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Abstract: The importance of building information is highly attached to the ability of conventional
storing to provide professional analysis. The Internet of Things (IoT) and smart devices offer a vast
amount of live data stored in heterogeneous repositories, and hence the need for smart methodologies
to facilitate IoT-BIM integration is very crucial. The first step to better integrating IoT and Building
Information Modeling (BIM) can be performed by implementing the Service-Oriented-Architecture
(SOA) to combining software and other services by replacing the sematic information that was
failed to display elements of indoor conditions. The other development is to create link that able to
update static models towards real-time models using SOA approach. The existing approach relies
on one-way interaction; however, developing two-way communication to mimic human cognitive
has become very crucial. The high-tech approach requires highly involving Cloud computations
to better connect IoT devices throughout Internet infrastructure. This approach is based on the
integration of Building Information Modeling (BIM) with real-time data from IoT devices aiming
at improving construction and operational efficiencies and to provide high-fidelity BIM models for
numerous applications. The paper discusses challenges, limitations, and barriers that face BIM-IoT
integration and simultaneously solves interoperability issues and Cloud computing. The paper
provides a comprehensive review that explores and identifies common emerging areas of application
and common design patterns of the traditional BIM-IoT integration followed by devising better
methodologies to integrate IoT in BIM.

Keywords: BIM; IoT; integration BIM-IoT; creating database; live data

1. Introduction

In the last three decades, a new field in construction and design has been evolving with
a revolutionary approach called Building Information Modelling (BIM). BIM is defined
by [1] as “a model-based process of generating and managing coordinated and consistent
building data that facilitates the accomplishment of established sustainability goals.” This
definition means that BIM has reached a level to facilitate high-level analysis and evalu-
ations for building by employing techniques such as acoustic analysis, carbon emission,
construction and demolition waste management, operational energy use, and water use. In
addition, BIM of multidisciplinary data for various analyses could be expressed in a 3D
model [2].

BIM takes full consideration of the environmental issues in terms of increasing de-
mand for new and renovating buildings especially in the field of the high-quality indoor
environment that has impacted the designing and construction of building. Further, BIM
could cover the old buildings by keeping them in a good shape and environmentally
suitable for living [3].

The existing building practitioners are facing a series of challenges such as the unavail-
ability of BIM records—the matter that causes very poor assessment and lesser accuracy [3].
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Therefore, existing buildings, using BIM technology, can be very productive when reno-
vators are using 3D modeling, information management, and other information gathered
from owners or tenants [4]. The other factor of the BIM success is that BIM is a data-rich,
intelligent, and object-oriented parametric building modeling tool [5]. It can feed infor-
mation of various categories into a 3D model. Additionally, BIM innovative development
could provide opportunities to support green buildings via employing high-tech programs
or devices such as the Internet of Things (IoT) and smart devices. These devices produce
high quality live data about the building. The gathered information from different sources
can be stored in heterogeneous repositories [6]. Based on the definition of IoT which
emphasizes the nature of interconnection of sensing and actuating devices, the ability to
share information through a unified framework could develop a common operating picture
for enabling innovative applications [7]. The critical importance of IoT lies in allowing
sensitive technologies such as sensing, identification, and recognition run by advanced
hardware, software, and cloud platforms to draw better sense for how to deal correctly
with the renovation and/or demolishing [8]. IoT is an architecture that uses intelligent
devices, smart mobile devices, single board computers, different types of sensors and
actuators [9].

The facility management industry may be a source of information; however, this
information is invaluable in the sense of providing and delivering a timely and professional
analysis in addition to the level of consultation support for more effective management
services. The integration of information may provide value despite existing barriers and
considerations upon combining the managerial building information with the live data [6].
At this point, considering these barriers may stand for a potential approach that supports
integrating information and live data academically and industrially [6]. For these reasons,
a comprehensive review of emerging areas of application and common design patterns
to tackle BIM—IoT device integration in addition to examining the current limitations
and predictions [10]. BIM-IoT integration is still in the early stages, which needs serious
efforts to achieve a better understanding of the current situation [10]. The benefit for the
real-time integration of the environmental and localization data could help in operational
construction and facility management by applying the cloud-based BIM platform in the
construction and facility management and operation vis two case studies [11].

The combination of IoT and the Lean and Injury-Free (LIFE) construction management
may conceptualize the implementation of the topics in existing systems to designing and
creating a valid prototypical application in field-typical work settings [11]. Keep in mind
that BIM has been relying on data includes building characterization information which
is very important in offering information on previous stages of the building’s life cycle.
The life cycle can be shown through plans either in paper version or digital drawing (Auto
CAD), reports, tables, and others. As reported recently by [6], BIM technology could be
available in a better platform than thought to be.

The basic rule of BIM in existing buildings relies on delivering or providing infor-
mation that retrieved from any source that describes the conditions of these buildings
or original data. In either case, informative data could be used towards evaluating the
renovation process. However, the benefit of this information could be more valuable upon
integrating this information in BIM. There are two reasons for this approach: the first reason
is that this information came from different sources with a different format, and the second
reason, BIM upon integrating data, can organize and prepare them under certain usable
format. As an example, a laser scanning cloud provides good information, but it lacks se-
mantic information or geometrical context which makes BIM searching for external sources
such as building specification and construction materials. At the time of the laser scanning,
data are useful for high-resolution images for spectral and spatial information [12]. The
bottom line is the interoperable software programs and database contents of BIM that are
featuring the better usage or application of the available information [13].

The above approach can be seen in Figure 1 which shows two parallel applications of
BIM: one for new construction while the second is for existing buildings. For new buildings,
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the BIM process over the life cycle (LC) consists of inception, brief, design to production
(case I) followed by maintenance and deconstruction (case II). In case that Architecture,
Engineering, and Construction (AEC)/facility management (FM) stakeholders do not
employ all BIM processes, an isolated BIM is then created for certain designated single
purposes. BIM processes in existing buildings depend on the availability of pre-existing
BIM (case II) [14] or created a new IM process procedure (case III). Buildings information
for existing buildings is not available in BIM formats, and hence a case study has been
proposed to produce 3D CAD models of existing structures using a semi-automated
technique [15,16]. Hence, the only way to implement BIM is to utilize manual reverse
engineering processes which is costly and time-consuming (case III) [17].
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Figure 1. Building Information Modeling (BIM) model creation processes in new or existing buildings depending on
available, pre-existing BIM and life cycle (LC) stages with their related requirements [18].

The important step is to utilize information obtained from the high-tech apparatus in
the databases of ASCE, IEEE, ACM, and Elsevier Science Direct Digital Library. Meanwhile,
the analytical data applied in the construction industry could be saved in the system of
Big Data technologies at a very early stage [19]. A collection and relevant analysis of
614 bibliographic records from the science Web database have shown that BIM is mainly
developed and applied in the USA, South Korea, and China [20]. Table 1 shows an in-
depth analysis of the reviewed papers on the four domains where BIM and IoT were
operated. These four domains are operation and monitoring, logistic and management,
facility management, and health and safety.

The paper is structured to contain nine sections include the Introduction. In Section 2,
this paper discusses the relationship between BIM and the existing building. A discussion
for integrating BIM and IoT are discussed in Section 3. Section 4 highlights implementing
the big-data principles in integrating BIM and IoT. Section 5 illustrates the approaches to
integrating BIM-IoT devices. Section 6 explains the query language. Section 7 contains a
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summary of previous empirical research. Section 8 highlights the contribution of this study,
while Section 9 displays the conclusion.

Table 1. Recent studies on BIM-Internet of Things (IoT) implementation in existing buildings [10].

Construction Type Reference
Operation and Monitoring [21-23]
Logistic and Management [24-27]

Facility Management [28-31]
Health and Safety [23-32]

2. BIM and Existing Buildings

It is crucial to outline the flow of the topics in this paper as described in the flow
diagram shown in Figure 2. One of the purposes of this flow diagram is to assist the authors
in viewing the proposed system in a structured fashion.
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Figure 2. The methodology diagram flowchart.
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As stated by [33] that BIM is a new digital and management paradigm that shows great
potential for renovating buildings despite critical issues such as missing documentation.
Within this concept, the role of BIM is to facilitate the connection with stakeholders includ-
ing the facility management to collect discontinued or unavailable information towards
establishing a database. For this reason, BIM has become increasingly attractive to the man-
agement that deals normally with comprehensive and incremental knowledge for accurate
assessment of recovering the residual building performances throughout refurbishment
and retrofit [34]. This approach has become possible by extending the effective involvement
of all technicians who are equipped with multidisciplinary skills besides sharing successful
information [35]. The most important step is to integrate BIM and automation systems,
which could positively support the quality control throughout diagnosis, design, work
execution, and labor savings. Hence, BIM is characterized as a guide tool that controls
the flow of work and information and stands on integrating digital archive of geometric,
semantic, and topological data, which can be performed in various formats and contents
within parametric objects [36]. The customized tools of BIM can manage and examine the
variable multiplicity due to query operations and specifically programmed automation
algorithms [37].

The involvement of BIM in heritage buildings, as a part of existing buildings, was
initially identified as Historic Building Information Modelling (HBIM) [38]. Since then,
HBIM has been adopted by many researchers [39]. The previous definition of BIM excludes
information management. However, including this information in later BIM definition
made an evolution in terms of approaching the Built Heritage Information Modelling and
Management (BHIMM) [40].

The existence of state-of-the-art in BHIMM for building refurbishment whether in
general terms [41] or for existing buildings [42] has made a very important step towards
integrating BIM with other tools. Despite that, more guidelines are still needed to achieve
a complete “as-built” model featured with morphology (regular or irregular) of histor-
ical buildings hoping to finalize an accepted design of refurbishment and conservation
interventions as noted earlier by [43] and recently by [44]. Meanwhile, researchers face a
critical activity when BIM and a variety of information through independent and struc-
tured methods. Such information can be gathered from various sources such as historically
archived documentation and analytical investigations in addition to taking surveys, diag-
nostics, monitoring, and continuous updating information during designing, execution, or
performance assessment [39]. HBIMM can be used successfully in improving BIM ability
to include tangible and intangible information for the existing buildings, in general, as
reported earlier by [45] and later by [39]. This information could be available to managerial
and maintenance stakeholders throughout the life cycle. Further, fortifying this information
with real-time updates may help to centralize models by installing integrated monitoring
systems [46,47]. The state-of-the-art was drawn up to achieve the following four purposes:
a critical analysis of potentialities of HBIMM, formalizing the first attempts of HBIMM
application, proposing a consolidated methodological flow, and suggesting diagnosis tools
for future developments within an automation-based framework.

3. Integrating BIM and IoT

Reference [48] defined data integration as “the combination of data from different
sources with unified access to the data for its users”. To achieve the goal of data integration,
many researchers have proposed methods and models. However, integrating data in this
study is limited to integrate the building information with the live data to achieve better
facilitation to the maintenance of the buildings. It is important to note that the result of
data integration so far is showing inadequate processes because of challenges faced by BIM
and other building information management technologies as reported recently by [49,50].
In this section, a description of the foundations of data integration is presented, followed
by explaining the challenges and barriers, and finally, the three stages necessary to achieve
BIM and IoT integration.
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3.1. Developments of BIM Implementation

Generally, modification, altering, developing a new concept must come with a reason.
Integrating IoT in BIM can be seen through the progressive developments of BIM as in-
fluential technology despite the appearance of some shortcomings or barriers [51]. BIM
historically has become the core of information management in the Architecture, Engineer-
ing, and Construction (AEC) industry, operation, and maintenance (O&M), and facility
management (FM) [52]. Another benefit of emerging BIM is that it allows stakeholders
to exchange and manage information about building throughout the building lifecycle
as early reported by [53] and then by [54]. In addition, it has been reported that BIM
could become an influential tool for analyzing energy usage, defect detection, firefighting,
renovation and demolition, and safety in the facility [55]. Among these areas, the adoption
of BIM in the AEC industry was very well established, whereas BIM has received growing
attention for O&M and FM [30]. The implementation of BIM in Architecture, Engineering,
Construction, and Operation (AECO) was limited to include only new projects [56].

It is a fact that BIM was created to be applied heavily in new construction projects;
however, there is another parallel movement to utilize BIM in existing buildings where
BIM has not existed [57]. The sematic approach could rich the creation of BIM to face
challenging, complex, and expensive considering [57]. In addition, generating BIM has
become complex since it relies on the level of detail (LoD), intended use, interoperability,
and functional issues [58]. Accordingly, implementing BIM for the existing building has
yet to be fully realized.

In construction, it is a well-known fact that the O&M period is the longest in the
building lifecycle. In this period, all buildings require a monetary expense for labor,
materials, maintenance, and renovation that makes this period the costliest [59]. It was
reported by [60] that 85% of the total project cost is spent on O&M activities. Meanwhile,
O&M information is not accurate and can be described as fragmented due to manual and
tedious reporting method. The following barriers hinder attaining an effective O&M:

e  Under scientific and technological developments, building systems have become
increasingly complex due to utilizing sophisticated technologies, security issues, and
sustainability [61,62].

e  Maintenance and repair of the life cycle of O&M and FM result in injuries caused by
falling, electric shocks, crushing, and other workers and facility users.

e  Retrofitting existing buildings poses a great technical challenge such as energy inter-
action of the audit system, building performance and risk assessment, and energy
savings [63,64].

e  According to [65] and recently to [66], a large portion of total energy worldwide has
been spent on the current operations of the existing building. Hence, utilizing energy
efficiently is indeed a prime concern in reducing stress on the energy system and
benefits the environment. In this sense, BIM can significantly improve energy analysis
through simulation [67].

e  The fragmented O&M causes energy simulation very difficult leading to a possible
error-prone decision in the renovation along with issues such as safety, repair, and
maintenance [68].

According to the above analysis, the more and accurate O&M information the best
outcome for the building’s lifecycle. Hence, BIM, digital environment, and 3D visualization
capabilities, enabling storage, sharing, and integration of information are essential for all
stages in the renovation of existing buildings [69]. The successful implantation of BIM
during design and construction using the digital database is very necessary for management
and stakeholders. However, it is very important to note that using the same BIM in O&M
and FM could cause limited inconsistencies and the possible absence of the uncounted
number of information necessary for O&M and FM [70].

Moreover, like advanced technology, the Construction Operations Building Informa-
tion Exchange (COBie) was created to eliminate the interoperability issues between the
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model and construction operated by FM [46]. Briefly, BIM integrated into O&M and FM
for the existing building still needs updating.

3.2. Principles of BIM—IoT Integration

Technology has been found very useful in enriching BIM with information that helps
in adopting renovating existing buildings, such as 2D floorplans and elevation drawings.
2D can semantically enrich BIMs with proper and useful geometry for energy simulation for
daily operations in addition to flexible building information from the facility management
to formulate an informative model approach [71]. The input/output (IO) data has been
utilized to quantify the embodied energy intensity of residential and commercial sectors
in the USA [72]. In another approach, the optimization of the multi-objective algorithm
could be implemented to improve the building stock energy efficiency, sustainability, and
comfort, while efficiently allocating the available budget to the buildings [73].

This process requires expert knowledge to handle the core steps to deal with challenges
that occurred in handling occlusions/uncertain data. In this case, the conversion process
has become cumbersome as BIM data increased to a level of detail (LoD) which, then,
requires using different techniques to capture imaging, 3D scanner, Ground Penetration
Radar (GPR), and 2D scanned plans [52]. The missing BIM of most existing buildings adds
restrictions for constructing BIM using high-tech devices.

On the other side, employing a BIM-based Data Mining (DM) approach for detecting
improper records may lead to construct a BIM database. This is an introductory step
towards transferring the database into a data warehouse where the DM method shows
useful information from the BIM [74]. The BIM-oriented approach produces 3D models
based on gathering data for geometrical and non-geometrical information related to various
several themes.

These themes include historical documents to monitor other data that was created by
reflecting the shared parameters for the ontology domain. The result of this approach is
structuring data in a machine-readable format by converting needed data and set this data
in a domain [75].

3.3. Stages of BIM—IoT Integration

The integration of BIM and IoT devices has been widely considered as a powerful
paradigm processing aiming at improving construction and operational efficiencies. This
integration is meant to serve the rapid expansion of IoT sensor networks and to cope up
with these developments to achieve establishing high-fidelity BIM models that, ultimately,
provide numerous applications. There are two important issues about BIM-IoT integration.
The first issue is that this integration is still in its early stage. The second issue is that there
is more than one approach for this integration depending on the reason and the limitation
of such integration [10].

In one of the several BIM-IoT integration methods, utilizing the existing BIM tools’
Application Programming Interface (APIs) and relational database was adopted as shown
in Figure 3. This integration requires storing the time-series data from sensor time-series
data stored and update it in a relational database in forms such as SQL server database
or Microsoft Access. In addition, exporting BIM models constructed in BIM tools such as
Revit into a relational database. The next step is to define a database schema to clarify the
relationship between virtual objects and physical sensors. It is important to highlight that
such integration requires a two-way importing and exporting of a relational database and
BIM model. Lastly, BIM-IoT integration should process queries of sensor data through
custom-built API in the form of the graphic user interface (GUI) and direct query over SQL
database [10].
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Figure 3. Integration of BIM tools and the relational database [10].

As mentioned above, BIM and IoT integration can be performed differently using a
systematic method throughout three stages. The foundation of this systematic integration
was based on the challenges that are facing BIM-IoT integration. It seems that tackling
these challenges cannot be performed directly; seemingly, it needs a detailed process with
definite stages. This approach suggests collection, analyzing, building information with the
live data captured from various IoT and smart devices and sensors. The proposed process
includes three stages explained as follows:

3.3.1. Stage 1: Establishing Open Storage

The first stage of the proposed process model is to facilitate storage in which the
integrated, qualified building information, and live data are stored according to the con-
struction industry standards such as ISO 16739, ISO 12006, ISO 29481, and, in some cases,
the European standards for the construction industry. These standards require structural
and semantic requirements with specific data systems. In this regard, the data storage
should bed initially structured and well defined [76]. The final structure of the open storage
could be completed after having the following two stages completed and assessed.

3.3.2. Stage 2: Gathering BIM and Live Data

Stage Two includes proposing various sub-processes aiming at capturing the building
information and the live data from various sources such as reports and IoT devices and sen-
sors. Firstly, digitalizing the building information taken from sources such as architectural,
mechanical, electrical plans as well as the project reports. It is expected that building plans
contain important and basic information about the buildings in terms of spaces and specific
devices. In addition, there is another source of information that comes from mechanical
development, electrical design and consumption, and structural systems. At this level,
the basic information required is gathered and ready for the digitalizing process. As a
connection to the coming sub-stage process, the digitalized data and information should
be linked to the plans and the project reports [76].

The Stage Two-second sub-process includes detecting all installed IoT devices and
sensors in the building by updating the information of these devices. The detection is
normally carried out by laser scans followed by capturing images and video records. The
outcome then develops a list of devices in cloud data forms and converts them to objects.
Stage two could benefit from the data stored according to the previous Stage one. At the
end of Stage two, it is important to note iterative processes of feeding the live data into the
storage is explained in the following Stage Three.
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3.3.3. Stage 3: Feeding the Live Data into the Open Storage

Stage Three is the last stage where the proposed process model will be transferred into
qualified live data for storage. Collectively, captured data from the IoT and smart devices
must be stored according to the software of the databases. This critical step requires a
well-defined interface that enables transferring data to the storage. The issue of live data
mentioned earlier in Stage 2, the installation is carried out concurrently with the installed
devices in the building spaces which can be transferred to the corresponding fields in the
storage. In all stages, the quality of the stored data should pass the control test before
getting ready for use [76].

4. BIM-IoT and Big-Data Principle

A big database is one of the perquisites of the digital revolution [77]. There are
several sources of the big database with diverse disciplines including initiation, modeling,
engineering drawings, and the facility life cycle. In addition, BIM has been proposed
to involve the technology that captures multi-dimensional CAD information supporting
multidisciplinary stakeholders [23,78]. The BIM data encodes 3D geometrical, computed
intensively with graphic and Boolean computing, compressed in various formats, and
intertwined [79]. Seemingly, the diverse data within BIM models gradually continued
beyond the end of the facility. For example, the size of the BIM files with designing a
three-story building could hit 50 GB [80]. This data can be in any form or shape and
constitutes an intrinsic value to industrial performance. The evolution of the advent of
embedded devices and sensors was a good approach to facilitate and generate massive
data during the operational and maintenance stage leading to the creation of a Big BIM
Data system [81]. Consequently, the vast accumulation of the BIM data has pushed the
construction industry to enter the Big Data era. Big Data is characterized by three attributes
that are commonly known as 3V’s. These three V’s are the volume (terabytes or petabytes);
the variety (heterogeneous formats like text, sensors, audio, video, graphs, and more); and
the velocity (continuous streams of the data) [82]. The formats of the construction data
include DWG (drawing), DXF (drawing exchange format), DGN (Design), RVT (Revit),
ifcXML (Industry Foundation Classes XML), ifcOWL (Industry Foundation Classes OWL),
DOC/XLS/PPT (Microsoft format), RM/MPG (video format), and JPEG (image format).
Additionally, the nature of construction data is natural dynamics due to the streaming
properties of data sources such as sensors, Radio Frequency Identifications (RFIDs), and
BMS (Building Management System).

At this level of understanding, it is important to remove ambiguity between Big
Data Engineering (BDE) and Big Data Analytics (BDA). Firstly, the BDE domain presents
the need for analysis of the data storage and processing activities. In addition, Big Data
Analytics (BDA) relates to the tasks responsible for extracting the knowledge to drive
decision-making [83,84]. According to [85], the nature of BDA is to discover the latent
patterns that is buried inside Big Data. As such, it becomes plausible to transform the
future of many industries through data-driven decision-making. For future expectations,
identifying, understanding, and reacting to the latent trends promptly could show a
competitive edge in this hyper-competitive era.

The big data is controlled by Mappers and Reducers (MR) and to be represented by a
processing model where the mapping is processed first followed by reduction as shown
in Figure 4. The analytical tasks in MR are written as two functions according to [86]
and recently to [87]. It can also be noted that there is an intermediate stage sandwiched
between MR’s steps. In principle, in the mapper stage, data read, processed, and then
used to generate intermediate results. The output of the mapper staged is treated by
reducers to finalize results that are stored back to the file system using a platform called
Hadoop. The typical Hadoop cluster contains several MRs working simultaneously within
a powerful model for batch-processing tasks. The challenge to this model is that the
applications require real-time, graph, or iterative processing. This challenge has been
encountered by a recent version of Hadoop (Hadoop 2.6.0). In addition to Hado’s models,
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there is another model called the Yet Another Resource Negotiator (YARN) which is used
to utilize Hadoop towards a new approach for developing a Big Data platform. Under
this approach, the service is run by MR over YARN, while YARN handles scheduling and
resource management to produce Hadoop that is suitable for implementing innovative
applications [19]. YARN is the technology that is designed for cluster management and
is one of the key features in the second generation of Hadoop, the Apache Software
Foundation’s open-source distributed processing framework.

Map Shuffle Reduce

Figure 4. MapReduce processing—an overview [88].

In another development, a new technology called Directed Acrylic Graphs (DAG)
has emerged to better handling big data by modifying the model shown in Figure 5 into a
map-then-reduce style. The most functioning element in the DAG model is called the Spark,
which was originally proposed by [89] and then elaborated by [90]. Spark is characterized
by its in-memory computation and high expressiveness [91]. Based on these capabilities,
Spark has become a natural choice to support two components of Big Data in iterative and
reactive applications [92]. Regarding the speed, Spark has been reported having ten times
faster than MR on disk-resident tasks and a hundred times faster for the memory-resident
task [93].
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Figure 5. Spark and related technology stack [94].
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A schematic representation of the architecture and the steps involved in the analytics

process of Hadoop and Spark frameworks is shown in Figure 6. The two frameworks
involve a new form of MR called elastic MapReduce (EMR), which transfers MR to a
system comparable to the cloud [95]. EMR can also run processing frameworks such as
Apache Spark and HBase on Hadoop clusters for batch processing, querying, streaming,
and machine learning.
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Figure 6. Comparison between Hadoop and Spark [95].

5. BIM and IoT Devices Integration Approach

Integrating two or more systems is a very common practice in technology. In this

paper, integrating two very advanced technologies, BIM and IoT, requires attention to the
following components:

BIM acts as a data repository for contextual information including building geometry
while IoT acts as static and soft information that is gathered from occupancy patterns.
In addition, IoT is responsible for scheduling data like social media, feedback origi-
nated from FM and occupant interactions, and external sources of information such as
weather forecast and financial pricing [96].

The continuous sensor readings and traditional time-series data (known as time-series
data) are stored in a well-structured relational database queried effectively under
Structured Query Language (SQL) [97,98]. The time-series data is provided by sensors
while API is responsible to move data belongs to BMI models constructing tools. The
database is to clarify the connection of a two-way connection between virtual objects
and physical sensors where data is passing between the database and BIM using
APIs [99].

The third component is about integration between contextual information and time-
series data.

Integrating BIM and IoT requires an interface technically known as Application Pro-
gram Interface (API) to correlate data from the sensor and BIM model with evolving
database and the two-way importing/exporting data, and queries processing [100].
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5.1. BIM—IoT Architecture

Figure 7 shows a proposed architecture where the data is collected from various
heterogeneous IoT sources. The data then undergoes anonymization followed by pro-
cessing and analysis using the artificial intelligence (AI) technique. The outcome of this
data analysis is mainly towards optimization of some parameters of interest aiming at
achieving a desired security and performance objectives. The process is carried out in
terms of available resources throughout six phases: phase 0 through phase 5. Phase 0 is
to perform security parameters configuration by employing cryptographic algorithms to
cater to the confidentiality, integrity, and authentication requirements of the applications
and systems using this specific device. Phase 1 is about data sensing and reporting where
main IoT classes are distinguished while they will be utilized wither by being wearable
devices or IoT appliances. Phase 2 deals with data aggregation and relaying where both
need a decision which is target-dependence known as IoT gateway. The third phase (III)
involves cloud-based data analysis for the data sent by IoT-gateway. Data analysis is car-
ried out with preserving privacy since this information is made for the general population
through Google.
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Figure 7. Architecture of a secure and privacy-preserving IoT-based sensing and actuation sys-
tem [101].

At this level, phase IV is implemented to optimize decision delivery which represents
the measure for actuation the system via IoT gateway in terms of mobile or web applications.
The last phase is called the actuation phase where instructions should be made to update the
configuration file. The degree of actuation could range from changing the upper and lower
limits of a given parameter so that reading beyond these limits to trigger an alert and setting
conditions under which certain tasks are performed [101]. The phases mentioned above
facilitate transferring data into a query-able database. Moreover, the stored data of the
traditional building management system can be moved to a well-structured and effective
SQL query. This is a fundamental step for binding time-series data with BIM. The linking of
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BIM data can be performed using SQL query-able where connecting virtual sensor objects
with physical sensors can be done via a Globally Unique Identifier (GUID) [102].

5.2. Query Language Approach

There are several query languages approaches to execute a natural language query
(NLQ) and to form a query that is understood by the machines and saved in a database
that can be displayed using the graphical user interface (GUI) as shown in Figure 8 [103].
This approach is meant to create a new query language based on processing time-series
data query sensor data instead of using SQL as reported by [104]. The authors proposed
a domain-specific query language called BIMQL used to modify selected queries from
industry foundation classes (IFC)-based BIM models. BIMQL allows object selection and
attributes based on arbitrary properties as in IfcSensor despite the limitation in query
real-time sensor data [10].
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Figure 8. Process control flow diagram [103].

6. Query Languages
6.1. Semantic Web Approach

In 2000, [105] proposed the CommonKADS methodology which was then introduced
to web-oriented knowledge engineering and management. CommonKADS helps in con-
structing, representing, and accessing appropriately the Web/Grid which becomes recog-
nizable, sharable, and reusable by humans and machines. The methodology of several
activities for managing Grid knowledge is shown in Figure 9.

The system is organized in seven phases, i.e., Application Analysis, KM Analysis,
Ontology Development, Semantic Annotation, Service Development, Testing and Evalua-
tion, and System Integration. For each of these seven phases, there is a list of tasks called
activities which, then, were described by outcomes [106]. The outcome includes a wide
variety of activities that range from being attributed to the documents, users, services,
testing, and ontologies. In BIM, the task of the sematic web approach is confined to gath-
ering data throughout across building’s lifecycle in modern AEC processes is obtained
from different sources of data such as building geometry, topology, IoT sensor, and BIM
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geospatial information. Gathering and stores data does not help in offering a full picture.
Hence, integrating BIM and semantic web technologies results in acquiring heterogeneous
data sets which should be presented in Resource Description Format (RDF) for using and
sharing. Moreover, BIM ontologies (IfcOWL) and Smart Appliances Reference ontology
(SAREF) can be performed using Semantic Sensor Network (SSN) to successfully approach

BIM and IoT device integration [10].
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Figure 9. The methodology for the Semantic Web based approach [106].

Based on the discussion of semantic Web-based, an ontology framework named as
Onto FM has been proposed to show how monitoring intelligent sensor-based building
could fit in this approach [107]. As a complementary process, IFC was introduced to
show converting the building geometry into Web Ontology Language (OWL) while using
SPARQL to conduct ontology queries. Another study showing a more explicit example
of using RDF-Cloud-Linked Data to integrate cross-domain building data from [108]. In
addition, other query languages of SQL and XQuery could help in translating SPARQL
queries as proposed by [109]. The importance of the monitoring system for real-time data
can be seen in other applications fields such as healthcare system [110] and, more broadly
in Big Data studies that involve machine learning models, data preprocessing, missing data
imputation, and site reliability engineering (SRE) [111].

The advantage of this approach could be seen in linking a homogeneous data format
with the cross-domain data. This approach faces some challenges such as storing most of
the time-series sensor data in a well-structured and relatively mature relational database,
possible data duplication. As a result, converting sensor data in the RDF format leads to
RDF inefficiency [109]. The benefit of this approach is to widen the transformation of the
knowledge of the semantic web. This benefit represents the possibility of achieving the real
concept of interlinking IoT with the Internet via a unified and concise framework provided
avoiding complex and heavy data transformation.

6.2. Hybrid (Semantic Web and Relational Database) Approach

Hybrid and integration are two different approaches. As hybridization is “working,
organizing, or doing something that is composed of elements of two separate systems”, the
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integration is “the act of bringing together smaller components into a single system that
functions as one” [112]. In the hybrid approach shown in Figure 10, the Semantic Web and
relational databases are used to store cross-domain data. Hybridization can be performed
through feeding contextual information (building context data, sensor information, and
other soft building information) into RDF format using a semantic web approach. Then,
retaining sensor (time-series data) in a relational database. The mapping contextual infor-
mation with time-series data is the last step which can be referenced in terms of sensor ID
described in RDF [109].
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Figure 10. Hybrid approach combining semantic web and relational database [10].

The hybridization method can be performed by converting static sensor information
into RDF format to be stored in a relational database and maintained its original form
and cross-referenced with SSN ontology to maintain an appropriate platform and format.
However, integrating web-hybrid data with BIM still requires modifying sensor data
by developing an actuator infrastructure [113]. Hence, any solution is associated with
considering integration of the heterogeneous data sources that require building semantic
model in RDF format that can be uploaded to a SPARQL server.

The hybrid approach is characterized by involving various data sources retained
in the original platforms without influencing the interlinking process. For this reason,
hybridization is much effective in storing time-series data while keeping them flexible
during building contextual semantic web approach and query. Meanwhile, hybridization
has some advantages such as timesaving during storing and duplication, the available size
for storing RDF data, better performance, and effective usage of the query language [109].
This approach suggests that it is a very promising method in facilitating IoT integration
and it might be suitable for other types of projects that do not require data conversion.

6.3. Limitation and Challenging of BIM-IoT Integration
6.3.1. Limitations

BIM and IoT are new technologies; however, integrating IoT and BIM in construction
engineering is another, yet, much-advanced technology. This integration offers the setting
of data originated from BIM and IoT as complementary for creating a project. As explained
in the preceding sections that BIM and IoT can be integrated; however, this integration has
some limitations or restrictions [114].

Individually, the BIM model limitation is related to approaching the component level
with high-reliability representations. Generally, BIM models are a very good source for
incorporating geometry, spatial location, and a scalable set of metadata properties which,
collectively, provide a high-reliability operable dataset. The operable dataset offers suitable
conditions for building design by incorporating the spatial organization as a set of virtual
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assets [115]. IoT data, on the other side, enhances the information set due to employing
real-time and recordable status taken physically from real construction operations.

The sensors, sensitive parts of high-tech devices, are a reliable source of sampling po-
tential information from sensors. The data sampling includes three sectors: measurements
of the physical building, weather information from official records, and the information
from high-tech devices [116]. The characteristics of the data obtained by sensors are series
streams distributed over time and frequently at a high-level. The stored IoT and BIM
data is accessible through manual interfaces of proprietary systems or programming APIs
associated with these applications.

The database provides accessible data export to the systems via open standards that
regulate both BIM and IoT fields [10]. The other application of the adoption of BIM
and IoT devices was in aspects such as energy management, construction monitoring,
health, and safety management, and building management. It is important to note that
implementing BIM-IoT is still in the early stages and most studies are in the conceptual and
theoretical domain [117]. IoT integration in BIM cannot be considered as merely involving
IoT devices (sensors or actuators), but the goal is to interconnect IoT devices to gather the
information that can be shared on the Internet. To challenge the system design, a novel
robust framework for the energy scheduling of a residential microgrid is connected via
smart users [118]. The main current problem of BIM-IoT integration is the difficulty of
sharing this information across the Internet under a unified framework [10]. The situation
now is that the integration of BIM and IoT device is scattered and need more research to be
sufficiently matured in terms of patterns, issues, and opportunities [119]. The smart energy
management system has been applied in construction in terms of controlling both heat and
electricity using the principle of integrating various types of flexible appliances as well as
hybrid energy appliances [120].

The integration of BIM and IoT may provide a source of information that can impact
facilitating BIM as a result of installing the smart-nature IoT in the building’s spaces. The
results could provide very important information concerning the status of both the spaces
and devices. The facility management (FM) organizations may benefit from this live data
to deliver more added value services to BIM-IoT integration [121]. The possible success
of BIM-IoT integration, however, still face barriers to benefit from the live data concept.
In this case, two barriers may arise; a major barrier is originated from the fact that the
live data are still scattered across heterogeneous storage, while the second barrier comes
from a situation that appeared as fragmented systems scattered across space planning, the
maintenance helpdesk, the building management system, and the facility management.
The implication of these two barriers is complicating the efforts and causing inaccessible
data due to the non-standardization data input and the lack of standard processes and
procedures for capturing and recording the building information [10]. As such, the absence
of standard methods or procedures for capturing data results in forcing FM staff to develop
methods and procedures that do not necessarily coincide with the nature of BIM and IoT
integration [122].

The absence of combining building the space information and the live data may
complicate the task available for FM companies. Hence, research equipped with suitable
surveys found in literature aiming at exploring the origins and impacts of the barriers
mentioned above on the efficiency of the services. Reference [123] underlined that FM
activities require both accuracy and accessibility of the created data in the design and
construction stages. However, [124] pointed out the importance of preparing management
and organizing competencies for the importance of the FM activities to the managerial
procedure.

Meanwhile, the explored barriers can be eradicated hoping to make possible improve-
ments to enhance the overall efficiency of the staff activities and minimizing the time
spent on individual tasks. Furthermore, eradicating barriers could lead to enhance the
performance of the staff by reducing the required time for establishing the accuracy of
the available building information. The saved time may be used to improve the task at
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hand such as monitoring the use of energy. Then, the overall improvement of lifecycle
management can be achieved with a reduction in the operational costs. The benefits of the
proposed solution are described in the form of practical use cases [6].

6.3.2. Sensors Challenges

Generating BIM for existing buildings is no easy task; it is very complicated and
expensive due to the current and emerging challenges in preparing the required data,
modelling, and processing semantic memory [125]. In addition, the BIM’s level of detail
(LoD) may add more complexities to O&M and FM functionalities [57,88].

The generation of as-built information for creating BIM requires the acquisition tech-
nologies which rely on Digital Photogrammetry (DG), Terrestrial Laser Scanner (TLS), and
Ground Penetrating Radar (GPR), which, collectively, provide the geometric information
of the object. The role of DG is to capture still images and then expressing them in 3D
point clouds. Moreover, TLS is to estimate how far the scanner from the target by using
multiple points of amplified light. Lastly, GPR equipped with a high-frequency radio
signal can infer the location of embedded objects. According to [126], as-built data ac-
quisition requires involving on-site labs furnished with manual or visual measurement
assessment. The main challenge of DG, TLS, or GPR shows high-error and requires a long
time. Hence, with the poor reliability of these techniques, significant uncertainty is created
for decision-makers [127].

To minimize the error created by DG, TLS, and GPR, a series of precautionary steps
should be considered. For DG, it is preferable to use simultaneous two 3D cameras to
detect the coordinates of the object. The data available creates at least two converging lines
to identify a point in space by using several inputs representing coordinates (X, Y, and Z)
and the angle of rotation of the cameras (w, 1\, and «). Despite this precautionary step,
several problems and challenges still exist such as the sensitivity of DG to the changing
light conditions during the daytime by introducing shadow which affects the alignment
of photos. The other problem is occlusion and the noise in image sensors [128]. The third
challenge is the inability of the cameras to provide an absolute scale for distances [129].

Secondly, regarding TLS, the emission of pulses of light to the surface of the object
of interest suffers from reflection captured by the sensors causing an error in the derived
distance [130]. Hence, replacing old TLS with a more sophisticated TLS can capture more
features to better estimate the distances [131]. However, this technique is not suitable
for long ranges because of expanding the spot which creates multiple returns causing
problems with partial occlusions. Lastly, GPR has been used to identify the location of
buried utilities [132] and inspect concrete structures [133].

However, during emitting light to penetrate objects, there will multiple reflections
that affect the quality of the images and the measured distance. GPR is limited to detect
objects up to 30 m depending on the frequency of the radio signal used. A solution has
been proposed to eliminate the multiple reflections was proposed earlier using coupled
antennas [132]. Figure 11 shows the employed methodology which includes different
non-destructive testing (NDT) techniques for characterization of the outdoors, indoors,
and internal structure besides the elements involved.

The process combines all the 3D as-is structure matters such as geometry and ma-
terials and the irregularities that affect the structure or the used materials. The external
surface geometry and its spectral properties were determined using a camera mounted
on a unmanned aerial systems (UAS). The visible pathologies of the facade were also
identified from RGB (red, green, and blue) imaging. To complement this information, a
GPR system was employed to examine the fagade interior (through-the-thickness) while in-
frared thermography images (IRT) was applied to the nearest sub-surface. All the gathered
information, properly georeferenced, was fed to a 3D model obtained by a TLS technique
and supported by a BIM model elaborated in Autodesk Revit. Information obtained with
other techniques (either NDT or more intrusive) can obviously also be integrated into this
BIM model [134].
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Figure 11. As-built information for creating BIM using Digital Photogrammetry (DG), Terrestrial
Laser Scanner (TLS), and Ground Penetrating Radar (GPR) [134].

6.4. Devising a New Approach for IoT-BIM Integration
6.4.1. Framework of BIM and Sensor Integration

An attempt was made to formalize a theoretical framework to integrate information
theories with knowledge management. The first item in this formalization is establishing
an end-user conceptual framework of BIM and sensors in which the knowledge layer is
located from data provided by occupants [135]. The more visionary descriptions from the
end-users could identify the best connection of IoT or enhance the ability to collect and
analyze data towards sharing information across platforms [7].

In a previously conceptualized framework, analytical activity is not thoroughly ex-
plicated [136]. In addition, integrating data from the warehouse, for example, was the
only part mentioned without illustrating and emphasizing the analytic functionality of this
layer. This could be resulted in by the complication of this new integration. The systematic
approach for the conceptual framework is shown in Figure 12. There are four layers that
satisfy the pyramid hierarchy of [137].

Data Information Knowledge Wisdom
‘ Data Layer [ )‘ Information Layer | )‘ Analytic Layer :){ Tool Layer J

Figure 12. Framework of integration follows the knowledge management model [136].

The four layers mentioned in Figure 11 were connected to a set of data information
that belongs to the indoor environmental factors such as noise, temperature, air quality,
light, etc. The environment data can be used before merging to other information from
different sources in analytic activities. This set-point has been used to analyze the data from
the sensors that belong to several facility management. The whole set of data information
is explained in Figure 13.

6.4.2. Implementing Service-Oriented Architecture

The future approach relies on implementing the Service-Oriented-Architecture (SOA)
whose features include service composition, service discovery, asset wrapping, model-
driven implementation, loosely coupled, and platform-independent. SOA combines de-
signing software and other services are combined aiming at providing large application
functionalities through a communication protocol. SOA’s features are very helpful in
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reducing the complexities of integrating IoT smart devices in BIM. The current proposals
of IoT-BIM integration are not satisfactory in generating a unified architecture system for
integrating IoT devices in BIM [138-140]. The goal of any new proposal of [oT-BIM integra-
tion should consider a new design where data exchange between SOA, web sites services,
and integration methods. The new design should be highlighted by a new representation
called representational state transfer (REST) in which only IoT nodes are utilized in the
process [135].
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Figure 13. Framework of BIM and sensor integration to improve building performance for occupants’ perspective [136].

The first item in developing a new IoT-BIM integration is to reconsider the sematic
information of BIM that failed to display elements of indoor conditions. The link of
updating static models towards real-time models is necessary to be taken into account. This
step results in developing new SOA patterns through which BIM can update the reading
of IoT devices. This step requires a system that can do four operations of creating, reading,
updating, and deleting (CRUD). The CRUD operations still need heavy investigation.
Another point to achieve better [oT-BIM integration is enabling IoT devices to read from
models using fusing multi-source information in SOA patterns. Currently, this fusion is
carried out by one-way interaction, which develops mimic the human-two-way approach
by offering algorithms characterized by human cognitive buildings [141].

Recently, researchers have been focusing on confining the heterogeneous data sources
and apply them into different domains to serve intended purposes [77]. Meanwhile, certain
issues should be considered such as information consistency, traceability, and archiv-
ing [142]. Solving these issues has been proposed by the National Institute of Standards
and Technology (NIST) by issuing a framework for Cyber-Physical System (CPS). CPS
is a huge system where dimensions such as common language, architecture foundations,
and taxonomy are fused to better exchanging ideas and, meanwhile, developing new IoT
applications that can be integrated easily with BIM. This approach requires providing
comprehended data to handle by the AEC industry. It includes evaluating the query
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representations within cross-domain data sets, managing collected data for the highest
utilization, and assuring a unified information flow during the building lifecycle [143].

In the above approaches of IoT integration, IoT was purely considered as highly
related to sensors and actuators. The concept of IoT could be far from these specific issues
as new information tools are needed to interconnecting sensors and actuators. This is a
high-tech approach that requires highly involving Cloud computations to better connect
IoT devices throughout Internet infrastructure [140]. For this reason, Cloud can be adopted
in the AEC industry. Currently, most sensors are not connected using Cloud and in this
new framework, sensors should be identified and connected in terms of Cloud computing.

The above discussion opens the way to achieve building a system that involves IoT,
BIM, and Cloud. Hence, developing generic architecture could be very valuable in building
applications that share common requirements and characteristics for the future of BIM.

7. Summary of Previous Empirical Research

Table 2 shows the most recent journal papers that aligned with the contents and the
purposes of this current review paper. The first purpose is to integrate data into BIM.
It has been proposed integrating cloud data and hyperspectral imaging using high-tech
instrumentations equipped with laser and 3D-technique [12]. The study showed that such
integration was successfully performed for management facilities. In previous moves, [19]
integrated big data in the construction industry to provide new opportunities and future
trends. In their attempt, they used a huge number of publications that were collected
during the years around 2016. The review concludes that Big Data could have a potential
approach to treat the potential pitfalls associated with Big Data adoption in the industry.

Table 2. Summary of previous empirical research.

Specifications

Purpose

Methodology

Main Points

Conclusions

[12] Integration of point
cloud data and
hyperspectral imaging
as a data gathering
methodology for
refurbishment projects
using Building
Information Modelling
(BIM). Journal of
Facilities Management,
17(1), 57-75

Integration of point
cloud data and
hyperspectral imaging
as a data gathering
methodology for
refurbishment projects
using building
information modelling
(BIM). Journal of
Facilities Management.

Laser scanning can be used to
collect geometrical and spatial
information in the form of a 3D
point cloud, and this technique is
already used. However, as a point
cloud representation does not
contain any semantic information
or geometrical context, such point
cloud data must refer to external
sources of data, such as building
specification and construction
materials, to be in used in BIM.

Hyperspectral imaging
techniques can be applied to
provide both spectral and
spatial information of scenes as
a set of high-resolution images.
Integrating of a 3D point cloud
into hyperspectral images
would enable accurate
identification and classification
of surface materials and would
also convert the 3D
representation to BIM

This integrated approach was
applied in facilities management
and construction to improve the
efficiency and automation of the

data transition from building

pathology to BIM. This study
integrates laser scanning and
hyperspectral imaging. In
addition, the study uses a new
integration technique which is
applied for the first time in the
context of buildings.

[19] Big Data in the
construction industry:
A review of present
status, opportunities,
and future trends.
Advanced engineering
informatics, 30(3),
500-521.

Integrate big data in the
construction industry to
provide new
opportunities and
future trends.

Related works were reviewed based

on publications of the databases of
American Association of Civil
Engineers (ASCE), Institute of

Electrical and Electronics Engineers

(IEEE), Association of Computing
Machinery (ACM), and Elsevier
Science Direct Digital Library.

This paper fills the void and
presents a wide-ranging
interdisciplinary review of
literature of fields such as
statistics, data mining and
warehousing, machine
learning, and Big Data
Analytics in the context of the
construction industry.

The current state of adoption of
Big Data in the construction
industry was reviewed. Future
potential of Big Data across the
multiple domain-specific
sub-areas of the construction
industry. The review concludes
that Big Data could have
potential approach to treat the
potential pitfalls associated with
Big Data adoption in the industry.

[122] Towards a
semantic Construction
Digital Twin: Directions
for future research.
Automation in
Construction,

114, 103179.

Implementing a
semantic Construction
Digital Twin: Directions
for future research.

Introducing a standardized

semantic representation of building

components and systems using the
Digital Twin conveys. Digital Twin
is characterized by socio-technical
and process-oriented
characterization of the
complex artefacts.

The review discusses the
multi-faceted applications of
BIM during the construction

stage and highlights limits and
requirements, paving the way
to the concept of a
Construction Digital Twin.

The study adopted the Digital
Twin paradigm in the
construction industry sector. Due
to this technology, the concept of
BIM gained sufficient recognition
and momentum to enable a shift
from a static, closed information
environment to a dynamic.

[30] BIM integrated
smart monitoring
technique for building
fire prevention and
disaster relief.
Automation in

Construction, 84, 14-30.

To integrate smart
monitoring technique
for building fire
prevention and disaster
relief BIM.

BIM was used to construct a
BIM-based Intelligent Fire
Prevention and Disaster Relief
System. The methodology uses
personal localization, on
evacuation/rescue route

optimization with Bluetooth-based

technology, and on a mobile
guidance device to create an
intelligent and two-way fire
disaster prevention system.

The results of applying the
BIM-based system
demonstrate that it may
effectively provide 3D
visualization to support the
assessment and planning of
fire safety.

The study contributes with
providing early detection and
alarm responses that is used for
efficient evacuation and to
facilitate fire rescue and control
efforts in order to increase overall
building safety and
disaster-response capabilities.
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Table 2. Cont.

Specifications Purpose Methodology Main Points Conclusions
[50] Building Information standard eatal xchange format
Modeling (BIM) for The results show that the use 8
. - . and schema to promote
transportation . Develop more efficient and of BIM for transportation . s i
. . Using BIM for X . . interoperability. In addition, the
infrastructure-Literature . . cost-effective techniques infrastructure has been L E .
. o improving the . . . e continuing collaboration between
review, applications, . necessary to repair, advance, and increasing. More specifically, . . .
transportation . academia and industry is
challenges, and . expand the the research has mainly been . .
infrastructure. required to mitigate most

recommendations.
Automation in
Construction, 94, 257-281.

transportation infrastructure.

focusing on roads, highways,
and bridges.

challenges and to realize the full
potential of BIM for
transportation infrastructure.

[117] A framework for
integrating BIM and IoT
through open standards.

Automation in
Construction, 95, 35-45.

To create diverse fields
including BIM,
information system,
Automation Systems,
and IoT devices for the
end users.

The methodology is to integrate
the data with IoT sensors and
web-based system called
Otaniemi3D to integrate BIM and
IoT devices through open
messaging standards open
message interface (O-MI) ad open
data format (O-DF) and
IFC models.

The paper describes the design
criteria, the system
architecture, the workflow, and
a proof of concept with
potential use cases that
integrate IoT with the
built environment.

The end users and other research
groups can benefit from such
platforms by either consuming
the data in their daily life or using
the data for more
advance research.

[9] Design and
implementation of a novel
service management
framework for IoT devices
in cloud. Journal of
Systems and Software,
119, 149-161.

Adopting smart objects
to transmit data to the
cloud for processing
and storage
through IoT.

Combining the cloud computing
environment with IoT to reduce
the transmission and processing
cost in the cloud and to provide
better services for processing and
storing the real time data
generated from those IoT devices.

The proposed cloud
framework combines IoT and
cloud environment to provide

services to both IoT and
non-IoT users.

A novel framework is designed
for the cloud to manage the real
time IoT data and scientific
non-IoT data. The other part of
the framework is cloud, where
data storage and process are
carried out depending on the
user requirement.

[55] Automatic
reconstruction of 3D
building models from
scanned 2D floor plans.
Automation in
Construction, 63, 48-56.

To significantly improve
the systematic use of
Information and
Communication
Technologies (ICT) tools
and BIM.

The present article introduces a
research work aiming at the
development of methods for the
generation of 3D building models
from 2D plans.

A prototype can extract
information from 2D plans and
to generate IFC to include the
main components of the
building: walls, openings,
and spaces.

Results are very promising and
show that such solutions could be
key components of future digital

toolkits for renovation design.

[109] Building
performance optimization:
a hybrid architecture for
the integration of
contextual information
and time-series data.
Automation in
Construction, 70, 51-61.

To build sematic data
for better feasibility of
creating adapters
between many different
software tools.

Presenting a new solution to the
semantic data by a hybrid
architecture that links data which
is retained in its original format.
The architecture links existing
and efficient relational databases
storing time-series data and
semantically described building
contextual data.

The main contribution of this
work is an original RDF syntax
structure and ontology to
represent existing database
schema information, and a new
mechanism that automatically
prepares data streams for
processing by rule-based
performance definitions.

The hybrid architecture avoids
the duplication of time-series
data and overcomes some of the
differences found in database
schemas and database platforms.

[144] An IoT-based
autonomous system for
workers’ safety in
construction sites with
real-time alarming,
monitoring, and
positioning strategies.
Automation in
Construction, 88, 73-86.

To protect construction
workers and prevent
accidents in such sites.

The design of the wearable
device includes a set of
components which are a radio
transceiver
(transmitter/receiver), a wake-up
sensor, an alarm actuator, and a
General Packet Radio Service
(GPRS) module.

The heterogeneous
components of this architecture
are seamlessly integrated into a

middleware backend
online server.

The wearable device has a
power saving scheme with a
current consumption as low as
0.5 uAat3 V.

Presenting an implementation of
wireless nodes that are powered
by light energy using
photovoltaic cells. These nodes
adopt energy management and
storage schemes for continuous
operation for indoor and
outdoor environments.

[119] Top 10 technologies
for indoor positioning on
construction sites.
Automation in
Construction, 118, 103309.

Demonstrating indoor
positioning enables five
significant applications

that considerably
enhance work efficiency
and safety on
construction sites

Indoor positioning systems can
be viewed as a combination of (1)
creating corresponding
algorithms, (2) indoor positioning
technologies, and (3) indoor
positioning hardware equipment.

Full analysis for challenges in
applying six indoor
positioning systems on
construction sites. The system
was to include technologies
and principles.

A promising trends of indoor
positioning development for
indoor positioning hybridization
was created using game theory
positioning, and integration with
BIM model.

[37] Metadata Models and
Methods for Smart
Buildings (Doctoral

dissertation,
UC San Diego).

To use an effective
sensing data and
Heating, ventilation,
and air conditioning
(HVAC), security,
lighting and
sensing subsystems.

We envision building systems to
exchange data across subsystems
as well as across various building
services in a programming
framework. Such information
exchange is mediated by timely
sensor information.

A programming framework
comprised of machine learning
algorithms was developed
relying on a standard
information model for unified
and secure
application deployment

Demonstrating new devices such
as thermostat called Genie, an
energy dashboard, and a
metadata models for building
portable applications for smart
buildings in this dissertation, we
continue to pursue building a
community of system builders for
the smart building environments.

Another attempt to integrate the data was performed by [123] in which semantic
Construction Digital Twin was used in BIM which was apparently gained recognition.
A smart monitoring technique for building fire prevention and disaster relief was also
integrated into BIM hoping to reduce the fatalities and damages [30]. The results of this
integration have shown a serious contribution to public safety. In another move of IoT
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integration in BIM, the role of BIM was improved in the transportation infrastructure [50].
The study aimed at developing more efficient and cost-effective techniques necessary to
repair, advance, and expand the transportation infrastructure.

Moreover, [117] created diverse fields including BIM, information systems, Automa-
tion Systems, and IoT devices for the end-users. The end-users and other research groups
benefited from such platforms by either consuming the data in their daily life or using the
data for more advanced research.

Reference [9] designed and implemented a novel service management framework
for IoT devices in the cloud computing system. The combination of the cloud computing
environment and IoT has resulted in reducing the transmission and processing cost in
the cloud and providing better services for processing and storing the real-time data
generated from those IoT devices. Reference [55] significantly improved the systematic use
of Information and Communication Technologies (ICT) tools and (BIM). The results were
very promising and showed that such solutions could be key components of future digital
toolkits for renovation design. Reference [109] used hybrid architecture for the integration
of contextual information and time-series data.

This was another trial for implementing a new solution to the semantic data which
was retained in its original format. This approach requires efficient relational databases
storing time-series data and semantically described building contextual data. The most
important part in this hybridization was to avoid the duplication of time-series data and to
overcome some of the differences found in database schemas and database platforms.

Moreover, [140] created an IoT-based autonomous system for workers” safety in
construction sites with real-time alarming, monitoring, and positioning strategies. The
study extended the previous study of fire safety as noted earlier by [30].

In a very recent study, [119] recognized the top 10 technologies for indoor positioning
on construction sites to demonstrate indoor positioning to enabling five significant appli-
cations that considerably enhance work efficiency and safety on construction sites. The
last study performed by [37] in which metadata models and methods for Smart Buildings
were proposed for using effective sensing data and (HVAC), security, lighting, and sensing
subsystems. The study demonstrated new devices such as a thermostat called Genie, an
energy dashboard, and a metadata models for building portable applications for smart
buildings in this dissertation, we continue to pursue building a community of system
builders for the smart building environments.

8. Contribution

The current review stressed the Semantic Web and relational databases to show a
successful attempt to store cross-domain data. The procedure to achieve this goal was
performed by three steps compromising to represent contextual information (sensor in-
formation and other soft building information) in RDF format, retaining data gathered
by time-series data in the relational database, and mapping contextual information using
sensor ID described in RDE.

The web and relational information approach are the most important procedure that
could serve interlinking between various data sources. As such, a model was developed
showing the effectiveness of storing time-series data in the relational model. The outcome
shows the effectiveness of the query language resulted from integrating SPARQL and SQL.
These developments were highly considered as the most promising methods to facilitate
IoT deployment first and then to integrate the information in BIM and creating platforms
and formats that were suitable for BIM—IoT integration. The other contribution of this
study is to utilize standardized data formats and query language into specific domain data
sources to extend project scope.

9. Conclusions

The information integration of smart industries is an important step toward better
understanding the construction of the renovation of existing buildings. Despite developing
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smart technologies such as BIM and IoT, it was found that a single technology may face
challenges that result in integrating two or technologies to deal with evolving challenges.
It has been reported that BIM implementation requires the live data in addition to other
physical data. For these consequences, models for BIM implementation should be de-
veloped and applied. The most important step is to the Service-Oriented-Architecture
(SOA) whose features include service composition, service discovery, asset wrapping,
model-driven implementation, loosely coupled, and platform-independent. SOA combines
designing software and other services are combined aiming at providing large application
functionalities through a communication protocol. The first item in developing a new IoT-
BIM integration is to reconsider the sematic information of BIM that was failed to display
elements of indoor conditions. The second challenge is about the size of data stored in the
system and the suitability of users to utilize this data. Several procedures were proposed
to create open storage. BIM works very well for new developments; however, for the
existing building, the role of BIM may become much harder. The current study contributes
valuable information gathered from a long list of publications which are mainly during
the last three years. The gathered information could benefit AEC, construction operation,
monitoring, health and safety, and FM. It is also, this study sheds the light on the challenges
and limitations of high-tech tools such as cameras and sensors. The goal of this study is
to provide the best methodology to create a suitable database. The database created via
BIM-IoT integration utilizes the Application Programming Interface (API) and relational
data by creating new queries, language, semantic web technology, and hybridization. This
study concludes that the possibility of prominent future research through which solving
interoperability issues and cloud computing are heavily used. The digital revolution is the
most important support of much potential BIM and IoT individually and under integration.
This study also helps researchers to transform the traditional construction engineering to
many advance concepts where visualization and industrial foundation cases are practiced.
Updating static models towards real-time models is very important step which could result
in developing new SOA patterns through which BIM can enable to update of the reading
of IoT devices. Currently, this fusion is carried out by one-way interaction which could be
developed to mimic the human-two-way approach by offering algorithms characterized
by human cognitive buildings. Meanwhile, certain issues should be considered such as
information consistency, traceability, and archiving. This is a high-tech approach that
requires highly involving Cloud computations to better connect IoT devices throughout
Internet infrastructure.
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Abbreviations

2D/3D
3V’s
ACM
AEC
AECO
Al

API
ASCE
BDA
BDE
BHIMM
BIM
BIMQL
CAD
CPS
CRUD
DAG
DG
DM

DOC/XLS/PPT

DWG
DXF
EMR
M
GPR
GPRS
GUI
Hadoop
HBase™
HBIM
HVAC
ICT

IFC
ifcOWL
ifcXML
IO

IoT

IRT
JPEG
KM Analysis
LC

LIFE
LoD

MR
NDT
NIST
NLQ
O&M
OntoFM
OWL
RDF
REST
RFIDs
RGB
RM)/MPG

Two/Three-Dimensional

Volume, Variety, Velocity

Association for Computing Machinery
Architecture, Engineering and Construction
Architecture, Engineering, Construction, and Operation
Artificial Intelligence

Application Programming Interface
American Society of Civil Engineers

Big Data Analytics

Big Data Engineering

Heritage Information Modelling and Management
Building Information Modelling

BIM Query Language

computer-aided design

Cyber-Physical System

Create, Read, Update and Delete.

Directed Acrylic Graphs

Digital Photogrammetry

Data Mining

Microsoft Office Format

Drawing File Format.

Drawing Exchange Format

Elastic MapReduce

Facility Management

Ground Penetration Radar

General Packet Radio Service

Graphic User Interface

High Availability Distributed Object-Oriented Platform
Hadoop Base.

Historic Building Information Modelling
Heating, Ventilation, and Air Conditioning
Information and Communication Technologies
Industry Foundation Classes

Industry Foundation Classes OWL
Industry Foundation Classes XML
Input/output data

Internet of Things

Infrared thermography images

Image Format

Knowledge Management Analysis

Life Cycle

Lean and Injury-Free

Level of Detail

Mappers and Reducers

Non-Destructive Testing

National Institute of Standards and Technology
Natural Language Query

Operation and Maintenance

Ontology Facility Management

Web Ontology Language

Resource Description Format
Representational State Transfer

Radio Frequency Identifications

Red, Green, Blue

Video Format
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RVT (Revit) Software for BIM

SAREF Smart Appliances Reference ontology
SOA Service-Oriented-Architecture
SPARQL Query Language and Protocol.
SQL Structured Query Language
SSN Semantic Sensor Network
TLS Terrestrial Laser Scanner
UAS Unmanned Aerial Systems
XQuery XML Query)
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