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During the last two decades, designers have been embracing building information modeling (BIM) to im-
prove the quality of the documentation that is produced as well as constructability. While BIM has become
an innate feature of the design process within the construction industry, there have been limited investiga-
tions that have examined how it can be integrated into real-time communication on-site. In addressing
this gap, this paper proposes a conceptual framework that integrates BIM with augmented reality (AR) so
as to enable the physical context of each construction activity or task to be visualized in real-time. To be ef-
fective, it is suggested that AR should be ubiquitous (including context awareness) and thus operate in con-
junction with tracking and sensing technologies such as radio frequency identification (RFID), laser pointing,
sensors and motion tracking.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

A plethora of innovative computer-based tools have been designed
and developed to support the disciplines of Architecture, Engineering,
Construction and FacilitiesManagement (AEC/FM) [1]. A pervasive soft-
ware tool within the marketplace is building information modeling
(BIM). The benefits of using BIM have been widely espoused and
include:

• Decreased capital costs throughout a project's supply;
• Reduced errors in contract documentation;
• Improved estimation during bidding and procurement;
• Improved coordination in construction sequencing;
• The capacity of identifying conflicts that may arise during construc-
tion;

• The capacity of conducting ‘what if analysis’, such as construction
sequencing options, to be undertaken; and

• Enhanced clients and end-users' understanding of the end product.

BIM related research has predominantly focused on how it can en-
hance communication and collaboration between stakeholders through
the use of three-dimensional (3D) representation and modeling,
four-dimensional computer-aided-design (4D) and simulation, and vir-
tual construction throughout a project's life cycle [2]. Issues related to
how BIM can transcend design to real-time on-site construction have
remained rarely explored. Information contained within BIM should
rights reserved.
be used during construction to ensure that activities and tasks are com-
pleted on time and to schedule as well as to ensure the desired quality
and safety standards are met [3]. Yet, projects that utilize BIM tend to
mainly use it simply as a representation and simulation tool [3]. Difficul-
ties dealing with large quantities of data and a context awareness
surrounding its accessibility have hindered the use of BIM being
effectively implemented on the construction site. In addressing this
shortcoming, this paper suggests that augmented reality (AR) can be in-
tegrated with BIM to enable the physical context of construction
activities and tasks to be visualized. While BIM provides static and
pre-defined data and information, AR can be used for real-time visuali-
zation and monitoring of activities and tasks. The integration of BIM
with AR can provide a platform for a site management team and sub-
contractors to effectively interact and utilize data contained within a
BIM model [4].
2. Building information modeling

Building information modeling (BIM) is a set of interacting poli-
cies, processes and technologies that generates “a methodology to
manage the essential building design and project data in digital for-
mat throughout the building's life cycle” [5]. It makes explicit the
interdependency that exists between structure, architectural layout
and mechanical, electrical and hydraulic services by technologically
coupling project organizations together [6].

The building information model created is a digital representation
of the facility's physical and functional characters. It provides a shared
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Table 1
Taxonomy of AEC tasks and operations [28].

Level Description Examples

1 Application
domains

Architecture, engineering, construction, inspection,
maintenance, training and education

2 Application-specific
operation

Safety and disaster response situation, maintenance,
repair, build, dismantle, testing, fabrication,
inspection, construction planning, conceptual
planning, individual design, design and planning
coordination and collaboration, etc.

3 Operation-specific
activities

Assembly, examining working flow or sequence,
factory layout, architecture visualization or planning,
equipment path planning, monitoring,
tele-operation, tele-robotics, etc.

4 Composite tasks Measure, connect, navigate, organize, obtain, select,
align, connect, record, report, etc.

5 Primitive tasks Reach, grasp, eye travel, move, etc.
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knowledge resource for information about the facility for a client or
user to use and maintain throughout the project's life cycle [7].

BIM can start with parametric 3D computer-aided-design (CAD)
technologies and processes to design and represent a facility. It can
also incorporate 4D and 5D dimensions where 4D includes a time di-
mension and 5D time-based costs [8]. In addition, there is a distinct
shift to expand BIM into an nD environment where engineering anal-
yses and various other construction business functions are incorpo-
rated at each stage of the lifecycle of a building facility; including
scheduling, costing, quality, accessibility, safety, logistics, crime, sus-
tainability, maintainability, acoustics and energy simulation [9].
Despite the developments to date, BIM has not been effectively trans-
lated to operations during construction, specifically in relation to the
daily monitoring of work and management of subcontractors.

3. Augmented reality

Augmented reality is a field of research that combines the real world
and computer generated data. Fundamentally, it is an environment
where data generated by a computer is inserted into the user's view
of a real world scene [10,11]. AR allows a user to work in a real world
environment while visually receiving additional computer-generated
or modeled information to support the task at hand. AR environments
have been typically applied primarily in scientific visualization and
gaming entertainment. AR capabilities that have been enabled by
technology have seen it migrate from marker-based to markerless
(e.g., D'Fusion in Total Immersion) and context aware methods
(e.g., Layar and Wikitube) that can provide the ability to be used in
a mobile setting.

Despite the availability of high-quality graphic systems, designers
(e.g., architects) predominately create digitally enhanced photographs
to demonstrate the placement of a building with respect to a vantage
point, or scaled physical mock-ups of building components. While this
can provide a realistic insight about the proposed design and their im-
plications in construction, it is an expensive and time-consuming pro-
cess to create static structure and surface characteristics. Recent
advances in computer interface design and hardware capability have
fostered a number of AR research prototypes or test platforms to be de-
veloped for application in construction [4,12–24]. A detailed review of
AR application in architecture and construction can be found in [25].

There are five basic technological components of AR: (1) media rep-
resentation, (2) interaction device, (3) feedback display, (4) trackers,
and (5) the computing unit. The options of media can be text/symbol/
indicator, 2D image/video, 3D wireframe, 3D data, 3D model, and
animation. BIM can be visualized with the above formats. There are a
number of ways that six dimensional (three translational and three
rotational) controlling signals can be generated. Formore detailed com-
parison of these input paradigms, readers are referred to [26]. The term
output mechanism refers to the devices, or components, used to sup-
port the presentation of content and AR system's responses to the
user. Accurate registration and positioning of virtual objects in the real
environment requires accuracy in tracking the user's head position
and orientation aswell as sensing the locations of real objects in the en-
vironment. The most significant factor that hinders the effective devel-
opment and use of AR systems is the requirement of accurate,
long-range sensors and trackers [27].

4. AR and BIM

Wang and Dunston [28] developed a hierarchical taxonomy con-
struction field operations that comprised the following categories
(see Table 1): (1) application domain, (2) application-specific opera-
tion, (3) operation specific activity, (4) composite task, and (5) prim-
itive tasks, to determine where construction information technology
tools and methods can be applied to ameliorate task performance.
Wang and Dunston [28] revealed that the Composite Task was the
underlying building block for construction fieldwork; an activity that
consists of a set of inter-dependent composite tasks. All composite
tasks can be performed by tradespersons however machines can
accomplish some as well. Activities associated with composite tasks
include measure, connect, navigate, organize, obtain, select, align,
connect, record, and report. To acquire an object, for example, a
user must move their arm and hand into position before grasping it.
Primitive Tasks refer to elemental motion and include reaching, grasp-
ing, moving, and eye travel. Wang and Dunston's work [28] suggested
that the primitive and composite tasks could be readily applied with-
in an AR environment [28]. Thus, the mental tasks involved at these
levels should be the focus of research. Once mental activities within
the composite and primitive tasks levels are understood, it is prof-
fered that human information processing models can be formulated
to improve cognitive perception and learning. These models could
then be analyzed to reveal the underlying issues associated with
human information processing, which could be addressed by appro-
priate AR based technology. Furthermore, mental activity analysis
can assist in choosing media representation, interaction device, feed-
back display and even tracking technology.

There are three mental aspects that need to be addressed when
assessing the feasibility of using AR for construction related work pro-
cesses [28]:

1. Information searching and accessing, which relates to how informa-
tion is obtained

2. Attention allocation, which relates to the distraction from other
tasks

3. Memory, which relates to sensory, short-term and long-termmem-
ory function

Each of these mental aspects provides the basis for a conceptual
framework that is developed for linking BIM and AR as shown in
Fig. 1.

4.1. Information searching and accessing

Typically, operating information is detached from equipment,
tools, and materials except in the case of control panels and where
lighting, frequency of use, and the size of parts allow physical labels
or tags to be attached. A project engineer or tradesperson, for exam-
ple, often needs to search some form of medium for information,
which is often in the form of an annotated design drawing, manual
or photograph. Thus, a considerable amount of time and effort may
be undertaken to determine the location as well as reading procedur-
al and related information [4].

According to Hou andWang's [4], AR can be used to expedite tasks
more efficiently and effectively, as information can be made readily
available in real-time and real context. Enabling salient information



Fig. 1. Integration of BIM and AR in construction.
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to be available on demand, particularly during construction and
maintenance operations, can improve decision-making [29]. Yet,
technicians are invariably not willing to spend the time and effort re-
quired to access remote or distant information and therefore prone to
committing ‘omission errors’ [30]. For example, a technician may hold
a tool or a work piece while looking for information that can enable to
complete their task. As a result, this will require the technician to be
physically and cognitively detached from the work task they are
undertaking. If the technician wore a head-mounted display (HMD)
and used AR, then they would not be detached from their task, as
information (retrieval and display) would be integrated with views
of the work piece. Evidence of the effectiveness of information display
and retrieval using head-up displays (HUDs) has been reported by
Wickens and Long [31] as people are able to ameliorate their informa-
tion retention through scanning than reading panel displays.

4.2. Attention allocation

Towne [32] revealed that document-related activities are different
from those that involve handling a work piece. Towne [32] revealed
that cognitive time (i.e. time not engaged with devices or tools)
accounted for about 50% of total task time in the context of the
manufacturing domain. Moreover, cognition time was independent
of manual time (i.e. time for actual manipulation of devices and in-
struments). As a result, individual subcontractors differed in how
much time they devoted to cognitive/informational chores, but dif-
fered little in how much time they devoted to manual chores. If cog-
nitive activities in informational tasks are reduced or integrated into
work piece activities undertaken concurrently, total task time may
be lowered [32]. Thus, the use of AR should lower the frequency of
switchingbetween information resource (paper drawings or computer)
andwork piece tasks by integrating the required information into activ-
ities and therefore reduce the time and energy associated with repeti-
tive switching.

4.3. Memory

The memory system is composed of three distinct memory stores
[33]: (1) sensory store, (2) short-term store, and (3) long-term store.
Most construction work relies heavily on the use of short-term mem-
ory [4]. For many tasks, accurate performance requires not only that
pertinent information be retained in the short-term store, but also
that the information be acted on quickly [33]. Therefore, the limited
capacity of the short-term store has implications for any task or situ-
ation in which successful achievement of a task/operation requires a
subcontractor to encode and retain information accurately for brief
periods of time. Proctor and Van Zandt [33] indicated that the accura-
cy of retention can be increased by minimizing the activities that in-
tervene between the presentation of information and the actions
required. Proctor and Van Zandt [33] also revealed that the more
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items that are stored in working memory, the longer the retrieval
time. In the case of AR, information is directly inserted into the
subcontractor's real world view of the task, releasing part of the
short memory occupied by those items and therefore facilitating effi-
cient retrieval of information from memory.

5. Conceptual framework for integrating BIM and AR

Construction consists of a series of input components such as ma-
terials, labor, and time, output components such as quality, waster,
cost and schedule overruns, and the construction process, which in-
cludes start-up and preparation, transformation of and by resources,
monitoring, and close down/clean up [34]. In many cases, the total
number of components in a project is significant, and the connections
between them are deemed to be complicated. Froese [1] classified
these connections as: (1) product, (2) process, (3) resources, and
(4) time. Table 2 identifies how BIM and AR can play a role in each
of the concerned connections identified by Froese [1]. Time is the im-
plicit function of the above three views, therefore it is not included in
Table 2 as a separate category. AR is deemed to be an ‘information
aggregator’ that can collect and consolidate information from individ-
ual tools such as BIM, and context-aware sensors. Thus, AR could en-
able users to define and work with the inter-relationships between
products, processes, resources and time to determine and analyze rel-
evant information.

Arayici et al. [35] propagated the generation–communication-
evaluation–decision-making (GCED) cycle, which refers to the typical
routine of on-site decision-making. Basically, a potential solution is gen-
erated before it can be communicated. On being made aware of the po-
tential solution, its evaluation can commence based on a set of
pre-defined criteria and decision is then made. For example, the archi-
tects who design the building envelope interact and communicate
with engineers who develop the steel structures. When architects and
engineers engage in discussions pertaining to complex geometrical
relationships, for example, facades, the generation–communication-
evaluation–decision-making cycle commences. The conventional way
is to create and use a physical mock-up, which is time-consuming and
Table 2
The role of BIM and AR: Product, process and resources.

View Description Role of BIM and AR

Product • Refers to an explicit representa-
tion of the deliverable—the infor-
mation deliverables that describe
the constructed facility as
planned in the project plans [1]

• The time dimension of product re-
fers to the pre-definedmilestones
of the planned project progress

• The collective sum of all of this in-
formation can bemodeled in BIM.

• AR emphasizes a continuum that
flows from the virtual facility to
the physical.

• AR can be a practical unified plat-
form for projectmanagement and
control that allows the views
to be represented, interrelated,
accessed, and utilized in an effi-
cient manner by all the stake-
holders of the project.

Process • Refers to the construction and
production method to convert
resources to physical product [1]

• The time dimension of process
refers to the sequential ordering
of tasks, which can be realized
in BIM, particularly, 4D CAD and
5D CAD.

• AR can visualize 4D CAD via
time-based animation.

• The planned, actual and forecast
cost and cash flow information
of 5D CAD can be visualized by
AR associated with the compo-
nent on site.

Resources • Refers to the physical resources
(e.g., materials, tools, equip-
ment, and labor) required to be
matched with constructing any
physical component [1]

• The time dimension of resources
refers to the temporal delivery
status tracking from procure-
ment, final installation, to
commissioning.

• To identify, track and monitor
each individual physical onsite
resource, AR can provide a link
between BIM and ERP with
sensing/tracking technologies
such as barcode, RFID, and GPS.

• 5D CAD can be used to quantity
take-off materials.

• nD, particularly beyond 5D can be
used to represent the use of
equipment, tools, and labors.
inaccurate to make. Many features and properties are lost as well.
Sometimes, computer-generated sketches can be made as an alterna-
tive prior to ameeting, however, they are still insufficient for evaluation
and collaboration purposes. However, with BIM and AR, the 3Dmodels
of the building with their detailed facades and properties can be visual-
ized directly on-site right before architects and engineers to support
their communication and dynamic generation of alternative site and
work solutions.

Drawing on Froese's framework [1], Bernold and AbouRizk's clas-
sifications [34] and Arayici's GCED cycle [35], a conceptual framework
for integrating BIM and AR for use during construction is propagated
in Fig. 1. Table 3 reinforces and enriches the conceptual framework by
marrying the GCED cycle with the construction process.

The framework commences by decomposing activities into their re-
spectivework breakdown structures (WBS). TheWBS standard template
comprises of five layers: (1) section, (2) position (e.g., top structure),
(3) numbered (e.g. no. 10 girder), (4) component (e.g. rebar cage of
no.10 girder), and (5) function (e.g., schedulemonitoring, or construction
method). Each specialist sub-group within theWBS works with a subset
of project information that is relevant to their work and how it precedes
and influences other work [1]. This allows AR to understand and match
the specific entity in a BIMmodel with the actual entity in the real world.

In the AR layer, depicted in Fig. 1 above, tracking components for
the context aware layer includes 2D/3D barcoding and RFID. These
trackers are mobile and therefore ideal for use on-site to integrate
AR and BIM applications. It is suggested that tags are attached to ele-
mental components so that progress is monitored and details about
the specific properties, e.g. date, number, and text lists can be identi-
fied. A separate tag can be used for each workspace or location to re-
cord activities/handovers. Tags are created with a certain number of
pre-defined or scheduled activities that need to take place in order
for a specific component (e.g. a concrete slab) to be constructed.
The site operator can enter the date of completion and record com-
ments of each activity. There can therefore be a direct link between
the BIM model to the AR database, both of which contain drawings
and documents linked to a specific component/element database.

The proposed work pattern for integrating BIM and AR, depicted
in Fig. 1, is as follows:

1. Design and planning of construction commence with the creation of
digital prototypes or models in BIM, which contain geometric infor-
mation and non-geometric design and management information.

2. The BIM model is then used as the guide and reference to organize
the production process.

3. Each subcontractor views their role as carrying out their tasks by
drawing information from the same BIM model via AR. The
AR-based BIM models are used to support effective interaction
and communication.

4. Results of work can be feedbacked to update the same BIM model
through the function of AR annotation or commenting.

5.1. Examples of BIM and AR integration

To demonstrate howBIM and AR can be integrated and used on-site,
this section presents a number of examples that focus on the following
areas:

• Interdependency;
• Spatial site layout collision analysis and management;
• Link digital to physical;
• Project control;
• Procurement: material flow tracking and management; and
• Visualization of design during production.

These examples will be further explained in the following
sub-sections. AR can visualize as-planned BIM facility information
right in the context of the real workspace to enable project managers,



Table 3
BIM and AR: GCED cycle and the construction process.

Start-up and preparation Transformation Monitoring Finish-up and close-down

Generation • Plan and coordinate the site activities
and ensure future access.

• Safety instruction and management:
prior to the assignment of tasks, AR can
visualize the peripheral digital safety
instructions (e.g., provide a check list
of safety instructions in operating at
heights, machinery operation, etc.).

• Inventory and materials checking: know
what type of material or building ele-
ment is procured and delivered, in what
quantity, where they are stored etc.

• Spatial planning: understand the
relationship between the physical
construction materials, reachability of
labor, spatial constraints and the equip-
ment physical effectors.

• Spatial judgment: gives a more straight-
forward view to site manager with a
sense of how building element fits to
the space on constructions site.

• Communication of 4D
animation onsite to site
personnel for gaining a
better sense of the as
planned progress

• Quality inspection and control through
the comparison between the physical as
built component with the AR visualiza-
tion of as planned component

Communication • Visualizing the final renovation design
layout in the context of real environ-
ment can give clients a better spatial
sense of how the design fits to the
existing facility.

• Onsite communication and coordina-
tion: onsite discussion and coordination
between different parties on site before
immediate construction, e.g., exchange
of information between onsite archi-
tects and engineers.

• Complex geometry: communicate the
complexity and relations between dis-
ciplines both internally and externally.

• Augmented Reality can be the site-
version of BIM for integration and coor-
dination to carry out the real time clash
detection function onsite, for example,
between to-be-installed virtual compo-
nents with existing trades.

• Compare as built data
with as planned data
(BIM) via AR to moni-
tor and control the pro-
ject progress

• Communication of 4D
animation onsite to site
personnel

• The use of AR models facilitates a
concurrent approach to allow contrac-
tors and suppliers to work with sever-
al crews at the same time and thus
helps reduce lead times.

• Improve data integrity, intelligent docu-
mentation, distributed access and re-
trieval of building data

Evaluation • Discover design errors and potential
spatial and schedule conflict analysis
before construction, assembly, and in-
stallation.

• Visualizations to allow checking against
design intent

• Guide subcontractors through the con-
struction of actual buildings and im-
prove the quality of their work

• Coordinate among different specialties in
terms of the use of different working
methods, schedules, and spatial require-
ments

• Swift identification of sequencing errors
and clashes

• Flexible reflection of design and work
sequences changes, etc.

• Improved visual control
of complex geometry
and complex relation-
ships

• Less rework and clashes
• Enhanced performance
and productivity analy-
sis of the project

• Final product visualized in the context
of a real environment provides subcon-
tractors with a better understanding of
the surrounding workspace so that an
appropriate construction method can
be planned in advance.

Decision-making • Make well informed decisions on
resource allocation and dynamic
adjustment

• Make better quality decision earlier in
the process

• Benefit the engineering decisionmaking
due to the availability of onsite mea-
surements.

• Better planning can be made to reduce
the waste of overproduction, the waste
of waiting, the waste of unnecessary
movement, and the waste of unneces-
sary inventory.

• Help to set and adjust task priority
• Reduce the waste of waiting time, idle
time, double handling etc.

• Facilitate simultaneous work by
multiple disciplines: visualizing
multi-subcontractors' trades
will enable them to decide if the
available space allows spontaneous
work to happen.

• Adjust schedule based
on the current progress

• Reduce defects/rework

• Improved quality control and quality
assurance

• Daily reports in real-time, and in real
context
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subcontractors and other stakeholders to review the as-built progress
against as-planned.

5.1.1. Interdependency
As aforementioned, each participant constructs an individual

mental model to understand the project that they are involved with
[1]. Project participants use and rely upon different sets of informa-
tion that are interrelated with the product, process, and resources,
which are subjected to a number of constraints such as cost and
time. A weakness of current onsite project management practice is
that it tends to treat typical construction work tasks as being far
more independent than they actually are [1]. Thus, each participant
adopts a view that focuses primarily on their own individual tasks,
without any concern about interdependencies that exists with other
tasks [36]. Yet, BIM is capable of identifying task and process
interdependence as its focus is on integrating design and project
data within a digital environment. In order for subcontractors to un-
derstand the interdependencies and what has been created within
BIM, there is a need for visualization tools that can provide a context
for work to be undertaken. AR, for example, not only provides such a
context for an individual's mental model, but also is able to display
singular and integrated views in real-scale, context and time.

As an example, the step-by-step installation sequence of a piping
skid in a real scale can be demonstrated through AR. Fundamentally,
subcontractors can review each step by forwarding or backwarding in
the AR animation, which is pre-defined in BIM. Through this, subcon-
tractors can accurately and immediately recognize the interdependency
of each installation step to thereforeminimize the rework caused other-
wise from picking the wrong component, choosing the wrong installa-
tion sequence, and adopting the wrong installation path.

As another example, the execution of the resulting plan (e.g., initiat-
ing work tasks), and re-planning activities, for example, can all take
place using AR. While work tasks themselves remain essentially
unchanged, the inter-relationships between them can be captured so
that the causal links between actions can be better recognized and un-
derstood through augmented reality visualization.

5.1.2. Spatial site layout collision analysis and management
Spatial collision analysis (e.g., between trades) is mainly conducted

in the design stage with commercial 3D modelling systems, such as
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Dassault Systemes CATIA® (Computer Aided Three-dimensional Inter-
active Application) and Autodesk® Navisworks®. However, collisions
may still arise during the actual construction process due to the change
orders or errors. The challenge therefore is to determine on-site
real-time dynamic collision detection due to variations of construction
sequence, schedule, components and methods and then provide sup-
port for a project schema demonstration.

Typically, each specialty service involved in ductwork installation
(e.g., Heating Ventilation and Air Conditioning (HVAC) and electri-
cal), for example, works with a subset of project information that is
relevant to their contractually agreed work. In addition, those in-
volved in installing the ductwork will be required to work according
to an agreed plan of works that is integrated with other trades.
While conflicts and clash detection can be identified in BIM and by
scheduling in 4D CAD during design stage, changes, errors, or poor in-
stallation may lead to conflicts arising on-site. Thus, using AR, a site
manager can address the potential for conflicts on-site by retrieving
and visualizing all the properties and details concerning the building
elements from BIM (e.g., Revit Mechanical, Electrical and Plumbing
(MEP)).

Specific assembly instructions can also be linked to building ele-
ments and displayed onto the workspace via AR. Everything can be vi-
sualized and planned in advance in BIM with many potential
problems becoming predictable. This is especially useful with duct-
work installations to ensure, for example, that the working room is
adequate to install or remove a plant. If it is identified that the work-
ing room is not adequate, for example, some critical element of the
plant needs to be installed prior to separating walls being installed.
This is particularly pertinent for off-site assemblies where the posi-
tion of the support steel is critical to a preassembled element. AR
can be used to set out where the support steels or structures are to
be installed from the floor above. This can potentially improve
speed, safety and accuracy as well as reduce the cost of supports.
For example, with AR visualization of the ‘to-be-built ductwork’, its
exact location can be identified in the real spatial context, as what is
visualized via AR is what needs to be built.

5.1.3. Link digital to physical
Industrialization of the construction process requires a high level

of automation and integration of information and physical resources
[37]. However, the effective integration of information developed in
BIM during design with the physical construction site is a challenging
proposition.

All design and planning tasks work with information rather than
physical resources [1]. Designers, planners, and managers generally
interact with a project through various information mediums and
models. Software applications used to support various work tasks,
and documents (paper or electronic, including individual views
presented by computer tools) provide a considerable amount of infor-
mation from which the participants construct their mental models.
This creates a problem of information overload inasmuch as site
work requires individuals to both work with the most relevant infor-
mation and transform physical resources to a constructed facility.
Considerable financial resources and time due to rework is wasted
as plans or drawings are often misinterpreted, or the information is
transferred imprecisely from the plan to the real object [30]. In ad-
dressing this issue, it is suggested in this paper that the AR visualiza-
tion of information contained within BIM can provide those on-site
personnel with an improved understanding of construction sequenc-
ing, which will reduce the incidence of quality failures.

5.1.4. Project control
Schedule growth is common in construction and engineering pro-

jects [38]. Design changes, errors and omissions, which often result in
rework, are the primary factors contributing to schedule overruns [2].
Most changes from the initial design are often made during the
construction and therefore will need to be recognized in the BIM. Un-
fortunately, at present, there is no process in place for updating the
designed BIM model to incorporate the changes made during con-
struction [39]. With this mind, it is suggested in this paper that AR
can be used to map the as-built and as-planned data in a single digital
environment with each component allocated with a status: ordered,
procured, delivered, checked, installed, completed, commissioned,
and fixed. Being able to visualize the difference between ‘as-planned
and as-built’ progress enables ‘current and future’ progress to be
monitored and therefore facilitates appropriate decision-making.

5.1.5. Construction project progress monitoring
A site manager regularly reports on the accomplished work. In

model-based working, the site manager reports on the performed
work by selecting the constructed parts of the building in the 3D
model. Status of work progress is assigned to each particular element.
With AR, a project manager, who is responsible for several projects,
can obtain information about activities in different locations. After the
input of the actual as built progress, variances between the as built
and as planned progresses can be stated and displayed using different
colors, providing site managers with intuitive representation of devia-
tion in progress. Color schemes can indicate ‘behind schedule/delayed’,
‘on schedule’, and ‘ahead of schedule’. The project manager can com-
pare as-planned and as-built situations and also identify existing or
forthcoming difficulties related to material production and delivery.

5.1.6. Procurement: Material flow tracking and management
Typically, prefabrication and construction processes run in paral-

lel. As a result, there is a need for coordination between the two activ-
ities [37]. In construction, costly delays can occur if a production plant
does not provide enough material on time or may cause storage
issues if delivered to site early. It is suggested that on-site status mon-
itoring using AR and project documentation related activities could be
consolidated and integrated with a pre-fabrication plant. Transparen-
cy between construction works and pre-fabrication processes would
improve the accuracy of short-term planning, which may lead to
reductions in construction duration and delays and a lower demand
for material buffering [37]. Consequently, this would improve the
efficiency of logistics, on-site material handling and overall project
progress tracking.

Project planning, purchasing, production and logistics are typically
handled by the Enterprise Resource Planning (ERP) system using
e-procurement [40]. Materials are normally tracked by the ERP until
delivered to the construction site. Then, BIM may be used to provide
the mapping between the ERP and the barcode or Radio Frequency
identification (RFID) tags on the actual components with unique
one-to-one ID link. AR can be used to visualize this mapping relation-
ship on the construction site. As noted above, each building compo-
nent can then be allocated a status. This opens possibilities to
automate material tracking with technologies such as RFID. The infor-
mation could then be propagated from an ERP system in the produc-
tion factory to BIM and becomes available to the site manager, who
uses this information for the detailed but dynamic planning of con-
struction works. This BIM data can then be visualized on-site with
AR. Such real-time evaluation will provide a site manager with a
real-time dynamic planning environment.

5.1.7. Visualization of design during production
The quest to improve the interface between design and produc-

tion has been a leitmotiv within construction. Traditionally, in the
detailed design phase, most disciplines use their 3D object models
as basis for the generation of the required 2D sections, plans and eval-
uations. The traditional method of having an index sheet and with a
mass of drawings in the site offices that are ‘thumbed through’ to
look for a specific detail is a time consuming and tedious process.



43X. Wang et al. / Automation in Construction 34 (2013) 37–44
On the other hand, the generation of 2D drawings from the 3D
object models is a challenging task. According to Moum [41], this
process can negatively impact schedules and requires considerable re-
sources and as a result advocates that 3Dmodels replace the prevailing
2D environment within projects typically are operating in. Before the
3D images arrive on-site, they are delivered to the client in portable
document format (PDF) enabling visual illustration. BIM and AR can
provide a full 3D interactive solid model of the design, providing sub-
contractors with visual understanding of details. For example, the sub-
contractors can review the structure of a building by pre-defined
floors, levels, layers and specialties such as piping, electrical and me-
chanical. To facilitate the on-site design reviewprocess, AR could enable
the subcontractors to scrutinize the design by ‘walking into’ themodels.
Subcontractors are able to ‘zoom in and out’ in order to examine design
and constructability issues as well as the sequencing of work tasks.

6. Conclusions

Building information modeling has begun to be embraced by the
construction industry, though the extent of application throughout
the life of a project remains limited to the design phase of a project.
Augmented reality, which is a new and emerging technology in con-
struction, is deemed to be a key enabler to address the current short-
comings of BIM on-site use in construction. As a result, this paper has
propagated a conceptual framework that integrates BIM and AR for
use in construction. The framework comprises three layers: (1) BIM,
(2) AR tracking/sensing for context aware and (3) AR visualization/
interaction. The tracking/sensing for context aware is deemed to be
crucial for enabling visualization, but also for dynamic planning to
occur. While BIM can be used to improve the efficiency and effective-
ness of design coordination, it is unable to take into account the in-
herent uncertainty associated with design changes and rework,
which prevail during construction, particularly in complex projects.
The use of an inbuilt context awareness and intelligence layer pro-
vides a platform that is able to couple BIM and AR so that information
about ‘as-built and as-planned progress’ and ‘current and future prog-
ress’ can be obtained and presented visually. A series of examples
were presented to describe how AR can be used for reasoning the in-
terdependences of tasks, spatial site layout of the to-be-built, project
progress monitoring, linking digital to physical, material flow tracking
and management, visualizing design during production. However, re-
search is needed to empirically examine how the specific aspects of
the proposed integrated framework can be used to obtain the poten-
tial productivity and performance improvements in construction pro-
cesses that have been espoused.
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