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Abstract — The goal of this project is to design 

and develop an autonomous driving drone to 

compete in the International Autonomous Robot 

Racing Competition (IARRC). The robot is built by 

modifying an existing radio-controlled car and 

allowing it to be operated with an onboard 

computer. The system is also equipped with 3 

cameras and a Lidar to safely guide the robot 

between the race tracks and to avoid other robots. 

The robot utilizes a PID controller loop for speed 

control and a trajectory rollout algorithm for 

steering control. The line detection algorithm uses a 

combination of adaptive thresholding with a HSV 

space threshold to reliably detect both yellow and 

white lines. The focus of this year’s entry is 

performance. All the algorithms discussed above 

have been optimized to ensure maximum 

performance. 

I. INTRODUCTION 

     The International Autonomous Robot Racing 

Competition (IARRC) is a competitive event where the 

development of safe driving drones is emphasized.  The 

main goal for the competition is to push efforts to 

develop a higher level of racing capabilities in an 

intelligent robot in a realistic and reduced scope. The 

competition contains 2 races: a drag race and a circuit 

race. The drag race portion focuses on high speed 

control of the car while the circuit race focuses on 

collision avoidance and smart steering algorithms. 

      This report focuses on the most critical mechanical 

components and the algorithm design of the robot. Also, 

data from previous competitions will be examined in 

order to give a better scope on the improvements that 

are made in this version of the robot and to offer a 

blueprint for future efforts. 

From the given competition rules, the following 

requirements, objectives, and criteria can be extracted. 

The following report is divided into six major sections: 

mechanical design, electrical design, controller design, 

vision processing, and conclusions. 

II. PROBLEM DEFINITIONS 

A. Requirements 

 Must not exceed 75 cm long, 55 cm wide, and 60 cm tall 

in size 

 Must not interfere with other robot’s operation, such as 

their sensing and navigation 

 Must detect the traffic light change with 80% accuracy 

at multiple lighting conditions 

 Must be able to stop within 50 cm of the finish line 

 Must be able to stop with a remote E-stop button 

B. Objectives 

 Should be able to achieve 7 m/s at drag race 

 Should be able to drive higher than average 3 m/s overall 

during the drag race 

 Should be able to detect other robots around 30 cm tall 

and be able to avoid collision 

 Should be able to detect obstacles at 25 Hz 

 Should accurately detect white line at least at 20 Hz  

 Should be able to reject sources of noise, ranging from 

shadows, rocks and others. 

 All parts should be easily accessible; can be replaced in 

fewer than 10 min 
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III. MECHANICAL DESIGN 

 

Figure 1: Overall Design of VANGUARD 

     The mechanical design of the platform on top of the 

vehicular chassis was designed with modularity in 

mind. The main way this is accomplished is in the use 

of Velcro and screws to attach different components. 

This allows for easy replacement of parts as well as the 

ability to adjust the layout of multiple components 

fairly easily. 

     Many of the electrical components as well as the 

computer are held in place with Velcro and thus can be 

repositioned if necessary. Zip ties are used to ensure 

components that require more security are held 

securely. The E-Stop is placed on top of the Arduino 

box to keep it in a position that is easily accessible, as 

seen in Figure 1. All the electric components are 

encased in a Plexiglas box to prevent shortages and 

physical damage. 

A. Camera Mounts 

     The vision system on the robot racer required the 

presence of two cameras to get the desired field of 

view. To make it easy to calibrate the cameras, as well 

as to allow for different calibrations, the camera 

mounts are designed using a dual axis hinge 

mechanism. The mount is made of two parts: the base 

and the top component. Both pieces are connected by a 

screw on the side to freely control the pitch of the 

camera. A hole on the base piece allows the camera to 

rotate about its yaw. The position of the hinges can be 

tightened once the final positions are set. 

 

Figure 2: Camera Mount Design 

     In addition, a third camera was mounted to the 

bottom of the camera mount platform for the purpose 

of detecting the traffic light. By attaching the camera to 

the bottom of the mount, it is not in the field of view of 

the lane detection cameras. 

B. Lidar Mount 

          To implement collision avoidance, a Lidar is 

required. One of the difficulties with designing and 

implementing this mount is that the objects that need to 

be detected, small pylons, are about the same height as 

the chassis. Originally, an angle adjusting mount was 

used.  However, the laser was too high to detect cones 

when the car banked during turns. To solve this 

problem, a new mount was designed so that the Lidar 

was upside down and the laser was low enough to see 

the pylons, as shown in Figure 3. 
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Figure 3: Lidar Mount 

IV. ELECTRICAL DESIGN  

    The highlights of the electrical design of 

VANGUARD can be categorized by the following 

sections: power distribution, Arduino shield, sensors, 

actuators and the computation units. The following 

sections will briefly describe each of the components.  

A. Power 

Two 12V 5800mAh Li-Po batteries are connected in 

series as a power source, providing 24V to power both 

the motors and the computation units. The computation 

power and actuator power are separated. The 

unregulated battery voltage passes through the picoPSU, 

and is split into three common voltages: 3.3V, 5V and 

12V. With the computer budgeted at 30W maximum 

power draw and various other components at no more 

than 20W in total, the 80W picoPSU is able to handle 

all loads with ease.  

B. Arduino Shield 

The main purpose of the Arduino shield is to provide 

plug-and-play functionality to the host Arduino board. 

The current PCB incorporates the encoder counter chip 

and has connector pins for communication with the 

Arduino, the transmitter, servo lines and the motor 

controller. This not only avoids wiring errors but also 

strongly integrates different components of the 

electrical system. The shield can accommodate up to 

four encoders and has extra pins for power at 5V, 3.3V, 

and 12V. The board layout is shown in Figure. 4. 

 

Figure.4: Arduino shield board layout 

C. Sensors 

The sensors on the vehicle include a motor mounted 

quadrature encoder, a Hokuyo 2D planar Lidar, Encoder 

and 3 USB Logitech Cameras (2 Logitech Pro 9000, 1 

Logitech QuickCam). 

Encoders and encoder counters provide velocity 

estimation. The robot racer uses a Grayhill quadrature 

rotary encoder to collect data from the revolving motion 

of the motor shaft. The velocity measurement can be 

approximated by differentiating the encoder counts with 

the following equation, assuming no wheel slip. 

𝑉𝑐𝑎𝑟 =
𝑑

𝑑𝑡
(

𝐸𝑛𝑐𝑜𝑑𝑒𝑟 𝐶𝑜𝑢𝑛𝑡

360
) ∗ (𝜋𝐷𝑤ℎ𝑒𝑒𝑙) 

The Hokuyo 2D planar Lidar provides range 

measurements of any obstacles within 30m and has a 

fairly fast sampling rate of about 40Hz. This makes it 

ideal to use for collision avoidance. Usage of this Lidar 

is a logical choice for this race, as processing 2D scan 

data is fairly efficient. The range is more than sufficient 

for our vehicle. Therefore, the occupancy grid generated 

from the obstacle is reduced in size to save on 

computational resources.  

The vision section describes in more detail why 3 

cameras are needed for the current setup of the vehicle. 

In terms of electrical requirements, the Logitech USB 
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cameras are safe to be used with the chosen processing 

unit. The USB driver on the computer safely delivers all 

of the camera feedback at their rated frames per second 

simultaneously. 

D. Actuation 

The actuation category includes two steering servos 

and a brushless motor controlled by the Castle Creations 

electronics speed control unit (ESC). All of these 

actuators are driven by the PWM signal from the 

Arduino. The brake is built into the ESC and is 

automatically triggered when a neutral throttle signal is 

sent.  

E. Computation 

VANGUARD carries an Intel Core i7 IntensePC and 

an Arduino Mega 2560 board. The IntensePC is 

responsible for computation intensive tasks, such as 

vision processing, occupancy map generation and path 

planning. In contrast, the Arduino platform is 

responsible for low level tasks, such as PWM signal 

generation, signal conditioning, and communication 

interfacing. These two different devices communicate 

via serial communication. 

V. SYSTEM ARCHITECTURE AND CONTROL 

SCHEME 

A. Notes on result from previous entry 

The main issue from last year’s entry was 

performance of the overall system. The previous goal of 

doing line detection at 10 Hz was not only insufficient 

but it was also computationally intensive. Therefore, the 

previous vision algorithm was completely scrapped and 

redesigned from scratch.  A new design paradigm was 

enforced, which is to develop a simpler, yet efficient 

system. Much of the previous year’s problems emerged 

from the lack of distribution of computational resources. 

Therefore, emphasis on saving memory and 

computation power have been a core motif of this year’s 

entry.  

Estimation techniques are not used to measure the 

state of the robot and position, due to the fact that there 

is not a source of reliable global positioning system. The 

environment behind Engineering 5 is not a suitable spot 

for GPS. Other alternatives considered was Parallel 

Tracking and Mapping (PTAM) based localization and 

mapping. However, not only does PTAM work poorly 

on fast movements, there are not sufficient unique 

features on the track to accurately localize the robot. 

Thus, it makes it hard to utilize any Simultaneous 

Localization and Mapping (SLAM) methods as well. 

Conclusively, localization is taken out from the 

design due to the lack of proper estimation solutions. 

However, a robust control algorithm still should be 

enough to drive the robot by itself given proper lane 

detection technique and proper look ahead distance. It 

may not take the most optimal path, but it is guaranteed 

to be able to finish the course. Since a proper control 

algorithm is fundamental for any future work related to 

mapping and localization, this year’s focus is to develop 

a set of robust and easily tunable set of vision and path 

planner frameworks. 

B. Software Framework 

The software is written in Robot Operating System 

(ROS). Implementing ROS allows for easy and modular 

integration of various sensors and algorithms through 

standardized message passing functionalities. 

Furthermore, ROS has been designed to ease 

development of the robot with features such as rosbag 

and RViz. The most important reason in using ROS is 

due to the modular nature of its framework. ROS 

facilitates the transition of same set of code to a 

completely different robotic system. The overall node 
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and topic dependency designed for the current system is 

shown in the following figure. 

 

Figure 5: Control architecture illustration 

C. Occupancy Grid Generation 

Lidar is used on VANGUARD to detect cones, and 

dynamic and static obstacles. The Lidar module 

generates an occupancy grid at 40 Hz. This occupancy 

grid is overlaid with the occupancy grid generated by 

the vision processing node to generate a drivability 

map. The algorithm used to generate the map is based 

on Bresenham’s line algorithm. The example of Lidar 

occupancy grid can be found in Figure 6. 

D. Path planning algorithm 

A trajectory rollout algorithm is used on the 

occupancy grid to generate path parameters for the 

controller. In order to make the trajectory algorithm 

efficient, all paths are generated before the robot is 

started. Figure 6 shows how each path is generated 

while taking the car width in to account. In terms of the 

software structure, a multidimensional vector is used to 

store the indexes of the occupancy grid to check for each 

path. The previous version of the path planner was only 

able to generate about 15 paths without going under a 

10Hz sample rate. The current system can generate 101 

paths at 25Hz with the entire system processing in the 

background.  

 

 

Fig. 6: Trajectory Rollout Output from RViz  

Another addition to the path planning algorithm is to 

output speed that is proportional to the turning radius of 

the car. This will further optimize the time in which 

takes the car turn.  This information is obtained by 

finding an optimal speed in which the car can turn on 

asphalt. The speed is matched with the trajectory with 

the same turning radius.  

 𝑟 =
𝑠

𝜃
 

Since the accumulated angle (𝜃) is used to generate the 

path, the formula can be rearranged to generate the 

turning radius for each of the paths. Then, using 

experiment results, each turning radius (r) is mapped to 

its optimal speed.  

E. Speed Controller  

The vehicle controller is implemented in ROS 

instead of in the low level Arduino. This allows more 

sophisticated control algorithms to be implemented in 

the future. A PID (Proportional-Integral-Derivative) 

controller is used to control the speed of the vehicle. 

This ensures that the speed regulation works when the 

path planner outputs the optimal turning speed. The 

following equation is the PID loop with a feed forward 

component used for controller. 

𝑜𝑢𝑡𝑝𝑢𝑡 =  𝐾𝑝𝑣𝑒𝑙𝑒𝑟𝑟𝑜𝑟  +  𝐾𝑑𝑣𝑒𝑙𝑒𝑟𝑟𝑜𝑟
̇

+  𝐾𝑖 ∫ 𝑣𝑒𝑙𝑒𝑟𝑟𝑜𝑟  +  𝐾𝑓𝑣𝑒𝑙𝑑𝑒𝑠𝑖𝑟𝑒𝑑 
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where 𝐾𝑝, 𝐾𝑑, 𝐾𝑖 are the corresponding PID gains.  

F. Low Level State Machine 

This code acts as the overall monitor in the Arduino 

system and informs the high level computer of the 

controller states which include E-stop, RC, and 

autonomous mode. 

In the E-stop (emergency stop) state, the robot racer 

applies software brakes to stop the racer. At the same 

time, the software brake steps down the current 

commanding PWM signal to neutral position at a 

suitable speed to prevent damage to the motor and the 

Electronic Speed Control (ESC). 

In the RC (remote control) state, the robot racer is 

controlled through the Spektrum remote controller. This 

state is helpful in characterizing the vehicle and 

reviewing the hardware conditions, as well as allowing 

human control of the robot 

In the autonomous state, the vehicle is controlled by 

the high level control algorithms. The control input from 

ROS (high level) is translated into PWM signals to the 

servos and ESC. The output is coupled with a saturator 

to prevent high level controller from generating 

infeasible or undesirable input.  

VI. VISION AND WHITE LINE TRACKING 

For this year’s competition, the vision has been 

written from scratch to increase performance. Vision 

processing is done by 3 cameras. They are economical 

Logitech USB cameras running at 30 fps when 

streaming video at 800 x 600 pixels. Using a high 

resolution camera at high frames per second is an 

alternative. However, the current computer does not 

have a graphic card capable of processing video at real 

time for high speed control. Two of the webcams are 

placed downward to the ground to get full coverage of 

the line at all times as shown as in Figure 7.

 

Figure 7: Bird's Eye View of the Image Planes on the Ground 

The last webcam has a moveable head in which it 

can be used to change the view of the camera to get 

maximum coverage of the traffic light regardless of the 

position of the car. All of the image processing 

software have been configured to run at a similar 

image size so that the camera can process at max 

frames per second. From the perspective 

transformation, it can be calculated that using a 800 by 

600 image can give us around 1cm per pixel.  

A. White Line Detection 

White line detection has always been a fairly difficult 

problem due to the variability in the environment and 

the lighting condition.  

The first step is to get a proper perspective transform 

of the images. Since the current setup utilizes two 

cameras looking downward, the following figure shows 

how it looks like when the image is transformed to the 

correct Bird’s Eye View. These images are setup with 

proper offsets within the occupancy map as shown in 

Figure 8. 
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Figure 8: Output Occupancy Grid Generated from Vision 

In terms of the actual techniques to extract the lines, 

an adaptive threshold is applied. The adaptive threshold 

is much more computational intensive than its fixed 

counterpart since it thresholds based on the local mean 

intensity rather than a global threshold. However, this 

method takes its surrounding area into account; thus it 

will be guaranteed to work under shadows and multiple 

lighting conditions as shown previously on Figure 8. 

After the adaptive threshold is done, a color threshold in 

HSV space is done to only extract white and yellow 

lines. The output image is filtered by blob size noise 

removal. These sets of technique have provided almost 

real-time performance working from the webcams. 

Even with 2 cameras running simultaneously, the output 

map generated for path planning stayed above 25Hz. 

Figure 9 shows the joined occupancy grid from both the 

camera and the lidar.   

 

Figure 9: Joined Occupancy with Lidar (Red) and Vision (Black) 

As for start line detection, a Sobel filter with is 

applied to the output image to only extract horizontal by 

using the following kernel.  

 

The output from the line detection is used in the path 

planner to count when it crosses the line is shown in 

Figure 10. RANSAC (Random Sample Consensus) can 

be added upon this algorithm to further increase 

accuracy. 

 

Figure 10: Output from Horizontal Hough Transform 

B. Traffic Light Detection 

     The images used for traffic light detection are 

inverted in y-axis, due to how it is mounted on the 

vehicle as shown in Figure 11. It does not pose any 

problem to the traffic light detection algorithm. 

 

Figure 81: Image from Traffic Light Camera 

     The red, green, blue (RGB) color space is converted 

into a hue, value, saturation (HSV) space. The HSV 

space image is run through the same adaptive threshold 

used in the lane detection to obtain edges in the image. 

Gaussian Blur is added to the image to improve 
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locating circular patterns in the output image. The 

circle feature extraction is done with the Hough 

transform. Once the circle representing the traffic light 

is found, the area is checked for the average color 

within the area.  

 

Figure 12: Filtered Image with Detected Light 

          In order to facilitate the identification of color 

threshold parameters, a trackbar is added. It allows 

dynamic variable change during runtime to allow 

tuning adjustments based on different lighting 

conditions. Testing for this functionality is done in 

multiple lighting conditions in conjunction with the 

track bars to determine the best parameter settings for 

robust detection. 

VII. CONCLUSION& FUTURE WORKS 

   In conclusion, the success of the current project is 

determined by how fast and accurately the drone 

finishes its given tasks for the IARRC competition. As 

of now, each of the individual components are tested to 

work. However, the final result is based on how it fares 

during the competition time. The overall highlights of 

this year’s entry to robot racing are summarized as 

follows.  

     Mechanical design with modularity as a key focus 

brought dual axial hinges for the camera mount. The 

Lidar is also mounted upside down to increase the 

likeliness of object detection. A custom designed 

Arduino shield allows easy plug-and-play access to the 

components and provides multiple power sources for 

the encoder, the servos and the Lidar. Speed estimation 

is done purely using the encoder with an encoder 

counter integrated to the shield.  

     In terms of the software design, the overall system is 

built under the ROS framework to build modular code 

for future development. The main focus for this year’s 

entry is developing a much more lightweight and robust 

set of controller and vision algorithms. The path 

planning is built as an optimized version of a reactive 

trajectory rollout algorithm. The line detection is done 

by applying an adaptive threshold to get much more 

robust lane output under multiple lighting conditions. 

Horizontal lane detection is done by applying a vertical 

axis based Sobel filter. The traffic light detection is done 

with adaptive filter with Hough transformation to obtain 

circular patterns in the image. Lastly, color detection is 

done by applying HSV threshold. 

 

     Since, a robust control and vision algorithm is 

finished for this year, the next move can be towards 

mapping and estimation. Using a good source of GPS 

allows accurate mapping and localization of the car. 

Thus, the robot can reactively run through the track and 

map first. After the map can be mapped, a much more 

efficient route can be determined in order to optimize 

the circuit time.  


