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Abstract: Underground infrastructure is a critical component of the basic utility services provided
to society. The single largest threat to the safety of underground utility lines is being struck by
construction earthwork projects. One of the causes of this problem is miscommunication between
utility owners and contractors. Therefore, it is vitally important to coordinate resources, share
information, and ensure efficient communication between construction personnel and utility owners.
Geographic information systems (GIS) provide a solution for interoperability in the construction
industry. Applying such technologies in the field of underground construction requires accurate
and up-to-date information. Augmented reality (AR) has been identified as a technique that could
enhance information extraction from the virtual world to the real world and improve the access and
utilization of information. However, there is currently limited research that has integrated AR and GIS
and evaluated the effectiveness and usability of the combination in this domain. The main objective
of this research was to develop an integrated AR-GIS for mapping and capturing underground
utilities using a mobile device. The data are shared instantaneously with other stakeholders through
a cloud-based system. In order to achieve these objectives, a design research approach was utilized
to develop and evaluate a mobile extended-reality (XR-GIS) application. Validation of the XR-GIS
was conducted through a focus group discussion and a questionnaire. The results revealed that
86% of the participants validated the system’s adaptivity to the underground construction. We can
conclusively say that this research has produced an efficient solution for data collection and sharing
among stakeholders in the underground construction industry.

Keywords: geographic information systems (GIS); keyhole markup language (KML); augmented
reality; mobile computing; global positioning system (GPS); cloud-based solutions; design science

1. Introduction

Underground infrastructure is a critical component of the basic utility services provided to society.
There are over 35 million miles of buried services in the United States (US), and this number is growing
every year [1]. In addition, the growth of urban underground space (UUS) is increasing significantly
in the world’s largest cities [2]. The single largest threat to the safety of UUS is being struck by a
construction earthworks project [3]. In 2016, the societal damage caused by utility strikes in the US
came to an estimated $1.5 billion [4]. The main causes of this problem were the lack of data on urban
underground spaces (UUS), and miscommunications between utility owners and contractors [5,6].

It is vitally important to coordinate resources, information sharing, and efficient communication
between construction personnel and utility owners. In addition, the information intensiveness
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of construction projects requires the site workers to have on-demand access to project data such
as drawings, utility locations, and utility depth [7]. Geographic information systems (GIS) can
provide a solution for interoperability in the construction industry by capturing, storing, analyzing,
managing, and presenting all types of geographical data [8]. GIS technology has advanced from simply
creating two-dimensional (2D) maps to being able to create highly detailed three-dimensional (3D)
models that present users with a more realistic view of the real world, as described by Bobylev [2].
The 3D-GIS schemas such as collaborative design activity (COLLADA) and keyhole markup language
(KML) [9,10] are able to store diverse types of attributes pertaining to specific real-world objects [11].
However, applying such technologies in the field of underground construction and utility mapping
requires accurate and up-to-date information, and has been thoroughly studied by Dutta et al.,
Muggleton et al., and Royal et al., [12–14], which provided a significant improvement over the former
state of the art.

These requirements currently limit the usage of GIS during many excavations and earthwork
projects [15]. Therefore, construction personnel often engage in traditional methods to identify the
location of underground utilities. These methods include utilizing metal-detecting locating devices,
reflective spray paint, and flagging [16]. A full review of the non-disruptive applications used can be
found in Metje et al., [17]

To improve access to and utilization of information, augmented reality (AR) has been identified as
a technique that can enhance human perception and information extraction from the virtual world to the
real world [18,19]. AR systems already exist, although they are predominantly used for presenting data
that have been specially prepared by specialized or custom software in an office context [7,15,20,21].

These systems can be accessed through portable devices, but usually have no capability to edit
or add data dynamically on site [22–24]. Therefore, the objective of this research was to develop an
integrated AR and GIS for the specific purpose of mapping underground utilities. Additionally, this new
integrated system will give users the ability to input utility locations using mobile devices in the field,
and to instantaneously share the data with other stakeholders through a cloud-based system.

To achieve these objectives, a design research approach was utilized [25,26] to develop and
evaluate an integrated AR and GIS solution. This designed solution aimed to enhance the information
retrieval process during underground construction. Specifically, this research investigated the potential
of utilizing the KML platform for handling unstructured data collected at construction sites. This was
done by selecting commercially available tools and software, such as Google Earth, Unity 3D,
and Apple’s augmented reality development platform (ARKit) [27–29]. The major challenges that
were overcome were the import and export process of KML files to a cloud service, the locational
accuracy of utilities, modeling alignment, and the user interface. The motivation of this research
was to provide a rich database of underground utility data for construction stakeholders to instantly
access in the field, to enhance information retrieval, improve worker safety, and ultimately reduce
pipe-striking occurrences.

1.1. Background

1.1.1. Current Practice of Existing Subsurface Identification

The main method of identifying buried utility locations in the US is through a one-call center,
which requires, by law, those who carry out excavations to determine the location of the utilities to
be excavated before digging. The process starts with the one-call center contacting the utility service
providers that fall within the center’s jurisdiction, after which the utility providers mark the surface
using either one or a combination of spray paint, flags, and stakes as shown in Figure 1. When the
digging begins, the markers are the first elements to be removed and the excavation operators must
either rely on memory to find the location of the utility [21] or go through the one-call system again,
which will inevitably cause a delay in the project. Even with the diligent efforts of each state’s one-call
system, the reality is that many undocumented underground utilities still exist throughout the nation.
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Talmaki et al., [3] identified three limitations with the one-call practice. The first is a lack of
detailed information regarding the buried utilities. The second limitation is the degree of accuracy.
The accurate locations of at least 50% of buried assets remain unknown [30], with the utility markings
only indicating the approximate location of the lines.

The one-call centers claim that the pre-marked areas are typically equal to the diameter of the
utility line plus 0.6 m on either side of its outer diameter, and the utility line can lie anywhere within
this area. The third limitation concerns the temporary nature of the markings, which are no longer
visible once the top surface has been removed. This research aimed to reduce these limitations by
integrating AR and GIS technologies.

1.1.2. Geographic Information System (GIS)

A geographic information system (GIS) is a system that collects, stores, analyzes, and displays
geographic data [31]. GIS is an effective tool for asset management because of its ability to
integrate spatial and non-spatial data in a centralized database platform with real world geographical
coordinates [21]. With the advent of global positioning systems (GPS) and more modern global
navigation satellite systems (GNSS), GIS technology has advanced exponentially and is now being used
in a plethora of contexts including educational training, AR, and various scientific disciplines [20,31–36].
GPS and GNSS are systems of geosynchronous satellites that orbit the Earth, providing location and
time information to millions of users spread across the globe. By providing accurate geographic
locations to devices, users have been able to collect more reliable field data and store these data in
complex geographic systems.

Many utility owners have switched from computer-aided drafting (CAD) systems to more robust
GIS for the creation, storage, and management of their utility information [37]. For example, GIS allows
utility owners to have their complete asset inventory archived in a single repository for data extraction,
visualization, analysis, and updating information [3]. Therefore, GIS has the inherent ability to store
attribute information about the assets in a real-world system. Furthermore, in the construction industry,
GPS now provides three-dimensional location information to machine-controlled heavy equipment
such as excavators, graders, and bulldozers for higher accuracy builds and cost efficiency [38].



Infrastructures 2019, 4, 60 4 of 17

1.1.3. Augmented Reality (AR)

According to Milgram et al., [39], AR is the additional presence of data generated by a computer
displayed on a user’s view of the real world. AR provides a tool for the further exploration of
relevant data [23], and a user’s experience can be supplemented with geo-referenced virtual objects.
In accordance with the tracking method used, AR systems can be classified into outdoor AR systems
and indoor AR systems [40]. An outdoor AR system requires a global navigation satellite system
(GNSS) and inertial measurement unit (IMU) sensors, such as accelerometers and gyroscopes, to aid
in the registration process of the virtual objects [41]. However, GPS does not work very efficiently
in buildings. Additionally, because of the finite amount of space leveraged in an indoor system,
these systems rely solely on using vision-tracking methods for location. Note that this research does
not engage with indoor AR systems, instead focusing solely on outdoor applications.

Recently, researchers have been developing various AR outdoor vision-tracking applications.
For example, Huang et al., [41] developed a 3D geospatial system using an AR application to improve
the efficiency and accuracy of data registration. Additionally, and more in keeping with this project,
researchers have been using AR to visualize underground utilities, providing the ability to look beneath
the ground for the purpose of subsurface utility inspection [15,42]. For example, Zhang et al., [43]
developed a GIS to improve the inspection of urban underground pipelines. Their system used
two different techniques of computer vision and sensor fusion, so that the researchers could make
detailed comparisons of these individual techniques. However, it has been discovered that most AR
applications and AR research have focused on registration performance, without reporting on the data
accuracy inputted into the applications by the users.

In the field of underground construction, the data used in AR applications have three main
uses. The first use is to view what has not been built yet, such as a newly proposed gas utility line.
Secondly, AR applications can be used to see what is hidden to the naked eye, such as buried elements
or obstructed objects that would otherwise be in sight. Thirdly, they can be used to see things that
cannot otherwise be seen, such as attribute information, organizational information, site boundaries,
or environmental events. This research project aimed to develop an AR system that would incorporate
all three of these main applications within one system. The system would then be able to provide
a new information-sharing mechanism between all applicable stakeholders in the underground
construction industry.

2. Materials and Methods

The aim of this research was to develop an artifact that could input data using mobile AR and store
it in a centralized GIS database using cloud services. The integration of AR and GIS has been developed
and evaluated from a technical performance perspective using a custom-built platform [41–43] called the
extended reality geographic information system (XR-GIS). The term extended reality (XR) encompasses
virtual, augmented, and mixed reality systems [44].

To achieve this aim, this research followed a design science (DS) research approach [8]. The DS
process includes five stages: (1) identifying the problem; (2) defining the objective; (3) designing
and developing; (4) demonstrating; and (5) evaluating. The stages have been explained in detail
by Peffers et al., [25] and are shown in Figure 2. The objective of this approach was to produce a
mobile application that could assist underground construction personnel in capturing utility marks
and sharing the data among other users. This method was conceived in order to create an accurate and
reliable underground utilities database, which will also reveal the potential of integrating GIS and AR
into one system.
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Figure 2. Design science research approach.

Figure 2 summarizes the research approach, which started by identifying the limitations of current
practice in subsurface utility engineering, which has been denoted as the first stage. In addition,
recently developed AR systems in the construction industry have been mentioned in the background
section of this paper [45,46]. The second stage focused on the main objective of the artifact development,
using an exploratory focus group discussion to assist in designing the user interface. In the third stage,
the authors examined the software development kits (SDK), using a competitive study to select the
optimum SDK [47] for the desired solution. The fourth stage was the testing stage for debugging before
being published on the Apple store platform. It is important to note that focus group discussions were
engaged in at each stage of this project’s development. This ensured and permitted feedback in the
iterative process.

2.1. Defining the Objective

This research used two focus groups: (1) an exploratory focus group (EFG), which was used for
the object definition and design iteration of the XR-GIS, and is denoted as Stage 2 in Figure 2; and (2) a
confirmatory focus group (CFG), which was used for the proof of concept in the underground utility
industry, and is denoted as Stage 5 in Figure 2. The use of a focus group in design research is widely
used to pose stimulating opportunities and ideas [48] to potential users. Each member of the focus
group was required to have experience in the underground construction industry and to have used the
call-center service to map the underground utilities.

At the beginning of the EFG discussion, the research goals and the problems facing the industry
were clearly identified before the start of the session. The questions (Table 1) in the EFG were
open-ended but were carefully predetermined. The focus group discussion lasted approximately one
hour on each of the following topics: current industry practice, major challenges facing the industry,
AR technology, and information retrieval processes. The moderator encouraged the sharing of ideas
and wrote down the discussion processes of participants as they discussed issues and various industry
needs. The major outcomes from the EFG are discussed in Section 4.



Infrastructures 2019, 4, 60 6 of 17

Table 1. Exploratory focus group open-ended questions.

Discussed Topics Open-Ended Questions

Current industry practices What are the limitations of the current one-call-center practice?

How can these limitations you mentioned be reduced or
eliminated?

Major challenges facing the industry
From your previous experience, what are the main challenges

facing the underground construction industry?

What is your opinion regarding the information-sharing
process between industry stakeholders?

AR technology
What is your current understanding of AR technology?

After understanding the main advantages of AR technology,
how can this technology help to improve the industry?

What type of features can be added to assist the industry?

Information retrieval and sharing process

In your opinion, what is the best information-sharing method
between stakeholders?

Have you thought about an open centralized database?

How can we increase the accuracy of the centralized database?

What kind of information needs to be stored on an open
centralized database?

2.2. Design Development of XR-GIS

2.2.1. Software Development Kits: Competitive Study

The design and development of XR-GIS commenced after a review of the literature. Studies have
found that Unity3D and ARKit [49,50] provided a suitable platform for AR development. The platform
development features were available through an open source that allowed for full customization of its
source code. In addition, the authors developed an algorithm to assist in the flow of data between the
users and the cloud storage system.

Unity3D is a professional game development platform that features a three-dimensional
display, real-time interactions, and server communication [33]. The Unity3D platform also supports
cross-platform development for iOS and Android operating systems without the need for extra
development kits. Each object created by the platform is made up of components containing position,
rotation, scale, materials, and mesh network [33].

ARKit provides developers with a tool to create geo-located AR applications using the GPS and
inertial measurement units (IMU) available on today’s mobile phones [29]. In 2017, Apple announced
the new ARKit framework that provided developers with programming features able to easily create
AR apps for iPhone and iPad [51]. In this research, ARKit was used to create the mobile XR, assisting
in the positioning of the device. The device can be detected with respect to the real world through the
use of visual inertial odometry, which merges camera sensor data with other embedded sensors to
track the position of the device [52].

One of the main features used in ARKit to assist in the development of XR-GIS was plane detection.
When plane detection is activated, ARKit will continuously look for feature points. These are features
in an image that are considered interesting for world tracking [53]. This means that streets and
roads will typically have fewer feature points, while a colored object with a pattern will have many
feature points. This creates a baseline for the user to add the underground utility lines at the site.
Moreover, lighting has a profound effect on how many feature points ARKit can identify. A bright
environment is recommended in order to get the best experience.

If ARKit detects enough feature points on any plane, an ARPlaneAnchor object is added to
its list of anchors [42]. Anchors provide information about the location using the integrated GPS
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feed. These locations are then added to the 3D model through geographic coordinates. ARKit will
continuously try to improve the position of the anchor as it learns more about the environment during
a recording session of the desired underground utility.

2.2.2. Cloud-Based Storage

Digital storage is required in order to collect, store, and share data among users. Li and
Lu [27] suggested using a cloud-based storage system integrated with Google Earth as a solution for
construction data management. Therefore, XR-GIS utilizes the Google Earth platform and Amazon
Web Services (AWS) to store and manage data [54]. In order to tackle the unstructured data collected
from the construction site, the application utilized the standardized extended markup language (XML),
chosen for its extensibility and interoperability on the web schemas, to share the project information
3D models [9].

There are two types of geometrical data file formats: KML and XML [9]. In many cases, KML is
leveraged for its wide and varied usage [53]. A code was written to import and export geometrical
data from the mobile AR system to a cloud-based solution using the KML format. However, KML is a
generic plane text formatted file, thus making the file size large and potentially difficult to manage.
Therefore, the application compresses the data using a ZIP feature [53] format into a compressed KML,
which is known as KMZ.

Moreover, a KMZ contains the default KML file and other attachments such as name and date.
For the data import required to use a KMZ file in Unity3D and ARKit, one must first extract the KML
file from the KMZ file by unzipping it. Conversely, to export data, one must begin by creating the
KML file as an XML structure for ease of use, and then converting it to a KMZ file using a compression
algorithm. The XR-GIS utilizes the KMZ file format in sharing information between users. Figure 3
shows the workflow between the different components used in the development of the XR-GIS.
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2.2.3. User Interface (UI)

During the EFG discussion, participants were able to assist in the design and development of
the user interface (UI) of the artifact. To better align the artifact with the underground construction
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industry, each participant was asked to define the areas of improvement they felt were important in
sharing information (Table 1). The main outputs of the group discussion were: (1) using the color-coded
method used by the call center, (2) an interactive application that can add and edit pipeline models,
(3) information input capability, such as utility depth, date of input, and comments, and (4) centralizing
and sharing data.

The XR-GIS UI was then created based on the EFG discussion. Users started by selecting the
type of utility, choosing the corresponding color that matched the call-center color code (Figure 4a):
blue for water pipes, yellow for gas, orange for communication, green for sewer, purple for claim water,
pink for survey, and white for a new proposed line. Once the type of utility is selected, the building
mode started (Figure 4b) and the utility information name and depth could be added (Figure 4c).
The application has the ability to edit or delete pipeline 3D models on site (Figure 4d).Infrastructures 2019, 4, x FOR PEER REVIEW 8 of 16 
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3. Results

In order to demonstrate the value of the artifact, a confirmatory focus group (CFG) was used to
validate the proof of concept in the underground utility industry, denoted as Stage 4 and 5 in Figure 2.
The population group for this research consisted of twenty participants. The sample size used was
similar to that of Chu et al.’s [19] research, who used twenty participants, each of whom had at least
one year of industry experience.

In the validation task, each participant was given the option to use a personal mobile device or
one offered by the moderator. They were then asked to download XR-GIS directly from the Apple
store (Figure 5) in order to get the full experience of using the application. This platform gave easy
access to the software and a full experience for participants examining the application. After this, each
participant was escorted individually to an outdoor area that had pre-painted utility lines (Figure 6),
and was asked to use XR-GIS to capture gas, electric, and water utility line. An information sheet and a
blank answer sheet were prepared for the participants, which explained the experiment’s requirements
and detailed the tasks to be undertaken.
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Figure 6. Map and task process for testing XR-GIS.

Directly after completing the tasks, each participant was asked to complete a post-experiment
questionnaire, displayed in Table 2. The participants’ responses on the answer sheet were assessed.
The results were then analyzed, using descriptive statistics to provide an overview of application
validation. The post-experiment questionnaire was adapted from Alsafouri [55] and contained
subjective measures that focused on mobile mixed reality to influence design and constructability
review sessions. The intent of the questionnaire was to identify the usability and capabilities of using
XR-GIS for utility mapping.
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Table 2. Confirmatory focus group questionnaire.

Rate Your Level of Agreement with the Following Sentences

Strongly
Agree Agree

Neither
Agree nor
Disagree

Disagree Strongly
Disagree

1. It was easy to use mobile
augmented reality to record and

capture the location of the
utility lines.

( ) ( ) ( ) ( ) ( )

2. XR-GIS provided an effective
augmented reality visualization
interface for different pipelines.

( ) ( ) ( ) ( ) ( )

3. Augmented reality on a mobile
device can effectively be used to

input utility information.
( ) ( ) ( ) ( ) ( )

4. I could easily identify the
location of the underground
utilities in the site by using

augmented reality on a
mobile device.

( ) ( ) ( ) ( ) ( )

5. I could track multiple utility
lines at the same time during

this session.
( ) ( ) ( ) ( ) ( )

6. I could see a full-scale utility
line on the mobile device’s display

used in this session.
( ) ( ) ( ) ( ) ( )

7. It was convenient to use the
XR-GIS application to physically

navigate through the site.
( ) ( ) ( ) ( ) ( )

8. XR-GIS provided an easier
method for navigating the site

than would have been provided
through engineering drawings.

( ) ( ) ( ) ( ) ( )

9. XR-GIS provided an easier
method for recording utility lines
than would have been provided

through GPS rover.

( ) ( ) ( ) ( ) ( )

10. I would use this application
again in future projects. ( ) ( ) ( ) ( ) ( )

Open-ended questions

11. What did you like most in this app? (Statement Response)
12. What did you like least in this app? (Statement Response)

13. What other comments do you have related to the app future improvement? (Statement Response)

The procedure for carrying out the experiment was as follows:

• Introduction: The objective of the artifact was explained to participants, followed by an explanation
of how XR-GIS linked to a cloud-based server.

• Familiarization: The participants were all given the opportunity to take time to familiarize
themselves with the application. In addition, the moderator answered participants’ questions
regarding how to use the application.

• Experiment process: Once familiarized with the application, the participants began the tasks
(Figures 4 and 6):
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1. In this given area, find the pre-painted utility line and use the built mode (Figure 4a) to select
the correct type of utility and start capturing the utility location.

2. For each utility line, input the depth given on the map and task process sheet (Figure 6).
3. Delete and edit utility lines captured by the system in Step 1 of this process.
4. Use the inspection mode and investigate any other utility lines in the surrounding area.

• Post-experiment questionnaire: Directly after finishing the tasks, the participants were asked to
complete the post-experiment questionnaire in order to capture their experiences and opinions
relating to validation of the application’s usage in the underground industry (Table 2).

4. Validation and Results

In total, 20 industry experts participated in the validation testing for the application (Figure 6).
A breakdown of the sample characteristics of the individuals is presented in Table 3. The mean age of
the participants was approximately 31 years. After completing the tasks, the participants completed
questionnaires about the experience (Table 2). The responses from the questionnaire indicated that
all participants considered XR-GIS to be an effective medium for mapping utilities and information
sharing. The participants felt that they could effectively record utility lines using only the app, and that
XR-GIS was easier to use than traditional methods using spray paints and survey equipment. Table 4
summarizes the findings from the session questionnaires.

Table 3. Summary of user characteristics.

Characterization Questions Qualitative Responses

Age (years)
Mean age 31

Experience (years)
(a) 0–5 6

(b) 6–10 8
(c) 11–20 4
(d) >21: 2

Discipline
(a) Utility owner 4

(b) Contractor 8
(c) Utility locator 6

(d) Utility asset coordinator 2
(e) Other NA

In addition to asking participants about their perception of using XR-GIS, they were asked
to provide feedback related to how XR-GIS might be used for a database center for all utilities
nationwide. Eight of the participants indicated that it would be beneficial for the industry to have
an open, centralized database. One of the participants believed that XR-GIS should be the only
information-sharing technology used on-site between stakeholders. Furthermore, most participants
seemed to consider that XR-GIS was a superior information registering delivery method. For example,
only one participant disagreed with the statement that “It was convenient to use the XR-GIS application
to physically navigate through the site.” Even though there were mixed opinions about the value of
XR-GIS, these results show that industry members generally perceived this approach to be very positive.
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Table 4. Percentage of participants that agreed with each statement.

Questionnaire Statements Percentage of Agree Answers

It was easy to use a mobile augmented reality app to capture the utility
lines location. 87%

XR-GIS provided an effective augmented reality visualization interface
for different pipelines. 79%

Augmented Reality on a mobile device can be used effectively to input
utility information. 85%

I could easily identify the location of the underground utilities in the
site by using augmented reality on a mobile device. 82%

I could track multiple utility lines at the same time during this session. 96%

I could see a full-scale utility line on the mobile device’s display used
in this session. 85%

It was easy to use the XR-GIS application to physically navigate
through the site. 76%

XR-GIS an provided an easier method for navigating the site than
would have been provided through engineering drawing. 88%

XR-GIS provided an easier method for recording utility lines than
would have been provided through GPS rover. 86%

I would use this application again in future projects 95%

In the open-ended questions, the participants described their experiences using XR-GIS. Specifically,
they were asked to provide their favorite and least favorite parts of the application. In general,
participants often mentioned that they liked the fact that the XR-GIS UI was clear and was correctly
aligned during the building mode.

Furthermore, several participants mentioned that XR-GIS allowed them to input information and
comment before saving and sharing information. Conversely, many participants mentioned that they
did not like having a device in their hand throughout the mapping task. Several also mentioned that
the mobile phone screen felt too small and limited their sight of their surroundings.

Most existing AR systems focus on rendering inputted data from the database, such as as-built
maps. In other words, people cannot input data using AR on site. The main objective of this research
in developing an integrated AR and GIS for mapping and capturing underground utilities using a
mobile device on site has been proven by industry experts. In addition, the findings presented validate
the research claim with respect to improving information sharing and retrieval among underground
construction stakeholders. The XR-GIS framework ensures a real-time information flow between
utility owners and contractors. The framework, as exemplified in Figure 7, can be described as follows:
Steps (1–4): The contractor pre-marks the area of excavation using the traditional methods of white
paint or flags; then inputs the new proposed line using the XR-GIS. The new lines are uploaded to a
cloud database and stored for future access. Thereafter, the contractor requests a dig ticket from the
one-call center. Steps (5–6): The one-call center informs the utility owners of the contractor’s request
and sends filed locators to mark out the underground utilities. Next, in Steps (7–9), the utility locators
use the XR-GIS for guidance as to the exact location of the new line proposed by the contractor in Step
(3), then mark out the job site using both the traditional method and XR-GIS. The captured utilities
from the locators are uploaded to the cloud database and shared with the contractor. Finally, in Step
(10), excavators start digging, using XR-GIS to update the depth of the utilities; this step will assist in
building a reliable database that can be shared among stakeholders.
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5. Discussion

The work presented here is promising, with limitations related to the experience of the testing
participants and currently available hardware technology. These should improve over time, as more
and more applications of these technologies will ensure more future utilization. The participants
had no prior experience with this technology. As a result, the application had the appealing effect of
novelty to users, which that could theoretically have impacted their judgment during the questionnaire
session. However, the findings do support the claim that, when used properly, XR-GIS can share utility
locations more efficiently than the traditional methods. Future research aimed at generalizing the
findings of this paper would need to identify statistically representative samples.

There are hardware limitations related to GPS accuracy. The use of GPS is an effective tracking
tool for outdoor projects, but in order to obtain an accurate reading of the user’s location, it has to be
visible to a certain number of GPS satellites [56]. After examining the shared data and captured utility
lines, there was a shift in the location of the input data of three to four meters due to GPS accuracy.
Future studies will use external GPS receivers to obtain a more reliable location. A well-designed
GPS receiver can typically reach a positioning accuracy of one to three meters [57]. Therefore, the use
of more tools will more likely boost accuracy and could include image tracking, wireless sensors,
Bluetooth, or radio frequency identification (RFID), which can also be used as tracking technologies
for AR [58]. Better positional accuracy is needed for tracking the location of utilities. This need for
high accuracy led to Chen et al., [59] proposing a novel way of providing reliable positioning using a
differential GPS (DGPS) technique by adding a ground station, which increased accuracy to 5 cm.

Finally, the participants used the application in a controlled environment rather than on an
active job site. Additional jobsite conditions, such as noise and safety concerns, could affect the
implementation of the application. Moreover, as a proof of concept, the authors went through several
iterations before being able to design a responsive UI. However, the authors recognize that it would
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require additional investment over the current design to expand XR-GIS usage into the broader
construction industry.

6. Conclusions

In this paper, an integration of GIS, AR, and cloud-based solutions for mapping underground
utilities (XR-GIS) was designed and developed as a promising platform to improve access to and
utilization of information. This research was undertaken to evaluate the effectiveness of the system to
enhance mapping inputs for utility lines. The findings improved the users’ capabilities in information
registration and retrieval processes. The XR-GIS successfully integrates several currently available
information technologies, including AR, GIS and mobile technology. The XR-GIS offers an electronic
method for data/information collection and communication in construction sites.

The captured data using XR-GIS is stored and processed automatically in cloud-based storage.
The processed data/information can then be visualized on a map using the Google Earth platform
to immediately allow real-time decision making. The on-site model inputs, such as location and
depth, can also be easily accessed through the XR-GIS interface, which is an advantage in data
management. Hence, XR-GIS is effective as a safety information and communication management
system for the underground construction industry. No doubt the construction industry will move into
cloud-computing-based communication and management sooner or later, and some of the first movers
have already started this journey [16].

The intellectual contribution and novelty of this research highlights the processes for using GPS
coordination, AR, and free-to-use developing platforms for developing a real-time communication
tool. The current state of XR-GIS has presented significant opportunities for research and development
in four areas: an open centralized utility database, the real-time registration of utilities, the information
sharing and retrieving process, and increasing the awareness of construction personnel. In addition,
in future follow-up research, data captured by this XR-GIS system will be analyzed to measure the
location accuracy of the data, which will help to further improve construction safety.
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