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Abstract

Pipeline field operators traditionally rely on physical kilometer (KM) markers to locate and identify underground
pipelines for inspection and maintenance activities. However, this approach is often inefficient due to marker
degradation, limited size of marker plates, and the lack of precise spatial information about buried assets. Augmented
Reality (AR) has emerged as a promising technology that enables the visualization of virtual objects onto real-world
scenes using mobile devices equipped with Global Positioning System (GPS) sensors and cameras. This paper proposes
an alternative approach that integrates AR technology with a geospatial database and existing KM markers to improve
the visualization and localization of underground pipelines. The proposed method leverages KM markers as fiducial
anchors within the AR environment, enhancing the positional accuracy of virtual pipeline overlays displayed on the live
camera view. By using these physical reference points, the system mitigates inaccuracies associated with mobile GPS
measurements and camera intrinsic parameters. Experimental results demonstrate that the proposed AR-based
approach improves the accuracy of underground pipeline localization compared to conventional GIS-based
visualization methods. The study concludes that the proposed method is an effective and practical solution for
accurately identifying and locating hidden underground facilities and assets in field operations.

Keywords: Augmented Reality; Geographical Information Systems; Advanced Pipeline; Underground Pipelines; KM
Markers

1. Introduction

1.1. Background and Motivation

Saudi Aramco has thousands of Kilometers of underground pipelines and utilities. Saudi Aramco pipeline operators use
pipeline KM markers to get information about underground pipelines such as the pipeline name, type, and location [1].
This information is important when reporting emergencies and seeking assistance in determining the location of the
buried pipelines. Relying only on physical KM markers has some limitations such as the small size of the marker plates
restricting the amount of information that can be displayed. Also, some information becomes obscured or unreadable
over time due to weather exposure [1].

During the last decade, many researchers and engineers have developed different solutions to overcome the limitations
of the manual method for identifying and locating buried pipelines. These methods include integrating QR codes,
utilizing Radio-Frequency Identification (RFID) technology, and employing magnetic locating technologies [2, 3].
Recently, Augmented Reality (AR) has been emerging as a new technology that uses AR software on mobile devices to
superimpose buried or hidden objects on a real-world scene [4]. Also, the location-based services (LBS) have emerged
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as an efficient technology that searches existing geospatial databases to identify and locate facilities by using mobile
devices equipped with GPS [4, 5].

1.2. Problem Statement

Integration of AR technology and LBS can provides a promising solution for pipeline operators to retrieve the spatial
information of the underground pipelines from an existing geographical information system (GIS) database and then
use this information to superimpose a 3D model of the buried pipeline on a real-world scene [5]. However, this solution
is not sufficiently reliable for practical use, as the accuracy of the superimposed pipeline is negatively affected by
inaccuracies in the device’s GPS and camera intrinsic parameters [6].

1.3. Purpose Statement

The proposed approach employs the pipeline KM marker plate as a fiducial marker (anchor) for the AR system of mobile
devices to increase the accuracy of overlaying the buried pipeline on the captured scene. The main purpose of this
research is to show how the integration of KM plates as fiducial markers with AR systems can improve the accuracy of
identifying and locating underground pipelines by eliminate the inaccuracies of the device’s GPS and camera intrinsic
parameters.

1.4. Contributions

The contributions of this paper include:

e Innovation use of existing KM markers as fiducial anchors exploits already existing infrastructure without
requiring additional hardware or marker installation.

e This approach presents a practical framework that integrates augmented reality with geospatial databases,
enabling real-time visualization of underground pipelines in field environments using mobile devices.

e The paper addresses practical challenges faced by pipeline field operators, such as degraded or unreadable
markers, by providing a digital, visually intuitive alternative.

2. Review of Literature

2.1. Traditional Marker Posts

Marking the position of buried utilities by using Kilometers (KM) marker posts is essential for safety, maintenance, and
operational efficiency. Marker posts are warning signs that exist at frequent intervals along underground utilities rights-
of-way (ROW) to indicate the presence of a pipeline [7]. Utility operators such as pipeline field personnel use KM marker
posts to get primary information about specific segments of a buried pipeline including its name, type, size, and general
location. This information is crucial during emergencies or initial inspection phases when a quick response assessment
is required [7]. Despite the importance of the role of marker posts, relying solely on them for the precise identification
and location of buried pipelines involves significant operational limitations [8]. These limitations include:

e Inaccurate location: Marker posts indicate the approximate position and direction of a pipeline route without
providing sufficient information about its depth, alignment, and direction.

¢ Insufficient Information: The small size of a marker plate limits the amount of information that can be displayed
[1].

e Degradation: Over time, some of the displayed information is prone to obscuration or loss due to exposure to
weather or vandalism [1].

e Pipeline extension: Extending pipelines requires modifying information on marker posts to avoid adding
negative kilometrage markers that would be confusing when reading location information of the extended
segments [1].

To address the limitations of manual, visual location methods the industry require moving to more rigorous techniques
for precise results. Many utility companies are using electronic marker systems (EMS) or radio-frequency identification
(RFID) tags that can be buried alongside the pipeline or integrated into durable marker posts [9, 10]. These systems
enable utility field operators to obtain accurate information about buried utilities such as transmission pipelines by
using a special handheld receiver. The retrieved information may exist in the physical location of the pipeline, or it may
exist in a geographical information system (GIS) database.
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2.2. GIS and AR Integration

Many researchers highlighted that transition from physical markers to integrated geospatial systems is a critical
advancement in utility management [11]. GIS offer a sophisticated alternative by providing a centralized, dynamic, and
spatially-enabled database of underground assets [12]. GIS integrates multi-source data including ground penetrating
radar (GPR) surveys, precise GPS coordinates, and existing geospatial records into a reliable, three-dimensional model
of the underground network [13]. Unlike a static marker post, GIS provides comprehensive access to a wealth of
associated data including operational status, maintenance history, installation date, material type, and pressure ratings.
This comprehensive data access addresses the small size limitation of marker posts [14]. GIS offers highly accurate
utility mapping, which provides a data-driven approach to risk assessment that physical signs can’t provide [14].

Using AR for visualizing underground pipelines is an active area of academic research that focuses on improving safety,
efficiency, and operational maintenance [15, 16]. These researches explore the integration of other technologies such
as GIS, BIM, and GNSS to superimpose virtual 3D models into the real-world scene to enable field personnel to visualize
buried assets [5, 11]. Many researchers have discussed employing mobile applications that use Augmented Reality (AR)
to overlay precise 3D GIS data onto a field worker's live camera view of the ground [17]. Other researchers proposed
different frameworks that combine GIS with Building Information Modeling (BIM) to offer comprehensive, real-time
spatial information for managing earthwork operations [11, 18]. Li et al. [19] has explored a framework that fetches
centralized geospatial databases and renders 3D models for underground utilities on mobile devices. Achieving accurate
positioning of virtual models with the real world is a primary challenge for using AR to visualize underground pipelines.
The limited accuracy of smartphones’ GPS that ranged between 1-3 meters has a significant impact on the accuracy of
the superimposed object [20]. The main challenges that prevent widespread deployment of using AR in this domain
include data collection, modelling, hardware limitations, tracking, and alignment [19].

2.3. Markerless vs Marker-based AR

Researchers generally categorize AR technology into two primary types: markerless (location-based or natural feature
tracking) and marker-based (fiducial) AR [21]. Despite the evolution of AR has shifted from relying on marker-based
AR category to markerless AR [21], the marker-based systems still provide better accuracy, robustness, and low
computational demands [22]. Marker-based AR has the highest priority in industrial context where precise overlay of
information is crucial [23]. On the other hand, the markerless AR provides more freedom because it does not require
fixed physical cues [24]. The markerless AR has two approaches: first, the natural feature tracking (NFT) that uses
simultaneous localization and mapping (SLAM) algorithms to determine camera pose [25, 26]. The second approach is
location-based AR which relies on device sensors such as GPS, camera, compass, and accelerometer to determine the
user's location and orientation. Location-based AR is common with mobile navigation applications and assets
visualization [27]. The choice between marker-based and markerless AR depends mainly on the use case [28].
Markerless AR is preferred for large-scale, and flexible environmental augmentation while marker-based AR is more
suitable for high-precision tasks [28, 29].

3. Methodology

This section presents the methodology that was used to show how the accuracy of augmented underground pipelines
of the AR system can be enhanced through the integration of geospatial data and by using KM marker plates as fiducial
objects. The presented methodology includes data collection, developing AR system, and implementation. The main
components of the framework for the presented approach includes: (1) a geospatial database that includes spatial data
for pipeline segments and KM markers, (2) a mobile device equipped with GPS, camera, and AR system, (3) a pipeline
segment, and (4) a KM marker plate. The main components are shown in Figure 1 as 104, 106, 102, and 114
consequently.
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Figure 1 Main Components of the System

3.1. Data Collection

The collected data includes an underground pipeline segment, a KM marker, and 5 different locations for the mobile
device observer. The coordinates and altitude of the start and end points of the selected pipeline segment were retrieved
from the geospatial database. The coordinates of the nearest KM marker plate to the selected pipeline were retrieved
from the geospatial database by using GIS software. The altitude of the KM marker was calculated based on Saudi
Aramco standards for Oil & Gas KM markers. Five locations for the mobile device observer were selected where the
mobile camera positions will ensure the presence of the selected pipeline segment and the km marker in the captured
scene of the mobile device. All coordinates were retrieved in WGS84 (EPSG: 4326) coordinate system as shown in Table
1. The previous data collection steps are shown in Figure 2 as 201, 202, 203, and 204 consequently.

201\_{ Search GIS database

Select pipeline segment \J\ 202

P5,PE
21]3;#1 Select KM marker
Select 5 carnera pose /L/ P1,P2,P3,P4,P5
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Figure 2 Data Collection Diagram
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Table 1 WGS84 Coordinates for Pipeline Segment, Marker, and Camera Pose

Location ID | Description Latitude (WGS84) | Longitude (WGS84) | Altitude (m)
PS Start point of the pipeline segment | 26.30814491 50.10925625 43.15
PE End point of the pipeline segment | 26.30808546 50.10926946 43.15
M Marker location 26.30811645 50.10926258 45.35
P1 Camera Pose 1 26.30810074 50.10910625 45.75
p2 Camera Pose 2 26.30809005 50.10915781 45.75
P3 Camera Pose 3 26.30809164 50.10934419 45.75
P4 Camera Pose 4 26.30812052 50.10935825 45.75
P5 Camera Pose 5 26.30815052 50.1093387 45.75

3.2. AR System Development

The purpose of the developed system is to calculate the screen coordinates of the superimposed pipeline segment with
and without using the selected KM marker as a fiducial marker. The change in the calculated position of the
superimposed pipeline will indicate the enhancement in the accuracy after using KM marker as a fiducial marker. Unity
AR foundation package version 6.4.0 was selected as the development framework. Apple ARKit XR Plug-in was used to
enable deployment and implementation on i0S mobile devices.

3.3. Implementation

After deploying and testing the AR software on a mobile device, the input data that includes the start and end point of
the selected pipeline segment, the KM marker location, and the camera position were applied. The input data was
applied 5 times using a different camera position each time. The camera poses parameters; heading, pitch, and roll for
each camera position were selected to ensure that the superimposed pipeline is shown with the KM marker at the same
captured scene. The landscape mode was selected for the mobile device orientation to allow capturing a wider camera
scene. Table 2 shows the camera parameters for the selected positions.

Table 2 Camera parameters for the selected positions

Pose ID | Heading | Pitch | Roll | Resolution | FOV | Sensor size Near/far plane(m)
P1 85° 0° 0° 1920x 1080 | 60° | 6.4mm x 3.6 mm | n=0.1,f=100
P2 70° 0° 0° 1920 x 1080 | 60° | 6.4mmx 3.6 mm | n=0.1,f=100
P3 300° 0° 0° 1920x 1080 | 60° | 6.4mm x 3.6 mm | n=0.1,f=100
P4 270° 0° 0° 1920x 1080 | 60° | 6.4mm x 3.6 mm | n=0.1,f=100
P5 240° 0° 0° 1920x 1080 | 60° | 6.4mm x 3.6 mm | n=0.1,f=100
4. Results

4.1. Initial AR Projection Accuracy

Initial AR screen coordinates were computed by transforming WGS84 geodetic positions of the selected underground
pipeline segment into a local Cartesian ENU reference frame centered at the camera position. The previous step was
followed by orientation alignment using the smartphone’s heading, pitch, and roll values. Next, the output coordinates
were projected to normalized device coordinates (NDC). In the final step, the NDC coordinates were projected onto the
2D screen coordinate system of the smartphone under landscape orientation. The previous steps are shown in Figure 2
as 205, 206, 207, 208, and 209 consequently.

The results showed that the relative spatial relationship between superimposed pipeline and other objects was
preserved. However, a noticeable pixel-level misalignment occurred between a projected virtual pipeline and its
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expected real-world position. The source of the attributed errors refers to smartphone magnetometer heading drift,
approximate camera intrinsic parameters, and the GPS errors of the geodetic coordinates for camera pose and the target
pipeline segment.

4.2. Anchor-Based Screen-Space Correction

To mitigate projection errors, geospatial a KM marker with known WGS84 coordinates and empirically observed screen
position was introduced. The horizontal position and altitude of the KM marker was retrieved from the geospatial
database. The screen position of the KM marker was used as an anchor to the superimposed pipeline segment. The
anchor observations indicated that horizontal (x-axis) and vertical (y-axis) deviations between predicted and observed
anchor position for each camera pose as shown in Table 3 as Ax, Ay. While these inaccuracies were moderate (few pixels
from 0 to 11 pixels depending on distance), they are visually perceptible in close-range AR scenarios, particularly
infrastructure visualization where alignment precision is critical.

4.3. Corrected AR Screen Coordinates

After applying anchor-based corrections, the target underground pipeline points were re-projected onto the screen. The
corrected screen coordinates closely matched the visual alignment implied by the anchor KM marker. Compared to the
uncorrected projection, the corrected output demonstrated consistent horizontal and vertical alignment and
positioning accuracy and stable relative placement with respect to anchor KM marker. This confirms that using KM
marker as anchor-based for underground pipeline significantly improves AR spatial accuracy, even when only minimal
anchor data are available.

Table 3 Corrected Screen Coordinates

PointID | Screenx | Screeny | Screen x Corrected | Screeny Corrected | Ax | Ay | Error
PS(P1) 601 742 607 743 6 1 |6.08
PS(P2) 645 814 634 811 -11 -3 | 114
PS(P3) 1067 838 1068 842 1 4 | 412
PS(P4) 1369 840 1368 842 -1 ]2 | 224
PS(P5) 1665 918 1665 916 0 2|2
PE(P6) 1261 734 1250 730 -11 | -4 | 11.7
PE(P2) 1580 825 1584 820 4 -5 | 6.4
PE(P3) | -7 955 -5 956 2 1 |224
PE(P4) | 310 862 310 869 0 7 17
PE(P5) | 513 855 505 854 -8 | -1 | 8.06

5. Discussion

The results demonstrate that using AR with GIS spatial locations and smartphone orientation sensors and GPS is
insufficient for precise underground pipeline visualization. However, the introduction of geo-referenced anchors such
as KM marker plates enhances alignment quality.

Key findings include:

e Using KM markers as a geo-referenced anchor for AR visualization of underground pipelines is a practical
solution that enhances the accuracy of superimposing buried objects on the screen of the device.

e A single anchor (KM marker) enables reliable translation correction but cannot address scale or angular
distortion.

e The proposed method does not require using any artificial objects as geo-referenced anchors because the KM
marker plates already existing and their spatial locations are available.

e The proposed method does not require an external tracking system or specialized hardware because it relies
on mobile GIS workflow, which makes it suitable for field conditions.
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6. Conclusion

This study presents a practical approach that uses existing KM markers to increase the accuracy of projecting
geospatially referenced underground pipeline data into an augmented reality environment. The current approaches for
using AR systems to visualize buried utilities rely on transforming geodetic coordinates of the buried utilities that can
be retrieved from an existing geospatial database into a local reference frame and applying sensor-derived camera
orientation. The initial results showed that the direct projection without using geo-referenced anchors preserves the
relative spatial relationship, however, the absolute alignment accuracy requires corrections due to approximate camera
intrinsic, sensor noise, and GPS accuracy. To address these limitations, an anchor-based correction was introduced by
using the existing KM marker plates as geo-referenced anchors. The use of a geo-referenced anchor marker with known
screen position enabled applying a translation correction for the projected coordinates, which resulted in increasing
the accuracy of the superimposed objects.

Future work can focus on extending the solution to include multiple spatially distributed anchors to increase the
accuracy of the projected coordinates. Despite that integrating real camera f calibration and using external, more
accurate GPS will increase the accuracy of the projected coordinates, the practicality advantages of the solution will be
impacted. Other researchers can focus on improving the reliability of AR-based geospatial visualization on mobile
devices without sacrificing practicality.
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