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1. INTRODUCTION

Healthcare-associated infections or nosocomial infections are infections that are not present or incubating
during admission to a hospital [1]. This infection may appear 48 hours or more after receiving healthcare [2].
There are different types of nosocomial infections CLABSI, SSI, CAUTI, and VAP. Central line-associated
bloodstream infections (CLABSI) are infections caused by bacteria from the skin surface migrating along the
external surface of the catheter into the intravascular space [3]. Surgery site infections (SSI) are infections that
are acquired after surgery, these infections occur at the incisions or deep inside the tissue at the operation site.
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This infection is caused by bacteria found on the skin surface contaminating the incision site [4]. Catheter-
associated urinary tract infection (CAUTI) is a urinary tract infection caused by the use of a contaminated
urinary catheter. Furthermore, the use of a urinary catheter increases the chance of an infection, this is because
it provides a channel from the external environment directly to the bladder [5]. Ventilator-associated
pneumonia (VAP) is an infection that develops from the use of motorized automatic ventilation and tracheal
intubation. Mechanical ventilation impairs coughing and secretion clearance, this decreases the ability to expel
bacteria from the airways increasing bacterial load. Tracheal intubation promotes biofilm formation, these
biofilms hold infective microorganisms which can enter the airways and cause VAP [6].

Nosocomial infections increase the length of stay, [7] show that the mean length of stay of a patient who
is not infected is 8.7 days while a patient who is infected is 20.3 days. Furthermore [7] also shows that the cost
of a patient without nosocomial infection is $2037.30 less than a patient who is infected. Another study
estimated the additional length of stay for a patient with nosocomial infection to be between 12.0 and 12.3 days
[8]. Nosocomial infections increase mortality, a study in Japan shows the in-hospital mortality of patients with
nosocomial infection to be 19.6% and patients with community-acquired infection to be 9.8% [9].

Transmission of pathogens causing nosocomial infections occurs mainly through direct contact [10].
Direct contact happens when healthcare workers touch a colonized patient or objects in their environment.
After touching contaminated surfaces, the healthcare worker's hand could be colonized thus risking spreading
these pathogens to other patients or medical equipment if proper hygiene is not carried out [11], [12]. Hence
reducing contact between patient and healthcare worker is one solution that could be implemented to reduce
transmission of pathogens. To reduce contact a service robot could be used for simple tasks such as delivering
food or medicine.

1.1. Related Works

In the past there have been several attempts to develop robots for delivery, one example is the “Human-
Robot Communication System for an Isolated Environment” [13]. This robot is designed to be used in an office
environment to deliver documents between workers. It utilizes ROS 1 as the framework for its navigation, an
Android app to control, and MQTT as the communication protocol between the app and ROS. A notable
limitation of this system is the Android app used to control the robot. This requires the user to own an Android-
based mobile phone, which is not universally accessible. Potential users may have devices that run other
operating systems, such as IOS, which makes the system less inclusive. This limitation presents challenges
when integrating this system into existing setups. Another research simulated TurtleBot to deliver items for a
smart hospital using gazebo simulation [14]. In this project, the author created a robot that can receive tasks
from a GUI, the robot’s operation is managed using a state machine that will determine the behavior of the
robot. The behavior of the robot could be waiting for goal, navigating to goal, and executing goal. The author
created a simulation to model a hospital and place the turtlebot3 at random locations throughout the map. A
limitation of this system lies in its waiting procedure, which operates based on a preset timer rather than an
external input from the patients. As a result, there might be a situation where the patient might take longer to
retrieve items from the robot than the wait time, potentially causing the robot to move away while they are still
trying to retrieve items. Another example of a mobile robot designed for a hospital is present in a study [15].
This study is aimed to analyze the usability and effectiveness of mobile robots in a simulated hospital
environment. The study is done with 30 experienced nurses executing 2 different scenarios. Interviews are
done afterward to assess the usability, acceptability, and improvements of the robot. The study concluded with
comments from the nurses. The nurses recognize that the robot is highly useable and useful in the healthcare
setting for tasks like remote supply delivery and medication distribution. The robot used in this study is the
TEMI. This robot has several functionalities: voice control, video call, autonomous navigation, and an app. A
limitation to the TEMI robot is that it requires an account and subscription to access features like longer video
calling and SDKs. This limitation presents challenges when trying to develop new features for the robot as
access to SDK is restricted behind a subscription plan. Furthermore, video calls without the subscription plan
are limited to 60 seconds per call. Another example is the “Development of Tele-Operated Mobile Robots for
COVID-19 Field Hospitals” [16]. This robot is designed to be used in a hospital for item delivery to reduce
contact between healthcare workers and patients. The robot is remotely operated through an internet connection
and can teleconference. However, the limitation of this system is that it requires manual operation by a nurse,
which could divert valuable nursing resources away from more critical patient care tasks. Furthermore, because
the robot is controlled through the internet it requires a stable internet connection. When the robot is controlled,
it can result in a time delay that could impact its safety.
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1.2. Service Robots

Service robots are robots that could be used in a professional or personal setting, these robots can complete
tasks that are useful to a human or equipment. Service robots must have partial autonomy or full autonomy.
Full autonomy is where they can perform task such as locomotion, manipulation, or positioning based on their
inputs without any human aid, meanwhile, Partial autonomy is where they can perform tasks with some human
interaction [17], [18]. Previous application of service robot is hospitality robot that are able to converse and
provide help to customers. Further development utilizes the service robot for telepresence and even emotional
support [19]. Hence, the medicine delivery service robot must be able to navigate autonomously, avoid
obstacles, and provide support when needed.

1.3. Novelty

There are 2 novel ideas presented in this research. The first one is the design of a navigation system that
can manage multiple goals. This navigation system will allow the robot to move to multiple goals
consecutively. The second is the design of an app that runs on multiple operating systems that can control the
robot and communicate. The designed app will be able to send goals, cancel navigation, and track the status of
the robot. This app will also need to include a feature that provides communication between the patient and the
operator.

Autonomous navigation requires several steps which are mapping, path planning and path following.
Mapping uses an algorithm called SLAM. SLAM uses sensor data such as LiDAR and odometer to detect
landmarks such as walls or other obstacles and places them in a map. Path planning uses the generated map to
plan a path from the robot position to the destination. The path that is created takes into account the shortest
distance and any possible collision. Path following moves the robot towards the destination by following the
path created. During this step any dynamic objects that is in the way of the robot will be detected and avoided
[20], [21].

2. METHOD

Fig. 1 shows the block diagram of the robot. The robot comprises of 3 systems that is the turtlebot3, PC,
firebase, and the web app. Fig. 1 shows that the turtlebot3 is made up of IMU, opencr, dynamixel motors,
LiDAR, and Raspberry PI. The Raspberry Pi is connected to the PC through ROS communications. The PC
will run the main navigation stack. The PC will also connect to Firebase through HTTP. Firebase is a database
with a “NoSQL” data structure that can process data in real-time commonly used in [oT projects [22]. In this
project, Firebase is used as an intermediate between ROS and the web app. The web app will be connected to
Firebase through HTTP. This app will send commands to Firebase that will be translated by ROS to command
the navigation stack.
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Fig. 1. Block diagram

Fig 2. Shows the environment where the testing of the robot and web app will take place. The arrows
represent the Home and goal position and orientation. Areas marked by green are obstacles, red are doors, and
blue are windows. The experiments are done with no dynamic obstacles blocking the path.
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Fig. 2. Testing environment

2.1. Robot Platform

Based on the aspects mentioned before this section the ROBOTIS Turtlebot3 is chosen as the Robot
platform. The Turtlebot3 is the third iteration of TurtleBot which is created to teach the user about programming
robots and the Robot operating system. Fig. 3 shows that the TurtleBot3 kit includes LiDAR, IMU, 2
Dynamixel motors, OpenCR, and a Raspberry Pi [23], [24]. The Turtlebot3 waffle pi has a carrying capacity
of 20 kg, with a maximum translational and rotational velocity of 0.26 m/s and 1.82 rad/s respectively. The
included Raspberry Pi 4 (1.8 GHz Quad core Cortex-A72, 4GB RAM, Ubuntu 22.04) connects to a PC using
Robot Operating System (ROS) communication methods to relay LiDAR data and the sensor data from
OpenCR 1.0. The Raspberry Pi also receives velocity commands and converts them to the individual angular
velocity for the 2 motors before sending these commands to the OpenCR 1.0. The OpenCR 1.0 board is the
main controller for the Dynamixel motor, this board is connected to the Raspberry Pi via USB serial. The
OpenCR 1.0 board includes an Inertial measurement unit (ICM-20648) which is connected to the OpenCR 1.0
by SPI. The ICM-20648 is a 3-axis gyroscope, 3-axis accelerometer, and a digital motion sensor. The embedded
gyroscope has a programmable full-scale range of £250, 500, 1000, and 2000 degrees/s, and the accelerometer
has a programmable full-scale range of £2, 4, 8, and 16 g. The included Dynamixel XM430-W210 connects to
the OpenCR board using TTL serial. This motor contains a contactless absolute encoder and an ARM
CORTEX-M3 MCU which allows the angular velocity of the motor to be controlled. The Dynamixel XM430-
W210 has a stall torque of 3.0 Nm at 12 V, 2.3 A, and a no-load speed of 77 rev/min. The included LiDAR
connects to the Raspberry Pi through USB serial and has a detection distance of 160 — 8000 mm with an
accuracy of £10 mm for distances of 160 — 300 mm, £3.0% for distances of 300 — 6000 mm, and +5.0% for
distances of 6000 — 8000 mm.

IMU
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Fig. 3. Turtlebot3 Waffle Pi

2.2. Software Setup

Robot operating system, ROS, is a collection of software, libraries, algorithms, and tools to make robot
development easier. ROS 2 is the second version of ROS that comes with improved security and performance.
The goal of using ROS is to break up big chunks of code into smaller specific nodes to reduce code complexity
and add fault isolation if an error occurs. For these nodes to function as one program, ROS gives them a way
to communicate with 3 main methods which are topics, services, and actions [25], [26]. In the topic
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communication method, one node will be a publisher and another will be a subscriber. The publisher will
publish a message to a certain topic and the subscriber will subscribe to this topic and receive the message. In
the service communication method, one node will be a server and another will be a client. In this method, the
client will need to send a request to the server for the server to send a message. The action method consists of
2 services and 1 topic. In the action method one node will be the server and the other will be the client. The
action method provides a feedback topic to monitor the progress of the process and the ability to cancel the
process [25], [26].

Fig. 4 shows a diagram of all the nodes that are utilized and their relationships. The “Turtlebot node” is
the node running on the Raspberry Pi. This node publishes /scan, /odom, /tf, and /battery state topics. This
node subscribes to the /emd_vel topic, this topic controls the linear and angular velocity of the robot. The /scan
topic contains the data from the LIDAR. The /odom topic contains the odometry data, odometry is the estimated
position and orientation of the robot based on its motion. The /tf topic contains transformation data between
the coordinate frames of sensors and motors to the base coordinate frame of the robot. These 2 topics will be
subscribed by the navigation stack to position the robot within the map. The /battery_state topic contains the
battery percentage of the robot, this topic will be subscribed by the “battery state node”. The
“battery_state _node” will store the battery percentage in JSON format and send it to Firebase using the http/2
protocol. The “firebase node” is the main bridge between firebase and the robot, this node takes the list of
goals, cancel signal, and go signal from firebase and publishes them to /checklist goal, /cancel , and /go topics
respectively. The /checklist goal topic contains the list of destinations for the robot. The /cancel topic contains
data to stop the robot’s current navigation, if the data is “1” the robot will stop navigating and if the data is “0”
the robot will continue navigating. The /go contains data to signal the robot to move to the next destination, if
the data is “1” the robot will go to the next destination in the list, and if the data is “0” the robot will wait until
it is “1”. This node also subscribes to /navi and /c_dest topics and sends them to Firebase. The /navi topic
contains data of the navigation state of the robot, if the robot is currently navigating the data would be “1” if
the robot is not navigating it would be “0”. The /c_dest topic contains data of the current destination of the
robot, if the robot is currently going to Goal A the data would be “A” if the robot is going to Home the data
would be “HOME”. The “Simple commander node” uses the “simple commander API” provided by
Navigation 2 to create an action client to interact with the “basic_navigator” action server within the navigation
stack. This node will send goals one at a time to the action server and wait until “success” feedback is received.
If a “failed” is received all the goals in the list will be discarded and the node is ready to receive new goals.
This node publishes the /navi topic and /c_dest topic. The distance measure node subscribes to /odom and
/navi topic. If the data from the /navi topic is “1” this node will start counting the distance traveled by the robot
using equation (1). Equation (1) shows the distance calculation equation where t represents the time step, D
represents the total distance traveled, x; represents the current x coordinate from the /odom topic while, x;_;
represents the previous x coordinate and y; represents the current y coordinate from the /odom topic while,
¥;_1 represent the previous y coordinate. The distance traveled is the sum of the Euclidean distances of points
from the odometry while the robot is navigating. This calculation is done 40 times a second, which corresponds
to the publish rate of the /odom topic.

D= z \/(xt —xe—1)? + (Ve — Ye-1)? (1
t=2

http/2 fopic
battery_state_node Turtlebot_node
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topic
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topic action
firebase_node Simple_commander_node igation stack

Fig. 4. Node diagram

2.3. Simultaneous Localization and Mapping
Simultaneous localization and mapping (SLAM) is a method of building a map of an unknown
environment while estimating the position of the robot [27]. The library used in this process is cartographer.
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Cartographer is a real-time SLAM algorithm developed by Google. Cartographer is designed to be used with
a modest hardware requirement because it does not use a particle filter. Without the particle filter, the
cartographer algorithm does pose estimation regularly to minimize the accumulated error. Cartographer uses
LiDAR scan data which will be divided into submaps. After submaps have been created it undergoes scan
matching against other recent submaps to estimate the robot’s position. Scan matching is also done to submaps
to align them to a master map.

Before mapping the robot is placed parallel to a wall, this ensures the final map is straight, not at an angle,
making it easier to modify. During mapping the robot is manually operated using the teleop code provided by
turtlebot3. The robot is driven around the testing environment at a maximum of 0.1 m/s to maintain the accuracy
of the resulting map. After mapping the map is cleaned up using an image manipulation program. Occupied
cells that are not present in the real environment are changed to free cells and free cells that are not present in
the real environment are changed to occupied.

2.4. Navigation Setup

To create the navigation system, the Navigation 2 (Nav2) library will be used. Nav2 includes action
servers for local planning, global planning, localizing, recoveries, and more [28]. To manage the behavior of
the navigation system a behavior tree (BT) is utilized. To manage the navigation stack the BT will connect to
the action servers inside the stack and control them. Fig. 5 shows the BT used, when using this BT, the robot
will continuously loop to compute a path to the goal and follow it. If a failure occurs a contextual recovery will
be executed. Only when contextual recovery efforts fail the main recovery branch will be executed [28], [29],
[30]. The localizer used is the Adaptive Monte Carlo localizer (AMCL), this localizer uses /odom topic and
/scan topic to estimate the position of the robot within the premade map [31]. During navigation the global
planner will create a path to the goal position based on prior knowledge provided by the global costmap created
during SLAM, this path will then be followed by the local planner [32]. The local planner will not use the map
from SLAM but will create its local costmap based on the current /scan topic, thus the local planner can plan
around dynamic objects that may not be present during mapping [32]. The global planner used in this project
is the “Navfn” planner. This planner uses the A-STAR path-finding algorithm. The A-STAR algorithm finds
the shortest path between the initial position to the goal position [33], [34]. The algorithm will start with the
initial position as the current node and the goal position as the goal node. Next, the algorithm will find
neighboring nodes that have a small cost calculated using the sum of two functions, the first function represents
the distance of the neighboring node to the current node and the second represents the distance of the
neighboring node to the goal node. The neighboring node with the least cost will be the next current node,
these steps will continue until the current node is the goal node. The result will be a set of nodes from the
starting position to the goal position. The local planner used in this project is the “model predictive path
integral” (MPPI) controller. This local planner is compatible with differential drive, omnidirectional, and
Ackermann motion models. The MPPI controller algorithm finds the best path through an iterative approach.
It takes the best path from the previous time step, applies noise from a Gaussian distribution, and scores the
generated set of paths using several critic plugins to find the best path [35]. A total of 2000 paths will be
generated at a rate of 30 Hz. 11 critic plugins are available, but only 9 will be used: Constraint critic, Cost
critic, Goal critic, Goal Angle critic, Path Align critic, Path Follow critic, Path Angle critic, Prefer Forward
critic and Twirling critic. Each of these critics has a different purpose to create an optimal path. The constraint
critic ensures that the control velocities of the path are within the kinematic and dynamics limit of the robot.
The cost critic ensures the path is far away from obstacles and critical collision by checking its footprint and
costmap value. The goal critic creates a path that navigates towards the goal within a threshold distance from
the goal. The goal angle critic ensures that the robot achieves the final goal angle within a threshold distance
from the goal. The path align critic creates a path that that aligns with the global path. The path-follow critic
incentivizes the robot to make progress along the path. The path angle critic ensures that the trajectories created
have a low relative angle to the path. Prefer forward critic favors trajectories that move the robot forward.
Twirling critic ensures that the robot does not do unnecessary twisting. The recovery action server will execute
the recovery actions. The Nav 2 library includes four recovery actions: wait, back up, spin, and drive on heading
[36]. The costmap used in Navigation 2 is called the layered costmap. A layered costmap uses multiple maps
to create one master costmap. These costmap layers include the static map, inflation map, obstacle map, and
more. This enables easier fine-tuning of the costmap and also makes it easier to add extra maps and filters to
the costmap [37].
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2.5. Web Apps

For patients and hospital staff to interact with the robot 3 web application has been developed. The
application is created by using HTML, Node.JS, and its packages. Node.JS is a programming language mainly
used by web developers, it features a package manager, NPM, that has millions of packages [39]. Node.js is
used as the backend that will bridge the web app with Firebase.

Fig. 6 shows the patient app main screen and the video call screen. The app will be on the main screen
by default and will only switch to the video call screen when the help button is pressed. The main screen
consists of 2 buttons labeled accept and help respectively. The accept button is pressed after the patient has
taken their item out of the robot. This button will send the robot to the next location in the list of goals. The
help button is pressed if the patient requires help with their item. When pressed the app will switch to the video
call screen, in this screen the app will automatically connect to an operator through a video call. After the
conversation is done the patient will press the done button, to go back to the main screen, and then press the
accept button.

Video Chat

My ID: client01

Destination: Home Your Video

Battery: 56.11%

Remote Video

Fig. 6. Main screen (left), video call screen (right)

Fig. 7 shows the control app and the video call app. The control app and video call app will be opened at
the same time in different browser tabs by the operator. The operator will use the control app to create a list of
goals by pressing the desired location’s button, the list will be displayed next to the “Goals:” text. After the list
has been created the operator will press the Go button and the robot will immediately navigate to the first goal
on the list. For example, if the operator wants the robot to go to Goal A then Goal C then Goal B, the operator
would press the button labelled Goal A, Goal C, Goal B, and Go in this order. The clear button will clear the
goal list if a mistake happens during the creation. This button does not clear the list that has been sent to the
robot, to do this the cancel button could be pressed. If the cancel button is pressed the robot will stop navigating,
clear the received list, and will be ready to receive a new goal list.
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The video call app will play a sound and display a notification after the patient presses the help button.
This notification will not be cleared until the operator acknowledges it and accepts the patient's video call.
After accepting both video calls app will be connected. The cancel button will end the video call redirecting
the patient ap to the main screen.

Goals: Operator

My ID: operator01
Goal A %
- - Your Video

Goal B

Goal C

Home

(€] Cl &
sar Remote Video

"3

Battery: 56.11%

Hang Up

Fig. 7. Control app (left), Video call screen (right)

2.6. Flowchart

Fig. 8 shows the flowchart for the system. It starts with the operator using the control app to choose the
goal positions, then sending the goal list to Firebase by pressing go. When the list reaches firebase the
firebase_node will fetch the goal list and send it to the simple commander node then the robot will start
moving to the destination. After reaching the destination the simple_commander node will check if there are
more destinations left in the list if there are not the node resets and becomes ready to receive a new goal list. If
there are more the robot will go to a waiting state where the help button and accept button will be continuously
checked if they have been pressed. If the help button is pressed a video call will be established until the call is
done. If the accept button is not pressed the robot will continue being in the waiting state indefinitely. If the
accept button is pressed the robot will navigate to the next goal in the list and will continue to loop until all

goals have been reached or cancelled.
Operator chooses a
list of destinations

Operator presses Go

App sends list of
destination to
firebase

ROS feich list Robot moves to
from firebase destination

Robot moves to
next destination

Patient
pressed
help?

Patient
pressed
accept?

<«— Robot waits

Call done? Video call

Fig. 8. Flowchart of delivery robot
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2.7. Experimental Setup
To evaluate the performance of the apps and the navigation, experiment scenarios are created. For each
scenario, the accept button will be pressed to advance to the next goal. The average speed, average distance to
target and success state will be recorded for each scenario. The average speed will be calculated by using the
sum of the distance traveled in meters and the sum of the navigation time in seconds. The average distance will
be calculated between the robot’s final base link coordinates in the map frame and the target coordinates sent
to the navigation stack using the Euclidean distance equation found in (2). If a failure happens during the
scenario the experiment will be stopped and the success state will be FALSE otherwise it will be TRUE. The
scenario is as follows:
1. The robot will start at Home. Goal B will be pressed, and then Go will be pressed.
2. The robot will start at Goal C. Home, Goal B and Goal C will be pressed, and then the Go will be pressed.
3. The robot will start at Home. Goal A, Goal B, Goal C, and Home will be pressed, and then Go will be
pressed.
4. The robot will start at Home. Goal A and Home will be pressed, and then Go will be pressed.

d= \/(xtarget - xfinal)z + (ytarget - yfinal)2 (2)

3. RESULTS AND ANALYSIS
3.1. Dimension and Components

When determining the dimensions of the robot several aspects that are to be considered are the distance
of the patient’s hand to reach the item compartment and the distance of the tablet to the patient, to maintain
accessibility and readability respectively [40]. Fig. 9 shows the dimensions and components of the delivery
robot. The robot has a dimension of 40 cm*40 cmx100 cm. This robot is equipped with various components,
including LiDAR for navigation, a tablet holder for the tablet, an item compartment to store items, a TurtleBot3
base, and an AC power plug.

Compartment

TurtleBot3

Fig. 9. Dimension of the delivery robot (left), Components of the delivery robot (right)

3.2. Costmap Parameter Tuning

Before testing 2 parameters need to be tweaked to ensure that the robot wouldn’t hit obstacles while
navigating. These 2 parameters are inflation radius and cost scaling factor, both parameters work together to
set how far from an obstacle the robot will navigate and they will also affect how wide a gap the robot can pass
through. Inflation is an area around obstacles that has a cost value of 0 — 255, how far this area extends from
an obstacle is determined by the inflation radius parameter. The cost value inside this area is determined by a
decay curve. The area that is closer to the obstacles has a higher cost than areas that are further away. A cost
value of 0 means that the area is clear and a cost of 255 means that if the robot passes through this area a
collision will happen. Fig. 10 shows the effect of the inflation radius parameter on the size of the inflation zone,
as the parameter increases the size of the inflation zone also increases. The areas marked with red are high-cost
areas and dark blue are low-cost areas [41].

The cost scaling factor controls the steepness of the decay curve on the inflation radius. From Fig. 11
areas of low cost are colored dark blue while high-cost areas are colored red. The cost scaling factor will change
how far the red area expands from the obstacles. The smaller the value the farther the high-cost area will expand
the higher the value the closer the high-cost area will expand; this effect can be seen in Fig. 11. This parameter
will control how far from the obstacles the robot will move as the robot will favor lower cost dark blue areas
then high-cost red areas [41].
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Fig. 10. Inflation radius parameter

cost scaling = 5.0 cost scaling = 30.0 cost scaling = 0.5
Fig. 11. Cost scaling parameter

For the robot, the optimal inflation radius and cost scaling factor is found to be 0.9 and 7.0 for the local
costmap and 0.5 and 2.0 for the global costmap. With the specified parameters, the robot could navigate with
fewer recovery behaviors being triggered.

3.3. Problems Encountered and Solutions

During testing, several problems were found. The first problem is during mapping and navigation the
windows located in the hallway are not detected by the LiDAR, this causes the robot to not detect it as an
obstacle and also causes unrecoverable localization errors. To get around this problem the windows are covered
with a layer of masking tape as shown in Fig. 12.

Fig. 12. Taped window

The second problem is the appearance of fake obstacles in the costmap. The fake obstacles would block
global and local planning causing the navigation to fail. To solve this a costmap filter and laser speckle filter
are implemented in the navigation stack. The laser speckle filter detects outliers in the LIDAR data and removes
them [42]. The filter subscribes to the /scan topic to access the LIDAR data and publishes the filtered result to
/scan_filtered. Fig. 13 shows a diagram of how the laser speckle filter works, the blue rectangle represents a
wall, the orange square represents an obstacle, the black circle represents the LiDAR, the red dots represent
the LiDAR points and the green dot represent an anomalous LiDAR point. This filter measures the distance of
a point to neighboring points. If the distance measured is larger than the threshold the point will be removed.
The speckle filter has 4 parameters filter type max range, max range difference and filter window. The filter
type parameter determines the type of filtering used, range-based filtering or Euclidean filtering based on radius
outlier search. The max range parameter determines the maximum range value of the lidar data, points that is
further than this value will not be considered during filtering. The max range difference parameter determines
the maximum distance between consecutive points, values larger than this parameter will be considered as an
outlier and will be filtered out. The filter window parameter determines the number of consecutive points to be
taken account when detecting outlier [43], [44].
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Data to be removed

obstacle  wall

Distances are larger than threshold

Fig. 13. Diagram of speckle filter

To filter the costmap, the costmap denoise layer from the navigation 2 library is used [45]. The filter will
take the local or global costmap as inputs. This filter has 2 parameters which are minimal group size and group
connectivity type. The minimal group size parameter determines the minimum number of occupied cells within
a group. This parameter also determines the algorithm used in denoising. If the value is 2 an erosion-based
function will be used. If the value is more than 2 a group-size filtering will be used. The group connectivity
type determines the grouping behavior, this parameter only has 2 values 4 and 8. A value of 4 will group
occupied cells that are connected vertically and horizontally. A value of 8 will group occupied cells that are
connected diagonally, vertically, and horizontally. Fig. 14 shows the algorithm used in this project, the group-
size filtering. This algorithm first groups adjacent occupied cells into one group and counts the number of
occupied cells in each group. The groups that have a lesser number of occupied cells will be determined as
noise and changed into unoccupied cells.

Number of
components lower
than threshold,

these points will be 1
removed

Fig. 14. Diagram of costmap filter [45]

The third problem found is that because of the position of the LIDAR being too high some lower obstacles
could not be detected, to fix this problem keepout zones will be used. Keep out zones are masks that mark an
area on the map as obstacles, these work by taking values from the mask and interpreting them into cost on the
master cost map [37], [46]. As a result, the robot will navigate away from these marked areas. Fig. 15 shows
the original map and the keep out zone marked with red. To create the keepout zone the original map is modified
by marking the area black.

L Ty
L
1 L]
L 5
1 1
sl o= T

Fig. 15. Original map (left), Altered map with keep out zones (right)

However, during testing, it was found that the robot would navigate right against the keepout zone and
get stuck inside of it. This is due to an error in localization which causes the estimated position to shift around
during navigation and occasionally the estimated position will be inside of the keepout zone causing the robot
to stop moving. To prevent this from happening the mask for the keepout zone is modified by coloring a small
area around the keepout zone grey. The robot will navigate around this grey area however if the estimated
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position shifts inside this area the robot will still be allowed to move, essentially creating an inflation area
around the keepout zones.

3.4. Result of Scenario 1

Scenario 1 contains 2 navigation sections, Home to Goal B and Goal B to Home. Table 1 shows the result
of scenario 1. The average speed of this scenario is 0.165 m/s with a standard deviation of 0.0227 m/s. The
average distance to the target is 0.050 m with a standard deviation of 0.0160 m. The success rate is 90% from
the 10 runs.

Table 1. Results of scenario 1.
No.  Average speed (m/s)  Average distance to target (m) Succes state

1 0.169 0.061 TRUE
2 0.179 0.077 TRUE
3 0.179 0.055 TRUE
4 0.177 0.058 TRUE
5 0.183 0.046 TRUE
6 0.135 0.024 TRUE
7 - - FALSE
8 0.172 0.057 TRUE
9 0.118 0.035 TRUE
10 0.176 0.038 TRUE

Experiments 2, 5, and 10 exhibited no abnormal behaviors such as low downs or recovery actions.
Experiments 1, 3, 4, 6, 8, and 9 experienced slowdowns when moving from Home to Goal B due to localization
error. In experiment 6 the localization error causes recovery behaviors to be triggered. Experiment 9
experienced a major localization error but no recovery behavior was triggered. Experiments 1, 6, and 8
exhibited slowdowns when approaching the Home position, likely due to the robot's attempt to navigate around
the designated keep-out zone. Experiments 6 and 9 exhibited recovery behavior due to localization error when
going from Goal B to Home. Experiment 7 Failed when going from Home to Goal B due to an unrecoverable
localization error.

3.5. Result of Scenario 2

Scenario 2 contains 3 navigation sections, Goal C to Home, Home to Goal B and Goal B to Goal C. Table
2 shows the result of Scenario 2. The average speed of this scenario is 0.172 m/s with a standard deviation of
0.0114 m/s. The average distance to the target is 0.046 m with a standard deviation of 0.0197 m. The success
rate is 100% from the 10 runs.

Table 2. Speed of navigation sections in scenario 2.
No. Average speed (m/s) Average distance to target (m) Success state

1 0.172 0.057 TRUE
2 0.176 0.035 TRUE
3 0.173 0.029 TRUE
4 0.180 0.093 TRUE
5 0.169 0.023 TRUE
6 0.145 0.040 TRUE
7 0.182 0.050 TRUE
8 0.163 0.054 TRUE
9 0.179 0.040 TRUE
10 0.184 0.037 TRUE

Experiments 4, 7, 9, and 10 exhibited no abnormal behaviors. Experiments 1 and 2 demonstrated recovery
behavior when moving through the door from Goal C to Home, attributed to localization errors encountered
near the door. Experiments 3, 6, and 7 experienced recovery behavior when passing through the door going
from Home to Goal B due to localization errors during the approach to the door. Experiments 1, 5, and 8
experienced a slowdown when going from Home to Goal B due to localization error.
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3.6. Result of Scenario 3

Scenario 3 contains 4 navigation sections, Home to Goal A, Goal A to Goal B, Goal B to Goal C and
Goal C to Home. Table 3 shows the result of scenario 3. The average speed of this scenario is 0.167 m/s with
a standard deviation of 0.0144 m/s. The average distance to the target is 0.055 m with a standard deviation of
0.0109 m. The success rate is 90% from the 10 runs.

Table 3. Speed of navigation sections in scenario 3.
No. Average speed (m/s) Average distance to target (m) Success state

1 0.153 0.043 TRUE
2 0.178 0.073 TRUE
3 0.177 0.064 TRUE
4 0.162 0.061 TRUE
5 0.176 0.037 TRUE
6 0.167 0.052 TRUE
7 0.138 0.054 TRUE
8 - - FALSE
9 0.182 0.061 TRUE
10 0.175 0.051 TRUE

Experiments 2, 3, 8, 9, and 10 exhibited no abnormal behaviors. Experiments 4 and 5 experienced a
slowdown when going from Goal A to Goal B due to localization error. Experiments 1 and 7 experienced a
recovery behavior when going from Goal A to Goal B due to localization error. Experiment 6 experienced a
recovery behavior when going from Goal C to Home due to localization error. Experiment 8 experienced a
localization error that it could not recover from.

3.7. Result of Scenario 4

Scenario 4 contains 2 navigation sections, Home to Goal A and Goal A to Home. Table 4 shows the result
of scenario 4. The average speed of this scenario is 0.161 m/s with a standard deviation of 0.0034 m/s. The
average distance to the target is 0.084 m with a standard deviation of 0.0323 m. The success rate is 100% from
the 10 runs.

Table 4. Speed of navigation sections in scenario 4.
No. Average speed (m/s) Average distance to target (m) Success state

1 0.161 0.093 TRUE
2 0.157 0.148 TRUE
3 0.162 0.041 TRUE
4 0.160 0.114 TRUE
5 0.153 0.082 TRUE
6 0.163 0.060 TRUE
7 0.165 0.101 TRUE
8 0.161 0.053 TRUE
9 0.165 0.087 TRUE
10 0.161 0.061 TRUE

In this scenario, the robot travels faster when moving from Home to Goal A than when it is moving from
Goal A to Home, this is because when going to Goal A the robot travels in a straight line meanwhile when
going back to Home the robot must turn 90 degrees towards Goal A and has to 180 degrees after reaching
Home.

3.8. Average Distance and Time

The average distance, time, distance to target, and success percentage of 10 tries of each scenario have
been calculated in Table 5. From the data in Table 5 a scatter plot of average distance vs average time is plotted
in Fig. 16. The blue points represent the value for each scenario and the red line is the best fit line. The best fit
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line has an R? value of 0.997 indicating that the data fits almost perfectly on the line and a gradient of 0.17 m/s.
This shows that as the distance increases the time would also increase linearly.

Table 5. Average distance and time of scenario.
Average distance Average time Average distance to Success

Scenario Start to goals

(m) (s) target (m) rate

Sceliarlo Home, Goal B, Home 19.00 118.07 0.0501 90%

Scega“o Goal C, Home, Goal B, Goal C 26.04 151.93 0.0457 100%

Scenario  Home, Goal A, Goal B, Goal 26.49 159.41 0.0551 90%
3 C, Home

Sce‘frlo Home, Goal A, Home 5.09 31.67 0.0840 100%

Average distance vs average time of scenarios
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Fig. 16. Plot of Average distance vs Average time

4. CONCLUSION

In conclusion, the research objectives stated have been achieved. The navigation system can navigate the
robot to multiple goals autonomously and wait for a button press before moving on to the next goal. The web
app can send a list of goals, cancel the current navigation, and when needed provide help through video call.
The final system has an average success rate of 95% with an average speed of 0.17 m/s and an average distance
to target of 0.0587 m. The result of the scenario shows that the robot has a localization problem. This problem
is caused by the poor odometry. The odometry of this robot is provided by the wheel encoders to measure
distance traveled and imu to measure the angular acceleration of the robot. To improve the localization sensor
fusion using techniques such as extended Kalman filter could be utilized. Another limitation is the absence of
a depth sensor. Obstacles with irregular shapes, such as tables and chairs, are more challenging to detect using
LiDAR. While keepout zones can mitigate this limitation, they must be preconfigured and cannot effectively
address dynamic objects.
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