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Abstract: Mixed reality (MR) enables a novel way to visualize virtual objects on real scenarios
considering physical constraints. This technology arises with other significant advances in the field of
sensors fusion for human-centric 3D capturing. Recent advances for scanning the user environment,
real-time visualization and 3D vision using ubiquitous systems like smartphones allow us to capture
3D data from the real world. In this paper, a disruptive application for assessing the status of
indoor infrastructures is proposed. The installation and maintenance of hidden facilities such as
water pipes, electrical lines and air conditioning tubes, which are usually occluded behind the wall,
supposes tedious and inefficient tasks. Most of these infrastructures are digitized but they cannot be
visualized onsite. In this research, we focused on the development of a new application (GEUINF)
to be launched on smartphones that are capable of capturing 3D data of the real world by depth
sensing. This information is relevant to determine the user position and orientation. Although
previous approaches used fixed markers for this purpose, our application enables the estimation of
both parameters with a centimeter accuracy without them. This novelty is possible since our method
is based on a matching process between reconstructed walls of the real world and 3D planes of the
replicated world in a virtual environment. Our markerless approach is based on scanning planar
surfaces of the user environment and then, these are geometrically aligned with their corresponding
virtual 3D entities. In a preprocessing phase, the 2D CAD geometry available from an architectural
project is used to generate 3D models of an indoor building structure. In real time, these virtual
elements are tracked with the real ones modeled by using ARCore library. Once the alignment
between virtual and real worlds is done, the application enables the visualization, navigation and
interaction with the virtual facility networks in real-time. Thus, our method may be used by private
companies and public institutions responsible of the indoor facilities management and also may be
integrated with other applications focused on indoor navigation.

Keywords: mixed reality; facility management; real-world scanning; geometric alignment; ARCore

1. Introduction

Mixed reality (MR) merges real and virtual world elements giving the sensation that
they coexist in the same environment. Regarding augmented reality (AR), MR adds knowl-
edge about the physical surrounding world allowing a better integration and immersive
experiences. MR is considered a technological innovation that has been incorporated into
traditional disciplines such as architecture or engineering. Its benefits and opportunities
are encouraging and currently under study [1]. From the design and modeling phases to
the construction or development, teams of professionals involved can benefit from MR [2,3].
Guidance is a constant in many of these applications, regardless of the objectives. This
goes from task support in industrial environments [4] or the need of users to orientate
and find paths into buildings [5,6]. Another example is to guide technicians in complex
maintenance tasks, improving the life cycle of buildings and infrastructure [7].
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One of the reasons why MR is still considered a research topic for facility management
is the need of an accurate alignment between real and virtual worlds. This issue is not
really relevant in some AR applications, in which no physical constraints are considered
and virtual objects can be placed anywhere, even floating in the air. MR goes one step
further, both worlds must be correctly overlapped considering a spatial consistency [8].
This implies the understanding of the user environment and a optimal adjustment in order
to locate each virtual model, which represents every indoor facility, where it has been
fixed considering both for the design and construction phase and maintenance phase. To
establish mentioned matching, it is mandatory to know the user orientation and position
in the real world. In this way, previous work is proposed related to indoor navigation and
positioning [9–12].

Initially, the process of achieving this geometric fit often required sophisticated devices
and techniques based on computer vision. In fact, significant contributions have been
proposed according to the use of a set of sensors are integrated to obtain an accurate
user position and orientation such as the inertial measurement unit (IMU), the Global
Positioning System (GPS) and the radio frequency identification (RFID) [13,14]. More
recently, AR has benefited from advances in sensing hardware that is embedded in mobile
devices. Additionally, Application Programming Interfaces (API) are being developed for
their integration for useful applications focused on the representation of virtual 3D models
in outdoor real-world scenarios [15].

Enabling MR indoor implies different techniques or even advanced hardware for
positioning, since GPS is usually not available. Most of the proposed methods for the
pose tracking are based on using physical markers fixed around the user environment. A
marker is a pattern with an unique identifier widely represented using QR codes. These
can be detected applying homography-based visual tracking for two main objectives: (1) to
determine the position and orientation of the user camera and (2) to fix the position of some
virtual objects. So far, this has been one of the most widely used methods to find paths and
infrastructures [16]. Even when positioning and orientation can be considered solved with
the use of markers, the problem remains when free navigation is enabled [17]. Although
tracking and sensing technologies are able to estimate the initial position and orientation,
both must be corrected during the navigation process. The solution requires additional
markers in the real scenario in order to pose correctly the virtual camera in the real world.
The generation and placement of these human-made markers involve a time-consuming
task for large places, as well as multiple limitations regarding the automation of the process.

In order to solve the inaccuracy of GPS to determine the user position into indoor
scenarios, the Internet of Things (IoT) may be an alternative since significant data can be
obtained from the real world [18–20]. However, it implies the production of a sophisticated
sensor system that can be plausible mainly for functional industrial environments, but its
accessibility is lower in contrast to smartphones which are the most widely used device
around the world. In the literature, several approaches are exposed for indoor positioning
based on Wifi technology, but the resulting location is not accurate enough and the error
can be close to a few meters in some places where the signal is low [21]. Nevertheless, the
estimation of the user position in indoor scenarios is not the only challenge. In addition,
the user camera orientation has to be estimated and both must be updated during the
user navigation.

Our markerless-based approach implies a significant advance for the use of mixed
reality using geometrical data scanned from the user environment in order to know both
the user location and orientation in indoor scenarios [8]. In this regard, there have been
previous works focused on the removal of physical markers but with the drawback that
additional sensing such as radio frequency identification, laser pointing and motion track-
ing must be added [22]. Other approaches have presented several contributions to detect
objects or key points of a scene by scanning the environmental features and thus, obtaining
a 3D map. Most of these techniques are based on Simultaneous Localization And Mapping
(SLAM) in order to estimate the pose of a moving monocular camera in unknown envi-
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ronments [23]. Among these techniques, RGB-D sensors are widely used since these are
cost-effective devices able to capture colorful and depth images [9,24,25]. However, the
methodology based only on RGB-D sensors may be affected by inconsistencies between
depth data and color images. Therefore, some approaches take advantage of the fact that
most indoor environments follow the Manhattan World assumption, in which the spatial
layout constraints facilitate the camera tracking [12,26,27]. Even so, some authors ensure
that accuracy during free navigation must be checked and adjusted, for instance, by planar
surface matching [28] or by means of video frames [12,26].

In the field of architecture, the most remarkable MR contribution is related to the
representation of a virtual model at a full scale in order to visualize the design onsite [2].
Building Information Modeling (BIM) or Computer-Aided Design (CAD) are the most
used software tools for design in architecture and engineering projects [29]. CAD has
been used in architecture since the 1980s and these tools are still very common in a
building design [30]. However, the main advantage of BIM regarding CAD is going
beyond the planning and design phase, extending throughout the whole life cycle and
allowing access to all agents involved [7], while improving risk identification in all phases
of the project [31]. In any case, these tools and data formats are not directly transportable to
the construction site by means of mobile devices. Tablets or smartphones are still far from
being part of the infrastructure monitoring process, and therefore they do not contribute
to their life cycle. In this regard, literature points to AR and MR as novel technologies
that can make BIM/CAD ubiquitous [5,32]. In this sense, the development of markerless
techniques is highly demanded to complement BIM-based design [33]. Thus, structural
elements of buildings under construction can be identified by overlapping augmented 3D
models on the real-world scenario and even on the design plan. From the early stages
of construction, buildings change continuously, so the use of fixed markers is not a valid
solution [34]. However, if no markers are used for the environment recognition, the use of
other meaningful data have to considered. In this type of scenarios, the only permanent
elements from the early stages of construction are structural components such as pillars,
walls or floors. These planar surfaces can be compared with the ones tracked in real time
using the depth information provided by the most recent smartphones [25,35]. Likewise,
in the phase of maintenance, the building structure does not change, and a geometrical
comparison between normal vectors of tracked and virtual walls can be performed in real
time in order to recognize the user environment [36].

According to the facility management is a key topic that is ultimately addressed by
augmented and mixed reality, although, traditionally, it has been carried out with sophis-
ticated sensing systems [37,38]. However, this process can benefit from the geometric
correspondence between architectural planes and the resulting structure after its construc-
tion [39,40]. BIM and AR used together are increasingly considered as the paradigm for
decision making during the construction [3] and to ease facility management through-
out its life cycle [41]. MR adds an additional advantage during maintenance allowing
visualization and interaction with facilities hidden behind walls or floors [42], as well as
asphalt [15].

In this paper we propose GEUINF (Geospatial and Environmental tools of University
of Jaén—Infrastructures), a new module of GEU developed by Jurado et al. [43]. GEU is a
novel framework which is formed by several applications focused on different research
fields like computer graphics, computer vision and remote sensing. In this work, we
present GEUINF which is based on a markerless approach to enhance the visualization of
indoor facilities using mixed reality. In this way, geometrical models of a CAD architectural
project may be represented as augmented 3D entities into the user environment in the
real world. This alignment between real and virtual models is based on planar surface
detection which are directly scanned from the user environment in the real world. Once
this alignment is performed, we can register the user position and orientation in real time
and show the hidden facilities using ubiquitous systems. This alignment between real and
virtual environments is achieved by preprocessing the original 2D planes from the CAD



Sensors 2021, 21, 1123 4 of 21

project in order to obtain a topological 3D representation of its architectural elements. As
a result, indoor facilities, whose inspection is quite difficult since these are not directly
visible, can be reviewed onsite using our solution.

2. Methods

In this section, the algorithms developed to scan, process, and visualize indoor in-
frastructure as 3D augmented models on the user environment are presented. The key
idea is to detect in real-time the user position and orientation on one floor of the surveyed
building by scanning the user environment and comparing it with its replicated virtual
scenario. Thus, each part of infrastructure becomes visible in mixed reality after the user
environment has been recognized. Then, it is possible to enable a real-time visualization of
hidden facilities, which can be inspected onsite by an intuitive way using portable devices.
The methodology is based on three main stages: (1) preprocessing input data, (2) real-world
scanning and matching of virtual and real worlds and (3) real-time visualization in mixed
reality. Figure 1 presents the main steps of the proposed methodology.

Figure 1. The flow diagram of the proposed methodology.

In the first step, we start from the 3D model of a building floor obtained from the
2D CAD project. This information includes some structural elements such as walls and
pillars. Later, this 3d model is processed to obtain wall sections topologically connected.
These segmented walls are used to be compared with the physical environment, assuming
that the building structure is enough to determine the user position and orientation in the
virtual world.

In the second phase, virtual and physical worlds are matched by aligning both cameras
in terms of orientation and position. To this end, the real world is scanned using the ARCore
library which is supported by most portable devices. This library enables the modeling of
horizontal and vertical surfaces of the user environment. Then, the information obtained
from the physical world is compared with the one from the virtual world, generated in the
preprocessing stage. The geometrical alignment is still done through geometric comparison,
but now the search for candidate walls is reduced thanks to the topological configuration
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of the data model. The resulting transformation matrix after applying the mentioned
aligned is used to correct the initial orientation provided by the mobile compass that
presents an angular mishmash between real and virtual planes. After understanding the
user environment in the virtual, the position is determined by applying a distance-based
computation from the initial user position to the surrounding elements.

The third phase occurs once both worlds match and are aligned. Then, navigation and
visualization of hidden infrastructures can be enabled using a friendly user interface which
describes the status and features of the observed facilities. Free navigation is possible
avoiding markers by taking advances of the spatial coherence with the virtual topological
virtual model. The user position and orientation is updated in real time by comparing the
new scanned planes with the virtual model over time. Moreover, the user can interact with
augmented models by easy-to-use gestures on the screen.

GEUINF has been developed in C# using the cross-platform game engine Unity, which
is able to integrate all ARCore functions and adds a user-friendly interface. For testing an
smartphone (model: Google Pixel XL) is used.

2.1. Preprocessing of Data

The first step of the proposed methodology is the preprocessing of input data. In
this section, the digitization of architectural components and target infrastructures of
the building is described. The goal is to generate a 3D topological model in a virtual
scenario that represents most features that belong to the study area. Thus, this section is
divided in three main parts (1) input data transformation, (2) triangle connection and wall
segmentation and (3) definition of topology between wall sections.

2.1.1. Input Data Transformation

In this research, the dataset used as input data is provided by the university’s polytech-
nic school of Jaén. We focus on the first floor of this building, in which teaching offices and
laboratories are located. This building is already available in 3D since Dominguez et al. [44]
developed an efficient method to generate 3D virtual data of our study area. This process
is based on transforming every information layer from a 2D CAD map to a 3D model
enriched with furniture and indoor infrastructures. Initially, this method selects some
layers corresponding to architectural elements such as walls or pillars using MapInfo [45].
Then, these 2D lines are converted to 3D walls, providing surfaces of walls, ceilings and
floors. This semiautomatic process is performed using SketchUp software [46], which helps
to obtain visually relevant results in the architectural field, as depicted in Figure 2.

Figure 2. The resulting 3D model from 2D CAD layers.

In addition, the 3D model is enhanced adding additional 3D structures related to facil-
ities of water, air conditioning, electricity or ventilation. The resulting virtual environment
is shown in Figure 3. There is a requirement in the way that these facilities are included
since they must preserve scale and position regarding the structural elements. Therefore,
input lines representing wires and pipes must be superseded by 3D models and placed in
the correct positions according to the original plans. This 3D model is a mesh of unlinked
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triangles without any topology. In this sense, the topology that must be defined in order to
perform an efficient search of candidate planes to be compared with scanned walls in the
real world. Consequently, the next step is to develop a geometric segmentation in order to
convert every wall into multiple 3D sections connected to each other.

Figure 3. Virtual representation of indoor infrastructures and structural elements of the study area.

2.1.2. Topological Segmentation of Virtual 3D Model

Once the virtual representation of the building floor was obtained, the following step
was to add topological relations to each triangle and to perform wall segmentation. This
implies to separate the geometry of walls into sections, which restricts the search scope for
planar surfaces and accelerates the alignment process. A wall section is considered a set of
connected triangles matching a single plane. Then, these triangles must be adjacent and
have the same normal vector. Therefore, the method described in this section puts together
annexed triangles with the same orientation to construct a wall section. Therefore, a wall
section is represented by a unique normal vector, which will be compared with the normal
vector of those flat surfaces tracked in real time with ARCore. We rely on the premise that
facility networks are spatially linked to virtual walls in the original CAD and that these
constraints are maintained in 3D. Therefore, when real and virtual wall planes line up,
facilities are accurately placed, as observed in Section 4.

The proposed segmentation method has been tested with a training dataset as shown
in Figure 4. Using diverse colors, the cube is separated by the different planes containing
their faces. In this case, planes associated with these faces are well defined because
neighboring faces are orthogonal. However, as some walls in the building are curved, a
coplanarity factor has to be defined in order to determine those walls that take part of the
same section. The right image on Figure 4 shows the results by changing the value of the
coplanarity factor in chess figure models.

Figure 4. Training dataset to fit our method for coplanarity-based segmentation.
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The input 3D model of the study area is not characterized with a geometrical topology.
This only contains multiple triangles that compose the surface of 3D objects without a
semantic meaning. In this work, we propose a relevant advance in this field by connecting
neighboring triangles in order to create wall sections as mentioned before. This topology
layer enables a significant acceleration to compare scanning data from the real world with
the virtual 3D model. Initially, they are arranged as nonconnected triangles or triangle mesh
(see Figure 1). This means that a triangle does not know which are its three neighboring
triangles. In order to connect all of them topologically, an exhaustive algorithm starts from
an arbitrary triangle considered as seed. This triangle is assigned an identifier (a specific
color for its representation). Then, its three neighboring triangles are searched. When one
of them is found, the same color or identifier is assigned only if both triangles are coplanar
considering a specific coplanarity factor. For this, their normal vectors must be equal or
similar. Thus, both triangles are topologically connected as part of the same wall section.

If the triangle is a neighbor but not coplanar, and not yet assigned a color, it is
considered a seed triangle of a new wall section. The process uses the classic MFSet
(Merge-Find Set) data structure [47], which allows one to perform this search as efficiently
as finding paths in graphs. Figure 5 shows several nonconnected triangles resulting from
the 3D modeling process. Once segmentation is applied to the whole building, we obtain
the set of wall sections depicted in Figure 5. When each wall section is identified with
different color or identifier, then the matching procedure with the real world is facilitated.
This way, the yellow triangle in Figure 5 is topologically connected with the blue and pink
triangles and they are part of the same wall section. Each wall section has the same normal
vector, which will be compared with the normal vector of planar surfaces scanned from the
real world.

Figure 5. Generation of wall sections by connecting coplanar triangles.

Once triangles in the same wall section are topologically connected, the last process
also consists of adding new topological relations between nearby wall sections. This
relationship between wall sections helps to find the building geometry to be compared
with the scanned planes from the real world. The result is a real-time matching between
virtual and real worlds. In the right image of Figure 5, any wall section is also connected to
its adjacent wall section, normally with 90◦ except in curved walls. Once preprocessing
stage is completed, the next step is to recognize the real world by scanning the user
environment and comparing with the virtual 3D scenario.

2.2. Real-World Scanning

In this section, the acquisition process in order to capture 3D data from the real world
is described. The proliferation of new smartphones, whose RGB camera integrates two
or more lenses, enables to reconstruct 3D model of the user environment. In fact, recent
studies use ARCore library to explore cultural heritage [48], to develop a navigation system
for visually impaired people [49] and other computer vision applications [50]. In this study,
we used portable devices as smartphones due to the high accessibility and their capabilities
to capture real-world data and render virtual models using MR.

The first step of the proposed methodology is to scan the user environment in order to
determine the user position and orientation in the virtual world, which includes a 3D model
of the building and service infrastructures as mentioned in Section 2.1. For this purpose,
Google ARCore is used to detect and model surrounding walls of the user position. This
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API is based on SLAM to estimate the pose of the device regarding the world around it.
In contrast to other studies based on RGB-D cameras for 3D reconstruction [51], ARCore
only needs a RGB camera to identify 3D feature points from overlapping frames obtained
while the user is walking around the building. In this study, the user must establish its
initial position pv into the virtual environment by clicking on a specific location into the 2D
representation of the virtual world. Obviously, pv is approximate with respect to its current
position in the real world, but the associated errors are later corrected by our method.
Regarding camera orientation in the virtual world, it is initially fixed with the orientation
provided by the device compass. After that, the real world is scanned with ARCore and a
set of planes are detected while the user walks with the device. The resulting 3D planes are
stored as ARw = {aw1, aw2, ..., awk}. ARCore focuses on searching clusters of feature points
to model both horizontal and vertical surfaces represented as 3D planes. In this way, during
a few seconds, our goal is to capture planes close to the observer, like walls, ceiling and floor
and to obtain its geometry from feature points detected in the real world (Figure 6). Only
when the device estimates that the plane recognition is accurate, it provides and visualizes
a mesh of dots and triangles that adjusts with a high degree of precision to the surface that
is being scanned, as the figure reflects. ARCore is very accurate once the planar surface is
detected. This technology has no problems detecting most surface types, although it works
faster with rough textured surfaces and changing colors. For example, posters on walls are
more easily detected than plain surfaces. Regarding distances, ARCore is able to detect
surfaces up to a distance of 5 m. So that, in the real environment where our tests have been
carried out, all these circumstances have been given correctly, as described below.

Figure 6. Plane surface tracking using ARCore: (a) horizontal surface scanning, (b) vertical surface scanning and (c)
calculation of normals.

After capturing real-world data, the next significant contribution of this research is to
estimate the user orientation in real time by scanning the user environment. The method
to match the detected planes with their corresponding virtual planes and the alignment
process is described in Section 2.3.

2.3. Matching of Virtual and Real Worlds

The use of mixed reality to visualize indoor infrastructure of the virtual 3D model
requires a full alignment between the virtual and real worlds. In this section we describe
how to match both environments, the virtual and real worlds. Firstly, we describe Al-
gorithm 1 for matching the detected walls with ARCore with their twin wall sections in
the virtual model. Then, two geometric transformations (translation and rotation) are
applied in order to correct the orientation and position of the user camera in the virtual
world (Algorithm 1). Thus, we ensure a correct position and orientation of all virtual
infrastructures to be visualized in our application using mixed reality. An overview of this
method is shown in Figure 7.
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Figure 7. Matching wall process using two walls and orientation correction.

Once k real walls are scanned with ARCore, as described in Section 2.2, the following
step is to search for their corresponding virtual walls. For that purpose, the first step is to
search walls in both environments, as Algorithm 2 describes. According to the position
fixed by the user in the virtual world pv, a search of surrounding walls is performed. The
stopping criteria for this research is fixed when the number of m visible planes is equal
or higher than k scanned planes in the real world. The plane proximity is established by
distance calculation. Figure 8a shows those planes which are into the search area. As a
result, an array of several virtual planes, VRw = {vw1, vw2, ..., vwm} is obtained, m ≥ k
with walls from the virtual world. All walls stored in ARw are also contained in VRw.
A wall vwi ∈ VRw is visible from pv if the dot product of its normal vector nvi and the
vector with origin in the wall vwi and end in pv is greater than 0. Additionally, the ray
starting from pv that reaches each vwi does not intersect any other wall (see Figure 8b).
Finally, Figure 8c shows the selected section of walls that are visible from pv. Therefore,
Algorithm 2 (1) obtains a set of k real walls ARw, and (2) find m ≥ k visible virtual walls,
VRw, around the user position pv.

Figure 8. The selection of surrounding walls to the user position in the virtual world: (a) Plane selection in the search area,
(b) Normal calculation of virtual planes and (c) computing of plane visibility from the user view.

The next step is to match planes of ARw and VRw. This task is necessary since both sets
of planes are not aligned due to the mobile compass inaccuracy up to around 12 degrees,
according to our validation process. Consequently, a mismatch angle α around Z-axis is
presented between scanned and virtual scenarios. Figure 9 shows a visual representation
of this rotation where the virtual world (red) is rotated at an α angle respected to the real
world (blue).
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Algorithm 1: Matching between virtual and scanned scenarios.
input : ARw and VRw obtained in Algorithm 2
output : (1) array of matched planes and (2) the offset angle α between the

virtual plane and scanned plane; false otherwise

begin
Let be ARw = {aw1, aw2, ..., awk} the sequence of walls in AR
Let be {na1, na2, ..., nak} the set vectors such as nai is the normal of awi
foreach m! permutations of wall sequences in VRw do

Let be VRw = {vw1, vw2, ..., vwm} a specific sequence of walls in VR
Let be {nv1, nv2, ..., nvm} the set vectors such as nvj is the normal of vwj
if ang(nai, nvi) = α, ∀i ∈ [1..k] then

return [((awi, vwi), i ∈ [1..k]) , α]

return false

Figure 9. Angular offset α: (a) the scanned planes from real world, (b) the corresponding planes of
the virtual world (red) and (c) pairs of real and virtual walls to be compared.

Algorithm 1 describes the main steps for matching real and virtual worlds. The input
data are the wall sets resulting by applying Algorithm 2. The output is twofold: (1) a
correspondence between virtual and scanned planes and (2) the offset angle (α) between
matched planes. The proposed method is based on calculating the angle between normal
vectors of virtual and scanned planes.

Algorithm 2: Extraction of virtual planes to be matched with scanned planes
from the real world.

input :CW: 3D model
output : ARw and VRw: the set of scanned walls in AR and VR

begin
PW: Let be ARw = {aw1, aw2, ..., awk} walls tracked in AR by the user
VW: Establish pv as the approximated user position in VR
VW: Search for VRw = {vw1, vw2, ..., vwm}, m >= k the m nearest and visible

walls to pv in VR
return ARw and VRw

In order to find this offset angle, we should find which wall awi in the physical world
matches with the wall vwj in the virtual. Thus, for a given sequence of walls in ARw, we
should find the sequence of k walls in V Rw such that each pairwise (awi− vwi) matches
the real wall awi with the virtual one vwi. If we fix the sequence of k walls in AR as
ARw = {aw1, aw2, ..., awk} (step 2), we must check which of the m! permutations of
V Rw gives the same wall sequence. We know that m ≥ k, so the sequence of ARw of size
k is contained into this set of m! combinations of walls in V Rw = {vw1, vw2, ..., vwm}.
Therefore, we need to chek only the first k elements in a sequence of V Rw. As pairwise
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wall comparison is done by means of their normal vectors, we compute {na1, na2, ..., nak}
as the corresponding sequence of normal vectors for ARw (step 3). The foreach loop checks
which of the m! sequences of normal vectors associated to V Rw corresponds with the given
sequence of normal vectors of ARw. Then, each iteration compares if the offset angle of
each pairwise is always α (steps 5–10). In fact, the angle is not necessary to be computed.
It is enough to calculate the cosine from the dot product formulation. Then, we compute
cos(α) = (nai · nvi)/(|nai||nvi|), to compare this α angle candidate with the rest of pair
candidates (nvi, nwi), i = 1, .., k. Considering our case studies, we observe the number of
walls may be sufficient with two or three well-defined walls. An example of this search
is depicted in Figure 9c considering k = 3 and m = 3 walls. Starting from the specific
sequence of walls in the physical world, (aw1, aw2, aw3), we should find which of the
m = 3! = 6 different sequences of walls in V Rw provides this matching. In the example,
sequences (aw1, aw2, aw3) produce the same α angle when comparing with the sequence
(vw2, vw1, vw3). This means that the result of Algorithm 1: (aw1− vw2), (aw2− vw1)
and (aw3− vw3).

2.4. Correction of the User Position and Orientation

In this section, once the both virtual and real worlds are aligned, a geometric transfor-
mation must be applied to overlap and display the virtual infrastructures on their correct
position and orientation. To this end, the camera of the virtual world is set considering
two two main steps: (1) the correction of orientation angles and (2) the correction of the
3D position.

According to the output of the proposed method for matching real and virtual worlds,
an angle α is estimated. As mentioned in Section 2.2, this angle is used to rotate the virtual
camera around Z-axis applying Equation (1). Thus, the error caused by IMU’s device is
corrected by checking the user environment in real time (see Figure 7).

R =

cos α − sin α 0
sin α cos α 0

0 0 1

 (1)

where α is the angle offset between virtual planes and their corresponding scanned planes
in the real world.

After the orientation correction, the next step is to do the same with the virtual camera
position, that is, to adjust the user position in the virtual world. The scheme in Figure 10
summarizes this process.

Figure 10. Workflow to correct the user position in the virtual world.

The goal of this method is to correct the user position in the virtual world by applying
a translation vector which is calculated based on a measurement of distances from the
user position to the closest 3D planes (walls in the real world). The user is located in a
position pr (point in the real world), where these few walls are visible. The device is able to
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track adjoining walls, making an inner corner for example as in Figure 11b. Another valid
position is the outer corner in Figure 11a. Starting in a hallway, between parallel walls as
in Figure 11c, involves more difficulty in determining the initial position. This situation,
however, is valid for preserving alignment during free navigation, as stated in Section 4.

Figure 11. The user is located in pr close to a couple of walls: (a) inner corner, (b) outer corner and (c)
parallel walls.

As stated before, from the real world observed with ARCore, we can obtain real
distance measurements. To compute minimal distance from pr to any of these walls, we
first get the equation for the plane PA and PB from the set of points in the wall obtained by
ARCore during the tracking process. Figure 12 shows this situation with any inner corner,
even with nonorthogonal walls.

Figure 12. Process for obtaining the displacement vector pv pr : (a) the real world, (b) the virtual
world and (c) the translation vector.

The parametric equation of the plane can be obtained from three points p1, p2, p3
belonging to this plane. Our scanning method only captures plane surfaces when the
surface is sufficiently representative. When these planes are acquired, a set of representative
surface points in each frame (acquirePointCloud()) can be used to define the Plane equation,
as shown in Table 1 that contains the plane equation and the mathematical representation
of the normal vector. Then, minimal distances are computed drA and drB from pr to planes
PA and PB respectively. Focusing on the distance of pr = (xr , yr , zr) to the plane PA, we
compute drA by using formation presented in Table 1.

Once real distances drA and drB are obtained, then we focus on the virtual world.
We know pr in the ARCore reference system but not p′r in the virtual one. The user
estimates that they are in pv, but there can be several error meters from p′r . Then, p′r is the
exact position of the user camera in the virtual reference system to match physical and
virtual worlds.
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Table 1. Formulation used to correct the user position in the virtual world.

Plane: parametric equation PA = p1 + λ−→u + µ−→v ,
−→u = p2− p1,−→v = p3− p1

Plane: general form equation Ax+By+Cz+D = 0,
−→n = Ai + Bj + Ck

Distance: pr to plane PA drA =
|Axr+Byr+Czr+D|√

A+B+C
,

pr = (xr , yr , zr)

Line: LA = a + t −→ac
L′A parallel to LA at distance drA LA′ = a′+ t −→ac

a′ = a + drA
−→n , ‖n‖ = 1

Intersecting point: LA = a + t −→ac , LB = b + s
−→
bd ,

pr is LA in t s= XbdYab−XabYbd
XbdYac−XacYbd

pr is also LB in s XbdYac− XacYbd 6= 0

Planes PA and PB are already known in VR as P′A and P′B after matching walls when
running the method of Algorithm 1. However, we do not need to work in 3D at this
level. Walls are known to be vertical, and distances can be calculated in 2D, so that we
consider LA and LB as the resulting lines of intersecting planes P′A and P′B with the floor
plan (see Figure 12b). LA and LB are given as the parametric form LA = a + t ~ac and
LB = b + s ~bd for any points a and c in LA, and b and d in LB. We need to compute vector
v = pv p′r to displace the virtual camera from pv to the correct position p′r. Then, p′r is
computed as the intersecting point of lines L′A and L′B, as depicted in Figure 12c. L′A is
the parallel line to LA at distance drA. We compute L′A as the line L′A = a′+ t ~ac, that
is, the same direction of LA but going through point a′ at the distance drA from point a
(see Table 1). Similarly, L′B is obtained to distance drB from LB. The intersection point pr is
obtained by solving the line equation L′B for the s value. The resulting points pr and p′r are
now equivalent and both realities coincide regarding scale, orientation and position.

3. Validation and Accuracy Assessment

ARCore reliability has been tested in order to validate the technology to avoid markers.
The validation process has been developed following these criteria: (1) the initial position
in the virtual world is fixed by the user and (2) the initial orientation is estimated taking
as reference several fiducial squared markers with unique identifications, which are fixed
with the same position both in real and virtual worlds. The marker detection allows us
to accurately estimate the initial user orientation in the real world. While the user starts
scanning the surrounding walls, several markers are detected (Figure 13a) and these are
automatically instantiated in the virtual world as new anchors, see Figure 13b. Finally, a
geometry transformation (rotation and translation) is computed to align old virtual anchors
with their corresponding new anchors.
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Figure 13. Validation process using fixed markers to validate the user position and orientation:
(a) marker detection and (b) estimation of corresponding anchors in the virtual world.

The goal of the validation process is to assess the displacement and inclination errors
of the modeled planes by ARCore compared to their corresponding planes of virtual model.
All possible cases are shown in Figure 14.

Figure 14. Visual representation of aligning errors between virtual planes (transparent) of the virtual
3D model and scanned planes (red) of the real world: (a) Z-axis rotation, (b) Y-axis rotation, (c) X-axis
rotation, (d) Y-axis translation and (e) X-axis translation.

According to the following tests, rotation is only required around Z-axis (Figure 14a).
Regarding the plane inclination, ARCore ensures that all modeled planes are fully ver-
tical (Z axis), with normal vector (0, 1, 0), or completely horizontal, with normal vector
(0, 0, 1). This condition has been validated calculating the dot product between the vector
z = (0, 0, 1) and the normal vector of every detected plane and checking if the result is
0. That is true since the normal vector is always perpendicular to the vector z so the case
Figure 14b is discarded, that is, ARCore always provides vertical planes when tracking
vertical walls. According to the case of Figure 14c, it is not considered because this rotation
does not change the normal vector of the plane. Consequently, we focus only on the rotation
around Z-axis to study the error of plane inclination from real-world data. To measure this
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error, the angle (α) between the normal vector of the virtual plane and the normal vector of
its corresponding plane, detected by ARCore, is calculated by applying the Equation (2).

α = arccos(
n1n2

|n1||n2|
) (2)

where n1 is the normal of the virtual plane and n2 is the normal of an ARCore plane.
Table 2 shows the average error regarding the six experiments carried out (1) using

markers to estimate the initial orientation of the camera user and (2) without makers only
considering inertial measurements of IMU’s device, that is, the compass. Our markerless-
based approach requires that the 3D model of the building in the virtual world is orientated
to the north. In this way, when the camera user is pointed to the north, the direction vector
of the camera in the virtual world is aligned with the Y-axis according to our reference
system in the virtual world. According to the results of the validation process, our method
was focused on solving the rotation about the Z-axis by applying a rotation on virtual
planes to be fully aligned with scanned planes from the real world. Thus, the angle between
a virtual plane and its corresponding scanned plane from the real world is almost 0.

Table 2. Mean error of experiments regarding the plane inclination on Z-axis.

Average Error Plane 1 Plane 2 Plane 3 Plane 4 Plane 5

Using fiducial markers 0.5◦ 0.8◦ 0.3◦ 0.9◦ 0.1◦

Without markers 10.9◦ 7.5◦ 11.4◦ 9.4◦ 8.5◦

Our method 1◦ 0.3◦ 0.1◦ 0.5◦ 0.4◦

Additionally, we have checked ARCore accuracy in terms of distance in order to
establish the level of confidence to estimate the position of the user camera in the virtual
world. In this regard, distances between the user and detected walls of its surrounding
environment are used to determine the real location of the virtual camera regarding the
real world, as discussed in Section 2.4. Table 3 shows the difference between the real
measurements made from one point in the test area to the five walls and their comparison
with 16 measurements for each plane made with ARCore. As can be seen, the maximum
error is 6 cm. However, the average error is less than 2 cm. This means that several
measures provide distance values very similar to the real ones with less than 5 m away
from the walls. This means that the situation in Figure 14d is discarded as a possible failure
since the find errors were values under a few centimeters. Finally, displacement errors as
the one depicted in Figure 14e are not important for an initial positioning if the user is
located in the specific locations into the building, as discussed in Section 2.4. This mismatch
should be considered during the navigation process, although the division of virtual walls
into sections allows this adjustment to be carried out efficiently thanks to the topological
connections between these sections. These error measures obtained during this validation
process are incorporated into the algorithms and calculations described in Section 2.3 in
order to define a confidence threshold when comparing both angles and distances.

Table 3. Validation of the user position based on distance measurements (m).

Plane 1 Plane 2 Plane 3 Plane 4 Plane 5

Real distance 3.6 2.97 3.59 2.97 2.15

Our method:

Average distance 3.59 2.95 3.57 2.97 2.12
Maximum error 0.06 0.04 0.05 0.06 0.03
Standard deviation 0.036 0.035 0.038 0.044 0.029
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Finally, the scanning process can be influenced by several factors of the user envi-
ronment such as the lighting and occlusion. Nonideal scenarios with poor lighting and
a high occlusion of walls by furniture pose a challenging recognition of the user position
and orientation. Our method is only capable of capturing planar surfaces to provide a
real-time and efficient processing of scanned data. Consequently, if the user environment
is fully occupied by furniture, our method presents some limitations since the wall is
occluded. Nevertheless, the topological segmentation carried out on the virtual model
enables the relationship between sections of the wall, namely, if just a part of the wall is
scanned, the proposed method is able to match this with its corresponding wall section of
the virtual model. If no sections can be scanned, the user has to continue walking around
the scenario in order to search any wall partially visible. According to those environments
characterized by a poor lighting, our method presents some limitations since some walls
cannot be detected from a far distance. Table 4 shows the accuracy of our method to set
the user orientation and position considering both special factors of nonideal scenarios.
The same area of experiments described before has been used. In general, most of the
surrounding planes can be detected and matched with the virtual model with a almost
similar accuracy to previous experiments. For nonideal cases, the real-time recognition of
the user environment plays a key role but the user has to cover a larger area in order to
capture a higher number of surrounding walls.

Table 4. Validation of the user position based on distance measurements (m) and the user orientation
based on the alignment between virtual and scanned plane in a nonideal scenario.

Plane 1 Plane 2 Plane 3 Plane 4 Plane 5

User position (distances) 3.69 Not detected 3.51 3.15 2.09
User orientation (angles) 1.2◦ Not detected 0.11◦ 0.62◦ 0.45◦

4. Results

According to the application of the previous methodology, the observed study scenario
can be inspected using MR. After registering the user position and orientation and mapping
the virtual 3D models on their correct locations, an interactive and intuitive visualization
may be performed in real time. The proposed framework demonstrates the capabilities
of smartphones to capture meaningful characteristics of the user environment and to
display the shape of hidden facilities through mixed reality. These results emphasize the
potential of our application to manage the status and monitor the deployment of indoor
facilities onsite only using ubiquitous systems. In the following, the user navigation and the
updating process are described. The functionality of this application may be also reviewed
in the video attached to this manuscript as Supplementary Material.

4.1. Navigation Process

Navigation in the real world means to change the mobile camera position and ori-
entation in real time. Therefore, if the physical camera is moving, this implies that the
virtual camera must follow the same displacement. Both must be synchronized in order to
maintain alignment.

Mobile motion is registered by the inertial measurement unit, providing an input data
in meters per second squared (m/s2). Distance can be thus calculated according to this
formulation, and then extrapolated to the virtual world. Apart from motion tracking, addi-
tional sensors such as the gyroscope are decisive to determine the visible infrastructures.
The problem is that these registered values are not totally reliable when navigating through
the scene. The solution is to take advantage of the spatiotemporal coherence from the
accurate initial position by tracking real and virtual walls during the navigation process.
Thus, each time that a new wall section is detected in the real world through ARCore,
the twin wall of the virtual world is easily found between the candidates, as described in
Section 2.3. This must coincide in distance and orientation with the one tracked. Then,
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topological relations connecting annexed walls sections facilitate the process. Following
the user direction, it is possible to know in advance which are the following virtual walls.
Using this method, small corrections are made in the virtual environment by comparing
orientation and distances between virtual and scanned walls. This correctness is then
maintained over time, facilitating access to infrastructure networks. Even in between
hallways as depicted in Figure 11, navigation can be successful because wall sections, that
are consecutive in the physical world, are also consecutive in the virtual world.

Figure 15 shows some snapshots during navigation in the same university’s corridor
from left to right. Walls are depicted to show alignment regarding physical walls, enabling
mixed reality. This hall is divided by a couple of doors. The first one is crossed from the
second to the third image. As the original 2D CAD project does not provide geometric
information about wall heights, this value must be precalculated and assigned to all areas
except those with stairs. Real heights of walls are not accurately assigned on purpose in
order to visualize part of behind structures. The two right images of Figure 15 represent
both virtual wall and infrastructure layers.

Figure 15. User navigation through a corridor of the study area.

For better accuracy in positioning regarding facilities embedded in the ceiling, the
camera should look as perpendicular as possible, using the nadir plane. Figure 16 is
an example, in which all the pipes associated with various infrastructures are depicted.
We have checked it by visualizing the superposition of virtual facilities and the terminal
elements of said infrastructure networks, such as lights or air conditioners.

Figure 16. Nadir visualization of electrical and air-conditioning infrastructures.

4.2. Updating Process

Even though we have not found inaccuracies in the input data, it is possible that
reality and original plans show some kind of inconsistency. We have implemented the
updated process, consisting of modifying some characteristics or aspects of the virtual
model such as pipe type but also its geometry or spatial distribution. This modification
may be necessary when it is verified that the physical model does not correspond to the
virtual one, or perhaps after performing any infrastructure repair or update. This update
process can be done directly on the mobile screen, through the Graphic User Interface (GUI),
affecting the spatial arrangement of the items. In this way, several intuitive interactions
can be performed using the proposed application. If the disposition of these facilities is
affected, the first step is to select the specific facility. Selection is performed in the Unity
environment, which implements the action over the geometry displayed in the scene. After
that, the user displaces the selected item over the same wall plane, that is, only changes in
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coordinates X and Z. Therefore, this displacement can be done by dragging the selected
element on the screen. Figure 17 shows both the red line located on an erroneous position
and the blue wiring that represents the correct position after the updating process.

Figure 17. Updating process to change the position of a light wiring.

5. Conclusions

Mixed reality is a trending topic in a multidisciplinary research where novel appli-
cations coexist. Smartphones as ubiquitous systems to scan real-world data and process
input data efficiently play a key role for launching mixed reality experiences. The develop-
ment of new applications that take advantage of some of the sensors of smartphones for
acquiring real-world data and multimodal data fusion are highly demanded in the fields of
architecture and engineering. The current state of technology is quite mature and several
APIs provide interesting features to capture information from the user environment. An
example of this technology is Google’s platform ARCore that is integrated in the proposed
application. We have observed a high precision of sensing data regarding the detection of
the planes corresponding to walls, floors and ceilings in indoor scenarios. However, mobile
sensing lacks accuracy in relation to camera positioning or orientation and many mixed
reality applications share an important limitation to create augmented virtual objects on
their correct position in the real world. This problem is overcome in this research from
a geometrical perspective by capturing 3D planar surfaces of the user environment and
comparing them with a virtual 3D model of the surveyed building.

In this paper we propose a disruptive application to be launched on the latest smart-
phones in order to visualize indoor infrastructures of buildings using mixed reality. This
goal poses several challenges like the estimation of user position and orientation, the
recognition of the user environment and the estimation of a geometric transformation to
overlap virtual infrastructures on their correct locations. To this end, a novel methodology
has been presented which contains some algorithms to overcome mentioned challenges. In
this work, we have taken advantage of simple geometry which can be scanned from the
user environment in order to estimate the user position and orientation in a virtual scenario
which contains all CAD layers in 3D. In the preprocessing phase, topological relationships
on the 3D geometry were established to generate wall sections that are a more feasible
object to compare in real time with scanned 3D planes. During the real-time scanning, our
method compares physical and virtual walls to estimate the user position and orientation
and to correct the translation and rotation errors of virtual objects by applying a geometric
transformation. To achieve this goal, some mathematical operations were carried out con-
sidering the normal vectors, distances and intersections of virtual and scanned 3D models.
As a result, the user position and orientation are obtained and the virtual world is aligned
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thus, achieving a correct visualization of hidden infrastructure on walls and ceilings in
mixed reality. Some guidelines have also been given in relation to the physical spaces
where this technology is best adapted, for example, for well compartmentalized spaces.

The proposed method has been tested in indoor environments where walls are key
features to determine the user position and orientation. Thus, augmented facilities can be
visualized on a correct location using mixed reality. In addition, our solution is not too
sensitive to furniture and partially occluded 3D planes may be recognized and scanned.
As future research, we aim to use depth data in order to detect irregular surfaces and to
also be able to understand the user environment characterized by special conditions like
fire and poor lighting.

Supplementary Materials: The following are available at https://www.mdpi.com/1424-8220/21/4
/1123/s1.

Author Contributions: D.J., J.M.J. and L.O. conceptualized the work, carried out the proposed
methodology and data processing. In addition, they wrote and revised the manuscript. D.J. and
J.M.J. contributed to the ideas of this work and the design of code. D.J. and L.O. worked on the
3D visualization of the results. F.R.F. supervised the research and contributed to the review of the
manuscript. All authors have read and agree to the published version of the manuscript.

Funding: This research has been partially supported by the Ministerio de Economía y Competitividad
and the European Union (via ERDF funds) through the research project TIN2017-84968-R.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ahmed, S. A Review on Using Opportunities of Augmented Reality and Virtual Reality in Construction Project Management.

Organ. Technol. Manag. Constr. Int. J. 2019, 11, 1839–1852. [CrossRef]
2. Khalek, I.A.; Chalhoub, J.M.; Ayer, S.K. Augmented Reality for Identifying Maintainability Concerns during Design. Adv. Civ.

Eng. 2019, 2019, 12. [CrossRef]
3. Alsafouri, S.; Ayer, S.K. Mobile Augmented Reality to Influence Design and Constructability Review Sessions. J. Archit. Eng.

2019, 25, 04019016. [CrossRef]
4. Latif, U.K.; Shin, S.Y. OP-MR: The implementation of order picking based on mixed reality in a smart warehouse. Vis. Comput.

2020, 36, 1491–1500. [CrossRef]
5. Rehman, U.; Cao, S. Augmented-Reality-Based Indoor Navigation: A Comparative Analysis of Handheld Devices Versus Google

Glass. IEEE Trans. Hum. Mach. Syst. 2017, 47, 140–151. [CrossRef]
6. Gerstweiler, G. Guiding People in Complex Indoor Environments Using Augmented Reality. In Proceedings of the 2018 IEEE

Conference on Virtual Reality and 3D User Interfaces (VR), Tuebingen/Reutlingen, Germany, 18–22 March 2018; pp. 801–802.
[CrossRef]

7. Naticchia, B.; Corneli, A.; Carbonari, A. Framework based on building information modeling, mixed reality, and a cloud platform
to support information flow in facility management. Front. Eng. Manag. 2020, 7, 131–141. [CrossRef]

8. Oufqir, Z.; El Abderrahmani, A.; Satori, K. From Marker to Markerless in Augmented Reality. In Embedded Systems and Artificial
Intelligence; Bhateja, V., Satapathy, S.C., Satori, H., Eds.; Springer: Singapore, 2020; pp. 599–612.

9. Choi, J.; Son, M.G.; Lee, Y.Y.; Lee, K.H.; Park, J.P.; Yeo, C.H.; Park, J.; Choi, S.; Kim, W.D.; Kang, T.W.; et al. Position-based
augmented reality platform for aiding construction and inspection of offshore plants. Vis. Comput. 2020. [CrossRef]

10. Han, P.; Zhao, G. Line-based initialization method for mobile augmented reality in aircraft assembly. Vis. Comput. 2017,
33, 1185–1196. [CrossRef]

11. Ayadi, M.; Scuturici, M.; Ben Amar, C.; Miguet, S. A skyline-based approach for mobile augmented reality. Vis. Comput. 2020.
[CrossRef]

12. Liu, Y.; Chen, X.; Gu, T.; Zhang, Y.; Xing, G. Real-time camera pose estimation via line tracking. Vis. Comput. 2018, 34, 899–909.
[CrossRef]

13. Schall, G.; Zollmann, S.; Reitmayr, G. Smart Vidente: Advances in mobile augmented reality for interactive visualization of
underground infrastructure. Pers. Ubiquitous Comput. 2012, 17, 1533–1549. [CrossRef]

14. Wang, X.; Love, P.E.D.; Kim, M.J.; Park, C.S.; Sing, C.P.; Hou, L. A conceptual framework for integrating building information
modeling with augmented reality. Autom. Constr. 2013, 34, 37–44. [CrossRef]

https://www.mdpi.com/1424-8220/21/4/1123/s1
https://www.mdpi.com/1424-8220/21/4/1123/s1
http://doi.org/10.2478/otmcj-2018-0012
http://dx.doi.org/10.1155/2019/8547928
http://dx.doi.org/10.1061/(ASCE)AE.1943-5568.0000362
http://dx.doi.org/10.1007/s00371-019-01745-z
http://dx.doi.org/10.1109/THMS.2016.2620106
http://dx.doi.org/10.1109/VR.2018.8446138
http://dx.doi.org/10.1007/s42524-019-0071-y
http://dx.doi.org/10.1007/s00371-020-01902-9
http://dx.doi.org/10.1007/s00371-016-1281-5
http://dx.doi.org/10.1007/s00371-020-01830-8
http://dx.doi.org/10.1007/s00371-018-1523-9
http://dx.doi.org/10.1007/s00779-012-0599-x
http://dx.doi.org/10.1016/j.autcon.2012.10.012


Sensors 2021, 21, 1123 20 of 21

15. Soria, G.; Ortega, L.; Feito, F. Augmented and Virtual Reality for Underground Facilities Management. J. Comput. Inf. Sci. Eng.
2018, 18, 041008. [CrossRef]

16. Romero-Ramirez, F.; Muñoz-Salinas, R.; Medina-Carnicer, R. Speeded Up Detection of Squared Fiducial Markers. Image Vis.
Comput. 2018, 76. [CrossRef]

17. Sharma, O.; Pandey, J.; Akhtar, H.; Rathee, G. Navigation in AR based on digital replicas. Vis. Comput. 2018, 34, 925–936.
[CrossRef]

18. Kumar, A. Methods and Materials for Smart Manufacturing: Additive Manufacturing, Internet of Things, Flexible Sensors and
Soft Robotics. Manuf. Lett. 2018, 15, 122–125. [CrossRef]

19. Shamalinia, S. Virtual and Augmented Reality Applications in Building Industry. In Smart City Networks: Through the Internet of
Things; Rassia, S.T., Pardalos, P.M., Eds.; Springer International Publishing: Cham, Switzerland, 2017; pp. 11–24.

20. Kim, J.S.; Kavak, H.; Pfoser, D.; Crooks, A.; Wenk, C.; Wise, S. GeoSim 2019 Workshop Report: The 2nd ACM SIGSPATIAL
International Workshop on Geospatial Simulation. SIGSPATIAL Special 2020, 11, 20–22. [CrossRef]

21. Pu, Y.C.; You, P.C. Indoor positioning system based on BLE location fingerprinting with classification approach. Appl. Math.
Model. 2018, 62, 654–663. [CrossRef]

22. Park, H.; Park, J.I. Invisible Marker–Based Augmented Reality. Int. J. Hum. Comput. Interaction 2010, 26, 829–848. [CrossRef]
23. Chen, K.; Yang, J.; Cheng, J.C.; Chen, W.; Li, C.T. Transfer learning enhanced AR spatial registration for facility maintenance

management. Autom. Constr. 2020, 113, 103135. [CrossRef]
24. Yu, K.; Ahn, J.; Lee, J.; Kim, M.; Han, J. Collaborative SLAM and AR-guided navigation for floor layout inspection. Vis. Comput.

2020. [CrossRef]
25. Rahimian, F.P.; Seyedzadeh, S.; Oliver, S.; Rodriguez, S.; Dawood, N. On-demand monitoring of construction projects through a

game-like hybrid application of BIM and machine learning. Autom. Constr. 2020, 110, 103012. [CrossRef]
26. Huang, Z.; Gu, N.; Lin, C.; Shen, J.; Chang, J. Real time vanishing points detection on smartphones under Manhattan world

assumption. Pattern Recognit. Lett. 2018, 115, 117–127. [CrossRef]
27. Wang, L.; Wu, Z. RGB-D SLAM with Manhattan Frame Estimation Using Orientation Relevance. Sensors (Basel, Switzerland) 2019,

19, 1050. [CrossRef]
28. Fu, Y.; Yan, Q.; Liao, J.; Chow, A.L.H.; Xiao, C. Real-time dense 3D reconstruction and camera tracking via embedded planes

representation. Vis. Comput. 2020. [CrossRef]
29. Hamieh, A.; Ben Makhlouf, A.; Louhichi, B.; Deneux, D. A BIM-based method to plan indoor paths. Autom. Constr. 2020,

113, 103120. [CrossRef]
30. Chen, Q.; Chen, J.; Huang, W. Method for Generation of Indoor GIS Models Based on BIM Models to Support Adjacent Analysis

of Indoor Spaces. ISPRS Int. J. Geo-Inform. 2020, 9. [CrossRef]
31. Moshtaghian, F.; Golabchi, M.; Noorzai, E. A framework to dynamic identification of project risks. Smart Sustain. Built Environ.

2020. [CrossRef]
32. Calderon-Hernandez, C.; Brioso, X. Lean, BIM and Augmented Reality Applied in the Design and Construction Phase:

A Literature Review. Int. J. Innov. Manag. Technol. 2018, 9, 60–63. [CrossRef]
33. Rahimian, F.P.; Chavdarova, V.; Oliver, S.; Chamo, F.; Amobi, L.P. OpenBIM-Tango integrated virtual showroom for offsite

manufactured production of self-build housing. Autom. Constr. 2019, 102, 1–16. [CrossRef]
34. Nguyen, T.B.; Tran, A.B.; Nguyen, M.T.; Pham, V.H.; Le-Nguyen, K. Application of Building Information Modelling, Extended

tracking technique and Augmented Reality in Building Operating Management. In CIGOS 2019, Innovation for Sustainable
Infrastructure; Ha-Minh, C., Dao, D.V., Benboudjema, F., Derrible, S., Huynh, D.V.K., Tang, A.M., Eds.; Springer: Singapore, 2020;
pp. 1247–1252.

35. Basori, A.H.; Afif, F.N.; Almazyad, A.S.; AbuJabal, H.A.S.; Rehman, A.; Alkawaz, M.H. Fast Markerless Tracking for Augmented
Reality in Planar Environment. 3D Res. 2015, 6, 41. [CrossRef]

36. Kobayashi, T.; Kato, H.; Sugano, M. Planar Markerless Augmented Reality Using Online Orientation Estimation. In Computer
Vision—ACCV 2016; Lai, S.H., Lepetit, V., Nishino, K., Sato, Y., Eds.; Springer International Publishing: Cham, Switzerland, 2017;
pp. 424–439.

37. Olbrich, M.; Graf, H.; Kahn, S.; Engelke, T.; Keil, J.; Riess, P.; Webel, S.; Bockholt, U.; Picinbono, G. Augmented reality supporting
user-centric building information management. Vis. Comput. 2013, 29, 1093–1105. [CrossRef]

38. Eren, M.T.; Balcisoy, S. Evaluation of X-ray visualization techniques for vertical depth judgments in underground exploration.
Vis. Comput. 2018, 34, 405–416. [CrossRef]

39. Chung, S.; Kwon, S.; Moon, D.; Ko, T. Smart Facility Management Systems Utilizing Open BIM and Augmented/Virtual Reality.
In Proceedings of the 35th International Symposium on Automation and Robotics in Construction (ISARC 2018), Berlin, Germany,
20–25 July 2018. [CrossRef]

40. del Amo, I.F.; Erkoyuncu, J.A.; Roy, R.; Wilding, S. Augmented Reality in Maintenance: An information-centred design framework.
Procedia Manuf. 2018, 19, 148–155. [CrossRef]

41. May, M.; Clauss, M.; Salzmann, P. A glimpse into the future of facility and maintenance management: A case study of augmented
reality. Corp. Real Estate J. 2017, 6, 227–244.

42. Fukuda, T.; Yokoi, K.; Yabuki, N.; Motamedi, A. An indoor thermal environment design system for renovation using augmented
reality. J. Comput. Des. Eng. 2019, 6, 179–188. [CrossRef]

http://dx.doi.org/10.1115/1.4040460
http://dx.doi.org/10.1016/j.imavis.2018.05.004
http://dx.doi.org/10.1007/s00371-018-1530-x
http://dx.doi.org/10.1016/j.mfglet.2017.12.014
http://dx.doi.org/10.1145/3383653.3383661
http://dx.doi.org/10.1016/j.apm.2018.06.031
http://dx.doi.org/10.1080/10447318.2010.496335
http://dx.doi.org/10.1016/j.autcon.2020.103135
http://dx.doi.org/10.1007/s00371-020-01911-8
http://dx.doi.org/10.1016/j.autcon.2019.103012
http://dx.doi.org/10.1016/j.patrec.2018.06.031
http://dx.doi.org/10.3390/s19051050
http://dx.doi.org/10.1007/s00371-020-01899-1
http://dx.doi.org/10.1016/j.autcon.2020.103120
http://dx.doi.org/10.3390/ijgi9090508
http://dx.doi.org/10.1108/SASBE-09-2019-0123
http://dx.doi.org/10.18178/ijimt.2018.9.1.788
http://dx.doi.org/10.1016/j.autcon.2019.02.009
http://dx.doi.org/10.1007/s13319-015-0072-5
http://dx.doi.org/10.1007/s00371-013-0840-2
http://dx.doi.org/10.1007/s00371-016-1346-5
http://dx.doi.org/10.22260/ISARC2018/0118
http://dx.doi.org/10.1016/j.promfg.2018.01.021
http://dx.doi.org/10.1016/j.jcde.2018.05.007


Sensors 2021, 21, 1123 21 of 21

43. Jurado, J.M.; Ortega, L.; Cubillas, J.J.; Feito, F.R. GEU (Geospatial and Environmental tools of University of Jaén). Available
online: http://gis3d4d.ujaen.es/ (accessed on 4 February 2021).

44. Domínguez-Martín, B.; García Fernández, A.; Feito, F.R. Semiautomatic detection of floor topology from CAD architectural
drawings. Comput. Aided Des. 2012, 44, 367–378. [CrossRef]

45. Daniel, L.; Loree, P.; Whitener, A. Inside MapInfo Professional: The Friendly User Guide to MapInfo Professional; Cengage Learning:
Boston, MA, USA, 2002.

46. Brightman M. (Ed.) The SketchUp Workflow for Architecture; John Wiley & Sons, Ltd.: New York, NY, USA, 2018. [CrossRef]
47. Galler, B.A.; Fischer, M.J. An improved equivalence algorithm. Commun. ACM 1964, 7, 301–303. [CrossRef]
48. Voinea, G.D.; Girbacia, F.; Postelnicu, C.C.; Marto, A. Exploring Cultural Heritage Using Augmented Reality Through Google’s

Project Tango and ARCore. In VR Technologies in Cultural Heritage; Duguleană, M., Carrozzino, M., Gams, M., Tanea, I., Eds.;
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