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Abstract

This study proposes the utilization of an Adaptive Neuro-Fuzzy Inference
System (ANFIS) to correct the latitude and longitude of Global Positioning
System (GPS) used in locating towed vehicle system for underground imaging.
The input used was the collected data from a developed Real-time Kinematic
Global Positioning System sensor integrated with Inertial Measurement Unit.
Different ANFIS models were developed and evaluated. For latitude correction,
ANFIS model with hybrid optimization trained at 300 epochs was chosen, whereas
for longitude correction, ANFIS model with hybrid optimization trained at 100
epochs was selected. Both models achieved the lowest Mean Squared Error (MSE),
the highest Coefficient of Determination (R?), and lowest Mean Absolute Error
(MAE). Moreover, selected best ANFIS models were compared to Long Short-Term
Memory (LSTM) and Extreme Learning Machine (ELM) models, but the results
showed that the ANFIS models have superior performances. The selected ANFIS
models were verified by testing on the collected actual dataset and the visualized
map demonstrated that the corrected GPS latitude and longitude have significantly
reduced error, indicating that the fuzzy system with neural network capabilities is
a cost-effective and convenient method for error reduction in vehicle localization
making it applicable to be integrated for capacitive resistivity underground imag-
ing systems.

Keywords: adaptive neuro-fuzzy inference, global positioning system, inertial
measuring unit, underground imaging, towed vehicle
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1. Introduction

Underground imaging is a noninvasive approach for creating a subsurface area
model by transmitting low current, high alternating voltage, and low-frequency
waves into the ground. This method has various applications such as detecting
minerals, finding underground materials and faults, and detecting voids [1]. One of
the techniques used in underground imaging is the capacitive resistivity (CR) method
[1-3], where the ground-coupled transmitter and receiver antennas are designed
and configured in a capacitive connection to measure resistivity by determining
the potential difference [4-6]. The design of a capacitive resistivity imaging system
can be either a single-pair antenna system that includes a transmitter and a receiver
unit, or a multiple-antenna system with one transmitter and multiple receiver units
[7]. Both systems use a vehicle towing mechanism during the surveying process, as
presented in Figure 1, allowing for the mapping and location of buried utilities [8].

Accordingly, the CR method employs map-matching (MM) algorithms that utilize
positioning sensors, such as the Global Positioning System (GPS) in combination
with digital maps to determine the road link on which a vehicle is traveling and to
obtain highly accurate data for mapping. GPS-based data collection is more efficient
than traditional surveying and mapping approaches, requiring less equipment and
labor [9]. It offers direct information on latitude and longitude coordinates without
the need for angle and distance measurements between intermediary points. Despite
its widespread use, GPS has some limitations that should be considered. For instance,
GPS units cannot always provide locations with high accuracy beyond 3 meters, which
could be problematic for certain applications. In addition, GPS devices rely on signals
from at least four satellites to precisely pinpoint a location, and signal blocking or
interference, such as in urban areas or under tree canopies, can impact performance.
GPS accuracy may also be affected in environments with high ionospheric activity,
such as during solar flares or geomagnetic storms. Finally, raw, uncorrected GPS data

Figure 1.
The placement of the GPS-IMU device utilized for localization and tracking of the capacitive vesistivity towed
antenna system used for underground imaging is illustrated.
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points may only be precise up to 5 meters, and a clear view of the sky is necessary to
receive signals from GPS satellites [10, 11]. In capacitive resistivity imaging, lowering
GPS accuracy error is critical for finding underground utilities and performing map
matching, however, the mapping technology used in conjunction with GPS may not
always be up-to-date or reliable, potentially leading to navigational errors [12, 13].

One known method to overcome the inaccuracy of mapping GPS sensor data alone
is the IMU-GPS sensor fusion. This technique combines data from a GPS receiver and an
Inertial Measurement Unit (IMU) to improve the accuracy and robustness of navigation
and positioning systems [14]. It provides data regarding the orientation and acceleration
of the device, while GPS provides information about its absolute position. By integrating
the data from both sensors, the position and orientation estimates are more precise and
reliable than the readings obtained from each sensor separately [14, 15].

In contrast to the state-of-the-art, which typically employs more conventional
methods for localizing and land vehicle tracking, for instance, the Kalman filter,
fuzzy logic is considered a commonly known artificial intelligence (AI) approach.
Researchers in [16] created a strong Kalman filter utilizing vector tracking and
integrated it with fuzzy logic to change filter parameters to follow weak signals in
global navigation satellite system (GNSS) receivers. Thus, the results were superior
to the standard procedure. Following this work, a fuzzy position correction method
for latitude and longitude data from a GPS sensor was introduced, which was imple-
mented on Field-Programmable Gate Arrays (FPGA) to speed up rectification results.
Compared to other models, the FPGA-based approach provided a 40,000x speedup
[17]. Combining antenna optimization techniques and sensor fusion with AI has been
introduced to increase GPS accuracy [18]. Even when employing an inexpensive GPS
sensor for location-based applications, this effectively computed correct latitude
and longitude data. In another study, the authors utilized an unscented Kalman filter
(UKF) and an unscented H-infinity (UH) filter to track ground vehicle position
using fuzzy logic to decide which to use at any given time, lowering error by 5.6% and
enhancing GPS accuracy [19]. Moreover, a fuzzy system model was developed [20]
that flexibly adjusts the noisy covariance values of the extended Kalman filter (EKF)
by combining data from GPS, an odometer, IMU, and the automobile’s mathemati-
cal framework. This results in a 49% improvement in the precision of the vehicle’s
absolute position [20]. Similarly, Zhu et al. employed EKF to fuse data from a four-
wheeled robot’s GPS, IMU, odometers, and camera. They created a fuzzy system to
adjust the noisy covariances of the EKF. The strategy successfully improves the robot’s
estimation of the trajectory to be followed by 80.6% [21]. These studies suggest that
fuzzy logic has a great potential to be utilized for land vehicle tracking and localiza-
tion, providing higher accuracy than the traditional approaches.

One type of artificial intelligence that integrates the capabilities and strengths of
both neural networks and fuzzy logic systems is the adaptive neuro-fuzzy inference
system (ANFIS), which is used for analyzing input-output relations, can handle inac-
curate or imperfect data and has been useful to various domains such as in pattern rec-
ognition and predictive modeling [22]. Specifically, ANFIS has also been employed in
the localization and tracking of land vehicles and shows significant findings in different
scenarios. The work in [23] classified direct, multipath-affected, and non-line of sight
(NLOS) findings using raw GPS measurements with an ANFIS algorithm. The correct
classification rates were 100, 91, and 84%, respectively. Another study proposed an
intelligent ANFIS system that modifies the position of a vehicle based on sensor data
and latitude/longitude. According to the results, the fuzzy system outperformed the
unscented Kalman filter by 69.2% [24]. Another study employs ANFIS to estimate an
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IMU's inaccuracy over time. While it refrains from specifically addressing GPS-IMU
incorporation, it offers details on the application of ANFIS for IMU data error estima-
tion, and the outcome implies that the ANFIS could substantially enhance the accuracy
of inertial navigation positioning, which is important for vehicle inertial navigation in
intricate and covert settings [25]. Research by [26] presents an ANFIS-based approach
to categorizing everyday life events using data collected by IMU sensors. Although

it concentrates on identifying activities rather than GPS-IMU data correction, it still
exhibits the usage of ANFIS in sensor fusion with a total accuracy of 98.88%. The real-
time deployment of ANFIS for vehicle navigation is proposed in [27]. When evaluated
on a vehicle, the suggested model outperforms standard methods in terms of accuracy.
The experimental findings proved the benefits of the suggested Al-based INS/GPS
integration strategies in terms of robustness while maintaining real-time system
location accuracy [27]. Although ANFIS has several advantages for GPS-IMU localiza-
tion and vehicle tracking, it is vital to evaluate the potential limits and challenges of
employing this technology. In [24, 28], the study showed that one potential limitation
of ANFIS is that it may necessitate a huge amount of data to accurately train the model,
and ANFIS models can be complex and hard to understand, which renders it more
challenging to comprehend how the model works and makes decisions, particularly for
autonomous vehicle applications. Thus, future research still requires more exploration
of ANFIS modeling to prove its advantages and disadvantages in certain fields.

In relation to this proposed study, the main objective is to correct the GPS sensor’s
latitude and longitude coordinates to avoid complex mathematical operations and
achieve a comprehensive location system embedded in a towed antenna system. Thus,
it is critical to reduce the error in the accuracy of GPS receivers, which ensures the
correct location of underground utilities and for map matching purposes. With that,
this study aims to propose an intelligent system-based fuzzy logic using ANFIS, which
takes the information from Real-time Kinematics (RTK) GPS sensors with integrated
IMU's linear acceleration and orientation data, which corrects the capacitive resistivity
imaging system vehicle’s absolute position according to its latitude and longitude. This
correction uses two fuzzy systems, one for latitude and the other for longitude, which
will be trained using the ANFIS tool. The positioning correction system will be trained
and tested with datasets from constructed Arduino-based RTK-GPS with Integrated
IMU. Moreover, the developed models are compared to the performance of two neural
network models — long short-term memory (LSTM) and extreme learning machine
(ELM) for the comparison and validation of the proposed method. This research is
expected to provide significant benefits, including (1) facilitating the integration of
different measurement modalities and improving the interpretation and visualization
of the data [29] which can enhance the understanding of the subsurface properties
being investigated in capacitive resistivity imaging (CRI) systems, (2) aid in mapping
the precise location of the underground utility objects being surveyed by the under-
ground imaging towed antenna system, and (3) the ability to automate data acquisition
and processing, which can save time and reduce errors and provide more precise con-
trol over the measurement process, enabling more accurate and reproducible results.

2. Materials and methods

The proposed step-by-step procedures of how to correct the collected GPS sen-
sor’s latitude and longitude coordinates used to find the position of the towed array
vehicle in an underground imaging system are presented in Figure 2. This provides a
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Figure 2.
Step-by-step process of GPS sensor’s latitude and longitude coordinates corvection used for the capacitive vesistivity
underground imaging system.

functional view of how the whole research system works. The process starts with the
hardware circuit development of an RTK-GPS sensor with an integrated IMU sensor,
followed by the incorporation of a developed Arduino-based GPS/IMU integrated
navigation algorithm to complete the device needed for GPS and IMU data collec-
tion, which is conducted through actual field testing. After collecting the data, three
prediction models were developed: ANFIS, LSTM, and ELM, while the collected

data were trained using these three models to predict the corrected GPS latitude and
longitude. The prediction model with the highest accuracy was selected while LSTM
and ELM prediction models were also used to validate the performance of ANFIS and,
thus, utilized for final model testing of collected data.

2.1 Arduino-based RTK-GPS with integrated IMU

An Arduino-based RTK-GPS with an integrated IMU is a device that combines a
real-time kinematic (RTK) global positioning system (GPS) with an inertial mea-
surement unit (IMU) using an Arduino microcontroller. The overall block diagram
of how the RTK-GPS is combined with the IMU sensor is presented (Figure 3) to
comprehend the overall system architecture and information flow between various
functional parts. The RTK-GPS utilized is a Sparkfun SMA-ZED-F9P model, which
is the highest-quality module for high-accuracy GNSS and GPS navigation solu-
tions, including RTK, with 10 mm three-dimensional accuracy, while the utilized
IMU sensor is GY-85 9DOF Sensor that has nine axes which are triaxial gyroscope,
triaxial accelerometer, and triaxial magnetic field. The RTK-GPS sensor can calculate
the satellite position and velocity and provides a GPS raw pseudo-range that is the
pseudo-distance between the satellite and GPS receiver, and the pseudo-rate specifies
the velocity. Through this, the RTK-GPS sensor strengthens GPS signals for exact
locations and velocities. On the other hand, the IMU sensor performs the coordina-
tion rotation, which is the process of aligning the axes of the IMU sensor with the axes
of the vehicle where it is mounted. It also performs altitude determination. These two
are significant aspects of sensor fusion in localization and vehicle tracking. Then, by
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Figure 3.
Block diagram of the development of Arduino-based GPS-RTK with integrated IMU for sensor fusion.

utilizing mechanization equations, the accelerometer, gyroscope, and magnetometer
in the IMU sensor module offer information on linear acceleration, angular velocity,
and magnetic field strength along three axes, also considering the estimation errors
present in the computation process. If IMU errors are not dealt with or assessed cor-
rectly as part of a combined GPS-IMU system, these can cause major inaccuracies in
location, velocity, and attitude calculation. To build the system, the RTK-GPS sensor,
IMU sensor, Secure Digital (SD) card module, and LCD monitor are connected to
the Arduino mega board using various interfaces such as serial peripheral interface
(SPI), inter-integrated circuit (I2C), and universal asynchronous receiver/transmitter
(UART). Once the components are connected, necessary libraries [30] are installed,
and the algorithm for sensor fusion is written to read data from the RTK-GPS and
IMU, store the data on the Secure Digital (SD) card, and display the data on the LCD
monitor in real-time. Thus, providing an output of the GPS-IMU dataset.

To show the actual electrical connections between the components in the circuit,
the electronic circuit diagram is presented (Figure 4) to create a powerful system
that can provide high-precision positioning data and information about the device’s
orientation and movement.

Overall, the RTK-GPS component provides high-precision positioning data [31, 32],
while the IMU [32-34] component provides information about the device’s orientation
and movement. Combining these two components can produce more accurate and reli-
able data than either component alone. By combining the functionalities of the RTK-GPS
and IMU, the device provides more accurate and reliable data than either component
alone [34]. Asaresult, it is a vital tool for a broad spectrum of applications requiring
precise location and movement data. The setup function initializes the modules, sets
the output rate of the RTK-GPS module to 20 Hz, creates a log file on the SD card, and
initializes the 20 x 4 LCD. The loop function reads data from the RTK-GPS module,
converts it into a more readable format, and writes it to the log file and LCD display. The
data logged includes the latitude, longitude, mean sea level and accuracy. In addition, the
code was designed to read data from the IMU sensor module, which contains an acceler-
ometer, a magnetometer, and a gyroscope. The data includes acceleration, magnetic field
strength, and angular velocity in three axes, as well as gyroscope temperature.
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Figure 4.
Circuit diagram of Arduino-based GPS-RTK with integrated inertial measurement unit.

2.2 Integrated GPS-IMU data collection

Using the Arduino-based integrated GPS-IMU device with sensor fusion algorithm,
a total of 2521 row data of GPS latitude and longitude, triaxial accelerometer, and
triaxial magnetometer information were collected. The device was mounted in front of
a testing vehicle while the circuit testing was conducted, starting from a specific point
at Lumban, Laguna, and ending at De La Salle University (DLSU) Manila Campus.

The data from RTK-GPS with an integrated IMU sensor is acquired and logged
through the connected SD card in the Arduino, and it automatically saves all the
collected data in Comma Separated Values (CSV) files to be able to present the data in
tabular format and efficient data processing. To verify if the collected actual data has
significant errors, the collected GPS latitude and longitude data from the testing route
were plotted into a map, as seen in Figure 5 (in red pin markers). The plotting of GPS
latitude and longitude coordinates started by converting the saved CSV file into GPS
eXchange Format (GPX) to properly store, exchange, and map GPS location data.
MyGeodata Cloud is used in the conversion; this is an online converter tool that allows
users to convert CSV files to GPX format in batch. Using Google Maps, the GPX file
containing the collected GPS latitude and longitude is imported, and the map way-
points are automatically added and plotted. For the reference GPS points of latitude
and longitude, the reference route is extracted from Google Maps and then converted
to a GPX file. This GPX file is also plotted in Google Maps, as seen in Figure 5 (the
blue line), for comparison and visualization. The collected reference GPS latitude and
longitude data were also utilized as the target output for the prediction models. Thus,
Figure 5 clearly represents the reference GPS data in the blue line and the plotted
collected GPS data in red pin markers. From Figure 6, it is evident that the collected
GPS data are not close to the reference route (blue line), which shows that there are
inconsistencies and errors with the collected GPS data. The error is too large, which
should be corrected using the ANFIS tool.
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Figure 5.
Mapped collected GPS data points (ved pin markers) and reference route (blue line) from Lumban, Laguna to
DLSU.

Figure 6.
Inconsistencies and ervors of collected GPS data (red pin markers) with vespect to the veference route (blue line).

2.3 Adaptive neuro-fuzzy inference system modeling

ANFIS, an Adaptive Neuro-Fuzzy Inference System, is an intelligent system that
combines the capabilities of Artificial Neural Network (ANN) and Fuzzy Logic
Inference System (FIS) to bridge the gap that exists between the two [35-37]. This is
a well-established technique that employs relational models to represent linear and
nonlinear relationships between input and output parameters, taking into account the
fact that human knowledge is often fuzzy and not strictly defined [35]. The function
of the human nervous system is depicted by the Fuzzy Inference System (FIS), which
is supported by the Artificial Neural Network (ANN). A neuro-fuzzy component
forms each layer of the ANFIS, which can be recognized as a feedforward ANN that
was developed by [36]. The input variables’ activation process will take place via the
function parameters, which are trained using an optimization method defined by the
input membership function (MF) and then passed on to the next neuron. Following
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this, the activation values will be identified by the fuzzy rules and sent to the output
MF before being transferred to the output node [35].

Through ANFIS, a fuzzy system may correct several inputs at the same time, and
these multiple inputs employed in the ANFIS model are GPS latitude, GPS longitude,
3-axis point coordinates of the accelerometer, and 3-axis point coordinates of the mag-
netometer. Two fuzzy systems are developed in this case, one for correcting the latitude
and the other for longitude correction. The combined GPS and IMU sensors provided
the same data to both fuzzy systems. The data used for training and testing are collected
data through the GPS-RTK with an integrated IMU sensor. In particular, the subcluster-
ing method was utilized for FIS generation in the two models-latitude and longitude,
as it demonstrated the best performance during algorithm pre-evaluation. This method
generates a Sugeno-type FIS structure that is utilized to initialize the membership func-
tion parameters (Figures 7 and 8) [38]. This method involves dividing the input space
into several subsets, known as clusters, and identifying the optimal number of clusters
required to represent the input space accurately [39]. Once the clusters are identified,
the corresponding membership function parameters are initialized based on the cluster
centers and widths. This initialization allows for faster and more accurate training of
the ANFIS network using two different optimization methods.

FIS Model 1
RTK-GPS Sensor with
Integrated IMU Input Data _
[ GPS Latitude 1 =
) Corrected Latitude
. ) OQutput
GPS Longitude J
Latitude
) _’[ ]
[ 3-Axis Accelerometer 4
[ 3-Axis Magnetometer }

Figure7.
Sugeno-type FIS for training the latitude ANFIS model.

FIS Model 2
RTK-GPS Sensor with
Integrated IMU Input Data

GPS Latitude
Corrected Latitude
Ouetput

Longitude ]

3-Axis Accelerometer

[ GPS Longitude
[ 3-Axis Magnetometer

— T

Figure 8.
Sugeno-type FIS for training the longitude ANFIS model.
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In the ANFIS tool, the range of influence was configured to 0.25 to allow the
model to create smaller data clusters and produce more fuzzy rules. The squash factor
is 0.6 to also create more and smaller data clusters. The acceptance ratio value is 0.25,
which is greater than the rejection ratio value of 0.15. For each of the two models, four
models are generated by changing the number of epochs of either 100 or 300 and
altering the optimization methods used-hybrid, which is the combination of back-
propagation and least mean squared error method and backpropagation. The best
model will be selected based on which has the lowest error in training and testing.

For the latitude correction ANFIS model (Figure 9), the resulting ANFIS struc-
ture has eight inputs and one output node with 21 input MF for each input, generating
21 fuzzy rules and 389 nodes. The eight inputs represent the collected GPS latitude
and longitude data points, the 3-axis coordinates of the accelerometer, the 3-axis
coordinates of the magnetometer, and the reference latitude as the targeted output.
The rest of the other latitude models followed the same structure and configuration
of the network.

Figure 9.
ANFIS subclustering network structure for corrected latitude prediction.

.0'0'1'o'n‘o'o'.._|'u'o'n'n_‘o'o'u‘t'l'n'@'n‘n'n'@’n'n'u.o'f.

Figure 10.
ANFIS subclustering network structure for corrected longitude prediction.
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Moreover, Figure 10 shows the resulting ANFIS structure of the longitude cor-
rection ANFIS model that has eight inputs-the collected GPS latitude and longitude
datapoints, 3-axis coordinates of the accelerometer, and 3-axis coordinates of the
magnetometer, and reference longitude as the target output with 32 input MF for
each input allowing to producing of 32 fuzzy rules and 439 nodes. All the simulated
longitude models followed the same structure and configuration of the network.

2.4 Long short-term memory (LSTM) and extreme learning machine (ELM)
modeling

A special kind of Recurrent Neural Network that can recognize long-term depen-
dencies is known as Long Short-Term Memory Network or LSTM. LSTMs are designed
specifically to avoid the long-term dependence problem [40]. Their behavior is set up
to make retention of memory over time their default setting. Therefore, they perfectly
compare time series forecasting [40]. This study employs LSTM to develop prediction
models for latitude and longitude correction. The hyperparameters used in modeling
are presented in Table 1. A three-layer LSTM network was simulated with different
combinations of hidden neurons on each layer. Hidden layer 1 comprises 500, 1000,
and 1500 hidden neurons; hidden layer 2 has 700, 500, and 300 hidden neurons, while
hidden layer 3 shall consist of 300, 200, and 100 hidden neurons. These different
combinations of hidden neurons were modeled with three various training epochs of
100, 200, and 300 to generate several combinations of LSTM prediction networks.
Moreover, the training optimizer used is “sgdm” or the Stochastic Gradient Descent
with momentum with a set initial learning rate of 0.001, a mini-batch size of 128 to
learn the common patterns as important features, and a gradient threshold of 1.

On the other hand, Extreme Learning Machine or ELM is also applied to generate
prediction models. ELMs are feedforward neural networks having one or more layers
of hidden nodes that are used to analyze data and predict values [41]. These hidden
nodes’ parameters require no adjustment for selecting features, compression, cluster-
ing, classification, or sparse estimation [41]. To ensure lower error rates, weights
to these concealed nodes may be assigned using the stochastic projection method,
or these nodes can be passed down from their predecessors and not changed. In
contrast to conventional gradient-based methods of learning for feedforward neural
networks, ELM offers intriguing and important characteristics [42]. In comparison to

Hyperparameters Value
Number of Hidden Neurons in Layer 1 500, 1000, 1500
Number of Hidden Neurons in Layer2 700, 500, 300
Number of Hidden Neurons in Layer 3 300, 200, 100
Number of Epochs 100, 200, 300
Training Optimizer “sgdm”
Initial Learning Rate 0.001
Mini-Batch size 128
Gradient Threshold 1

Table 1.

Hyperparameters used in LSTM prediction modeling of latitude and longitude.
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Hyperparameters Value
Number of Hidden Neurons 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000
Activation Function “radbas”

Table 2.

Hyperparameters used in ELM prediction modeling of latitude and longitude.

gradient-based learning, ELM learning progresses far more quickly and performs well
in generalization [43]. The hyperparameters used in the simulation of ELM models
for latitude and longitude prediction are summarized in Table 2. A single-layer ELM
is used, thus producing various models by simulating the different numbers of hidden
neurons, which are given as 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000
while the selected activation function applied is the “radbas” or the radial basis func-
tion for good generalization and fast training.

2.5 Evaluation metrics for prediction model performance

The performance of the developed prediction models for latitude and longitude
correction was evaluated using mean square error (MSE), root mean square error
(RMSE), coefficient of determination (R?), and mean absolute error (MAE).

MSE calculates the average difference of squares between predicted and true
values. MSE is used to assess the model’s quality based on predictions made across the
entire training dataset versus the true label/output value. Lower MSE values suggest
that the model is more accurate, and this is defined mathematically by (1):

MSE = %Z( }i— 9, jz (1)

The average difference between expected and actual values in a dataset is
measured using the root mean square error (RMSE). The RMSE measures how dis-
tributed the residuals are, showing how closely the observed data clusters around the
predicted values. Mathematically, RMSE is calculated as the square root of the MSE.

The coefficient of determination (R?) is a measure of how well the values fit in
comparison to the original values. It calculates the percentage of the total variation
in the variable that is dependent which can be explained by the model’s independent
variables. The value is obtained as a percentage and ranges from O to 1. The greater
the value, the better the model. It is calculated using (2).

2
Rt z:l_l(yi_j)ij

il — _ ()
Zizl(yi =i )2

Finally, MAE indicates the difference between the true and predicted values,
which is calculated by averaging the absolute difference over a given data set. It is
typically utilized when measuring performance using continuous variable data.
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It returns a linear number that equalizes the weighted individual differences. The
smaller the value, the greater the performance of the model. It is computed using (3).

yi_jii‘

n

2
i=1

MAE = (3)

where 7 is equal to the number of data points, y; is the observed values, and y. is
the predicted values.

3. Results and discussion
3.1 Analysis of results of ANFIS-based GPS-IMU data correction models

Different combinations of ANFIS optimization algorithms and several epochs are
applied to train and test the data to select the best ANFIS model for GPS latitude and
longitude correction. The 2521 input and output data rows were divided into training,
validation, and test data. About 55% is used as training data, 25% for validation, and
20% for testing. The input data used are collected actual data, specifically the GPS
latitude and longitude coordinates, 3-axis coordinates of the accelerometer, and 3-axis
coordinates of the magnetometer, while the output data used is the extracted reference
GPS latitude and longitude from Google Maps. The simulated models are further quan-
tified numerically using training RMSE, validation RMSE, and testing RMSE. Presented
in Table 3 is the summary of simulated ANFIS models with different hyperparameters
for latitude correction. Model 1 corresponds to the ANFIS latitude correction model,
which resulted in four models known as models 1A, 1B, 1C, and 1D. In model 1A, hybrid
optimization is applied, and after 100 epochs, the model training has stopped attain-
ing training RMSE of 0.009121, validation RMSE of 0.008567, and testing RMSE of
0.012093. On the other hand, model 1C with the backpropagation algorithm applied
was trained for 100 epochs, achieving training RMSE of 1.101670, validation MSE of
1136290, and testing RMSE of 4.383700. Similarly, model 1D with the backpropagation
algorithm at 300 epochs obtained a low training RMSE of 1.090430, validation RMSE
of 1114220, and testing RMSE of 4.473100. However, model 1B with a hybrid optimiza-
tion algorithm achieved the lowest training RMSE of 0.008770, 0.008300 validation
RMSE, and 0.011814 testing RMSE at 300 training epochs. It is evident that model 1B
significantly exhibited the best training and test results out of the other models for GPS
latitude correction using the simulated ANFIS tool.

Model 1 Optimization Algorithm Epochs Training Validation Testing
RMSE RMSE RMSE
1A Hybrid 100 0.009121 0.008567 0.012093
1B Hybrid 300 0.008770 0.008300 0.011814
1C Backpropagation 100 1.101670 1136290 4.383700
1D Backpropagation 300 1.090430 1.114220 4.473100
Table 3.

Summary of simulated ANFIS models with different hyperparameters for latitude correction.
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Model 2 Optimization Algorithm Epochs Training Validation Testing
RMSE RMSE RMSE
2A Hybrid 100 0.007361 0.007100 0.015321
2B Hybrid 300 0.007361 0.007100 0.015321
2C Backpropagation 100 0.766548 0.773640 3.360600
2D Backpropagation 300 0.915090 0.905851 2.565400
Table 4.

Summary of simulated ANFIS models with different hyperparameters for longitude correction.

Moreover, the summary of simulated ANFIS models for different combinations of
hyperparameters for GPS longitude correction is presented in Table 4. In contrast to
model 1, model 2 represents the ANFIS longitude correction model, which resulted
in models 2A, 2B, 2C, and 2D models. Model 2C with the backpropagation algorithm
applied was trained for 100 epochs, achieving a high training RMSE of 0.766548,
validation MSE of 0.773640, and testing RMSE of 3.360600. But model 2D with
a backpropagation algorithm at 300 epochs obtained the highest training RMSE
of 0.915090, validation RMSE of 0.905851, and testing RMSE of 2.565400. With a
hybrid optimization algorithm applied, model 1A and model 2B resulted in the lowest
and same values of training RMSE, validation RMSE, and testing RMSE of 0.007361,
0.007100, and 0.015321, respectively. However, based on the training results, model
2B seems to overfit the training data and has a more complex model with higher com-
putational resources required for training because of the higher training epoch value.
Thus, the superior performance of model 2A in correcting GPS longitude is apparent
as it has shown significantly better training and test results than the other models.

3.2 Analysis of results of GPS-IMU data correction models using LSTM and ELM

To compare and validate the results of the simulated ANFIS models, different
LSTM and ELM models were also simulated to achieve their best-offered models. The
2521 input and output data rows were split into training, validation, and test data, as
with ANFIS models. About 55% of the data is used for training, 25% for validation,
and 20% for testing. The input data consists of actual data, particularly GPS latitude
and longitude coordinates, accelerometer 3-axis coordinates, and magnetometer
3-axis coordinates. In contrast, the output data is the extracted reference GPS latitude
and longitude from Google Maps. The simulations of LSTM models for latitude and
longitude prediction were done in MATLAB. A total of nine combinations of LSTM
networks using the different set hyperparameters have been modeled. From the
different combinations, the results of the best combinations of the LSTM model are
shown in Table 5. The table shows that an LSTM network comprised of 1500-700-
300 hidden neurons for each of the three hidden layers with 300 epochs is the best

Parameter LSTM Network Epochs Training RMSE Validation RMSE Testing RMSE

Latitude 1500-700-300 300 0.106777 0.100347 0.101889
Longitude 1500-700-300 200 0.145039 0.149588 0.149149
Table 5.

Results of best LSTM models for latitude and longitude correction.
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Parameter ELM Hidden Neuron Training RMSE Validation RMSE Testing RMSE

Latitude 100 0.072205 0.078897 0.079802

Longitude 100 0.109437 0.119175 0.138129
Table 6.

Results of best ELM models for latitude and longitude correction.

model for latitude correction among the other simulated models. This model obtained
the least training RMSE of 0.106777, validation RMSE of 0.100347, and testing RMSE
of 0.101889. Moreover, the best simulated LSTM model for longitude correction is
the combination of 1500-700-300 hidden neurons for each of the three hidden layers
with less training epochs of 200. Thus, this selected model obtained the least training
RMSE of 0.145039, validation RMSE of 0.149588, and testing RMSE of 0.149149.
Compared to the LSTM models, Table 6 also provides the results of the highest-
performing simulated ELM models for latitude and longitude correction. From the
results, the ELM network with 100 hidden neurons indicates the least training, vali-
dation, and testing RMSE for latitude and longitude correction. The training RMSE
of the selected highest-performing ELM model for latitude correction is 0.72205,
the validation RMSE is 0.78897, and its testing RMSE is 0.79802. On the other hand,
the training RMSE of the highest-performing ELM model for longitude prediction is
0.109437, with a validation RMSE of 0.119175 and training RMSE of 0.138129.

3.3 Comparison of results between ANFIS, LSTM, and ELM

Using 25% of the collected data as validation data for model evaluation, the
selected best ANFIS model performance is compared to the selected highest-perform-
ing LSTM and ELM models for latitude correction which is presented in Table 7. In
terms of MSE, the selected best ANFIS model, model 1B from Table 3, showed signifi-
cantly superior results compared to the LSTM and ELM models, which is 0.000069.
Other evaluation metrics such as the R* and MAE of 0.995479 and 0.000375, respec-
tively, also signify that the best ANFIS model still offers superior performance.

Furthermore, among the simulated highest-performing ANFIS, LSTM, and ELM
prediction models for longitude correction in Table 8, the ANFIS model, which is
model 2A from Table 4, still has the most superior performance with attained MSE,
R?%, and MAE of 0.000050, 0.997675, and 0.000042, respectively.

A scatter plot is presented to visualize the performance of the ANFIS models using
the validation data (Figures 11 and 12) to compare further the relationship between
the reference latitude/longitude and the predicted corrected latitude/longitude. The
given plot is clear and concise, indicating a strong relationship between the predicted
and response variables. The predicted latitude/longitude values are close enough to
the reference latitude/longitude values as the points cluster around the trend line.

Model MSE R? MAE

ANFIS 0.000069 0.995479 0.000375

LSTM 0.010070 0.250617 0.006071

ELM 0.001746 0.931812 0.002186
Table 7.

Summary of the evaluation metrics for the selected best models for GPS latitude correction.
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Model MSE R? MAE

ANFIS 0.00005 0.997675 0.000042

LSTM 0.022376 0.110682 0.001096

ELM 0.004519 0.855484 0.000425
Table 8.

Summary of the evaluation metrics for the selected best models for GPS longitude correction.
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Figure 11.
The resulting scatter plot of the predicted corrected latitude of the selected most superior ANFIS model versus the
reference latitude data.
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Figure 12.
The resulting scatter plot of the predicted corrvected longitude of the selected most superior ANFIS model versus the
reference longitude data.

Therefore, the simulated ANFIS models still outperformed the LSTM and ELM
models, which proved that these models can combine the advantageous features
of neural networks and fuzzy logic in one framework. In giving better accuracy in
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predicting the corrected latitude and longitude. The comparison of results also proved
that ANFIS is a promising method for localization and tracking vehicles utilizing GPS
and IMU data. In terms of generalization, ANFIS has demonstrated high generaliza-
tion capability, which increases its robustness and accuracy when transforming fuzzy
sets into crisp inputs [22].

3.4 Visualization results of the actual collected dataset by applying the selected
best ANFIS models

To confirm the robustness of the selected best models, 2521 collected actual GPS-
IMU datasets obtained from the conducted testing from Lumban, Laguna to DLSU,
without the need of splitting the data, were used to test and visualize the ANFIS model
performances. These actual datasets consist of the uncorrected GPS latitude and
longitude coordinates. On the other hand, the corrected GPS latitude and longitude
were predicted using the selected highest-performing ANFIS models (ANFIS model 1B
for latitude and model 2B for longitude). The visualized map of the plotted actual GPS
latitude and longitude dataset and the predicted corrected GPS latitude and longitude
through ANFIS are presented in Figure 13. It shows that the uncorrected set of GPS
latitude and longitude was too outlying and very distant from the predicted corrected
output values generated by the ANFIS models. This signifies that the selected ANFIS
models have the best performances to predict the correct GPS latitude and longitude.

The response of the predicted corrected GPS coordinates using the selected ANFIS
models concerning the reference route and collected actual GPS coordinates are
shown (Figure 14). The result of the plotted corrected GPS latitude and longitude
coordinates (in green dotted line) is almost near the reference GPS coordinates (in
blue line) compared to the collected actual GPS latitude and longitude (in red pin
markers). According to the results, the proposed ANFIS models, that is, the fuzzy
system combined with neural network capabilities, achieved better error reduc-
tion without the need to identify the system’s noise type, as it was trained on the
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Figure 13.

Visualization maps of the uncorrected GPS coordinates (ved pin marker) versus the predicted corrected GPS
coordinates (green dots).
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Figure 14.
Resulting visualization maps for comparison of the (a) reference GPS coordinates, (b) uncorrected GPS
coordinates, and (c) corvected GPS coordinates using the ANFIS models.

data region. This makes it a more convenient and cost-effective option than other
state-of-the-art approaches. In the given noisy collected actual dataset, the selected
ANFIS models have been proven to address the challenging and nonlinear problems
while minimizing complexity in computation [27]. Because ANFIS models may be
implemented in real-time, they are well suited for applications that demand rapid
and precise data processing, particularly suitable for the localization and tracking

of vehicle position [27]. Integrating the ANFIS models into the capacitive resistivity
underground imaging towed antenna system can offer great significance in mapping
the precise location of the surveyed underground utility objects.

However, verifying further the ANFIS models’ performance requires the recol-
lection of new GPS latitude and longitude datasets and testing this new data to the
simulated ANFIS models. This is considered as the lacking approach of this study that
can be done for future research. Additionally, to maximize the ANFIS model perfor-
mance, it suggests retraining and adjusting the hyperparameters when tested in newly
collected actual data. Also, the study’s results can be further evaluated by comparing
them with other methods of sensor fusion such as the use of other machine learning
models which will be the next direction of the paper.

4, Conclusion

The CR method utilizes GPS to create accurate maps quickly and with less
equipment and labor than traditional surveying. However, errors can occur due to GPS
sensor accuracy, digital map quality, and map-matching errors. To improve accuracy,
an IMU-GPS sensor fusion method can be used. Environmental factors can still cause
GPS sensors to fail, so reducing errors in GPS receiver accuracy is crucial for correct
underground utility location and map matching. The study proposes using fuzzy logic
with ANFIS to correct the latitude and longitude of the CR vehicle’s position by inte-
grating RTK-GPS sensor data with IMU linear acceleration and magnetometer data.
The ANFIS tool trains two fuzzy systems, one for latitude and one for longitude correc-
tion. The developed combined GPS-IMU circuit was tested by conducting field testing
from Lumban to De La Salle University Manila Campus to collect actual GPS latitude
and longitude, triaxial accelerometer, and triaxial magnetometer data. The study
evaluated different ANFIS models with varying hyperparameters, and the selected
model for latitude correction is model 1B with a hybrid optimization algorithm at 300
training epochs. This model achieved the lowest training RMSE of 0.008770, valida-
tion RMSE of 0.008300, and testing RMSE of 0.011814 at 300 training epochs. Model
1B showed the lowest MSE of 0.000069, highest R? of 0.995479, and lowest MAE of
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0.000375 compared to other models, proving superior results. For ANFIS longitude
correction, model 2B was selected, and a hybrid optimization algorithm was applied at
100 epochs, which resulted in the lowest training RMSE of 0.007361, 0.007100 valida-
tion RMSE, and 0.01532 testing RMSE. Among the four prediction models of model 2,
model 2A achieved the lowest MSE of 0.000050, the highest R? of 0.997675, and the
lowest MAE of 0.000042 for longitude correction, demonstrating the best results.

The selected best ANFIS models’ performances were then validated by comparing
them to simulated LSTM and ELM models; however, the ANFIS models still outper-
formed the two other models. The ANFIS models were also tested on the collected
actual dataset for verification of results. The visualized map obtained from this simu-
lation test revealed that the uncorrected GPS data points were significantly distant
from the target GPS reference values compared to the ANFIS corrected output. This
indicates that the ANFIS models proved to combine the benefits of neural networks
with fuzzy logic in a single structure for predicting corrected latitude and longitude
with greater accuracy. The comparison of findings also demonstrated that ANFIS is a
potential solution for vehicle localization and tracking using GPS and IMU data, mak-
ing it suitable to be integrated into capacitive resistivity underground imaging system
and can be extremely useful in mapping the precise location of the investigated
subterranean utility objects.

To further validate the ANFIS models’ performance, additional GPS latitude and
longitude datasets must be collected and tested against the simulated ANFIS models.
This is considered the study’s lacking strategy that can be done for future research.
Furthermore, it suggests retraining and adjusting the hyperparameters when tested
on newly obtained actual data to maximize the ANFIS model performance. Lastly, the
study’s results can be further examined by comparing them to other ways of sensor
fusion, such as the employment of other machine learning models, which will be the
paper’s next goal.
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