project across all stages is very high which

makes the compliance checking a time and cost demanding effort. It would be also very challenging to perform
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this process on a project using one information manager only. However, the development of the proposed tool did
not consider: requirement recurrences (e.g. same requirement but expressed using different terms within the same
policy document or across multiple policy documents), linked and transitive requirements (e.g., compliance with
requirement A affects the compliance with requirement B, and compliance with requirement B in turn affects the
compliance with requirement C, then compliance with A is related to compliance with requirement C) or nested
requirements (e.g. identification of requirement subcomponents). All these issues can be addressed through the
creation of a specialised ontology which formally defines: 1) the compliance concepts — e.g. policy document,
requirement, role; 2) the attributes — e.g. values and qualifiers associated with the concepts, and 3) the relations
between the concepts. The proposed work can be considered as an early proof-of-concept before embarking on the
development of a tool which is based on a specialised ontology. The outlined ontology and the tool can help in

reducing the current complexity of BIM Level 2 policy documents and facilitating BIM adoption on projects.
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ABSTRACT: Globally, built environment sector has been experiencing notable development with Building
Information Modelling (BIM). Public sectors in several countries are playing major roles in BIM adoption because
they have seen the benefits of BIM adoption for their Architectural, Engineering, Construction, and Operation
(AECO) projects. Recently, Indian AECO industry shows considerable movement towards BIM. Survey findings
of RICS School of Built Environment, Amity University and KPMG in 2013-14 revealed that 22% BIM adoption
was undertaken in Indian AECO Industry. Once a technology is adopted, assessment is needed to understand the
status of its adoption. BIM in the AECO industry is of no exception and BIM performance measurements can be
conducted at different scales, i.e. individual stakeholder, team, organization, project and market scale. As a
preliminary case study, we identified existing BIM Assessment Methods (BIM-AMs) at project scale and tested two
of them, namely NBIMS interactive capability maturity model (NBIMS-ICMM) & Arup’s BIM maturity measure
model (Arup’s BIM-MMM), on a selected Indian BIM project (located in Bangalore, Karnataka). NBIMS-ICMM
& Arup’s BIM-MMM were adopted due to their free accessibility and wide acceptance in the global market. Before
the project assessment, BIM competencies of organization (with Bew & Richards model) and key stakeholders
(with BIM self-assessment tool) involved in the selected project were known. Assessment results were documented
and compared for identifying the suitable Project AM for the selected project & organization. Also, a series of
interviews were made with the stakeholders of the selected project and organizational head to capture their ideas
towards these BIM-AMs, assessment results, and their plan on improving their organization and project BIM

performance.

KEYWORDS: Building Information Modelling (BIM), BIM-Assessment Methods (BIM-AMs), Indian AECO

projects, BIM performance measurements.

1. INTRODUCTION

In India, Architecture, Engineering, Construction and Operation (AECO) industry is the second largest industry
after agriculture industry. Indian AECO industry employs more than 35 million people, has second highest inflow

of foreign direct investment after services sector, and contributes to about 11.1% of India’s GDP (Mohideen 2015).
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Recent initiatives set by Indian government, such as Make in India, is serving to grow the AECO industry. There
are many mega projects undertaken recently, e.g. high-end road ways or express ways, metro train projects and
proposed bullet train project between two cities of India, i.e. Mumbai and Ahmedabad. The initiation of these
projects necessitates focus on various technical and non-technical aspects along with technologies, especially the

infrastructure for these initiatives.

Regarding technologies and project delivery process within the AECO industry, Building Information
Modelling (BIM) is one of the most notable one, with its ability to reduce project time delays, cost over runs and
litigations. Countries like the United States, the United Kingdom, the Netherlands, Singapore, South Korea,
Japan, Hong Kong, and Australia have mandated the usage of BIM in public sector (Cheng and Lu 2015). Many
countries in the regions of the America, Europe, Asia and Oceania have high percentage of BIM users for their
AECO projects. This transformation from traditional practices toward BIM has enabled several benefits to AECO
industry with respect to project delivery (DCAMM 2015; MPA 2015; Harvard UCMC 2016). Concerning BIM
adoption in Indian AECO industry, RICS India (Sawhney 2014) had conducted a survey on the status of BIM in
Indian scenario and described the importance of BIM for Indian AECO industry. However, adopting new
technologies like BIM involves complex procedures. In order to realize and overcome the complexities during
BIM diffusion in projects, BIM technology and process of diffusion need to be measured and monitored at regular

intervals. Hence, there is a need for measuring and improving BIM maturity in Indian AECO projects.

BIM maturity of individual stakeholders, teams, organizations and projects can be measured using Assessment
Methods (AMs) developed by BIM researchers, professionals and AECO organizations (Azzouz, et al. 2016).
Recently, research findings from Erik, et al. (2015) revealed that BIM has a positive effect on projects by increasing
the predictability of total project cost. Also, they described on how BIM-AMs can lead to better predictability on
BIM performance maturity. To realize the BIM maturity within individual stakeholders, teams, organizations,
projects and markets, several assessments are essential at different BIM performance measurement scales. Several
project AMs associated with BIM are existing for global scenario. However, how these BIM project AMs can
benefit Indian AECO projects is still beyond exploration. Conducting BIM performance assessment on a selected
Indian BIM project and realizing a suitable AM for the project is the major objective of this study. Project
assessments were carried out on the selected project by adopting two BIM project AMs, i.e. NBIMS-ICMM and

Arup’s BIM-MMM, because of its free accessibility and wide acceptance.

2. LITERATURE REVIEW

The demand for BIM-AM s is increasing with the BIM adoption by public sectors in more than 14 countries.
Larger acceptance of BIM in recent days by global AECO industry has fostered the development of BIM-AMs for
different measurement scales. BIM assessments within individuals, teams, organizations, projects and markets
indicate current BIM performance measurement scales that can help project stakeholders to realize their individual
BIM competency, teams’ BIM capability, and BIM maturity of their projects, organizations and markets.

Furthermore, it is needed to educate and train these project stakeholders, their organizations and project teams for
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improving BIM performance and maturity levels. Educating and training the project stakeholders benefits AECO
organizations in delivering BIM projects with expected BIM maturity. Detailed BIM project assessment facilitates
in assisting project stakeholders with relevant education and training to reach required BIM maturity (NIBS 2015).
BIM-AMs can be categorized into five measurement scales: (1) the individual stakeholder competency
assessments; (2) the stakeholder teams’ capability and compatibility assessments; (3) the organizational capability
and maturity assessments; (4) the project AMs; (5) market scale maturity assessments. Through extensive literature
study, twenty-seven (27) BIM-AMs were identified in this study, including four individual stakeholder
competency assessments, one stakeholder teams’ capability and compatibility assessment, eleven organizational
capability and maturity assessment, seven project AMs, and four market scale maturity. Each of these BIM-AMs
has different strengths and weaknesses. Some of these AMs are user friendly, are freely accessible and offer case
study projects. Some of the existing BIM-AMs are conceptual, lack instructions, or requires external examiners

and fees for implementing assessments.

Recently, BIM researchers have categorized a few existing BIM-AMs in the AECO organizations and projects.
They have pointed out the key differences among these BIM-AMs (Dakhil et al. 2015; Azzouz et al. 2016).
Existing AECO project AMs include NBIMS-ICMM (NIBS 2015), characterization framework (Gao 2011), VDC
scorecard (Kam et al. 2013), bimSCORE (bimSCORE 2013), BIM excellence project assessment (Change Agents
AEC 2013), Arup’s BIM-MMM (Arup 2014) and goal driven method for evaluation of BIM projects (Lee and
Won 2014). Table 1 provides a comparison among the existing BIM project AMs. Four out of seven project AMs
were of USA origin, i.e. NBIMS-ICMM, characterization framework, VDC scorecard and bimSCORE. Only three
of the existing project AMs are accessible as tools, i.e. NBIMS-ICMM, bimSCORE and Arup’s BIM-MMM.
Among these three project AMs, only NBIMS-ICMM and Arup’s BIM-MMM are freely accessible. Also, these
two BIM project AMs are widely accepted in the global market. All the seven BIM-AMs at project scale were
validated with case study projects. During application of NBIMS-ICMM and Arup’s BIM-MMM, we realized that
these AMs are easily understandable. Hence, these two AMSs were adopted for assessing the selected BIM projects’

(hereinafter project-x) process and performance maturity.

Further study on selected BIM project AMs was performed considering few measures, such as time taken for
assessment, ease of understanding the terminologies in AMs, depth of assessment and number of participants
required for assessments. Areas of interests (AOIs) and maturity levels in NBIMS-ICMM and Arup’s BIM-MMM
were studied. Furthermore, our study is on how these AMs can be adopted for training project teams to achieve
project’s expected BIM maturity. BIM Performance Assessments (BIMPAS) at different phases of the project
result in several benefits (Gao 2011; Kam et al. 2013; Change Agents AEC 2013; Azzouz et al. 2016): (1)
disclosure on whether usage of BIM leads to cost, quality and time efficiency, (2) Progressive assessment of BIM
performance ensures that the project is on track and progress is as per plan or expectation, (3) Measuring BIM

maturity in projects assists in upgrading BIM usage within projects, organizations and teams.

Table 1: Comparison among existing BIM project AMs reviewed

28



Proceedings of the 16th International Conference on Construction Applications of Virtual Reality, 11-13 December 2016, HK

BIM-AMs NBIMS- Characterizatio  BIM excellence VDC bimSCORE Arup’s BIM Goal driven
VIS CMM n framework PPPA scorecard MMM method for
Factors for BIM project
comparison evaluation
Number of 11 74 73 BIM Uses 56 56 23 (11 34
measures proj.+12
discipline)
Maturity 10 N/A Model richness 5 5 6 N/A
levels value 0-1
Status of Free Research Commercial Research Commercial Free N/A
project AMs. prototype prototype
Accessibility  Tool Framework Framework Framework Tool Tool Framework
format
Depth of less detailed Most detailed More detailed More detailed More Most Less detailed
Assessment detailed detailed
Guidelines Available Available Available Available N/A Available N/A
Evaluation External N/A External certified  Multiple types ~ Multiple External N/A
style certified evaluator to of evaluation types of certified
evaluator/ evaluate project's  offered evaluation evaluator/
Self- MUs offered Self-
evaluation evaluation
Ease of use User friendly ~ Need Need specialists Need User friendly ~ User friendly ~ Need
specialists specialists specialists
Key elements  Project level Context, MUs & Planning, Planning, Project & Project KPIs
& category elements implementation  model based technology, technology, AECO
& performance  deliverables adoption & adoption & discipline
impacts performance performance  level
elements
Evaluation Project External audit External certified  Excel input Excel input Stakeholder External audit
criteria documents &  of project evaluator can form/web- form/web- explanation of project doc.
models documents & evaluate project's  based based in an excel & interviews
interviews with 73 MUs as an dashboard; dashboard; template with BIM
BIM personnel  implementation full version full version personnel
template/Perform  includes an includes an
ance metric audit by audit by
consultant consultant

NOTE: This may not be an exhaustive list of the BIM project AMs available. It is not our intent to endorse any particular commercial

product, but rather to provide suggestions for available options to evaluate project’s BIM maturity & benchmark BIM performance. While
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each AM is unique in terms of its evaluation context & intended users, similarities exist between their assessment criteria at the macro level.

Readers can select the best AM for their needs based on their project’s desired goals and vision for BIM execution.

3. METHODOLOGY

Figure 1 shows the methodology for BIMPAS proposed in this study. It is expected that BIMPASs can benefit
AECO industry in realizing current BIM performance levels and assist in achieving expected BIM maturity. The
BIMPA process includes six major steps. First, a suitable BIM case that requires performance assessments is
identified. The second step is the process of selecting a BIM performance measurement scale needed by the
selected BIM case. During BIMPA scales selection process, it is essential to specify which of the five maturity
scales, i.e. individual, team, organization, project and market scale, requires BIMPA for the selected BIM case.

However, this study is limited to exploration of project scale BIMPAs.

Select BIM Select sutable Application of \dentification of
|dentify BIM performance identified selected suitable
case for study measurement BIM-AMs BIM-AMSs for
measurement
Start scales scale on the sase selected case

Figure 1: BIM performance assessment methodology

Each of the BIM performance measurement scales has several corresponding BIM-AMs developed by BIM
researchers and organization for it. Selecting suitable BIM-AMs for the desired scale of performance measurement
on the selected project is the third step. In the fourth step, the selected BIM-AMs are applied following the available
guidelines. Then, the current BIM maturity level of the selected BIM case can be identified following the
assessment procedures provided by the selected AMs in the fifth step. The final step is the identification and
provision of suitable BIM-AMs for the selected case study. Later, it is essential to provide education and training
for the selected BIM case associated stakeholders at different project lifecycle phases for reaching the expected

BIM maturity.

4. CASE STUDY

In this study, a suitable BIM case has been identified and the above stated BIMPA methodology is applied.
Process of applying the BIMPA methodology in the selected BIM case is described here. Initially, identification
and selection of a BIM project was performed. Later, interactions with the key project stakeholders of the selected
project for collecting their views on BIM adoption in project delivery process were undertaken. Subsequently,
identification of BIM-AMs for the selected BIM case at different BIMPA scales was performed. With project
assessments as the main focus of this study, the process and performance assessments of the selected BIM project
were carried out. Finally, a suitable BIM project AM for the selected BIM case was identified by considering
factors of various aspects, such as ease of understanding, time taken for assessment, detailed assessment capability,

consistency in results for assessment objectivity, etc. Also, education and training for the selected BIM project
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associated stakeholders is a basic requirement. This BIMPA-driven education and training for the project
stakeholder team and organization can facilitate the organization to achieve expected BIM maturity in delivery of

its BIM projects.

4.1 Identification and selection of BIM projects in India

Necessary procedures for identification and selection of BIM projects in India were performed. Initially, survey
was carried out to identify Indian AECO organizations that had adopted BIM in their project delivery process.
Because construction market is booming in major metropolitan cities of India, our survey was limited to
identification of BIM organizations in these metropolitan cities. Subsequently, BIM organizations and associated
BIM projects were identified through BIM job websites for assessing BIM maturity of their projects. Further, we
had an interaction with few of the Indian AECO industry field players. Our survey resulted in documentation of
twenty-four (24) organizations in Bangalore, twenty-two (22) in Delhi and NCR, twenty (20) in Bombay, eighteen
(18) in Ahmedabad, fifteen (15) in Chennai and thirteen (13) in Hyderabad, respectively. Even though we had
identified BIM organizations in six (6) selected Indian cities, this study considered only BIM organizations within
Bangalore as a preliminary study because, it has faster construction growth. We contacted these twenty-four (24)
organizations in Bangalore through phone calls, emails and with direct meetings. Among them, seven (7)
organizations refused to interact, twelve (12) organizations were hesitant to share the data of their projects and
five (5) organizations accepted for BIM performance and maturity assessments of their projects. Among the five
(5) BIM organizations that had accepted, one (1) organization was selected for our case study, this is because of
the selected organization’s project stakeholders’ eagerness in realizing their project’s process and performance
maturity. And, for this organizations’ eagerness in taking steps to improve the BIM maturity level of their

projects.
4.2 BIM-AM:s for the selected BIM case

In order to assess the BIM maturity of AECO projects, it is necessary to assess also the current BIM maturity
of the organization and its key stakeholders involved in delivering BIM projects (Change Agents AEC 2013).
Hence, we performed BIM performance assessments at three measurement scales in the selected BIM
organization: (1) individual stakeholder competency assessment with BIM self-assessment tool (Landscape
Institute 2016); (2) project assessment with NBIMS-ICMM and Arup’s BIM-MMM; and (3) organizational

assessment with Bew-Richards BIM maturity model (Bew and Richards 2008).

Organizational capability and maturity assessment can be performed by studying the BIM competency level of
expertise in organization, level of BIM implementation, level of BIM engagement, and maturity level of the
organization in BIM diffusion (Tamera and Pittenger 2016). Understanding the organizational capability and BIM
maturity is a key for realizing the level of BIM maturity delivered in their projects. We performed interview with
managing director in our first meeting to understand the BIM performance in their organization. This BIM
organization, with an interest to improve their projects’ BIM maturity had accepted for cooperating with us for

assessing one (1) of their project.
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Organizational BIM adoption needs support from its stakeholders and associated teams. BIM Expertise in the
AECO organizations drive organization towards matured BIM adoption, effective BIM engagement, that can result
in matured process of BIM project delivery and operation (Tamera and Pittenger 2016). Thus, second meeting was
carried out with key stakeholders (participants) of the selected project (project-x) i.e. BIM manager (project
manager), senior BIM expert (architectural and structural team head) and BIM expert (MEP team head). Individual
stakeholder competency assessments were performed using BIM self-assessment tool on these key project
stakeholders. Key participants in this assessment were given a brief introduction to BIM self-assessment tool. BIM
self-assessment tool has fourteen questions with “yes/no” type and four (4) maturity levels, with results describing

BIM competency levels of each participant.

Third meeting was performed with the key stakeholders of the project-x, to identify the suitable project AM.
Here, NBIMS-ICMM and Arup’s BIM-MMM were chosen. Project-x was at concept stage and key stakeholders
involved in assessment process were not aware of the existing BIM-AMs. Hence, BIM manager and senior BIM
expert involved in assessments as project participants were given a brief introduction on both the project AMs by
the assessor. Through the results obtained from the comparison of assessment performed, the objectivity of both
the AMs can be revealed. Also, via comparing the assessment results performed using both the AMs, features of
these AMs can be discussed (such as ease of understanding, time taken for assessment, number and type of
participants required during assessments and detailed assessment capability). Assessment results obtained will be

used to compare both AMs by taking into account the ratings given by the participants and overlapping AOls.

4.3 Results and discussions

Among the twenty-four identified Bangalore’s BIM organizations, one organization with BIM project was
chosen as BIM case based on the selection process described in previous sections. BIM performance measurements

was conducted at three scales i.e. at individual stakeholder, organization and project with selected BIM-AMs.

In our first meeting, BIM maturity assessment of selected organization was performed with Bew-Richards
maturity model i.e. UK’s BIM maturity model including four maturity levels (level 0-3). Here, maturity levels
were used as a benchmarking tool for assessing BIM maturity in selected organization and its project.
Organizational BIM maturity in this case was found to be at level-1. This BIM stage can also be described as
object based modelling stage, i.e. this organization and its team members had migrated from 2D to 3D and object
based modelling & documentation. However, the BIM models in the projects they were delivering were single-
disciplinary and deliverables were CAD documents. They did not have BIM based data sharing or collaboration.
BIM was commonly used for communicating project plan, visualization and clash detection in this organization.
This organization is using BIM in all their projects with major AECO disciplines involved. In simple words, BIM

was diffused in all projects to an extent and organization teams were discovering the barriers for further diffusion.

In second meeting, individual stakeholder competency assessment was performed with key project stakeholders
(i.e. BIM manager, senior BIM expert and BIM expert of project-x) by adopting BIM self-assessment tool. From

the assessment results, we realized that all these participants BIM competency was at level-1. Normally, level-1 is
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the desired BIM competency level for basic BIM users. The BIM competency of these participants can be

transferred towards level-2 by providing them essential training and top management support.

In third meeting, project-x’s process and performance assessment was performed to identify BIM maturity in
the project and for identifying the suitable BIM-AMSs associated with projects.  Project-x is a commercial building
and located at Indiranagar zone of Bangalore. Project was at conceptual stage on the day of assessment. This
project assessment includes two BIM-AMs (NBIMS-ICMM & Arup’s BIM-MMM), two project participants (BIM
manager and senior BIM expert) and one assessor (Co-author of this paper), to guide the participants on using
AMs for grading BIM project-x. This assessment process developed into four results. By conducting this
experiment, it was easy to realize which BIM-AM is comprehensive, easily understood and objectivity of the AMs

(i.e. provides same results no matter who is involved in assessments).

First, the results of BIM assessments performed on project-x with NBIMS-ICMM is presented in Table 2. From
the results attained, we realized that both the participants (P1 & P2), i.e. BIM manager and senior BIM expert had
different views on the project’s BIM maturity. And, their (P1 & P2) different views on project’s BIM maturity is
clear from the different ratings provided for six (6) AOIs. AOI ratings data provided by both the participants
revealed that, they had different way of understanding on these BIM-AMs. Besides, they have same ratings for
three (3) AOI, i.e. for data richness, timeliness/response and delivery method. The overall scores of project-x rated
by BIM manager and senior BIM expert are 55.9 (Certified) and 79.7 (silver) respectively. We measured minimum
level of BIM usage in project-x with NBIMS minimum BIM table. This minimum BIM level was measured by
considering the views of BIM manager and senior BIM expert on project-x. As per NBIMS-CMM minimum BIM
table, minimum level BIM assessment process resulted in “above minimum BIM level” by BIM manager and
“below minimum BIM level” by senior BIM manager. BIM manager and senior BIM expert were from project-x
and assessment was carried out in the same office. Even with this closeness in environment, the assessment results
showed quantifiable variation. This raised the question on acceptance of NBIMS-ICMM assessment results in this
BIM case. This assessment results indicated the need for suitable BIM-AM that can generate same assessment
results, no matter which project stakeholder is participating in assessments, i.e. satisfying the subjectivity

requirements of the tool.

Table 2: NBIMS-ICMM results of project-x from both the participants.

Area of Interest BIM Manager (P1) Senior BIM expert (P2)
(A0 Rank order Ratings Rank order Ratings
Data Richness 1 6.7 1 8.0
Life cycle views 7 5.0 9 7.0
Change 4 6.3 11 6.3
Management

Roles or disciplines 6 5.4 8 7.2
Business process 3 6.4 7 7.2
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Timeliness/Response 10 3.6 10 6.4
Delivery Method 5 55 5 7.4
Graphical 2 6.5 6 7.4
Information
Spatial capability 9 3.8 4 75
Information 8 3.8 3 7.6
accuracy
Interoperability/IFC 11 29 2 7.7
Overall score 79.7
55.9
Maturity level Certified Silver

Second, the results of assessments performed on project-x using Arup’s BIM-MMM is presented (see Table 3).
Highlighted scores are for comparing the differences in scores between P1 and P2. In Arup’s BIM-MMM, project
BIM maturity can be measured by aggregating the results obtained in each AECO disciplines. Hence, both the
participants, i.e. BIM manager and senior BIM expert were asked to take the help of project-x’s Architectural,
Structural and MEP services head for drawing results on selected project’s BIM maturity and for further
comparison. Project assessment results indicates that, both the participants had similar views on the project. AOI’s
target and current level scores data generated by BIM manager and senior BIM expert reveals that, they have
similar way of understanding on Arup’s BIM-MMM. And, the project-x’s BIM maturity scores, i.e. AOI scores
were similar, except minor variation in BIM execution plan AOI scores. We also measured the targeted level of
BIM usage by these participants and results were similar, i.e. project target level overall score is 100% by P1 and
89% by P2. In Table 3, we have marked the differences in current and target level results by both participants P1
and P2. Project-x current level overall scores rated by participants P1 and P2 were 61% and 63% respectively.
Arup’s BIM-AM proving to be comprehensive and producing similar results in this BIM case, i.e. satisfying the

subjectivity requirements.

Table 3: Arup’s BIM-MMM results of project-x from both the participants

Area of interest BIM manager (P1) Senior BIM expert (P2)
Target Current Target Current
level level level level
Employee information requirement 5 4 5 4
BIM Design Data Review 5 3 5 3
BIM Execution Plan (BEP) 5 3 5 4
Project Procurement Route 5 3 5 3
Common Data Environment (CDE) 5 3 4 3
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Document/Model Referencing, 5 2 8 2

version control and Status

Marketing Strategy 5 4 5 4
Virtual Design Reviews (VDR) 5) 2 8 2
Open Standard deliverables 5 4 5 4
BIM Contract 5 2 4 2

BIM Champion 5 4 5 4

Overall Score in percentage

100% 61% 89% 63%

Further, as part of the detailed study, both the BIM-AMs were compared considering few measures such as time
taken for assessment, ease of understanding the terminologies in BIM-AMs, depth of assessment and number of

participants required for assessments (see Table 4).

Table 4: Criteria comparison of NBIMS-ICMM and Arup’s BIM-MMM AMs

Criteria NBIMS-ICMM Arup’s BIM-MMM
Time Taken for 30 min 60 min
assessment
Ease of understanding Participants involved in Participants involved in
the terms in the AM assessment process found assessment process found the
the terms in AM as difficult terms in AM as easy to
to understand understand
Depth of Assessment Assessment at project scale Assessments at individual
(level of details) disciplines and project scale
Number of participants One project stakeholder, Multiple project stakeholders,
required i.e. project manager i.e. BIM Manager and individual

assessed the project’s BIM discipline BIM experts assessed

maturity the project’s BIM maturity

And, Table 5 provides the comparison of both the BIM-AMs using common AOI’s and project’s current
maturity level in these AOI’s. From comparison it is evident that, even though similar areas are taken for
comparison, the rating level, i.e. project’s current maturity level descriptions are different for each area. This

further enhances the differences in understanding the terminologies in both AMs.

Table 5: Comparison of both the BIM-AMSs using common AOI and current project stage in these AOI’s

NBIMS-ICMM Arup’s BIM-MMM

Area of interest Project’s current maturity Area of interest Project’s current maturity level

level
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Data Richness Maturity level 7: Completely Level of 4, measured: Consistent LODs for most
authoritative information Development similar elements, aligned with BEP

Delivery Maturity level 8: Web enabled Common data 3, Defined: Internal company team using
method services-secure environment (CDE) recognized CDE adhered to common

BIM standards

Interoperability/ Maturity level 8: Expanded Open standard 4, measured: Successful import/reimport
IFC information uses IFC's for deliverables.

Interoperability

Performing these BIM maturity assessments can benefit selected BIM organizations, individual stakeholders of
selected project and the project as a whole in several ways: (1) The project participants involved in assessments
can benefit from realizing their current level of maturity in BIM usage for identifying key lagging areas and
training needs; (2) To identify the suitable AMs for selected BIM organizations future projects and for improving
its BIM maturity; (3) To identify which BIM-AM gives correct results, i.e. based on consistency in results from
key project participants and which BIM-AM is suitable for this organizations” BIM performance assessments
necessities. Project-x’s stakeholders have diffused BIM in architecture, structural and services disciplines,
however their process of delivering BIM projects is at BIM stage-1. This organization and its stakeholders requires
assistance on how to reach BIM stage 2 (i.e. model based collaboration). They need to be trained for designing
and managing a building in an integrated data communication and sharing process. This process requires smooth
communication and collaboration among all the stakeholders in the project. Project-x’s team also needs assistance
in BIM uses based project delivery. Even though assessment with this method involved more project participants
and duration in comparison with NBIMS-ICMM. For project-x, Arup’s BIM-MMM proves to be more
comprehensive with its detailed assessments including 31 primary disciplines, 11 AOI and 6 maturity levels. And,
Arup’s BIM-MMM is easily understandable and producing similar results no matter who carries out project
assessments. However, NBIMS-ICMM has its own benefits, like faster assessment process, few project

participants required during assessment and quicker results for training the project stakeholders.

For delivering the BIM projects with next maturity level within this organization, it is essential to educate and
train the project stakeholders in identifying and delivering key BIM uses for their project. First, we need to educate
them on BIM object attributes that need to be updated, extracted and utilized during project design and construction
process. Second is the process of delivering BIM models with expect level of detail at each project stage. Third,
this organization had file based collaboration among project stakeholders, which need to be replaced by integrated
web services. Fourth is the training project stakeholders on BIM as a collaborative process, means of

communication and technology by software stimulating experiment, group research and team collaboration.

5. CONCLUSION

Global AECO industry is seeing a rapid transition from 2D drafting and 3D modeling into the BIM era. This
shift requires owner organizations to assess, the level of BIM delivered in their projects and project stakeholders
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competency. BIMPAs at different scales are essential for realizing the current status of AECO organizations and
corresponding projects. Meanwhile, choosing the suitable BIM-AMs is critical. This study classifies existing BIM-
AMs into individual stakeholder, stakeholder teams, organizational, project and market scale. Further, 112 BIM
organizations were identified from six major metropolitan Indian cities and these data will be made use for
assessing BIM maturity at market scale in future work. For the present preliminary study, Bangalore’s BIM
organizations were considered for its faster growth in construction sector. Among them, one was selected for

assessing its selected BIM project maturity.

BIMPAs were carried out at three measurement scales in the selected BIM organization: (1) Individual
stakeholder competency assessment with BIM self-assessment tool; (2) Project assessment with NBIMS-ICMM
& Arup’s BIM-MMM; (3) Organizational assessment with Bew-Richards maturity model. Organizational
capability and BIM maturity were found to be at level-1, i.e. object based modelling. The results from individual
stakeholder competency assessments revealed that three BIM project stakeholders, i.e. BIM manager, senior BIM
expert and BIM expert, are all at level-1 BIM competency. Project-x BIM process and performance assessment
revealed two main outcomes: (1) The overall scores of Project-x in NBIMS-ICMM rated by participants 1 and 2
were 55.9 (Certified) and 79.7 (silver), respectively; (2) The overall scores of Project-x in Arup’s BIM-MMM
rated by participants 1 and 2 were 61% and 63%, respectively. NBIMS-ICMM has its unique benefits for the
project assessment, e.g. faster assessment process, fewer project participants required in assessments and quicker
results for training the project stakeholders. Meanwhile, Arup’s BIM-MMM has benefits for project assessments
with its ease of understanding, complete and detailed assessments. The selected organization’s project stakeholders
considered that Arup’s BIM-MMM was suitable for their Project-x because its comprehensive assessments and

satisfying subjectivity requirements.

Future work can include maturity assessment at market scale, i.e. collection of representative sample in Indian
AECO industry and identification of Indian AECO project characteristics and special need for BIM performance
AMs. Existing BIM project AMs are designed for different project types and requirements, with each AM having

its benefits and limitations. Hence, there is also a need for categorizing the existing BIM-AMs based on project

types.
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ABSTRACT: Construction involves processing of numerous inter-dependent risks. But risk management in the
sector is still largely intuitive and mere system compliance. Meticulous efforts towards a system based approach
is lacking. These lapses emphasize the need for developing an easy to use participatory model for risk management
at construction project sites. A model that would not only enhance the effectiveness of the risk management process

but also generate essential organisational knowledge that can be preserved for future use.

The Risk Information Based Expert System (RIBES) presented in this paper has an user interface, a rule based
inference engine and a knowledge base. The user interface is comprised of three modules namely, 'Risk Review',
'Query' and 'Solution' through which knowledge is banked, retrieved and created respectively. The Query Module
can be used by all users to search for mitigation measures of risks they are unfamiliar with. Data entry through
the Query Module initiates the Inference Engine to search for the risk in the Knowledge Base. This is made possible
by a Rule Based Expert System. The Solution Module is an expert interface through which queries that could not
be answered from the database are answered by knowledge engineers. The Knowledge Base eventually becomes

a hub of organisational learning.

A set of rules is required by the expert system to retrieve data. Rules are conditional statements where every risk
has a unique mitigation attached to it. The Rule Based Expert System invokes rules on the basis of multi-level
attributes defining the risk. Rules are also created along with knowledge through the expert interface. The
preliminary database comprises of a list of seventy five unique risks and mitigation measures classified into the
following categories, Design, Community, Execution, Financial, Interface, Resource & Safety. The interfaces,
rules and knowledge base are all arrived at by conducting several workshops & interviews across the hierarchy

in a greenfield airport project.

KEYWORDS: Expert Systems, Risk Management, Knowledge Management, Rule Based Systems

1. INTRODUCTION

The construction sector to this day remains largely unorganised. Construction projects involve the processing of a
wide range of information, the handling of imprecise data, and the managing of intricate interdependencies within
the dynamic project environment (Hajdasz 2014). The increasing complexity as well as the difficulties imposed
by on-site work, create the need for intelligent ways of supporting construction personnel in effective planning
and management (Behzadan et al. 2008). The paper draws from two vital project management concepts namely
'Risk Management' and 'Knowledge Management' for building a model, which uses a 'Rule-based Expert System’,

to support construction personnel in their day to day decision making process.
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In a construction project risk could severely constrain the primary objectives: time, cost, scope and quality
(Serpella et al. 2014). Risk management is defined as the process of identifying and assessing risk, and to apply
methods to reduce it to an acceptable extent (Tohidi 2011). To make an effective and efficient risk management it
is necessary to have a proper and systematic methodology and more importantly, knowledge and experience of
various types. Literature shows that risk management in construction projects is full of deficiencies that affect its
effectiveness as a project management function and in the end, projects' performance (Serpella et al. 2014).
Moreover, risk assessment practices involve high level of subjectivity due to their reliance solely on intuition,
judgement or individual experience (Yildiz et al. 2014) of the construction personnel. A central element for the
failure of the risk management process is the way in which knowledge in an organisation is managed (Perera et al.
2009). Therefore, the risk management process should adopt a continuous learning approach (Marshall et al. 1996)
relying on past projects as real time scenarios to gain experience from and mitigate risks more effectively in
future projects. Therefore, past knowledge becomes an important function of the risk management process and
knowledge management plays an important role as a potential enabler of working skills (Rodriguez and Edwards

2008) with respect to managing risks.

Knowledge Management is a systematic and organized approach to improve the organisation’s ability to mobilize
knowledge to enhance decision making, take actions and deliver results in support of the underlying business
strategy (Hsu and Shen 2005). In other words, organisations create, capture and utilize knowledge to achieve
organisational objectives (Sommerville and Craig 2006). Post Project Reviews (PPR) are the most predominantly
used form of Knowledge Management in a construction organisation. The ineffectiveness of a PPR is primarily
due to its ad hoc nature, the unavailability of key staff during its preparation as they have been transferred to other
projects and inefficient dissemination (Carrillo et al. 2011). Knowledge generated within each project is also lost
when key staff resign, taking with them not only tacit knowledge, but also a potential source of competitive
advantage (Kivrak et al. 2008, Anumba et al. 2005).

During shared activities, four modes of knowledge conversion take place by the exchange of tacit and explicit
knowledge leading to a spiral effect of knowledge creation; They are named as socialization (tacit to tacit),
externalization (tacit to explicit), combination (explicit to explicit) and internalization (explicit to tacit) (Nonaka
and Takeuchi 1995). In construction projects when project teams manage change situations, knowledge is
converted to form new knowledge through various interactions (Senaratne and Sexton 2008). Tacit knowledge
could be analogous to day to day learnings at site with respect to managing risks which is not disseminated
throughout the organisation. This kind of knowledge is generated regularly during construction activities but it is
not well documented. As a result they are diluted with various other issues that the project teams need to manage
daily. This research talks about the conversion of tacit site knowledge to explicit organisational learning i.e.

'Knowledge Banking' and vice versa i.e. 'Knowledge Retrieval' with the help of a Rule-based Expert System.

Rule-based expert systems solve problems using codified human expertise within a particular domain. Every
domain has its own knowledge and reasoning humans, which can be emulated through automated rule-based
systems (Engin et al. 2014). The collected knowledge forms the database of the system. The other major

component of rule-based systems is the inference engine. It draws conclusions from the knowledge based on a set
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of rules. The properties of such systems that enable them to combine factual knowledge with judgement and
communicate with users in their natural language make them valuable decision support tools for construction
management (Mohan 1990). There are several advantages of such systems. They are permanent in nature and
involves onetime cost. A single knowledge base can be used for several systems enhancing its functionality. Often
these systems are designed by more than one expert thereby increasing the reliability of the knowledge base. These
systems lack human emotions, which are sources of mistakes in most human based systems. Research on the use
of intelligent systems in the construction industry has seen a significant rise in the previous decade (Irani and
Kamal 2014). Such systems have been used for dispute resolution in the Egyptian context (Elziny et al. 2015) and
to aid civil engineering students in cement concrete construction problems in Malaysia (Mosa et al. 2013) to name
a few. The novelty of this research effort lies in the implementation of expert systems in a knowledge-based risk

management process.

2. RESEARCH METHODOLOGY

The research involved three phases of work namely knowledge acquisition, knowledge representation and system
building. Knowledge acquisition involved the study of risk dynamics at a greenfield airport project. Knowledge
representation involved the classification of risks and representation of the same through a risk register and risk
matrix. The same register was to be used as the initial knowledge base (KB) for the expert system. System building

comprised of developing a Risk Information Based Expert System (RIBES).

2.1 Knowledge Acquisition

A core team comprising of construction managers, planning engineers, frontline engineers, safety, quality and
industrial relations personnel was formed. It was made sure that there is representation from the entire site
hierarchy. The first phase of knowledge acquisition involved a preliminary workshop wherein all core team
members were required to enlist the risks they have faced, are facing and expect to face in the future along with
mitigation measures. From the list of risks obtained, critical area for each member was identified. They were
interviewed to understand the intricacies of the critical area. The preliminary database comprising of 75 unique
risks and mitigations was obtained from the workshop and detailed interviews. Information regarding other
attributes like root cause, frequency, severity, ownership of risk etc. was also gathered during the detailed
interviews. The second phase of knowledge acquisition involved an open forum where the idea of a digital platform
for risk and knowledge management was introduced. The forum saw participation from frontline engineers,
supervisors and construction managers alike. The forum came up with interesting value addition to the proposed

digital platform in the form of an "Instant Risk Help Desk".
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2.2 Knowledge Representation

A Risk Register was prepared wherein the risk information was documented and risks were classified into the
following categories; Design, Community, Execution, Financial, Interface, Resource and Safety (Fig. 1a). The
project was critically hit by the reluctant supply chain due to its remote location as about 29% of the risks were
related to resources. One in every four risks was related to execution. The difficult terrain and prolonged monsoons
were causes behind the same. Interdependent schedules of the major contractors led to interface issues. The area
being politically sensitive, the project saw stoppage of blasting and quarrying operations by locals. To assign
frequency and severity to the risks, standards defined by the organisation carrying out said construction were used.
Frequency values 0.1, 0.25, 0.5, 0.75 and 1 denoted Remote, Unlikely, Occasional, Likely and Most Likely risks.
Impact was classified as Insignificant, Minor, Significant, Major and Catastrophic and the corresponding values
were 0.1, 0.25, 0.5, 0.75 and 1 respectively. Any risk causing a delay greater than 5 weeks was considered
catastrophic while a delay of less than a week was considered insignificant. A Risk Matrix with frequency on the
X-axis and severity on the Y-axis was prepared. The matrix was divided into three zones namely High Risk,

Medium Risk and Low Risk indicated by the gradient of green, yellow and red colours as shown in Fig. 1b.

Fig. 1a, b: Classification of Risks and Risk Matrix Showing High, Medium and Low Risk Zones

All seventy five risks from the database were plotted on the matrix. Each plot on the matrix represents tasks which
have similar frequency and severity values. The plots shown on the matrix appear fewer than seventy five because
a lot of risks tend to have similar frequency and impact values. Fig. 1b shows that majority of the risks are in the
Low and Medium Risk Zones. Inaccurate initial geotechnical survey due to which the execution team encountered

large cavities during excavation was in the High Risk Zone.

The risk management process flow as observed from relevant documentation at site involved preparation of a risk
register by the planning engineer and submission of the same to regional or cluster office for review. The entire
process was unidirectional and restricted to the planning team. However, interactions with the Deputy Project
Manager brought into light the fact that risks were identified and mitigated by frontline engineers regularly and
the same were discussed in review meetings but the gap was in documenting the same in a manner that can be of
use at a later point of time. The lapses observed at site emphasized the need to develop a system based approach

involving participation from the entire hierarchy in order to prevent such valuable information from getting diluted
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among million other issues that regularly arise at site. Such a system would not only cater to the current project

but also be a knowledge base for future projects of the similar kind.

2.3 System Building

The idea was to develop a model that derives from typical knowledge based architecture. The objective of the
model was multifold. Firstly, to transform the risk management process into a cyclic flow of information rather
than being unidirectional as explained in the previous section. Secondly, all the information generated in the system
should be channelized into a database where it should be classified and stored for retrieval later on. Thirdly, the
model should make the risk management process participatory that is garner participation from the entire hierarchy
and not limit itself to just the planning and project management team. Finally, the entire process should be
automated and hence rule based. To sum it up, the model should serve the purpose of a learning organisation to

capitalize on their risk experience and build on it.

A rule based system was used instead of a case based system because case based systems be it structural, textual
or conversational need lengthier and time consuming data entry. A rule based system facilitates ease of operation.
Further, case based systems demand analytical reasoning to a much higher degree during data entry than a rule

based system. As the system aimed to be participatory in nature, a rule based systems was opted for.
2.3.1 Risk Information Based Expert System (RIBES) Model

The function of the User Interface was to provide a platform for the user to communicate with the system. The
User Interface comprised of three modules namely the Risk Review Module (RRM), Query Module and a Solution
Module. Primary data entry point was through user at site. This included front line engineers, planning and
estimation engineers, construction managers, project managers and stakeholders thereby rendering a participatory
and inclusive nature to the model. Entry of project related information like type of project, Work Break-down
Structure (WBS) etc. and risk related information like risk category, description, mitigation, ownership etc.
occurred through the RRM interface. The same information stream flowed into the Risk Calculator where
qualitative risk analysis took place. The Risk Calculator returned classified information like the Risk Register and
Risk Matrix to the user. Thus, the functionality of the RRM was to give the user a holistic idea of the risk dynamics
at site. The Working Memory was analogous to the Random Access Memory of a computer and it stored temporary

data.
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Fig. 2: The Risk Information Based Expert System (RIBES) Model

The Query Module was designed for date retrieval. Data entry through the Query Module initiated the search for
the same in the Knowledge Base. This was made possible by a Rule Based Nodal Expert System. The Rule Based
Nodal Expert System or the Inference Engine invoked rules on the basis of multi-level attributes defining the risk
as shown in Table 1. Rules are conditional statements and were derived from the attributes. They were stored in
the form of a Rule Base as shown in Fig. 2. Table 2 at the end of this paper elaborates the rules used in the proposed

system. The rules enabled the system to come up with mitigation measures for a specific risk.

The Solution Module was an expert interface through which queries that could not be answered from the database
were answered by knowledge engineers. Every unanswered query was stored and the system enabled user to
answer the same through the Solution Module. Every time such a stored query was answered a rule was added to
the system. It is to be noted that just like during initial data entry, a user was required to define the risk in terms of
two attributes, even in the Solution Module, the user was required to do the same. Thus, the rule base also grew
with the knowledge base. The credibility of the solution was validated by a Knowledge Base Editor consisting of

a team of construction personnel who were experts in the field. The KB eventually became a hub of organisational

learning.
Table 1: Two level attribute system
Risk Attribute 1 Attribute 2 Mitigation
Lack of accessibility in the Lack of access Transportation Sequential Planning of
transportation of aggregate Logistics or Alternate Route
Non - availability of approved Non- availability Drawings Depute a single point contact for
drawing at site regular co-ordination between

design team and execution team

Implementation of the above model not only facilitated systematic risk management in the organisation but also
functioned as a tool for Knowledge Management. The model included the following knowledge conversions:
Knowledge Banking, Knowledge Retrieval and Knowledge Creation. In Fig. 2 the path 1-2-4-5-8 shows the
process of knowledge banking in which information from the lowermost level of operation is collected and stored
as knowledge in the data base. The path 1-6-8-7 shows the flow in which a query is floated, the same searched in
the database and the result returned. Thus, knowledge retrieval takes place. The above mentioned paths involve
conversion of site learning to organisational learning and vice versa. The longest path is the knowledge creation
path which is 1-6-8-9-10-12-11-9-8-7. It illustrates the process by which a query not found in the database is
answered by a knowledge engineer or expert. This initiates the conversion of tacit organisational learning to

explicit.
2.3.2 RIBES Web-based Application
Implementation of the model was made possible by developing a web based application namely RIBES. Linux
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Operating System with Apache 2 web server was used with PHP as programming language. MySql was used as
the RDBMS (Relational Database Management System) for storing data. The application was developed to the
extent of a minimum viability product. Data entry was made possible using a drop down menus. Fig. 3 illustrates
the main screen of RIBES comprising of three modules namely Risk Review, Query and Solution. A tab for
Stakeholder Perspective was an additional feature. Also, by clicking on RIBES on the left hand top corner, it was
possible to return to the main screen from anywhere in the application. The right hand top corner had similar
navigation buttons, to return to main screen, risk review module or stakeholder module respectively from anywhere

in the application.

Fig. 3: Main Screen of the RIBES web - based application

The 'New Risk Entry' form served as the preliminary data entry point for the entire application. This made the
application participatory as data could be entered by front line engineers, planning engineers, construction and
project managers alike. It was required to enter a risk description followed by the risk category. As mentioned in
the previous section risk categories consisted of Design, Community, Execution, Financial, Interface, Resource

and Safety. Data entry was made possible using a drop down menus.
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Fig. 4: New Risk Entry Form of the RIBES web - based application

Similarly, user was required to select which task the risk is related to. Options available were Earthwork, Structural
Concreting, Pavement Concreting, Cross Drainage Works, Land Hand Over so on and so forth. After this user had
to define the entered risks in terms of two level attributes. This would later on be required for Risk Query Search.
If user queried for the same attribute names, the entered risk should be returned. Following the attribute names,
user was required to enter a possible root cause of the entered risk. Severity and Frequency was needed to be
entered pertaining to the risk. Severity drop down menu consisted of Insignificant, Minor, Significant, Major and
Catastrophic and Frequency consisted of Remote, Unlikely, Occasional, Likely and Most Likely. Assigning the
ownership of the risk is of prime importance in any risk management process hence the user was required to specify
who would take care of the risk; Site, Cluster or the Business Unit. Then the user is required to specify a mitigation
measure that has been adopted to resolve the entered risk and finally user needed to specify whether the risk and
the effectiveness of its mitigation measure is to be reviewed on a daily, weekly or monthly basis. Fig. 4 illustrates

the 'New Risk Entry' form.
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Fig. 5: Query Module Enabling Selection of Attributes Levels

Fig. 6: Query Module prompting User to submit a Query to Expert Engineer

In the Query Module, the user was needed to select which task the queried risk would be related to. Once, the task
was selected user was further needed to streamline by defining which category the queried risk would belong to.
It is to be noted that 'Task related' and 'Category' were both entered during 'New Risk Entry' form and was stored
in the 'Risk Register'. The application matched the same and a result was returned. Once the task related to and
category was selected, the user was required to define the risk to be queried in terms of two attributes. Attribute 1
described the event of risk and Attribute 2 most often described the causative or further specified the risk query.
Fig. 5 illustrates the same. If query was not found in the data base, the Query Module retuned a screen as illustrated

in Fig. 6. The application facilitated answering of such queries through the solution module.
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The Expert Engineer is required to click on the 'Answer Question' tab which displayed the 'Answer the question’
form as illustrated in Fig. 7. This was similar to the 'New Risk Entry' form with predefined Category, Task,
Description and Root Cause fields as the same had already been entered in preceding operations. Once necessary
information was entered by Expert Engineer, the same was saved in the Knowledge Base. The same was validated
by viewing the Risk Register from the Risk Review Module (Main Screen) as illustrated before.

Fig. 7 - Solution Module Displaying the '‘Answer the Question' form

2.3.3 Rule Base

Rules enabled the application to retrieve data when queried. Table 2 contains few rules used by the application to

retrieve data based on category, attribute levels 1 and 2. The entire rule base contained 52 rules.

Table 2: The Rule Base

RuleID IF Category Attribute Level 1 Attribute Level 2 THEN Mitigation

Design | Delay / Check for critical structures,
R1 IF Prior to project THEN

Specification Inconstructible

outsource / transfer to third party

R2 IF  Design | Delay [ Prior to task THEN  Outsource / transfer to third party
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Specification

Inconstructible

Design Delay / Depute a single point contact for
R3 IF During task THEN
Specification Inconstructible daily co-ordination with design team
Streamline specialized items and
R4 IF Resource Delay Prior to project THEN
prioritize them in the schedule
Search for alternatives, purchase
R5 IF Resource Delay Prior to task THEN
locally
R6 IF Resource Delay During task THEN  Purchase locally
Ensure all statutory pre-requisites
are attended to timely, analyse
R7 IF Execution Delay Prior to project THEN
phenomenon such as over moisture,
provision for time buffer in schedule
Try to alter to parallel tasks, when
R8 IF Execution Delay Prior to task THEN situation favourable put it more
resource to complete on time
R9 IF Execution Delay During task THEN  Over time, pump up the resources
Establish an interface document at
R10 IF Interface Delay Prior to project THEN project ~ commencement  with
approval from all stakeholders
Ensure all requirements of the
interface document are fulfilled,
R11 IF  Interface Delay Prior to task THEN
position a one point contact for
correspondence regarding issue
Position one point contact and carry
R12 IF Interface Delay During task THEN out continuous correspondence
regarding issue
Prior  preparation of resource
Non-availability / allocation chart and  ensure
R13 IF Resource Equipment THEN

Shortage

procurement of equipment on site

before hand
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RuleID IF Category Attribute Level 1 Attribute Level 2 THEN Mitigation
Non-availability/ Purchase locally, find alternate
R14 IF Resource Consumable THEN
Shortage sources
Non-availability / Manpower /
R15 IF Resource THEN  Outsource, skill development
Shortage Labour
Re-negotiate with existing
Non-availability / contractors or arrange through
R16 IF Resource Contractor THEN
Shortage centralised negotiations from other

projects of the company

Non-availability / Reassign roles, hire locals on
R17 Resource Staff THEN
Shortage contract

Identification of borrow area
Non-availability / satisfying criteria at a much

R19 IF Resource Earth / Soil THEN
Shortage advanced stage, quality testing and

stock piling of the same

Non-availability / Purchase or Additional purification /

Shortage

R20 IF Resource Water THEN RO plant from sources otherwise not

suitable

3. CONCLUSION

The research investigates shortfalls in the existing risk management process flow of construction organisations
and proposes a participatory model namely RIBES that not only facilitates meticulous risk management at site but
also caters to the Knowledge Management of the organisation. The developed model performs threefold functions
namely Knowledge Banking, Knowledge Retrieval and Knowledge Creation. The same is facilitated by an expert

system with three user interface modules namely Risk Review, Query and Solution.

Technology intervention in Construction Project Management especially Risk Management has immense potential.
Said research is an attempt to initiate the use of automation in Risk and Knowledge Management in construction
organisations. The web-based application developed is a minimal viability product and can be furthered into a full

version prototype with better user experience. Additional parameters can be incorporated during data acquisition.

50



Proceedings of the 16th International Conference on Construction Applications of Virtual Reality, 11-13 December 2016, HK

For example if cost is hampered or schedule is compromised. A feedback mechanism can be initiated which will
keep track of whether risk was mitigated by the mitigation measure prompted by the system or not. This will in

turn help in measuring the accuracy of the Knowledge and Rule bases.

The Knowledge & Rules bases have been developed by conducting workshops and interviews at a single project.
The said application when implemented across projects and business units will lead to a massive encapsulation of
information and effectively become valuable asset for the company. Such databases can then be used for data
analytics for example seasonal risks, regional risks, most threatened activities on the schedule etc. Further, other
already automated project management functions like schedule and cost performance monitoring can be clubbed

into the system for holistic management of project situations at all times.
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ABSTRACT: Construction companies have been strongly encouraged to use Building Information Modelling in
real practice. However, the progress of BIM implementation is still relatively slow. The focus of previous studies
has been placed mainly on exploring different BIM applications and identifying barriers of BIM usage based on
individuals’ intention to use the relevant software programs. However, few efforts have been made to investigate
the effects of company intention which is mainly related to the BIM performance in practice. This study aims to
identify factors that affect the BIM adoption process at the company level regarding perceived need, ease of
maintenance, and downtime during the construction life cycle. Quantitative and qualitative information are
collected through survey and face-to-face interview of Chinese professions. Structural equation modelling analysis
is used to quantify the relationships between influential factors and company s intention towards BIM utilization.
Results presented in this paper shows five factors (BIM awareness, perceived need to use BIM, perceived usefulness,

technical condition and downtime) affect the companies’intention of BIM adoption.

KEYWORDS: BIM adoption, awareness, downtime, perceived need, Chinese construction industry.

1. INTRODUCTION

Building Information Modelling (BIM) has been advocated as the development and use of a computer software
model to simulate the construction and operation of a facility by Associated General Contractor of American
(2006). Benefits associated with BIM implementation in construction projects include savings of project costs and
duration (Gledson et al., 2012, Azhar, 2011), improved product quality (Newton and Chileshe, 2012, Hanna et al.,
2013), more efficient working processes (Yan and Damian, 2008), and improved project team collaboration
(Poirier et al., 2015, Sebastian et al., 2009). By realizing benefits associated with BIM implementation, facility
owners are dedicated to using BIM in their projects, especially healthcare projects (Chen et al., 2011). Meanwhile,
Ministry of Housing and Urban-Rural Development of China aimed to achieve the digitalization goal within
construction firms in the 12t National Five-Year Plan (Jin et al., 2015). With the huge demands of BIM utilization,
understanding factors affecting BIM adoption decision in Chinese construction companies is becoming necessary.
However, there is currently a lack of studies that focusing on evaluating relationships between BIM performance
and company intention in implementing BIM. Previous studies placed more attentions on investigating BIM
adoption in architectural firms (Ding et al., 2015), while contractors as the information consumer in construction

activities are also playing critical roles in wide-spreading BIM utilization. Various adoption studies (Frambach and
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Schillewaert, 2002, Koebel et al., 2003, McCoy et al., 2010, Hameed et al., 2012) discuss the importance of the
adoption process in ensuring the success of the implementation of such advanced technologies. However, there
has been less attention to the investigation of BIM adoption by comparing construction companies’ behavior in
developing and developed countries at the organization level. Investigation of such a process would be complicated
as construction activities have been widely recognized as a complex system and distinctly different from other
industries (Dubois and Gadde, 2002, Straub, 2009). For example, much research (Park et al., 2012, Rampersad et
al., 2012) focus on the application or extension of technology acceptance model (Motamedi and Hammad) (Davis
et al., 1989) to predict adoption of information communication technologies (ICT) in construction. The original
TAM model focuses on the acceptance of technology by individuals, not adoption by organizations. It does not
consider the role of accumulated management experience and the competitive attributes, nor is it tailored to the
construction context. The process is even more complicated in construction. This complexity originates from the
lack of uniformity of project decision makers and the variety of differentiated activities involved in any
construction project (Cooper, 1998, Dubois and Gadde, 2002, Straub, 2009, Ozorhon et al., 2013). That is why
simple extensions of adoption models from other fields of study to construction have been limited. As such, this
paper fills a gap in knowledge by a systematic investigation of two construction industry practices and provides
an empirical model for understanding this process in construction. Thus, this study aims to formulate a BIM
adoption model via identifying factors affecting BIM adoption decision throughout the project lifecycle. Structural
equation modelling analysis will be used in validating proposed model in this study. This paper contains three
main parts; the first part summarises potential factors affecting the BIM adoption decision and proposes a generic
BIM adoption model. The second part explains research approach and analysis methods. The last part presents

analysis results and major findings of this study.

2. LITERATURE REVIEW

The technology acceptance process refers to a series of behavioural states that a technology user passes through,
which leads to the adoption or rejection of an information technology (Howard and Moore, 1988). It is an act of a
user within a company during the technology implementation into current daily operations (Damanpour and
Schneider, 2006, Hartmann et al., 2008). Studies from the psychological viewpoint have been developed based on
the technology acceptance model for example (Featherman and Pavlou, 2003, Mirchandani et al., 2008).
Technology acceptance model is proposed by Davis (1989) to predict individual behaviour regarding the use of
technology through two constructs: usefulness and ease of use. Where customer behaviour as potential adopters
has been pursued in construction, it has been almost exclusively about predicting information technology usage.
The most detailed examination of new technology adoption has occurred in the information technologies (e.g.
Amoako Gyampah and Salam (2004); Adriaanse et al. (2010); and Park, Son et al. (2012)). These studies neglect
construction onsite technology adoption (i.e. tools, plant and equipment) and the vendor side of the process. In
addition, according to Yousafzai et al. (2007), TAM does not consider external factors (e.g. vendors’ co-operation,
social influence, and task-technology fit) on individuals’ perception of its constructs. Theory of Reasoned Action
(TRA) (Ajzen and Fishbein, 1977) is the base of psychological theories. TRA concerned with the factors of

conscious intention and attitude towards a behaviour defined by salient beliefs about the consequences of
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performing the behaviour multiplied by the evaluation of those consequences (Davis et al., 1989). TAM, as a
predictor of the adoption of new information systems, theorizes that individual’s acceptance of new technology is

psychometrically impacted by two external factors Perceived Usefulness and Perceived Ease of Use.

Lee et al. (2013) investigates BIM adoption in Korea and identifies factors affecting BIM acceptance from an
individual and company perspective. They examine the relationship on perceived usefulness, perceived ease of
use, and company’s intention to accept BIM. In contrast to previous studies, the results of their study show that
neither perceived usefulness nor perceived ease of use has a direct relationship with company intent to accept BIM.
As this study investigated the BIM acceptance in Korea, and the result is against previous findings, the
generalizability of the model is questionable. Ding et al. (2015) targets on identifying key factors influencing BIM
adoption in large Chinese architectural firms. The proposed model in this study assesses the relationships between
the main factors and Behavioural Intention. However, factors identified in this model mainly cover the pre-
implementation area. While previous studies notice that companies may face significant challenges in operating
and maintaining BIM files in early adoption phase (Mutai, 2009). Therefore, a model should be developed based
on the previous reliable models such as Davis (1989) and Rogers (2003), and covers overall process of BIM
implementation; meanwhile examine the model in different countries, particularly large construction industries
such as China. In this proposed model, Companies’ Intention to use BIM (CI) is regarded as the ultimate factor
that receives influences from other factors and representing the strength of a company’s willingness in adopting
and implementing BIM. Table 1 summarises the focuses of other studies in corresponding variables, as well as

their limitations.
2.1. Technical Condition

Technical Condition refers to technical supports which are available for company and individuals during BIM
implementation. This variable is measured in following four aspects: received professional support in hardware/
software selection, received technical support in BIM implementation, training that has been provided to staff, and

offered rewards to encourage the usage of BIM. The hypothesis is proposed as following:
H1: Technical Condition (TC) has positive effects on Companies’ Intention to Use BIM.
2.2. BIM Awareness

Technology awareness has been reported as an important factor influencing the user intention towards accepting a
new technology. While BIM awareness (AW) can be different as some of users or companies may be aware of
BIM and its function. However, they may not be aware of the technical function of BIM and its applicability to
resolving different construction problems. Also, the awareness of various levels of managers can differently affect
the BIM adoption. Therefore, the AW can positively affect the construction companies’ support technical condition

and finally their intention to use BIM as summarized here:
H2a: BIM Awareness (AW) has positive effects on Technical Condition.

H2b: BIM Awareness (AW) has positive effects on Companies’ Intention to Use BIM.
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2.3. Perceived Need

Perceived Need, in this study, is described as a company feels the need to adopt BIM. (Manley, 2008) found that
the implementation of intellectual innovation in construction firms helps to establish stronger external relationships
with other project participants and attracts attentions of advanced clients. Factors that may initiate a company’s
perceived need include leaderships’ innovativeness (Lee et al., 2013), building up company competitiveness
(Sexton and Barrett, 2003), contractual requirements from clients (Adriaanse et al., 2010), and influences from

other project participants.

H3a: Perceived Need has positive effects on Technical Condition.

H3b: Perceived Need has positive effects on Companies’ Intention to Use BIM.
2.4. Perceived Usefulness

Perceived Usefulness, originated from Technology Acceptance Model (Davis, 1989). PU has been defined as the
degree to which an individual belief that using a system would enhance his/her job performance. In this study,
Perceived Usefulness mainly covers direct and indirect benefits associated with BIM implementation. In this case,
the PU can positively affect the construction companies’ support and eventually their intention to use BIM as

summarized here:

Hd4a: Perceived Usefulness (PU) has positive effects on Technical Condition.

H4b: Perceived Usefulness (PU) has positive effects on Companies’ Intention to Use BIM.
2.5. Ease of Operation and Maintenance

In technology acceptance field, Ease of Operation and Maintenance is termed as Perceived Ease of Use, which
was defined by (Davis, 1989) as the degree to which a person believes that using a particular system would be free
of effort. In this study, EOM focuses on the BIM software operation, BIM models maintenance, and hardware

upgrading. Hypothesises are summarised here:

H5a: Technical Condition has positive effects on Ease of Operation and Maintenance (EOM).

H5b: Ease of Operation and Maintenance (EOM) has positive effects on Companies’ Intention to Use BIM.
2.6. Down Time

Down Time refers to a period that BIM fails to provide or perform its primary function either planned or unplanned.
The transition from traditional CAD drafting to BIM modelling causes higher requirements of hardware’s
capability. The study of Rogers et al. (2015) found that the failure BIM adoption was significantly apportioned to

the cost of downtime. Hence, hypothesizes are summarised as following:

H6a: Technical Condition has positive effects on Down Time (DT).
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H6b: Down Time (DT) has positive effects on Companies’ Intention to Use BIM.

BIM Awareness H2a Technical Hsa . Eas.g of
Condition Operation and
H2h Hia
15k
- H3;
Perceived H1
Meed >
Hd: i

Perceived H4h Companies’ HEh Down Time
Usefulness Intention

Figure 1 Research Model

Table 1 Variables' definitions in previous studies

Latent Variable  Similar term in previous Focus of similar term

studies
Technical Technical Support (Ding Ding et al. (2015) focuses on technical supports that an
Condition et al., 2015) organization received during BIM implementation.

Organizational Support Lee etal. (2013) placed more attentions about how much effort
(Lee etal., 2013) that an organization has endeavoured to achieve a better

implementation results.

BIM Awareness  Knowledge (Rogers, Rogers (1995) mainly measures this variable regarding
1995) individual user’s knowledge about technology capability, its

feature and potential use.

Top managers (Parida et al., 2010) focuses on top manager’s knowledge in

knowledge (Parida et al., ICT tools.

2010)

Perceived Need  Subjective Norm (Son et  Son et al. (2015) believe that individual’s acceptance of BIM

al., 2015) is influenced by people who are important to them.

Motivation (Ding et al., The study of Ding et al. (2015) terms Perceived Need as
2015) motivations of BIM adoption, which consists of two parts
personal motivation of BIM usage and external motivations
like contract obligation. Similar with Son, Ding puts more

focuses on individual perspective.

Perceived Perceived Usefulness Lee et al. (2013) believes that perceived usefulness of BIM
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Usefulness (Lee etal., 2013)

implementation can be reflected in improved working ability

and productivity.

Perceived

Usefulness

(Xuetal., 2014)

In the study of Xu et al. (2014), Perceived Usefulness is
heavily associated with BIM functions (i.e. visualization and

monitoring).

Ease of Perceived Ease of Use

Operation and (Sonetal., 2015)

Maintenance

Son et al. (2015) measures Perceived Ease of Use regarding
technical complexity, and training sessions provided by the

company.

Perceived Ease of Use
(Xuetal., 2014)

Perceived Ease of Use has been proved as one of the primary
variables of BIM adoption in Chinese construction industry,

regardless of specialities (Xu et al., 2014).

Down Time Perceived Cost (Xu et al.,

2014)

The large amount of staff number brings Chinses construction
companies a significant financial concern in hardware
upgrading (Xu et al., 2014).

3. RESEARCH METHOD

This study was employed face-to-face interview technique and designed a questionnaire to obtain quantitative and
qualitative information. The questionnaire was prepared in two languages to collect data from two countries. To
increase the reliability of the respondents and data, the questions were translated into Chinese and an external body
was asked to translate back to English to make sure the translation is clear and correctly have been done. The
questionnaire uses 7-point Likert scale to measure each manifest variable. Research participants were recruited
from senior personnel by Chinese construction companies. The main criteria for select participants were their
background regarding BIM experience or knowledge. Atotal number of 84 out of 90 valid responses were received.
Respondents’ backgrounds cover residential buildings, commercial buildings, and infrastructure projects. The
respondent analyse shows that BIM was used for limited purposes such as quantity take-off, clash detection, and
3D visualisation are most frequently used BIM applications among respondents. Table 2 presents respondents’

profiles.
Table 2 Respondent Profile

Item Percent (%)

Respondent’s Industry Residential 35.71%
Commercial 32.14%
Infrastructure 32.14%

Period of Using BIM Non-users 30.95%
<12 months 13.09%
1-2 years 26.19%
> 2 years 29.76%

Position Engineer 62.50%
Design Personnel 16.07%
Others (e.g. Estimator, Project 21.42%
Manager)

Most Frequently Used BIM Quantity take-off 75.86%

Applications Clash detection 70.69%
3D visualization 63.79%
Cost estimation and cost planning 55.17%

This study was used Structural Equation Modelling to examine the model and for validation purposes. Anderson
and Gerbing (1988) suggest a two-step approach in modelling to reduce the potential model misspecification. The
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first step is assessing data consistency and fitness of model structure. The second phase involves with testing
hypotheses by using path analysis. As path analysis decomposes effects into direct, indirect and total effects (Alwin
and Hauser, 1975), which gives a clear insight of connections among variables. Cronbach’s o value is the
consistency index used in this study (Cronbach, 1951). While the assessment of construct validate consists of
convergent validity and discriminant validity (Campbell and Fiske, 1959). Convergent validity ensures that
manifest variables measuring the same latent variable are demonstrating moderate inter-correlation; while an
acceptable discriminant validity testing result requires independence among latent variables (Fornell and Larcker,
1981). Convergent validity may be assessed using the following indicators: factor loading, Composite Reliability,
and Average Variance Extracted (Bagozzi and Yi, 1988). The most usual way to examine discriminant validity is
comparing the AVE value of a certain latent variable with the squared values of correlations between that latent
variable and others latent variables (Bagozzi and Yi, 1988).

4. RESULTS OF VALIDITY TESTS

Table 3 presents results of measurement model assessment, including reliability test and convergent validity. In
this study, we use Cronbach’s a value to evaluate data reliability; convergent validity was measured by factor
loadings, composite reliability, and average variance extracted. Cronbach’s o values range between 0.711 and
0.901, which are higher than the minimum acceptable threshold of 0.60 (Nunnally, 1978). Factor loadings of
manifest variables to latent variables range from 0.536 to 0.998, composite reliability ranges from 0.708 to 0.903,
and AVEs are between 0.379 and 0.720. The minimum acceptable threshold of these indicators is 0.5, 0.6, and 0.5,
respectively (Hair et al., 1998).

Table 3 Reliability Test

Latent Variable Manifest Factor Composite Average Variance Cronbach’s
Variable Loading Reliability Extracted a
Awareness AW2 .813 .837 120 .833
AW3 .883
Perceived Need PN1 .704 .708 379 711
PN2 .618
PN3 591
PN4 .539
Perceived Usefulness PU1 .703 .826 .488 .851
PU2 71
PU3 .660
PU4 .663
PU5 .691
Technical Condition Os1 .810 876 .643 .866
0S2 .619
0S3 .926
034 821
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Ease of Operation EOM1 .699 .903 .609 901
and Maintenance EOM?2 820
EOM3 770
EOMA4 .827
EOMS5 .817
EOM6 .766

Down Time DT1 764 841 .639 .839
DT2 .854
DT3 77

Companies’ Intention ol1 .998 .822 .709 779
(0] .634

Table 4 shows results of the discriminant validity test. The values on the diagonal of the matrix are AVEs of each
latent variable, while off-diagonal values are square values of correlations between the latent variable and other
latent variables in its corresponding column. An acceptable level of discriminant validity requires AVEs greater
than off-diagonal elements (Bagozzi and Yi, 1988).

Table 4 Discriminant Validity

TC PU PN AW DT EOM Ol
TC .802
PU 291 .699
PN .666 .569 .616
AW 341 .390 .382 .849
DT .203 118 171 .003 799
EOM 448 .032 .248 .009 351 .780
Ol .558 423 421 425 .340 167 .842

Another test should be performed before quantifying variables’ correlations is model fit assessment, since a well-
fitted model provides a solid foundation for hypothesises testing. The Goodness of Fit (GOF) indices provide an
insight of how well-developed the structural equation models are. Table 5 presents the assessment results of model
fitness, as well as the recommended values for each index (Bagozzi and Yi, 2012).

Table 5 Overall GOF statistics of confirmatory factor analyses performed

Indices Measurement Model Structural Model Recommended Level
v | df 1.547 1.492 <3.0
RMSEA .081 .077 <0.1
CFlI .861 871 >0.8
PNFI .596 .608 >0.5

In this section, a summary of the standardized coefficients of research model is presented in Figure 2. Seven out
of eleven hypothesises were supported at p<0.1 significant level. Five factors have been identified as having critical
influences to Companies Intention to Use BIM, which are BIM Awareness (p=.218, p<0.1), Perceived Need

(B=.303, p<0.01), Perceived Usefulness (p=.236, p<0.1), Down Time (B=.274, p<0.05), and Technical Condition

(B=.449, p<0.05). Moreover, an indirect effect from Perceived Need to Ease of Operation and Maintenance was
detected (B=.303, p<0.01).
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5. DISCUSSIONS

Results of the SEM analysis show that five factors including ‘BIM Awareness’, ‘Perceived Need’, ‘Perceived
Usefulness’, ‘Down Time’, and ‘Technical Condition’ influence on ‘Companies’ intention’ to implement BIM. The
finding indicates that ‘Down Time’ is a major factor, but it has ignored in the literature. The results also echo the
previous finding as it shows awareness, usefulness and technical infrastructure that an organization provided for
BIM implementation is necessary for BIM adopters in China. The study of Ding et al. (2015) indicated that BIM
capability and management support are critical to BIM adoption. Xu et al. (2014) found that interests in learning
BIM and management support influence BIM adoption via perceived ease of use, while perceived usefulness

affects BIM adoption directly.

Surprisingly ‘Ease of Operation and Maintenance’ is not identified as an essential factor by participants. Previous
studies like Lee (2013) indicated that ease of use is one of the key factors affecting BIM acceptance in Korea. The
emerged differences may come from cultural differences (i.e. working procedures) which may influence the
process of technology adoption The participants explained that they employ specialist companies to operate BIM
and its associated systems. Moreover, they would only use BIM under requests of clients (participants companies).
In this case, participants have fewer concerns about how difficult is the BIM operation. This factor also covers
ease of maintenance which evidently is not playing a critical role in BIM adoption decision making. However, it
cannot be concluded that ease of maintenance is not important in BIM in all countries. The participants of the
current study use BIM where they perceive a strong need such as contract requirements. In such circumstances,

either operation difficulties or maintenance issues would not be major factors.

Another significant difference between the findings of this paper and previous studies is that they focus on
technical challenges of BIM implementation, for example, technology complexity (Mutai, 2009), and
interoperability issues in real practice (Sebastian et al., 2009). This paper presents a set of managerial factors such
as companies support and needs and also technical factors such as importing/linking information from other
sources. This technical factor has been investigated as a measure of perceived usefulness in the current paper.
During the investigation in China, we found that two main BIM adoption barriers from participants’ feedbacks,

which are a lack of project collaboration with architects and software incompatible. The working procedure of
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construction projects in China leads to that contractors are undertaking responsibilities in modelling and creating

BIM files, instead of architects.

Architects started their design with 2D CAD, not BIM. To them, BIM is only used in design plan optimisation, to
attract client and buyers. This situation is caused by local committees who are with poor capabilities in reading
and understanding BIM files. Thus documents in the schematic design phase and design development phase, which
need approvals from local committees, are most likely in 2D formats. Deliverables from architects do not contain
information that we need i.e. construction process and constructability. Therefore, even architects were delivering
BIM files; we still need to devote lots of efforts in modifying models and adding information. To us, contractors,
we do not have enough time in creating and remodelling BIM models. There is only a short time gap between the

finish of tender and the start of construction.

6. CONCLUSION

The aim of this paper was to identify key factors influencing construction companies’ decision to implement BIM.
The BIM adoption model is developed based on six identified factors (‘BIM Awareness’, ‘Perceived Need’,
‘Perceived Usefulness’, ‘Ease of Operation and Maintenance’, ‘Down Time’ and ‘Technical Condition”). The
validated model provides an insight about which factors have influences to BIM adoption decision in a Chinese
construction company. Meanwhile the quantitative feedbacks in this study provide more detailed information about
BIM implementation barriers in Chinese construction companies. Previous studies mainly focus on modelling
individuals’ willingness of BIM adoption (Ding et al., 2015), and exploring BIM applications in real practice
(Zhang, 2014). Few attentions have been placed in understanding key factors related to the companies’ decision
process. The results of this study indicate that ‘Perceived Need’ and “Technical Condition’ have most significant
effects to BIM adoption decision, followed by ‘BIM Awareness’, ‘Perceived Usefulness’, and ‘Down Time’.
Moreover, ‘Perceived Need’, including competitiveness and contract requirements, is the most important initiator
in driving construction companies to approach BIM. More importantly, ‘Perceived Need’ can effectively minimise
challenges in BIM operation and maintenance through improving companies’ technical conditions in BIM
implementation. Furthermore, the quantitative information indicates that lack of collaborations between
contractors and architects (e.g. BIM file delivery, exchanging digital information) is the main specific barrier of
adopting BIM. Technical risks associated with BIM implementation (e.g. Down Time) were also identified as the
main barrier to BIM adoption in the sample companies. The main limitation of this study is that research
participants have been recruited among Chinese Grade A consturction companies. Therefore, the BIM awareness
of respondents might be slightly higher than average level. Future study may investigate BIM adoption in various

levels of construction companies.
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ABSTRACT : The aim of this paper is to discuss and highlight the potentials of BIM objects platforms with
particular references to parametric modelling  in creating a design  process which involve the
systematic  abstracting of constructional elements learned from traditional architecture into systems of
ratios, rules, proportion and hierarchy for urban typologies and applications. The paper focused on the
constructional language from the design vocabulary of Malay vernacular architecture which is essentially
timber-based and BIM tools is used to transmute elements of the vernacular into modern construction and
typologies such as multistorey facades . 3D elements in a data base are mathematically studied through analysing
the proportions of elements in elevation and programming such ratios and equation into the parametric
modelling subprogram in BIM . With the aim of evoking identity in a densed city context, elements of the
Malay vernacular can be reworked towards the transposition of identity in multistorey structures and
applications to preserve the memory of cultural traditions in a densed city context. The capabilities of BIM is
usedto capture the essence of Malay identity into city scale urban typeform such as commercial and residential
blocks  through the capabilities of BIM. From an  analysis of construction of Malay palace and
villa architecture is studied interms of porportions and mathematical rules and engaging both the parametric
rules and a library of profils and elements from the construction BIM database of Malay elements in architecture,
a series of fagade and formal templates can be generated and used as guidelines and elements to enhance  the

historical and visual character of a city.

KEYWORDS: Malay vernacular architecture, cultural identity, parametric modelling

1. INTRODUCTION

All over the Asian context, including developing nations in  the South East Asian region and cities, urbanisation

67



Proceedings of the 16th International Conference on Construction Applications of Virtual Reality, 11-13 December 2016, HK

are on the rapid rise while traditional zones, structures and identities are increasingly decimated in the face of
rapid modernisation and progress. Particularly in certain parts of Asia such as Malaysia, Indonesia, Thailand,
Cambodia and even China, traditional structures are essentially timber-based structures with their own tectonic
language and vocabulary arising from unique constructional assemblies and connections. As development and
urbanisation race through time and space, such structures gradually face extinction due to the nature of the material
ephemerality. Architects and urbanists in the realisation of such gradual destruction has attempted to preserve the
memory of their own cultures through various approaches. Basic principles of architecture, choice of materials
and design details all are done sporadically and intuitively according to the professional’s own initiative and effort.
The segmented nature of these approaches are currently not working in parallel with the speed of modernisation

where documentations are rarely transferable nor act as a ‘living” information.

In Malaysia, although much has been documented on Malay architecture, the problem remains in the transposing
of elements, rules and grammar into concrete and steel structures where a representative of Modern construction
methods is present in a form of intuitive and generalised process. The current situation is that Malay architectural
character is disappearing rapidly in the urban cities. One could walk within the city and yet find it hard to point to
a specific identity of a Malay architecture. In the pursuit of documenting and preserving the fading identify of a
Malay architecture, there must be a systematic method of documenting and retrieving building elements and
essential rules to implement its character in urban building context. An analysis modeling and breakdown of 3D
constructional elements is necessary is order for the knowledge of Malay architecture to be structured in such a

way that the character of Malay architecture can be preserved and reconstructed for multistorey urban typologies.

Inorder fora Malay character and its systems be transformed into an objective set of rules and then be buildable,
a feasible industrialized method of construction with its systems, details, components and proportions of
Malay architecture must be derived from a Malay vernacular architecture study. The structured approach of
documenting such effort requires specific platform that could record, integrate and operate all parametric data
generated from the study. The capability of Building Information Modelling (BIM) as platform to document these
study are seen having the potential to address issues concerning fading identity of Malay architecture. BIM is a
building design and documentation methodology that provide a platform to characterized such Malay architectural
elements. It coordinate and internally consistent at computing information about a building’s construction elements
and methods. Objects are defined as ‘parameters’, that relate to other objects. So if one related object changes, the
other objects will automatically rebuild or reorganize themselves according to the rules attached with them. From
these characterisations, the Malay character and ‘Classical’ building composition and its construction can be linked
through BIM where it play a role as a technique to further build a knowledge-based architectural systems with
information and semantics. The use of 3D BIM models organized as computational systems can provide not only
tools for architects and urban designers to act as reference for the achievement of Malay character in an urban
context, but also a powerful means of accessing, evaluating , using and understanding the principles of Malay

architecture.

2. PROBLEM STATEMENT

Throughout the process of under standing the potential of documenting the Malay architecture vocabulary and
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integration it within the BIM environment, there are several questions that comes along the way which drive this

effort. The following are some of the questions that are expected to lead the their way in realizing the objectives :

1) What range of elements and rules throughout an analysis of the different variations in Malay house and

palace architecture in the Malay states?

2) How can it be transpose into a BIM related 3D format and translated using modern structural systems,

construction techniques and materials?

3) What are the variations in grammar, rules, proportion, extension, multiple rhythm, that can be set at a
knowledge parametrized systems and so can align with the scale, size and measurements or various

typologies of building found in a mixed development or in a city center?

4) What are modelling and parametric values based in IFC that can achieve compliances with proportions

and ratios and yet achieve the essence of the Malay character?

Smaller structures - such as houses, places of worship and schools - lend themselves more readily to an
interpretation based on the traditional model.Traditional architecture however offers no clear models when it
comes to ‘imported’ large building types such as multi-storey apartments, office buildings, airports and hospitals
which have become part of a rapidly developing context. Due to rapid modernization, there was a need to develop
a ‘regional’ architecture due to the increasingly hybrid nature of the tropical Asian cities. Powell and Ozkan (1983)
has highlighted how such forms refer to a transformative’ regionalism which can be used to develop and guide the
abstraction of forms and patterns from the traditional context and their re-articulation through the use of modern
vocabulary and modern building materials. Architectural history is replete with examples of how a rescaled version
of local architectural tradition results in the destruction of the essential proportions and balance in the larger version

of a smaller traditional form.

3. LITERATURE REVIEW

The use of BIM digital representation of buidling assets and as documentation and management of architectural
heritage sector has benefited from this technological innovation has been discussed by researcher such as Gaiani
(1 1999). However it is increasingly realised that the applications of BIM in heritage is not just as a powerful
modeling tool and database organiser, but the use of certain modelling capabilities within BIM such as parametric
modelling has been explored by researchers in order to create potential industrialised methods to replicate
traditional construction. This include the potentail to model such as semantic data pertaining to cultural, historical
material and operational information. Therefore BIM is expected to rise in its role as a central objects library for
cultural heritage. Currently various researcher have advocated the use of BIM to support comprehensive data input
for lifecycle management, and where multiple data are collected, stored and retrieved for various efforts including
facility management . The need to establish objects library has been discussed by researchers such as Koller,
Frischer and Humphreys (2009) and Chevrier and Perrin (2009) that look into the parametric modelling of
architectual components . Jim and Jeong (2012) in their effort to preserve the Han-ok structure in Korea, also

utilise three dimensional object-based parametric modelling in which each element of an assembly of a
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vernacular structure can be defined through parametric modelling.

A study by Burhanuddin (1981) remains one of the few researcher who has attempted to analyse the Malay house
as a systems of ratios and analyzed patterns of proportion and rules in the Malay house. He had ingenuously
researched and documented on the proportionate systems of the Malay house according to elevations and spatial
hierarchies in the vernacular house type. Yet more studies is needed towards a similar analysis other Malay
architecture building such as palaces. Tajuddin et.al. (2005) provide a paradigm shift in exploring the typologies
of the Malay architecture where focused are given on the essences of Malay houses and palaces, specifically on
the unique spatial layout and spatial hierarchies. While there are various publications which have usefully
documented the Malay vernacular, there is still a gap of drawing out rules from the deeper richness of palatial
constructions and template. The essence of what is the Malay architecture heritage must include elevational
analysis and mathematical related analysis and rules to be in parallel with the ever growing trends in architectural

development.
3.1 The context of the Malay vernacular

The traditional Malay house is a basic form that is characterised by its local diversity as it differs from state to
state in the Malaysian peninsula. There is a richness not in its overall form but more on its elevational
characteristics and roof forms, as it tends to evolve according to different communities, beliefs and geographical
regions. Malay houses can be almost singularly define as the post and beam type of tropical structure and are
set apart by their roofs. Throughout the Malay states, a house’s roof can vary in terms of shape, pitch, orientation
and construction method, which inevitably results in localised characteristics. Roof ornaments include the gable
finial (tunjuk langit), criss-crossed finials (silang gunting) and gable horns which are characteristic of traditional
architecture of the archipelago. The most common type of traditional Malay house is the Rumah Bumbung Panjang
(Figure 2), characterised by a gable roof with a long central ridge. Identified as the oldest type of Malay houses
and arguably the simplest of the four predominant house forms in Peninsular Malaysia, many of these Rumah
Bumbung Panjang are well over a hundred years old and still preserved in good condition. The most common
material used for roofing is thatch or attap (from nipah fronds). Among other older houses in Perak is a type of
long-roofed house, known as Rumah Kutai. It has a typical elongated roof, columns and a small opening for
windows and an attic, but the most distinctive type has woven bamboo matting for the walls, expressed identically
to a ‘basket weave’ pattern known as kelarai. The similarities that exist between all these components are derived
from nature, specifically timber based material. The expansion of these timber components used in the the Malay

architecture are extended to include detail construction joint system.
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Fig.1 Tunjuk Langit (Source: Said, 2001)  Fig.2 Rumah Bumbung Panjang (Source: Ali, 2010)
3.2 The Malay Construction Systems

The construction tectonics and expertise essentially grow from timber carpentry yet one of the mosque unique
elements identifiable to the Malay world is the method of ‘tanggam’ which refers to the discipline and rigors of
a system of jointing and connecting the structural system and constructional framework of, specifically, timber.
This method of jointing known as ‘tanggam’ is an important element and original principle of traditional Malay
houses. Without this method, the construction system of Malay vernacular architecture would not have existed as
we know it today. In the method of construction, tanggam refers to almost every method of connections known in
Malay architecture. From a language viewpoint, the word tanggam revolved around an expression of the
underlying construction of joints. For example, the Malays in Kelantan understood tanggam as the processes of
connecting timber frameworks at explorative phases. They called it tanggam-menanggam. Tanggam also means
‘entering’ (masuk), or bringing close together, and many understood tanggam as the joints of a building (sendi
bangunan) and the “clips’ (penyepit) of a building. Literally, tanggam refers to ‘the method of connecting timber

elements in a wedge system (bertakuk-takuk) so as to connect them tightly and forcefully’.

Fig.3 Tanggam from Malay Palace

In order to create a richer source of Malay form and varied elevational systems and structures, the Malay palace

is a richer source of elements. Despite their grandeur, these palaces evolved from simple constructional technology

71



Proceedings of the 16th International Conference on Construction Applications of Virtual Reality, 11-13 December 2016, HK

and detail and thus their development also characterises the evolutionary path of Malay architecture. Form, style
and grammar are differentiated from state to state, in a rich and diverse array of expressions and architectonics. In
the palace typology discussed, the traditional rules of scale, technique and proportion of the vernacular house are
essentially translated to a grander scale, and progressing towards towards a layering of lavish treatments. Malay
palace architecture retains and refines the sense of proportion, scale and harmony which is characteristic of the
traditional Malay-Nusantara vernacular. Both the Malay house and palace extoll a range of classical virtues such
as proportion and order, but as a sophisticated prototype, the Malay palace manages to amalgamate diverse cultural

influences while maintaining decorum through a varied system of proportionate rules.

In Sejarah Melayu, a seventeenth century text on the history of the Malays, there is a description of the original

Malacca ( a state in Malaysia) palace:

“...The palace consisted of twenty-seven partitions, each being three fathoms in breadth, [and] the wooden
pillars which supported it were each the grasp of two arms in circumference. The roof consisted of seven
stages with intermediate windows, the outer arches over them extending breadthwise and facades,
including the bow windows and wings crossed each other, all of them being covered with fretwork. The

peak was of red glass with a great diversity of ornament...’
The Malay Annals, translated by John Leyden

The palace has long ceased to exist and no visual representation survives. However, a model was constructed
several decades ago by the state government of Malacca as a tourist attraction and it has been a popular choice for
visitors ever since. This replica of the Royal Malacca Palace consists of a main building which represents the main
portico and entrance of the palace. It is flanked by smaller proportioned buildings in a rhythmic succession. The
reconstruction of the Royal Malacca Palace is guided by the generic proportions of the traditional Malacca
architectural form. The doubletiered and double pitched roof is perhaps one of the most iconic features of the
Malay vernacular. The roof can be read as several intersecting masses with a steeped pitch. In the essential Malacca
roof, the dominating roof form is constituted by two gradients of the double-tiered roof — one at 60 degrees and
the other at 30 degrees — typical of Malacca-style traditional houses as illustrated in Figure 4. The roof form recalls

the layered characteristic of Malay cultural forms visible in architecture and clothing (such as the baju).
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Fig.4 Cross-Section of a Traditional Malay Pitched Roof

Similar to the process of the ‘Palladianism’ of Greek antiquities in rules of a Classical architecture, proportions
and orders can be developed as treatises and rules of Malay urban form and design which must be able to be
universally applied and flexible enough to be used in a range of multistorey urban building types, functions and
scenarios yet distilled and essential enough to evoke the Malay architectural characters. Using BIM, elements,
ratios and grammar through Malay houses and palaces are studied, modeled and documented. Particularly through
palatial archetypes and typologies, a study of its elements, mathematical proportion, can bring about a clear
guidelines of its grammatical and mathematical rules which can be characterized and analyzed. The aim is to derive
rules reminiscent of such roots, in which facades, grammar and proportions are abstracted and developed into a

set of rules and grammar which can be transposed into multistory buildings, typologies and functions.

This project aimed at quantifying through analysis and abstraction, recognizable and distinctive principles,
proportions and elements of Malay architectural lexicon and rules of grammar. Further extension of this study
focussed on developing mathematical and content analysis of an extensive compilation and recongising essential
features that can be adapted for use in urban buildings. Based on Malay architectural studies and books, parametric
objects can be scripted using Geometric Descriptive Language (GDL) in ArchiCAD or Revit , and then mapped
onto points cloud to automatically produce engineering drawings. Based on its ability to link 3D models with clear

semantic description. In the past, the potential of BIM in facilitating the theoretical and historical application of
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architecture connectivity of elements to its origins in historical documents has been explored and highlighted by
by Pauwels, Verstaeten, De Meyer and Van Campenhout J. (2008). Adopting from similar approach, this project

attempt to place Malay architecture vocabulary within the BIM environment as platform.

4. ROLE OF BIM AND CULTURAL IDENTITY OF CITIES

Through a system and process akin with Palladio who manually record and proportionally remeasured Greek
temple and traditional elements in order to derive relationship rules and ratio. Similarly such analysis in Malay
palaces and traditional villa can give rise to similar values in ratios and proportions. Hence the consequent step is
to utilise BIM to facilitate between the compositional and the constructional character of building. In this project,
BIM will be potentially be used to create a parametric relationship that can automatically and seamlessly
transform such relationship into a range of scales aligned with typologies in the city or in the urban context. BIM
can further be used to breakdown components towards the sets of individual components of an essentially
vernacular architectural language which is drived from Malay traditions and forms. In this way, the transmutation
of Malay character will not longer be based on subjective assessment and intuitions , but components and
parameters that can then be easily transmuted and fitted onto modern facade systems and modern building design
compositions without essentially losing the sense of proportion , balance and character. The efforts are expected
to be able to essentially preserve the character of the building tradition itself. From such compositions and rules ,
an Industry Foundation Class (IFC) with semantic database and content with its own metadata can be develop in
BIM. It aim to break down elements into exact 3D construction components, knowledge and information that can
be linked, including different design and construction procedures. Through BIM, a model can be divided into
components and hierarchically organised, each part of the construction object to be connected to each other
through set parametric rules or equations and a set of information. This can benefit users such as architects, builders
and urban designers in transposing such element onto urban form. Massing 3D objects can be recovered easily
and edited or varied to suit the programme of the design without losing the architectural character of the region or

the community.

5. PROJECT AIMS

The aim is to select the appropriate standard to be used to capture the architectural components and then order and
organize objects library of 3D models. The end product is as a collection of structural objects and systems where
not only ‘shape’ is modeled but also information linked to historical documents, information enrichment

construction and assembly methods.
There are three (3) objectives of this project which are:
1) to develop an organized 3D model library derived from the compositional rules of Malay architecture as a means

of the industrialization of building systems into BIM environment
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2) to characterize Malay architectural components both geometric and semantic systems which can be translated

into concrete and steel structures and components which characterize modular nature of the Malay architectural

elements

3) to link objects library of families of similar elements from other global databases in terms of constructional

procedures and identify standards that has been used to capture and code 3D models and meta data.

7. THE PROCESS

8. EXPECTED OUTCOMES AND IMPACT ON URBAN POLICY

The homogenization and modernization of the Malaysian urban landscape has invariably produced the soulless
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character of modern cities and urban life. In the race to modernize and progress, cities in the Malay Nusantara
world have developed and mushroomed without a direction. The aim is not to delve into to remodel and regurtitate
traditional vocabulary and construction but to highlight the potentials of BIM and its three dimensional
parametric modelling in order to enact a method of transposing elements based on rules of the Malay architectural
language and grammar. What seem to be disparate and complex patterns, forms and treatment can develop into
objective relationships,  orders or rules that can be used to differentiate the ‘Malay language and grammar’ from

other stylistic grammar such as the Classical or the Modern style.

In Rennaisance architecture, using the templates of Classical architecture which has its roots in Greek and roman
antiquity, the reinvigorated growth and development of the classical language began with the outline of common
rules and orders, firstly observed by Vitruvius and later developed by Serlio, Bramante and Palladio. An order is
the total assemblage of parts comprising of columns and its appropriate entablature. In the Classical orders, primary
divisions of the column are base, shaft and capital; and the primary divisions of entablure are architrave, frieze and
cornice. Through a rationally constructed study of Malay vernacular form through both house and palace, a similar

system of orders can be derived.

The elements of the Malay palaces including their frontal elevation, wall panels, columns and roof extensions can
be abstracted into rules of proportions, facade extensions and basic decorative elements present a significant
potential for a recognizable style and language of the Malay world in terms of architecture. This can be coupled
with grammar and vocabulary derived from salient elements of Malay architecture such as the ‘awan lara’t, ‘tunjuk
langit’ and ‘tebar layar’. The overall slenderness of the columns with its masonry base and then contrasted in terms
of colors and the use of arcuate and ‘weave-like’ wall boards represent also essential and recognizable elements of

a vocabulary.

There are many cases where grandiose variations of the essential typology destroy the overall harmony. Yet each
Malay palace exudes a proportion that still instill a feeling of balance and repose. The problem is to systematically
analyze and mathematically relate these elements and undertake an effort to analyze in terms of rules and elemental
typology of its roots, which although derived from an essential timber-based construction tradition, contains a rich
layering of aesthetic treatments. This is essentially due into a grander scale of the Malay palace, and as the typology
evolves towards a more lavish treatment, yet throughout the Malay states, it never lost the sense of proportion,

scale and harmony which essentially typifies the traditional Malay-Nusantara style.

The growth and development of the classical language had essentially begun with the common rules and orders,
firstly observed by Vitruvius and later developed by Serlio, Bramante and Palladio. An order is the total assemblage
of parts comprising of columns and its appropriate entablature. In the Classical orders, primary divisions of the
column are base, shaft and capital; and the primary divisions of entablure are architrave, frieze and cornice.
Through a rationally constructed study of Malay vernacular form through both house and palace, a similar system
of orders can be derived. The elements of the Malay palaces including their frontal elevation, wall panels, columns
and roof extensions can be abstracted into rules of proportions, facade extensions and basic decorative elements
present a significant potential for a recognizable style and language of the Malay world in terms of architecture.

This can be coupled with grammar and vocabulary derived from salient elements of Malay architecture such as
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the ‘awan larat’, ‘tunjuk langit’ and ‘tebar layar’. The overall slenderness of the columns with its masonry base
and then contrasted in terms of colors and the use of arcuate and “‘weave-like’ wall boards represent also essential

and recognizable elements of a vocabulary.

The architecture of the palaces in particular holds the possibility of such rules of flexibility and a grammar. The
language of the palaces and house contain an openness towards change yet it manages to retain and capture the
element of balance, as it undergoes influences and evolution with the other cultures without sacrificing its
principles. For modern functions and multistory typologies, how can sizes of standard construction and structural
elements such as columns, beams, joints and connectors be aligned to the rules of grammar and elements compiled

and derived in objective (1) and (2).

Tajuddin et.al (2005) has provided a useful documentation and in depth discussion of the Malay traditions have
been researches by various architects, theorists, historians and scholars. Historically the movement of people from
the mainland Asia towards the peninsular and islands in the southern region of East Asia represented the movement
that had been one of the important governing factors in deciding the architectural style of this region. The
similarities are now seen on the surviving architectural heritage of the Muslim — Malay in the form of masjids,
palaces, houses and etc. However, most discussion on the Malay architecture dwells mainly on the traditional
houses with similar architecture of houses raised on stilts, which some historians called it “raise on pile”, to belong
to the place of origin of those that came either to Java or stayed in the Angkor kingdom. However, due to the
climatic conditions of the region, most of those buildings depicted had not survived to this date. Nevertheless, if
some of those had survived, God willing, it may have lead us to gain some understanding on the origins of our
Malay Architectural heritage. The aim is towards a common understanding with an open inquest the physical

attributes of the true Malay architectural heritage, if any.

Andrea’s Palladio’s ‘“The Four books of Architecture” (Venezia, 1570) is seen as a good reference and represents
a precedent that can guide such a process towards abstraction and rule. It has now become a historical and highly
influential architectural testament, because in it not only did Palladio outline all elements of Classical architecture
in terms of components and design details. But more importantly he outline the basic principles of the Classical
Rennaisance, organized is such a way and with such a vocabulary and lexicon, so as to constitute an
architect’s ,manual that is organized as a knowledge systems. Here the architectural orders are described not only
in their choice of materials, but basic and mathematical proportions and through these, he formulated the classical
design method in terms of a knowledge- based parametric system that began with his implementation in palaces

and country villas, but later could be implemented in fagade and forms of the commercial buildings on the time.

Through an understanding of the Malay palatial type which is crucial in identifying patterns and abstractions that
can be developed into a language and grammar for modern large complexes and structures, rules of design and
hierarchy are abstracted. The more complex typology of the palace lends itself more readily to the evolution of a
language that can be used for multistory expression. Despite their grandeur, they had evolved from simple

constructional technology and detail.

The aim is not only to characterize the rules of Malay architecture and its language, but the Malay palaces
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essentially contain more potential for such abstraction into essences of a language for large scale buildings. Palaces
are essentially grander versions of the Malay house form, hence it reflects the same ethos and the same confluence
between its essential functionalism, and a refined and elevated aesthetic. When combined with factors related
environment, culture, climate, economy, and value of resources, they result in complexes that stylistically vary yet
converge into one unique tradition. The palace, in the Malay context, is almost an elevated and refined form of its
archetypical roots, the Malay house, while its variations and idiosyncrasies are related to essences found in
variation of cultural traditions contained within the Malay states. The aim is towards the realisation of BIM
potentials to create not only a stylized and rescaled architecture but a computerised method of transposition that
ensures a process that will be far from, losing, the essential character, human-scale elements and proportions that

mirrors the nature of the Malay culture.
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ABSTRACT: Most organizations will have to change in order to be competitive and reap the benefits of BIM. The
adoption of BIM requires a shift/ change in the working process. However, change can result to disrupting
organizational settings. Managing BIM disruption towards digitized practices will enable consultancies to adapt
to BIM working processes. This paper is part of a project that focused on embedding BIM in UK construction
organisations. The paper aims at identifying factors that facilitate BIM disruption in traditional practices and
prescribes a strategy for managing disruption. Secondary and primary data were explored to achieve the aim of
this paper. A focus group, survey and interviews were conducted sequentially at a UK consultancy. A key factor
identified for managing disruption is (incremental BIM knowledge development) which is further categorised
under four factors for managing BIM disruption. These factors include developing a BIM vision with short-term
and long-term goals, while understanding company's technical and financial capability; BIM implementation,
BIM knowledge curve and BIM maturity. A sequential cycle node for managing BIM disruption is proposed. The
findings of this paper could guide construction organisations on what to expect towards managing disruptions

when implementing BIM.

KEYWORDS: BIM,; management, traditional practice, BIM disruption
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1. INTRODUCTION

Traditional practice is considered as Level 0 BIM, which is described in PAS 1192-2: 2013. BIM push will change
existing traditional technologies and processes within an organisation (Arayici, et al., (2009); Lu and Li, (2011);
Grilo and Jardim-Goncalves, (2011)). Holzer, (2015) stated that digital innovations in technology facilitates
organisational change. In this sense, Watson, (2010) stated that BIM could mean a significant disruptive technology.
BIM could be disruptive as the combination of shifting in processes and technologies. Some BIM challenges
include: data accuracy, data responsibility and information stewardship (Morlhon et al., 2014). However, it is
important to understand that disruption can arise due to some challenges but all challenges do not lead to BIM
disruption. Literature has presented many other challenges of implementing BIM. However, with appropriate
planning, commitment, standards, policies, hardware and software in place; BIM can be fully implemented, but
what are the isolated challenges that lead to BIM disruption? Organizational staff should be aware of these
disruptions to know what to expect in order to acclimatize with the BIM trends. Disruption is defined by the
English Oxford dictionary as a disturbance interrupting a process, while IGI Global described challenges as
difficulty, barrier, problem, constraint or bottleneck. For the purpose of this paper, BIM is defined as a specific
process (collaborative) for managing specific information (lifecycle) by specific people (stakeholders involved)
using specific technology (agreed) which are guided by specific policies (standards/rules). Lindblad and Vass
(2015) described their view of BIM as subdivided into three different areas: product (model and technical issues),
organization (providing necessary resources) and process (work practices and processes). Succar, (2009:363)
described BIM in three stages: These are BIM stage 1- Object-Based modelling; BIM stage 2- model-based
collaboration; and BIM state 3- Network based integration. There is a sequence within the stages that moves from
objects-models- network, while information within a project lifecycle is the common feature between the stages.
However, in order to achieve the cohesion between the stages, the three pillars of BIM can be considered. These

are process, policy and technology (Succar, 2009).

The problem statement for this paper revolves around BIM disruption experienced while implementing BIM within
a consultancy. The disruption caused by BIM is not only centred on technology, but include social and economic
factors. BIM comes with disruption due to the learning curve factor, such as defining time allocated for BIM
training while non-BIM projects are on-going and the cost involved. However, more efficiency is undoubtedly
registered with BIM projects. There is a need to prepare for the cultural shift. BIM readiness and adoption schemes
could “allow potential BIM users to identify the likely conflicts and risks” that could arise due to change in work
practice as “BIM adoption would require a change in the existing work” (Gu and London, 2010:998-999). They
have identified technical (functioning requirements and needs) and non-technical (strategic factors) challenges to
the adoption of BIM. Despite the challenges, BIM could evolve gradually. There are BIM Maturity Models that
have clearly described the different requirements to attain the different BIM levels. However, there is a need to
clearly define how the BIM levels can be achieved while managing existing UK construction challenges dragging
the BIM push. Rooke et al., (2004) described some challenges of the UK construction industry which include

reluctance to change, susceptible to conflict and opportunism.
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2. INTRODUCTION

BIM disruption could affect various stakeholders in the construction industry, but which category within the

adoption lifecycle will be affected the most still remains unanswered. Table 1 describes possible BIM disruptions

to traditional practices. These disruptions are related to process, policy and technology factors. The concept of

adoption is described in Figure 1. Arguably, late majority adopters (conservatives) and Laggards (skeptics) will

find BIM less disruptive because they wait for standards to be available leading to an opportunity to get the

knowledge/ technology in context readily available from prior adopters and possibly cheaper due to market

availability and competition; this could facilitate a less disruptive BIM adoption. But, contrary to this, they lack

the will to aggressively invest and explore new ways of doing things like the innovators, early adopters and

majority. However, more risk is associated with early adoption (Moore, 1999). Figure 2 describes how disruption

can be managed when related to risk involved in a given supply chain process.

Table 1: BIM Disruption

DISRUPTION DISRUPTIONS REFERENCE DESCRIPTION
CATEGORY
Stakeholder Waiting for supply chain to attain required Jung and Joo, Supply chain might not be competent to make
competency level of competences due to high cost of (2011) contributions towards the development of the
software purchase model.
Risk Organisations would have to deal with risks  Race, (2012) Model changing to a product.

associated with product liability

Existing processes

Organisations would have to manage existing

cultural features.

Fellows et al,

(1983)

Change involves aligning BIM process with

existing processes.

Existing technology

Staff would have to leave some existing

technology (CAD) and learn ones.

Ruikar et al., (2005)

Some staff resist the adoption of new

technologies.

Recruitment policies

Organisations may need to recruit competent

staff with BIM skills.

Arayici et al,

(2009)

A BIM knowledge gap exists in the construction
industry. Technical competence has impact on
recruitment policy. There is a challenge of

recruiting experience disciplines/ BIM specialist.

Integrated processes

Staff are disrupted with new ways of

working.

Tulenheimo, (2015)

To work within a BIM project, every stakeholder
has to adopt standardised collaboration and
exchange protocols at an agreed level of BIM

uptake.

Leadership

Leadership organizational structure will have

to be redefined.
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delivery; leadership and senior management will
also have to change and adopt new ways of
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Financial policy Need for BIM budget in an organisation. Deutch, (2011). Introduction of BIM has significant education,

resources and training implications.

Figure 1: Technology Adoption Lifecycle (Moore, 1999).

Figure 2: Framework to manage disruption in supply chain (Behdani et al., 2012)

3. RESEARCH METHODOLOGY

The methodology adopted for this paper include the sequential use of focus group, survey and interviews at
consultancy X to identifying possible BIM disruptions and suggesting strategies for managing disruption.

Consultancy X was chosen for case study for the following reasons. It is a large UK based design, engineering and
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project management consultancy with international experience. They are a multi-disciplinary consultancy with
construction revenue of over £1 Billion pounds. There is an effort to implement BIM at the organisation, and

primary data was available for collection.
3.1 Focus Group

There is a need to identify internal challenges that may exist. The focus group findings showed 11 possible
disruptions or clashes that could arise when BIM is fully implemented. One member of each category was invited
to take part in the focus group. These include: Project Management; Practice Management; Practice Staff -
Engineer / Designer / Architect / Surveyor / Interior Designer, etc; Technical Management; and Technical Staff.
Table 2 describe key challenges that could lead to BIM disruption as lack of management support, awareness of

BIM and collaboration between different disciplines.

Table 2: Focus group findings

FOCUS GROUP FINDINGS

DISRUPTION

Company is too big; not easy to implement strategies across

different teams in other locations within UK and

internationally.

There is disruption when different disciplines within the
organisation are at different level of BIM understanding and

are working together on a project.

There is a need for staff to collaborate with other team

members.

There are many factors to consider but disruption of the

collaboration process is vital.

There is doubt that management support for BIM

implementation goes across the entire organisational hierarchy

of the company (top to bottom).

Progress is made but full management support is not adequate

which causes disruptions due to lack of support.

There is doubt in the general awareness and understanding of

BIM implementation within the majority workforce.

Defining required or appropriate training is challenging.
Moreover, the timing of implementing training when live
projects are progressing is disruptive. The learning curve

comes with disrupt process on the short-term.

Different stakeholders require different level of BIM training.

Management staff will require high level management training
to support the technical teams while technical staff will require

more detailed technical training.

3.2 Survey

The eleven possible BIM disruptions identified from the focus groups were presented in the Survey. Project
management and technical management staff were targeted across consultancy X (UK offices). 100 staff were
targeted and 30 percent response rate was recorded. Findings shown in Table 3 described lack of all stakeholders

operating at the same BIM level as the highest ranking disruption.

Table 3: Possible BIM disruption towards traditional practices

POSSIBLE BIM DISRUPTION TO TRADITIONAL MEAN STD. DEVIATION RANKING
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PRACTICE
1 All stakeholders sharing information through the data sharing point
4.00 0.68 1
would have to learn and adapt to the process (Learning).
2 More effort/cost/planning/collaboration is required at the early stages
3.93 0.86 2
(Up-front contribution).
3 The industry has to work (Adapt and comply) with more standards
3.88 0.85 3
(More standards).
4 Among many, architects will have to share their roles with other
3.84 1.00 4
specialists at the early design stages (Working with others).
5 An information manager has to be introduced into the project team
3.73 113 5
(New roles).
6 There are challenges when sharing "work in progress" with other
3.68 0.94 6
project team members (Sharing with others).
7 There is a need to strategically manage the disruptions caused by BIM
3.68 0.86 6
(Providing BIM support).
8 BIM will change the entire design process; change is the only certainty
3.60 1.06 7
(Resisting change).
9 There is a high demand for accountability (Openness). 3.48 1.09 8
10  staff could be put outside their comfort zone (Staff confidence). 3.45 1.15 9
11  Adhering to BIM culture is time consuming (Learning curve). 3.30 1.14 10

3.3 Interviews

Table 4: Interview participant

to the interview participants. Themes were categorised to define the findings.

Interviews were conducted with selected staff within consultancy X. Table 4 show participants to have three to 10
years of BIM awareness. The aim of the interviews was to identify how to manage possible BIM disruptions.

Content analysis was conducted to achieve the aim of the paper. Five questions with sub-categories were presented
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CATEGORIES PARTICIPANTS AGE GROUP BIM BIM
AWARENESS EXPERIENCE
. P1 40s 3 Years 25
Practice Management
P2 40s 3 Years 5
. P3 20s 3 Years 5
Practice Staff
P4 30s 5 Years 5
P5 40s 10 Years 20
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. P6 50s 5 Years 5
Technical Management
. P7 30s 6 Years 5
Technical Staff
P8 40s 5 Years 20

Table 5: Interview participant’s view on selected questions

QUESTIONS

FINDINGS

How best would you suggest getting
staff  involved in your company’s

change/ BIM schemes?

Senior management involvement (P2); Providing time and awareness for BIM (P3; P5; P6); Provide
staff opportunities to explore BIM projects (P4); Informing BIM benefits (P7); Identify BIM leaders

(P8).

How would you suggest fitting staff’
into your company's BIM change

programme?

Exploring on dummy BIM projects (P1); Identifying what is required to staff (P2); Training (P3);
Clarifying BIM misconceptions (P4); Defining how existing roles will be affected at different levels

(P5; P6; P7); BIM is project related, when a BIM project is available roles will be communicated (P8).

How would you prefer to get the

minimum level of BIM understanding?

Through guides, training, videos and reference documents (P1; P2; P4; P5; P6; P8); Define BIM

terminologies clearly (P3).

How would you prefer to provide and
collect feedback on BIM level 2 clashes
traditional

with building  process

practices?

Repository for reporting (P1); Discipline BIM lead (P2; P3); Structured questions (frequent asked
questions) and discussion report processes (P4); Selected BIM managers on projects (P6; P8);

Searching documented through lessons learnt files (P7).

How adequately can management
support be spread and improved from

high level to bottom level technical

staff?

Creating opportunities to interact between high level and low level staff through standardized portals
(P1); Communication issues; knowing the right person to talk to about BIM (P2); Creating
opportunities to present issues to management through meetings (P3); Management should listen and
interact with staff. Reasons for not accepting proposals should be provided. Create a window for
debate/discussions (P4); Middle management do not understand what is required and a times take
regional approaches (P5); Management should be aware and committed. They should monitor progress
and give leadership to enthusiastic members (P6); There should be standardized links to communicate

with promised time frame for responses (P8).

The interview findings included the unilateral acceptance that BIM disruptions can be managed. How can BIM

disruption be managed? Relevant patterns of interview findings between participants was identified using content

analysis. The most named factors were categorised under incremental BIM knowledge development. Perhaps,

gradual BIM progress can be achieved by identifying gaps, proposing short-term and long term BIM goals,

identifying organisational capability and working towards long-term goals with organisational technical and

financial capability in mind. The incremental BIM knowledge development theme was further categorised into

four factors. These are: BIM vision, BIM implementation, BIM knowledge curve and BIM maturity. These factors

are interrelated and can all be achieved incrementally within a defined planned strategy.

Managing change transition

Interviews conducted identified key factors that enable the successful transition of BIM change at consultancy X.
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Different change management goals required different approaches depending on the goal in context. A number of

factors that could be considered for transition include the following:
e leadership, policy and available resources are required to achieve successful transitions (P1);
e awareness, management support and successful communication (P3);
e getting people engage and on-board about the change and understanding the drive for change (P4);
e background studies and proper administration, communication and timing of change (P7);
e top-bottom management support, a sponsor, resources and the authority to make changes (P5);
o effective communication, engaging with staff on how and why change is happening (P2); and

e aclear planned structure enables transitions to take place (P8).

4. DISCUSSION

All participants agreed that there would be no serious possible disruption when adapting to level 2 BIM if all
systems and requirements are provided. However, there are challenges associated with achieving BIM at
consultancy X. These challenges are categorised as internal factors. These include: finding time to training staff
while projects are on-going. Interview findings showed that on-the-job training will slow down the project pace
due to the learning curve; standardised systems have to be updated regularly to avoid data loss when templates do
not update; management not supporting the transition effectively at the lower levels will affect the BIM process.
Some comments made by a number of interview participants regarding BIM change are stated as follows. P6 stated
that “appointment of technical staff at permanent positions should be based on ability to use software packages to
support the transition. Organisations should assign right leaders with the right education at the right time”. P2
was of the view that much early work is required at the beginning of projects. P1 noted that it takes time to
incorporate change, also stated that “some of the challenges in the short-term, will slow us down and affect the
quality of the model, and it could cause confusion to what we have to deliver. There is also potential to lose
information at the early stages as this is the learning curve period”. P4 observed that it takes time to understand
and set things up properly. Also stated that “7 will need someone at my own level to work with or someone that can
quickly support me”. P7 described that training should be attached to projects. P8 noted that there is no structure
or standardised templates across all disciplines within the organisation and it will cause some disruptions.
Furthermore, interviewee P6 highlighted the challenge of appointing an information manager that “Super Revit
users should be the “information managers”. When architects or engineers are assigned as the “information

manager”, they are not playing to their strengths”.

All participants stated that any possible BIM disruption can be managed effectively and efficiently. But to achieve
this certain checks and balances have to be conducted. P4 stated that the organisational management have to
provide “time and right resources with leaders who know what they are doing and what is required” 10 manage
possible disruptions. Figure 3 presents a framework that can guide the management of BIM disruption inspired by
Behdani et al., (2012).

The core strategy of managing disruption is to adapt BIM in an incremental development approach with the number
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of factors in mind such as organizational vision and capability. Knowledge increases as organisations move from
node 1 to 4. Short-term and long-term goals can be defined and broken down into smaller packages that can be
easily implemented and managed. For example BIM implementation can start with a small team by training
selected individuals that form a defined project team which can later transfer experiences and learning knowledge
to other projects teams and eventually develop an entire organization. The BIM disruption management cycle is

developed in four different steps (cycle nodes). These are described as follows:

e Cycle Node 1 Cycle Node 2 o
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KEY

BOXES DESCRIPTION

Disruption Management Factors

Features of Disruption Management Factors (not exhaustive lists)

Disruption Cycle Nodes

Risks Cycle Nodes

Incremental Development across Disruption Management Factors

Figure 3: Disruption management framework

CYCLE NODE 1

BIM vision can define the magnitude and level of BIM implementation targeted by an organization. A
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vision can begin with change management, but as Rooke et al., (2004) described the construction industry is
likely to resist change. When change management takes place possible disruptions occurs. These changes include

the following:

Paper work: Traditional method requires exchange of hard copies at the end of a project. This leads to a large
amount of printed document. Searching these documents is challenging. Nevertheless, different models are
developed and federated within a BIM process; BIM requires digital exchange of information (electronic).
However, both digital and hard copies are sometimes required by some contracts. Does this means paper work is

still not optimised?

Document management: There is a need to fill-in many documents for competency, compliance purposes and so
on. For example, during clash detection it is best practice to document all changes and approvals and standard
documents used for implementing and auditing the clash detection process. Perhaps, an information manager will

be required. An SME might struggle to employ an information manager for defined BIM projects.

Collaboration: Successive implementation of BIM requires interdisciplinary collaborative team working
compared to non- BIM process. Communication, compliance and cooperation of all stakeholders involved are
cornerstone to achieving collaboration. This culture has to be developed within an organization. The transition to

a BIM collaborative working environment has a number of challenges.

Generational differences: There is a challenge posed towards older generation in the new digital age. Young
graduate (young generation) are more open to new technologies. The same attitude is not common within the two
generations. Older generation posed a greater challenge to adopt BIM technologies. Interviewee P4 stated that
“currently only technicians are trained who do not have the discipline experience”. As a result, possible disruption

can be identified.
CYCLE NODE 2
BIM implementation requires a number of factors. These could include the following (non- exhaustive):

Planning: BIM vision can be defined into the organisation set-up. There is a need to respond to Employer’s
Information Requirement (EIR) in the BIM execution plan. Planning is important towards achieving desired BIM

goals; milestones are identified and considered in the early stages.

Management support: Management approves the budgets for projects to afford training, software, hardware and
network systems required within a BIM enabled project. As a result, it is important to train management on what

is required to adopt BIM within an organization.

Lead support: There should be a BIM lead that has the full support of the management. The BIM lead should be
enthusiastic about BIM and be able to communicate effectively with others. As resistance to change is one of the

challenges of a BIM shift.

Budget: Adefined BIM budget is important towards the implementation of BIM and managing possible disruptions

caused by middle management who fail to see benefit in adopting some BIM processes which require budgets. A
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define BIM budget can be used to adopt critical BIM processes supported by the BIM lead. As a result, some
economic risk involved can be quantified based on the disruption detection and reaction observed within the

implementation process.
CYCLE NODE 3

BIM knowledge curves will require training and expectancy of short-term profit drops. However, efficiency is
undoubtedly expected in BIM enabled projects, but cost savings will vary project to project. People are core to the
implementation of BIM. People use the technology, adopt defined processes with guided policies. One of the top

disruptions is the need to train staff to adopt BIM processes.
Training is required due to the following:

Rapid changing technology: New technologies and newer versions are made available annually and quarterly in
some software. Financial spending capability of an organization is put to question in order to remain competitive.
Newer technology requires training and training cost money. Some organizations rather stick to tools and working
formats they know rather than using applications that require training and bring about added cost. Interviewee P4
raised a concern that “BIM Technicians could be driving the BIM initiative, focus should be given to both practice

and technical staff, but requiring different training”.

Global flood of sofiware: The availability of different software from different regions of the world is helpful and
makes the market competitive. But organizations are challenged on making specific decisions on choosing

appropriate software compatible with organization capability and project needs.

One of the challenging factors identified by the interview participants is defining the timing for BIM training when
there are no on-going BIM projects available within a consultancy, it is challenging to train staff on pilot projects.
Middle management are less likely to spend on training with only traditional projects at hand. However with BIM
projects at hand, the need to train or hire BIM specialists is mandatory. Also when staff are trained to work on BIM
projects and are left for months without a real live BIM projects, there is a likelihood that staff might need to be
retrained (interviews). Starting up the learning curve is challenging especially for SME’s with lower financial
capability. BIM training allows a smooth transition of CAD Managers to BIM Managers. Training is conducted
over a defined period of time and can facilitate the recovery of defined disruptions. As a result, risk can be

evaluated.
CYCLE NODE 4

BIM maturity is key to the incremental development strategy; it allows improvements at different levels. This can
be achieved at an individual, project and organizational level. As the maturity increases, the less disruption should
be expected. Disruption learning can be achieved within the disruption cycle. This occurs when a disruption is
identified, risks is quantified towards the disruption reaction and the disruption is recovered through training. Risk
can be monitored. Perhaps, the BIM vision can be revisited and the goals can pass through the disruption cycle as

many times as required.
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5. LIMITATIONS

The findings are representation from only one large and multi-disciplinary consultancy. Findings may not apply to
other categories of organisations within the construction industry. However, there is an opportunity to learn from

consultancy X.

6. CONCLUSION

This paper aimed to identify and verify the drivers for managing BIM disruption within the UK
consultancies. A case study was conducted at Consultancy X. Findings showed that. BIM enabled
projects are undoubtedly efficient. However, disruptions could occur which needs to be managed. This
paper has clearly signified that not all BIM implementation challenges are disruptive (see Table 1).
However there is tension between disruption and risks during the BIM implementation process. Primary
data was collected from consultancy X which is a multidisciplinary organisation. Focus group findings
identified 11 possible disruptions towards traditional practice. A survey was conducted, the 11 factors
were explored through a statistical analogy. Interviews were conducted and findings demonstrated that
BIM disruption can be managed through incremental BIM knowledge. Four factors are considered.
These are BIM vision, BIM implementation, BIM learning curve and BIM maturity. The process of
managing disruption was proposed in four sequential cycle nodes which can be repeated while revising
the BIM vision of a consultancy. Node one introduces a BIM vision with comes with risk and disruption
that can be identified. Node 2 is the implementation stage were disruption reaction takes place but can
be managed through planning and management support. Node 3 is the stage were disruption is recovered
through training as the BIM knowledge curve improves. Node 4 provides an opportunity to learn from
the disruption through monitoring and conducting maturity assessments.
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ABSTRACT: Building Information Modelling (BIM) tools and workflows are now widely acknowledged as
enablers for improved efficiencies across the lifecycle of construction projects. While BIM applications have been
extensively researched in design and contractor organisations, there have been a dearth of investigations of BIM
implementation within manufacturing. Research into BIM for manufacturing has been largely focussed on the
topic of BIM objects and their graphical and non-graphical content. The knowledge gap within the ‘BIM for
Manufacturing’ area is remarkable given the primary role of manufacturers in supplying building systems and

components as well as the data for detailed design, construction and operation phases.

The key areas that are under-scrutinised are: (a) BIM uses, benefits and workflows within manufacturer
organisations, and (b) BIM link or integration with other business functions within either an ‘Enterprise
Application Integration’ (EAI) or an ‘Enterprise Resource Planning’ (ERP) integration types. This paper aims to
contribute to these two areas by (1) illustrating the application of BIM in design-for-manufacture (offsite
fabrication) and design-for-site (installation), its benefits and workflow, and (2) discussing the ways for its

integration with other business functions and proposing a suitable approach.

The results from the case study showed important tangible and latent benefits. The proposed approach for BIM
integration showed potential links with several business functions within the manufacturing organisations

including sales and estimation, procurement, production, construction management, and asset management.

KEYWORDS: Building Information Modelling (BIM), Enterprise Resource Planning (ERP), Enterprise
Application Integration (EAI).

1. INTRODUCTION

BIM is now considered as the current expression of digital innovation within the construction industry (Succar and
Kassem, 2015). It is affecting all phases involved in the delivery of built assets including planning, design,
construction and operations either by facilitating and changing many of the functions and activities required across
such phases or by introducing new capabilities. Reports and case studies from around the world have shown that

BIM tools and workflows increases efficiency and reduces operating costs across all phases of a construction
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project (Bryde, Broquetas, and Volm, 2013). However, there is a dearth of studies investigating BIM
implementation and applications within manufacturing organisations. In particular, there are no case studies that
illustrate BIM uses, benefits and workflows within manufacturing organisations. There is also a gap in knowledge
about the link or integration of BIM with other business functions within the manufacturing organisations.
Manufacturing organisations have notoriously adopted approaches for integrating business functions - technology,
resources and services - to achieve agility and flexibility in coping with rapid changes in both internal and external
environments (Chung, Skibniewski, and Kwak, 2009). Two common approaches for integration are the ERP and
EAI. The ERP approach integrates all functions and processes of a business and generate a comprehensive view
of the entire company (Wilson, 2012). The EAI approach aims to modernise, consolidate and coordinate different
enterprise applications (e.g. existing legacy application) while adding new applications that exploit new

technologies (e.g. BIM, e-commerce, extranet) (Lee et al., 2003).

Using an organisation based in the UK as a case study, this paper aims to (a) illustrate the use of BIM in design-
for-manufacture (offsite fabrication) and design-for-site (installation), its benefits and workflow and (b) discuss

the approaches for BIM integration with other business functions and propose an adequate approach.

2. LITERATURE REVIEW

Studies investigating the different procedural and technological aspects of BIM and its implementation within
projects, organisations and whole markets have proliferated over the last decade. Table 1 shows a non-exhaustive

sample of BIM studies.

Ahn, Kwak, and Suk (2015) proposed a framework and organisational transformation strategies for BIM adoption
by building contractors based on data collected from case study interviews. Arayici, Onyenobi, and Egbu (2012)
investigated the influence of BIM on facility management using two expert semi-structured interviews. Azhar
(2011) provided a summary of the benefits, risks and challenges affecting BIM implementation including a return
on investment analysis. Bryde, Broquetas, and Volm (2013) also explored BIM benefits in construction projects
and identified cost reduction and control through building and project lifecycle as the most frequently reported
benefits. Love et al. (2013) discussed the benefits of BIM capital and operational expenditure for asset owners, if
high level of detail (i.e. LOD 500) is adopted. They also argues that operational phase of buildings and the asset
performance could be optimised, when integrated with an ERP. Ganah and John (2015) investigated the impact of
BIM on health and safety in construction and concluded that the integration process of BIM and H&S was not

possible with the technology and tools available at the time.

Table 1 includes only three studies that have addressed either BIM for manufacturing or BIM-ERP integration.
Babic, Podbreznik, and Rebolj (2010) investigated the link between BIM and ERP information system to support
design, manufacturing and construction processes through their integration with CAD tools and using Industry
Foundation Classes (IFC) open standards. The proposed approach adopted a centralised BIM (model) and an ICT
infrastructure that limited the integration with external stakeholders. Clevenger and Khan (2014) investigated the
impact of BIM-enabled design-to-manufacture using two case studies. The identified benefits included time saving

(early start of construction), cost reduction (liquidated damage) and increased accuracy of shop drawings. Palos,
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Kiviniemi, and Kuusisto (2014) qualitatively explored through interviews the potential to improve product data
management (PDM) systematics and recommended future development needs to building product libraries for
AEC organisations. Ghosh et al. (2011) examined the need to integrate BIM and ERP in relation to sustainability

within small and medium construction organisations and proposed some general guidelines for project governance.

This summary shows there is still a general gap in knowledge in the area of BIM for manufacturing and particularly,
there is a lack of both case studies demonstrating the benefits and approaches for BIM-ERP integration. This paper

attempts to contribute to these gaps by adding case studies and proposing an approach for BIM-ERP integration.

2. BIM FOR MANUFACTURING

The two use cases were conducted within Hodgson Sayers, UK. It is a medium sized organisation involved in the
construction supply chain as a manufacturer and installer of roofing and other building works such as fencing,
security doors and metalwork on both new and renovation projects. The two use cases will illustrate how BIM was
used to enable several business processes (design, production, outsourcing, installation) within the manufacturing

organisation and discuss the benefits of its use.
2.1 Manufacturing and installation of louvres for a renovation project

This use case involved the design and replacement of security doors and louvres in a substation renovation project
(Figure 1). This project entails offsite fabrication, which notoriously requires considerable planning and accurate
design information. As a result site surveys are important in key site information such as measurements, materials
and construction methods. A summary of the conducted survey is illustrated in Table 2. Due to the specific
conditions of the site, the central louvre panels has to be fixed from the outside of the building which is different
from the typical installation method by which the louvres are fixed from the inside. The intention is therefore to

design and manufacture the side louvre panels for the standard installation procedure and the central panel for

installation from the outside.

Table 1. Summary of literature review

L
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Ahn, Kwak, and Suk (2015) X X X X

Avrayici, Onyenobi, and Egbu (2012) X X X X

Azhar (2011) X X X X X

Babic¢, Podbreznik, and Rebolj (2010) X X X X

Bryde, Broquetas, and Volm (2013) X X X

Clevenger and Khan (2014) X X X X X
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Ganah and John (2015) X X X X
Ghosh et al. (2011) X X X X X
Gilkinson et al. (2015) X X X X X
Kassem et al. (2015) X

Liao et al. (2014) X X X X X
Love et al. (2013) X X X X X

Olatunji (2014) X X X X

Opitz, Windisch, and Scherer (2014) X X X X
Palos, Kiviniemi, and Kuusisto (2014) X X X X X
Porwal and Hewage (2013) X X

Steel, Drogemuller and Toth (2010) X X X X X
Takim, Harris and Nawawi (2013) X X X

Travaglini, Radujkovic, Mancini (2014) X X X
\Wolk, Stengel, Schultmann (2014) X X X X

Figure 1. The substation site for rennovation

Table 2. Assite survey report conducted by the surveyor

Market Street (New) Building Survey

Type and location: This was a double emergency exit door with transom panel until | changed the hardware to give outside
access

Current condition: Poor

Overall size: 1280w x 2425h. Note: panel above the bulk head is lower on the outside

Frame section size: 100

Head section size: 50 with transom panel

Fixing centres: RHS 110,650,1110 then two more holes to bolt in to the louvre (see photos) LHS space the fixing our

evenly into concrete pillar

Fixing centre from front: 50
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Additional notes: All sizes are in mm unless otherwise stated. The asbestos does not come up to this frame

There is a hardwood louvre to the right of this set from a ventilation duct. It is 3085w x 1155h including

the thick hardwood cill sitting on the brickwork.

As this project represents a one-off situation, there were no standard procedures or processes provided for site
managers or operatives. It requires the effective communication of design information between the client,
contractors, metalwork managers, fabricators, site managers and operatives. The subsequent two sections will

explain and compare the pre-BIM and post-BIM processes.
2.1.1  Pre-BIM Process:

Before the implementation of BIM tools and workflows, hand sketches made on site were used as an input to the
design process and metalworking department or external suppliers (Figure 2). Based on these sketches, the external
suppliers provide CAD drawings in circumstances where they might have issues or clarification about the product.
Although the CAD drawings of external suppliers, used to express the design intent before they proceed with
manufacturing, led to improvement, the process remained time consuming and cost intensive as the amount of

request for information (RFI) and change orders were relatively high for both parties.

Figure 2. Hand sketches from site to inform design process.
2.1.2  Post-BIM Process

Based on the sketches provided, the designer was able to develop the detailed design for the louvres and security
door using Autodesk Revit (Figure 3). This initial object-based model represented an opportunity to further discuss
the design and reduce the impact of potential inaccuracies on fabrication and installation as discussed later. Figure
4 illustrates the early shop drawings following the initial design (Figure 3). These steps (site survey, design
production, shop drawing production, manufacturing) can also be part the typical pre-BIM workflow and the
subsequent steps would be to manufacture and install on site. However, given the particular condition of this
project and the BIM ability of imposing or merging the designed products into the as-built model, it was decided
to further check the design products. The louvres model was merged with the site as-built model and a clash
detection test was performed. As a result of this operation, a design - installation issue was identified (Figure 5).
The issue consisted of an obstruction by a wall which would prevent the site operatives from installing the side
louvre from the back. This issue would not be capture without this BIM inherent ability used by the manufacturing

organisation and the unfit-for-purpose side louvre would be detected only when it reaches site, hence, causing
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significant wastages of resources, time and money for both the client and manufacturer.

Figure 3. The design model for the louvre systems.

After the design error has been identified and resolved, the 2D shop drawings including installation methods were
produced form the BIM (model) and sent to the suppliers for quotations (Figure 6). The supplier was able to
accurately quote and fabricate the products. During this time, a significant reduction in RFIs was witnessed
compared to the historical average with pre-BIM processes. The products were successfully delivered and installed
on site. The project manager and the site operatives, using the BIM (model) and the installation instructions
augmented with drawings extracted from the model, were capable to produce an improved method statement with

reduced health and safety risks.

Following the successful BIM implementation on this use cases — as well as other use cases — a BIM workflow

was set up as a protocol to follow in all future project (Table 3).

Figure 4. Screenshots of the shop drawing for the louvre panels.
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Figure 5. Identified installation issue spotted prior to fabrication and site.
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Figure 6. Sample of amended shop and installation drawings for the new louvre system shared with external

suppliers for quotations

3. BIM-ERP Integration

Following the implementation of BIM alongside a number existing processes and technologies (Table 4) for
specific organisational functions (sales, finance, procurement, etc.), there was a risk of creating information silos
that could result in fragmentation and duplication. Concurrently, there was an opportunity to exploit the digital
information of the BIM workflow to support several business functions and enabling an effective operation and
project management. The two candidate approaches for achieving the integration are Enterprise Resource Planning
(ERP) and Enterprise Application Integration (EAI). Table 5 summarises and compares the key technical,
behavioural and risk factors of the two approaches. Follow the comparison of all factors included in Table 5 and
the pre-existing decentralised business processes, the EAIl approach was selected to integrate BIM as part of the
overall enterprise integration of the organisation. However, to achieve such an integration a new system was
required in addition to the pre-existing ones included in Table 4. The new system was required to avoid an approach,
where integration is achieved through embedded interfaces and transformation between each pair of applications.
Solutions with embedded interfaces are challenging to maintain over time due to the changes in data formats and
the complexity of source and target applications. Figure 7 shows the position of the new application — called here
as ‘middleware’ — among all existing systems including BIM. In addition to integrating the different systems, the
‘middleware’ has the paramount role of providing access to a single and most up-to-date source for each
information and data item. Key principles of information sharing from the PAS 1192-2013 (BSI, 2013) were

adapted to support this objective.
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Table 3. Summary of activities within a BIM workflow for renovation projects.

Project Stage  Tasks Responsible

1. Conduct building surveys and site analysis (output: site survey report) CPM,S &0
Concept 2. Extract design input (hand sketches) from site visit and survey. For complex project, conduct a laser ~ CPM, S & O
Design scan of as-built conditions

3. Conduct team review meetings to analyse and record potential risks and issues and plan next actions PT

4. Create BIM (models) for the required project components BM

5. Create as built model for the site

6. Create and archive BIM objects with nested and shared parameters for the project’s components for BM
Developed

use on current project and future projects.
Design

7. Merge the components’ model with the site as-built model BM

8. Execute clash detection tests to diagnose potential issues with the design and installation procedures BM

8. Approve design? (Yes — Go to Task 9, No — Go to Task 2) PT

9. Conduct a final review of the design alignment with job requirements and generate the request for CPM

quote (RFQ) to suppliers including shop drawings from BIM (model)

10. External supplier receive and analyse enquiry ES
Technical 11. Issues to be raised? (Yes — Go to Task 12, No — Go to Task 14) ES
Design 12. Raise RFI to Hodgson Sayers ES

13. Resolve RFI? (Yes — Go to Task 9, No — Go to Task 3) CPM & BM

14. Send quotations to Hodgson Sayers ES

15. Review quote? (Approved — Go to Task 16, Not approved — End or go back to Task 10) CPM

16. Complete Job Quality Plans (JQPs), method statements, risk assessments, etc. CPM

17. Arrange for site installation, pick up and receive documents (0]
Construction

18. Install the products on site as per JQPs, method statements, as-built drawings, etc. o

19. Quality checks and prepare handover documents / digital BIM models to clients CPM
Legend
C Contract/Project Manager S Surveyor O  Operative PT  Project Team

BM  BIM Modeller ES  External Supplier

Table 4. Existing systems within the organisations.

CRM Software

Manages the company’s interaction with current and future customers and external suppliers.

Accounting Software

Automates and schedules financial reports, linking dynamically from Microsoft Excel.

Site App

Mobile App to electronically transfer site documents and reduce time and paperwork.
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Autodesk Products Revit, AutoCAD and Navisworks

Other Google Earth, Microsoft Office suite.

The overall architecture of the integrated solution is illustrated in Figure 7. It shows the connected business
functions and their corresponding exchange of data and information. The important role of BIM in such an
integration is evident from the amount of interactions with other business functions that are either consuming its
information or triggered by the completion of BIM deliverables. An example showing a specific BIM workflow

and the interactions with other business functions is included in Figure 8.

Table 5. Approaches for enterprise integration.

ERP EAI

Behavioural Degree of resistance High Low
Business process Centralised Decentralised
Implementation period Long Medium
Required people readiness High Medium
Technical Degree of Business Process Reengineering | High//Medium Medium-low
Integration method Process Integration Process Mapping
Implementation Period Long Medium
Programming requirement Medium Medium-low
Complexity High-medium Medium-low
Required technology readiness High-medium Medium-low
Overall Risk Typical rating High-medium Medium-low
Overall Cost Typical rating High-medium Medium-low
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Figure 7. Dependencies and information flows within the proposed EAI solution
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Figure 8. A use case scenario where BIM is part of the workflows of several business functions (design, finance,

site, CRM, and project management)

4. Conclusion

BIM uses and integration with other enterprise systems are two primary implementation topics for BIM within

manufacturing organisations that are still uncharted.

The first topic was addressed through the presentation of a case study of BIM applications within a manufacturing
organisation, its benefits and workflows. The case study involved the use of BIM in design-for-manufacture
(offsite fabrication) and design-for-site (installation) scenarios. Clear tangible benefits (i.e. reduction of wastages
in material, time and cost; reduction of RFIs) were demonstrated as a direct result of implementing BIM workflows.
These benefits were possible due to the early engagement between the manufacturer, contractor, external suppliers,
surveyors and site operatives, which was supported by BIM workflows and technologies. It enabled the detection
and elimination of design risks, the procurement of the right products and materials, and the definition of

installation strategies and method statements.

The second aspect was addressed by proposing an outline approach for the integration of BIM with other business
systems and functions using an Applied Enterprise Integration (AEI) methodology. The AEI was preferred over
the ERP as a result of the decentralised pre-existing business processes and their supporting systems, and the
overall lower business, technological and change management risks. To achieve the AEI, a ‘middleware’ system

was implemented to fulfil the role of both integrating the business functions and systems (including BIM) and
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providing a centralised single source of truth for all business processes. The role of BIM within the integrated
enterprise solution is evident from the several potential links with all other business functions including sales and
estimation, procurement, production, construction management, and asset management. It is expected that the
proposed AEI will reduce errors and decision latency and increase the visibility and traceability of information.
The limitation of this research is in the ad-hoc nature of the proposed integration solution suitable for organisations
who have several existing decentralised business processes and systems and are unwilling to accept the higher

implementation risk and cost of integration through ERP.
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ABSTRACT: Clients and facility managers require accurate and trusted data and information about their assets
at the handover stage. In current practices the data required for asset management can be found in several different
sources, systems and formats. Research addressing the management of data for the use phase of buildings using
open standards is still in its infancy. This study proposes a method for the development and visualisation of asset
data (i.e., graphical, non-graphical and documentation) in the form of an integrated Asset Information Model
(AIM) — data model that contains the digital data required to operate an asset or portfolio of assets. Industry
Foundation Classes (IFC) and Construction Operations Building Information Exchange (COBie) are used for the
graphical and non-graphical data requirements. The definition of content models based on Content Management
Interoperability Services (CMIS) is adopted for the AIM documentation data requirements. A method is proposed
to enable the integration and visualisation of the different sources of asset data in a virtual environment.
The proposed method was successfully evaluated in a use case focussed on building maintenance. Future work
will focus on the evaluation of the proposed method and tool with building owners and facility managers in real

world projects, and the inclusion of additional data sources for further FM use cases.

KEYWORDS: Asset Information Model, Asset Information Requirements, BIM, CMIS, COBie, IFC, open

standards

1. INTRODUCTION

Over half of the total lifecycle costs occur during the use phase of buildings (Becerik-Gerber et al. 2012).
However, project stakeholders in the construction sector remain largely focused on the minimisation of capital
costs (Becerik-Gerber et al. 2012). Investigations into data and information management methodologies from the
early development stages of construction projects are much needed to improve the performance of both the
information handover activities and the use phase of buildings. Within this context, this research provides methods
and tools that enable the structured definition and the checking of owners and Facilities Management (FM)

information requirements against project deliverables.

Building Information Modelling (BIM) is providing new capabilities to exchange information across the lifecycle
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of buildings. Its implementation at the design and construction stages is providing proven benefits, particularly in
the management of design, construction schedules and corresponding costs (Eastman et al. 2011, Love et al. 2014).
However, these benefits are relatively small when compared with the overall lifecycle cost of an asset. With the e
increasing adoption of BIM within the construction sector, investigating the theme of whole life cycle performance
(e.g. lifecycle costing, lifecycle impact analysis, lifecycle management of information flows, etc.) have been
reinvigorated. This has been witnessed not only in research but also in the national BIM initiatives and mandates
of countries. For example in the UK, the need to support the owner’s requirements in the definition of asset
information models has been recognized in PAS 1192-3:2014, which specifies an information management
methodology for the operational phase of building assets based on open BIM standards - IFC and COBie (BSI
2014). Information in building models should satisfy the owner’s requirements so that at the handover stage it
concurs to form the owner’s Asset Information Model (AIM) — a data model that contains all digital data required

to operate an asset or portfolio of assets.

While Publicly Available Specification such as the PAS1192-3:2014 (BSI 2014) broadly recommends the
structured definition and consideration of the owner’s requirements in building and infrastructure projects, a
methodology to support the definition and compliance checking of the owner’s requirements throughout the
lifecycle of a building is missing. This research hypothesises that BIM and its open standards could provide the
opportunity for structuring these information requirements and supporting their change management including
verification throughout the building lifecycle. Within this context, this research investigates the role of BIM and
open standards in enabling a methodology for the structure definition and compliance checking of client’s

requirements throughout the lifecycle of a building.

In this paper, a method is proposed for the definition and visualisation of Asset Information Models (AlIM),
considering graphical, non-graphical and documentation data sources, which can be stored in disparate models and
databases. The proposed method utilises open standards including IFC, COBie and CMIS for the different data
types involved in the AIM. The AIM graphical model and its non-graphical and documentation data can be

displayed and interrogated within a game engine environment.

2. RESEARCH METHODOLOGY

This research aims to provide building owners and facility managers with methods and tools for the verification
and visualisation of Asset Information Models including its graphical, non-graphical and documentation data from
disparate models and databases. A literature review was conducted to explore how asset management data
requirements could be fulfilled by open standards such as IFC, COBie and CMIS, and by concepts such as the
Asset Information Models. Current research in VR and serious games approaches in AEC/FM was also reviewed.
Based on findings from the literature, a method is proposed to allow the visualisation of AIM data - graphical,
non-graphical and documentation data sources - in a virtual environment using a game engine. The proposed
method is applied to a case study of an existing building to demonstrate how the owner and FM team can access
the AIM data from several sources from within the virtual environment. Finally, a discussion is carried out to

clarify the significance of the results and to outline future development.
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3. LITERATURE REVIEW
3.1 Asset Information Model (AIM)

The importance and impact of managing owner requirements in the construction industry has been the subject of
numerous studies. For example, Kamara et al. (2000) proposed a framework to convey the information in client
requirements to downstream stakeholders in design and construction. Love et al. (2014) proposed a framework to
assist asset owners in generating value from investing in BIM. Achieving tangible value for clients and owners
depends on the definition of their requirements in a structured way (Love et al. 2014). However, in current practice
there is still a lack of clarity in the definition of clients’ project briefs and a limited engagement of the client in the

briefing process (Yu et al. 2010).

Potential benefits that building owners can gain by using BIM for requirements checking include (Eastman et al.
2011): increased building energy performance; reduced financial risks through earlier and more reliable cost
estimates; shortening of project schedules by using BIM models for coordination; assuring program compliance
through the analysis of the BIM model against owner and local code requirements; and optimised facility
management and maintenance through the definition of the relevant information for Asset Information Models

(AIMs).

PAS 1192-3:2014 vaguely outlines an information management methodology for the operational phase of
buildings. It proposes the definition of the Asset Information Model (AIM), Asset Information Requirements (AIR),
and Organizational Information Requirements (OIR). The AIM consists of graphical, non-graphical and
documentation data components about assets in order to support an organization’s asset management system (BSlI,
2014). The AIM can relate to a single asset, a system of assets, or the entire asset portfolio of an organization. The
AIM is initially composed of data coming from the Project Information Model (PIM) which will subsequently
require update during the operational lifecycle of assets. The AIM should provide the function of a data repository
and also provide means for accessing and receiving information. The AIM can be managed as a single model,
including all the information needed to manage building assets, or as a collection of models linked to existing
enterprise information systems (BSI, 2014; Talamo & Bonanomi 2015). Asset Information Requirements (AIR)
specify the owner’s data requirements for the AIM. AIRs are generated based on the owner’s Organizational
Information Requirements (OIRs), which specify the objectives of the organisations from attaining the required
data and information (BSI 2014).

Five key areas of AIR have been outlined in the PAS 1192-3:2014: legal, commercial, financial, technical and

managerial. Some of the main requirement topics in each of these areas are detailed in Table 1.
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Table 1. — Asset Information Requirements proposed in PAS 1192-3 (BSI 2014; Talamo & Bonanomi 2015)

Legal Commercial Financial Technical Managerial
Ownership Asset description and Original Design parameters Identification number
function purchase/leasing cost
Contractual Vendor data Current replacement Asset dependencies / Asset location
information costs interdependencies
Property KPls Commissioning dates Spatial data (e.g.
boundaries and data room/pavement area)
Work Condition / Performance data Warranties description and
instructions performance targets duration
Legal Criteria of non- Work schedules and task
obligations conformance details
(H&S, etc.)
Spares information Hazardous content/ waste

Asset end of life data

IFC and COBie have been proposed in PAS1192-3:2014 as data sources for structuring graphical and non-graphical
data for the PIM and the AIM. IFC and COBie can be used for the definition of the AIMs and for the interface
between AIMs and existing enterprise systems (BSI 2014). IFC is an open source BIM data format published by
buildingSMART to support information exchanges throughout the lifecycle of buildings. It is currently registered
with ISO as 1S016739 (ISO 2010). COBie is a subset of the IFC model, based on the Facilities Handover model
view definition, which can be used to define the owner/client’s requirements and handover the information for FM
tasks (East 2014). COBie is the method of information exchange adopted by the UK government centrally procured

projects on which BIM is mandated.

Talamo & Bonanomi (2015) analysed the COBie schema against the Asset Information Requirements as proposed
in PAS 1192-3:2014 and concluded that COBie can fulfil most of the data requirements. Some limitations were
found regarding data in the commercial category, including the lack of support of data about the condition and
performance targets of assets, key performance indicators (KPIs) and criteria for non-conformance of assets.
A previous analysis of IFC and COBie support for asset register information requirements defined in BS 8210
(BSI, 2012) also revealed the lack of support of some of these requirements for the use phase of buildings (Patacas
etal. 2014). An analysis of the IFC schema for information and data requirements for the O&M phase also revealed
that the current IFC standard does not include all the required properties and relationships required in the O&M
phase (Motamedi et al., 2014). Examples of such properties include: operational statuses (e.g., decommissioned,
broken, inactive), downtime information, failure classes, and physical/ operational conditions. While it is possible
to add additional data fields to IFC and COBie using custom property sets, this can result in models that are heavy,
non-efficient and difficult to use. It is therefore necessary to identify and/or define complementary schemas that

are suitable to support AIM data that is out of the scope of IFC/COBie. It is also necessary to provide a
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methodology that can support the use of this data in an integrated fashion for the purpose of FM areas such as the

planning and execution of maintenance tasks.

3.2 Virtual Reality (VR) and serious games in AEC/FM

Research efforts in Virtual Reality (VR) have been mostly focused on supporting collaboration throughout the
design process and the health & safety training for construction workers. VR Research addressing design
collaboration, design decisions and evaluation of design alternatives, has identified advantages from the use of VR
and related technologies (Gu et al., 2011; Ruppel and Schatz, 2011; Ku and Mahabaleshwarkar, 2011; Ayer et al.,
2013). The use of web-based virtual environments enable synchronous collaboration with remotely located
designers (Gu et al. 2011, Ku and Mahabaleshwarkar, 2011). VR and serious games in H&S applications provide
effective ways to train health and safety construction trainees, in a realistic and risk-free environment (Lin et al.,
2011; Addison et al., 2013). Training using VR can consider the outcomes of workers’ actions, which can
contribute to diminishing human-error based accidents in construction sites. Several game-based learning
approaches have focused on the use of serious games and AR for hazard identification purposes (Chen et al., 2013;
Chi et al., 2013, Dawood et al. 2014). Hazard identification is the focus of many H&S training programs and the
visual capabilities of VR effective help trainees in this task (Chi et al., 2013).

Some investigations are proposing game-based learning and training for FM tasks. PlayFM proposed a serious
games and game-based learning methodologies for FM knowledge transfer. PlayFM incorporates several FM
processes to allow Facility Managers to simulate typical FM activities (May et al. 2012). The Total Facilities
Management Solutions project is aiming to provide training to facility management students, focusing on the

maintenance of HVAC systems (Chang 2015).

Current challenges in the adoption of VR and serious games technologies in the AEC/FM domain are related to
the lack of interoperability with BIM tools (Ku and Mahabaleshwarkar, 2011; Riippel and Schatz, 2011; Kim et al.
2013, Dawood et al. 2014). Other challenges also affect the embedding of and access to non-graphical data from
BIM models in virtual environments. Despite the proliferation of studies on VR and serious games application in
the construction industry, only two of the reviewed approaches focus on FM (May et al. 2012, Chang 2015). This
paper aims to contribute to the identified challenges by investigating approaches for integration of graphical, hon-

graphical and documentation data in virtual environments.

4. PROPOSED METHOD
4.1 AIM definition

The AlMs include graphical, non-graphical and documentation data, and must fulfil the AIRs defined by the owner
with the input from designers and facility managers (BSI, 2014). The proposed approach in this study uses the
open standards listed in Table 2 to support the data requirements of AlMs. Graphical and non-graphical data
requirements are conveyed through IFC and COBie, respectively. However, not all data requirements for asset
management are directly supported by the default IFC and COBie entities and property sets. Some requirements

can be satisfied by defining custom property sets in the IFC Schema and the COBie specification. In this research,
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asset criticality data was defined according to BS 8544:2013 as an IFC property and was used as criteria to identify
critical assets (BSI, 2013).

The Content Management Interoperability Services (CMIS) standard has been identified to represent document
data requirements. CMIS is an open standard that enables interoperability between different content management
systems (e.g. Alfresco Community Enterprise Content Management, Microsoft Sharepoint). It allows the
definition of folder structures for documents and the definition of specific properties of documents and folders as
metadata. CMIS support of interoperability allows the reusability of content models across various content

management systems (OASIS 2016).

The AIM documentation data requirements were defined in a content model witin a CMIS compliant content
repository — Alfresco. Alfresco provides an implementation of the CMIS bindings, including the mapping of the
Alfresco content metamodel to the CMIS domain model. This allows content models defined in Alfresco to be
exposed and manipulated via CMIS. Alfresco content models are defined as XML documents, which must comply

with the content metamodel XSD schema provided by the Alfresco content repository (Alfresco Software 2016).

The content model metadata was defined based on generic requirements identified in Product Data Templates
(PDTs) (CIBSE 2016) and embedded into the Alfresco Community Enterprise Content Management with the
Eclipse Mars.1 IDE using the bootstrap approach. The IFC GUID property was included in the content model to
enable the linking of documentation metadata to game objects in the virtual environment. The Alfresco content
model schema is represented in Fig. 1. The definition of custom properties to support the AIM is described in

Table 3.

Fig. 1 — Alfresco content model XML schema definition (XSD) (Alfresco Software 2016)

Table 2. Identification of open standards to support Asset Information Model (AIM) data sources

Asset Information Model (AlIM) data sources Supporting standards
Graphical Model IFC

Non-graphical data IFC and COBie
Documents CMIS

Table 3. Alfresco content model properties for the Asset Information Model
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Property CMIS property name Property Type
IFC GUID bim:IFCGUID Text
Manufacturer name bim:Manufacturer Text
Manufacturer website bim:ManufacturerWebsite Text
Product Model Number bim:ProductModelNumber Text
CE Approval bim:CEApproval Text
O&M Manual bim:OMManual Text

4.2 AIM visualisation

The Unity game engine was selected to perform the visualisation of AIM data in an integrated virtual environment.
Since Unity only supports the direct import of geometric data (in the form of FBX files), a method was developed
to allow for the import of non-geometric and documentation data to support the requirements of the AIM. The
method requires importing geometric data into the Unity game engine, and attaching non-graphical and documents
data to the corresponding game objects as metadata using the elements’ IFC Global Unique ID (GUID). For this

reason, IFC GUID has been added as a property to the CMIS content model metadata (Table 3).

The method used for the visualisation of integrated AIM data consisted of the following steps, which are

summarised in Fig. 2:
1. Export geometry of BIM model as an FBX file from the design application (e.g. Autodesk Revit).
2. Export BIM model as an IFC file from the design application.
3. Import FBX file in 3DS Max software.

4. Assignment of materials and textures in 3DS Max to the geometric model for accurate rendering of the

model in game engine, according to design or as-built specifications.

5. Export geometric model as an FBX file from 3DS Max. The model should be exported as separate
geometric objects (as opposed to a single mesh) to allow for the mapping of non-graphical and documents

data.

6. Setup anew scene in the Unity game engine and import the FBX file. At this stage it is possible to assign
mesh colliders to the model’s game objects. Depending on the size of the model, individual colliders

might have to be simplified to improve performance.

7. Checking and fixing import errors. Errors that were experienced by the authors included errors in material
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assignments and in the geometry of the model.
8. Convert the IFC model to COBie using the open source Bimserver environment.
9. Export data from CMIS compliant EDMS (e.g. Alfresco).
10. Retrieve building maintenance data from FM database.

11. Attach COBie, CMIS, and building maintenance data to game objects as metadata through the definition
of scripts in Unity.

Access to CMIS-compliant content repositories is provided through several APIs, including a .Net APl — DotCMIS,
which has the minimum requirement of .Net framework version 3.5 (Apache 2015). Since the Unity game engine
runs on .Net framework version 2.0, it was not possible to directly access CMIS repository data from the game
engine. For this reason, a separate .Net application was developed to access the CMIS-compliant repository -
Alfresco - and export the metadata from the AIM content model. The application connects to Alfresco through the
AtomPub 1.0 service interface and retrieves the metadata from the AIM documents as .csv files. A class diagram
of the application is depicted in Fig. 3. The Openmaint environment (Tecnoteca 2016) is used to support the AIM
maintenance data requirements. The NPGsql framework (Npgsgl 2016) is used to access Openmaint’s underlying

PostgreSQL database and retrieve the relevant maintenance data to be displayed in the virtual environment.

Fig. 2 ~Workflow for visualisation of the AIM in the Unity game engine

Fig. 3 - Class diagram for the application to export documentation metadata from Alfresco

5. RESULTS

To demonstrate the visualisation of the integrated AIM within the game engine, a case study of an existing Teesside

University’s building (Centre House) was performed. It is a two-storey building with an internal gross area of
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approx. 275 m2 An as-built Revit model of the building was provided by the Teesside University Estates
Department. The model included non-graphical data which was used to demonstrate the proposed method.
Following the steps described in section 4.2, an empty scene was set up in Unity, where the geometric model (FBX
file) with texture and material definitions was imported. The First Person Controller package is imported into the
project and added to the scene to enable navigation through the model. Upon import of the geometric model, errors
were apparent. Some of the game objects lost the material assignments and there were also errors in the geometry
of the stairs (Fig. 4). While material assignments can be easily rectified in Unity, the stairs required remodelling

in 3DS Max and re-importing into Unity.

Fig. 4 — Loss of material assignment (left); Coordinates mismatch and loss of material assignment (right)

Non-graphical data from COBie can be imported into the game engine and attached to the model’s game objects.
The project was exported as an IFC model from Revit and converted to COBie using the Cobielite xml-based
COBie format (Bogen & East 2016) and open source Bimserver (bimserver.org). Finally, it was imported into the
Unity project as a project asset. COBie data can be included in the model as metadata of game objects. Following
the method proposed by Boeykens (2016), two scripts were defined in the Unity project and are initialised when
the game starts: 1) a script that adds metadata to game objects, and 2) a script that parses the Cobielite file using

LINQ queries.

To display on-screen information about the building, scripts can be defined to react to users’ interactions with the
game objects. This functionality can be achieved through the definition of colliders and their association with the
game objects. This allows the information to appear on-screen when the user walks through a Space defined in
COBie, or when the user clicks on a game object that contains COBie data (Fig. 6). For this purpose, it is important
to identify the key assets (critical assets) which require the display of their data and information. In this research,
the asset criticality methodology proposed in BS 8544:2013 is adopted for the classification of critical assets that
require the display of data (BSI 2013).

Asset data from a CMIS-compliant repository (e.g. Alfresco) can be attached to game objects in a similar way. An
application connects to the repository and exports the data as a csv file, which is then imported into the project

Assets folder in Unity. A script that parses the csv file is defined and initialised at the start of the game. The
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metadata script defined previously adds the documents metadata to the corresponding game objects. By clicking
on the game objects the user can access the asset’s COBie and CMIS metadata, and the attached documents through
a link to the repository. Fig. 5 shows COBie space data can be displayed when the user walks through a space with
a defined collider and the asset data that is available when the user clicks on an object with attached data. Fig. 6

shows the collider definitions for the display of data.

Fig. 5 — Displaying COBie space data and COBie documentation asset data in Unity

Fig. 6 — Definition of colliders in Unity to allow the display of COBie space data and COBie documentation asset

data

6. DISCUSSION

This research proposed a method to deliver an integrated AIM that combines the graphical, non-graphical and
documentation data coming from disparate sources while using open standards. The proposed approach, tested in
a case study, revealed a number of challenges: 1) issues in the import of geometric models, particularly models

with complex geometry (e.g. stairs) and 2) limitations on the use of external APIs due to the version of the .Net
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framework used in the Unity engine (version 2.0). Geometric errors can be rectified through the editing of the
model in the design applications but this process would require a demanding inspection of the models, particularly
in the case of large models. BIM models typically contain overly complex geometry that is not suited for use in
game engines. This challenge did not cause significant performance issues within the proposed case study.
However, mesh optimisation methods have to be performed to enable running the game in less powerful machines,
particularly in mobile platforms. Such methods include, but are not limited to, the mesh optimisation capabilities
of 3DS Max (on export) and Unity (on import). Regarding the integration of documentation data, it was not
possible to establish a direct connection between the Unity environment and the Alfresco repository. We overcame
this limitation by exporting the asset documentation metadata from Alfresco through the implementation of a
separate application, and importing this data into Unity. The established direct link is beneficial for both
performance purpose and data integrity. The non-graphical and documentation data, which is parsed and added to
the model during the initialisation of the game — due to performance issues —, will be reliable if the data in the

Alfresco repository is kept up to date and in compliance with the owner’s requirements.

The adoption of the proposed approach is expected to provide building owners and facility managers with effective
means for the planning of maintenance tasks. Maintenance personnel can use the virtual model to locate assets and
their associated data and documents before going to site or reaching the intervention space. This is also essential
in minimising the downtime of the building while work is being performed on assets. The asset criticality
methodology proposed in BS 8544:2013 was successfully adopted to select which game objects should have non-
graphical and documentation asset data displayed (BSI 2013). The approach also provides an enhanced
walkthrough experience to the user, when compared to the walkthrough capabilities provided by design
applications, allowing for the interaction with the model and associated objects and documentation data. Finally,
it is possible to deploy the game on several platforms including mobile devices thus, providing the owner and FM

team access to the model and data on site.

7. CONCLUSIONS

The study proposed a method to improve asset management tasks (e.g. maintenance tasks) through the integration
and visualisation of the graphical, non-graphical and documentation data sources of AIMs. This aim was achieved
through the identification and utilisation of open standard schemas, specifications and technologies that fulfil the
information requirements of the AIM. The integration of the different AIM data types was demonstrated using
open technologies and standards within a use case which was focussed on building maintenance. Some of the asset
data requirements (e.qg., asset criticality) required in the AIM for this maintenance use case could not be supported
by the default IFC and COBie and required to be defined using custom property sets. Some of the unsupported
required such as the “asset criticality’ were considered important for the presented use case (i.e., maintenance) as
they were used in the game engine to identify the objects that require the display of non-graphical and
documentation data. This is necessary to avoid overloading the game with unnecessary information which can
affect its performance. The current limitations in implementing the proposed approach are related to the lack of
interoperability between 3D design applications and the Unity game engine. Future development will validate the

proposed method with owners and facility managers; consider additional external data sources that can make part
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of asset data requirements (e.g. data related to energy management and other FM application areas), and optimise

the virtual environment for deployment on mobile platforms.
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STRATEGIC DAYLIGHT VISUALIZATION FOR THE GREEN
BUILDING PROCESS: INTEGRATING OPTIMIZATION INTO AN
AIRPORT TERMINAL DESIGN WITH SKYLIGHTS
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Puteri Shireen Jahnkassim, Kuliyyah of Architecture and Environmental Design, Department of Architecture,
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ABSTRACT: Visualisation through daylight simulation are now increasingly used to achieve performance-based
green building targets, both in terms of daylight penetration and energy savings strategies . Green buildings
require an emphasis on both daylight and passive design to achieve energy related points and strategic inputs in
the design process are as important as the outcome. The paper reports on how the process of integrated design in
which daylight visualisation is used to strategically guide design and construction (commissioning)
processes under a tropical climate. This study investigates the effectiveness and success of the process in terms of
the outcomes of measured and monitored data during occupancy as captured by the building monthly energy,
working plane lux distribution and accuracy of simulation tools, of a large international airport terminal. A
range of accuracy errors of the tool is also identified and discussed through a series of verification studies. As
daylight suffers from excessive accompanied heat gain throughout the day, and large buildings with skylights are
particularly vulnerable, the aim is to maximize daylight admission while controlling heat gains at the same time.
Particularly in long span roof dominated building typologies, skylights represent a significant potential to save
lighting energy. The paper presents the strategic process in terms of inputs and steps in an integrated design
process and how such process had significantly achieved the initial intended energy and daylight targets of green

building performance.

KEYWORDS: daylight design process, visualization, green building, airport terminal design, optimization

1. INTRODUCTION

The central problem of daylight design in airport terminals is meeting the stringent requirement of international
green building rating systems in terms of both daylight levels and energy efficiency. The key issue is also to ensure
that the main occupied areas of an international airport terminal building such as main terminal halls receive the
required amount of daylight - its magnitude and distribution — hence the use of skylights. Since an airport
terminal structures mainly comprises of main terminal hall and concourse spaces, due to the fact that main terminal
halls are large open plan spaces, the other the other key problem IN skylight design is the specific conflicts and
conditions in hot climates including tropical climates ie, to achieve daylight performance without comprising
extent of maximum energy savings through passive design particularly a control of cooling loads and incoming
solar heat gains. The parametric elements and methods conducting simulation study of skylight design and are

discussed. The effect on roof thermal and energy performance is reviewed. A preliminary strategic design decision
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for daylighting design through skylight is identified to achieve the energy used in airport terminal buildings. This
is more critical in the tropical climate where conflicting issues, constraints and requirements for daylighting design
through skylight are also evaluated. The tropical climate, unlike the temperate climate, suffers from conflicting
conditions in daylighting and the crucial need to balance daylight and heat gain through the roof. In a design
process of large energy intensive structure and space, simulation methods play a significant role in assessing the
balance between different thermal and skylights yet such processes must be integrated and inserted at strategic
phases or points during the design and construction processes in order to achieve the balance between daylight and

heat gain to achieve the optimized level of the energy performance of an airport terminal building.

1.1 Previous studies

Various researchers have studied the parameters which govern the amount of light entering sky-lighted spaces are
the skylight to roof ratio (SRR), visible transmittance (VT) and the skylight well factor. At times, these factors
were combined into one lumped parameter (SRR x VT x WF) which is called the effective aperture (Ae). They
conduct a range of analysis of different configurations each with different SRR and VT x WF, but using the same
effective aperture demonstrates that this simplification facilitates interruption of results without loss of accuracy.
Arasteh et,,al (1985) combined factors into one parameter, (Ae); Arasteh et al. (1985) mentioned that even
though they examined the (Ae)’s between 0 and 0.04, an (Ae) of 0.04 can correspond to any skylight configurations
from an SRR of 5%, VT of 0.80 to an SRR of 10% and VT of 0.57 (Refer to Figure 1). Base on the use of diffusing

skylights with these two skylight areas, they found out that the annual percent of lighting savings are identical.
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Figure 1: Graph Annual Lighting Vs Effective Aperture

1.2 Parametric Studies with Glazing Area as the Constraining Parameter (Tropical
Climate)
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Studies focusing on the element of “‘window area’ as a constraining parameter in optimising facade systems have
been undertaken for both temperate and tropical climates (Johnson et.al., 1984, Zain-Ahmed, 2000, Jahnkassim &
Ip, 2006). For example, Arasteh et.al. (1985) significantly found that: There is a climate-dependent optimum
window area for minimising peak load and that this optimum is a function of shading coefficient, visible
transmittance and installed lighting power density. Zain-Ahmed (2000) using, measured daylight data in
Malaysia, found that the optimum WWR under the Malaysian climate is 0.25. She added that the model year
climate, global solar irradiation data were used as the basic input parameter for the modelling of the diffuse and
beam irradiation. Another study by (Jahn Kassim and Ip 2006) used the optimisation of daylight and heat gain in
bioclimatic highrise forms and found the optimum WWR of 0.3 under the Malaysian climate. This ‘optimum’ level
indicates the window area where the balance between the positive impact of daylight and heat gain is achieved.
Supported by another study (Mahdavi & Inangda 2013) discovered the best WRR of 0.25 under the context the
overcast sky through an optimisation of high-rise office building in Kuala Lumpur, Malaysia; in agreement with
past studies including Kandar et al., (2011) and Zain-Ahmed et al., (2002). Arasteh et al (1985) concluded in their
study that the control of solar gains is vital in the tropics if daylighting are to provide net cooling energy savings.

To ensure that daylight is ‘cooler’ source of light than electric lights, the designer need to ensure:

1. A fenestration system with high daylight transmittance and a relatively low solar heat gain

transmittance by using daylight oriented glazing and/or appropriate shading systems;
2. Design strategies that improve the uniformity of daylight distribution within space and;

3. Moderate or large apertures are used, to be able to actively control the glazing transmission when

transmitted daylight and solar gain level are excessive.

1.3 The Malaysian Climate

The climate of Malaysia referring to Yuan, (1987) can be classified as warm humid equatorial, characterised by
high temperatures and humidity. Air temperature averages within 22 and 32 degree Celsius with small annual and
diurnal ranges. It is continually near but seldom exceeds normal skin temperature. Kuala Lumpur located at 3.1°
deg U has an equatorial climate with year-round variation and rainfall that excesses than 2000mm per year. Most
days have cloud cover which cuts off a substantial amount of sunshine thus solar radiation resulting in about 6
hours sunshine per day in average with long hours of sunshine throughout the entire year in addition to the

enormous daylight luminous in Malaysia (Mahdavi and Inangda, 2013).

2. INTEGRATED DESIGN PROCESS (IDP) WITH DAYLIGHT

Building Information Modeling (BIM) does not merely involve the use of BIM software and tools, but more

importantly, a strategic design process which allow strategic input of visualization studies and analytical data in
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order to significantly influence the outcome of passive design after construction particularly on critical goals such
as energy savings. To achieve this under the tropical climate, a control of heat gain vs daylight is necessary yet the
daylight level and distribution must be adequate enough to achieve green targets such as LEED which require 75
percent of the 250 lux (or more) on the working plane. This paper reports on the outcome of a long-term research
which documents the processes of a BIM —IDP stages using daylight in an actual design project which proves the
crucial role of integrated passive design with visualization in order to achieve stringent energy savings and
standards in terms of balancing costs and impact. The overall contribution is focused on the developing a process
which highlights the role of daylight simulation in an integrated design process of a green building in order to
achieve a balance with heat and lighting energy use. The process is verified under the context of an actual case

study with actual monitored data and parameters.

3. THE METHODOLOGY AND FLOW

Using an actual case study of an international terminal being, with a supporting case study of an airport of similar
function complexity and capacity, the approach is to conduct a series of daylight simulation during the design
process of the new terminal, but to use an existing airport as a means of verifying and measuring the accuracy of
the daylight software tool within the specific framework of this typology and this climate. Hence once the tool
is verified (by comparing simulation vs monitored data), it is then used to predict the outcome of design options
and used as a tool to inform design decisions of the new terminal. The process is then documented and the outcomes
are measured again after construction completion and occupancy. This overall method also capitalises on the
opportunity that the location which the researcher is based, Malaysia was in the midst of planning, designing and
constructing a green airport. Implementation through integrated design process was identified with parametric
study on daylighting strategies through series of simulation exercise. Integration into the design process and
sensitivity analysis on passive design strategies and its impact on energy efficiencies compares the different
scenarios with  daylight while a post occupancy Study through comparison of field and measurement study with

daylight simulation was performed in order to verify the accuracy or error of the simulation tool.

The summary of the implementation through a parametric study on daylighting strategies through simulation
exercise integrated into the design process and sensitivity analysis on passive design strategies and its impact on
energy efficiencies comparing to daylight, is as per flow chart in Figure 2. This is followed by Daylight
Monitoring of the case study. This is continued by comparing the results and analytical discussion to determine

the framework and documentation of the optimisation process,
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Figure 2: General Flow of Methodology

The software used in measuring the daylighting performance is RADIANCE in IES<VE>. Roof solution with
skylight becomes an essential part of the design of these buildings for both their lighting and visual performance
with three main areas namely 1) Simulation study of the daylighting performance, 2) Field study measurement and
3) Comfort assessment study (Figure 3). The comparison between simulation and measured performance allows

the estimations of the extent of errors from the prediction tools.

128



Proceedings of the 16th International Conference on Construction Applications of Virtual Reality, 11-13 December 2016, HK

Detail of verification study through existing airport

|

Field Meazurement Comfort Aszezzment on Simulation Study
daylight levels and users
zatizfaction
hJ ¥ 3
Illuminance analysis grid Survey through Sun path and
measurement on selected day-lit Questionnaires to IMuminance analyais
zones such as Departure Hall, Selected Respondents through simulation
Contact Pier and Satellite Building across space and
across space and through time through time
¥
With and without skylight

L L J
Analysis through charts and Amnalysis through charts Analysis through
graphs and graphs images and diagrams
Y kL h J

The results will be analysed through comparizon
of simulation data and measured data

Figure 3: General Flow of \erification Study

An optimisation method involving a parametric study to find the actual balance of daylight and heat gain. To define
roof skylight parameters that can balance the benefits of daylighting and control of heat gain, a series of simulation
were undertaken to test a range of values represent daylight related impacts and these become parameters that fine-
tune the form from schematic to design development phase. The main outcome of this simulation is to determine
the capacity every simulated parametric factor with variation in sizing, sky conditions, and window to wall ratio
(WWR).

1. The optimisation techniques that are involved much earlier in the design process, right at the
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conceptual stages to guide the development of the implementation of the fenestration strategy

(skylight and facade openings).

2. The optimum size and spacing of the skylight glazing in relation to SRR or WWR that look into heat

gain and daylighting performance,

3. To have an estimation in terms of a balance between these preliminary parameters on balancing the
lighting energy needed and heat gain due to the size of the skylight; and roof ratio that will be applied

in the final design stage.
This simulation data of the main case study airport will be evaluated on:-
1. The optimum size and spacing of skylight glazing in relation to SRR or WWR
2. The optimum SRR or WWR in relation to heat gain and daylighting performance.

The simulation evaluates the daylight admittance under standard 10K CIE overcast sky through calculation of
interior lighting distribution (illumination levels) based on the geometry and massing of the verification case study
airport with regards to the sun, building orientation and daylight admittance in order to understand the sun
irradiation and heat gain. Radiance in IES VE was used to quantify the daylighting within space. The outcome is
assessed against the recommended illumination levels for spaces in airport and transportation hubs as
recommended by the IESNA Handbook of Lighting Standards 2000 (Table 1).

Table 1: Recommended illumination levels for spaces in the airport: The IESNA lighting handbook: (Source,
Mark S.Rea, 9th Edition, and New York, NY: Illuminating Engineering Society of North America, 2000. Chapter
10, pg 13 and Chapter 17, pg 16).

Transportation Terminals Illuminance Horizontal llluminance Vertical (lux)
(lux)

Wiaiting Room and Lounge 50 lux 30 lux

Ticket counters 500 lux 300 lux

Baggage Checking 300 lux 50 lux

Rest Rooms 50 lux 500 lux

Concourse 30 lux 30 lux

Boarding Area 50 lux 50 lux
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4. THE PARAMETRIC MODELLING

The main reiteration in the simulation process aims is to achieve the optimum sizing of the skylight, the balance
of the lighting energy and heat gain from the sizing of the skylight which decrease with the increase of sizing of
the skylight while finding the correct balance to achieve the lux levels and distribution area of daylight. Hence the
aim of visualisation is to achieve through analysis, the optimum balance of solar heat gain and daylighting through
a series of parametric studies on the skylight areas of the long span roof airport terminal design under the Malaysian

climate.

4.1 Sample of Visualisation output
4.1.1 Schematic Design Phase

In the schematic design phase, the modelling of the building focuses on the geometrical form of the building as
shown in Figure 4 and Figure 5. This involves building dimensions of floor height and area of departure hall in

terminal building. The opening sizes and its positions for glazing are done with Model IT.

Figure 4: The preliminary simulation model showing top view of the case study model

Consequently, the schematic design phase showed a very high daylight distribution with more than 350 lux
covering 93.5% of the floor area of departure hall. This scenario increases the need for cooling load due to the
solar heat gain based on the 50% of skylight of the roof design. With the analysis being obtained from this design
particularly, application of the skylight area outweighs the lighting energy benefits as heat gains increased with
the size of skylights. As daylighting measures tend to be portrayed as being universally positive, a more controlled

daylight always improves the daylight quality of space and saves energy at the same time.
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Figure 5: The side facade of the preliminary simulation model of Main Terminal Building of case study

Figure 6: The distribution of lux contour (plan view) of Main Terminal Building with the application of initial

SRR (50%)

The schematic design phase showed a very high daylight distribution with more than 250 lux covering 70% of the
floor area of departure hall. The daylit core zone area presented a high incidence of daylight into the concourse

and major consideration to control heat gain and cooling load. Hence, the skylight area needs to be reviewed
(Figure 6).
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Figure 7: The distribution of lux contour-perspective view (near the east facade) of Main Terminal Building with

initial SRR (50%6)

Figure 8: The distribution of lux contour-perspective view (near west facade) of Main Terminal Building with

initial SRR (50%)

Based on the series of daylight simulations (Figure 7- 8) as per the results shown, that there is a high incidence of
daylight and insufficient consideration of controlling heat gain from the application of skylight opening of the
original roof design of main case study. During the schematic design phase, it is started by calculating the heat
gain impact, daylight and simple modelling considering the simple generic form of an airport terminal which only
testing on the sizing of the skylight (6%, 8%,10%), based on the information of a proposal of an airport terminal
such as the figure below (Figure 9). The contribution of daylight impact of skylights to energy savings is
representative of among of floor area where lighting energy is necessary through the working day i.e the floor
areas below 250 lux. The contributed heat gain impact to skylights is represented by a combination of solar and
conduction gains through the roof as a result of the increase in skylight aperture area. From the following results,

it can be seen as an optimum skylight to roof ratio of 6-8% (Figure 9).
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With reference to the above figure, approximately 8%-9% of the skylight to roof ratio (SRR) is estimated to achieve
the optimum balance of the lighting energy needed and total heat gain per day (solar and building surface-wall and
roof). As the skylight sizing increase, the percentage of lighting energy needed decreases while the total heat gain
increase in parallel with the sizing of the skylight. Hence, at approximately 8%-9% of the SRR demonstrated, the
intersection gave an estimation of balance between these preliminary parameters on balancing the lighting energy
needed and heat gain due to the size of the skylight and roof ratio. Increasing SRR would increase in both total
and cooling energy use. However, reducing SRR to the lowest means will reduce the energy usage. An estimation
of SRR and total heat gain can be extracted from the graph above, the estimated heat gain with SRR 10% is
approximately 7400kW per day, followed with estimation without skylight is approximately 6500kW per day and
estimated heat gain with skylight and daylight control is approximately 7104kW per day.

The simulation was then generated with the three different percentage of the skylight to roof ratios (6%, 8% and
10%) with the application of surface properties as shown in the Table 2. When applying the surface properties,
construction data was provided and applied as shown in Table 2, showing the thickness, which were used for the
walls, windows and roof. This data was used to recreate simulation model in ModelIT, with the given construction

details by the architect.
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Figure 9: The intersection of the total heat gain and percentage of lighting energy needed
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Figure 10: Skylight to roof ratio value 6%, 8% and 10% was studied through daylight simulation studies

Models in this simulation exercises used are simplified with basic perimeter form of the real situations. Most
importantly, these computer models able to assist the architect and professionals involved in this project to realise
the impact of the skylight area in contributing the uniformity and distribution of daylit areas while reducing heat

gain into the terminal building.

Referring to the above Figure 10, a model with a generic pier rectangle terminal form integrated with skylight
openings parallel with a linear connecting pier was simulated. Daylight distribution of 6%-10% of SRR was

simulated with the simulation input shown in the Table 2 below.

Table 2: Table showing the reflectance and transmittance values of elements used during the Radiance

simulation studies

No. Elements Colour Reflectance Value
1. Floor Grey 0.250

2. Wall Brown 0.371

3. Ceiling White 0.9

4. Furniture - -

No.  Glazing Elements Colour Transmittance
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1. External Glazing Clear 0.250 Pilkington K 6mm

2. Internal Glazing Clear 0.190 Clear Float 12mm

Figure 11: Daylight distribution of 8% SRR Departure Hall

By applying 10% of SRR as it is found that the daylit area is more than 70% and the contour demonstrates
approximately 70% of the daylit area achieve more than 900 lux. Following that, by applying 8% of SRR as the
figure above (Figure 11), it is found that the daylit area is more than 60% and the contour demonstrates
approximately 60% of the daylit area achieve more than 900 lux. This is considerably high for an airport terminal

and will contribute to heat gain, higher cooling load energy and visual discomfort.

It is realised that by applying 6% of SRR, it is found that the daylit area is more than 50% and the contour
demonstrates approximately 50% of the daylit area achieve more than 900 lux. The bigger the ratio of the skylight
to the roof, the higher daylight area was obtained. This will also lead to the increase of total heat gain and higher
energy needed for example cooling loads and lighting energy. Through a preliminary study of skylight area at

differing percentages, the aim is to see the approximate total floor area which would be adequately lit by daylight.

4.1.2 Design Development Phase

The results above have given us the opportunity to generate an improved model with the improvement on the
design and skylight to roof ratio values of from 5% to 10% that were studied. The improved model was tested with
the additional perimeters with the consideration of the facade of the terminal building - Window to Wall Ratio

(WWR) and again the sizing of skylights.

Based on the results from the schematic design phase (SRR-8%-9%), the skylight was redesigned to find a solution

that would fulfil 75% of the threshold for daylight with a minimal value of 250 lux. This is also because the
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simulation results of the schematic design phase only deal with an opening from the skylight of the terminal
building’s roof. Each simulation exercise with facade daylight contribution was reanalysed during the design

development phase to aim at achieving 75% of the threshold for daylight minimal value of 250 lux.

A study on four different skylight options (Im, 1.5m, 2m and 2.5m) was simulated to determine the threshold
percentage of the skylight, which distributed a diffusing 250 lux illumination level throughout the designated
spacing of sidelight glazing on the positioned skylights. This parametric exercise aims to fulfil 75% of the threshold
for daylight minimal value of 250 lux. The model was built without partitions in order to minimise the effect of
sidewalls as well as to generally look into the varying distribution of daylight through the fagade and skylight. It
also aims to find a balance between the daylight availability and heat gain reduction, which occurs at 8%-9%-SRR

and resulted from the schematic design phase.
4.1.3 Simulation with Fagade Contribution
i. Optionl

The simulation was carried out with three options of testing the size of the skylight. In option 1, the
model was tested and the size of skylight of 1m x 140m with a 40% glazing of the facade with
daylight hours from 8 is — 6 pm. (Figure 12). The simulations were carried out for the period of 9
am, 12 pm and 3 pm for comparison of validating the method and procedure. The illuminance
distributions were quite consistent during this period of time and most daylit core areas were above
250 lux.

____________________________________

Figure 12: The model showing the size of skylight with 1m x 140m with a 40% glazing of the facade
with daylight hours from 8 am — 6 pm

Figure 13: The distribution of lux with skylight area of 1m x 140m with daylight hours at 9.00am,
12.00pm and 3.00pm
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Figure 14: The distribution of lux contour with skylight area of 1m x140m with daylight hours at
12.00pm

For the illuminance analysis, it was shown that the diffuse distribution of daylight of the main terminal building
through the above condition of glazing and 10K overcast sky condition, at 9 am, the incidence of light penetrating
the overall space which occurs more than 250 lux, achieved 51.06%. While, at 12 p.m., it achieved 58.38% and at
3 p.m., it achieved 54.24% (Figure 13-14). It shows a consistent pattern of distribution of diffused illuminance.
The incidence of light that achieves more than 250 lux covers deeper area during 12 p.m. and 3 p.m. and this
contribute to a more diffuse distribution of daylight which allow for less usage of artificial lights in the concourse
terminal area. The light penetration to the overall space covers approximately 20m on the north, 13m on the east

and west, and 6m on the south.

ii. Option 2

In option 2, the computer model was simulated with skylight dimension of 1.5m x 12m and 40% of

facade glazing with daylight hours from 8 am — 6 pm. As shown in Figure 15.

Figure 14: The model showing the size of skylight with 1.5m x 12m with a 40% glazing of the facade
with daylight hours from 8 am — 6 pm.
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Table 3: Summary of parameter’ input in the parametric modeling

Parameters Constant Variables
SHGC 0.4

Visible Transmittance 0.8

Skylight Shading 08

Coefficient

6mm thick, grey tinted with

Low E on external Side

Glazing 13mm thick, grey tinted on

internal Side and 12mm

airspace Gap

Skylight to Roof Ratio
(SRR)

From 6%-10%

Window to Wall Ratio
(WWR)

20:80, 30:70, 40:60

Skylight Size 1.0m, 1.5m, 2.0m, 2.5m

At this stage, the glazing type, area, shading coefficient, visible transmittance is determined and finalised to
accommodate the later stage model as requested and discussion with the architect of the case study (Table 3).
Finally, the input of the interior spaces such as ticketing counters, service rooms, retail outlets, etc., is considered
and constructed in the later stage model. This will definitely generate an impact to the required daylight provision
of the spaces. Finally, a later stage model will be modelled to demonstrate the achievable desired illumination
levels which comply with IESNA standards as well as to show the comparisons of simulation model with skylight
and without skylight which justify the significance of skylight which contributes on achieving the desired

illuminance level.
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Figure 16: Trend Log of Daylight Sensor at S2 L3 Departure Hall, KLIA2

Referring to Figure 16, the Trend Log of Daylight Sensor at S2 L3 Departure Hall above, lux level at sensor
increased from around 25 lux (9.00am) to 250 lux (9.30am) and stabilized at 250 lux. This information
demonstrates and confirms that all systems are programmed and operating correctly as predicted. This data verifies
that automatic daylighting controls are installed and functioning properly. The above process suggests the
importance of integrating passive strategies in each design process in order to obtain a more critical satisfactory
results technical analysis with regards to the impact of daylighting to energy savings. The following framework
presents a procedure in strategic integration of design process as this could possibly suggests a framework of
modeling process to bridge the gap in research issue on performance and prediction as discussed by Jahn Kassim

et al (2015), (refer Figure 17).
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Figure 17: Framework of Simulation Modelling in Integrated Design Process

5. CONCLUSIONS

Parametric or reiterative simulation is a necessary part of sustainable design decision making yet most of the
present studies discusses these processes outside of the actual design process. This paper brings reiterate and

parametric modeling into the very boundaries and constraints of the design. It then reports on the specific outcomes
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which were a result of discussion with consultants and what can be done within the time constraint of the project.
This case study method is created in an actual context of work and establishes the link between analysis and
geometric form. It gave the role of visualisation in terms of a successful case study and outline the processes
that could link design and application through a series of parametric studies which being tested through variables
such as sizing, Skylight to Roof Ratio (SRR), Window to Wall Ratio (WWR), sky conditions and finding the
optimum solution; all of which would benefit energy efficiency in a more focused and tightly defined scale of
problems such as balancing heat gain and obtaining the optimum illuminance distribution throughout the selected
space and its adjoining areas. This paper focuses, through a specific case study in outlining an optimisation process
involving the use of daylighting simulation processes to achieve strategic targets in skylight design and situations
under the critical conditions of the tropical climate in particular. It is analysed and discussed in relation to passive
design building targets in an actual project. The obtained results from the simulation processes are preceded by a
comparison to measured data to investigate the degree of accuracy of the software itself. The software selected
able to assess the link between the skylight design and the overall pattern, distribution and range of standard IESNA
illuminance levels to the terminal space in the tropics. The research found that the outcome is accurate as the tool
itself was used as a daylight-heat gain optimisation strategy in early stages rather than merely as a daylight
modelling tool. It points to further research to find the level of error with other standard skies such as CIE
intermediate sky and daylight simulation which look into the time series programing of daylight into the BIM-IDP

process for exact level of error and uncertainties.
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ABSTRACT: Despite the widespread use of building information modeling (BIM)—including BIM-based design
review, which is known as an early step of BIM adoption—many regions and small companies struggle with using
BIM effectively. Many existing studies have provided industry- and project-level statistical data on the impact of
design errors in construction, as well as an industry-level statistical analysis of the effectiveness of BIM-based
design review, but such studies are often challenged by professionals who strongly believe in the effectiveness of
drawing-based design review. This study conducted four design review experiments with eight experienced
professionals to provide an inherent personal-level cognitive limitation of drawing-based review. The experiments
reveal that due to an overwhelming number of potential errors to review, drawing-based design review only allows
professionals to deploy a targeted search strategy, which might be an effective information search method within
a given or predefined search space but is limited in finding unanticipated design errors. As a result, experienced
professionals could not even detect 5% of known errors on drawings during the experiments. The result confirmed

that experience cannot overcome such cognitive challenges in drawing-based design review.

KEYWORDS: building information modeling (BIM), drawing, error, design review, experienced professionals,

expert study, search strategy

1. INTRODUCTION

The 737 airplane is composed of approximately 367,000 parts. The number of objects (parts) of a large building
exceeds this number, which makes it very challenging to review a design. Despite the expectation and proven
records about Building information modeling (BIM) as an effective means for design review, many regions and
small companies are still suffering in their efforts to adopt BIM. Among the many uses of BIM, this paper focuses
on BIM-based design review, which is known as an early step of BIM adoption and as the most effective way of
using BIM. Many existing studies have provided industry- or project-level statistical data on the impact of design
errors in construction and industry level statistical analysis of the effectiveness of BIM-based design review, but

such studies are often challenged by those who believe that experience can overcome challenges in drawing-based
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design review.

This paper refutes the belief that experience can overcome challenges in drawing-based design review by reporting
an experiment and a case study and discussing the causes of the differences between drawing-based and BIM-
based design review. This paper consists of three parts. First, it discusses why this study is necessary when many
are aware of the problems of drawing-based design review by reviewing previous studies on design errors and
obstacles to BIM adoption in practice. Then, it explains a design review experiment with four teams of highly
experienced practitioners to investigate how well experienced and skilled designers and engineers can detect
design errors using the traditional drawing-based design review method. Third, a case study is conducted to trace
a design review process of a 30-story building construction project in Seoul, South Korea, which had a unique
case of deploying a drawing-based design review method and then a BIM-based design review method to resolve
endlessly occurring design errors to investigate the difference in types of the design errors that can be easily

detected by drawing- and BIM-based design review methods.

2. PREVIOUS STUDIES & BACKGROUND

Some may question the need to study the drawing-based design review capabilities of experienced practitioners
when many are aware of the problems of drawing-based design review that led to the adoption of BIM. Various
surveys show that the belief that the drawing-based design method is better than BIM is still one of the most
prevalent obstacles to the adoption of BIM (Lee et al. 2012a; Nikkie BP Consulting Inc. 2011). This widespread
belief leads to a passive and sometimes antagonistic participation in BIM activities during projects (SPAR Point

Group staff 2014).

Many believe that enough evidence exists to show the ineffectiveness of the drawing-based design review
capabilities of experienced practitioners. Contrary to the general perception, evidence that can refute the belief in
the effectiveness of the drawing-based design review capabilities of experienced practitioners is rare despite the
large number of studies on design errors. Previous studies on design errors are conducted mostly in five areas: 1)
classification of errors (Atkinson 1998; Burati et al 1992; Ellirtgwood 1987; Lopez et al. 2010); 2) causes (Busby
2001; Ellirtgwood 1987; Lopez et al. 2010; Love et al. 2012a; Mahalingam and Levitt 2007; Melchers 1989; Taylor
2007a; Taylor 2007b); 3) cost and schedule impacts (Han et al. 2013; Hwang et al. 2009; Lee et al. 2012b; Lopez
and Love 2012; Love et al. 2012a; Love et al. 2013); 4) case reports (Acharya et al. 2006; Haydl and Nikiel 2000);
and 5) error avoidance strategies (Busby 2001; Le May and Deckker 2009; Lee et al. 2003; Love et al. 2012b;
Love et al. 2011a; Love et al. 2011b; Palaneeswaran et al. 2013; Sacks et al. 2003; Sweeney 1998). Many of these
studies indirectly demonstrate the problems of drawing-based design review through the analysis of the potential
impact of design errors on cost and schedule. However, none of these studies directly deal with the drawing-based

design review capabilities of experienced practitioners and their limitations.

Another misconception is that such problems of resistance towards adopting BIM exist only in BIM-developing
countries because we mostly hear only successful stories. But countries that are perceived as BIM-advanced
countries, such as North American countries, northern European countries, the United Kingdom, South Korea,

Japan, and Singapore, still face challenges that must be overcome before BIM-based design review becomes a
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general practice. For example, a longitudinal study that has been conducted from the late 1990s to date of IT
adoption in the Swedish building sector reports that the use of 3D computer-aided drafting (CAD) and BIM is
becoming common, but the use of BIM is still limited mostly to geometric data (e.g., rendering and 3D
visualization) and object data is rarely deployed (Samuelson and Bjoérk 2014). Similarly, a recent international
survey reports that over 40% of BIM users in the UK, Canada, Denmark, and Japan perceive BIM either as BIM

software or as a synonym for 3D CAD drawings (NBS 2016).

As discussed above, many regions and trades are still challenged by a strong belief in the effectiveness of drawing-
based design review and the overconfidence in practitioner experience. This study conducts a controlled
experiment with eight experienced practitioners and a case study to review the drawing-based design review

capabilities of experienced practitioners to find evidence to refute the misbelief.

3. DESIGN REVIEW STUDIES

This section is composed of three subsections. First, we discuss the qualifications for experienced practitioners.
Second, we report the results from four drawing-based design experiments and discuss possible causes for the
results. In the third subsection, we continue the discussion and report which types of errors can or cannot be easily

detected when a drawing-based design review method is adopted.

3.1 Qualifications for experienced practitioners

Since this study evaluates the design review capabilities of experienced practitioners in the architecture,
engineering, and construction (AEC) industry, it will be important to define the qualifications for experienced

practitioners first.

In construction, professional is a common term to denote an expert. Practitioner is commonly used as a synonym
for professional. We use the two terms interchangeably in this paper. A professional is a person with specialized
skills and knowledge in a profession. Some professionals require an academic degree or a license—a Professional
Engineer license (PE) is required for construction engineers (US Legal 2015) and an Architectural Institute of
America license is required for architects (AlA 2015)—but some professionals in construction, such as detailers
or schedulers, may not require a license. These licenses are the minimum requirement for a licensed professional

and do not necessarily signify high levels of expertise.

Years of experience, therefore, is more generally used across various industries as a criterion for determining the
level of expertise of professionals than a license, academic degree, or other measures. The Korea International
Cooperation Agency classifies a professional with over 20 years of experience as a first-tier professional, 15-20
years as a second-tier professional, 10-14 years as a third-tier professional, 7-9 years as a fourth-tier professional,
and a professional with under 7 years of experience as a fifth-tier professional (KOICA 2013). PayScale, a website
featuring salary data of various professionals in the US, classifies the level of PEs by 1 year, 5 years, 10 years, and
over 20 years (PayScale 2015). Although these two references do not clearly define entry-level professionals
versus experienced professionals, a person with more than three years of experience is not regarded as entry-level

in a typical job market.
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Based on these standard practices, this study categorizes professionals with less than 3 years of experience as
entry-level, professionals with 3-7 years of experience as experienced, professionals with 7-20 years of experience

as very experienced, and professionals with over 20 years of experience as extraordinarily experienced.

3.2 Experiment: How many errors can experienced practitioners find in two to three
hours?

3.2.1  Asurvey on the perceived design review capabilities of experienced practitioners

Separate from the design review experiments, we conducted a survey with 54 practitioners in the AEC industry to
understand the practitioners’ perceptions about the current drawing-based design review practice and to analyze
the gap between the perceived and actual design review capabilities of experienced practitioners. The respondents
of the survey had 10 to 35 years of experience (average: 18.6 years, standard deviation: 4.6 years). The 54
respondents included 27 architects, 14 contractors, and 13 engineers. The question simply asked what percentage
of design errors would practitioners with over 20 years of experience be able to detect related to a specific floor
within two to three hours using the traditional drawing-based review method. The respondents believed that
practitioners with over 20 years of experience would be able to detect 30-50% of errors related to a specific floor

within two to three hours using the traditional drawing-based review method.
3.2.2  Setup of design review experiments

To validate this perception of experienced practitioners’ proficiency in identifying design errors, a total of four
experiments were conducted at two different construction sites (two experiments per site). We referred to the first
project as Project A and to the second project as Project B. Project A was an office building and Project B was a

large hospital project.

A total of eight professionals with six types of different backgrounds were invited to the experiments since
professionals with different backgrounds may have different levels of design review capabilities. The six types of
backgrounds were a design manager, a field engineer, an office engineer, a cost estimator, a MEP coordinator, and
a detailer (draftsman). All these professional types were recommended a candidate for whom could find the most

number of errors during a design review process by the other practitioners.

The first and second teams were asked to find errors and clashes in the architectural and structural drawings of the
first basement floor of an 84,214.96 m? office-building complex. The first team was composed of a design manager
with 21 years of experience and a field engineer with 16 years of experience. The second team was composed of
an office engineer with 15 years of experience and a cost estimator with 14 years of experience. Because no
mechanical engineering expert was involved in the first set of experiments, the scope was intentionally limited to

architectural and structural drawings; mechanical-electrical-plumbing (MEP) drawings were excluded.

The third and fourth teams were each composed of a senior MEP coordinator and a detailer since they worked

together as a team in practice. A detailer is also known as a draftsman. The third team was composed of a senior
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MEP coordinator with 15 years of experience and a detailer with 7 years of experience. The fourth team was

composed of a senior MEP coordinator with 32 years of experience and a detailer with 3 years of experience.
The experiments were conducted based on the following guidelines:

- Each experiment was conducted with a team of two professionals. The team members were allowed to
talk to each other to discuss problems and find errors more effectively and accurately than if they were

working alone.

- We recommended that each experiment be conducted for two hours. However, subjects were allowed to

take more time if they desired.

- All subjects were asked to analyze the drawings from their own projects so that they would not need
extra time and effort to familiarize themselves with the projects. Furthermore, the subjects had been
working on their projects for periods ranging from several months to a year and a half before the

experiments and had therefore had sufficient time to comprehend their projects.

- Subjects had seen earlier versions of drawings of the given floor, but had not reviewed the given version

of the drawings.

- The scope of the experiments was limited to a floor area of approximately 3000 m?, which was the floor

area of designs on a single shop drawing.

In case of Project A, a single floor of one building was approximately 3,000 m? (2,946 m?) and thus the design
was reviewed by floor. Project B was divided into 18 sectors and reviewed by sector (2,800-3,000 m?) rather than

by floor since a single floor of Project B’s hospital buildings was very large (approximately 12,000 m?).

In the case of Project A, even after excluding MEP drawings, a total of 34 architectural drawings, 25 structural
drawings, and 6 schedules including beams, columns, windows, and other schedules were given to the participants.
In the case of Project B, participants were asked to review 1 architectural plan, 6 structural plans (concrete body
plans), and 12 combined service drawings, which included MEP designs of the given floor. The given floor was
composed of four sectors, and drawings of three other sectors around the target sector were also given to the third

and fourth teams to provide a context.

The accuracy and recall (hit rate) of each team’s results were measured using the following definitions:

number of true positives+number of true negative

accuracy = ..Eq.1

total population

number of true positives

Recall (hit rate) = .. Eq. 2

(number of true positives + number of false negatives)

- True positives: reported errors that were confirmed to be actual errors.

- True negatives: reported non-errors that were confirmed not to be errors.
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- False positives (Type | error): cases that were identified as errors but were confirmed not to be actual

errors.
- False negatives (Type Il error): actual errors that were not reported by an experiment.

Design review did not track any true negative (non-error or correctly designed) cases. Thus, instead of accuracy,
recall (hit rate) was used as a measurement to quantify the error detection performance of the subjects. The
definition of recall is the number of true positives divided by the total number of correctly reported (true positive)

and non-reported (false negative) errors.

To establish a basis for evaluating the drawing review capabilities of the participants, the drawings used in four
experiments were reviewed through a BIM-based design review process. Through the BIM-based design review
process, the BIM teams found 194 design errors from the Project A drawings reviewed by the first and second
teams and 416 errors from the Project B drawings reviewed by the third and fourth teams. These errors were

confirmed by the other engineers participating in the project. This review process took less than an hour.
3.2.3  Experiment Results

The results of the experiment with all four teams showed extreme inaccuracy. The first and second teams gave up
in the middle of the experiments without finding any errors. The first team participated in the experiment for only
80 minutes. The team scanned through the 65 drawings for about 15 to 20 minutes to set up a review strategy. The
team members decided to review drawings independently, expecting to find more errors than when working
together. After a while, one of them tried to find discrepancies between drawings by crosschecking drawings and
schedules, but the participant’s effort was in vain. After 80 minutes, the team members agreed to stop the session

without finding any errors even though they were asked to take as much time as they needed.

A similar pattern was observed for the second team; members of this team decided to stop the experiment in the
middle of the experiment without finding any errors. The second team participated in the experiment for 40 minutes

and decided to stop the experiment without finding any errors.

The third and fourth teams performed slightly better than the first and the second teams and found 25 and 10 errors,

respectively, stopping after two hours (Fig. 1) even though they were allowed to use more time if they wanted to.

The third and fourth teams had similar error-detection strategies to one another, but very different approaches from
those used by the first and second teams. Both the third and fourth teams used a calculator to calculate the elevation
of each MEP element. They seemed to focus solely on physical clashes between MEP elements and physical
clashes between MEP and other building elements. They mentally stacked MEP elements to check whether the
MEP parts could fit into the given plenum space. They also tried to obtain mental visualizations of the MEP runs
by using their fingers as a makeshift three-dimensional representation of ducts and pipes to check whether MEP
elements conflicted with other elements. They sometimes put their heads below their finger as if they were looking

up at the MEP elements from the bottom of a ceiling.
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Fig. 1: Errors identified by Teams C and D, marked on a drawing for result analysis

We reviewed the errors detected by the third and fourth teams to check whether they were actual errors. Of the 25
errors that the third team detected, 6 were confirmed to not be errors (false positives) and only 19 errors were
actual errors (true positives). The number of errors we detected through BIM-based design review for the same
area was 416, and all of the valid 19 and 10 errors (true positives) detected by the third and fourth teams
respectively were included in the 416. Thus, the total number of undetected errors for the third team was 397
(excluding the invalid 6 errors) and the total number of undetected errors for the fourth team was 406. The recall
(hit rate) of the third team was 4.6% (=19/(19+397)). The recall of the fourth team was 2.4% (=10/(10+406)).

Table 1 summarizes the results.

Table 1: Experimental results.

Actual errors Unreported errors False errors Recall
Team type

(True positive) (False negative) (False positive) (Hit rate)
Team A 0 194 0 0/(0+194) = 0%
Team B 0 194 0 0/(0+194) = 0%
Team C 19 397 6 19/(19+397) = 4.6%
Team D 10 406 0 10/(10+406) = 2.4%

3.2.4  Discussions on design review experiments
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Although the third and fourth teams performed slightly better than the first and second teams, the values of the
detected errors—4.6% and 2.4% respectively—are still very low. When the results are compared to the survey
results (30-50%) on the perceived design capabilities of experienced practitioners, we can conclude that the
experiment clearly confirms how challenging error detection is—even for experienced professionals and regardless
of their professions—when attempting to examine and detect errors by relying on drawings. The results might
have slightly varied if the experiments were conducted in different settings with different groups of practitioners.
However, it is doubtful that experienced practitioners can find 30 to 50% of design errors using the drawing-based

design review method.

How, then, can they perform their daily design review tasks and build buildings? We found a clue for this question
from interviews with the experiment participants and other professionals who did not participate in the experiments.
To the third and fourth teams, we asked how they could find errors from drawings. A senior MEP coordinator
answered, “We know where the fish are,” and elaborated that they focused on the most congested area and gave
up on other areas in order to find the largest number of errors within a short period of time. Otherwise, they would
have taken much more time because when they calculated ceiling space and checked for any clashes they also
needed to consider and mentally visualize things that were not shown in the drawings, such as construction

clearance, insulation, brackets (hangers), and maintenance accesses.

This claim was confirmed by interviews with other practitioners after the experiments. On a daily design review
task, practitioners review designs by focusing on frequently erroneous areas or areas with special issues rather than
every detail, whereas the computer searches through all possible errors. Naturally, as practitioners gain more

experience they learn where to look and become better in finding design errors.

In terms of search strategy, the design review strategy employed by the teams can be referred to as a targeted search
strategy, as opposed to a whole search strategy. A targeted search is an information-finding method that retrieves
information by focusing on a specific group or within a limited scope, whereas a whole search strategy looks for
information by exploring all possible combinations. The targeted search strategy is very commonly deployed in
everyday life (such as looking for a car key in places where car keys would usually be found) and is an effective
means to overcoming a cognitive limitation of humans by reducing search space and information-processing time.
Nevertheless, it can cause investigators to become trapped in a wrong search space if the investigation begins with
wrong assumptions. Another drawback is that targeted searches are weak at finding unanticipated information.
These drawbacks make targeted searches ineffective for design review, and the four experiments confirm this

finding.

The next section investigates further differences between professionals’ review skills when using drawing-based
design reviews and when BIM-based design review was deployed. This investigation was done by analyzing the
design error types detected through a drawing-based design review supplemented by design checklists and BIM-

based design review in one project.

3.3 Case study: Why do many errors still exist after two cycles of extensive drawing-
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based design review sessions, even when using design checklists?
3.3.1 D Center case

“D Center” is a unique case, as it adopted a BIM-based design review in the middle of construction because
numerous design errors were continuously found after two iterations of a drawing- and checklist-based design
review process. A design review checklist is a collection of important check items that must be carefully examined
during the design review process. D Center, located in Seoul, Korea was composed of 4 basement floors and 30

floors above the ground. From the 7t to the 30™ floors, plans were the same.

The first design validation, which used drawings and the checklist, was conducted by a total of 16 architectural
designers, contractors, engineers (structural, geospatial, mechanical, electrical, plumbing, fire, and safety), and
cost estimators for 15 days. The checklist used in this project was developed by the main contractor and included
a total of 762 check items: 105 items were related to the spatial requirements, 161 were items related to building
codes and regulations, and 496 were items related to constructability issues. A total of 124 design errors were
found. The errors were categorized into three types accepted by the Korea State Contract Law (MOSF 2014). The
first type is illogical design errors, such as hard and soft clashes between building elements, drawing mistakes,
constructability issues, and building code violations. The second type is discrepancies between drawings, which
includes term discrepancies. The third type is omission, such as missing or insufficient information and areas that

do not have problems per se but that have not been updated according to review comments or design changes.

Among the 124 errors found, the majority (59%) were omissions, especially missing information (40%).
Omissions generally have the least direct economic impact among design error types according to the D2 City case
study (Lee et al. 2012b), but they still require a considerable expenditure of time and effort (emails and phone
calls) to fill in the missing or non-updated information. The second most common error type was illogical design
errors (29%), especially constructability issues (18%). Drawing discrepancies (12%) were the third most frequent

errors. No clash was identified during the first review.

The second design validation was conducted by a total of 14 contractors and engineers for another 15 days after
revising and updating the items checked during the first design validation. In addition to the 124 errors detected
during the first review cycle, 23 were identified during the second design review. The error patterns were the same:
missing information (35%) and constructability issues (30%) represented a majority of identified errors and only

one clash was found.

After the two cycles of a drawing- and checklist-based design review process by over 14 contractors and engineers
before construction, the project participants believed that the drawings for the D Center project were fully

coordinated. However, design errors were endlessly reported as soon as construction began.

Four months after construction had begun, the project team, which suffered from endless design errors on site,
decided to check the design again using BIM. A total of ten contractors, engineers, BIM modelers, and BIM

managers reviewed the building design again for 19 days.

Through the third design review using BIM, a total of 51 additional errors were detected. During the BIM-based
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design review process, drawing discrepancies (41%) and clashes (31%)—two types of errors that were either not
the major error types or were hardly detected during the first two design reviews—comprised a major portion of
the detected errors. Only one clash was detected through the two previous drawing- and checklist-based review

cycles, whereas many clashes between ducts and trays were identified during the BIM-based design review process.
3.3.2  Discussions

This result indicates that BIM-based design review is especially effective in detecting clashes and discrepancies
between drawings. Conversely, drawing- and checklist-based design review is limited in detecting clashes between

building elements and discrepancies between drawings.

We know from a previous study (Lee et al. 2012b) that omission, the major error type found during the two cycles
of drawing-based review, has little economic impact, and that illogical designs and discrepancies between
drawings—the major error types detected during BIM-based review—contribute most to economic losses. Thus,
being incapable of detecting a majority of clashes and discrepancies in a design is economically a critical drawback
of drawing-based review. The D Center case study demonstrates another reason for practitioners, regardless of

experience, to shift from a drawing-based review practice to a BIM-based review practice.

4. CONCLUSION

This study conducted design review experiments and a case study that clearly demonstrated the cognitive
challenges of drawing-based review and that experience cannot overcome such cognitive challenges. The major
difference between BIM and drawing-based review is that BIM enables professionals to deploy the whole search

strategy in design review and to detect significantly more design errors within a relatively short period of time.

The experiments reveal that due to an overwhelming number of potential errors to review, drawing-based design
review only allows professionals to deploy a targeted search strategy, which might be an effective information
search method within a given or predefined search space but is limited in finding unanticipated design errors. As
a result, experienced professionals could detect less than 3% of known errors on drawings during the experiments.
This poor detection rate occurs because traditional drawing-based building design review imposes a heavy
cognitive load on engineers, detailers, and project coordinators. Currently, design checklists with a large number
of items are often employed to overcome such a cognitive load, but the checklists do not help professionals much
when the professionals need to form mental visualizations of multiple layers of MEP systems to detect clashes

between different trades and discrepancies between drawings (Lee 2014).

On the other hand, BIM, based on a machine-readable representation of facilities, can enable professionals to
deploy a whole search strategy, which iterates through all possible search spaces and can detect even unanticipated
design errors. However, neither BIM nor designs that are fully coordinated using BIM are perfect. As more and
more computing power and intelligence are added to BIM, BIM can provide more reliable solutions to

professionals.

Moreover, BIM is not a substitute for drawings, checklists, or experienced professionals. BIM will only maximize
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the design review capability and experience of professionals. As BIM advances, the role of experienced

professionals as coordinators and decision-makers of a project will become more important than ever.

Although only four experiments were conducted, the small number is not a limitation of this paper because the
aim of this study was not to provide statistical data, but to provide a counter instance of what has been generally
believed through demonstrating that experience cannot overcome the inefficiency and cognitive limitations of

drawing-based design review.

A long journey remains before the benefits of BIM can be fully maximized. Further research and efforts are
required to take full advantage of the BIM-based design review process. This study is expected to contribute to the
industry in various ways. It may act as a catalyst in overcoming the strong resistance to BIM that remains in
practice and in encouraging experienced professionals and decision makers to adopt BIM. Moreover, we
recommend that a team lead of a BIM project, which is facing a strong resistance from project participants, should
conduct an experiment similar to this study on site. The gap between the expectation and the reality will be too

large for anybody to simply ignore.

5. ACKNOWLEDGEMENTS

This research was supported by a grant (15-AUDP-C067817-03) from the Architecture & Urban Development
Research Program funded by the Ministry of Land, Infrastructure, and Transport of the Korean government.

6. REFERENCES

Acharya, N., Lee, Y., and Kim, J. (2006). "Design errors: inefficiency or carelessness of designer?" Journal of
Performance of Constructed Facilities, 20(2), 192-195.

AlA. (2015). "Career Stages." http://www.aia.org/careerstages/index.htm (accessed August 31, 2015).

Atkinson, A. (1998). "Human error in the management of building projects." Construction Management and
Economics, 16(3), 339-349.

Burati, J., Farrington, J., and Ledbetter, W. (1992). "Causes of quality deviations in design and construction."

Journal of Construction Engineering and Management, 118(1), 34-49.
Busby, J. S. (2001). "Error and distributed cognition in design." Design Studies, 22(3), 233-254.

Ellirtgwood, B. (1987). "Design and construction error effects on structural reliability." Journal of Structural
Engineering, 113(2), 409-422.

Han, S., Love, P., and Pefia-Mora, F. (2013). "A system dynamics model for assessing the impacts of design errors

in construction projects." Mathematical and Computer Modelling, 57(9-10), 2044-2053.

Haydl, H. M., and Nikiel, A. W. (2000). "Design and construction errors - case studies." Practice Periodical on

Structural Design and Construction, 5(3), 126-130.

154



Proceedings of the 16th International Conference on Construction Applications of Virtual Reality, 11-13 December 2016, HK
Hwang, B., Thomas, S., Haas, C., and Caldas, C. (2009). "Measuring the impact of rework on construction cost
performance." Journal of Construction Engineering and Management, 135(3), 187-198.

KOICA. (2013). "Professional Rating Guide." Korea International Cooperation Agency (KOICA), Seongman-si,
Gyeonggi-do, South Korea.

Le May, 1., and Deckker, E. (2009). "Reducing the risk of failure by better training and education." Engineering
Failure Analysis, 16(4), 1153-1162.

Lee, G., Eastman, C. M., and Zimring, C. (2003). "Avoiding design errors: a case study of redesigning an

architectural studio." Design Studies, 24(5), 411-435.

Lee, G., Lee, J., and Jones, S. A. (2012a). "2012 Business Value of BIM in South Korea (English)." McGraw Hill
Construction, Bedford, MA.

Lee, G., Park, H. K., and Won, J. (2012b). "D3 City project — Economic impact of BIM-assisted design

validation." Automation in Construction, 22(0), 577-586.

Lee, Y. H. (2014). "A Comparative Analysis of Detected Design Errors with and without BIM," Master's thesis,

Yonsei University, Seoul.

Lopez, R., Love, P., Edwards, D., and Davis, P. (2010). "Design error classification, causation, and prevention in

construction engineering." Journal of Performance of Constructed Facilities, 24(4), 399-408.

Lopez, R., and Love, P. E. D. (2012). "Design error costs in construction projects." Journal of Construction
Engineering and Management, 138(5), 585-593.

Love, P, Lopez, R., Kim, J., and Kim, M. (2012a). "Influence of organizational and project practices on design

error costs." Journal of Performance of Constructed Facilities.

Love, P., Lopez, R., Kim, J., and Kim, M. (2013). "Probabilistic assessment of design error costs." Journal of

Performance of Constructed Facilities.

Love, P. E. D., Lopez, R., Edwards, D. J., and Goh, Y. M. (2012b). "Error begat error: design error analysis and

prevention in social infrastructure projects.”" Accident Analysis & Prevention, 48(0), 100-110.

Love, P. E. D., Lopez, R., Goh, Y. M., and Davis, P. R. (2011a). "Systemic modelling of design error causation in

social infrastructure projects." Procedia Engineering, 14(0), 161-168.

Love, P. E. D., Lopez, R., Goh, Y. M., and Tam, C. M. (2011b). "What goes up, shouldn’t come down: learning

from construction and engineering failures." Procedia Engineering, 14(0), 844-850.

Mahalingam, A., and Levitt, R. E. (2007). "Institutional theory as a framework for analyzing conflicts on global

projects." Journal of Construction Engineering and Management, 133(7), 517-528.

Melchers, R. E. (1989). "Human error in structural design tasks." Journal of Structural Engineering, 115(7), 1795-

155



Proceedings of the 16th International Conference on Construction Applications of Virtual Reality, 11-13 December 2016, HK

1807.

MOSF. (2014). "General conditions of construction contract." The Ministry of Strategy and Finance (MOSF),

Sejong-si, South Korea.
NBS. (2016). "NBS International BIM Report 2016." RIBA Enterprise Ltd., London, UK.
Nikkie BP Consulting Inc. (2011). "Japan 2011 BIM Survey." Nikkie BP Consulting Inc., Tokyo, Japan.

Palaneeswaran, E., Love, P., and Kim, J. (2013). "Role of design audits in reducing errors and rework — lessons

from Hong Kong." Journal of Performance of Constructed Facilities.

PayScale. (2015). "Average Salary for Certification: Certified Professional Engineer (PE)."
http://www.payscale.com/research/US/Certification=Certified_Professional_Engineer_(PE)/Salary#by Years Ex
perience (accessed Aug 31, 2015).

Sacks, R., Eastman, C. E., and Lee, G. (2003). "Process improvements in precast concrete construction using top-

down parametric 3-D computer modeling." Journal of the Precast/Prestressed Concrete Institute, 48(3), 2-11.

Samuelson, O., and Bjork, B.-C. (2014). "A longitudinal study of the adoption of IT technology in the Swedish

building sector." Automation in Construction, 37, 182-190.

SPAR  Point Group staff. (2014). "U.K. govt 2016 BIM mandate ‘unachievable’ ",

http://www.sparpointgroup.com/news/uk-govt-2016-bim-mandate-unachievable (accessed August 31, 2015).
Sweeney, N. (1998). "Who pays for defective design?" Journal of Management in Engineering, 14(6), 65-68.
Taylor, J. R. (2007a). "Statistics of design error in the process industries." Safety Science, 45(1-2), 61-73.

Taylor, J. R. (2007b). "Understanding and combating design error in process plant design.” Safety Science, 45(1—
2), 75-105.

us Legal. (2015). "Professional Engineer Law and Legal Definition.”

http://definitions.uslegal.com/p/professional-engineer-pe/ (accessed August 31, 2015).

156



Proceedings of the 16th International Conference on Construction Applications of Virtual Reality, 11-13 December 2016, HK

AN AUTOMATIC SIMULATION SYSTEM FOR BUILDING
INFORMATION AND ENERGY-SAVING DESIGN MODELING

Po-Han Chen, Chi-Feng Hua, Po-Chuan Chuang and Thanh-Chuong Nguyen

National Taiwan University, Taiwan

ABSTRACT: In recent years, sustainability has become a global emphasis. Although the simulation of green
buildings and energy-saving designs is done using energy simulation software, some data required to run energy
simulation come from BIM (Building Information Modeling) software. Nowadays, the transfer of data from BIM
software to energy simulation software is time and cost consuming. Thus, integrating energy simulation software
and BIM software to achieve automatic green building simulation is necessary. This research proposes a system
that could facilitate the information transfer between a BIM software (Autodesk Revit) and an energy simulation
software (eQUEST). Since eQUEST is recognized as an accepted analysis tool by international green building
standard LEED (Leadership in Energy and Environmental Design), the proposed system will be of help in the
acquisition of green building certificates. In addition, the proposed system can automatically generate a base
model for a green building (or energy-saving) design before putting into green building standards analyses. It also
incorporates lifecycle costing to allow the user to know the lifecycle cost of each energy-saving design and make

the best decision.

KEYWORDS: GREEN BUILDINGS, BIM LEED, ENERGY CONSUMPTION, AUTOMATION

1. INTRODUCTION

In recent years, green building has been a global focus (Choi et al., 2012; Nookala et al., 2012). The importance
of green building not only lies in its emphasis on the eco-friendly design but also on its involvement in reducing

building energy consumption, waste water resource overusing and other problems (Yu J. and Chang, B.Y. 2008).

The LEED (Leadership in Energy & Environmental Design) certification, developed by the U.S Green Building
Council, has now become a popular and globally accepted standard of green buildings in the world (Azhar et al.,
2011). For LEED energy consumption analyses, after a proposed design is analyzed by simulation software such
as eQUEST, Energyplus and Ecotect, a baseline is needed to determine the quality of the design, or to be qualified
in the EA (Energy and Atmosphere) credit section. First, the design model should be modified into a baseline
model for calculation on the base of LEED criteria. Then the energy consumption is identified and used as a means

to calculate its energy efficiency using the following formula:

. Baseline model annual consumption amount - Design model annual consumption amount
Energy efficiency = - - x 100%
Baseline model annual consumption amount

However, establishing a baseline model is difficult and time-consuming, and there is no tool yet to help solve this

problem. Therefore, how to establish the baseline model in an efficient way is an important issue.

BIM (Building Information Modeling) collects building data and knowledge from designers from various fields,
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and integrates these data into the building’s life cycle. This paper proposes a concept, in which the author applied
BIM to establish a basic and automatic system to resolve the above-said problems. Users can apply the system and
insert the building and weather information into the energy consumption simulation software (this research uses
eQuest as an example) to calculate the data of annual power consumption and comparable criterion modeling of
LEED.

2. LITERATURE REVIEW

In recent year, there have been numerous studies about the integration of BIM tools in green buildings standards,
such as the LEED certifications. Roderick et al. (2009) proposed a BIM computational simulation to quantitatively
benchmark the energy consumption in three popular green building systems: LEED, BREEAM and Green Star.
Azhar et al. (2011) and Bank et al. (2010) developed conceptual frameworks to establish the relationship between
BIM-based sustainability analyses and the LEED certification process. Krygiel and Nies (2008) conducted in-
depth studies about BIM applications in various building systems with successful implementation of BIM in the
LEED certification. However, the integration of BIM in green building certification such as the LEED standard
still has limitation. Krygiel and Nies (2008) stated that “many of the tools used to measure the impact of sustainable
design strategies, old or new, are not directly accessible within a BIM model itself; therefore, data needs to be
exported to another application or imported from a data source”. Wong and Kuan (2014) pointed out that LEED
users still need to use an “indirect” method, that is, read analysis results from BIM software schedules and put
back to LEED standards for manual calculations. In other words, designers still have to use indirect methods by

exporting models and data among different software for analysis.

At present, calculations by simulation software can evaluate the energy efficiency of proposed designs. However,
the building model in energy simulation software still has drawbacks and the process is time-consuming, which is

why the energy consumption simulation software is not so popular.

3. RESEARCH OBJECTIVES

This research proposes a system that could facilitate the information transfer between Autodesk Revit and
eQUEST to minimize the required time for information transfer and to automate this process. In addition, the

system can help automatically generate a base model for a green building or energy-saving design.

At last, this research incorporates lifecycle costing into the developed system, allowing users to know the lifecycle

cost of each energy-saving design and make the best decision.

4. RESEARCH METHODOLOGY

A BIM tool (Autodesk Revit), an energy simulation tool (eQUEST), and a database storage tool (Microsoft Excel)
will be integrated as the backbone of the proposed system to calculate energy-saving efficiency, green building
standards (LEED EA credit 1) criteria, and lifecycle costs. Visual Studio/C# and Revit APl (Application

Programming Interface) are used for the integration of Autodesk Revit, eQUEST, and Microsoft Excel. For each
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green building design, the corresponding resource or energy-saving efficiency (such as the savings on electricity,

water, etc.) will be studied and/or experimented to facilitate the calculation of lifecycle costs.

4.1 Related software applications and the development of prototype system

Every item including walls, roofs, windows, floors etc., in BIM software (e.g. Autodesk Revit) has its own
parameter. By reading the parameter and the database, the parameter is processed into the data format that is
compatible in eQUEST. The design model is used to calculate the annual energy consumption. By switching it to
the Baseline Model according to the requirements of LEED, the scores of LEED EA credit 1 could be obtained by
checking at the result table. Revit and eQUEST were integrated as a system by Visual Studio 2008 to establish the
developing background with C# as program language and Excel as database system (The system structure was

shown in Fig. 1). The software used in the study is introduced as follows.

Figure 1. Flowchart of System Development

4.2 BIM software-Revit

Autodesk Revit was the predominant BIM software used by a majority of AEC professionals (Bynum et al., 2013).
The Revit API (Application Programming Interface) provided by Autodesk Revit could help users to expand the
functions of Revit. The prototype system proposed in this study read the parameters in BIM model and
incorporated with other software to achieve the research goals. The major task was to read the coordination of the
replaced items and the parameters being adjusted and inputted when users were using Autodesk Revit as BIM.
Another task was to show the results of energy-saving efficiency and LEED EA Credit 1 on the user interface for

users to choose the ideal options.
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4.3  Energy-consumption simulation software-eQUEST

The software used for energy-saving dynamic analysis in the study is eQUEST. eQUEST had earned the public
trust internationally and was widely adopted by energy and air-conditioning industry. Being freely-download and
by continually updating, eQUEST maintains the reliability and fairness. By inputting the local climate data and
the building information (location, size, appearance, location of windows, materials of the walls, and air-
conditioning systems etc.) through graphical interface into the computing core DOE-2, the detailed annual 8760
hours’ energy-consuming results could be analyzed. The hourly loading change of energy consumption could be

calculated by eQUEST.

One of the main reasons to use eQUEST in this paper was because it’s a very common and easy to use energy
simulation tool. Some charts in Evaluation Manual for Green Building Material (2009) was actually simulated by
eQUEST. Another reason to use the eQUEST was because of the friendly user interface (Ul). Compared to DOE-

2.2, another popular energy-simulation software, it is easier to check if the input model and data is correct.
5. SOFTWARE DEVELOPMENT

5.1 Revit LEED EAc1 Credit plugin

The developed plugins in this study is integrated into the BIM-LEED toolbar in Autodesk Revit, and the credits
EAc1 can be accessed through the LEED Energy and Atmosphere Ul (user interface) under the BIM-LEED toolbar
(Figure 2). The Energy and Atmosphere Ul displays the result of each credit, as well as total LEED points in the
Energy and Atmosphere category.

Figure 2. LEED Energy and Atmosphere Ul panel
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5.2 System Integration

As shown in figure 1, users build up the model using BIM tools. The prototype system developed in the study
could process all the information inputted from Revit API and BIM after users build up the BIM model, including

the information of every material, the sizes, locations, and the building location.

5.3 Revit to eQUEST

After BIM processes all the information, all the objects will be separated according to the information request of
eQUEST into Roof, Room, Above Wall, Below Wall, Ceiling, Interior Wall, Floor, Door, Windows, and other
objects needed in energy-saving software (e.g. Instances). But there are different data formats between Revit and
eQUEST, and the both software also have different coordinate systems, too. In Revit, start and end points are
recorded for each line segment, but in eQUEST each line segment is a parameter and recorded as counterclockwise
(as shown in figure 3). So coordinate transformation is required. This research presented a way to solute the
coordinate problem. First step is data exporting and categorizing, using programing to set a matrix to storage start
point and end point from Revit, then find the same coordinates on left and bottom. If the coordinates is start point,
then find the end point and vice versa. The program then compares two coordinates to find the righter one, and

keep doing until the running circle finishes.

(0,150) (200,150)

(0.0) (200,0)

Figure 3. coordinate example

Table 1. Coordinate example in Revit

Start Point_ Start Point_ End Point_X End Point_Y
0 0 200 0
0 150 200 150
200 150 200 0
0 150 0 0
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Table 2. Coordinate example in eQUEST

V1 | (0,0)
V2 | (200,0)
V3 | (200,150)
V4 | (0,150)

The building information needed to be inputted by floors is in *.inp file format in eQUEST. Also, the logical
relations of all the building objects in each floor should be inputted. Thus, in the execution process of the prototype
system it would be integrated with the relational data method, which was often used in program designing (as

shown in figure 4). Due to enormous information, the following figure presented only a few relation of the

information.
Zones Components
zone name component name
floor number materiall name
zone number materiall thickness
area use o[ material2 name
number of zone coordinates ; material2 thickness
zone coordinates inwall name material3 name
floor number material3 thickness
zone number materiald name
inwall number material4 thickness
SPACE number
NEXT-TO | -
component name Windows & Doors
Floors start point of_mwall window name
floor name end point of inwall floor number
zone number

floor number

distance from floor to floor
distance from floor to ceil
number of floor interval
number of floor coordinates
floor coordinate

Exwalls

exwallname
floor number

zone number
exwall number
component name
start point of exwall
end point of exwall

exwall number

GLASS-TYPE
FRAME-WIDTH

winodw

HEIGHT

WIDTH

sun visor horizontal position
sun visor height

sun visor width

sun visor depth

Figure 4. A part of embryo model’s relational data

5.4 Establish baseline building

Vertical fenestration areas shall equal to that in the proposed design or 40% of gross above grade wall area,
whichever is smaller, and shall be distributed on each face of the building in the same proportions in the proposed
design. Skylight area shall be equal to that in the proposed building design or 5% of the gross roof area that is part

of the building envelope, whichever is smaller. (ASHRAE Standard 90.1-2007)
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Each material’s insulation factor should be modified to the basic value, if there is any sun-shading or automatic

lighting control, it should be removed in baseline building, too.

Figure 5. Modification of *.inp file

After the insulating-factor modification, the baseline building performance shall be generated by simulating the
building with its actual orientation, and do again after rotating the entire building 90, 180, and 270 degrees. The
results are then averaged. The building shall be modeled so that it does not shade itself (ASHRAE Standard 90.1-
2007).

To achieve above-mentioned goal, the eQUEST’s *.inp file is modified by the developed system. The system
automatically finds the corresponding object to modify insulating factor and delete the automatic control setting

(comply with ASHRAE Standard 90.1-2007 appendix G).

Figure 6. Automatic orientation simulate in eQUEST by programing
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6. SYSTEM DEMONSTRATION

The case study of the proposed model used in this paper is a public housing design in Taipei, Taiwan (figure 7).

Figure 7. Model established by Revit

Figure 8. Execution results

After the model is constructed, the researcher runs the system and obtains the results shown in figure 8. According
to the results, the energy saving ration was 6.09% computed by LEED’s standard. However, the requisite ratio in
the LEED EA Credit 1 criteria should be over 10%. Therefore, more energy saving design is required for example,
thickening the glass wool insulation on roof (figure 9). The results of the second run conforms the LEED EA Credit

1 standard, for the cooling consume actually decreases in figure 10.
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Figure 9. changing material on roof

Figure 10. Execution results after changing material

By interviewing with the expert consulting with the concept of the present study, it could be concluded that the
energy-saving design would be fast and effectively carried out after the system was fully developed and further

acquired the LEED EA credit 1.

7. CONCLUSIONS AND RECOMMENDATIONS

The prototype system developed in this paper is only to represent the concept and idea in the study. When the
prototype system is fully developed, it would be very useful because it usually took about a week, even a month,
to build the eQUEST model.

Through the case study and consulting with the project manager, it can be concluded that by using the developed
system, the time spent on planning how to reduce the energy consumption in order to get the LEED credit 1 could
be largely shortened. The process of making design changes could be simplified. Also, due to the non-slot process,
the possible mistakes when inputting the information could be largely reduced compared to the procedure that was

done manually.

Recently, there are efforts to use the energy simulation software. But the promotion of using eQUEST is not easy
because it often takes enormous time to build the eQUEST model. Except for producing engineering graphs,
elevation graph, and 3D graphs, the designers have to use eQUEST to simulate the energy consumption, which
increases the difficulty for promoting the use of eQUEST. If the model is built using Revit to place the objects into
the building model, all the graphs could be produced simultaneously. After the prototype system is fully developed,
the building information is transferred into the eQUEST, thus the BIM and energy simulation software can be

widely applied in project use.

Many energy simulation software could calculate the annual energy consumption of the building and the building
cost per year, so it is suggested to integrate the life cycle cost NPV value into the future study, for it could be used

as reference in terms of cost, energy-saving efficiency, and LEED EA credit 1 for owner to choose the best design
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strategy. Recent applications of BIM used in the early stage of evaluating the cost still have some difficulties. For
example, different types and amounts of building objects in the model are not necessarily accorded with the actual
building materials in the project. Sometimes the scaffolds and moldboards might be excluded in the model.
Therefore, the building cost cannot be accurately estimated if the model only calculated the objects built in the
BIM model. It was recommended to carefully investigate the logical relation between the actual materials and the

objects built in the model so as to accurately estimate the building cost.
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BASED ON BUILDING INFORMATION MODELING

Valeh Moayeri, Osama Moselhi, and Zhenhua Zhu

Department of Building, Civil, and Environmental Engineering, Concordia University, Montreal, Canada

ABSTRACT: Design changes after awarding the contract are typical during the construction phase of a project.
The changes do not only affect the original project schedule, but also produce additional construction costs. They
cause the potential contractual disputes among project parties (e.g. general contractor, sub-contractor, designers,
and owners). As a result, the design changes have been considered as one major cause of leading to the project
failure. In order to effectively manage design changes, it is necessary to provide the prompt feedbacks about the
impacts of the changes on the project schedule and cost upon receiving the design change request. The objective
of this paper is to propose the use of building information modeling (BIM) technologies to facilitate design change
management. Specifically, any potential design change in a construction project is virtually implemented into its
building information model. Then, the components affected by the change are identified in the model. These
components are further linked with construction cost and schedule information. This way, the parties in the project
has a preliminary idea about the impacts of the design changes and their ripple effects, which helps the owner to
make a final, well-informed decision on approving or rejecting the requested changes to the project’s design. The
research work presented in this paper has been tested in the case study of a 3-story residential building project.
The results showed that the impacts of the changes in terms of time and cost could be reasonably estimated before

implementing the changes in the project.

KEYWORDS: Design Change, Ripple Effects, Building Information Modeling, Change Management.

1. INTRODUCTOIN

Design changes, including any addition, deletion and modification in the design or construction of a project after
awarding the contract, are expected during the construction phase of a project. This is partly because project owners
might change their minds in line with the changing economic climate to meet the market demands (Ibbs, 2012). In
addition, designers might produce inadequate or inconsistent detailing of drawings, which lead to a large margin
of error and omission and create problems of coordination between the architectural, structural, mechanical,
electrical and other systems (Hegazy et al. 2001). For example, the fire-rated walls have to be relocated due to and
architectural restrictions or the air supply ducts need to be rerouted under the limitations in available space
(Pilehchian, Staub-French, 2015).

The construction project performance in terms of schedule and cost is significantly impacted by design changes.
For example, Kumaraswamy et al. (1998) found that 50 percent of the projects surveyed suffered delays that
originated from design changes. Assaf et al. (2006), after studying construction projects in Saudi Arabia reported
that 70% of the construction projects faced time overruns and design changes were the most frequent source of

delay.
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In order to manage design changes in an effective manner, it is necessary to give prompt feedback about the impacts
of the changes and their related ripple effects on the project performance. However, this might be difficult,
especially considering the fact that the owner’s requests for design changes are usually made at short notice. So
far, most of existing research studies have been conducted for change management. They focused on creating the
guidance for best practice in change management (CllI, 1994) and quantifying the overall impacts that changes
have on construction project performance (Serag et al. 2010; Ibbs, 2012; Ibbs et al. 2005). Recently, the idea of
developing project information models has been proposed. The information models are expected to facilitate the
coordination of design information through the management of design changes (Xue et al. 2012; Hegazy et al.
2001).

The main objective of this paper is to investigate the impacts of design changes and their ripple effects on the
project performance in terms of cost and schedule with the aid of building information modeling (BIM)
technologies. Specifically, suppose the project building information model has been created in advance. Any
potential design change requested by the owner or designer in the project could be virtually implemented into its
building information model. Then, the new model (i.e. as-changed model in this study) is compared with the
original model (i.e. as-planned model) to identify the components directly and indirectly affected by the change.
These components are further linked with construction cost and schedule information, which provides a
preliminary idea about the impacts of the design changes and their ripple effects on the project in terms of schedule
and cost. This information could help the project owner to make a final, well-informed decision on approving or
rejecting the requested changes to the project’s design and avoid potential construction disputes between different
parties. The research work presented in this paper has been tested in the case study of a 3-story residential building
project. The results in the case study showed that the impacts of the changes in terms of time and cost could be

reasonably estimated with the BIM technologies.

2. RELATED WORK

A change has the impacts on the project delay and cost overrun (Arain and Pheng, 2005). Also, it affects the quality
of construction work, labor productivity, etc., which cause legal disputes between different parties involved in the
project (Mirchekarlou, 2012). Moreover, one change itself could be further spread and escalated. As a result, a
series of additional changes are produced as ripple effects. However, such ripple effects of the change are not
always easy to be identified. It requests enough experience and expertise to predict or estimate the impacts of all

possible consequences of the change in the project.

So far, several research studies have been proposed for the purpose of quantifying the impacts of the change in the
project. They relied on different computing techniques, such as regression/statistical analysis, artificial intelligence,
system dynamics, decision tree, and case based reasoning. For example, Hanna et al. (2002a) grouped the factors
that correlate with whether a project is impacted by changes through statistical hypothesis testing, and then
developed models to predict the probability of a project being impacted using logic regression techniques. In one
of their other studies, they also presented a hybrid approach to quantify the impact of changes on construction

projects using statistical regression and fuzzy logic (Hanna et al. 2002b). Lee et al. (2004) developed a decision
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tree model to classify and quantify the labor productivity losses due to the cumulative impact of changes for
electrical and mechanical projects. Similarly, Moselhi et al. (2005) proposed the idea of evaluating the percentage
loss of labor productivity due to changes with an artifical neural network. Yitmen et al. (2006) presented a
prototype expert system to quantitatively model how different changes affect the time and cost of a project in North
Cyprus construction industry. Motawa et al. (2007) integrated a fuzzy logic-based change prediction model with
the system dynamics to evaluate the negative impacts of changes on construction performance and also discover
the “cause-and-effect relationships” of the change events. Isaac and Navon (2008) created a change control tool to
identify the scope of the implications of a change as soon as it is proposed. The feasibility of the tool in practice
has been illustrated in several pilot studies (Isaac and Navon, 2008). Arian (2008) presented a knowledge-based
decision support system for the management of changes in educational building projects in Singapore. The system
was expected to assist project managers by providing accurate and timely information for their analysis and
decision making of changes (Arian, 2008). Serag et al. (2010) created two regression models; and the models were
used to estimate the impact of change on a contract price in heavy construction projects in Florida. Zhao et al.
(2010) developed a change prediction model to help project management teams to manage project changes in a
proactive and efficient manner. In the model, they relied on the activity-based dependency structure matrix (DSM)
to model the process that may occur as a result changes, and then Monte Carlo Simulation to analyze the change
probability of activities involved in construction projects (Zhao et al. 2010). Nahod and Radujkovi¢ (2011)
developed a Dynamic Planning and Control Methodology (DPM) to facilitate the objective decision making in
approving changes in construction practice. Moreover, Ibbs (2012) studied hundreds of project data collected from
the work of Leonard (1988) and Ibbs (2005), and produced a set of curves and reference points that indicate the

relationships between the amount and likelihood of change and the amount and nature of its impacts.

Recently, the research studies of using BIM technologies to quantify the impact of a change on the project
performance has been initiated. Building information model is a digital representation of building physical and
functional characteristics, which is composed of digital objects corresponding to real world components such as
doors, walls, and windows with associated relationships, attributes and properties (NBIMS, 2007; IBC, 2011).
There are several benefits regarding the use of, including the better management of design documents and ability
to simulate construction operations prior to physical implementation. Therefore, BIM is expected to help to trace
the pattern in the changes that happen during the life cycle of a project and identify the types of changes (Akcamete
et al. 2009; Koch and Firmenich, 2011). Langroodi and Staub-French (2012) presented a case study, which
examined change management in the context of a multi-disciplinary collaborative BIM environment during the
design and construction of a fast-track project. They found that it was possible to document humerous changes and
identify their essential attributes with BIM (Langroodi and Staub-French, 2012). Based on these findings, they
further developed an approach to represent, coordinate, and track changes within a collaborative multi-disciplinary
BIM environment (Pilehchian et al. 2015). In addition, Liu et al. (2014) developed an integrated framework for

embedding change management in BIM.

3. OBJECTIVE AND PROPOSED METHODOLOGY
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The objective of this research study is to investigate the potential of using the BIM technologies to visualize,
identify and analyze the ripple effects of a change and quantifies its impacts on the project cost and schedule. The
basic idea is that the change requested by the owner or designer is first virtually implemented in the building
information model. Then, the new model (i.e. as-changed model in this study) is compared with the original model
(i.e. as-planned model). The comparison is conducted at the model component level. Therefore, the project work
breakdown structure (WBS) is required to be defined at a micro level, where each component in the model has its

own ID, location, time, and cost information, as shown in Figure 1.

Figure 2: Composition of a Model Component

When a change has been requested in the as-changed model, the components directly affected by the change are
identified through a simple component-by-component comparison. Specifically, both as-planned and as-changed
models are checked. If the components are found in the as-planned model but not in the as-changed model, it
means these components are removed by the change. If the components are found in the as-changed model but not
in the as-planned model, these components are newly added by the change. If the components exist in both models,
their specifications are further checked to find whether they are modified or not by the change. As a result, the

direct impacts from the change are determined.

In addition to the direct impacts from the change, its ripple effects are also identified by finding the components
indirectly affected by the change. In doing so, all the components that are connected to those directly affected by
the change are detected. If the modifications are found on those components, they are recorded. Moreover, further
detections are made on those components, until there are no more modifications that have been found in their
connections. As a result, the list of all the components indirectly affected by the change could be produced. The
design change path or the change sequence is determined. For each component due to the change, it can be

classified into three categories: addition, deletion, and modification.

The way in which this occurs is thus: the proposed model traces indirect impacted components (via the ripple
effect) by first finding the level (e.g. 1% floor) at which the selected direct change is located. The model then checks
the components that are connected to the direct change in other levels, searching level by level until every floor is
scanned. The model starts at the first level and finds connected components to the selected direct change,

identifying all found components and matching component IDs with the component IDs in the impacted
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component database. Then it selects all the impacted components one by one and identifies the connected
components in the next level (2™ floor). This process is continued up the levels. From the components found in
the next level, the model identifies the impacted components using the same matching process. Then it selects the
first impacted component in the 2™ level and finds the components that are connected to it in the next level (3"
floor). The process is the same to the last level. When the proposed model gets to the last component in the last
level it saves this path. Then it will follow the saved path to return to the first impacted component in the first level.
There it selects the next impacted component in the first level and performs the same procedure to get to the last
level and again get back to the first level by using the second saved path. The model again checks for the next
impacted component till there are no more impacted components left in the first level that the selected direct

change is connected to.

To summarize, the proposed model for each select individual direct change traces all the related components in the
horizontal level and in then in the vertical level. It starts with one of the impacted components in the first horizontal
level and it goes horizontally down levels till there are no more levels left and it finds the path of impacted
component throughout all the levels; then it goes backward to get to the first level. Then, the same process is
enacted for the all impacted components in the first horizontal level till there are no more impacted components
in that level left. The ripple effect works as a tree diagram: on top of the tree the individual direct change is located,

and in the other levels are all the other components that are connected to the direct change.

Based on the list of the components affected by the design change, the time and cost impacts on the project due to
the change are quantified. The time impact analysis is to calculate the number of days that need to be added or
reduced from the project’s total duration. When a component is added or modified, the new duration for the
component is estimated and inserted into the project schedule. When a component is deleted, its duration

information is removed from the project schedule. Therefore, the project schedule is updated correspondingly.

Also, the cost incurred due to the change is estimated. They includes the direct cost, indirect cost, and impact cost,
considering the change affects construction productivity on the components even if they are not modified in the
project. The direct cost is composed of those from project labor, material, equipment, and sub-contractors. The
indirect cost mainly includes project overhead. The impact cost here is focused on productivity and time-related
ones that represent the loss of productivity on percentage change in the project. All the costs are added up to
provide the basic project cost information about the change. It allows the project owner to compare the cost of the

change with the project original cost to see if the requested change is beneficial or worth.

4. CASE STUDIES

The proposed methodology was developed as add-ons in the environment of Autodesk Revit 2014. The add-ons
were implemented using the Revit Application Programming Interface (API). They could automatically 1) detect
the changes between the as-planned and as-changed models; 2) detect the cause and effect relationship between
the changed components in the model; 3) calculate and quantify the ripple effects in terms of project cost and

schedule; and 4) filter the change impact reports.
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The add-ons were tested in a three-story residential building with eight units in each level as shown in Figure 2.
Three types of the changes were requested by the owner. The comparison between the as-changed and as-planned

models was illustrated in Figure 3, where the red, green and yellow colors denote for the deletion, addition, and
modification separately.

Figure 2: Model of a three-story building

Figure 3: Comparison between as-planned model and as-changed model in a three-story residential building

Moreover, the ripple effects for those components that were impacted due to the design change could be
highlighted. As shown in Figure 4, the ripple effects of each changed component are detected in the same area

where the component is located as well as in the surrounding areas.
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Figure 4: Ripple effects detected

Another case study (i.e. a one-story residential building with two units) was performed to check whether the impact
of the change on the project could be quantified in terms of schedule and cost. In the case study, the original model
was modified and the comparison between the as-planned model and as changed model was illustrated in Figure
5 and 6. Moreover, the comparison results were reported, where the modified and/or deleted components in the as-
planned model were listed in one side and the modified and/or added components in the as-changed model were

listed in the other side.

Based on the components added, modified and deleted in the report, the project schedule and cost were then
updated correspondingly. The duration for each component impacted or non-impacted was calculated using the
component’s quantity information, as shown in Figure 7. In order to clearly describe the impacts of the change on
project costs, the cost report is separated into different sections, as shown in Figure 7. Section 1 in the report
estimated the cost of each impacted component. The type of the work and type of the impact specified in Section
2 was mainly used to estimate the productivity related and time related costs incurred due to the change. After the
indirect cost of the project per day was manually input in Section 3, the total project costs due to the change were
approximated. Compared with the original total projects, the owner was expected to make a wise and informed

decision on whether the change should be approved or not.
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Figure 5: Comparison between as-planned and as-changed model in a one story residential building

Figure 6: Impacted components due to the requested change
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Figure 7: Durations of impacted and non-impacted components

Figure 8: Project cost estimation due to the change

5. CONCLUSIONS

Owner-requested design changes are common in building construction projects. Understanding the ripple effects

of the design changes is critical for the project owners to make rational decisions on finally approving the changes
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in construction projects. This paper investigated the potential of using BIM technologies to detect the ripple effects
and quantify their impacts on the project performance in terms of schedule and cost. Specifically, potential design
changes are virtually implemented to generate an as-changed model. The as-change model is further compared
with the as-planned model to identify the change and its ripple effects. Moreover, their impacts are further

considered to update the project schedule and budget correspondingly.

The proposed research work has been tested in two residential buildings. The comparison results between the as-
planned model and as-changed model in each building showed that the building components affected by the
changes could be detected, classified and visualized. Moreover, their impacts could be further quantified to update
the project schedule and cost. The proposed research study is expected to help the project owner make a wise

decision on requesting and approving design changes during the construction of a project.
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Abstract: Although facility management (FM) sofiware and computerized maintenance management systems
(CMMS) are available for facility maintenance management (FMM), they are currently used for solely storing and
organizing information related to facility operation and maintenance (O&M), but not for making facility
maintenance decisions directly. Therefore, the decision making process of scheduling a large number of facility
maintenance work orders and tasks is still manual and tedious. As a relatively new field in the AEC/FM industry,
building information modeling (BIM) has a great potential not only in visualization and management of rich
information of building components in 3D models, but also in facilitation and optimization for facility O&M. This
paper presents an automatic work-order scheduling framework based on BIM and FM software for efficient facility
maintenance decision making. The framework connects FM software and BIM software for synchronizing facility
components and work-order information in these two systems. It enables FM staff to check real-time maintenance
work orders in BIM models and properly locate the corresponding components. Moreover, the developed work-
order scheduling framework contains a dynamic programming engine based on modified Dijkstra’s algorithm for
finding the shortest maintenance path among broken components. The engine considers problem type,
maintenance tools, emergency level and distances between broken components. It is an automatic decision making
process to make maintenance management more convenient. A campus case scenario is presented to demonstrate

the developed framework and validate the dynamic programming algorithm.

Keywords: Facility Maintenance, Facility Management, Building Information Modeling, Decision Making,
Work-Order Scheduling

1. INTRODUCTION

Facility management (FM) is an integrated approach to operating, maintaining, improving and adapting building
and infrastructure assets in order to support the primary objectives of the occupants, owners and facility managers
(Atkin & Brooks, 2009). Among FM, facility maintenance management (FMM) accounts for more than half of the
cost in the whole building lifecycle (Lavy & Jawadekar, 2014). Facility maintenance can be supported by
computerized maintenance management systems (CMMS) and FM software as fundamental information resources,
providing FM staff (facility managers and maintenance workers) with a wealth of support-related information as
well as assisting management in decision making. Currently, there are many FM software in the market (e.g.
ARCHIBUS, FM system, Maximo, EcoDomus, etc.), which are available to manage the building maintenance
process and provide a more organized information platform. They are usually used to store, retrieve, and manage

facility information related to building components and assets, such as inventory list, installation date, working
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request, maintenance work orders, etc. However, the function of these software ignores the fact that when FM staff

are planning the schedules of a large number of work orders, the process still heavily relies on manual decisions.

In addition, facility maintenance scheduling is time-consuming and complicated, and sometimes it also leads to
some errors when lots of maintenance work orders need to be done and broken components are located in different
places. A comprehensive maintenance scheduling involves maintenance work orders, building component type,
location, building component dimension, maintenance problem type, the time needed, tools needed, urgency level,
etc. In fact, part of the information can be stored in CMMS/FM software, while the other part of information, such
as component dimensions and floor plans, is traditionally stored in 2D drawings. However, FM staff using 2D
drawings in FMM need to spend much time on searching information for scheduling maintenance work orders.
For instance, some components are maintained or replaced after handover and their dimensions are changed. As a

result, FM staff cannot access accurate information according to 2D drawings.

Currently, building information modeling (BIM) is an intelligent model-based process that facilitates the
management of buildings and civil infrastructures. It creates a digital database of all building assets and can support
virtual 3D coordination of construction and operational activities, including operation and maintenance (O&M).
BIM can be used to track, update, and maintain facility management information to support better planning,
operations, and maintenance decision-making throughout a building lifecycle. Therefore, BIM has a large potential
value for FM, for example, in visualization of broken components, acting as an information hub, and showing the
shortest maintenance path. On the other hand, FM software has many functions, such as registering building and
asset data, planning and execution of facility processes, workflow management, etc. Moreover, FM software is
able to integrate with other IT systems like ERP software, GIS solutions, or CAD software to extend their functions.
This paper aims to leverage these advantages of BIM and FM software to close the gap that FM staff have
difficulties to access accurate location information of broken components and that they always manually schedule

the maintenance work orders.

Therefore, this paper proposes an integrated BIM-FM framework for automatic scheduling of maintenance work
orders for facility maintenance management, which is user-friendly, efficient and object-based. The framework
enables FM staff to visualize corresponding maintenance work orders in BIM and achieve automatic decision
making for maintenance scheduling. This paper is organized as follows. Section 2 provides literature review of
facility maintenance, BIM, and work-order scheduling. Section 3 explains the methodology, including the
proposed BIM and FM integration framework and work-order scheduling algorithm, followed by a demonstrative

example in Section 4. Finally, the whole study is concluded in Section 5.

2. LITERATURE REVIEW

2.1 Facility Maintenance and BIM

There are some studies related to facility maintenance decision making. For example, Lee et al. (2013) proposed
a multi-agent system that automates data gathering to monitor condition of facilities. However, the system did not

combine 3D technology to visualize the facility as well as maintenance records. Among the facility management
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areas, some researchers have tried to apply 3D visualization technology to visualize facilities targeted for facility
management including spatial navigation systems established for museums, campuses, and cities (Tamada et al.,
1994). However, the functionality of 3D visualization in these systems is limited to navigating the overview of a
facility. Mozaffari et al. (2005) devised a 3D CAD model for subordinate construction facilities by using virtual
reality technology. Chen et al. (2013) presented an expert system model for the maintenance and management of
existing facilities in a 3D facility model, and they also proposed a database schema to facilitate decision making
during maintenance. These studies only applied 3D visualization technology to support the operation and
management of facilities, thus have not yet been integrated with analytical functions as intelligent systems to

support decision-making in FMM.

In as-built BIM models, every element of design may entail geometric information (dimension, location, etc.) and
semantic information (serial number, product data, maintenance manuals, warranty data, etc.). As-built models
play a key role in successfully using BIM during the O&M phases of buildings and civil infrastructures. Recent
studies have identified the advantages and requirements of BIM to support building maintenance (Becerik-Gerber
et al., 2011; Motamedi et al., 2014). McArthura (2015) proposed a BIM framework and illustrated a case study to
show that there are many challenges when using BIM model for building operations, maintenance and
sustainability. In addition, some researchers pay attention to conducting maintenance management using advanced
technology. For example, BIM and GIS (Geographical Information System) are used to improve the maintenance
process of railways (Shr & Liu, 2016). However, among these studies, maintenance scheduling has been largely
ignored when people try to leverage BIM for FM, and there is little research about integrating BIM and FM to

automatically schedule maintenance work orders.

2.2 Work-Order Scheduling

Currently, CMMS work is mainly based on regular services. Traditionally, maintenance work-order records are
used by finance department of enterprises for cost control (Gupta & Gandhi, 2014). On the other hand, the
maintenance planners use the historical records of maintenance work orders for estimation of resources for
subsequent maintenance activities. Some researchers have applied equipment classification systems, preventive
maintenance (PM) scheduling models, and work-order management systems for prioritizing repair requests for
industrial facilities and manufacturing companies (Grigoriev et al., 2006; Pongpech & Murthy, 2006). For example,
Xu et al. (2002) studied an agent-oriented approach to manage work orders for circuit breaker maintenance.
Hamdi et al. (2012) designed an intelligent healthcare management system, and proposed a work-order
prioritization model for medical equipment maintenance requests. However, there is little research related to

maintenance work-order scheduling in buildings and civil infrastructures.

Scheduling problem is a part of many problems in logistics operation (Karger et al., 1998). The most commonly
used methods for work-order scheduling of repair requests are variants of the first-come, first-served (FCFS)
method. While the FCFS approach might be acceptable for many applications, it is not always appropriate when
applied to the maintenance scheduling. For example, when a vital machine undergoes failure and it is out of service,

it may lead to serious consequence, and the machine should be fixed as early as possible.
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Moreover, work-order scheduling problems in practical situations are very complex. Usually these problems
cannot be solved by classical optimization algorithms in a suitable time. Lewandowski et al. (2013) studied a new
methodology to prioritize event-driven maintenance workloads driven by information from condition monitoring
systems, and Gupta & Gandhi (2014) proposed a genetic algorithm to rebuild an existing working plan
automatically. However, these methods are not built in intelligent FM software and BIM model to directly visualize
the result in a 3D facility model. Besides, they do not consider the real 3D scene, such as the distances between

maintenance sites and emergency level.

Therefore, the following section will present an integrated BIM-FM framework to realize the automatic

maintenance work-order scheduling, which uses a modified Dijkstra algorithm based on different factors.

3. METHODOLOGY

3.1 BIM and FM Integration Framework
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Fig. 1: The proposed BIM-based framework for automatic maintenance work-order scheduling

Fig. 1 illustrates the proposed BIM-FM integration framework for automatically scheduling facility maintenance
work orders. The process is supported by FM software/CMMS and BIM software. Specifically, in the information
layer, FM software provides information such as emergency level, problem type, maintenance work orders,
maintenance records, etc. BIM models generally contain information of quantity, dimension, shape, location,
orientation, and material of different facility components. Moreover, BIM model can include more detailed
information, such as product data, maintenance manuals, warranty data, manufacturer information and contacts.
Therefore, BIM models provide rich information to be integrated with FM software or CMMS for planning facility

maintenance tasks.

The majority of FM software, such as ARCHIBUS and Maximo, are based on web browsers. The data in FM
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software are usually stored in an external FM database. BIM models are object-based and information-rich.
Geometric information of facility components can be maintained and modified in BIM models. Frequent data
exchange between BIM software and FM is needed because maintenance activities are common. Therefore, in the
method layer of the developed framework, an API (application programming interface) connecting FM software
and BIM software is developed, and it is used to get the real-time maintenance records and work orders from FM
software and show this information in BIM software. Meanwhile, the element ID acts as the key to retrieve required
data from FM database. In this way, FM staff can select a broken component in a BIM model as well as view the
corresponding maintenance records and work orders. Moreover, the API enables FM staff to easily locate broken
components in 3D environment and obtain distances among broken components using measurement tool in BIM,
even though they are located on different floors. The distance obtained from BIM models can be used in the

following scheduling part.

After checking broken components in BIM models, FM staff can directly get maintenance work orders and
component attributes from the information layer. These information and the distances between different broken
components act as the input for maintenance scheduling. The Dijkstra algorithm is used and modified in this
framework to automatically schedule the maintenance work orders for FM staff. The scheduling algorithm is
showed in Section 3.2. Finally, the generated maintenance schedule is visualized in another API of BIM software

for FM staff.

3.2 Work-Order Scheduling Algorithm

Before scheduling maintenance work orders, one needs to identify the kind of necessary information that will be
used and the factors that should be considered. The scheduling problem is then formulated into a mathematic
expression. In this paper, the work-order scheduling problem is formulated as a symmetric Travelling Salesman
Problem (TSP) because scheduling maintenance work orders also follows the principle of finding the shortest path.
TSP is an NP-hard problem in combinatorial optimization, important in operations research and theoretical
computer science. The work-order scheduling problem is a symmetric one because the distances between facility
maintenance tasks are the same for both directions. Therefore, the work-order scheduling can be represented as an

undirected graph.

Dijkstra's algorithm is an algorithm for finding the shortest path between nodes in a graph, which may represent,
for example, road networks. It was conceived by a computer scientist in 1956 and published three years later
(Dijkstra, 1959). Due to the complexity of TSP, the problem was simplified to be solved by the Dijkstra’s algorithm
in order to find the shortest path from each of the unfinished working orders. The whole scheduling problem is
broken down to several shortest path sub-problems, in which Dijkstra’s algorithm is applied to each connection in
order to find the shortest path to the next point. Based on the methodology of heuristic algorithm — combination
of dynamic programming concept and the Dijkstra’s algorithm, a modified Dijkstra algorithm is developed in this

study to achieve automated decision making of the work-order scheduling problem.

In the process of calculating maintenance schedule using the modified Dijkstra algorithm, several important factors

should be considered, including emergency level, problem type, maintenance working time, and distance between
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components. The proposed formula to calculate the shortest path in programming and the modified calculation
steps are shown as follows. Besides, to use this solution, a distance matrix for all the work orders needs to be

inputted.
a. Formula explanation

MCy = (B,0) = Wyp = x(4)

1)
where: MCy represents the minimum cost; A and B represent the origin and the destination respectively; @
represents via point;  Wag represents the distance from A to B. The formula means that the minimum cost from

Ato B finally via no other point equals the distance from A to B which is x. Under such route, A is the predecessor

of point B.

b. Calculation steps
Step 1: Identify the broken components to be maintained.
Step 2: Calculate the distances between each two components.
Step 3: Generate the distance matrix.

Step 4: Consider the broken components with the highest emergency level first. Maintenance workers need to go
back to warehouse and change tools if the current working order type is different from the next one, which will

increase the total distance cost.
Step 5: Find the shortest path among these components with the highest emergency level using above formula.

Step 6: Repeat Step 4 and Step 5 to consider the broken components with the second highest emergency level,

until all broken components are calculated.

Step 7: Generate the maintenance schedule in BIM.

4. DEMONSTRATIVE EXAMPLE
4.1 The Maintenance Process in Demonstrative Example

In this study, the library building in the Hong Kong University of Science and Technology (HKUST) was selected
as the demonstrative example. The HKUST library is a five-storey building with floor area of 12,350 square meters.
With a strong focus on technology and network access, the library building contains various facilities and
equipment for computing, digital applications, enhanced information retrieval, and wireless network connectivity.
The HKUST library had 1,064 maintenance tasks in the year 2014/15 only. The maintenance work of HKUST
library is currently managed in the reactive manner using solely 2D floor plans, an online reporting system and
paper-based inspection data. Based on interviews and data collected from the HKUST library facility manager,

several existing problems have been identified with the on-going maintenance working process. Fig. 2 shows the
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current routine maintenance process for the HKUST library. HKUST library is maintained by the Facility
Management Office (FMO) of HKUST.

HKUST Library Facility Management Office (FMO) of HKUST
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Fig. 2: The current routine maintenance process for the HKUST library

In this process, the facility manager of maintenance team at FMO decides the maintenance schedule according to
his own experience. When there are many maintenance work orders, it is complicated for the facility manager to
decide the maintenance schedule. Although FMO has been using Maximo for asset management, its main value is
to collect and organize information of assets for facility manager, not including intelligent decision makings for
facility maintenance management. Facility managers and staff can schedule the pending work orders but the
decision is often subjective because many quantitative factors may not be considered. Needless to say that it also
takes too much time. Other campus buildings also have similar problems with the library building. Therefore, the

proposed framework was applied to address the existing problems in the library and other campus buildings.

4.2 Model Creation

In this demonstrative example, Autodesk Revit is used as the BIM platform whereas ARCHIBUS is used as the
FM software for illustrative purpose. A BIM model of the HKUST library, as shown in Fig. 3, was created using
Autodesk Revit to improve the 3D environment. The BIM model acts as a visual representation that can be used
to integrate with FM software for locating broken components and for checking their corresponding maintenance

work orders.
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Fig. 3: The Revit BIM model of the HKUST library

4.3 Checking Broken Components in BIM Model

With a comprehensive BIM model containing component information and facility maintenance information, FMO
staff could easily get access to attributes of broken components such as manufacturer information, purchased time
and material information of the broken components. In order to show the corresponding maintenance work orders
and the condition of each component, a user interface was developed using Revit API for integrating BIM and FM
software. As shown in Fig. 4, when FMO staff click a component in Revit, maintenance information such as work-
order ID, building 1D, problem type, location, is showed in the developed interface. It is more convenient and

information-rich than using only FM software for FMO staff to conduct facility maintenance management.

Fig. 4: Condition checking of the selected broken component using the developed interface in Autodesk Revit
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4.4 Automatic Maintenance Work-order Scheduling

After identifying existing broken components and obtaining the maintenance work-order information in BIM
models, FMO staff need to have a maintenance plan using the work-order scheduling algorithm. In fact, the
maintenance staff need to maintain, repair or replace building components on the whole campus. In order to reflect

the actual maintenance scheduling problem, a real maintenance case on HKUST campus was chosen.

The work-order information of demonstrative example is shown in Table 1. The notation, emergency level,
problem type and working time of each task are obtained from FM software. The locations of components are
obtained from Revit and distances among them are transferred into walking time. To obtain the walking time
between two locations, we actually walked from one location to the other and recorded the time it took. Besides,
there are three emergency levels. Emergency level | is the most urgent while level 111 is the least. Level | means
the problem continues to cause damage. Level Il means no further damage but the problem interrupts the daily
operations. Level I11 represents no further damage and the broken components can be temporarily substituted by

other facilities.

Fig. 5 (a) illustrates the locations of broken components on the HKUST campus map for the demonstrative example,
whereas Fig. 5 (b) shows the walking time diagram of the demonstrative example. Note that the numbers in Fig. 5
(b) represent the walking time between two locations, and the unit is minute. Because task sites are located on

different floors, these lines do not represent real distances.

Table 1: Demonstrative example information

Tasks notation  Location Emergency Level Problem Type Working Time (min)

A FMO Office, Lift 15 5/F

X Wiarehouse 5

B Library G/F female toilet I(high) Water leakage 120

C Library LG3 | Electric wire burnt 60

D Room 5619, Lift 31 5/F | Electric wire burnt 60
Window

E Library LC Il Glass broken 45

F LT-A 1 Light bulb burnt 15

G LT-D 1l Light bulb burnt 15

H Bridge Link I1(low) Repair 20

| UG Hall 2 I1(low) Repair 20
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J Library Entrance I1(low) Repair 20

Fig. 5 (a) Location of the sites (b) Diagram showing walking time (in minutes) between different locations in

the demonstrative example

Fig. 6: Work-order scheduling result automatically generated for the demonstrative example

According to the map and distances (walking time) between different location points, the distance matrix is
generated. The distance matrix and other factors (emergency level, problem type, location, etc) act as the inputs of
the modified Dijkstra algorithm. Eventually the maintenance scheduling and total maintenance time are

automatically generated for FMO staff to conduct maintenance, as illustrated in Fig.6.

5. CONCLUSION

This paper proposes a framework that integrates BIM software and FM software to improve the decision making
process for FM staff in facility maintenance management. A user interface was developed in BIM software to show
the corresponding work-order information of each broken component in buildings, and the Dijkstra algorithm was
modified to realize automatic work-order scheduling. Besides, another user interface that shows the scheduling
result was developed. Finally, an illustrative example was demonstrated using this proposed framework to validate

the feasibility.
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In this paper, the walking time was obtained manually by physically walking different paths on the HKUST campus.
In the future, a method to automatically calculate distances and travel time between different locations on different

floors based on BIM will be studied.
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Part I11: BIM, GIS and Urban Computing
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ABSTRACT: This research develops a conservation and disaster prevention management system to improve
governance and information transparency for integrated slopeland. The Soil and Water Conservation Bureau
promotes comprehensive slopeland management and disaster prevention efforts in Taiwan and expects to publish
and pin exact locations on maps for the purpose of data searching and to avoid data recollection. The two
challenges of developing this system include: (1) there are millions of reports and data owed to summit with each
separately stored in different departments; and (2) there are a variety of data formats, which hinders its presentation
in a user-friendly way, and it is a data security risk. The Bureau and the Geoforce Technologies Co initiated a
collaborative research project. The project adopted the Google Earth Enterprise system to efficiently integrate data
and provide 2D, 3D, and chronological information for display and search functionality. It can protect data from
being copied, rewritten, and reproduced as well as ensuring continuous functionality. Also, this system was built
for autonomous use and to enable the private sector to upload the latest data to be examined by administrators.
Data Driven Documents (D3) is a JavaScript data visualization library that has been applied to enhance its visual
performance. The feasibility of this system was experimented when the Lotus, Soudelor, and three other typhoons
occurred in 2015 and with its in-time service and interactive search tools proved that it can produce solid evidence
that it supports decision making. With this system, Taiwanese professional associations, engineering construction
companies, the departments of soil and water conservation of 23 local authorities, and six sub-bureaus can utilize
this information to identify vulnerable areas, monitor sensitive places, and plan disaster relief actions. Most of all,
the knowledge of geographic information and upcoming incidents will enable populations to prepare for

evacuation in advance.

KEYWORDS: 3D Geographic Information System, Big Data, Integration of Published Information, Governance and Transparency, Cross-

platform application, Autonomous System, Location-Based Service

1. Purpose

Conservation and control works of Soil and Water Conservation Bureau (SWCB) at Council of Agricultural of
Executive Yuan include watershed area overall investigation, planning and promotion; torrent above watershed

and river juncture soil and water conversation planning, conservation, control and supervision; planning,
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coordination and promotion of erosion and sediment control and slopeland disaster emergency operation;
slopeland soil and water conservation and erosion and flood protection project planning, coordination and
promotion; watershed area above reservoir storage range conservation planning, coordination and promotion;
slopeland soil and water resource conservation planning, guidance and promotion; slopeland afforestation planning,
research, development, promotion and supervision; engineering, administration, set up construction contract
sample and construction standard; construction schedule control and quality management planning and supervision,

etc.

In addition to construction, the system of relevant conservation control works on engineering management includes
“watershed control plan information integrate system”, “soil and water control engineering management and
assessment system”. Relevant information includes conservation control enforcement plan, engineering basic
information, watershed area overall investigation and planning, etc. As the volume of business system and
information was great, SWCB began establishing physical data geological storage center, archiving spatial
information acquired from all projects since 2006. In 2010, the theme data reached peak volume at 6,196 files.
The Central Government began promoting resource sharing and Open Data et al policies in 2013, and SWCB
focused mainly on producing information of SWCB business and thus slowed down the data accumulation. In 10
years, by annual average, SWCB collected 2,547 files, which was great amount of spatial information. However,
there was no horizontal communication channel and standard in such a volume, and there also lacked the ability

in spatial management and planning.

The current erosion and sediment control disaster prevention could no longer rely on single management
mechanism for controling and needing diversified resources integration with 3D mapping service for larger range
conservation control planning; a mechanism of horizontal database also needs to be established for mutual
application and integration for the management to be conducted through single integrated decision making
platform. SWCB therefore established Data Driven Document (D3) in 2013, hoping to use the N to 1—1 to N
concept to integrate complex data and system into one platform for management. This single platform would

provide multiple device service, allowing users to conduct relevant business promotion.
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Figure 1. 2006 to 2015 spatial information volume statistics

2. D3 system development goal

Besides integrating Soil and Water Conservation Bureau conservation and control information, the development
of D3 was also in concern with the system sustainable developing mechanism and thus the stages of D3 standard
format were defined from “key area control”, “control strategy and enforcement” to “result of control”, etc.
procedures. D3 functionality establishment was entrusted to corresponding team to upload the function, provided
corresponding teams of each stage upload authorization and data format. The unit that was in charge could review
based on the data uploaded by the corresponding team to ensure the quality of system data source. On the
administrative side, the corresponding team was inquired to perform upload and the data was examined through
system review mechanism. Thus from involving corresponding team to unit in charge in the data construction
process on the data end of D3, the system was given a mechanism to grow, achieving the goal of co-constructing

the information.

3. D3 system service module

D3 is a “single integrated information service platform” for integrating SWCB conservation and control related
business information; it is open to professional engineering consulting companies and engineer associations. To
provide non-stop safe environment, D3 adopts Google Earth Enterprise to construct a D3 private cloud platform,
creating a safe environment for all information from being “copied”, “rewritten”, and “reproduced” for inquiry.
D3 is introduced to the soil and water conservation engineering full life cycle operation, creating a brand new
conservation and control service module and achieving overall system optimization, providing integration service,

location-based service (LBS), and innovation service.

D3 includes 11 core operation systems and 5 service modules to manage the nation’s slopeland conservation and

control, establishes over millions of soil and water control information, and provides service to 6 sub bureaus, soil
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and water conservation units of each city and country government, relevant engineering consulting companies and
engineer associations. D3 targets users’ different needs to provide 5 types of service modules that not only elevate
usability and expedite effective service but also possesses the convenience of cross-device and cross-browsers.

The five types of service modules are:

3.1 “D3-Web-Intranet”, internal service platform web page

This service is offered to the users within SWCB through using account and password provided by SWCB on the
web page. All the conservation control business are categorized into 11 core databases for integration, using single
3D GIS data inquiry platform for all business data to conduct document inquiry by location and location inquiry

by document functions. Other complete functions are shown in the following figure.

Figure 2. Structure of “D3-Web-Intranet” system functions
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Figure 3. “D3-Web-Intranet” web page service module

3.2 “D3-Web-Intranet”, service platform for professionals web page

Professionals (engineering consulting companies, engineer associations, etc) are required to apply for using the
service through membership; and the basic functions are the same as D3-Web-Intranet. This service is open to the
public and thus sensitive information (such as cadastral data, etc.) and internal use functions will be filtrated before

offering to professionals for planning conservation and control.

3.3 “D3-Web-Theme Service”, open service platform web page

The service is provided according to the theme of current events through backend database management with
information co-construct mechanism. Manager could swiftly produce relevant theme service based on concurrent

event to provide general public and the media a display platform in releasing instant information.

3.3.1 Case application: post Typhoon Soudelor Nanshi River impact assessment

In the water clarity of Nanshi River that affected the domestic water use of greater Taipei area, D3-Web-Theme
Service quickly used theme map combination to calculate the area ratio of slopeland and forest compartment land
within the source water protection area (slopeland 31.9%; forest compartment land 66.4%), and displayed through

spatial information, grasping the information of historical landslide impact for the reference to decision makers.
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Figure 4 Nanshi River impact assessment theme map service

3.4. “D3-App-Public Service”, APP

This service is open to the public for free download, provides genera public with mapping service of the soil and
water control information such as debris flow potential rivers, impact range of debris flow potential rivers,
slopeland range, forest compartment land range and watershed area, etc. This service also provides LBS service
so that the users could acquire watershed area of users’ location, the nearby debris flow potential rivers, forest

compartment land and slopeland interpretation et al information.

3.5 “D3-APP-Professional Application”, APP

This service provides users at SWCB to use through internal account and passwords. In addition to soil and water
control GIS data service and LBS, this service also includes on-site survey repot and off-line application service
mechanisms. On the on-site survey report, users could fill out on-site survey information and photography the site
instantly through APP, combine with LBS analysis results and send back to internal database immediately for the
manager to grasp the on-site information at the same time, which also achieved paperless operation. On off-line
application service, users could use GIS data browsing service when there is no internet available; LBS analysis
service could also be conducted through SMS. This service is capable of adapting to harsh environment of

slopeland where no internet service is available, making it efficient in executing erosion and sediment control.

3.5.1 Application Case: post Typhoon Soudelor Nanshi River on-site survey

Waulai area was left without internet service after Typhoon Soudelor; the on-site survey utilized off-line application
service to conduct LBS analysis and off-line GIS data inquiry function to take hold of site environment factors,

photographed the site, and sent back to the system for follow up restoration planning.
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Figure 5 “D3-App” mobile APP service module

4. D3 system technology

D3 combines two major GIS service platform and provides system with 5 types of service module. Front end
service interface mainly uses Google Earth Enterprise private cloud steaming service mechanism to provide high
efficacy 3D GIS browsing mechanism. Back end database management mainly uses ArcGIC spatial database
management mechanism to provide complete interpretation to the information archiving and spatial analysis

inquiry mechanism. The relevant core technologies are as following:

4.1 Google private cloud platform — a safe 3D GIS data co-sharing environment

Google Earth Enterprise is an independent 2D/3D GIS earth databases, the set includes Google Earth Enterprise
Fusion, Google Earth Enterprise Server, Google Earth API, Google Mobile Solution, etc. and is capable of merge
and organize images, terrain elevation, vectors, models et al information and publishes through Google Earth
Enterprise server. By using comprehensive and easy to use Google Earth client interface, users can smoothly access
the data established by Google Earth Enterprise. Google Earth Enterprise supports over 1,000 users online, over
500 people connect to one single GIS data at the same time; and is equipped with mobile solution to provide

diversified use for smart phones.

4.2 Spatial information inquiry and analysis service

ArcGIS space database is the core for spatial inquiry and analysis, providing GIS data, spatial inquiry and analysis
service. This service develops multi period image inquiry, terrain cross-section analysis, earthwork analysis and

sediment budget module analysis et al spatial inquiry analysis functions.
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4.2.1 Multi period image inquiry

After user block selects a specific area on the platform, the system will analyze and compare with image database
through WMS (Web Map Service) technology for user to compare the changes in the past years immediately.
WMS is a map inquiry service of OGC (Open GIS Consortium); its original design concept is to collect database
geological and property information scattered across the internet to generate customized maps that are normally
saved under JPEG, GIF, or PNG formats. This function also supports SVG and WebCGM that are the most direct
tools to display visualized geological graphic information. The rule of WMS is the standard method in which the
client end requests GIS data from server end and how the server’s end presents the map data. WMS server end
interacts with users through http; therefore the user interacts with WMS server end by sending CGI (Common

Gateway Interface) parameter through URL.

Figure 6 Multi period image analysis function

4.2.2 Multi period terrain cross-section analysis

This function transfers topography information generated from years of satellite images, aerial images and images
taken by unmanned aerial vehicle (UAV) into spatial database for the use of cross-section analysis function. After
drawing a line on the system platform, the system will then bring out the list of multiple period topography
information of the area covered under the line; the user can select the desire terrain to perform cross-section
analysis. The system analyzes the terrain elevation data of each period, compares and calculates the difference and
uses line chart with terrain elevation to display cross-section analysis results on the platform. Users can easily and
immediately understand the earlier and later period terrain difference through graphic image and learn about the

terrain elevation information of one certain in each period.
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Figure 7 Multi period terrain cross-section analysis function

4.2.3 Multi period earthwork erosion analysis

Block select a set distance range on the platform, the system will automatically bring out the terrain information
of the blocked area from all period of time. Choose the desired information to analyze the terrain elevation
information and this function will compare the terrain change in earlier and later period, calculate the earthwork
difference and set corresponding colors for sectional height. It will then use grids to display the result on the
platform, using different color shading to represent the terrain information and sediment erosion of the area. SWCB
business unit uses the graphic result with sediment budget to analyze the watershed area sediment changing trend

as the reference for planning the watershed area sediment control engineering.
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Figure 8 Multi period earthwork erosion analysis function

4.2.4 Sediment budget management module

This function uses watershed area on main Taiwan island as the unit, and sediment investigation, monitoring and
assessing analysis result as the foundation to monitor watershed terrain change by diversified monitoring methods;
analyzes and assess watershed area slope sediment yield and river way erosion. The function also compiles statistic
figures of each year and sets up management module; it also estimates the possible future sediment change trend
through current sediment condition in watershed areas and the setting of precipitation event to serve as the vital
decision making reference for SWCB on watershed control. The system converts watershed GIS data to spatial
information database, using interface for graphics and display on system platform to present the connection of
watershed area upper and lower stream through data link. On the other hand, the system integrates the previous
data with annual sediment budget to display the “sediment yield, discharge and change” parameters of the analysis
figures by charts and line charts, using figures and graphic display for the business units to have a clear

understanding of the past, present and future change of watershed area.
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Figure 9 Watershed sediment budget management module function

5. Overall effect and conclusion

D3 was developed in 2014, working for SWCB from administration to functionality. Its GIS data integrated SWCB
own GIS data and connected to government’s other open data, consisted at a total of 2,547 theme graphic
information. The integrated database covered 11 business systems and developed 5 service modules; covering over
80% of the SWCB business. The internal system was utilized by 4,777 people per month by average, mostly during
the flood control season, with maximum 13,288 users on line on a single day, and at a monthly average of 33,268

browsing on the GIS data. Following are the overall effects:

5.1 Integrating soil and water control resources, shaping a brand building service module

Aside from integrating SWCB’s own spatial storage GIS data from the data end, D3 also integrates all conservation
control business system database from the business application end including engineering management and
assessment system; structure investigation system, natural disaster review, project management system,
conservation control enforcement plan management system, engineering drawing and document management
system, key control areas management system and sediment budget management system, etc. D3 consolidates
bureau resourcesby building 5 types of slopeland digital information service modules in oder to meet users’

different demands.

5.2 Co-constructing information elevates decision making efficiency
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D3 integrates resource horizontally; and on the vertical information supply end, the entrusted corresponding team
and hosting unit form a data co-constructing mechanism for the data end to self grow and examine to avoid
repeatedly investing data production cost, making slopeland data flowing fast both internally and externally, and

greatly elevates the decision making efficacy.

5.3 Open service combines strength of specialists, coheres the slopeland disaster prevention energy

Slopeland disaster prevention is a task that must be directed by the government yet also needs to combine with the
strength of civil professionals to predict and deploy ahead of time during prevention stage; and conducts immediate
rescue and speedy restoration during rescue stage. For that, D3 offers 2 open service modules hoping to combine
the strength of government and civil specialists, adding value through government resources and localized civil

information to cohere the slopeland disaster prevention energy.

5.4 Off line data support decision making

The off line application service of D3 can be used in the environment where no internet is available. The service
is suitable for slopeland site where the interest environment is harsh for performing on-site survey and data report,

which is helpful for executing relevant works.

5.5 Business system 3D mapping service

Previously, in addition to having large quantity of listed information, information on terrain change was the
highlight of slopeland disaster prevention decision making. D3 introduces 3D spatial mapping service to conduct
spatial management on the listed information; on the other hand, D3 also integrated and released terrain
information through functionality, including multi period terrain cross-section survey, multi period earthwork

erosion and sediment budge calculation, etc functions to provide users reference in making decision.

6. Reference

D3 system maintenance and function expand project, Soil and Water Conservation Bureau, Council of Agricultural,
Executive Yuan (2015)

Google Earth Enterprise result display platform system maintenance and function expand project, Soil and Water

Conservation Bureau, Council of Agricultural, Executive Yuan (2015)
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NEAR-ROAD ENVIRONMENT SENSITIVITY ANALYSIS FOR HEAVY
VEHICLE FREIGHT TRANSPORTATION BY BIM AND GIS
INTERGRATION SYSTEM

Yongze Song, Xin Liu, & Xiangyu Wang

Australasian Joint Research Centre for Building Information Modelling, School of Built Environment, Curtin

University, Australia

Yi Tan, & Jack C.P. Cheng

Department of Civil and Environmental Engineering, The Hong Kong University of Science and Technology, Hong
Kong

ABSTRACT: Heavy vehicle freight transportation is one of the most important sources of urban air emissions,
which has severe impact on near-road environment and surrounding communities. Currently, transportation
departments have tried to manage heavy vehicles with policies of road levels and restrictions. Heavy vehicles
could only be driven on certain roads or in limited periods, so that their impacts on the near-road environment can
be reduced. In addition, they intend to charge for the environment destruction behaviours of heavy vehicles.
However, the policies and charges are limited in quantitative and geographically local measurement and evaluation
of the road damage and environment threats. They are the key to evaluate the near-road environment sensitivity
related to freight transportation. The near-road environment sensitivity varies across the geographical space, and
is also related to the loading and basic conditions of heavy vehicles. Therefore, it should be analysed from two
aspects: road maintenance and environment carrying capacity. Multiple proxy variables are used for depicting both
kinds of impacts of heavy vehicles. For road maintenance, building information modelling (BIM) provides detail
information of its proxy variables such as specifications of freight. The proxy variables also include heavy vehicles
conditions, their real loadings, and traffic volumes in each road sections from historical data. For environment
carrying capacity, the impacts of transportation emissions on local environment can be examined by spatial models
with its proxy variables land use conditions, levels of road networks, population density in urban areas, topological
relations between roads and nature reserves, etc. Therefore, with the quantitative analysis of the impacts of heavy
vehicles on road maintenance and environment carrying capacity, this research can generate near-road environment

sensitivity maps to improve the management effectiveness of freight transportation for transportation departments.

KEYWORDS: Freight transportation, Heavy vehicle, BIM, environmental sensitivity, spatial analysis.

1. INTRODUCTION

Air pollution is a primary risk to the environment and to human health. Ambient air pollution is estimated to cause
1.3 million annual deaths worldwide (Organization). Road traffic is usually the most important source of pollutant
emissions, especially in urban areas (Querol, Viana et al. 2007). Studies have demonstrated that traffic frequently

contributes 5-80% of airborne concentrations of particulate matters (PM) in different locations in the world (Pant
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and Harrison 2013). Traffic emissions also cause 26% of the energy-related greenhouse gases (GHG) globally

leading to severe air pollution (Chapman 2007, Xia, Nitschke et al. 2015).

Further, traffic-related air pollutant exposures are significantly related to various diseases including cardiovascular
diseases (Babisch, Ising et al. 1999), respiratory illnesses (Brauer, Hoek et al. 2002), pregnancy outcomes (Laurent,
Wau et al. 2013, Li, Laurent et al. 2016), and mortality (Kiinzli, Kaiser et al. 2000, Chandran, Kahn et al. 2013).
Longer periods spent near traffic emission sources leads to higher risk of exposure to traffic-related pollutants,
because concentrations of traffic related pollutants are much higher than those in ambient outdoor environments
(Westerdahl, Fruin et al. 2005, Zhu, Eiguren-Fernandez et al. 2007). In Austria, France and Switzerland, about half

of all deaths caused by air pollution are linked with road traffic (Kiinzli, Kaiser et al. 2000).

Western Australia is one of the places with the lowest emission concentrations in the world, but adverse health
effects are caused by local traffic air pollution. For instance, exposure to traffic-related air pollution in mid to late
pregnancy was associated with an odds ratio of 1.31 for foetal growth restriction (Pereira, Cook et al. 2012).
Particularly, risk of foetal growth restriction is higher for pregnancies with increased fine particulate (PMzs)

exposure in the second trimester than were other Australian pregnancies (Pereira, Bell et al. 2014).

Heavy vehicle freight transportation is essential for industrial development, since it is an important component of
industry and continuously promotes economic growth for most countries. However, it causes severe environmental
problems. Most heavy vehicles run on diesel engines, which are the primary sources of nitrogen oxides, PM and
GHG. These environmental problems still lead to a high risk for human health (Schreyer, Schneider et al. 2004,
Felder, Burgess et al. 2014).

Therefore, any decisions of transportation authorities to reduce the traffic environmental impacts have to include
heavy vehicle management. The efforts being made primarily consist of optimization of traffic management and
applying tighter emission standards (Chapman 2007, EC 2011). But the decisions design with the consideration of
heavy vehicle environmental impacts appears only in limited nations (Parrish and Zhu 2009). The decisions and
relevant research include the following aspects. (1) Direct traffic control. Aggressive emission controls on
automobiles and the limitations on heavy trucks have been practiced in Beijing. Chinese decision-makers are also
starting to pay attention to promote energy efficiency of freight transportation (He, Huo et al. 2005). The proposed
vehicle emission standards in China could help to decrease emissions by 50 - 83% compared with uncontrolled
scenarios (Huo, Zheng et al. 2015). (2) Emission control of certain particulates. Research in Belgium shows simple
reduction of emissions is costly and does not usually gain an overall benefit (Schrooten, De Vlieger et al. 2006).
Additionally, retrofitting particulate filters is beneficial for controlling PM emissions, but lacks the quantitative
consideration of other traffic emissions. (3) Changing speed limits. Speed management decisions have been
implemented in Barcelona to decrease traffic-related air pollution, with practical results demonstrating that
variable speed policy is a benefit for pollution reduction, but the policy of simple speed limit has no effect (Bel
and Rosell 2013, Bel, Bolancé et al. 2015).

Unfortunately, there is still limited quantitative evidence of decisions designed to address the problems of traffic

environmental impacts. Previous and current traffic-environment decisions lack the quantitative analysis of traffic
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environmental impacts. Though traffic environmental problems are significantly related to traffic emissions, road
and traffic conditions, and weather conditions, these parameters are not integrated into decision making processes.
In addition, the traffic-environment problems are not accurately managed and addressed by decision-makers due
to the lack of geographical considerations. Actually, the measurement and analysis of geographically related
regional environmental impacts caused by road traffic are practically useful and valuable (Kennedy, Cuddihy et al.
2007).

To address these gaps, development of geospatial models for mapping traffic environmental impacts is proposed
to make more flexible and accurate traffic-environment decisions for heavy vehicle freight transportation. With
the help of traffic network and volume data, near-road environmental sensitivity maps are generated for assessing

traffic environmental impacts.

2. DATAAND METHODS

The study area includes 43 local government areas (LGAs) in Wheatbelt region in Western Australia. Wheatbelt
region is one of the most important grain production regions in Western Australia. Heavy vehicle is a primary tool
for the transportation of grain and industrial production. In Wheatbelt, there are 3435 road segments distributed
within ten road networks by restricted access vehicles (RAVSs). The classification of RAV networks is based on
Prime Mover, Trailer Combinations - Vehicle Categories, RAV 2016. According annual report 2015, volumes of
traffic and heavy vehicle are monitored annually from 2008/09 to 2013/14 at 821 monitoring sites distributed in
Wheatbelt region. The daily volume of heavy vehicle is mapped in Figure 1. Seen from this map, only a quarter
of road segments are monitored. Volumes in most of road segments are not monitored, even though they are also
very important RAV networks. Therefore, it is necessary to predict heavy vehicle volumes in the road segment

without monitoring data before evaluating the impacts of heavy vehicle.

Geospatial models could be used to recognise spatio-temporal regulars, exploring potential factors, predicting
spaito-temporal variations and enabling decision making. Ordinary kriging, a widely used spatial interpolation
method in geostatistics field, is used to predict the distributions of heavy vehicle volumes. The primary idea is an
optimal and unbiased estimation for regionalised variables within a limited spatial area on the basis of variogram
theory (Goovaerts 1997). With this geospatial model, volumes of heavy vehicle in all RAV networks could be
predicted. Further, the near-road environmental impact is assessed by both volumes and masses of heavy vehicle

in road segments.
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Fig. 1: Volume of heavy vehicle at monitoring sites in Wheatbelt

3. RESULTS AND DISCUSSION

In this research, near-road environmental sensitivity is analysed and assessed using road segment based mass of
heavy vehicle and corresponding burden of road network. Road segment based mass of heavy vehicle is modelled
using geospatial interpolation method with RAV network and volume of heavy vehicle data. The predicted volume
of heavy vehicle is mapped in Figure 2. The prediction fitness between the predicted values and observations in
821 monitoring sites is R? = 0.59. Together with the mass information of each category of RAV network, the total
mass of heavy vehicle in each road segment is estimated in Figure 3. In general, both volume and mass are
relatively high in northern Wheartbelt region and low in southern part. The heavy vehicle prediction maps are
benefit for assessing traffic impact on environment, surrounding communities and road maintenance. Therefore,
road segment based mass reflects road burden. The more mass means more environmental and road maintenance

burden.

This research innovatively develops geospatial models that have been proposed in recent years but have yet been
used in the geovisualisation of traffic environmental impacts. Compared to previous methods, these models help
generate accurate traffic environmental impacts maps based on a limited number of observations. As the models
include a consideration of multiple variables, such as traffic volumes, road types and the attributes of heavy
vehicles, it is expected that the accuracy of predicting on-road and near-road environmental impacts will be

significantly improved.

208



Proceedings of the 16th International Conference on Construction Applications of Virtual Reality, 11-13 December 2016, HK

Air pollution is a primary risk to global climate change and human health, and road traffic is the primary source
of pollutant emissions. Freight transportation by heavy vehicle is essential for industrial development, but it also
causes severe environmental problems such as pollution, noise, land use deterioration and climate change risk. As
such, establishing flexible and accurate heavy vehicle-related decisions is imperative. This research provides
accurate and regional environmental impact maps of heavy vehicles under various scenarios. It will support
flexible decision making, such as variable speed decisions. Meanwhile, as the decisions are based on accurate
traffic environmental impacts maps, the use of such decisions can help mitigate the negative impacts of traffic on

the environment.

Fig. 2: Predicted volume in each road segment using geospatial models
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Fig. 3: Predicted mass of heavy vehicle in each road segment

4. CONCLUSION

Heavy vehicle plays an important role in freight transportation and economic development, but it has severe impact
on environment, surrounding communities and road conditions. This research utilises heavy vehicle road network
and volume in Wheatbelt region in Western Australia as an example to quantitatively explain the impact of heavy
vehicle. Geospatial models are used to predict road segment based volume and mass of heavy vehicle. Results
show that the prediction is accurate and reliable, which enables accurate geovisualisation with near-road
environment sensitivity maps. Accurate prediction maps are benefit for wise decision making on the economic
input and output, improving environmental performance of heavy vehicle, and regular road maintenance.
Therefore, this research proposes quantitative and geospatial methods for assessing the impact of heavy vehicle,

and provides accurate and high spatial resolution evidence for flexible decision making of heavy vehicle.
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ABSTRACT: 4 3D city model is important in architectural and construction industry. However, creating these 3D
models are labor-intensive. In order to automate laborious steps, a GIS (Geographic Information System) and CG
integrated system is proposed for automatically generating 3D building models, based on building polygons on a
digital map. These polygons are usually orthogonal. A complicated orthogonal polygon can be partitioned into a
set of rectangles. The proposed integrated system partitions orthogonal building polygons into a set of rectangles
and places rectangular roofs and box-shaped building bodies on these rectangles. Since technicians are drawing
these polygons manually with digitizers, depending on aerial photos, not all building polygons are precisely
orthogonal. But, when placing a set of boxes as building bodies for creating the buildings, there may be gaps or
overlaps between these boxes if building polygons are not precisely orthogonal. In our proposal, after
approximately orthogonal building polygons are partitioned and rectified into a set of mutually orthogonal
rectangles, each rectangle knows which rectangle is adjacent to and which edge of the rectangle is adjacent to,

which will avoid unwanted intersection of windows and doors when building bodies combined.

KEYWORDS: 3D building model, automatic generation, GIS, 3D urban model, building polygon, polygon

partitioning, shape rectification
1. INTRODUCTION

A 3D city model, such as the one shown in Fig. 1 right, is important in urban planning and gaming industries.

Urban planners may draw the maps for sustainable development. 3D city models based on these maps are quite

GISS Application GIS Module CG Module
(ArcGIS) (Python & Visual Basic) (MaxScript)

I *Acquire coordinates of | *Generate primitives
*Building Polygons on 2D | pyil ing polygons’ | of approprigte size,

Digital Ma vertices & attributes by | such as boxes forming
*Attributes 8eft below) such |[ Python including | parts of houses
as the number of stories || ArcPy(ArcGIS)
linked to a building - * Boolean operations
polygon *Partition to primitives to form
[>approximately ¢ arts of the house, E:>
orthogonal ~ polygons ¥ making holes in a

into a set  of | building body for
quadrilaterals doors and windows

*Rectify a set of | *Rotate and place 3D
quadrilaterals to be a | models
set of rectangles and
orthogonal to each | *Automatic  texture
other mapping onto 3D
models

Automatically generated 3D urban
Figure 1: Pipeline of Automatic Generation for 3D Building Models
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effective in understanding what if this alternative plan is realized. However, enormous time and labor has to be
consumed to create these 3D models, using 3D modelling software such as 3ds Max or SketchUp. In order to
automate laborious steps, we proposed a GIS (Geographic Information System) and CG integrated system for
automatically generating 3D building models, based on only building polygons i.e. building footprints on a digital

map shown in Fig. 1 left.

A complicated orthogonal polygon can be partitioned into a set of rectangles. The proposed integrated system
partitions orthogonal building polygons into a set of rectangles and places rectangular roofs and box-shaped
building bodies on these rectangles. In order to partition an orthogonal polygon, we also proposed a useful polygon
expression (RL expression: edges’ Right & Left turns expression) and a partitioning scheme for deciding from

which vertex a dividing line (DL) is drawn.

Since technicians are drawing building polygons manually with digitizers, depending on aerial photos or satellite
imagery as shown in Fig. 1 left, not all building polygons are precisely orthogonal. When placing a set of boxes
as building bodies for forming the buildings, there may be gaps or overlaps between these boxes if building
polygons are not strictly orthogonal. Our contribution is the new methodology for rectifying the shape of building
polygons and constructing 3D building models without any gap and overlap. In our proposal, after approximately
orthogonal buildina polvaons are partitioned and rectified into a set of mutually orthogonal rectangles, each
rectangle knows v . . angle is adjacent to and which edge of the rectangle is adjacent to, which will avoid

unwanted intersection of windows and doors when building bodies combined.
2. RELATED WORK

As Since 3D urban models are important information infrastructure that can be utilized in several fields, the
researches on creations of 3D urban models are in full swing. Various types of technologies, ranging from computer
vision, computer graphics, photogrammetry, and remote sensing, have been proposed and developed for creating
3D urban models. Procedural modelling is an effective technique to create 3D models from sets of rules such as
L-systems, fractals, and generative modelling language (Parish et al. 2001). Mdiller et al. (2006) have created an
archaeological site of Pompeii and a suburbia model of Beverly Hills by using a shape grammar that provides a
computational approach to the generation of designs. They import data from a GIS database and try to classify
imported mass models as basic shapes in their shape vocabulary. If this is not possible, they use a general extruded
footprint together with a general roof obtained by the straight skeleton computation defined by a continuous

shrinking process (Aichholzer et al. 1995).

By using the straight skeleton, Kelly et al. (2011) present a user interface for the exterior of architectural models
to interactively specify procedural extrusions, a sweep plane algorithm to compute a two-manifold architectural

surface.

More recently, image-based capturing and rendering techniques, together with procedural modelling approaches,
have been developed that allow buildings to be quickly generated and rendered realistically at interactive rates.

Bekins et al. (2005) exploit building features taken from real-world capture scenes. Their interactive system
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subdivides and groups the features into feature regions that can be rearranged to texture a new model in the style
of the original. The redundancy found in architecture is used to derive procedural rules describing the organization
of the original building, which can then be used to automate the subdivision and texturing of a new building. This

redundancy can also be used to automatically fill occluded and poorly sampled areas of the image set.

Aliaga et al. (2007) extend the technique to inverse procedural modelling of buildings and they describe how to
use an extracted repertoire of building grammars to facilitate the visualization and modification of architectural
structures. They present an interactive system that enables both creating new buildings in the style of others and

modifying existing buildings in a quick manner.

Vanega et al. (2010) interactively reconstruct 3D building models with the grammar for representing changes in
building geometry that approximately follow the Manhattan-world (MW) assumption which states there is a
predominance of three mutually orthogonal directions in the scene. They say automatic approaches using laser-
scans or LIDAR data, combined with aerial imagery or ground-level images, suffering from one or all of low-
resolution sampling, robustness, and missing surfaces. One way to improve quality or automation is to incorporate

assumptions about the buildings such as MW assumption.

Jianxiong (2014) presents a 3D reconstruction and visualization system to automatically produce clean and well-
regularized texture-mapped 3D models for large indoor scenes, from ground-level photographs and 3D laser points.
The key component is a new algorithm called “Inverse CSG” for reconstructing a scene in a Constructive Solid
Geometry (CSG) representation consisting of volumetric primitives, which imposes regularization constraints to
exploit structural regularities. However, with the lack of ground-truth data preventing them from conducting
guantitative reconstruction accuracy evaluations, they have to manually overlay their model with a floor plan

image.

By these interactive modelling, 3D building models with plausible detailed facade can be achieved. However, the
limitation of these modelling is the large amount of user interaction involved (Nianjuan et al. 2009). When creating
3D urban models for urban planning or facilitating public involvement, 3D urban models should cover lots of
citizens’ and stakeholders’ buildings involved. This means that it will take an enormous time and labor to model a

3D urban model with hundreds of building.

Thus, the GIS and CG integrated system that automatically generates 3D urban models immediately is proposed,
and the generated 3D building models that constitute 3D urban models are approximate geometric 3D building

models that citizens and stakeholder can recognize as their future residence or real-world building.

3. PIPELINE OF AUTOMATIC GENERATION

As shown in Fig. 1, the proposed automatic building generation system consists of GIS application (ArcGIS, ESRI
Inc.), GIS module and CG module. The source of the 3D urban model is a digital residential map that contains
building polygons linked with attributes data shown in Fig. 1 left bellow, consist of the number of storeys, the
image code of roof, wall and the type of roof (gable roof, hipped roof, gambrel roof, mansard roof, temple roof

and so forth). If a digital map is given, the only manual labor is to input these attributes. The maps are then
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preprocessed at the GIS module, and the CG module finally generates the 3D urban model. As a GIS module, a
Python program including ArcPy(ArcGIS) acquires coordinates of building polygons’ vertices and attributes.

Preprocessing at the GIS module includes the procedures as follows:

(1) Filter out an unnecessary vertex whose internal angle is almost 180 degrees. (2) Partition or separate
approximately orthogonal polygons into a set of quadrilaterals. (3) Generate inside contours by straight skeleton
computation for placing doors, windows, fences and shop fagades which are setback from the original building
polygon. (4) Rectify a set of quadrilaterals to be a set of rectangles and orthogonal to each other. (5) Export the
coordinates of polygons’ vertices, the length, width and height of the partitioned rectangle, and attributes of

buildings.

The CG module receives the pre-processed data that the GIS module exports, generating 3D building models. In
GIS module, the system measures the length and inclination of the edges of the partitioned rectangle. The CG
module generates a box of the length and width, measured in GIS module. In case of modelling a building with

roofs, the CG module follows these steps:

(1) Generate primitives of appropriate size, such as boxes, prisms or polyhedra that will form the various parts of
the house. (2) Boolean operations applied to these primitives to form the shapes of parts of the house, for examples,
making holes in a building body for doors and windows, making trapezoidal roof boards for a hipped roof and a
temple roof. (3) Rotate parts of the house according to the inclination of the partitioned rectangle. (4) Place parts
of the house. (5) Texture mapping onto these parts according to the attribute received. (6) Copy the 2nd floor to

form the 3rd floor or more in case of building higher than 3 stories.

CG module has been developed using Maxscript that controls 3D CG software (3ds MAX, Autodesk Inc).

4. FUNCTIONALITY OF GIS MODULE
4.1 Polygon Expression and Partitioning Scheme

At map production companies, technicians are drawing building polygons manually with digitizers, depending on
aerial photos or satellite imagery as shown in Fig. 1 and 2. This aerial photo and digital map also show that most
building polygons are approximately orthogonal polygons. An approximately orthogonal polygon can be replaced

by a combination of rectangles. When the vertices of a polygon are numbered in clockwise order and edges of a

polygon are followed clockwise, an edge turns to the right or to the left by 90 degrees. It is possible to assume that
an orthogonal polygon can be expressed as a set of its edges’ turning direction; an edge turning to the ‘Right’ or to
the “Left’.
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Fig.2: Building polygons on Fig.3: Two DLs from L vertex. 9 L
satellite image, expressed as a set  vertices, so 18 DLs can be drawn
of its edges’ turning direction; from each L vertex
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We proposed a useful polygon expression (RL expression: edges’ Right and Left turns expression) for specifying
the shape pattern of an orthogonal polygon. For example, an orthogonal polygon with 22 vertices shown in Fig.2
is expressed as a set of its edges’ turning direction; RRLRLRLRLRRRLLRRLRLRLR where R and L mean a

change of an edge’s direction to the right and to the left, respectively.

The more vertices a polygon has, the more partitioning scheme a polygon has, since the interior angle of a ‘L’
vertex is 270 degrees and two DLs (dividing lines) can be drawn from a L vertex. In the polygon shown in Fig. 3,
there are 9 L vertices, so 18 DLs can be drawn from each L vertex as shown in dotted lines. In our proposal, among

many possible DLs, the DL that satisfies the following conditions is selected for partitioning.
(1) A DL that cuts off "one rectangle’.

(2) A DL whose length is shorter than the width of a ‘main roof’ that a ‘branch roof” is supposed to extend to,

where a "branch roof”’is a roof that is cut off by a DL and extends to a main roof.

How the system is finding ‘branches’ is as follows. The system counts the number of consecutive ‘R’ vertices
(=nR) between ‘L’ vertices. If nr is two or more, then it can be a branch. One or two DLs can be drawn from ‘L’
vertex in a clockwise or counter-clockwise direction, depending on the length of the adjacent edges of ‘L’ vertex.
How the DL is drawn (clockwise or counter-clockwise), that is, ‘dividing pattern’ is used for reconstructing a

rectified polygon and saved at the divided rectangle.

4.2 Process of Polygon Partition and Shape Rectification

Fig.4 shows detailed process of polygon partition and shape rectification, generation of a 3D building model. The

system executes the partitioning procedure as follows:

217



Proceedings of the 16th International Conference on Construction Applications of Virtual Reality, 11-13 December 2016, HK

(1) Classify the branches by the number of successive ‘R’ vertices, and the length of the edge especially incident

to ‘L’ vertex, and dividing pattern. (2) Check whether the DL is satisfying three conditions or not, by measuring
the distance between the DL and other edges in the same polygon, which will be the width of the main roof. (3) If
the DL satisfies the conditions and is given the highest priority, then the position of the intersection between the
DL and edges is calculated. (4) Set the erase flags for the vertices of the branch that are cut off from a body polygon,
and a new vertex that is the intersection will be included by the body polygon. (5) Measure the edge length and

inner angle of the polygon’s vertices, and acquire edges’ Right and Left turns expression (RL expression).

This partitioning procedure continues until the number of the vertices of the body polygon is four. In Fig.4 (2) in
upper row, branch quad is divided by DL1 which is a Forward Dividing Line (FDL) in terms of polygon vertices
numbering (clockwise). In Fig.4 (3) in upper & middle row, branch quad is divided by DL2 which is a Backward
Dividing Line (BDL) drawn in the opposite direction (counter-clockwise). The dividing pattern is defined by this
FDL or BDL.

A branch quad divided by DL1 in Fig.4 (2) in lower row is given the highest priority for partitioning, since this
partition reduces the number of the vertices of the body polygon by four. A branch quad divided by DL1 in Fig.4
(2) in upper & middle row are given the less priority for partitioning, as these partition reduces the vertex number
by two. Thus, the system is giving each DL the degree of priority for partitioning, and the partitioning by the DL

of the highest priority will be executed. Two DLs satisfying first two conditions can be drawn from the same
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vertex, such as ‘A’, shown in Fig.4 (2) in lower row. But, the third condition excludes the longer DL, since
condition third demands a DL whose vertices are not shared by another DL, which will prevent unnecessary
dividing. A shorter DL is selected for partitioning. After remaining body polygon’s vertex number is four, the
shape rectification begins by transforming the remaining polygon into a rectangle, as shown in Fig.4 (5). An active
branch quad will start to search for an adjacent quad in reverse order from the last divided branch. The active quad
will find a neighboring quad by using quad’s vertices position of before rectification. Therefore, each quad instance
has double vertices positions of before and after rectification. When forming the branch rectangle and branch roof

rectangle, the system is using quad’s vertices position of after rectification.

4.3 SHAPE RECTIFICATION
Specifically, the rectification procedure is implemented to the polygon shown in Fig.5, which shows the process
of polygon partition and shape rectification, automatic 3D modelling. Before polygon partitioning, all edge length
and edge inclination of the polygon are measured, and the length of all edges are sum up according to the snapped
angle of all edge inclination. Then, the angle for a longest sum up edge length can be adopted as the ‘main angle’
of the polygon, which will be then used as the inclination of all partitioned rectangles. After GIS module measuring
the length and inclination of all edge of the partitioned polygon, i.e., a quadrilateral (‘quad’ for short), the edges
are categorized into a long edge (w_L or edgel?) and a short edge (w_S or edge23). A partitioned quad
(quadrilateral) is numbered clockwise with the start point of a longest edge facing right as ptl (al, bl,..) or with

the start point of a longest edge facing left as pt3 (a3, b3,..) as shown in Fig.5 (a).

When a quad is cut off, the dividing pattern and which edge of the quad is cut off (active edge i.e. DL: Dividing
Line) is saved at the quad. During the searching stage, an active quad will search for an adjacent quad by locating
which quad the checking point on the active edge contains, and then checking on which edge of the adjacent quad
the checking point is. In case of quad (1) in Fig.5 (a), DL (a3a4) will be an active edge, and search for an adjacent
quad. After searching and having found out the adjacent quad is quad (4) and the adjacent edge is m1m2 of quad
(4), the mutual vertex is a3(=m2), which the rectification procedure uses as a ‘standard position (generatrix)’ for

rectification, since this vertex is shared by two quads and could be an origin of local coordinates.
The rectified positions of the vertices of quad (1) are calculated as follows.

al.x=m2.x + w_S*cos0- w_L*sin0

al.y=m2.y + w_S*sin0+ w_L¥*cos0
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a2.x=m2.x +w_S*cos0: a2.y=m2.y + w_S*sin0

ad.x=m2.x - w_L*sin0: ad.y=m2.y + w_L*cos0

where 0 is the main angle and w_S is the average length of two short sides of the rectangle, and w_L is the
average length of two long sides of the rectangle. In case of quad (3), the mutual vertex is c2(=m4), which the
rectification procedure also uses as a standard position for rectification. The rectified positions of the vertices of

quad (3) are calculated as follows.

cl.x=m4.x - w_L*cos0 : cl.y=m4.y - w_L*sin0
c3.x=m4.x + w_S*sin0: c3.y=m4.y - w_S*cos0
c4.x=m4.x - w_L*cos0+ w_S*sin0

cd.y=m4d.y - w_L*sin0- w_S*cos0

The rectified positions of the vertices of a branch quad in other cases are calculated likewise according to the

dividing pattern and which edge of the branch quad is cut off.

5. FUNCTIONALITY OF GIS MODULE

As shown in Fig.1, the CG module receives the pre-processed data that the GIS module exports, generating 3D
building models. The pre-processed data includes the following data; the number of partitioned rectified quads,
vertex coordinates of rectified building body quads and rectified roof quads, lengths and inclinations of the long
and short edge of the quads (w_L, w_S), attributes linked with building polygon consisting of the number of
storeys, the image code of roof, wall and the type of roof (flat, gable roof, hipped roof, oblong gable roof,
gambrel roof, mansard roof, temple roof and so forth). Depending on these data, a CG module generates 3D

building models. Fig.6 shows the generation process of a hipped roof house model by CG module.

As mentioned earlier, the GIS module partitions and rectifies approximately orthogonal building polygons into a
set of rectangles, and the CG module places rectangular roofs and box-shaped building bodies on these rectangles,
depending on the front view and ground plan such as Fig.7 and Fig.8. The vertices of the rectangle are numbered
clockwise with the upper left vertex of a long edge being numbered “pt1’ as shown in Fig.8, ‘ground plan’ of a
gable roof. The length of edge12 and edge23 are w_L and w_S respectively.

In 3ds Max used for the creation of 3D models, each building part or primitive has its own control point (‘cp’) and
local coordinates that control its position and direction. The position of a ‘cp’ is different in each primitive. As
shown in Fig.8, the top of a gable roof consists of two roof boards (two thin boxes). Since the ‘cp” of a box lies in
a center of a base, it is placed on the point that divides the line through pt12 and pt34 at the ratio shown in ground

plan. The height of the ‘cp’s of two roof boards is shown in the front view of a gable roof (Fig.7).

The CG module’s generation process for modeling a hipped roof house is as follows.
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(1) Generation of primitives of appropriate size, such as boxes, prisms that are the parts of the house: For example,
the length and width of a box as a house body are decided by the rectangle partitioned and rectified in GIS module.
As shown in Fig.8, the length of a box will be w_L and the width of a box will be w_S. Also, the length of a thin
box as a roof board is decided by the rectangle partitioned while the width of a roof board is decided by the slope

of the roof given as a parameter, as shown right in Fig.7.

(2) Boolean operation on these primitives to form the shapes of parts of the house: for examples, making holes in
a house body doors and windows, making trapezoidal or triangular roof boards for a hipped roof. The size and
position, number of the holes are decided by the given parameters.

(3) Rotation of parts of the house: Parts of the house are rotated depending on the direction of the rectangle
partitioned. The roof boards are rotated so as to align them according to, respectively, the slopes of the roofs.

(4) Positioning of parts of the house: Parts of the house are placed depending on the position of the rectangle
partitioned. For example, the control points of roof boards are placed as shown in Fig.7 and Fig.8.

(5) Texture mapping onto these parts according to the attribute data, such as image code of wall and roof, stored

and administrated at GIS application.

(6) Copying the 2nd floor to form the 3rd floor or more in case of building higher than 3 storeys according to the

attribute data, the number of storeys as shown in Fig.6 (f).
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6. EXAMPLES and CONCLUSIONS

Here are the examples of rectification of approximately orthogonal building polygons and an automatically
generated 3D urban model in Fig.9. At map production companies, technicians are drawing building polygons
manually with digitizers, depending on aerial photos or satellite imagery as shown in Fig.9 (a), not all building
polygons are precisely orthogonal. However, creating 3D building models are expected to be orthogonal. When
placing a set of boxes as building bodies for creating the buildings, there may be gaps or overlaps between these

boxes if building polygons are not precisely orthogonal.

In our system, since approximately orthogonal building polygons are partitioned into a set of rectangles and
rectangles’ adjacencies are revealed, one can build a 3D building on each rectangle individually, knowing which

rectangle is adjacent to.
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In our proposal, the new methodology is proposed for rectifying the shape of building polygons and generating
3D building models without any gap and overlap. After approximately orthogonal building polygons are
partitioned into a set of mutually orthogonal rectangles, each rectangle knows which rectangle is adjacent to and

which edge of the rectangle is adjacent to, which will avoid unwanted intersection of windows and doors when

building bodies combined for automatic generation of 3D building models.

Our future work includes extension of geometric primitive types to more shapes, such as elliptic cylinders or

spheres.
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ABSTRACT: Advanced technologies such as sensing and visual technologies potentially improve the efficiency of
urban management systems. Modern technologies such as web-based intelligent and positioning systems by
different applications are used extensively by the urban planners and are accessed by the technology users.
However, studies about factors affecting the users’ decision (e.g. urban experts, managers, and citizens) to use
new technologies are scarce. Therefore, the purpose of this study is to develop a novel model to predict the
acceptance of new urban technologies (including transportation and urban management systems) in metropolises.
The proposed model includes 13 factors affecting the users’ decision such as ‘ease of use’, ‘performance’, and
‘perceived empathy’. The model was cross-validated by the result of a survey including 52 independent variables
such as cost reduction, ease of use, time saving, and comparative advantage. Confirmatory factor analysis
technique was employed to identify key factors, and the data prioritization technique was also utilized to determine
the effect of the technology attributes (e.g. the technology usefulness and productivity). The factors also ranked by
participants from three metropolises and discussed. The results show that the five key factors have a high impact
on the technology acceptance. the proposed Metropolitan Technology Adoption Model (MTAM). This study
considers transportation and urban technologies to predict technology acceptance. The MTAM enables local
governors to predict the user s behaviors in the acceptance or rejection of the technology before they invest in a
modern technology at a metropolitan-wide. It also assists innovators to understand users’ interest and behavior

when developing a new technology.

KEYWORDS: Urban Technology, Metropolitan, Acceptance Model, Factor, Urban user, Adoption.

1. Introduction

New technologies have become increasingly an important tool to enhance the efficiency of urban management
systems. A great amount of data is required for urban policy makers to make agile decisions for transportation
and any types of city services. While utilization of new technologies is identified crucial across many disciplines,
the investigation of the technology adoption process for urban management systems is totally ignored. In addition,
far too little attention has been paid to the urban technology adoption barriers and users’ attributes, the perception
of the technology advantages and technology usefulness. Technology adoption has been investigated from different
perspectives such as socio-economic perspective, psychological perspective, management systems in information
and communication systems. Most studies in the field of urban technology have only focused on developing and
utilizing urban technologies to solve current urban problems. However, the present paper focuses on the

relationship between critical factors that may influence the trend of urban technology. In this case, it’s expected
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that by using more technologies, urban management systems can become smarter and urban user's quality of life
will be improved. The results of this study are important for managers and urban planners because these results
would assist them to predict the rate of urban technology acceptance. In addition, understanding drivers and
barriers to the urban technology adoption will assist policy makers and decision makers to make realistic decisions

about the application of different types of technologies in cities.

This paper is organized in five parts. First, the relevant literature is reviewed to identify the research gap and
develop the initial urban technology adoption model. Next, the conceptual model is discussed including key factors.
Then, the research method is designed and Confirmatory Factor Analysis (CFA) is chosen to analyze the

guantitative data. Next, the developed technology adoption model is validated and limitations are discussed.

2. Theorizing Urban Technology Adoption Process

Technology Acceptance Model (TAM) (Venkatesh, Morris, Davis, & Davis, 2003) suggests key factors that may
influence users’ decision to use a new technology. This model is based on a psychological theory which is called
the theory of planned behavior (Ajzen, 1991). In addition, Reasoned Action Theory (Fishbein & Ajzen, 1975) is
used to explain the behavior of persons. This theory states that most social behaviors, are under voluntary control,
therefore their behavior are predictable from their intent. TAM is known as one of the most useful theories in
information systems and cited by scholars in different disciplines considerably. Two main factors of TAM are
perceived ease of use and perceived usefulness. Perceived ease of use refers to "the degree to which a person
believes that using a particular system would be free of effort" (Davis, 1989). Also perceived usefulness factor is
defined as "the degree to which a person believes that using a particular system would enhance his or her job
performance (Davis, 1989). The other theory which discusses technology adoption by urban users is Diffusion on
Innovation Theory (Rogers, 1995). This theory is a socioeconomic model based on individuals’ social relations.
The most important factor of this theory is compatibility with other technologies which currently being used by
the users. This element offers an understanding of the innovation consistent with existing values, beliefs,
experiences and needs of its merchants (Sargolzaei, Sepasgozar, & Moradi, 2015). Main models are presented in

Figure 1.
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Fig 1: Visual representation of common models

Transaction Cost Analysis (Williamson, 1981) examined the economic burden and tried to explain why companies
exist, and what companies expand. This theory also contributes to understanding of the reasons why companies
need to employ new technologies from a cost perspective. The main factor extracted from this theory that has been
used in his research, ‘cost reduction’ factor, which is expected to reduce the cost according to user expectations to
save on running costs (Chiu, Hsu, & Wang, 2006). In addition, Social Cognitive Theory (Bandura, 1986) offers
useful and appropriate constructs for understanding individual behavior towards technology adoption. In fact, this
theory examines the social effects on individual behavior. This theory includes three main factors: self-efficacy,
expectations and applicability of the technology. Since users are a part of a social network, factors of the social
cognitive theory are adopted in the present paper such as self-efficacy and work facilitation related to self-efficacy,
cost reduction .energy saving .time-saving related to expectations of applications, and low-quality services related
to the concerns of applications. Self-efficacy refers to the efficient user to ensure his personal performance and
also work facilitating factor refers to doing things the way they are now preferred over deals done (Karimi &
Niknami, 2011). Energy saving factor may be considered an important factor and it refers to the advantages of the
technology use to prevent the circumstances that resulted in the loss of time (Chiu et al., 2006). Low quality service
is also considered as an important factor in social cognitive theory referring to the poor quality of service (Bandura,
1989).
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Trustworthiness theory is defined as a set of beliefs about the other party that facilitates willingness. Drawing on
the theory of reasoned action (TRA), researchers have explored the critical role of trustworthiness (trusting beliefs)
in consumer decision making because trusting beliefs (trustworthiness) lead to trusting attitude (consumer trust),
which result in trusting intentions or behavior (Akter, D'Ambra, & Ray, 2011). Perceived Security factor and
Perceived Reliability factor are selected to represent this theory. Perceived Security refers to understand about a
person's financial and personal abuse feel safe focuses on online networks. Perceived Reliability refers to
understand the trust and confidence of the technical function of the site is correct and accurate services that promise

is given in the notes (Carter & Belanger, 2005).

From a management perspective, Damanpour and Schneider (2013) discusses organizational factors which may
affect the process of technology adoption in local governments. This theory is known as Adoption of Innovation
in Organization and examines a series of factors such as technology relative advantages, organizational factors and
operation. Relative advantages refer to the understanding of innovation as a superiority and priority compared to
their previous conditions (Rogers, 1995). The operation also refers to the awareness of citizens to take advantage
of modern technology to facilitate daily works (Sargolzaei et al., 2015). To clarify the psychological, administrative

or economic factors of technology adoption, an initial structure of the model is developed in Figure 2.

\—QQDMS—‘ ‘ Theories ‘ ‘ Proposed outcome
‘ SE (Self-Efficacy) “7

WE (Work Facilitatina)
LOS (Low OQuality Services) |™ —@7

‘ ES (Energy Saving) “7

D

‘ TS (Time Saving)

CR (Cost Reduction

. -
PEOU (Perceived Ease Of Use) < |
<—m

‘ PU (Perceived Usefulness) ‘

| CT (Compatibility)
‘ PSY (Perceived Securitv) ‘ < ;

PREL (Perceived Reliability)
‘ RA (Relative Advantages) ki
‘ OPER (Operate) Fi

Fig 2: Extracted constructs from used theories in this research

The proposed model is based on an extensive literature review including the theory of planned behavior, diffusion
of innovation, technology adoption model, and social cognitive theory as discussed above. Then a questionnaire
was designed to test the basic model including proposed factors, and the data were collected accordingly. Figure
3 shows proposed a sequential framework to validate technology adoption by citizens who are using Metropolitan
Urban Technology Adoption Model (MTAM).
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Fig. 3: Metropolises' Users Technology Adoption flowchart

3. Research Methodology

The aim of the study is to identify the main factors influencing user decision to select and use new urban
technologies and systems. The confirmatory factor analysis technique was selected to investigate the user's
technology adoption model that are living in metropolitans and use new technologies. In total, 315 questionnaires
containing 52 questions covering 13 factors were distributed. Some of factors which are asked in the questions
covers self-efficacy (SE), work facilitating (WF), operate (OPER), perceived ease of use (PEOU). Based on the
proposed factors, the participants are randomly selected and were asked to complete the questionnaire in a hard
copy format. For example, it is asked the participants to describe if the utilization of e-service systems is useful.

How ease of use is to work with the e-service systems.

The survey is conducted by the first author in the case cities by distributing hard copies of the questionnaire. The
respondents were selected randomly from the citizens who are familiar with the current online services. These
participants are important to the study, because they experienced at least one of online services provided by city
councils and their opinion is important to the urban management systems. The survey response rate was
overwhelming; 0.75%, 91%, and 95% for three metropolitans. The sample includes a variety of people in terms of
education and gender to make. Smart PLS software was utilized to perform and validate the structural equation

model.

4 Analytical Framework

The measurement models and the final quality of model must be evaluated by utilizing the confirmatory factor
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analysis in the structural equation modeling. The results of the analysis are provided in the following section.

In this part, the questions related to each factor are called items. Loading factor coefficients corresponding to each
factor in this research are shown in table 1. For reliability purposes and covering the designed questions a test is
conducted which is based on measuring the factor loadings. Accordingly, any factor loading on a related item
should be greater than the optimal amount 0.7 (Ringle, Wende, & Will, 2005). Thus, as it can be seen in Table 1,
the factor loading for any factors are more than 0.7 and so it is desirable, and this shows the factor loadings of each

related item is acceptable. Reliability refers to the accuracy and precision of a measurement procedure.

Reliability may be viewed as an instrument’s relative lack of error. In addition, reliability is a function of properties
of the underlying construct being measured, the test itself, the groups being assessed, the testing environment, and
the purpose of assessment. Reliability answers the question, how well does the instrument measure what it purports
to measure? . Cronbach's alpha, composite reliability and convergent validity are three various methods for
measuring the reliability of indicators. Cronbach's alpha coefficient shows the internal consistency reliability of
each factor and questions. The Cronbach's alpha value is closer to 1; the reliability a questionnaire is greater. But
the appropriate Cronbach's alpha is 0.7 (Cronbach, 1951) . In this study, only energy saving factor has Cronbach's

alpha coefficient less than 0.7.

There are another criterion called composite reliability or p Dillon-Goldstein in CFA method performed by the
smart PLS software. This means that the reliability of each factor is evaluated separately; as a result, the

composition can be more reliable.

Table 1: Load Factor for each item on its associated structures

CR ES OPER PREL RA
CR1 | 0.769 ES1 0.923 OPER3 0.904 PREL6 0.865 RA1 0.828
CR2 | 0.884 ES2 0.756 OPER4 0.821 PREL7 0.819 RA2 0.901
CR3 | 0.832 WF PEOU PSY RA3 0.818
CR4 | 0.751 WF1 0.923 PEOU1 0.906 PSY1 0.871 RA4 0.797
CT WF2 0.881 PEOU2 0.901 PSY2 0.853 TS
CT1 | 0.789 WF3 0.917 PEOU3 0.791 PSY3 0.886 TS1 0.81
CT2 | 0.763 LQS PEOU4 0.902 PSY4 0.836 TS2 0.915
CT3 | 0.867 LQS1 0.844 PREL PU TS3 0.848
CT4 | 0.821 LQS2 0.868 PREL1 0.705 PU1 0.887 TS4 0.888
SE LQS3 0.895 PREL2 0.735 PU2 0.89
SE1 0.92 OPER PREL3 0.764 PU3 0.868
SE2 0.929 OPER1 0.897 PREL4 0.802 PU4 0.888
SE3 0.898 OPER2 0.865 PREL5 0.715 PU5 0.782
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To obtain composite reliability (Dillon-Goldstein coefficient) if its value is more than 0.7 (Nunnally, 1978), the
block is one dimensional. To diagnose whether the block is one dimensional or not, Dillon-Goldstein coefficient
has better indicator towards Cronbach's alpha coefficient. That’s because the Cronbach's alpha is based on variables
equivalence. It’s supposed that all of the observed variables are as important as other variables, but Dillon-
Goldstein coefficient had different assumption and been computed according to results of loading factors and its
model. As shown in the third column of table 2, this coefficient is more than 0.7, and this matter confirms that

blocks are one-dimension.

Table 2. Value of coefficients, ¢ definitional course and specified variance of any factor

Cronbach's alpha Dillon-Goldstein

Factor AVE
coefficient coefficient

Cost Reduction 0.82 0.88 0.66
Compatibility 0.83 0.88 0.66
Self-Efficacy 0.9 0.94 0.84
Energy Saving 0.62 0.83 0.71
Work Facilitating 0.89 0.93 0.82
Low Quality Services 0.84 0.9 0.76
Operate 0.89 0.93 0.76
Perceived Ease Of Use 0.9 0.93 0.77
Perceived Reliability 0.89 0.91 0.6
Perceived Security 0.88 0.92 0.74
Perceived Usefulness 0.91 0.93 0.75
Relative Advantages 0.86 0.9 0.7
Time Saving 0.89 0.92 0.75

In PLS modeling, one of the suitable criterions to evaluate an external model is that the factor should have most
common variance with its own items towards its sharing with other factors in one determined model. To
accomplish this evaluation, average variance extracted (AVE) is suggested to be tested. It refers to the average of
common variance between the factor and its items. This criterion that is justifiability indicative of measurement
tools, it’s supposed that the aimed factor have more common variance with determined items towards of any other
factor. Researchers suggest values 0.5 or more of average variance extracted, it means aimed structure specifies
its marker variances about 50% or more (Fornell & Larcker, 1981). This value is shown in fourth column table 2.
All of the discussed criterions about factors reached to a suitable value, reliability situation and convergent

justifiability of research model are assorted.

According to Table 2 error value of 0.01 is meaningful for all courses among the factors of the present research,
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so structures have enough validity. As discussed above, specified value of variance for any factor shows

importance rate and the role of that factor or agent. So, based on the table 2 priority of agent could be classified.

In next step, the value of the indicator of suggested overall evaluation of model must be surveyed. Computing

method of indicator of general practice of model (GOF) is explained:

GOF = \/Communalltles x R?

Reached values of Communalities, is obtained from average of communal values of all structures and value of
R2is obtained from value of R Square of all structures of the model. Therefore, value of GOF for discussed model

will attain by:

GOF = +/Communalities x R2 = v0.72 x 0.67 = 1/0.482 = 0.69

Wetzels and his teammates recommended three values of 0.01, 0.25 and 0.36 as weak, normal, and strong values
for GOF (Wetzels, Odekerken-Schroder, & Van Oppen, 2009) and obtaining the value of 0.69 for GOF about
present research model, is suitable confirmation of general model practice. In fact, confirmatory factor analysis of

this research shows that items of aimed questionnaire can specify the determined factors (Wetzels et al., 2009).

5. Discussion

The purpose of this study was to develop a model to anticipate metropolitans' users' modern technology adoption.
The theories and technology adoption models were studied in the literature review. Second, for representing a
suitable model according to Iranian urban residents a prior model has been tested. In this model 13 factors in
confirmatory factor analysis were studied. So explained variance for each of them refers to the importance and
role of each factor in the model. The results from analyzing collected data in Smart PLS software was presented
in the figure 4. This priority for MUTAM factor model is in accordance with Table 3. From urban residents
questioned perspective, among the factors of the model, Self-efficacy factor, Operate factor, Work Facilitating,
Relative Advantages and Compatibility factor are prioritized from first to fifth. But the scores of these factors are
very close to each other based on the urban resident visions. Hence, they can be considered significant. These
results show urban residents questioned understand the importance of modern technology adoption for living in a
successful urban life according to the terms of developments in the world. After five first factors, perceived
reliability factor is prioritized in sixth with not so much difference in the score from the previous factors.This
indicates that after the adoption of operation of the modern technology is important for urban users, understanding
the reliability of the technology for users is an important position, so that they could rely on technology to do
things in a better way. The similar score between this factor and the next forth factors which are included Perceived
Usefulness, Perceived Ease of Use, Time Saving, and Cost Reduction shows urban users to facilitated the tasks
and reduce the direct and indirect costs of living in metropolitans are willing to use the technology. Finally, the
last factors which are at the end of prioritized list of factors are Low-Quality Services, Perceived Security, and
Energy Saving. It can be because of the small importance of energy conservation in culture and social futures of
respondents. The abundant energy resources in the country on the one hand and the relatively low cost of energy

on the other hand, low cost of fossil fuels for energy, especially compared to other current costs of living such as
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rent of housing, is another factor to reduce the importance of this factor among questioned urban user. Totally,

urban users do not pay attention to economize in energy conservation.

Fig 4: Output of Smart PLS software, the conceptual structure model in this research

Table 3: prioritise factors in the analysis of the models reviewed

prioritize prioritize factors in the Extracted variance
T analysis of MUTAM
1 Self-Efficacy 0.803
2 Operate 0.784
3 Work Facilitating 0.762
4 Relative Advantages 0.759
5 Compatibility 0.758
6 Perceived Reliability 0.709
7 Perceived Usefulness 0.682
8 Perceived Ease Of Use 0.671
9 Time Saving 0.642
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10 Cost Reduction 0.633
11 Low Quality Services 0.545
12 Perceived Security 0.52
13 Energy Saving 0.427

6. Conclusion

The purpose of this study was to develop a model for predicting urban technology adoption. In order to achieve
this, an extensive literature review has been done, and the initially the Metropolitan Technology Adoption Model
was proposed. A quantitative method was employed to examine and validate the model including 13 proposed
factors. A total of 415 questionnaires were collected from different urban technology users who are randomly
recruited and answered to 53 questions each referring to a specific variable. The conformity factor analysis method
was employed and analyzed using Smart PLS program. The results show that 13 factors are reliable and the
questions measuring each factor are meaningful. The Cronbach's Alpha coefficient was lower than 0.7 only in the
case of ‘Energy Saving’. The results from the analysis assisted the researchers to prioritize factors based on their
importance to each group of participants in different metropolitans. In this prioritizing process, five factors such
as self-efficacy, operate, work facilitating, relative advantages and compatibility are positioned from one to fifth,
where their scores are too close to each other. The result shows that technology users are interested in taking
advantage of modern technologies as a part of modern urban services. The model provides an important tool for
urban planners to predict and evaluate the process of technology acceptance for the technology they are planning

to use in their organizations.
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ABSTRACT: The Construction Industry in the Middle East is growing at fast pace owing to the long-term
commitments in infrastructure and event-driven opportunities. Taking the case of U.A.E alone, being the host of
Expo2020, there are numerous transportation and tourism projects which are expected to be awarded. In the
backdrop of these projects, tools such as BIM (Building Information Modelling) and GIS (Geographical
Information Systems) which have revolutionized the AEC(Architecture, Engineering and Construction) industry
globally are also perceived to have great potential in the U.A.E. While asset owners have accepted them
independently, there are limitations for both which can be overcome by an integrated model. This research paper
investigates the scope and relevance for the implementation and integration of BIM and GIS in U.A.E in the context
of regular construction, historical buildings and complex projects (projects that involve a huge amount of data).
These complex projects in particular, hold a lot of importance in the current scenario of having projects like GCC
rail and expansion of the Dubai Metro. In this paper, the current trends and scope are discussed based on the
findings of a survey conducted amongst a sample size of 60 professionals associated with the construction industry
in the U.A.E. The survey indicates that BIM and GIS are still in its infancy in the U.A.E. However, the research
also identified that there is great potential in its integration considering the several big projects lined up. The
challenges of BIM-GIS and its integration are discussed and the paper concludes by stating that the U.A.E has

great scope for BIM-GIS integration if introduced in the right manner.

KEYWORDS: BIM, GIS, Integration, Complex projects.

1. INTRODUCTION
1.1 BIM and GIS — ABrief

Digital technology has brought about revolution all around the world. With remarkable transformation in the retail,
transport, financial and manufacturing industry, digital technology is changing the way we build, plan and use our
infrastructure. However, the construction industry has always been slow to embrace new technology and
innovative concepts (Stewart et al., 2002). Innovation in construction projects and its approaches has led to
fragmentation in the industry as there is now a diverse range of stakeholders involved right from

designers/engineers to the vendors/supplier(Kent and Becerik-Gerber, 2010).These stakeholders generate a wide
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range of information which forms part of the project document. However, this information from various

stakeholders tends to be left unregulated which can lead to complexities (Rezgui and Zarli, 2006).

BIM and GIS have gained popularity as digital tools that have great potential to transform the AEC industry
(Ebrahim et al., 2015) and offer solutions to reduce the above said fragmentation (Succar, 2009). Taking the case
of U.A.E too, BIM and GIS are revolutionizing the way companies are planning, designing, delivering and
managing assets. Despite the fact that both BIM and GIS have been embraced by asset owners independently, a
lot of the information they hold is stored in separate databases that do not interoperate with each other leading to
the duplication of effort and complex management of separate workflows (AECOM, 2015).This in turn has paved
way for the researches, studies and attempts to generate an integrated BIM-GIS model. While such arguments
mainly apply to new buildings/construction, very little work has been done in the area of historical buildings.
Historical buildings have large amount of architectural details which cannot be surveyed by traditional techniques
and hence the application of digital technology like BIM and GIS can be beneficial (Dore and Murphy,
2012).Another area where BIM and GIS have indispensable contribution is “Complex” projects. They are those
done by companies like CERN (European Council for Nuclear Research) and Crossrail and have a significant
amount of data and complexity involved. In case of these projects, BIM and GIS are inevitable tools offering
invaluable benefits to these projects as compared to the traditional CAD (Whyte et al., 2016). The Middle East is
seen to be the most lucrative landscape for BIM owing to the enormous amount of rail and transportation projects
that is happening within the region. Taking the case of U.A.E too, with the advent of the projects like the Dubai
Metro and GCC rail which are indeed complex projects, the scope for the use of BIM and GIS remains large. A
notable point is the BIM mandate adopted by the Dubai Municipality. Despite the fact that the mandate is more
focused towards the consultants rather than a full life-cycle approach, this can still be perceived as the first step
towards pioneering the adoption of BIM in the U.A.E. However, the focus on an integrated BIM-GIS approach
still remains limited (Thomas and Al-Hajj, 2014). Arguably, in the recent years, some projects in Dubai such as
the Expo Village Development require an integrated BIM-GIS application in the project specifications and such

projects could pave the way for other asset owners to adopt an integrated BIM-GIS approach.

Based on the above discussions, this paper investigates the current trends of BIM and GIS in the U.A.E, the scope

for its integration and also looks at the barriers affecting a full-fledged integration.

1.2 Research Methodology

In order to clearly understand the implementation of BIM and GIS on a global scale, a literature review was carried

out. A break-up of the publications reviewed is as outlined in the following table:-

Table 1: Chronological sorting of publications referred

Sno Years Client

1 2016 - 2010 22
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2 2009 - 2001 6

Total 28

After the literature review, it was imperative that a proper assessment of the local industry was done. In order to
do it in the most comprehensive manner, a survey was thought to be best at reaching a large crowd rather than
carrying out personal interviews. Based on the findings of the literature review, the survey was electronically

circulated to professionals in the U.A.E industry and was completed by a total of 60 respondents, with details as

follows:-
Table 2: Details of survey respondents
Years of experience  Architects Consultants Contractors Quantity GIS Specialist Client
Surveyor
0-2 1 4 5 0 - -
2-5 6 7 10 2 - 1
5-10 2 - 2 2 1 .
10-15 1 3 1 2 - -
15-20 - 4 4 0 - -
Above 20 years - 1 1 0 - -
Total 10 19 23 6 1 1

The following section of this paper reviews BIM and GIS (and their integration) during the different stages of a
“regular” project lifecycle. “Regular” in this paper means projects such as buildings, hydraulic structures, highway
projects and pipelines. Section 3 discusses on the applicability of BIM-GIS for historical buildings taking the
examples of case studies conducted by researchers. Section 4 outlines the efficiency of BIM-GIS for complex
projects and section 5 points out the challenges. The literature of all the above said sections is reviewed in Section

6 where the authors conclude the paper with the discussions of their findings and the scope for future study.
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2. ROLE OF BIM AND GIS IN THE AEC INDUSTRY
2.1 The essential similarity and difference between BIM and GIS

Essentially, BIM derives its principles from CAD and can be used for all stages of the project lifecycle. BIM as
defined by NBIMS (National BIM Standard) is

‘Building Information Modelling is digital representation of physical and functional characteristics of a facility
creating a shared knowledge resource for information about it and forming a reliable basis for decisions during

its life cycle, from earliest conception to demolition.”-(NBIMS)

With the advent of Computer Aided Design (CAD), industry practitioners have long been able to visualize a project
even before it is constructed. BIM has also been successful in proving its visualization capabilities, but it’s
implications are going much further than CAD. GIS has shown unmatched potential in handling spatial data and
has been used for various disciplines in construction such as transportation, water resources, hydrologic systems,
irrigation, drainage, facilities management, urban planning and for outdoor planning tasks like site selection, job-
site planning, emergency evacuation etc. (Zhang et al., 2013). While BIM is used mainly for new construction,
GIS is used to represent existing buildings (Isikdag and Zlatanova, 2009). BIM and GIS deliver the same function
i.e. to create digital representations of the real world, there are differences between the two in terms of 3D

visualization and geospatial data analysis

2.2 Application of BIM and GIS in construction projects.

Research has, for some time identified the application of BIM and GIS during various stages of the project lifecycle
such as the design phase, pre-construction phase, construction phase and the operations phase. Beginning with site
selection, Kumar and Bansal (2016) have pointed out that GIS has great capabilities in site selection as there is a
need of the geospatial data such as location of utility and service lines when selecting a site. Moving over to the
design aspect, Azhar et al. (2011) pointed out that BIM that has shown unmatched functionalities owing to its

visualization capabilities and moreover, value engineering proposals can also be done.

During the pre-construction phase, cost-estimation is one of the key tasks that are encountered. It is a very
important task as it is from this cost estimation that the entire project budget is fixed which is then linked to the
succeeding stages of a project such as construction and operation. BIM can be effectively used for Quantity Take
Offs (QTO’s) and BIM based QTOs are more detailed and accurate thereby reducing errors in cost and valuation.
However, BIM based QTOs can be developed only by BIM experts as it requires an in-depth understanding of the
dynamics of the application because extracting the information depends upon the way it is modeled and how the
parameters have been defined. BIM does not completely disassociate estimators of their jobs as cost estimation
can be done only by associating the material, labor and equipment costs to the QTO generated by BIM. Moreover,
intangibles such as site conditions, indirect costs can be done only by estimators (Monteiro and Pogas Martins,
2013).0n the other hand, the most important and crucial of all stages in the project life-cycle is the construction
stage. Time and cost constraints play an important part during this stage. In order to ensure safety in construction,

Zhang et al. (2013) presented an automated rule based system for BIM in safety analysis using algorithms to
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present the Occupational Safety and Health Administration (OSHA) rules. However, Zhang et al. (2013) say that
this method has certain limitations, and the first one being that as the environment of the construction site keeps
changing and because BIM environment lacks spatial data, it cannot be used to cover all unsafe conditions and

second being that the manual effort in forming the algorithms and rules is tedious.

Moving over to the context of GIS, Bansal (2011) points out that regarding safety planning, there are various
factors like environmental conditions, site topography, thermal comforts and access route planning which cannot
be modeled with BIM makes it less efficient for construction safety planning. GIS on the other hand, has a spatial
database, where all construction drawings, lay-outs and blue prints are maintained and a non-spatial database
where all data related to safety is maintained. Bansal (2011) also developed a safety database in GIS which was
successfully implemented in building the MBA block for NIT Kurukshetra. However, Bansal (2011) identified that
this database cannot be used during the operations stage of a project as it is necessary to show equipment, workers,

materials and temporary structures so as to see their interaction in order for safety planning.

And lastly, during the operations phase, studies done by various researchers have identified BIM for FM (Facilities
Management) is a tool and a way forward for a whole life cycle approach. However, the usage of GIS in Facilities

Management is limited due its restrictive visualization capabilities.

2.3 Current trends in the AEC industry

As per a report published by AECOM in 2015, it is seen that U.A.E has been perceived to have the highest growth
market in the Middle East. On a back of strong performance over the last few years, the U.A.E market is expected
to grow with remarkable projects such as the Expo2020,Al Maktoum International Airport and other related
attractions (AECOM, 2015).

On the basis of the survey carried out by the authors, the following key findings have been identified for the U.A.E

construction industry on the role of BIM and GIS: -

A. 50.94% respondents used BIM in their projects whereas in the case of GIS usage, it narrowed down
to a 33.96%. It was seen that Architects (66.67%) and Engineers (69.23%) were the heaviest users

of BIM whereas Quantity surveyors used BIM the least.

B. In the case of GIS, again, Architects (55.56%) were the heaviest users whereas all the quantity

surveyor respondents answered that they do not use GIS in their workplace at all.

C. Respondents identified that Revit to be the most commonly used BIM platform and GIS platforms

like QGIS, ArcGIS etc. were seen to be least used and restricted to use only by GIS specialists.

D. Itwasalso noted that 96.23% agreed that adopting BIM and GIS could revolutionize the construction

industry.

In the U.A.E, BIM has been successfully used in many projects such as the Midfield Terminal and Dubai Opera
House. GIS has not been linked with BIM yet but has been used independently for projects such as the “Makani”;

an initiative by the Dubai government where almost 1000 buildings are mapped digitally with GPS co-ordinates
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and Masdar City for smart city planning (ConstructionWeekOnline, 2016).The Abu Dhabi government has also
introduced a common co-ordinate system based on the WGS84 datum which is also a step taken by the government
in GIS implementation (SDI, 2009).

2.4 Integration of BIM and GIS in construction projects

Integration of BIM and GIS is a topic that has been gaining interest. An integrated BIM-GIS platform can help to
combine the benefits of both BIM and GIS in one platform and literature shows that numerous attempts have been
done for the same. Cheng and Yang (2001) in their research developed a GIS-based tool called Material Plan which
is basically a combination of GIS and CAD and can be used for generating material take-offs and Bill of Materials
(BOM).The selection of optimal location for tower cranes is an important task in construction planning. A shortfall
or surplus amount in the number of cranes can increase the construction costs considerably. GIS-BIM can be used
effectively for this selection where GIS is used in the analysis of the spatial data. The output of this would generate
the locations of the tower cranes which are then integrated with the BIM structural model. A clash detection is run
and clashes, if any, are corrected by changing the locations in GIS (Irizarry and Karan, 2012). The efficiency of
integrating BIM-GIS for construction supply chain (material, equipment and personnel) management was studied
by Irizarry et al. (2013) and they developed an integrated BIM-GIS model for the same. This model uses BIM for
material take-off and GIS for the analysis of spatial data (warehousing and transporting). The potential of BIM to
produce the material take-off reduces the time required for the same by manual methods. Moreover, the graphical
alerts generated by BIM are much more efficient and comprehensive than statistical reports for the material status.
GIS in this model, helps to reduce the logistical issues monitoring and mapping all supply chain activities and data
like the location of suppliers and transportation. The disadvantage that Irizarry et al. (2013) point out in their model
is the task of manual entry if there is an incidence of having to quantify an element that does not exist in the BIM

model or when the quantity needed from an element cannot be calculated from the component properties.

The following are the key findings from the authors’ survey regarding the integration of BIM-GIS in the U.A.E

construction industry: -

A. It was seen that a majority (70%) of the respondents felt that there is a need for integrating BIM and
GIS for projects happening in the Middle East. Moreover, almost three fourth of the respondents

agreed that adding GIS information to BIM model would increase the overall functionality.

B. In the project life-cycle, the design phase was identified to be benefited the most by the integration
of BIM and GIS. This was then followed by the pre-construction phase, construction phase and the

operations phase which is illustrated by the following figure:
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Weighted Average of rating given by respondents

Design Phase

Pre-construction Phase

Construction Phase

Project Life-cycle

Operations Phase

44

Figure 1: Effectiveness of BIM-GIS integration in the project life-cycle (as per results of the authors’ survey)

C. Respondents of the survey conducted by the authors were asked to rate the following projects
based on the benefit they would achieve by the integration of BIM and GIS. All the respondents
agreed that Infrastructure projects are benefitted the most with a weighted average of 4.5 which
is closely followed by road and transportation projects (4.44),followed by residential projects

(4.18),stadium projects (3.92) and lastly by commercial projects (3.84).

3. BIM-GIS FOR HISTORICAL BUILDINGS

Historical buildings have a large amount of architectural details which had made the recording of these buildings
difficult with the traditional survey methods. However, the development of 3D models for historical heritage

buildings has been gaining momentum in the recent years (Dore and Murphy, 2012).

Saygi et al. (2013) argued that despite the fact of BIM having enhanced 3D capabilities, its potential and the use
in the case of historical buildings is limited. This is because historical buildings have a great diversity in the
architectural features of each element (e.g. column, beam, and floor) which are not covered in the BIM “standard
families” due to which the creation of new component families (or parametric families) becomes a very tedious
task. In this context, Murphy et al. (2009) points out that HBIM (Historical Building Information Modelling) can
be used applied for historical buildings as it has a library of parametric architectural objects designed from historic
manuscripts ranging from Vitruvius to 18th century architectural pattern books. HBIM employs reverse
engineering. i.e., the details of architectural parametric elements are mapped onto the survey data collected by
laser scanning and photogrammetric methods to generate the 3D model. This can then be integrated into a 3D GIS
for further analysis. Saygi et al. (2013) compares GIS and BIM and concludes that GIS has great potential to
analyze spatial and non-spatial data and can easily integrate new data but has limited 3D functionality. As BIM
and GIS are distinct in functionalities, (Baik et al., 2014) suggests in his paper that with the integration of BIM
and GIS, the issues can be resolved. They conducted a case study where a historical building was modeled using
HBIM and this was then integrated into a GIS platform (using Autodesk Infraworks) so as to create a semantically

rich model incorporating benefits of both BIM and GIS.
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Although the U.A.E does not have much scope in historical buildings as compared to its European counterparts,
almost half (59.18%) of the respondents from the authors’ survey agreed that BIM and GIS integration could be

used effectively for the recording of historical buildings in the U.A.E.

4. BIM-GIS FOR THE DELIVERY OF COMPLEX PROJECTS

There are organizations such as CERN (European Council for Nuclear Research), Airbus, Crossrail and other
similar companies that deliver very complex projects. Complex projects are those which are have a high level of
technological data, require a very high capital and collaboration of multiple firms for the project delivery. Some
of these projects are vital to the industrial growth and modern economy (Whyte et al., 2016). The projects delivered
by these firms range from the manufacture of aircrafts and developing railway infrastructure to very complex

particle accelerators.

Taking the case of CERN, the delivery of the Large Hadron Collider, which is a 27 km long circular tunnel situated
at about 100 meters below the ground, had a design phase of 20 years. The amount of data involved is significant
in the sense that the whole project involves 100 million components out of which there are 1.5 million documents
and drawings. Moreover, around 7000 drawings and documents are created in a month. The documents are variant
with bill of materials, simulations, technical specifications, equipment codes, test procedures, radiation procedures,
recycling and waste management details. Similar is the case for Crossrail where the delivery of railways is
managed by a large amount of data.1 million in drawings and documents and 0.25 million GIS records. For each

of these projects, the contribution of BIM and GIS is invaluable (Whyte et al., 2016)

A very significant point to put forward is that CERN has appointed Arup (A leading multi-national engineering
firm) in order to carry out the design study of the FCC (Future Circular Collider).As discussed; these particle
accelerators are massive and complex projects which involves significant quantities of data. The proposed
accelerator has a circumference of about 100 kms and is expected to be at least four times the size of the present
Large Hadron Collider. In this regard, Arup has developed a web-based GIS application which integrates all the
spatial data and incorporates this with the tunneling and particle collider system constraints. Also, another notable
point is the use of BIM in order to assess the feasibility, risk and cost factors associated with the particle accelerator
(ARUP, 2014)

“Using BIM this early on in the design process is invaluable. It allows us to make critical decisions using data
that can be easily visualized, enabling the team to make decisions with a clear overview of the multiple, highly
complex components of this ground breaking project. We 're delighted to be working with such a far-sighted client

and strong project team to help CERN achieve its objective to break new boundaries in particle physics research.”
— (Matt Sykes, Project Director, Arup)

Complex projects rely heavily on digital technologies like BIM and GIS without which the project delivery can be
very much time-consuming and tedious. According to MEED (Middle East Economic Digest) estimates, it is the
transportation industry which is at the fore-front of development and growth. In the Middle East, large-scale

transportation projects valued at a total of 270 billion USD are expected to be awarded within the next two years.
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Taking the case of U.A.E, the current backdrop of being the Expo2020 host has given a boost to the transport and
tourism industry with projects like The Expo2020 Dubai Metro Route Expansion and the GCC rail (which is set
to link all the GCC countries) lined up. A great majority (93.88%) of the respondents from the authors’ survey

strongly agreed that an integrated BIM-GIS platform would be beneficial for the delivery of complex projects.

5. CHALLENGES
5.1 Challenges facing the implementation of BIM and/or GIS

Taking the case of BIM and GIS, there are various factors that limit its implementation and integration in the
construction industry. A closer examination of these barriers and recommendations for its resolution are outlined

in the succeeding paragraphs.

A. Change in the level of granularity: BIM and GIS are tools that work on entirely different platforms and
so there is a change in the level of granularity; BIM models are usually very fine grained as compared to
CityGML(City Geography Mark-up Language) models and the transformation of BIM model into
CityGML can make the resulting model to look fine grained and vice versa. Moreover, While IFC
(Industry Foundation Classes) models use CSG (Constructive Solid Geometry), Sweeping and BRep
(Boundary Representation) methods for representing geometry, Geospatial models use BRep methods.
When transferring these models from IFC to CityGML, the CSg and Sweep appear different which would
then require manual means to be updated. Numerous researches and studies are being done so as to

alleviate this problem. (El Meouche et al., 2013).

B. Lack of mandate and regulation: On an industrial level, this can be managed by setting up mandatory
industrial requirements. On the other hand, BIM and GIS can be offered as valued added service to owners
and clients. Another point to be noted is that Dubai is only city in the Middle East to have set up a BIM
mandate. This mandate was introduced in the year 2013 (circular 196) but superseded in 2015 by circular
207 which pertains to the use of BIM in construction projects by all stakeholders ranging from project

owners to engineers, contractors and governmental departments (ConstructionWeekOnline, 2015)

C. Lack of expertise among professionals: This is also considered one of the major challenges that the
industry faces. Majority of the BIM and GIS professionals claim that they are self-trained and this in any
manner would not substitute formal training. For this reason, there is any for setting up training centers

and certifications which again goes by the fact that there is need for industrial standards (AECOM, 2015).

D. Legal and contractual issues: Due to the lack of industrial standards, there is an issue regarding the
ownership of BIM/GIS data. As the owner pays for the design, the owner may feel entitled to own it but
since there are other stakeholders such as engineer, contractor and facility managers etc. who would put
in their proprietary information which would need to be protected as well .This disagreement over
copyright issues can be only managed with proper contractual documents stating the rights and
responsibilities of each party (AECOM, 2015).
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E. Cost: The high initial cost in BIM/GIS is another major barrier that withholds the stakeholders from
investing in it. These stakeholders need to look at the return on investing in BIM/GIS rather than just
looking at its initial cost as studies show that investing in BIM/GIS not only reduces the overall cot but

also helps in delivering projects on time and with greater efficiency (AECOM, 2015).

F. Lack of client knowledge on BIM/GIS: Many a times, it is due to the client’s lack of awareness on
BIM/GIS that it is not implemented in projects. As discussed in the above-said reasons, a lot of
owners/clients perceive BIM/GIS to be costly, interoperable etc. This can be managed only with training

sessions and talks on BIM/GIS in the industry (AECOM, 2015).

Based on the findings of the survey conducted by the authors, the following table shows the ranking of the different
barriers in the implementation and integration of BIM and GIS based on its significance; (1 being most significant

and 7 being the least significant).

Table 3: Ranking of barriers in BIM/GIS integration and/or implementation (from results of authors’ survey)

Ranking  Barrier Weighted average by respondents
1 Change in the level of granularity when transferring BIM information into GIS and 2.58
vice versa
2 Lack of standards in BIM and/or GIS 2.46
3 Legal and contractual issues regarding ownership of BIM/GIS data 242
4 Interoperability issues 2.38
5 Lack of client knowledge in BIM and/or GIS 2.13
6 Lack of expertise on BIM/GIS 1.98
7 High initial investment cost associated with BIM/GIS 1.88

5.2 BIM-GIS adoption around the world

On a global level, the adoption of BIM is mixed, due to a combination of the above-said barriers. However, the

following table provides a list of countries where BIM/GIS is already mandated or is soon to be mandated.
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Table 4: BIM/GIS adoption around the globe (Buildingsmart, 2014)

Country Enforcement Level

Australia Still in its infancy but not yet mandated and framework has not been established yet

G.C.C Dubai is the only city to have introduced the BIM mandate. Qatar is moving towards standardization. Other countries such
as K.S.A, Bahrain and Kuwait, BIM is being used and is gaining popularity.

Hong Kong Strict requirement by the Hong Kong housing authority

Netherlands

Required by the Ministry of Interior for large building projects. ARCADIS Netherlands has been involved in the

integration of Geospatial into design process.

Norway, Strong requirement by some authorities like the Defense Construction Service in Denmark and the Senate Properties in
Denmark, Finland.

Finland

Singapore The BCA (Building Construction Authority) implemented the world’s first BIM electronic submissions

South  Korea,

The South Korean Public Procurement Service made BIM compulsory for all public sector projects and private sector

Japan projects valued higher than 50 million USD. CIM is being advocated in Japan
U.K, France, Has introduced the BIM mandate in 2016 which requires BIM to be used in all major construction projects. France and
Germany Germany have been using BIM for construction projects but not yet mandated.
US.A BIM has been actively used in many construction and maintenance projects. BIM-GIS integration is also gaining

popularity one such example being the Milwaukee Metropolitan Sewerage District

On the basis research findings, it was noticed that a large majority (75%) of the respondents believed that the

U.A.E industry is mature enough to adopt the integration of BIM-GIS. Also, when asked to evaluate the GCC

countries in terms of the effectiveness in adopting BIM and GIS, our respondents rated U.A.E to be the most

effective, followed by Qatar, K.S.A, Kuwait, Bahrain and lastly Oman.

Parsons Brickerinhoff, which is a part of the global construction firm Balfour Beatty, has been at the forefront in

applying 3D,4D and even 5D for construction projects. They have also been successful in combing geospatial data

into design process. For example in the case of highway projects, they have successfully updated the BIM model

in a geospatial environment to have a gaming technology, wherein public can drive on highways in a virtual
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environment before construction so as to be familiar with the detours which may be required during construction
(Zeiss, 2013).

6. CONCLUSION

While a large proportion of the Middle East market is dependent mainly on the public works sector, U.A.E is an
exception. Event-driven commitments have paved the way to large scale developments in infrastructure, transport
and tourism projects such as the EXPO 2020, Dubai Metro Route Expansion, GCC Rail and other theme parks to
name a few. A significant point to be noted is that Dubai is the only city to have introduced a BIM mandate in the
GCC, several other GCC countries are now following suit with mandates and directives towards BIM
implementation. The survey findings also rank U.A.E as the most effective country for BIM and GIS adoption.
However, on a global scale, the U.A.E is behind other countries where there are strict requirements for the use of
BIM-GIS. With large amounts of money being invested on showcase events such as FIFA 2022 (Qatar) and EXPO
2020 (U.A.E), the world is anticipating whether these projects will be delivered using the latest and most efficient
and engineering and construction methods. It is imperative for stakeholders to have understanding of benefits of
BIM and GIS which can help in an effective project delivery. The authors’ survey findings indicate a vast majority
(94%) of the respondents feel that BIM and GIS have a huge potential in its integration in the U.A.E, However,
change in the level of granularity and lack of standards in BIM and GIS are the major barriers hindering the full-
fledged implementation. The other major barriers that tools such as BIM and GIS though still gaining popularity
have great potential in its implementation. Lack of skills, lack of client knowledge, high initial investment cost,
interoperability issues and lack of expertise were noted as the other barriers. The authors also feel the need to have
more researches, awareness and training among industry professionals and asset owners in order to have the
effective implementation and integration of BIM/GIS. Undoubtedly, it is the asset owners who would benefit

mostly out of this implementation and integration.

The limitation of this research is that most of the respondents are based in the U.A.E and there is a possibility that
some of the responses may be biased. Future studies could include reviewing a practical case study of a pilot

project approach towards BIM and GIS integration, which could pave the way for further research.

From the authors’ primary and secondary research, it can be summarized that there is an increasing demand for
BIM and GIS application in several parts of the world with certain developed countries driving the process with
full-fledged application. Nevertheless, in the case of U.A.E, BIM application was found to be ahead of GIS. The
visionary development of U.A.E has a considerable number of infrastructure projects lined up. These, in turn with
the survey findings have led the authors to identify that the U.A.E industry is a strong contender to drive BIM and
GIS application. However, the identified barriers that hinder a full-fledged development have to be addressed by

government mandates and or client-driven innovation.
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