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1. Introduction

Resource scarcity, sustainability challenges and stricter decrees for
recycling and resource efficiency in buildings [ 1] motivate the Architec-
ture, Engineering, Construction, Facility Management (FM) and Decon-
struction! communities to manage resources efficiently [2]. Due to long
building life cycles, maintenance and deconstruction management are
likewise major levers to cope with resource efficiency and to enable
closed-loop material cycles. Especially in industrialized countries with
low new construction rates, activities of the construction sector increas-
ingly shift to building modifications, retrofits and deconstruction of
existing buildings [3,4].

In the past decades, there had been a growing interest of the
construction sector in using Building Information Models (BIM)? due
to many benefits and resource savings during design, planning, and
construction of new buildings [5-9]. Development of 3D modeling
started in the 1970s, based on the early computer-aided design (CAD)
efforts in several industries. While many industries developed integrat-
ed analysis tools and object-based parametric modeling (being the basic
concept of BIM), the construction sector confined for quite some time to
the traditional 2D design [7,8]. BIM modeling was introduced in pilot
projects in the early 2000s [3] to support building design of architect.
and engineers. Consequently, major research trends focused on th= im-
provement of preplanning and design, clash detection, visuaiization,
quantification, costing and data management [7,10]. Lately sp-=cialized
tools of design, architecture and engineering professions joi» che basic
functionalities, such as energy analysis, structural anaiysis, scheduling,
progress tracking or jobsite safety [11]. The use of BIM ¢oncentrates
on preplanning, design, construction and integrated projcct delivery of
buildings and infrastructure, but since recentl:’. resc.rch focus shifts
from earlier life cycle (LC) stages to maintenaace, iefurbishment, de-
construction and end-of-life consideratinns | 2,7,11-15] especially of
complex structures.

Buildings and structures differ ir types of use (e.g. residential, com-
mercial, municipal, infrastructural), in «ge (e.g. new,> existing,* heri-
tage) and in ownership (e.g. private owner, housing association,
authorities, universities). These differing framework conditions are
influencing the application of BIM, its level of detail (LoD) and its
supporting functionalities regarding design, construction, maintenance
and deconstruction processes due to stakeholders' requirements.

According to recent surveys, BIM is suitable for larger and more
complex buildings and applied by the respondents of recent surveys
in commercial, residential, educational, healthcare and many other
building types [15,16]. But as less than 10% of the respondents are

! In this paper we use the term ‘deconstruction’ for the denomination of the last build-
ing LC stage with further subcategories. Other sources like ISO 22263:2008 or OmniClass
Table 32:2012 refer to this stage synonymously as ‘demolition’, ‘decommissioning’,
‘disassembling’, ‘dismantling’, ‘recycling’ or ‘end-of-life’. Besides, we use the term 'mainte-
nance' for the LC stage of building service life with synonyms like 'operations and mainte-
nance’, 'facility management', 'retrofit' or 'refurbishment’.

2 Synonyms: Building Construction Information Model, Building Information Modeling.

3 In this paper, we refer to new buildings as planned buildings, buildings under con-
struction or recently completed buildings.

4 In this paper, we refer to existing buildings as already but not recently completed
buildings.

facility managers, owners or deconstructors, these trends do not neces-
sarily reflect current use of BIM in existing buildings [15,16].

Although BIM implementation requires profound process changes of
the involved parties, the benefits in new construction projects both of
private and institutional owners are manifold and often confirmed by
involved stakeholders [7,8,17,18]. Major benefits consist in design
consistency and visualization, cost estimations, clash detection, imple-
mentation of lean construction or improved stakeholder collaboration.
Major challenges in new build’ngs refer to change from design-
bid-build processes to integrated project delivery (IPD) and to the
increased time effort and knowi=dge required for BIM use.

BIM implementation ‘in eXxisting buildings however faces other
capabilities and challeqiges. Potential benefits of using BIM in FM seem
to be significant [11.12 20, e.g. as valuable ‘as-built’ (heritage) docu-
mentation [7], 11ain enance of warranty and service information
[11,19,21],. qudlity control [95,96], assessment and monitoring
[7,11,19], ene:gy and space management [11,22], emergency manage-
mert [19] oy retrofit planning [4,19]. Decontamination or deconstruc-
tion pyacesses could also benefit from structured up-to-date building
intorn ation to reduce errors and financial risk, e.g. through deconstruc-
tion <cheduling and sequencing, cost calculation, rubble management,
op.imization of deconstruction progress tracking or data management.

Several types of information are necessary to manage a facility or to
perform retrofit measures in buildings [11]. Apart from contact and gen-
eral building information, detailed data on installed components and
equipment is needed such as service zones, installation dates, installa-
tion type, vendor/manufacturer, geometries and exact location, mate-
rials and compositions, physical properties, warranties, as well as
maintenance history since completion [11,12]. When building LC
draws to a close, further information on occupancy history, actual
and detailed (hazardous) material information, components' masses
and connections, recycling or disposal options, potential recycling
qualities, load bearing structures or deconstruction techniques
with associated time and costs per component [2,24] is relevant
for deconstruction planning. During a building LC, numerous re-
sponsible stakeholders and subcontractors are involved and often
withdraw their specialized information e.g. on components' instal-
lation [7].

As Building Information Model (BIM) is a tool to manage accurate
building information over the whole LC [25], it is adequate to support
data of maintenance and deconstruction processes [2,7,24]. As BIM ini-
tially was intended to support design and construction processes, some
information such as loadbearing structures is already documented
in preexisting BIM while others like LCA information might be added
or updated for a required functionality. Since the introduction of inter-
national COBie standard, stakeholders are able to store maintenance
information in BIM in a structured way and thus in a valuable form of
facility documentation [7].

In many existing buildings, incomplete, obsolete or fragmented
building information is predominating [11,23]. Missing or obsolete
building information might result in ineffective project management,
uncertain process results and time loss or cost increases in maintenance,
retrofit or remediation processes. As existing buildings often lack as-
built documentation due to omitted updating, limitations of BIM use
in existing buildings and research challenges are expected.
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This paper aims (1) at a comprehensive literature review of BIM cre-
ation, implementation and research in existing buildings and (2) at the
identification and discussion of current trends and research gaps in this
area. The scope includes the specific needs and potentials of BIM for
existing residential and non-residential buildings of several ownerships.
But it rather disregards considerations on infrastructures and heritage
structures, due to their different maintenance requirements and (if nec-
essary) deconstruction processes. The results of this research are useful
for industry professionals, BIM developers and researchers involved in
the implementation of BIM in existing buildings and structures.

The following Section 2 defines BIM in a narrow and a broader sense
to assure common understanding of the terminology. Besides, two
major BIM creation processes are described. In Section 3, examined lit-
erature sources and the applied review method is presented. Section 4
focuses on the state-of-the-art BIM creation, implementation and
research approaches in existing buildings with regard to functionality,
level of detail (LoD), informational, technical and organizational struc-
tures in maintenance and deconstruction. Section 5 discusses identified
results and research gaps and Section 6 concludes our findings.

2. Definition of Building Information Model (BIM)

Building (Construction) Information Model (BIM) is defined by in-
ternational standards as “shared digital representation of physical and
functional characteristics of any built object [...] which forms a reliable
basis for decisions” [26]. BIMs originate from product models [27,28]
that are widely applied in the petrochemical, automotive or shipbuild-
ing industry [7,29]. BIM represents real buildings virtually over the
whole LC as semantically enriched, consistent, digital building models
[7,30,31]. BIM is realized with object-oriented software and consists of
parametric objects representing building components [12,27,32]. Ob-
jects may have geometric or non-geometric attributes with functional,
semantic or topologic information [7,29]. For example, functional at"i:-
butes can be installation durations or costs, semantic informaticn
store e.g. connectivity, aggregation, containment or intersecion ‘nfo. -
mation and topologic attributes provide e.g. information auout cbjects’
locations, adjacency, coplanarity or perpendicularity.

BIM can be seen from a narrow and a broader perspective (Fig. 1).
BIM in a narrow sense (‘little bim’ [33], ‘tool’ [7]) comprises solely the
digital building model itself in the sense of a centraol information man-
agement hub or repository [7,30,34,35] and-its mc del creation issues

(technical issues, see Section 4.3) [27]. Commercial BIM platforms
offer integrated data management, component libraries and general
functionalities [7]. Widespread differentiations of BIM are 3D (spatial
model with quantity takeoff), 4D (plus construction scheduling)
and 5D (plus cost calculation) BIM [7,27]. Further BIM inherent func-
tionalities of dominating vendors are extensively discussed in literature
[7,36] and Section 4.1.

Different BIM creation processes for new> and existing* buildings are
depicted in Fig. 2. For new buildings, BIM is created in a process over
several LC stages, starting from inception, brief, design to production
(case I) and part of the project delivery. As BIM sometimes is not used
by all AEC/FM stakeholders in the building LC yet, some create isolated
BIM solely for a designated, single purpose. In existing buildings - de-
pending on the availability of preexisting BIM - BIM can be either up-
dated (case II) [37] or created anew (case III). In Europe, more than
80% of residential buildings are built before 1990 [38] and mainly do
not have a building documentation in BIM format [19,39-41]. Therefore
if implemented in practice, costly and mainly manual reverse engineer-
ing processes (‘points-to-BIM’, ‘scan-to-BIM’) (case III) help recapturing
building information [42,43].

As depicted in Fig. 1, BIM.in  broader sense (‘BIG BIM’ [33,44]) can
be divided into interrelated fui.~tional, informational, technical and or-
ganizational/legal issues. Pepending onto the stakeholders' needs and
the project requirerierts, 2 BIM model is used to support and perform
expert services for Luildings such as energy or environmental analyses
[7]. Therefore, -wo -ypes of expert software might interact with a BIM
model: (1) acta iuput applications providing services of import, data
capture and monitoring, data processing or transformation of captured
data into M or (2) data output applications providing reports or tech-
nica! analyses such as structural and energy analyses or clash detections
(sec also Table 3).

in this paper, we refer to BIM functionalities (functional issues, see
Section 4.1) as services or capabilities that are provided by BIM in the
narrow sense or its accompanying data output software. This data
output or functionality depends on stakeholder, building or project
requirements as well as on the buildings' LC stage. On the other
hand, functionalities determine informational or organizational issues
e.g. with respect to data exchanges or communication processes. This
relationship becomes evident within the following example: if e.g. an
energy analysis of a building is required, specific information is needed
(e.g. U-values of components, radiation level or orientation of the

Buildings‘ LC stage —
N
[ — — — — | — — — — — — — — — ——— — — — — —— — — — — — — —
! BIM in the broader sense |
i
1
BIM in the narrow sense

E > Informational issues
1
\:, Information Delivery Manual (IDM) i USE e e

Model View Definition (MVD)

Functionalities & applications

Accuracy & capability

I

I

I

I

| Functional issues —
I

: Dictionaries (IFD)
I

—> Determination or Influence
--> Dependancy

Industry Foundation Classes (IFC)
and Interoperability

International Framework for

Organizational and legal issues

I
I
I
Model creation process :
I
Collaboration :

Responsibility & liability

[ BIMin the narrow sense

[L=_1 BIMin the broader sense

Fig. 1. Relations between building life cycle (LC) stage as well as functional, informational, technical and organizational issues of BIM, partly according to [8,17].
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Building LC stages

BIM creation processes following ISO 22263:2008

Inception

%
New building Not available S Case I: ,,As-planlned BIM creation Brief
> + Updating
v
Design

\2

Available —> Case II: Updating preexisting BIM Production
Existing building \2

_ Case III: ,As-built* BIM creation Maintenance
Not available ) (,Points-to-BIM* process) (incl. retrofits)
Deconstruction’

—> Possible paths of BIM creation

(incl. debris management)

Fig. 2. BIM model creation processes in new or existing buildings depending on available, preexisting BIM and LC stages with their related requirements [45,46].

building) to perform the analysis. If this information is not inherent in
the narrow BIM model, a structured data exchange between BIM
model and expert functionality has to take place. Organizational and
legal structures (roles) determine the access to and define responsibili-
ties for input and analysis data and their correctness.

Depending on the required functionality, a suitable informational
structure and data exchange (informational issues, see Section 4.2)
with the model is necessary to guarantee interoperability between
different software systems without information loss. Functional an¢
informational requirements again determine model characteristics
(technical issues, see Section 4.3) through LoD, required mode' capac-
ities and consequently required model creation processes Grgariza-
tional and legal issues (see Section 4.4) determine the st>kelnlder
roles, their information rights and liabilities, their model a~ce.s (read,
write) or their obligation to provide a special functionality or data
output.

3. Review approach
3.1. Originality

In literature, numerous reviews of Biivl implementation and research
approaches in new buildings [7,8,17,27,29,47,48] predominate, while
BIM usage in existing buildings is rather neglected yet [11,19]. Existing
reviews either cover one or two aspects separately or concentrate on
few cross-sectional challenges. Functional issues in the areas of mainte-
nance [7,11,12,14,20,45,49-56] and deconstruction [2,24] are addressed
separately and mainly for new buildings (see Table 3). Also, informa-
tional [26,27,50,57-60], technical [19,31,40,43,45,61-66] and organiza-
tional/legal [21,67] issues of BIM use are often examined separately.
Publications on informational issues mainly consider new buildings' re-
quirements, whereas the publications on technical issues focus either
on capturing construction data or geometries of existing buildings for
processing into digital building models [19,31,62]. Papers with regard
to organizational/legal issues concentrate on collaboration of consortia
partners in new building projects and in facility management (FM).

Publications with a broader scope considering more than one of the
previous issues [6,68,69] (e.g. LoD in BIM) and covering several BIM
issues [7,8,17] mainly for new buildings are sporadic. Publications
explicitly devoted to BIM for existing buildings, especially without
preexisting BIM and discussing related research challenges, are rare
[19].

Questionnaires o1: BIM implementation status and benefits are
quite constantly conducted [8,11,15-17,47,48]. But surveys do not
focus on post-counscruction stakeholders, processes and related
issues yet. Loss than 10% of the respondents are owners, facility
maragers ¢+ deconstructors, while the majority originates from
the diccipiinies of architecture, cost calculation, construction or pro-
je-t management [15-17]. Thus, these surveys do not provide repre-
sen.f24ve statements on usage, hindrances and major trends of BIM
n 2xisting buildings.

As to our knowledge there is no comprehensive overview of recent
research of BIM for existing buildings, we partly try to close this gap
with the contribution at hand. The objective of this paper is to examine
BIM in a broader sense, as depicted in Fig. 1, and to analyze the required
BIM functionality in existing buildings as well as the influential depen-
dencies between informational, technical and organizational issues of
BIM. Also, specific or multidisciplinary research gaps are identified and
discussed.

3.2. Methodology

To review BIM for existing buildings comprehensively, our three-
step approach examines both academic and applied publications [17].

In a first step, journals in academic and applied databases® are iden-
tified that contribute to BIM implementation or LC stage-dependent
BIM functionalities in existing buildings. The found journals either
focus on (1) built environments and its processes (AEC/FM) partly inte-
grating sustainability issues, (2) information technology application in
the construction sector, (3) remote sensing technologies, surveying
and computer vision or (4) LC considerations and rubble management
(see Table 1).

In order to limit this broad scope in a second step to LC stages of
maintenance and deconstruction, we perform a keyword search in the
aforementioned academic journals as well as in databases and confer-
ence proceedings. Main keywords are ‘BIM’, ‘building (information)

5 Journal databases: www.elsevier.com, www.emeraldinsight.com, www.sciencedirect.
com, www.ebscohost.com, www.link.springer.com, www.tandfonline.com, www.
onlinelibrary.wiley.com, www.asce.library.com and others; Conference proceedings:
3D(IM)PVT, CIB, CRC, ICCCBE (ASCE), ISARC, ISPRS, SASBE, SB and other conferences on da-
ta processing, computer vision or building modeling.
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Table 1
Examined Journals, classified and counted according to their scope.

Scope Journals (Publisher)

Archives of Civil and
Mechanical Engineering (ELSEVIER)
Automation in Construction (ELSEVIER)
Building and Environment (ELSEVIER)
Building Research & Information (T&F)
Built Environment Project and
Asset Management (EMERALD)
Construction and Building Materials (ELSEVIER)
Construction Innovation: Information,
Process, Management (EMERALD, EBSCO)
Engineering, Construction and
Architectural Management (EMERALD, EBSCO)
Engineering Structures (ELSEVIER)
Facilities (EMERALD)
International Journal of Sustainable Built
Environment (ELSEVIER)
International Journal of Urban and Regional
Research (WILEY)
Journal of Building Information Modeling
(NBIMS and NIBS)
Journal of Construction Engineering and
Management (ASCE, EBSCO)
Journal of Engineering, Design and
Technology (EMERALD)
Journal of Engineering Mechanics (ASCE)
Journal of Facilities Management (EMERALD)
Journal of Information Technology in Construction (CIB)
Journal of Structural Engineering (ASCE)
Smart and Sustainable Built Environment (EMERALD)
Structural Survey (ELSEVIER)
Structure & Infrastructure Engineering: Maintenance,
Management, Life-Cycle Design & Performance (T&F)
Advanced Engineering Informatics (ELSEVIER)
Advanced Engineering Informatics
with Engineering Applications of
Artificial Intelligence (ELSEVIER)
Advances in Engineering Software (ELSEVIER)
Computer-Aided Civil and Infrastructure
Engineering (WILEY)
Computer Methods in Applied Mechar ics a
Engineering (ELSEVIER)
Engineering Analysis with Boundary
Elements (ELSEVIER)
Journal of Computing in Civil Eagineering (ASCE)
Journal of Systems and
Information Technology ("M RALD)
Multidiscipline Modelin, in Materials
and Structures (FMEXAL" )
Remote Sensing, Surveying, International Journai 2”Computer Vision (SPRINGER)
Computer Vision ISPRS Journa. of Fhotogrammetry and
(number of journals: 5)  Remote Se.:sit.Z (ELSEVIER)
Journal of Surveying Engineering (ASCE)
The International Archives of the Photogrammetry, Remote
Sensing and Spatial Information Sciences (ISPRS)
The Photogrammetric Record (WILEY)
International Journal of Life Cycle Assessment (SPRINGER)
Resources, conservation and recycling (ELSEVIER)
Waste management (ELSEVIER)

Built environment
(AEC/FM)
(number of journals: 22)

Civil Engineering
Informatics
(number of journals: 9)

LC & waste management
(number of journals: 3)

model’, ‘existing buildings’, ‘maintenance’, ‘facility management’, ‘retro-
fit’ and ‘deconstruction’!. With this standard practice in academic liter-
ature review we receive a comprehensive picture of recently published
research and implementation efforts. Besides, to consider actual devel-
opments beyond academic publications we reviewed applied publica-
tions of relevant stakeholders such as professional associations (e.g.
ASCE and their journals), of standard committees (e.g. buildingSMART,
openBIM), of software solution providers (e.g. ASI) and of state author-
ities. Within the found publications, we further differentiated between
publications mentioning or not mentioning ‘BIM’ in keywords or ab-
stract (see Section 3.3).

Due to the applied method, the review excludes research currently
underway that is not available in mentioned databases, or studies
which have not been published in English yet.

3.3. Data analysis

Over 180 publications (books and academic/applied papers) and rel-
evant standards and internet sources were reviewed, thereof 95 journal
papers, 63 conference papers and 26 other publications (e.g. books or
papers in applied journals). As Fig. 3 shows, over 80 of the reviewed
publications are explicitly devoted to BIM (‘BIM’ in abstract or key
words). The remaining publications nevertheless are relevant: some
either (1) do not mention BIM in its keywords or abstract, although
addressed in the publication, or (2) regard 3D building models that
are not explicitly BIM, partly due to unclear definition, e.g. models
that lack semantic information or parametric representation of compo-
nents (such as surface, BREP, CSG or CAD models), or (3) deal with re-
lated topics, such as cloud computing or semantic web services. It also
becomes clear from Fig. 3, that most BIM papers were published after
2008 with a considerable intensification in the latest years.

Fig. 4 presents different teoic: (see also Table 2) associated with BIM
in existing buildings in relaticn to their year of publication. Several
recent trends become chviaus:

* The trend of BIM publications continues unabated and the range of
published torics increases significantly.

* Topics of r=searck. areas like data management, documentation, con-
trolling «nd progress tracking or measurement are published with al-
most canscaatly raising tendency.

» Den,nlit on/deconstruction planning in the context of BIM is a novel
crec of research.

able 2 displays the frequency of major LC stages, topics and spatial
[oci in the reviewed journal and conference papers. In total, most publi-
cations deal with BIM creation and modeling and respectively with
existing buildings' exteriors. Fewer papers deal with maintenance
aspects of data management and “as-built” documentation, quality
assessment/deviation analyses and survey/measurements accuracy on
building component level. Only few research approaches discuss decon-
struction functionalities in BIM in conference proceedings of ASCE 2012
and ICCCBE 2012 [2,24]. A third paper in this area focuses on rubble
management through RFID [70]. Related to the total amount of
reviewed papers, on average each paper covers 1.7 areas of contribu-
tion. Spatial foci of the reviewed papers are mainly on the buildings’
exterior or interior, followed by building components.

4. Implementation and research approaches of BIM in
existing buildings

In this section, BIM in a broader sense is described with its functional,
informational, technical and organizational/legal issues in building
maintenance and deconstruction. Apart from depicting state-of-the-art
implementation, we present current research approaches and identify
future areas of research.

4.1. Functional issues

4.1.1. Functionalities and applications

Due to numerous design, engineering, construction, maintenance
and deconstruction services during building LC, potential applications
and required functionalities of BIM in buildings and infrastructures are
manifold. Depending on the stakeholders’ and projects’ requirements,
BIM with e.g. architectural, constructional, piping and electrical, struc-
tural, fabricational or monitoring functionality is needed.

Functionalities are either inherent in 3D, 4D or 5D BIM (e.g. quantity
takeoff, scheduling or cost calculation) or they are attached to BIM as in-
dependent expert applications. Expert functionalities use the underlying
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Frequency of different LC stages and topics in 184 reviewed publications (multiple naming possible).

Scopes Number of reviewed publications
Publications focusing on Design (incl. inception and brief) 43
building LC stages of ... Construction(incl. planning, scheduling) 59
Maintenance (incl. retrofits, monitoring) 109
Deconstruction (incl. planning, execution) 10
Others (e.g. prefabrication) 26
Total 247
Average of LC stages per paper 13
Publications with BIM creation and modeling 40
contributions in... Data management 36
Documentation (‘as-built") 36
Survey/Measurement accuracy 27
Quality assessment, deviation analyses 26
Object recognition 25
Monitoring or progress tracking 18
Augmented/Virtual reality 10
Demolition/Deconstruction management 3
Others 83
Total 304
Average of topics per paper 1.7
Publications with spatial Building exterior (e.g. facades, roof) 63
focus on... Building interior (e.g. rooms) 58
Building components 43
Building supporting structure (e.g. walls, slabs} 26
Infrastructure 14
Others (e.g. street views, city models; 20
Total 224
Average of spatial foci per paper 1.2

BIM data to support, extend, calculate or simulate specific business re-
quirements (e.g. perform structural analyses). Results are eithe:
reintegrated into BIM or reported separately. Functionalities are hased
on process maps, which describe the logical flow of information ai.d activ-
ities as well as the stakeholders roles within a particular functisnolity 126.

Table 3 displays major examples of inherent and expe1: func tion-
alities applied in practice and examined in researct.. Currencly, re-
search rather focuses on expert functionalities for ne.v buildings,
such as energy and carbon reduction analyses, cons:ruction progress
tracking (matching of captured data with preexisiiag BIM), devia-
tion analyses (quality control, defect detection) and jobsite safety.

According to BIM's original application in new construction, applied
turictionalities concentrate on design and visualization, procurement,
manufacturing, construction management and coordination rather than
on commissioning, facility management or deconstruction. But recently,
planning and handover processes shift from design-bid-built to integrat-
ed project delivery (IPD) in a collaborative atmosphere [15], consider-
ing the value of “as-built” BIM information for FM, retrofit and
deconstruction processes.

As new construction rates in industrialized countries stagnate, plan-
ning and implementing refurbishment and retrofit measures in existing
buildings gain in importance [3]. Various digital tools for building

Table 3

Examples for major applied or developing BIM func nalities for existing buildings.
Functionality Research Practice
Clash detection, spatial program validation, BIM quality assessment [7,71] [7,57,72,73]*
Construction progress tracking [7,45,61,74-83] -
Cost calculation or cash flow modeling (5D)" [7,17,55,84-87] [57,72,88-90]
Daylight simulation [91] [92,93]
Deconstruction, rubble management [2,24] -
Deviation analysis, quality control, defect detection [4,25,45,62,69,94-98] -
Documentation, data management and visualization [7,12,20,23,68,75,76,99] [7,100-102]
Energy/thermal analysis and control, carbon foot printing [7,22,60,86,103-105] [57,106-109]
Localization of building components, indoor navigation [11,20,70,110-112] -
Life cycle assessment (LCA), sustainability [10,11,22,29,113-116, 164] [108]
Monitoring, performance measurement (through sensors) [23,117-119] [120]
Operations and maintenance (O&M), facility management (FM) [7,11,12,14,20,45,49-56] [13,102,121-129]
Quantity takeoff (3D) [7] [57,72,88]°
Retrofit/refurbishment/renovation planning and execution [3,11,130-132] -
Risk scenario planning [17,87] -
Safety, jobsite safety, emergency management [133-142] -
Scheduling (4D) [7,17,55] [72]
Space management [11,104,143] -
Structural analysis [140,144,145] [146-149]*
Subcontractor and supplier integration, prefabrication [7,55] [7]

(e.g. of steel, precast components, fenestration, glass fabrication [7])

¢ Available in every major BIM software [7].
b Often country-specific.
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Fig. 3. Frequency of reviewed publications per year of publication.

capture and auditing are available, such as 2D/3D geometrical drawings,
tachometry, laser scanning or automatic locating of images, but need in-
creased modeling and planning efforts of skillful personnel [3,35,130].
Existing maintenance functionalities - so called Computerized Mainte-
nance Management Systems (CMMS) or Computer Aided Facility
Management (CAFM) - focus on (web-based) data management, main-
tenance schedules and equipment warranties of increasingly complex
buildings [23,99], but they are intensely developed [11,150] e.g. with 1e-
spect to deterioration and cause-effect relationships [99]. Pa-tly, FM
systems include laser scanning of existing facilities and bidire-tio,al 1. -
formation flow between Geographic Information Syste:i: (GIS) and
maintenance data [124,127]. While there are many resear<n € forts in
FM and BIM related topics, an industry-wide implenientctio: s lacking
yet [11]. But case studies show reasonable results e.g. 1: Sydney Opera
House [13], campus buildings [4,20] and other faclitiec [7].

Most of the mentioned FM, refurbishmen* «:id deconstruction
research approaches require an available BIM of a recently constructed
building [3]. If a BIM of the designated strucaui < exists, the functionalities
and processes of planning and perform.ing conversions, refurbishments
and deconstructions might be perforicad with smaller adjustments.

20 4

BIM (in keywords or abstract)
Data Management

— — Reconstruction and Modeling

Number of reviewed publications

e = I

Augmented or virtual reality (VR)

[ —— Documentation (as-built)
— - - Controlling and progress tracking
Measurement
—— Others
10 - — - -Recognition

- Quality Assessment, Deviation Analysis

But if only an o itdaied or no BIM is available, processes start with build-
ing auditirg, docuinentation review and analyses of previous and cur-
rent builaing. properties [3,130] to provide a profound basis for
p'anring and cost estimating. This area is intensely researched
[31,82,120,151-153] and focus of Section 4.3.

Altnough digital costs estimation, quantity takeoff, data manage-
122t and reporting tools are used in deconstruction industry, BIM
{unctionalities of deconstruction [2,24], vulnerability and collapse
analyses [146,154], emergency management [141], localization or
documentation of hazardous or contaminant materials [2,30] or risk sce-
nario planning [17] are rare in literature yet. Besides, other potential BIM
functionalities are not covered yet like deconstruction execution planning
and progress tracking, recycling and rubble management, secondary
component and raw material auctions, recycling network logistics, mon-
itoring of hazardous components or automated reporting to authorities.

One reason might be the low participation of facility managers,
retrofitters and deconstructors in the development of BIM functionalities
[15]. Another reason might result from COBie and OmniClass standards,
that define several properties and attributes to support maintenance
processes [53,124,155], but only partly enable deconstruction and

Demolition/Deconstruction planning

e

2000 2001 2002 2003 2004

2005 2006 2007 2008 2009 2010 2011 2012

Fig. 4. Number of reviewed publications with designated BIM topics per year (multiple naming possible), depicted with moving average on 3 periods.
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Table 4

Literature and own suggestions of IFC attribute extensions to describe inaccuracies, uncertainties or future processes and treatments occurring in existing buildings

[2,7,35,62,69,79,82,99,130,156].

Potential IFC attribute extensions
Areas

(main category)

| (subcategory)

Existing building
audits and
surveys

Uncertain/lacking information in
captured data
Vegetation and site conditions

objects

relations

Uncertain/lacking information on BIM

Uncertain/lacking information on BIM

« Clutter, measurement errors

 Trees, shrubbery etc.

« Ground conditions like sloping ground
Damages, defects or deterioration of building elements

« Deviations in geometric or topological object information
like uneven floors/walls or non-orthogonality;

« Concealed and thus assumed components and components’
physical properties like detailed layers, structure or
(hazardous/contaminant) material composition

« (Non-)loadbearing structures, containing relation, adhering
relation etc.

Maintenance-and
Deconstruction-
related
information

Location properties

Properties of time and money

Source properties

Product properties

Process planning

Possible futui e enissions

« Locations of sorting, recycling/reprocessing and disposal
facilities, temporal storage facilities

* Deconstruction lead and idle times

¢ Deinstallation/dismantling costs

e Object treatmen* :osts e.g. for reinforcement, repair,
decontaminatin, 1:orocessing, recycling, disposal

* Shipping costs to ~ecycling/disposal facilities or other
construccion sit>s

e Sourr~ limita ions for deconstructors and decontaminators
liko requ’red operating and storage spaces

« L'athods of deconstruction or recycling

« Equ’'pments with their characteristic durations, costs,
vZsources (personal, machines)

« Dependencies and precedences in maintenance and
deconstruction processes
Deconstructors’ certifications

¢ Consultant and authorities’ properties, e.g. information
requirements

« Disassembly types and groups

« Possible future or performed object treatments e.g.
reinforcement, repair, decontamination, reprocessing,
recycling, disposal options

« Structural behavior during deconstruction

« Properties of sustainability, e.g. recycling material quality,
recycling and disposal rates of building components,
hazardous materials

 Safety plans and prevention measures or deconstruction
progress tracking

* Noise, dust or vibration emissions from deconstruction
processes or other emissions according to LCA information
with related prevention measures and costs

recycling functionalities (e.g. with demox.tion date, recycled date, ease of
relocation or removal, material properties). The analysis of OmniClass
properties (Table 49: Pre Consensus Approved Draft from 2012-10-30)
showed, that many properties defined for manufacturers and their pro-
cesses could easily be adapted to deconstructors' requirements e.g. de-
construction lead and idle times, deconstruction and shipping costs,
deconstruction and recycling methods or source limitations for decon-
structors (see also Table 4). But deviations, damages or deterioration ef-
fects are not depicted yet and need further research [99,130].

As described functionalities require accurate information on objects,
relations and attributes in BIM, maintenance and updating of informa-
tion in BIM remains a major challenge and area of research [11,21].
Due to long lifetimes of buildings and infrastructure, recent research
also adresses BIM model evolutions, continuous model maintenance
and management of temporal data [12] as well as the interoperability

with developing BIM and expert software [11,37] (see also Section 4.2).

4.1.2. Accuracy and capability

BIM functionalities require a certain accuracy, information richness
and actuality of the underlying data to fulfill their purposes [6,7]. A
frequently mentioned concept to describe information richness of BIM

objects is ‘Level of Detail’ or also referred to as ‘Level of Development’
(LoD). LoD defines geometric and non-geometric attribute information
provided by a model component [157,158], often referenced to a point
of time, LC stage or to a contractual responsibility. To enable e.g. analysis
or scheduling functionalities, the required LoD of objects' attributes and
relations has to be defined, such as durations, dependencies or prece-
dence information. Some LoD in literature are depicted in Table 5,
whose definitions differ in geometric accuracy, quality or completeness
of semantic information [71,152].

Table 5
Levels of Detail/Levels of Development (LoD) in BIM models according to literature.

Levels of Detail Approximate geometry, precise geometry, [6]

fabrication level/construction documentation

Conceptual, approximate geometry, [159,160]
precise geometry, fabrication, as-built
As-designed/as-planned, as-built, as-used [71,152]

Schematic design, detailed design, [7]
level of fabrication (shop model)

LOD 100, LOD 200, LOD 300, LOD 400,
LOD 500

Levels of Development [44,158]
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Fig. 5. Information Delivery Manual (IDM) framework (ISO 29481-1:2010) [26] and its relations to functional, technical and organizational issues in BIM.

In new construction projects, LoD increases in the course of LC stages
from inception to production/construction depending on the changing
requirements and refinements from draft to realization. In literature,
functionality-related LoDs are defined for general modeling [31], 3D
imaging [161] and energy performance [162]. In existing buildings,
required functionality determines the LoD and the resulting cost and ef-
fort associated with BIM creation [6]. For maintenance functionalities,
the Construction Operations Building information exchange (COBie)
standard defines a LoD for technical equipment, regarding type and lo-
cation, make, model and serial numbers, tag, installation date, warranty
and scheduled maintenance requirements [155] (see also Section 4.2.2).
Klein et al. [43] define 2% geometric deviation for maintenance applica-
tions but do not provide a LoD of non-geometric information. For 1e-
construction functionalities (incl. rubble management) no atequa‘e
LoD is defined yet.

Beyond LoD, several BIM assessment frameworks ~ic under de-
velopment, such as CMM,® CMMI, P-CMM, Object/Eleem Matrix
or ISO/IEC 15504 (SPICE) [155,159,160]. As ISO/IEC. 15504 generally
formulates the process assessment, the Capability Maturity Model
(CMM) is used in BIM contexts to evaluate if BIM L rojects or processes
reach the desired level of functionality [163]. C\MIvi assessment frame-
work formulates minimum capabilities aad 1c¢quirements of BIM
model and process maturity [163] with tex levels of BIM maturity
defined for categories of: Spatial Capabiiicy, Roles/Disciplines, Data
Richness, Delivery Method, Charge Via 1agement or Maturity Assess-
ment, Business Process, Information r.ccuracy, Lifecycle Views, Graphi-
cal Information, Timeliness and Response as well as Interoperability
and Industry Foundation Class Support.

Professional associations try to define and harmonize related con-
cepts and ratings measuring BIM's data requirements and capabilities,
but yet there has not emerged a standard assessment framework of
BIM for both new and existing buildings [160,163].

4.2. Informational issues and interoperability

Expert functionalities are linked with a BIM model through Informa-
tion Delivery Manual (IDM) frameworks and Model View Definitions
(MDV) providing relevant information, facilitating data exchange and
avoiding ambiguities [59]. As shown in Fig. 5, IDM frameworks and
MVD specify storage, conversion and information exchange in BIM

5 The Capacity Maturity Model defines a minimum of information in BIM according to
the following categories: Spatial Capability, Roles or Disciplines, Data Richness, Delivery
Method, Change Management or ITIL Maturity Assessment, Business Process, Information
Accuracy, Lifecycle Views, Graphical Information, Timeliness and Response, Interoperabil-
ity and Industry Foundation Class Support [163].

and thus form the link betwe=n finctional, technical and organizational
issues. The exchange requiremcent model (ERM) describes the informa-
tion flows with regar( to: the requesting users in their roles, the
relevant informatior: 1cr a Zesignated process, the moment of the infor-
mation flow, the cortent and the receiving user/role. Non-proprietary
standards like Ind istry Foundation Classes (IFC) (ISO/PAS 16739)
[165] and 'nternaional Framework for Dictionaries (IFD) (ISO 12006-
3) [183! enhance data exchange between different BIM systems on ob-
jectlevel ininimizing information loss. Also, initiatives like UniClass and
OmyiCiass further structure and unify the information content of orga-
nizctional roles, project phases, services or component properties. The
2l'owing sections depict the related informational issues in more
letail.

4.2.1. Information Delivery Manual (IDM) framework

The IDM framework defines the functionality-related exchange of
process information in BIM through process maps, interaction maps
and the associated Exchange Requirement Model (ERM) [166]. Process
maps describe the flow of activities within a particular topic, the actors'
roles and information required, created and consumed, while interac-
tion maps define roles and transactions for a specific purpose or
functionality [26]. The ERM is the technical solution defining a “set of in-
formation that needs to be exchanged to support a particular business
requirement” [26] or functionality and is interrelated with MVD [26].
In literature, an IDM framework for energy analysis is presented in
[167]. But for maintenance or deconstruction processes IDM frame-
works are not defined yet [166].

4.2.2. Model View Definition (MVD)

A Model View Definition (MVD) or IFC View Definition defines “a
subset of the IFC [...] that is needed to satisfy one or many Exchange
Requirements of the AEC industry” [58]. A MVD structures relevant
information for efficient information flow between stakeholders in
building-related processes or for e.g. energy or structural analyses.
MVD definition depends on the required functionality and the referred
BIM objects and attributes in process and interaction maps [59,168].

For maintenance purposes, COBie is the predominant, vendor-
neutral, international standard MVD to exchange contact and general
facility information as well as information about spaces, floors, zones,
components, technical systems and equipment [51,57,58,169,170].
Newly, this standard is complemented by a responsibility matrix that
allots the kinds of required data to the responsible persons or roles
[171]. As COBie contains general building information, spaces/zones,
and information on equipments such as their geometries, locations, cer-
tificates and warranties, performance data and testing results, preven-
tive maintenance, safety and emergency plans or start-up/shut-down
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Table 6

Exemplary Model View Definitions (MVD) for BIM functionalities in [FC2x3 format; others can be found in [168].
Model View Definitions (MVD) Acronym Literature
BIM Service interface exchange (web services and server-client communication) BIMSie [174]
Building Automation Modeling information exchange (control and building automation systems) BAMie [175]
Electrical System information exchange (delivery of electrical power within facilities) Sparkie [176]
Equipment Layout information exchange ELie [172]
[FC2x3 Coordination View Version 2.0 (optional with Quantity Takeoff, Space boundary or 2D Annotation add-on view) - [58]
[FC2x3 Structural Analysis View (released) - [58]
HVAC (Heating, Ventilation, Air-conditioning, Cooling) information exchange HVACie [177]
Life-Cycle information exchange, with the refinement of Building Programming information exchange LCie, BPie [171,178]
FM Basic Handover with Construction-Operations Building information exchange COBie [50,57,58,169,172]
Quantity Takeoff information exchange QTie [57]
Spatial validation - [57]
Water System information exchange WSie [173]

instructions [11,172], it can be seen as a core model accompanied and ex-
tended by domain-specific exchange requirements. E.g. the extension of
WSie is planned to provide performance information about piping con-
nections, flow rates or other controlling information [173]. MVD for
other domain-specific functionalities are depicted in Table 6. As many
MVD refer to new buildings' requirements, the listed MVD are only partly
relevant and adequate in maintenance processes, due to differing re-
quirements and information structures. Besides, so far there is no publi-
cation defining MVD for audits of existing buildings [130] (e.g. with
respect to structural and inventory survey) or MVD for deconstruction,
recycling or rubble management processes and functionalities in BIM yet.

4.2.3. Industry Foundation Classes (IFC)

Data exchanges are possible either directly, or through proprietary
or non-proprietary exchange formats [7]. IFC defined in ISO/PAS
16739 [165] is the dominant non-proprietary exchange format of build-
ing information between AEC/FM software [7,27,67,179]. It was devel-
oped to represent building information over the whole buildings' Lt
(except deconstruction) [7,180] and to facilitate data transfer bet:~een
BIM modeling software (e.g. Autodesk or Bentley), IFC viewcrs (2.g.
IFCStoreyView) and expert software applications (e.g. ‘Mot Checkel’
from Solibri). Data exchanges between source and receivi,Z sot ware
systems are performed through mainly proprietary wran:late:s with
own data structures [7]. Certifications like ‘openBIM’ of bu:'dingSMART
and NBIMS award software solutions with high IFC i1 tercperability.

Interoperability of BIM in different LC stages and 1z actionalities still
is limited [27,48] due to incomplete, differently ur an.biguously used IFC
attributes, denotations or contents [30,34.5%,1C1] (see Section 4.1.1).
Often, one-way interfaces from BIM n:ode: to expert applications
are used [7]. Recent developments fccu: on the implementation of
Specifiers' Properties’ Information Excnange (SPie) and semantic web
technologies in open formats and ontologies like HTML, XHTML,
bcXML, gbXML, e-COGNOS, COBie, IFCXML, IFC, ifcOWL or CIS/2 to en-
able expert software applications [7,60,179,182]. But most applications
restrict to academic use yet [179].

4.2.4. International Framework for Dictionaries (IFD) Library respective
buildingSMART Data Dictionary (bSDD)

The International Framework for Dictionaries (IFD), defined in ISO
12006-3 [183,184] - recently renamed in buildingSMART Data Dictio-
nary (bSDD) - is a terminology standard for BIM libraries and
ontologies [185]. It is an object-oriented database of multi-lingual
terms which define concepts used in the construction industry [181]
and respective IFC characteristics, such as denotations of objects,
parts, attributes, units or values. Regional adaptations and customiza-
tion of IFC are possible due to globally unique ID (GUID) tags defined
of an international working group [181]. IFD supports interoperability

7 BIM objects' properties and attributes are used synonymously.

of BIM content through GUID between BIM and project or product spe-
cific data [184,185].

Standards ISO 12006 parts 2 and 3 structure BIM content, while
OmniClass™ specifies BIM content according to AEC requirements into
construction results, construction ~esources and construction processes
[186]. A profound analysis of CmniClass properties revealed that some
properties for representing existii.g buildings and related processes are
lacking yet (see Table 4). F it1're challenges remain the assignment of at-
tributes to LC stages [ 155 -187|, to MVD and to process interfaces [7].

4.3. Technical issu >s

As BIM in « narrow sense is modeled to fulfill required functionalities
[152.188] fcr example in maintenance or deconstruction, technical
issues depcnd on the LoD required by the designated functionality.
Thereidre when applied to existing buildings, the functionality-related
Lo A:termines the technical specifications of data capture, processing
an 1 BIM model creation. The BIM creation process can be differentiated
between for new and for existing buildings due to varying building
information quality, information availability and functionality require-
ments (see Fig. 2). For new buildings, model creation of the “as-
planned” BIM is done in an interactive, iterative process with commer-
cial design or planning software (Fig. 6 — left part) and allows updating
to an “as-built” BIM (case I). Since many existing buildings have rather
insufficient, preexisting building documentation either preexisting
BIM is updated (case II) [37] or a “points-to-BIM” process is performed
(case III) [4,43,62,68] to gather and model actual building conditions
(Fig. 6 — right part). To create an as-built BIM from scratch (case III),
geometrical and topological information of building elements has to
be gathered, modeled and complemented by semantic property/
attribute information manually. If a reliable data capture technique
could provide an as-built BIM at reasonable time and cost
[19,42,62,65,152,153], existing buildings could benefit from BIM
usage e.g. regarding documentation, visualization or facility management.

The three cases differ considerably in potential modeling effort.
In most existing buildings, insufficient building information and no
available preexisting BIM lead to application of case III which is
discussed in further detail below.

4.3.1. Data capture

If building information is insufficient for required functionalities,
techniques of data capture® or survey are applied [35]. The required
LoD determines all following steps from technique selection to model
creation due to its great influence on required data quality, data volume
and processing effort.

Fig. 7 shows non-contact techniques further differentiated into
image-based, range-based, combined or other techniques; contact
methods consist of manual or other techniques [39,189,190]. Image-

8 Synonyms: data capture, data acquisition, data retrieval. However, building survey im-
plies measurements from building components.
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Fig. 6. BIM creation processes for new and existing buildings, partly from Hube, et al. [62].

and range-based techniques extract mainly spatial, color and reflectivity
information. In practice, semi-automated laser scanning with total sta-
tions is prevalent [153], although affected with disadvantages such as
high equipment cost and fragility as well as difficulties in scanning re-
flective, transparent and dark surfaces [43,61]. Besides, this technique
needs further extensive data processing and modeling steps (see fol-
lowing sections) on conventional computers and current approacacs
have rather minor LoDs [4,30,31,52,66,130,151,191,192].

Manual techniques capture mostly spatial and other compcnel -
related information. Few approaches focus on other teciiniques iike
tagging [110,111,193] or utilize preexisting building info mation
[25,130,194] to gather additional information such as ccmpeaents' di-
mensions, materials, textures, functions, connection:. positions or
maintenance periods. RFID or barcode tags are rather ‘nstalled in new
buildings [7,70,195], because in existing buildings w2 gging is limited by
installation effort (e.g. to retrofits), readabilit’ range and interoperabil-
ity [110,111,193].

Table 7 sumiuarizes the major data capturing techniques of laser
scannirg, Lhotogrammetry and tagging that are relevant in research
[19,31,40,13,61,77,151,196] and decisive features for technique selec-
tion. Maiii characteristics are cost, time, LoD and environmental condi-
tiors auring data capture (e.g. light, weather, vegetation, concealments,
(!*¢er). Combinations of techniques are common and try to overcome
drawbacks of individual capturing techniques [25,63,83,190,197-199].
In practice, laser scanning is widely applied to measure infrastructures’
and buildings' dimensions [79,94,200], and to record and update city
surfaces [201].

Maintenance functionalities require a high LoD of components,
the installed equipment, services and appliances [50]. Therefore, tag-
ging is rather inadequate for application in maintenance in terms of
spatial accuracy, LoD and degree of automation. Time and cost re-
strictions are major decisive features [2] in deconstruction processes,
but a related LoD and appropriate capturing technique is yet to be
defined.

Data capturing and building
surveying techniques

Non-contact techniques

Contact techniques

Image-based techniques Range-based techniques

Other techniques

Manual techniques Other techniques

Photogrammetry
(monocular, stereo)

Laser scanning
(LADAR, LiDAR)

Tagging

(RFID, Barcodes) Tape measurers, Calipers

Videogrammetry Laser measuring

Preexisting information
(photos, floor plans, etc.)

Other

LADAR: Laser Detection and Ranging
LiDAR: Light Detection and Ranging

Other

RFID: Radio-Frequency Identification

Fig. 7. Systematic overview of data capturing and surveying techniques to gather existing buildings' information [7,19,45,61,78,189,202].
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Table 7

Characteristics of main data capturing techniques in the construction sector [4,19,30,40,43,61,63,77,98,110,111,189,193,211-213].
Decisive features Data capturing techniques

Laser scanning Photogrammetry RFID tagging Barcode tagging

Applicability in existing buildings Yes Yes Limited Limited
Cost High Medium Medium Low
Time Medium Fast Fast Fast
Spatial accuracy, Level of Detail (LoD) High High Medium Medium
Influence of size and complexity of the scene High High Low Low
Influence of environmental conditions High High Low Low
Importability into BIM Yes Yes No No
Data volumes High Medium Low Low
Degree of automation Medium Medium Low Low
Operability Low Medium Medium Medium
Equipment portability Low High High High
Equipment durability and robustness Medium High High Medium

Recent research focused on capturing mainly geometric rather than
semantic representations of buildings and feeding point cloud data into
BIM software [4,19,43,152,199,203-210]. But new developments
intensely research process models for automated BIM modeling from
captured data (‘scan-to-BIM’) and improvements in LoD [31,151,192]
to enhance application in existing buildings. In order to perform a com-
prehensive audit on existing buildings, the mentioned data capturing
techniques might be combined with other methods of non-destructive
testing to analyze materials and properties. Possible methods could
include material- or texture-based recognition [151] and structure
recognition beyond surface through ground penetrating radars, radiog-
raphy, magnetic particle inspection, sonars or electro-magnetic waves
[205] or tags installed during retrofits.

4.3.2. Data processing

As functionality requirements determine the required LoD anc thus
the data capturing technique, functionality influences data voluime,
processing and related time and effort. Data processing is pcrformed

to enable the recognition of functionality-relevant BIM objects in previ-
ously captured building data, e.g. to detect installations or fittings for
maintenance purposes.

During processing steps, imag>-based and range-based point cloud
data are registered, alignec and ni.erged into the same coordinate system
[31]. This is mostly don < inter=ctively, either through defined coordinates
or detected characterisics such as descriptors or tie points [31,61]. Then,
data is cleaned from 1 oise, irrelevant information and clutter [31,203]
and often derirated to improve computing time. Data captured with
other techniques is processed according to its data format, the required
functiorality and the object recognition method [25,70,110,130,194].

Applied to fulfill maintenance or deconstruction functionality
requu>ments of complex structures, data processing might overrun
reaconable computing times due to increased LoD, high data volumes
or limited computing capacity of mobile devices. Further developments
in computing performance of mobile devices and research in outsourcing
of computing processes on cloud servers might enable faster data
processing.

Object recognition methods
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Fig. 8. Systematic review of object recognition approaches applied in existing buildings [30,31,40,43,61,63,77,110,111,189,193,211-213].



R. Volk et al. / Automation in Construction 38 (2014) 109-127 121
Table 8
Technology analysis of commercial capturing, processing and modeling software with respect to the BIM or CAD integration.
Commercial Software Data capturing techniques BIM integration ~ CAD integration =~ Remarks
Laser Photo- RFID Barcode  Other
scanning  grammetry  tagging  tagging
Australis [217,218] - X - - - No Yes Export of DFX and ASCII
Autodesk ImageModeler [219,220] - X - - - Yes Yes Architectural application, DWG file export
Canoma [221] - X - - X* No Yes Surface texturing of CAD objects
INOVX RealityLinx Model [222] X X - - - No Yes Plant application
NuBAU freac [130,211] - - - - X Yes No Interactive creation of floorplans
PhotoModeler [223,224] - X - - - No Yes Export in DXF, textured surfaces and
elevation drawings
Polyworks Modeler [225] X - - - - No Yes Import of IGES/STEP files, no architectural
application yet
Geomagic Design X X - - - - No Yes Parametric modeling, no architectural
(Rapidform XOR2) [226] application yet
RiSCANPro [215,227] X - - - X* No Yes Automated creation of floorplans
Vela Systems Field BIM [228,229] X X Yes No Integrated in Autodesk Navisworks

X: Used technique

* Digital photos.

4.3.3. Object recognition

The captured and processed building data is used to recognize build-
ing components and their characteristics relevant to required function-
alities. The recognition of objects includes object identification,
extraction of relational and semantic information as well as treatment
of concealments and remaining clutter [31]. Methods and tools of object
recognition differ due to geometric complexity of the building, required
LoD, and applied capturing technique, data format, or processing time.

Fig. 8 shows data-driven, model-driven and other recognition ap-
proaches. Data-driven approaches extract building information from
captured and processed data and can be differentiated into feature-,
shape-, material-based and statistical matching methods. Model-
driven approaches are rather based on a predefined structure suck. ¢s
e.g. topologic relations or constraints and perform matching of cantured
data through knowledge or contextual information. Other aporeaches
include manual identification or tags. Some publicativi.s cecmbine
data- and model-driven approaches to overcome drawbac%s ot ‘ndivid-
ual methods [62,64,65,196]. Coarse and mainly planar buiiling com-
ponents such as walls, ceilings, floors, doors, windo ws and clutter
are recognized in small scenes of single or fev: rooms [62,64,65]
with recognition rates between 89 and 92%. 3ut nevertheless, re-
search approaches try to further improve LoD and recognition rates
as well as handling data uncertainty throag:: statistical (thresholds),
contextual (semantic nets, relations) o- intcractive (machine learning)
methods [40,43,61,62,64,65,156,189,15¢,207].

In order to enable maintenance fu.ctionalities, detailed information
e.g. on technical equipment (HVAC/MEP) [50] such as the course of
ducts, installation dates, material layers or composites is necessary.
This information is not automatically recognized in buildings by current
approaches yet, but requires intense user input and interaction [40].
However, other industries might provide promising approaches
[31,214]. Deconstruction-related LoD in recent research focus on struc-
tural components [2,24] yet, that might be recognized in image- or
range-based data. But sophisticated functionalities e.g. with regard to
components' connections, hazardous components, components' layers
or recycling qualities demand a higher LoD that would require high an-
alytical testing efforts and user inputs.

4.3.4. Modeling

Modeling® denotes the creation of BIM objects that represent build-
ing components, including both geometric and non-geometric attri-
butes and relationships. If BIM is modeled on the basis of previously

9 In this context, modeling does not refer to simulations or optimizations of processes or
parameters (e.g. time or cost). Such calculations might be performed e.g. in expert func-
tionalities on BIM data.

captured building informatien, the preceding data capture, processing
and recognition methods influcnces data quality through the deployed
technique and the prov'ded LuD. To compare different approaches and
their modeling cap:cidies, created models might be assessed e.g. with
respect to modeling accuracy, LoD or CMM® [31,163]. Yet, no standard
BIM assessmer t me-hod has been established to compare model quali-
ties (see Section 4.1.2).

In praciice. “as-built” BIM modeling is done interactively in a time-
canstmin, and error-prone process [7,19,31,189], e.g. with BIM model-
ing _oftviare of the few major vendors Autodesk Revit and Navisworks,
Bentley Architecture, Graphisoft ArchiCAD, Tekla or Nemetschek
Mzlan. Specialized software in the area of reverse engineering, data
:apture, processing and BIM modeling is analyzed in Table 8. Although
some allow the rapid generation of building floor plans [130,215] or
offer BIM integration, the depicted software solutions are far from auto-
mated or semi-automated BIM modeling of existing buildings.

In research, automated BIM modeling or transformations of surface
models into volumetric, semantically rich entities are in its infancy
[19,151]. Many reviewed publications cope with (semi-) automated
modeling of building surfaces or components with respect to their geo-
metrical representations. However, they do not regard component
properties or semantic information yet [19,43,152,199,203-210,216].
If non-geometric attributes like functional, relational, economical or
semantic information of existing buildings are integrated into BIM, it
is done interactively or semi-automated [130,151-153]. E.g. concealed
building components like ducts, pipes, conduits or plumbing
(HVAC/MEP) can only be modeled with high user input yet [40]. Due
to an effortful BIM creation process, model creation of existing buildings
either focuses on coarse building components or is not applied yet. Be-
sides, the high LoD, e.g. required for specific maintenance or decon-
struction considerations is not compatible with current time and cost
restrictions in the AEC/FM/D sector. Furthermore, our review reveals
that object attributes and relations relevant for maintenance and de-
construction functionalities are not widespread modeled yet, partly
due to undefined properties (see Table 4), unavailable object libraries
containing older building components or unspecified LoD.

As skilled personnel and high efforts are necessary to model BIM of
existing buildings, further research in automated capturing, processing
and modeling could reduce building auditing cost and increase produc-
tivity in BIM-based maintenance and deconstruction processes.

4.4. Organizational and legal issues
The use of BIM and the integrated product delivery (IPD) concept in

new construction requires profound process changes [7]. As this also ap-
plies when BIM is used in maintenance and deconstruction processes,
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organizational issues are discussed in this section that influence the im-
plementation of BIM in existing buildings such as collaboration of stake-
holders, contractual relationships or liability.

4.4.1. Collaboration of stakeholders

Throughout the construction industry, collaboration and data ex-
change still is mainly document-based [48,150]. Traditionally, resis-
tances or lack of education/training resulted in a rather inefficient
collaboration [9,11,36,67,230]. Depending on the project, collaboration
through BIM over the whole building LC can improve data and process
management in a central information repository [30,67] and facilitate
role and responsibility management through attached groupware or
web services [21].

In new buildings, collaboration through BIM is increasing, espe-
cially due to improving capacities of communication media [150],
such as e.g. groupware [101,102], BIM server and cloud computing
[34,100,120,231,232], mobile devices [34,76,120,231-233] and aug-
mented reality approaches [76,233]. But also the spreading of collab-
oration standards (e.g. Dutch VISI-Standard) and amplified training
of personnel helps to overcome the implementation problems and
isolated use of BIM [21,67,234,235]. Besides, requests of building
owners and political pressure in some countries like UK or USA increas-
ingly foster BIM collaboration in new construction [44,236-239].

Available BIM collaboration systems focus on functionalities of con-
tent management, viewing and reporting rather than on model creation
or system administration yet, but they are further developing [150].
Nevertheless, literature still indicates prevalent social and institutional
obstacles inhibiting BIM implementation in the construction sector.
Often mentioned obstacles are a fragmented Architecture, Engineering,
Construction, Facility Management and Deconstruction (AEC/FM/D) in-
dustry [48], resistance to changes in employment patterns and process-
es [48,150,240], slowly adapting training of personnel, lacking
customized collaboration systems [150], as well as prevailing problem.:
of liability, data security and interoperability [7,17,21,30,48,66,241

For maintenance and deconstruction purposes in existing buildi,gs,
stakeholders and their roles are defined in COBie and can be li.\ea Wit
BIM objects for which they are responsible [50,130]. Since ti:e majority
of existing buildings are not maintained or deconstructed with 2iM yet,
stakeholders' collaboration might remain ineffective. Many available
and partly BIM-integrated FM software solutions as well &s IPD will en-
hance FM functionalities and collaboration. But recai d11.;; deconstruction,
activities and functionality-specific process or interacuon maps of BIM are
not developed or implemented yet. Due t doni:aant time and cost re-
strictions in deconstruction, research focu.: rati.er on time and cost opti-
mizations rather than on digitally supnosted collaboration (through BIM).

4.4.2. Responsibility, liability and model ownership

As depicted previously, collaboration systems have four major
domains: content management, model content creation, viewing/
reporting and system administration [150]. Especially the second do-
main raises most discussed topics of standard of care, contractual pro-
tection of model ownership and intellectual property, as well as of
authorized uses and sensitive information in integrated project delivery
(IPD) [17,48,158,239,242,243]. Insurance matters like shifting or shar-
ing of risk as well as allocation or compensation of responsibility are
also important issues [242-244].

For BIM use in new buildings, the American Institute of Architects
(AIA), the Associated General Contractors of America (AGC) and
ConsensusDocs are working on respective contractual guidelines [7]
and are publishing contract samples [7,44,158,245]. But legal uncer-
tainties in BIM implementation and in fee specifications in AEC/FM/D
sectors [11] of other countries often remain.

As many processes in FM and deconstruction are not based on BIM
yet, respective contracts have not yet been developed and standardized
for these applications. Although e.g. responsibilities for hazardous mate-
rials onsite are stipulated in new construction [244], contracts need

adaptation to existing buildings' requirements due to e.g. owners' re-
sponsibility for legacy. Furthermore, responsibility of model and con-
tent management during maintenance seems not to be addressed in
literature and legal frameworks yet, although updated BIM content is
crucial for any maintaining, retrofitting or deconstruction planning.

4.4.3. Education and training, culture

Although BIM is spreading in AEC industries worldwide, the need for
qualified personnel remains a bottleneck of BIM implementation in new
buildings [7,9,11,36,67,230]. Other major hindrances are the willingness
to collaborate and cultural differences [ 16]. A comparative study on BIM
in education identified a need for alignment of training contents,
academic education and industry requirements, but relativized their
statement through the rapid technological changes in this area [246].

Facility managers, owners of existing buildings, deconstructors and
consultants are scarcely using BIM [15,16] and are not fully integrated
in BIM development and implementation yet [15]. Thus, there is a need
to enhance their integration, training and education to maintain, use
and also deconstruct (if needed) the rising number of complex BIM-
constructed or BIM-retrofitted buildings and infrastructures.

5. Discussion of findings and fuv:we needs

Considering BIM fo. e.7istizig buildings and related maintenance and
deconstruction proces:es, we reviewed more than 180 academic and
applied publications 1 -om journals, conference proceedings and other
sources of professiviial associations, standard committees and authori-
ties. Numerous rapid changes and recent developments not only push
imp'ementarion and research in many BIM-related areas [8], but also
enlarge the complexity of research. Thus, some publications or trends
might have been overlooked and not been considered in this paper.

Dize to the former development of BIM, architects, engineers and
coatractors played a major role as early adopters of BIM technology
and still dominate the elaboration of BIM functionalities [15] and dis-
semination [7]. Although on the one hand, implementation of BIM
both in new and existing buildings induces profound changes of pro-
cesses and information flows (e.g. through IPD), on the other hand it ac-
crues considerable advantages (e.g. in risk mitigation or improved data
management). Recently, research turns to FM requirements, but still it is
mainly focusing on new or recently completed buildings with a building
information model (BIM) at hand, rather than on existing buildings
without BIM [8,29]. Besides, owners, facility managers, deconstructors
and related consultants are hardly involved in the BIM functionality de-
velopment yet [15]. Thus, existing buildings' requirements such as e.g.
cause-effect and deterioration modeling [99], deviation modeling
[130] or uncertainties are not considered yet.

In the following, we discuss not only major potential benefits of BIM
implementation in existing buildings that could be implemented, but
also challenges, process changes and resulting research gaps:

5.1. Technical issues

If BIM is used for FM in new buildings, clear benefits are reported
e.g. regarding improved information flows and project management,
risk mitigation and positive return on investments [11] especially in
complex structures. BIM in FM or deconstruction is not used
industry-wide yet, but potential functionalities of BIM in existing
buildings for FM [11] and deconstruction are numerous. Many FM
approaches already benefit from BIM information of recently built
structures e.g. through performance monitoring 7] or virtual reality
[233]. Yet, only few approaches deal with deconstruction planning [2,24]
or vulnerability and collapse analyses [ 146,154], assuming a preexisting
BIM that contains the required information. But further expert refur-
bishment or deconstruction processes might also benefit from BIM
usage through improved/supported decision-making in complex facili-
ties, shortened refurbishment or deconstruction schedules, reduced
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costs, jobsite safety during deconstruction, enhanced collaboration,
documentation, data management and visualizations (e.g. during bid-
ding or renegotiations). Ecological issues are not accounted for, like re-
source efficiency, potentially achievable recycling qualities or recycling
rates (recyclability), ability of dismantling component connections, sep-
arability of material layers and composites, deconstructions' emissions
or immissions (such as noise, dust, vibrations), or respective protection
measures that could be simulated or optimized through BIM.

If BIM is implemented in existing buildings, it might also affect sus-
tainability ratings and certifications. Although some sustainability ratings
already include some end-of-life considerations [247,248], BIM might be
used to integrate monitored values such as energy consumption, waste
water, or maintenance costs into their rating or to extend current assess-
ment criteria with regard to recyclability or other end-of-life consider-
ations on component level. These adaptions would help to enlarge the
depicted environmental effects of a built structure and to verify and
monitor consumption and emission values of certified structures.

As the development of maintenance functionalities requires stan-
dardized Levels of Detail resp. Development (LoD) of BIM content,
COBie standard is an important milestone for BIM use in FM. Although
COBie includes material and sustainability information, it excludes in-
formation on architectural parts such as slabs, walls, footing, roof,
ramps and stairs that are essential e.g. for refurbishment or deconstruc-
tion planning. Also, flow segments and fittings are not included in
COBie, but are relevant e.g. during maintenance, deconstruction and
separation of components and materials. For deconstruction-related
functionalities no LoD is defined yet, and process and interaction maps
for information exchange in BIM are lacking. Besides, the many coexis-
tent concepts for assessing BIM model quality (e.g. LoD, Object/Element
Matrix, or CMM) might benefit from harmonization. This is hampering
interoperability and information exchange in ‘as-built’ BIMs.

Although the use of BIM in existing buildings might contribute to bet-
ter project and data management, it is confronted with major shortcci-
ings. As BIM use in existing buildings is only appropriate with nrecite,
unambiguous and relevant up-to-date information [3], BIM dcta ¢any
is crucial to any applied functionality. Major challenges ar.u areas ot re-
search are therefore on the one hand the initial data capt.e aid auto-
mated BIM creation [62,63,151,152] (see Section 4.5).and oi. the other
hand the information maintenance and assessment ii. BiM [7,11,21]
(see Sections 4.1.2 and 4.4). A third major issue s tke handling and
modeling of uncertain data, objects and relations vccurring in existing
buildings, which is not addressed in BIM vet. To cope with these issues
and to reduce time and cost, the integratior. o : nonitoring and capturing
methods into BIM seems promising to keep b:M information automatical-
ly up-to-date. Further development of aiributes and integration of tech-
niques like semantic reasoning is essential to provide unambiguous
attribute definitions and to improve the capture and processing of build-
ing information, allowing future FM and deconstruction functionalities.
This will help to ensure interoperability between BIM and attached expert
functionalities and to facilitate BIM implementation in existing buildings.

5.2. Informational issues

Incapable interoperability still is a major obstacle in BIM data ex-
changes both in new and existing buildings. To increase interoperability,
universal data structures are developed continuously. But develop-
ments focus on new rather than existing buildings and their require-
ments yet [180]. Some developed concepts (IDM, MVD) were recently
specified for expert functionalities in new or recently constructed build-
ings, e.g. for energy analysis or for FM. But to enable data exchange with
e.g. potential decontamination planning or deconstruction progress
tracking functionalities, both concepts require further specifications. Be-
sides, MVD are not available for the actual IFC2x4 format yet [249].
As long as research focuses on recently built structures and their re-
quirements, the development of standards will be slow and hamper
BIM implementation in existing buildings.

The second informational challenge results from the outpacing BIM
technology development. Due to long lifetimes of buildings and infra-
structure, challenges arise from interoperability within rapidly develop-
ing BIM models, BIM expert functionalities and continuous model
maintenance during building lifetime [11,12,37]. Besides, due to in-
creased demand for semantic web technologies [12,67,179], mobile
BIM and cloud computing [34,120,231,232] that further enhance applica-
bility of BIM, challenges are to be met in management of temporal data,
transaction management and synchronization in BIM [11,12,37,150].

5.3. Technical issues

If building documentation is inadequate for maintenance or decon-
struction processes, capturing and surveying techniques with different
qualities are applied to audit and gather existing buildings' characteris-
tics. The functionality-related Level of Detail (LoD) and the correspond-
ing data capturing technique influence all following steps of BIM
creation and its associated effort, e.g. surveying and processing times [4].

Due to a mainly interactive and time-consuming data capturing, pro-
cessing and creation process, BI" modeling effort is high and thus BIM is
often not applied in existing ruiidings yet. Besides, a high LoD e.g. re-
quired for detailed mairtenance or deconstruction considerations is not
compatible with current um: or cost restrictions in the AEC/FM/D sector.

Resulting majer recearch challenges are (1) effort reduction
(automation) e1 ceptaring, processing, recognizing and ‘as-built’ BIM
creation anew | 4.31,43,45,62,77], (2) capturing and integrating seman-
tic infor.ation into BIM [6,43,45] as well as (3) addressing of
techniqu=-spccific restrictions e.g. such as environmental influences in
field cperation [64,130] or post-processing of concealed, distorted,
stimceiral or semantic building information [19]. Therefore, approaches
focus on the development of cost-efficient and highly automated BIM
creation based on laser scanning or photogrammetry. But future re-
search approaches could also include material- or texture-based recog-
nition [151] and non-destructive testing methods such as ground
penetrating radars, radiography, magnetic particle inspection, sonars
or electro-magnetic waves [205] or tags installed during retrofits to in-
crease information richness in BIM. Further automation of modeling se-
mantic and volumetric BIM objects from captured data [6,43,45] might
be achieved through specific but yet unavailable object libraries of real
building components, learning algorithms [31], testing in real environ-
ments [31,66], consideration of uncertainties, and further detailing
through capturing small, concealed or non-planar components in com-
plex buildings [31,82,190]. The recognition and modeling of installa-
tions, ducts and pipes (HVAC/MEP) might e.g. benefit from similar
approaches in other industries [214,222]. Apart from that, BIM applica-
tions on mobile devices are increasingly demanded, but yet face high
data volumes and computing times [64,130].

5.4. Organizational and legal issues

With the spreading of BIM in the AEC/FM/D communities, traditional
processes and stipulations are adapted at different speed and scope to
digitally supported collaboration through BIM. Political pressure in
countries like UK or USA furthers implementation of BIM [236,237]
e.g. through public tendering, while developments in other countries'
construction sectors are lagging behind. Thus, organizational and legal
BIM frameworks vary in different countries and in application in new
or existing buildings, but different stages of development are not report-
ed or examined in literature yet.

Although some sources describe a lacking industry-wide collaboration
due to resistances and lack of training [7,11,67], BIM collaboration is
spreading [150]. Recently, capable collaboration systems are developing
[150] yet focusing on content management, viewing and reporting
rather than on model creation or system administration. And further
capacity developments in this area are expected to facilitate BIM
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implementation e.g. through cloud computing, sensor networks or se-
mantic web approaches [150,179].

As BIM implementation demands profound process changes [7],
it has great implications on contractual relationships in AEC/FM/D
industry. In recent years, legal instruments and contractual agree-
ments in the AEC/FM/D industry on BIM were not widely adapted
[130,153,250,251]. But lately, institutions and professional associations
in leading countries provide contract templates and legal advice for
stakeholders in new building projects. As stakeholders, their interests
and required processes (e.g. bidding and procurement) vary from plan-
ning and construction to maintenance and deconstruction LC stages,
adaption of legal frameworks would be necessary if BIM is applied in
existing buildings. Besides, an interdisciplinary education of facility
managers, deconstructors and consultants might be necessary to imple-
ment BIM in existing buildings. But as long as issues of model owner-
ship and data responsibility, LoD, liabilities and fees are not stipulated
or standardized [11], it will hinder BIM implementation in existing
buildings due to reduced data security and user confidence [17].

6. Conclusion

The conducted literature review of over 180 publications presented
the state-of-the-art implementation and research of building informa-
tion models (BIM) in existing buildings with focus on maintenance
and deconstruction LC stages. Due to the former BIM development, ar-
chitects, engineers and contractors play a major role as early adopters
of BIM technology and still dominate the elaboration of BIM functional-
ities [15] and BIM dissemination [7]. Despite the increasing BIM usage in
new structures, implementation of BIM in existing buildings is still lim-
ited yet, focusing on recently completed buildings with a BIM at hand
rather than on existing buildings without BIM [8,29]. But research ap-
proaches are intensifying to harness BIM for application in existing
buildings and to capture and integrate building data into BIM. A growiny’
number of maintenance interfaces and functionalities in preexi<ting
BIM are developing for recently constructed buildings, while <npiica-
tions and research approaches for deconstruction functiznalitics in
BIM remain rare and do not cover all related aspects. Ownars, fe cility
managers, deconstructors and related consultants are bardly 1zvolved
in BIM functionality development yet [15].

Although on the one hand, implementation of BIM both in new and
existing buildings induces profound changes of nro-es.es and informa-
tion flows (e.g. through IPD), on the other hanc it accrues considerable
advantages. Potential BIM functionalities and be: efits in existing build-
ings are numerous. Calculation of alternatives and optimizations seem
promising to enhance project maragenicat and risk mitigation or to
limit costs and duration of FM or decons.ruction measures, e.g. in com-
plex buildings or infrastructures. Onsite progress tracking, measure-
ments and monitoring through cloud computing depict potential
future trends of automated capture and transformation of building in-
formation into BIM. Besides, stricter regulations on rubble management
and increasing product responsibilities of manufacturers might lead to
BIM-based monitoring of (hazardous) components and to increased
interest in information on existing buildings, related sustainability
properties, reuse/recycling options or emissions (e.g. through LCA).
Other important FM and deconstruction requirements such as e.g.
cause-effect and deterioration modeling [99], deviation modeling
[130] or uncertainties are seldom considered yet. To implement such
functionalities, a structured and integrated data repository on building
information like BIM could be beneficial to authorities, decontamina-
tors, deconstructors or industry professionals.

Our findings reveal that major challenges and areas of research are
(1) the automation of data capture and BIM creation (without
preexisting BIM), (2) the update and maintenance of information in
BIM and (3) the handling and modeling of uncertain data, objects and re-
lations occurring in existing buildings in BIM. New data capturing tech-
niques try to overcome lacking building information at low costs. But

current approaches face challenges of capturing structural, concealed
or semantic building information under changing environmental condi-
tions and of transforming captured data into unambiguous semantic BIM
objects and relationships. Less dominant challenges are varying quality
assessments of BIM models, undefined LoD for deconstruction function-
alities, interoperability between BIM models of different generations and
underdeveloped object properties and processes for maintenance and
especially deconstruction purposes.

Adaptation of BIM-related legal and organizational frameworks dif-
fers between countries. Progressive AEC/FM/D industries (e.g. UK,
USA) reformed national regulations and implemented novel collabora-
tion processes through BIM, but rather for new than for existing build-
ings. Organizational and legal issues seem to be major levers to
influence BIM implementation due to their coherences of BIM in a
broader sense. But to our knowledge there is neither research on the
worldwide spreading of BIM and its related changes of processes
and regulations in different circumstances nor a comprehensive cost-
benefit analysis of BIM implementation for existing buildings yet.

Fast developments of BIM and the recent release of standards such as
COBie or [FC2x4 are promising for {uture process automation, alignment
of BIM with AEC/FM/D proceszes and efficient resource management
through BIM in new and existing uildings. Longtime trends like the in-
creased digitalization and autamation, growing existing building stocks
and sustainability reqruircmerits, as well as emerging technologies like
cloud computing, semantic web technology and mobile BIM devices will
stimulate and ext >nd 1'IM implementation in existing buildings. But due
to the reveeled s:ate-ut-the-art BIM implementation in existing buildings,
this area has 1nany challenging future research opportunities at hand.
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