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ABSTRACT 

 

Uncertainty of the precise location of underground pipelines poses a safety risk to 

excavator operators and nearby construction workers. Excavator collisions with pipeline carrying 

hazardous material can result in significant injuries or fatalities along with increased project time 

for repair. The current methods for warning operators of nearby pipelines only provide the 

approximate location. There is then a need for locating the pipeline in real-time and properly 

alerting excavation operators of the proximity of the machine to a pipeline. Several methods 

have been implemented for underground object detection: ground penetrating radar (GPR), 

electromagnetic signal generation, acoustic excitation, and magnetic anomaly detection (MAD). 

Among these methods, MAD has been found to be the most suitable for the case of a moving 

sensor and stationary ferromagnetic target. MAD exploits the magnetic anomaly created by large 

ferromagnetic material to locate underground structures. A magnetic anomaly is detected when 

the measured geomagnetic field deviates from its expected value at a particular point. Current 

magnetic anomaly inversion techniques are complex and time-consuming, and thus 

implementation at excavation jobsites is not practical. The work described in this paper utilizes 

two magnetometers to cancel the geomagnetic background and effectively estimate the proximity 

to a steel pipeline in real-time. 
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1. INTRODUCTION  

 

1.1. Background 

The uncertainty of the precise location of buried infrastructure presents a challenge to 

excavator operators and nearby construction workers. While workers are trained and primed to 

follow numerous safety measures, pipeline incidents due to excavation damage continue to pose 

a serious safety risk. From 2017 to 2021, pipeline incidents due to excavation damage were 

responsible for 20% of the injuries and 30% of the fatalities in all reported pipeline incidents in 

the U.S. [1]. The ramifications of such an incident are detrimental, including significant costs for 

repairment, environmental damages, and loss of essential services. Prior to digging, project 

managers are required to call 811 to request that the area be surveyed and marked with flags to 

indicate the approximate location of underground pipelines. Despite having this information, the 

exact location of the pipeline remains ambiguous during the excavation process.  

Providing information about the location of a buried pipeline and its distance from heavy 

machinery in real-time will minimize construction accidents due to pipeline collision and the 

resulting damage to critical infrastructure. Simple proximity information enables excavator 

operators to promptly become aware of the situation while location details issued from utility 

companies may be overwhelming and not always reliable. The burden and uncertainty of 

information can be particularly daunting in dynamic environments such as construction sites. 

This research creates an avenue for reducing the job stress that arises from this uncertainty and 

subsequently promotes the improvement of workplace safety in the construction industry.  

 

 



 

2 

 

1.2. Pipeline Detection Methods 

The use of technology such as monitoring systems and detection systems have been 

suggested to improve the pipeline locating process [2].  While several hand-held devices such as  

magnetic locators, pipeline locators and cable avoidance tools (CAT) can be used prior to 

digging, the technology is unable to predict the exact distance to buried pipeline during an 

ongoing excavation event. Nevertheless, the technology used in commercially available pipeline 

locators should be studied for potential applicability to the excavation scenario. In general, two 

approaches have been investigated: The first involves active signal transmission through the 

ground area of interest, where detection is dictated by the refracted signal. The second is a 

passive approach, utilizing the characteristics of the measured interference. This section will 

present a review of the methods explored in literature that are guided by these approaches. 

 

1.2.1. Ground Penetrating Radar 

Among the techniques for locating underground pipelines through signal transmission, 

there is wide research interest in utilizing different forms of ground penetrating radar (GPR) to 

detect both metallic and non-metallic material. GPR technology employs a generator to source an 

electromagnetic signal, a transmitter to cast the waves outward, and a receiver to capture the 

reflected waveforms coming from objects in the transmission path. Different radar system 

frameworks have been used for radar generation, including impulse radar, chaotic signal radar, 

and ultra-wideband radar. Ultra-wideband (UWB) radar is an emerging research area because it 

provides strong penetration and good range resolution [3]. Li et al introduced a system of UWB 

chaotic signals in pipe detection, proposing a range resolution of 10 cm [4].  
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 Nevertheless, detecting underground objects with GPR is difficult due to the variation of 

the dielectric properties as the wave passes through different media underground [5-6]. Careful 

interpretation of the reflected signal is thus significant in distinguishing buried objects and 

determining their depth and position. Characteristics of the buried object are recognized through 

their signature in radar images, and cylinder-shaped objects such as pipelines are revealed as 

hyperbolic signatures [7]. Hyperbolic fitting techniques have then been examined for pipeline 

position [8-10] and orientation estimation [11]. Conductive materials in the media also 

compromise the effectiveness of GPR, causing the waveform to attenuate and thus face weaker 

penetration. Though filtering methods have been proposed to improve GPR detection and 

localization accuracy [12], the prospect of mounting a GPR system to an excavator introduces 

additional complexities.  

 

1.2.2. Acoustic Transmission 

In a similar fashion to the GPR method, the acoustic method uses the propagation 

characteristics of sound waves to localize buried utilities. This method can either be carried out 

through excitation of the pipe or of the ground, however, pipe excitation requires access to the 

pipeline. Excitation of the ground can be accomplished through seismic waves or point vibration 

measurements. Zahari et al used the seismic reflection technique with compressional wave 

propagation to detect and characterize buried objects [13]. While this method allows for the 

detection and identification of the pipe with 88% accuracy, there still exists a need for real time 

data collection. Another acoustic positioning method described by Dai and Xu exploits the good 

time domain composition and frequency domain characteristics of the Golay sequence as the 
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transmission signal and can achieve up to 92% detection accuracy [14]. However, this method is 

not suitable for cases where the target or measurement device is in motion.  

 

1.2.3. Electromagnetic Localization 

The active implementation of the electromagnetic localization method involves using a 

transmitter to generate electromagnetic waves that are directed toward the area of interest and a 

receiver that detects any resulting induced electric field. The only active transmission technique 

that doesn’t require direct access to the pipeline is the induction method. Some researchers have 

used pulse induction electromagnetic coils to scan the soil during an excavation event. [15-16] 

The technology operates on the eddy current principle whereby eddy currents into conductive 

material can be induced and detected by the process of applying and subsequently removing 

current from the sensor coil. While this method can produce reliable information about the pipe 

location, the scanning process is lengthy and thus cannot provide real-time feedback to the 

operator as the excavation takes place.   

The passive implementation of electromagnetic localization already used in commercially 

available products relies on detecting electric field from cables that are already carrying current. 

Other factors that contribute to the reliability of electromagnetic localization include frequency 

range, transmitter placement, soil conditions, and the method only applies to locating metallic 

structure. To avoid these issues, it is suggested that magnetic anomaly detection (MAD) be used 

as a passive technique that is not critically impacted by such factors.  
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1.2.4. Magnetic Anomaly Detection 

For ferromagnetic targets, where either the target or measurement device is in motion, 

magnetic anomaly detection has been shown to be effective in real time [17]. MAD exploits the 

magnetic anomaly created by large ferromagnetic material to locate underground structures. A 

magnetic anomaly is detected when the measured geomagnetic field deviates from its expected 

value at a particular point. Thus, the field generated by the anomaly can be captured as follows, 

𝐵𝑎
⃗⃗ ⃗⃗  = 𝐵𝑚

⃗⃗ ⃗⃗  ⃗ – 𝐵𝑒
⃗⃗⃗⃗  

where 𝐵𝑚
⃗⃗ ⃗⃗  ⃗ is the measured field and 𝐵𝑒

⃗⃗⃗⃗  is the expected field. MAD has been long-

established within the defense and intelligence community for detecting submerged enemy 

submarines. In this case, magnetic anomaly detection units are commonly mounted to aircrafts to 

survey the area, and the target can be treated as a magnetic dipole point source as a result of the 

large distance between the target and the sensor [18]. Research in this area has presented an 

orthonormalization method to deal with the complexity of a moving target or moving sensor. 

Using the orthonormalization method, the measured field under the assumption of a dipole target 

can be broken down into a set of orthonormal basis functions (OBFs) [19-20]. However, 

ferromagnetic pipelines cannot be approximated with a single dipole structure when the pipeline 

is close to the sensor, as in the case of mounted MAD systems on excavator equipment. The 

method must then be adapted to consider a number of dipole elements along an infinite pipeline. 

Magnetic dipole reconstruction method (MDRM) can be applied to geometrically simulate the 

magnetic intensity of underground ferromagnetic pipelines. The notion of MDRM involves 

breaking up the pipeline into a finite number of magnetized elements that each contribute a 

magnetic intensity and then summing the intensities to achieve an overall magnetic intensity of 

the observed area. 



 

6 

 

Sheinker and Moldwin approximated the magnetic field of an infinite pipeline with an 

array of N dipole elements, each having a magnetic moment, m. The researchers created an 

effective magnetic anomaly detector using principal component analysis (PCA) on simulated 

magnetic fields produced through various configurations of the following variables: pipeline 

orientation, geomagnetic field, and magnetic moment and orientation contributed by each dipole 

element. To eliminate the presence of various noise influences, two of the principal components 

were used to form matched filters. The matched filters correlate the  measured signal with the 

principal components to extract the actual field signal. Then, detection of the anomaly is 

achieved by observing the energy index obtained from the squared sum of the filtered signals 

[21]. Magnetic dipole reconstruction (MDR) method has been useful in determining pipeline 

geometry such as straight sections, bends and elbows, and tee joints [22]. 

While numerous studies have employed MAD to detect buried objects, only several have 

implemented magnetic anomaly inversion for pipeline localization. To avoid large construction 

vehicles from colliding with buried pipeline, the precise location of the pipeline should be 

determined. Different segmentation techniques used in MDR impact the accuracy in the 

inversion process. MDR for magnetic anomaly inversion has been shown to achieve high 

accuracy in simulation, but it suffers from long computation time [23-24]. The approach 

described in [25] is used to measure the depth of a buried steel pipeline when two measurements 

are taken laterally to the pipe centerline using an array of three-axis magnetometers. Another 

inversion method calculates the burial depth of pipeline by using the AM-PSO algorithm on 

synthetic magnetic strength data for iron pipeline [26].  

 Interference from nearby magnetic sources must be greatly reduced. MAD research 

interest is largely focused on developing algorithms that compare sensor data with a reference 
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sensor to filter out background noise. One novel method presented by Chen et al suggests fusing 

magnetic field data from sensor arrays using signal modulation to further improve detection 

accuracy [27].  

 

1.3. Magnetic Field Characteristics of Ferromagnetic Pipeline 

There are a handful of challenges imposed when assessing the magnetic field 

characteristics of ferromagnetic pipelines. Historical uses for MAD involve treating the target as 

a magnetic dipole point source, but this is not realizable with long structures as the distance 

between the pipe and measurement device must be 3 times the size of the target [21] to reduce 

the structure to a point source. It has then been suggested to view the pipeline as an array of 

dipoles with the magnetic field contributed by a single element is given by, 

 𝐵𝑛 =  
𝜇0

4𝜋
[
3(𝑚∗𝑟𝑛)𝑟𝑛

𝑟𝑛5 −
𝑚

𝑟𝑛3]      

Then the approximate magnetic field of the pipeline is given by the net sum of all the 

individual dipole elements. This approximation requires the target to be sufficiently far from the 

measuring device to neglect local anomalies. For pipeline detection at construction sites, this 

approximation is not feasible. The present work focuses on an 18-in pipeline section. The 

magnetic field of this section was characterized by taking magnetic field strength measurements 

along the length of the pipeline. The midpoint of the pipeline section can be indicated by a 

change in polarity or minimum while the endpoint of the pipeline section can be identified 

through maximum magnitude [25].  
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2. ESTIMATING DISTANCE TO A FERROMAGNETIC PIPE SECTION  

 

2.1. Method 

Known characteristics of a ferromagnetic pipeline section gathered through experimental 

data collection can be utilized to formulate mathematical models describing the relationship 

between magnetic field strength and distance. Two wireless sensor modules, denoted by mag and 

ref, respectively, were used to implement MAD. One module was used to measure the magnetic 

field close to the pipeline and the other was used as a reference to capture the local magnetic field. 

To expose the anomalous field created by the pipeline section, the magnetic field strength 

measured by the reference module was subtracted from the module closest to the target. The three-

axis anomalous fields, 𝐵𝑎𝑥, 𝐵𝑎𝑦, and 𝐵𝑎𝑧, were captured as follows, 

𝐵𝑎𝑥 = 𝐵𝑥,𝑚𝑎𝑔 − 𝐵𝑥,𝑟𝑒𝑓 

𝐵𝑎𝑦 = 𝐵𝑦,𝑚𝑎𝑔 − 𝐵𝑦,𝑟𝑒𝑓    (1) 

𝐵𝑎𝑧 = 𝐵𝑧,𝑚𝑎𝑔 − 𝐵𝑧,𝑟𝑒𝑓 

The total magnetic anomaly, 𝐵𝑎𝑇, is then the square of the horizontal and vertical components, 

𝐵𝑎𝑇  = √(𝐵𝑎𝑥)2 + (𝐵𝑎𝑦)2 + (𝐵𝑎𝑧)2    (2) 

Using the described method and measuring along the length of the pipe, the total magnetic anomaly 

of a steel pipe section is revealed and shown in Figure 1. 
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Figure 1. Magnetic Field Strength of a Steel Pipe 

 

2.2. Preliminary Experimental Setup 

Magnetic field data was collected from an A500 structural steel pipe with a 5-in outer 

diameter against the geomagnetic background by the measurement apparatus. The apparatus 

consisted of two BNO055 Inertial Measurement Units (IMUs) and an HC-SR04 ultrasonic sensor 

mounted on a foldable wooden ruler with data transmitting to an Arduino Nano. The first IMU 

was mounted at the front end of the ruler and the second IMU was spaced 2 ft from the first, both 

oriented with x-axis parallel to the ruler. The IMUs can be denoted by mag and ref, respectively. 

Data was transmitted using I2C via wired connections running from the sensors to the Arduino 

Nano. The sensor data was sent to a laptop for acquisition and processing. The purpose of the 

ultrasonic sensor was to provide reference distance measurements. It was placed 5 inches from 

the front end of the ruler to reduce possibilities for interference with mag. The experimental 

setup is shown in Figure 2.   
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Figure 2. Preliminary Experimental Setup 

 

The apparatus was first used to measure the magnetic field strength along the length of 

the pipeline to determine a useful point of interest. It was decided that the end of the pipe, where 

the magnetic field strength was the greatest, would be the focus point for the following tests. 

Magnetometer readings were taken from both IMUs as the apparatus was pushed towards the 

pipe. To eliminate the local magnetic field, the magnetic field strength measured by the reference 

IMU (ref) was subtracted from the IMU closest to the pipe (mag). Data was collected for two 

motion scenarios: horizontal and vertical motion. To isolate motion along the x-axis, the ruler 

was guided along the side of a cardboard box. A similar arrangement was made to isolate motion 

along the z-axis when assessing the vertical anomaly. During both motion scenarios, the x-axis 

of the BNO055 was aligned with magnetic north, and the pipe section was placed perpendicular 

to it, as shown in Figure 2. It was important to fix the orientation of the pipe section with respect 

to magnetic north to maintain consistent measurements. Measuring from different angles would 

result in a different magnetic field vector, thus changing the characteristic curve from trial-to-
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trial. The ultrasonic sensor was used to measure the actual distance from the front IMU to the 

pipe in both scenarios. 

 

2.2.1. Horizontal Motion Testing 

The horizontal motion test consisted of sliding the ruler 10 inches to the endpoint of the 

pipe while magnetometer data was collected and recorded. The magnetic field strength was 

captured for all three axes, along with the total magnitude. This test was also completed without 

the pipe present to determine the effect of motion on the recording, if any. The horizontal 

magnetic anomaly field strength, Bx, grew exponentially as the apparatus approached the focus 

point. This relationship was also represented in the total magnitude of the anomaly, BT, including 

both horizontal and vertical field strength components. It can then be concluded that the 

measured anomaly along the axis of motion contributed the most to the total, thus it may be a 

good metric of interest for distance estimation. These relationships, compared against the 

geomagnetic background, are shown in Figure 3. 

 

Figure 3. Horizontal Anomaly Characteristic of Target 
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2.2.2. Vertical Motion Testing 

A model for the vertical anomaly was also determined in a similar fashion. The apparatus 

was held 10 inches above the focus point and then lowered by sliding the ruler down a box. 

Figure 4 shows the vertical anomaly. For distances greater than 4 inches from the pipe, the 

vertical and total magnitude closely follow each other, demonstrating an expected inverse-square 

relationship. Like the horizontal motion testing scenario, this result also suggests that the 

anomaly along the axis of motion is the strongest. However, as the sensor moves closer to the 

pipe, there is some variation.  

 

Figure 4. Vertical Anomaly Characteristic of Target 
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2.3. Distance Estimation Results 

The estimated distance as assessed through the proximity models was compared with the 

actual distance measured by the ultrasonic sensor. This comparison result is shown in Figure 5. 

Distance estimation using the horizontal proximity model was found to be a good indicator of the 

actual distance from the pipe throughout the total distance. In this trial, the vertical proximity 

model was able to accurately estimate the distances between 3.5 and 6.5 in, but distances close to 

the pipe were not able to be estimated using this model.  

 

Figure 5. Horizontal and Vertical Distance Estimation 

 

Distance estimation using the horizontal anomaly model had higher accuracy for 

distances between 4 and 8 inches and some deviation for distances lower than 3 inches. The 

following tables break down the errors associated with different distance regions. The high error 
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reflected in Table 2 indicates that further processing for distances close to the pipe is needed to 

accurately estimate the distance. Improvement of this accuracy is presented in Section 3.  

 

Table 1. Horizontal Distance Estimation Error 

 BNO055 

Range (in) Error (%) Std  

9 – 6 11.8 4.83 

6 – 3  8.40 4.92 

3 - 0 38.0 13.2 

 

 

Table 2. Vertical Distance Estimation Error 

 BNO055 

Range (in) Error (%) Std  

9 – 6 9.80 3.82 

6 – 3  4.39 4.02 

3 – 0  296 327 

 

It should be expected that the magnetometer readings from trial-to-trial stay consistent 

since they are taken from the same point on the pipeline. The extreme deviation in readings when 

the apparatus is very close to the pipe could be attributed to the magnetometer becoming 

magnetized by the strong field created by the pipe. Further, if the electrical currents in the IMU 

are varying, this would result in subsequent varying magnetic field lines. While arrangements 
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were made to isolate motion along the x-axis, other variations in accuracy can be attributed to 

small deviations from the movement path, along with inconsistent speed across trials. These 

inconsistencies would have a greater effect at smaller distances due to the increased density of 

field lines very near the pipe.  

In general, the experiment in section 2 confirms the feasibility of performing distance 

estimation using two moving magnetometers. This experiment focused on exploiting the 

horizontal and vertical anomalies produced by a steel pipe in the presence of the surrounding 

geomagnetic field. It is shown that the representative models are not significantly affected by 

acceleration, thereby confirming the utility of magnetometers in a construction scenario. The 

simple magnetic field subtraction also allows the proximity estimate to be calculated quickly, 

thus it would be good for a real-time application.  

Though the experimental results represent isolated horizontal and vertical motion, the full 

range of excavator motion is not represented. These experiments also involved stable movement, 

but the magnetometer readings may be impacted by the vibrations and random movements of the 

excavator. A real-world implementation of this system will need to be wireless to allow for 

flexibility in sensor placement and data aquation. Further processing on the magnetic anomaly 

signal will also be required to reduce the error.  
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3. REAL-TIME DISTANCE ESTIMATION SYSTEM  

 

In section 2, the efficacy of developing proximity models through motion isolation using 

off-the-shelf sensors and a preliminary experimental setup was shown. In this section, the 

development of a real-time wireless system for proximity estimation is provided, and the method 

for estimating the distance of a pipeline from a moving model excavator will be described and 

evaluated. Along with the BNO055, a second sensor is introduced in the system for redundancy 

when testing the method. The performance results of the sensors will also be compared. An 

overview of the real-time proximity estimation system is illustrated in Figure 6.  

 

 

Figure 6. Real Time Distance Estimation System 
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3.1. Wireless Multi-Node Sensor System 

3.1.1. Hardware 

The custom wireless system shown in Figure 7 was designed and fabricated by Earth 

Vision. The system hardware consists of PCB modules that collect and send data over Bluetooth 

to a custom iOS application. Each module includes a BNO-055 inertial measurement unit (IMU), 

LIS3MDL triple axis magnetometer, Raytac MDBT42Q system on chip, and a lithium-ion 

battery charger. The system block diagram is shown in Figure 8. The compact, 2 square-inch 

design of each module enables flexibility when determining the best locations for mounting the 

system on the excavator. Each node can be powered with a 3.7V lithium-ion battery. The PCB 

also has a built-in battery charger, in which a USB to micro-USB connector can be connected 

from the device to a 5V power source to charge the lithium-ion battery. 

 

 

Figure 7. Earth Vision Wireless Sensor Modules and Hardware Enclosure 
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Figure 8. Earth Vision Sensor Module Block Diagram 

 

The BNO-055 System in Package (SiP) was included in the sensor modules to offer a 

solution for pinpointing the location, orientation, and acceleration of a particular module while 

data is remotely collected. The IMU provides 9 degrees of freedom, measuring triaxial 

accelerometer, gyroscope, and magnetometer data. As a Bosch product, the sensor is equipped 

with 32-bit microcontroller intelligence and internal algorithms that can be activated for sensor 

calibration and filtering. The magnetometer typically offers 0.3 µT resolution and magnetic field 

range of ±1300 µT for the x and y axes and ±2500 µT for the z axis.  

The LIS3MDL is a digital output three-axis magnetic sensor with 16-bit data resolution. 

The sensor has user-selectable full-scale ranges of ±4/±8/±12/±16 gauss and wide supply voltage 

range from 1.9 V to 3.6 V. By default, the lowest range of ±4 gauss or 400 µT is used in the 

sensor module. The sensor specifications for the LIS3MDL and BNO055 are summarized in 

Table 3.  
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Table 3. Sensor Specifications adapted from [28] and [29] 

 

 

The Raytac MDBT42Q is the chip antenna module designed for the Nordic nRF52832 

solution. It features a 32-bit ARM Cortex – M4 CPU, full set of digital interfaces, DC/DC buck 

converter, and it supports Bluetooth Low Energy (BLE). The LIS3MDL and BNO055 

communicate with the controller unit via an I2C serial bus, and the sensor data is transmitted 

through Bluetooth to a mobile device.  

A custom iOS application was designed to capture and display the transmitted sensor 

data. The user can connect and disconnect individual sensor nodes from the central Bluetooth 

node and view real-time sensor measurements through the application. The iOS application was 

further developed to provide information about the estimated distance between the pipe section 

and the excavator. Serving as an aid for data collection and analysis, the application was 

designed to calculate the anomalous field along each axis, apply the relevant linear model, 

display the result in real-time, and then save all collected data to a .csv file for further analysis. 

The sensor data can be collected and displayed in the application at a rate of 5 Hz.  
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3.1.2. Software 

The system software relies on BLE connections between a central node and two 

peripheral nodes. The peripheral nodes consist of the individual sensor modules containing node-

specific firmware. Each node was programmed to collect sensor data and connect to the central 

node using BLE. The software flowchart for a peripheral node is shown in Figure 9. In this 

paradigm, the sensors are first initialized at the default setting. The Bluetooth module is then 

configured and begins advertising. Once the peripheral node has been discovered by the central 

node, the sensor data is read and then posted.  

 

 

Figure 9. Peripheral Node Software Flowchart 
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 The mobile device running the IOS application functions as the central node. The 

software flowchart is provided in Figure 10. First, Bluetooth is initialized and the device scans 

for available advertisements. If a peripheral node is discovered on the same advertising channel, 

the central node can request a connection. Once the connection is created, the central node can 

begin to receive the data transmitted from the sensor module.  The data received is then 

processed by the proximity estimation algorithm described in the following section. 

 

 

Figure 10. Central Node Software Flowchart 
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3.2. Experimental Setup  

3.2.1. Horizontal Motion Testing 

The experimental setup for horizontal motion is shown in Figure 11. In the horizontal 

motion scenario, the excavator boom and arm are not actuated, and the excavator is simply driven 

forward over the buried pipeline section and perpendicular to the longitudinal axis of the pipe. The 

excavation construction scenario was emulated using a TR-211 remote control excavator and an 

A500 structural steel pipe. 

 

 

Figure 11. Experimental Setup for Horizontal Motion Tests 

 

To model a horizontal scanning scenario, the excavator was driven along a 30-in box, 

passing the pipe section located in the inside of the box. This cross-section is indicated in red. 
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The measured distance between the outer diameter of the pipe section and the first sensor module 

was 1.25 in, and the distance between the sensor modules was 12 in. An ultrasonic sensor was 

mounted to the front of the arm to measure the distance of the first module with respect to the 

pipeline. The excavator was driven towards the target at full speed by pressing the left and right 

joysticks of the controller forward. Though the excavator motion was directed perpendicular to 

the length of the pipe section, the excavator tended to drift slightly from the straight-line path on 

either side. While the excavator was in motion, the sensor modules measured the anomalous 

magnetic field and transmitted this data to an iPhone XR. Data for this scenario was collected 

through three different runs to capture slight deviations from the intended path.  

The anomalous field strength along each axis as measured by the BNO055 and 

LIS3MDL sensors is shown in Figure 12. Horizontal distance from the centerline of the pipe 

section was measured in inches. Positive distance values indicate the excavator was moving 

toward the target while negative distance values indicate that the excavator has crossed the pipe 

section and was moving away from the pipe.  Across all runs, there was an apparent inflection 

point at the 0-inch mark which corresponds to a point directly over the outer diameter of the pipe 

section. This result is consistent with the magnetic field of a bar magnet, whereby the magnetic 

field lines at the poles of the magnet on either side are opposing.  

The measured magnetic field anomaly along the x-axis when aligned with magnetic 

North thus can provide information about the position of the sensor relative to the pipeline. It is 

also shown that the magnetic field strength can be related linearly to distance for distances less 

than 10 in.   
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Figure 12. 3-DOF Raw Magnetic Anomaly Data as Measured by BNO055 and LIS3MDL in 

Horizonal Motion Testing. (a), (c), (e) Magnetic anomaly measured by BNO055 in X, Y, and Z 

axes, respectively. (b), (d), (f) Magnetic anomaly measured by LIS3MDL in X, Y, and Z axes, 

respectively. 
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 The average of the three runs for each sensor is shown in Figure 13. This result was used 

to generate the following proximity models, 

𝐷𝑥(𝐵𝑎𝑥, 𝐵𝑎𝑇) =  {

−0.2441𝐵𝑎𝑥 + 19.67             𝑖𝑓        40 < 𝐵𝑎𝑥 < 100 µT      (3)
−0.2073𝐵𝑎𝑥 − 5.63               𝑖𝑓   − 10 < 𝐵𝑎𝑥 <   40 µT       (4)
−0.0707𝐵𝑎𝑇 + 13.72                                         𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒       (5)

 

where (3) and (4) provide the proximity of the excavator when it is respectively approaching and 

then leaving the target. Distances 2 inches from the pipeline is given by (5). 

 

 

Figure 13. Average 3-DOF Magnetic Anomaly in Horizontal Motion Testing 
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The algorithm shown in Figure 14 was developed to reflect the sensor position relative to 

the pipeline in the real-time system. The algorithm utilizes the different magnetic field strength 

ranges measured while the sensor is in motion. Since the anomaly measured along the x-axis 

consists of distinct ranges that correspond to either side of the pipe, the algorithm first checks 

whether the excavator is approaching or leaving the pipeline. The respective linear models are 

then applied to estimate the distance. At around 2 inches, these models begin to produce 

inaccurate results, thus the total anomaly model is used to calculate distances very close to the 

pipe.  

 

 

Figure 14. Horizontal Position Estimation Algorithm 
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3.2.2. Vertical Motion Testing 

In the vertical motion scenario, illustrated in Figure 15, only the excavator boom is 

actuated such that the tip of the arm moves down toward the pipe section. The starting position 

of the mag sensor module was 12 in from the pipe. Magnetic field strength information was 

recorded for three trials. The anomalous field strength along each axis as measured by the 

BNO055 and LIS3MDL sensors is shown in Figure 16. 

 

 

Figure 15. Experimental Setup for Vertical Motion Tests 
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Figure 16. 3-DOF Raw Magnetic Anomaly Data as Measured by BNO055 and LIS3MDL in 

Vertical Motion Testing . (a), (c), (e) Magnetic anomaly measured by BNO055 in X, Y, and Z 

axes, respectively. (b), (d), (f) Magnetic anomaly measured by LIS3MDL in X, Y, and Z axes, 

respectively. 
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The average raw magnetic field strength data from the vertical motion scenario tests are 

shown in Fig. 17. To create a simple algorithm for determining the vertical distance from the first 

sensor to the pipe, the portions of the curve that could most closely embody a linear relationship 

were examined. The magnetic field strength measured from the z-axis of the sensors was found 

to be sufficiently linear for distances between 2 in and 10 in from the pipe. The following linear 

models were formulated according to this result:  

𝐷𝑧(𝐵𝑎𝑧, 𝐵𝑎𝑇) =  {
−0.1531𝐵𝑎𝑧 + 31.26             𝑖𝑓        120 < 𝐵𝑎𝑧 < 200 µT       (6)
−0.1269𝐵𝑎𝑇 − 28.41                                           𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒        (7)

 

 

 

Figure 17. Average 3-DOF Magnetic Anomaly in Vertical Motion Testing 
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The algorithm shown in Figure 18 was developed to reflect the pipeline depth relative to 

the sensor in the real-time system. The algorithm generally relies on the anomaly measured along 

the axis of motion, or the z-axis. However, like the horizontal motion scenario, the total anomaly 

model could be used when the magnetic field strength is higher or when the sensor is closest to 

the pipe section.  

 

 

Figure 18. Vertical Depth Estimation Algorithm 
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3.3. Distance Estimation Results 

Applying the models given in section 3.2 to the estimation algorithm, the result shown in 

Figure 19 was achieved. A comparison of the performances for both sensors is also shown. The 

BNO055 executed more consistent measurements during the data collection runs and thus 

produced better estimation results. The performance of the LIS3MDL may be a consequence of 

its high sensitivity, where small deviations in movement have a large impact on the reading.  

 

 

Figure 19. Horizontal Distance Estimation Result 

 

Applying the linear models, (6) and (7) to the vertical depth estimation algorithm, yielded 

the results shown in Figure 20. This result confirms that the linear model used to estimate the 

distance when the sensor is 2-10 in from the pipeline is sufficient for determining the relative 

proximity of the excavator to the pipeline and consequently prevent dangerous collisions. 
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Figure 20. Vertical Distance Estimation Result 

 

The error for each trial was calculated according to the percent variance from the 

reference measurement from the ultrasonic sensor. The average error and standard deviation 

associated with distance ranges for the horizontal motion and vertical motion scenarios are 

shown in Table 4 and Table 5, respectively. The error was higher for the 0 – 3 in distance range 

for both motion scenarios and sensors. This error can be attributed in part to the error contributed 

by the ultrasonic sensor in the reference distance measurements. The variations in measurements 

less than 2 in from the pipe section also impact the ability of the algorithm to correctly calculate 

the distance. To improve the error in the horizontal proximity tests, it may be necessary to 

account for the deviations in straight-line trajectory. The errors presented in Table 5 suggest that 

the method, when employing the BNO055 sensor, can accurately estimate distances between 3 

and 9 inches. In the case of excavator digging, this is sufficient to prevent the bucket from 

colliding with a buried pipeline.  
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Table 4. Estimation Error of BNO055 and LIS3MDL in Horizontal Motion Trial 

 BNO055 LIS3MDL 

Range (in) Error (%) Std  Error (%) Std  

9 – 6 6.14 3.91 7.07 4.72 

6 – 3  8.94 7.01 14.7 5.65 

3 – 0  19.9 11.4 17.6 13.4 

0 – (-3) 15.5 10.7 45.3 27.6 

(-3) – (-6) 10.9 6.70 17.3 12.5 

(-6) – (-9) 13.5 4.40 4.14 2.95 

 

 

Table 5. Estimation Error of BNO055 and LIS3MDL in Vertical Motion Trial 

 BNO055 LIS3MDL 

Range (in) Error (%) Std  Error (%) Std  

9 – 6 3.04 1.98 4.71 2.73 

6 – 3  5.17 3.52 13.8 9.12 

3 – 0  11.4 7.76 39.9 13.3 
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Although the current performance of the system suggests the system can be used as a 

supplementary aid to prevent excavator buckets from colliding with pipeline, all potential 

sources of error should be addressed along with solutions to the errors. In the experiments 

described in the present work, the exact speed and heading of the model excavator could not be 

replicated across trials, thus the measurement data varies from trial-to-trail. Three runs were 

performed to reduce this variance; however, it may be necessary to average the data from more 

experimental runs. This would obtain proximity models that are more representative of the slight 

deviations in speed and heading of the excavator and therefore more robust for distance 

estimation. The sampling rate of the wireless sensor system may also be a limiting factor in the 

accuracy of the method. For the horizontal motion experiments, the excavator traveled across the 

box in about 12 seconds, and with a sampling rate of 5 Hz, the total number of data points for 

each trial was around 60. With a higher sampling rate, more data points can be collected and 

used to generate more accurate proximity models.   

In addition to the sources of error in a lab setting, there are a handful of potential sources 

of error present in a real-world experiment. Heavy metal contamination in the soil due to 

pollution presents a challenge in distinguishing buried pipeline from a strong ferromagnetic 

contaminate. The presence of other objects that generate a magnetic field, such as power cables, 

also have the potential to distort the measurement data. There are several challenges to 

implementing the system in the current stage of development. First, the sensors must be oriented 

perpendicular to the pipe section to reveal the same characteristic curve outlined in this paper. 

Approaching the pipe from different angles would result in different curve shapes and thus 

would require different proximity models. Possible future studies to address these issues are 

described in the following section.  
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4. CONCLUSIONS  

 

4.1. Conclusions  

Using the MAD method, two sensors can effectively remove the geomagnetic 

background and measure the anomaly created by a steel pipeline when mounted to an excavator. 

This paper showed that the pipeline magnetic field strength characteristics can then be exploited 

to identify sensor location relative to pipeline by applying linear models in real-time. For 

distances between 3 – 9 in, the algorithm estimated the distance between the sensor and pipeline 

with up to 14% error for the horizontal motion scenario and up to 5% for the vertical motion 

scenario. The horizontal and vertical anomalies are also not strongly affected by random 

movement, thus offering good reliability for the excavation scenario. This paper also 

demonstrated the use of two different magnetic sensors for distance estimation and the 

comparative results.  

Table 6 provides a comparison of the results achieved by the proposed method to other 

experiments employing magnetic anomaly inversion. Vo et al. scanned vertically and inverted 

the magnetic field strength to calculate the depth of a 6-in diameter steel pipe. This method 

produced accurate results and was verified through field trials, however, the measurement system 

only experienced stable motion and was not mounted to excavation equipment. Wu and Guo 

developed a robust inversion algorithm that attempted to estimate the depth of an iron pipeline 

along with several pipeline parameters such as pipeline length, outer diameter, azimuth, etc. 

Synthetic magnetic field data was fed to the algorithm and the depth was inverted at 10 different 

depths. The average error for each corresponding depth range is low and acceptable for 

engineering applications. This study only lacks inversions for much smaller distances along with 
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real-world development and implementation of the algorithm. Considering these works, the 

results achieved by the method described in this paper are promising. Although the distance 

estimation accuracy is lower in comparison, the current work realized real-time proximity 

estimation that is suitable for avoiding excavator collisions with underground pipeline.  

 

Table 6. Comparison of Proposed Method to Relevant Literature 

Author Application Motion Depth range (mm) Error (%) 

Vo et al 

[25] 

Integrity 

Management 

Vertical 100 – 300 <2 

300 – 400 2.50 

400 – 500 3.40 

Wu and 

Guo [26] 

Integrity 

Management 

Vertical 500 – 2000 ~2 

2000 – 3500 ~3.32 

3500 – 5000 ~2.7 

Lopez  Excavation Vertical 0 – 80 11.4 

80 – 160 5.17 

160 – 240 3.04 

 

 

 

 

 

 

 



 

37 

 

4.2. Future work 

The methods presented in this paper are exclusive to horizontal and vertical movement 

individually. In typical excavation construction scenarios, however, the bucket moves both 

forward and downward simultaneously. Thus, it is suggested that the method is tested when the 

trajectory of the bucket is circular. Additionally, the magnetic field strength of a pipe is largely 

determined by the material and diameter of the pipe. For pipes of smaller diameter, especially 

when buried deep below the surface, the signal will be weaker. Modeling should then be 

performed for pipes of different material and diameter in future studies. In the experiments 

described in this paper, the pipe section and measurement system were fixed according to the 

direction of magnetic north, thus the orientation of the pipeline was known. In a real-world 

implementation, the pipeline orientation will be unknown. Methods for determining the pipeline 

orientation should thus be explored and included in the algorithm. Furthermore, the excavator 

bucket was removed from the small-scale excavator to mount the sensors, however the intended 

location of the sensors on a full-scall excavator would be on the excavator bucket. The sensor 

placed at the tip of the excavator bucket would be used to measure the anomalous field while 

another sensor would be mounted at a fixed distance for reference. Finally, increasing the 

number of sensors in the system may help to improve the estimation accuracy.  
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