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This report introduces the development and implementation of both
automatic and manual control systems, camera calibration, and the
deployment of state-of-the-art (SOTA) models on Frodobots vehicles
equipped with IMU, wheel odometry, cameras, and GPS sensors. We
analyze the fundamental parameters of the sensors and employ an Ex-
tended Kalman Filter (EKF) to fuse visual odometry (VO) with other
odometry data to achieve automated navigation to the greatest extent
possible. Additionally, the report discusses the calibration procedures
and considerations for actual deployment.
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Section 1 Introduction 1

1 Introduction

This report provides a detailed overview of the algorithms used to enhance EarthRover’s
autonomous control, perform precise camera calibration, and design data recording
methodologies. It also explores methods for applying advanced visual SLAM, object
detection, and depth estimation to the dataset. Our focus is on reducing GPS errors,
managing sensor noise, and improving localization accuracy by utilizing an Extended
Kalman Filter (EKF) for sensor fusion. The goal is to automate dataset recording as
much as possible and to demonstrate some challenges compared to existing methods [4].

2 System Overview

The Frodobot’s EarthRover Zero is a lightweight robotic platform designed for au-
tonomous navigation and perception tasks. This section provides an overview of the
hardware components, computational resources, and the software architecture utilized
in this project.

2.1 Hardware Components

e Frodobots EarthRover Zero: A compact robotic platform from Frodobots
(https://shop.frodobots.com/).

e Inertial Measurement Unit (IMU): Provides 9-degree-of-freedom (DOF) data,
including accelerometer, gyroscope, and magnetometer readings.

e Wheel Encoders: Measure the rotational speed (RPM) of each wheel, providing
wheel odometry data.

e Cameras:

{ Front Camera: Captures video at 20 FPS with a resolution of 1024x576
pixels.

{ Rear Camera: Captures video at 20 FPS with a resolution of 540x360 pixels.

e Global Positioning System (GPS): Provides latitude and longitude data at 1
Hz frequency.

e Microphone and Speaker: Used for audio input and output at a sampling rate
of 16000 Hz.

2.2 Computational Resources

The algorithms were tested on a single Frodobots car using a laptop with the following
specifications:

e Processor: AMD Ryzen 9 7945HX
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e Graphics Card: NVIDIA GeForce RTX 3070

e Memory: [Specify the amount of RAM, e.g., 32 GB DDR4]

Due to the limited computational resources of the laptop, real-time processing was
challenging. We also considered using more powerful GPUs like the NVIDIA RTX 4090
or H100 available on our cluster computers. However, the communication time between
the robot and the cluster posed a significant constraint, potentially introducing delays
that are detrimental to real-time control.

2.2.1 Limitations and Considerations

e Processing Power: The RTX 3070 provides limited computational capabilities
compared to higher-end GPUs, affecting the performance of computationally in-
tensive tasks like visual odometry.

e Communication Latency: Offloading computations to a remote cluster intro-
duces latency due to network communication times, which can negatively impact
the responsiveness of the control system.

 Real-Time Requirements: Autonomous navigation requires timely processing
of sensor data and execution of control commands. Balancing computational de-
mands with hardware limitations is essential.

2.3 Vehicle Specifications
e Weight: Less than 5 kg (11 1bs).

e Maximum Speed: The robot reaches its maximum speed of approximately 3 m/s
within the first second when the linear velocity command is set to 1. Afterwards,
it maintains a steady speed of 3 m/s (or 2.7 m/s in outdoor conditions) from the
second onward. During turns, when the linear and angular velocities are set to 1,
the linear speed decreases to 2 m/s.

e Mobility: Capable of moving forward/backward and turning in place.

e Connectivity: Equipped with 4G connection for consistent data transmission
across different environments.

e Stability: The camera’s stability is somewhat poor, likely due to the high position
of the camera and the soft material of the connecting bridge. A metal support was
added to the soft bridge of the original design, but some camera shake persists,
undetected by the IMU. This issue can be mitigated with improved estimation
through visual odometry.
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2.4 Software Architecture

The software system is built upon the official SDK provided for remote access and control
of the robot. The architecture includes:

e Control Interface: Receives control commands and sends them to the robot.

e Sensor Data Acquisition: Collects data from the GPS, IMU, wheel encoders,
and cameras.

e State Estimation Module: Implements the EKF for sensor fusion.
* Visual Odometry Module: Processes camera images to estimate motion.

» Navigation and Control Module: Determines control actions based on the
estimated state and target positions.

A block diagram of the system architecture is shown in Figure

Target
Position

Vehicle

- -¥ehicle
Motion

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure 1: System Summary

3 Sensors and Data Analysis

Understanding the characteristics and limitations of the sensors is crucial for accurate
state estimation and control. This section analyzes the data from each sensor and
discusses their noise characteristics.

3.1 GPS Sensor

The GPS provides latitude and longitude readings at a frequency of 1 Hz. However,
GPS data is susceptible to various errors and noise [1], which can significantly impact
localization accuracy.
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3.1.1 GPS Errors and Noise Analysis

GPS errors arise from factors such as:

e Satellite Geometry: Poor satellite positioning can degrade accuracy.

e Atmospheric E ects: Ionospheric and tropospheric delays affect signal propa-
gation.

 Multipath E ects: Signals reflecting off surfaces cause inaccuracies.

The public website shows the GPS ”The robot is deemed to have successfully reached
the next checkpoint if it comes within 15 meters of that point, allowing for the tolerance
of noisy GPS data.”.

3.2 IMU Data

The IMU provides accelerometer data at 100 Hz, gyroscope data at 1 Hz, and magne-
tometer data at 1 Hz. The accelerometer and gyroscope data are used for estimating
linear and angular velocities.

3.2.1 Noise Characteristics

The IMU data contains high-frequency noise, particularly in the accelerometer readings.
A noise model is developed based on the sensor specifications and observed data.

3.3 Wheel Odometry

Wheel encoders measure the RPM of each wheel at an ideal frequency of 10 Hz. Wheel
slip and uneven terrain can introduce errors in odometry calculations.
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3.4 Camera System

The front and rear cameras capture images used for visual odometry and obstacle de-
tection.

3.4.1 Camera Calibration

Camera calibration is performed with OpenCV, based on Zhang's method [5]. This
provides the intrinsic parameters of the camera model, which are essential for accurate
visual odometry and depth estimation.

Calibration Procedure:

1. Prepare a checkerboard grid and x it in front of the robot.

2. Use the robot's camera to capture images of the checkerboard from di erent angles
and positions.

3. Apply calibration algorithms to compute the camera’s intrinsic and extrinsic pa-
rameters.

3.5 Calibration Algorithm

Algorithm 1 Camera Calibration Procedure

Require: Checkerboard pattern xed in front of the robot
Ensure: Calibrated camera parameters
1: Initialize calibration process
while Calibration not complete do
Capture image from the camera
Detect checkerboard corners
if Corners detectedthen
Add image points and object points for calibration
end if
Move robot to a new position
end while
: Compute camera matrix K and distortion coe cients D using collected data
creturn K, D

e
= O

Calibration Results:
The calibrated parameters include the camera matrixK and distortion coe cients
D:
2 3
fy 0 o
K=40 fy ¢2; D =[kyka;pa;paks]
0O 0 1
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These parameters are crucial for undistorting images and ensuring accurate measure-
ments in visual odometry and depth estimation.

4  Automatic Control System

The control system is responsible for navigating the vehicle towards prede ned check-
points while avoiding obstacles and compensating for sensor inaccuracies.

4.1 Control Algorithm Design

The control algorithm employs a combination of proportional controllers for linear and
angular velocities.

4.1.1 Control Algorithm

Algorithm 2 Vehicle Control Algorithm

Require: Current state x, Target position ( target; target)
Ensure: Control commandsyv, !
1. Compute distance errord between current position and target
2. Compute desired bearing gesired USING:

desired = arctan2(sin( ) cos( target); COS( ) SiN( target) ~ SIN( ) COS( target) COS( )

3: Compute heading error = gesired
4: Normalize to[ ; ]

5. 0f ] J> threshola then

6: v O

7: ! K

8: else

9: v Kpd

10: ! 0

11: end if

12: Limit v and! to maximum allowed values
13: return v, !
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4.2 Extended Kalman Filter (EKF) for Sensor Fusion

The EKF is utilized to fuse data from the GPS, IMU, wheel odometry, and visual
odometry to provide an accurate estimate of the vehicle's state [2].

4.2.1 EKF Algorithm

Algorithm 3 Extended Kalman Filter (EKF)

Require: t, Initial state xgq, Initial covariance Pg
1: Initialize process noise covariance)
2: Initialize measurement noise covarianceR
3: for each time stepk do
4 Prediction Step

" Receive control inputuy 1 =[vk 1;'k 1]
" Predict state xyj, 1 using motion model
" Compute JacobianFy 1
" Predict covariance Py 1= Fx 1Pk 1Fg 1+ Q
5: Update Step :
" Receive measuremengy
Compute innovation yx = zx  HyXgjk 1
Compute innovation covariance Sk = H¢Pyj 1Hy + R
Compute Kalman gain K = Py 1H; St
Update state estimate xx = Xyjx 1+ KkY«k
Update covariance estimatePy = (1~ KH)Pyjk 1

6: end for
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4.3 Visual Odometry (VO)

Visual Odometry estimates the vehicle's motion by analyzing consecutive camera frames

[3].

4.3.1 Visual Odometry Algorithm

Algorithm 4 Visual Odometry

Require: Previous imagely 1, Current image Iy, Camera matrix K, Distortion coe -
cients D
Ensure: Rotation R, Translation t
1: Undistort 1 1 and I usingK and D
Detect ORB features inl 1 and Iy
Compute descriptors for detected features
Match features betweenly 1 and | using brute-force matcher
Apply ratio test to select good matches
Extract matched keypoints
Compute Essential matrix E using RANSAC
if E is valid then
Recover pose R;t) from E
return R, t
. else
return Failure
end if

I ol el
W N R o
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5 Application of SOTA Models on FrodoBots-2K Dataset

We utilized the FrodoBots-2K dataset to test and evaluate state-of-the-art models for
visual SLAM, object detection, and depth estimation. The dataset provides discrete
video frames, sensor data, and calibration les.

5.1 Visual SLAM with ORB-SLAM3

5.1.1 ORB-SLAM3 Algorithm

ORB-SLAMS is a feature-based SLAM system that uses ORB features for tracking and
mapping.

Figure 2: ORBSLAM3 applied in the Frodo Bot

Algorithm 5  ORB-SLAM3 Work ow

Require: Video frames, Camera calibration parameters
Ensure: Estimated camera trajectory and map
1: Initialize ORB-SLAM3 system
2: for each framely do
3 Extract ORB features
Match features with previous frame
Estimate camera pose
Update map with new observations
Perform local mapping and loop closure detection
8: end for
9: return Camera trajectory and 3D map

N o a R
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5.2 Object Detection with YOLOX
5.2.1 YOLOX Algorithm

YOLOX is a real-time object detection model based on the YOLO (You Only Look
Once) family.

Figure 3: YOLOX applied in the Frodo Bot

Algorithm 6  YOLOX Object Detection
Require: Input image |
Ensure: Detected objects with bounding boxes and class labels
1: Preprocess imagd to the required input size
Feedforward through YOLOX network
Obtain feature maps from the network
Apply detection head to predict bounding boxes and class probabilities
Perform Non-Maximum Suppression (NMS) to eliminate redundant boxes
return Detected objects
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