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Abstract—This paper proposes a method to control and
make path planning for a delivering mobile robot that operates
in a dynamic environment. The working environment is an
office building that will appear both static obstacles and
dynamic obstacles (such as such as people or other mobile
robots). The mobile robot is designed to carry documents to
multiple targets that are determined by users. Users can call the
mobile robot and input the information of the documents and
targets that need to be delivered via the website. The working
environment map will be established by using LiDAR and
SLAM technology. The path plaining is executed in two steps.
Firstly, the ant colony algorithm (ACO) is employed to solve the
indoor traveling salesman problem (ITSP), the TSP for indoor
application, for determining the globally optimal moving
schedule to multiple targets in this paper. Then, the shortest
moving path between point to points for the delivering mobile
robot is determined by using the Dijkstra algorithm. The
shortest moving path for the delivering mobile robot is
determined by using the Dijkstra algorithm. The ant colony
algorithm (ACO) is employed to solve the inner traveling
salesman problem (ITSP) to determine the optimal moving
schedule to multiple targets in this paper. The dynamic window
approach (DWA) methodology is applied to assist mobile robots
in avoiding static and dynamic obstacles. In addition, the
adaptive monte Carlo localization (AMCL) is used for
positioning the mobile robot on the map. Finally, the simulation
in MATLAB and Gazebo environment as well as the
experiments, are presented to prove the superior success of the
delivering mobile robot.

Keywords—Mobile Robot; Inner Traveling Salesman (ITSP);
Ant Colony Algorithm (ACO); Path Planning; SLAM; Dijkstra;
DWA; AMCL.

I. INTRODUCTION

Recently, mobile robots have received a great deal of
attention from researchers because of their wide applications
in practices such as smart agriculture [1], service for elderly
people [2], and in smart factories [3]. There have been many
studies focused on designing and controlling mobile robots in
the past few years [4]-[14]. For example, the finite-time
control law combined with the Backstepping algorithm was
proposed to control the wheeled mobile robot to track the
predefined trajectories in paper [4]. The optimal path
planning based on the improved A* has been applied for the
fire-fighting mobile robot in the ware-house to obtain the
shortest moving path [7]. The rescue mobile robot was
designed and controlled on the basis of the SLAM technique
for completing the rescue mission [8]. The navigation for the

mobile robot based on Machine learning algorithm was
investigated in [13]-[14].

Additionally, normally, the mobile robot will work in an
unknown environment, hence, working map construction for
mobile robots plays a very important role in controlling the
mobile robot. There exist several methods to obtain the maps
of the working environment, such as Rao-Blackwellized
particle filters (RBPF) method was proposed in [15], and the
method based on SLAM and LIDAR was studied in [8], [16],
[17]. There exist the drawbacks of the SLAM and LiDAR
such as Map corruption in crowded or dynamic
environments, sensor noise, map inconsistency due to
moving obstacles, or computational latency. However,
SLAM and LiDAR provide a robust localization and
mapping solution for real-time autonomous navigation. The
combination of SLAM and LiDAR increases the accurate,
drift-minimized, and adaptive navigation even in partially
dynamic environments. Due to this advantage of SLAM and
LiDAR, they are employed to build the maps of the working
environment.

Besides, the path planning for the mobile robot to
determine the shortest moving route has received attention
from researchers. Many studies have concentrated on the path
planning of the mobile robot in the past few years [7], [8],
[12], [17]-[25]. For instance, the traditional Jump Point
Search (JPS) method was proposed for the mobile robot to
determine the optimal path [20]. Another method to find the
shortest moving path of the mobile robot, so-called “Dijkstra
Algorithm”, was investigated in [20]-[23]. The Dijkstra
algorithm can select the optimal path from a given node to
other nodes in the graph based on a min-priority queue data
structure. The improved RRT* and the modified A*
methodologies were employed to obtain the optimal path of
the mobile robot in papers [24] and [25], respectively.
However, these methods are applied for finding the shortest
moving path of the single-target scenarios but do not scale
well or lack efficiency when generalized to multi-target
settings.

Furthermore, normally, the mobile robots always operate
in complex environments with many obstacles. For this
reason, obstacle avoidance is a pressing issue when
controlling mobile robots. Many articles have been
investigated for avoiding the obstacles based on the dynamics
window approach (DWA) method in recent years [24], [26]-
[29]. For example, in paper [27], the DWA method was
applied to control the mobile robot for avoiding collision with
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the obstacles while moving. The improved DWA algorithm
was developed for the mobile robot with a narrow channel in
the paper [28], and the DWA combination with a neural
network was proposed for the mobile robot to avoid dynamic
obstacles [29]. Apart from obstacle avoidance, the
localization for the mobile robot in the working map is also a
critical task. The monte Carlo localization (MCL) and the
adaptive monte Carlo localization (AMCL) were proposed in
[30] and [31]-[43] to determine the position and direction of
the mobile robot in the map. The AMCL method can track
the pose and the direction of the mobile robot by employing
the particle filter and probabilistic localization system.

It should be noted that, up to now, there exist many
studies paying attention to implementing and controlling the
mobile robot. However, based on our best knowledge, almost
studies focus on finding the optimal path between point to
point, and there are very few works dealing with path
planning for multiple targets. In this paper, the document-
delivering mobile robot is designed and controlled to deliver
the document to multiple places. It means that the mobile
robot has to travel to the multiple goals one time with the
shortest moving path. To deal with this requirement, the
indoor travelling salesman problem (ITSP) principle will be
applied to find the optimal routine of the document delivering
mobile robot. To find the solution of ITSP, the Ant Colony
Optimization (ACO) [44] has been applied. ITSP refers to a
TSP for indoor applications, where a mobile robot must
determine the optimal visiting order of a set of delivery
waypoints confined within a bounded operational space (e.g.,
a single floor of a building). The ACO algorithm has been
studied in plenty of articles to find the best routine of ITSP
[45]-[57]. In this work, the ACO algorithm combined with
the Dijkstra algorithm is also applied for determining the best
route with the shortest moving distance.

It is noted that in this paper, the considered scenario is that
the mobile robot is requested to travel to multiple targets and
deliver exactly documents. Thus, the methods: Jump Point
Search (JPS) method [19], Improved A*[24], Dijkstra [20]-
[23], and RRT*[25] is difficult to apply for finding the
optimal moving path with multiple targets. Due this reason,
in this work, the combination between ACO and Dijkstra
algorithms is employed to determine the optimal moving path
of the document delivering mobile robot in which The ACO
is employed for determining the global optimal moving
schedule (order of the targets that the mobile robot need to
travel with the shortest movement), the Dijkstra’s algorithm
is used for finding the local optimal path planning (the
shortest traveling path between point to point);

With the above-mentioned discussion, the main
contributions of this paper are emphasized in the following
aspects.

e A mobile robot is designed and implemented to carry
documents and deliver them to the exact address. The user
can call the delivering mobile robot to an arbitrary room,
then put the documents in the stack with a lock and input
the information of the documents, including: the name of
the document, the stack number that contains the
document, the delivering address, and the receiver’s email
address. When the delivering mobile robot arrives, the

receiver has to input the password that was sent via email
to open the lock and pick up the correct documents. The
delivering mobile robot will assist in reducing the
delivery time, increasing the delivery accuracy, and
ensuring the safety of the documents.

e The working map is established by applying SLAM
technology and signals from Lidar. The adaptive monte
Carlo localization (AMCL) is used to localize the pose
and direction of the mobile robot in the map. In addition,
the DWA algorithm is also employed for both static and
dynamic obstacle avoidance.

e The delivering mobile robot has to travel to multiple
targets for delivering documents, hence, the ACO and
Dijkstra algorithms are applied for finding the best route
with the shortest moving road.

The rest of this paper is organized as follows. The system
model and problem description are presented in section II.
The proposed method, including map construction, AMCL,
DWA, ACO, and Dijkstra's algorithm, is shown in section IlI.
Section IV shows the simulation and experimental results.
Finally, the conclusion is drawn in section V.

Il. SYSTEM MODEL AND PROBLEM DESCRIPTION

A. System Model

The document-delivering mobile robot is designed and
implemented and shown in Fig. 1. The whole mobile robot is
controlled by a mini IPC, and the control algorithm is
embedded in an Arduino Mega 3 board that connects to the
mini IPC via UART protocol. A user interface is designed on
the Tablet that allows the user to interact with the mobile
robot.

The dynamic model of the mobile robot is described in
Fig. 2, and the mathematical model of the mobile robot is
represented in (1).

vcos 6 cosg 0
q—ll Ivsm@l—[sm@ 0][] Q)

where g =[x y 6]"
Robot, 6 is the rotation angle of the mobile robot. v =

is the velocity of the mobile robot, v, and v, are the velocities
of the left and right wheels, respectively. w is the speed angle
of the mobile robot.

, (x,y) is the position of the Mobile

VRtV

The updated position and direction of the mobile robot at
t + At is calculated in the following formula:

x(t + At) x(t) x
yit+4a) =y + |y|At 2
o(t + At) o) Llg
in which
x(t) = [, v(t) cos[8(D)] dt ©)
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y(t) = [ v(t) sin[6(t)] dt )

0(t) = J; w(t)dt (5)

Mobile Robot
Fig. 1. Structure of the delivering mobile robot

P 1cc

Fig. 2. The dynamics model of the mobile robot

B. Problem Description

Suppose that the documents need to be delivered to
several rooms. Currently, the documents are almost delivered
to the rooms by the staff. Unfortunately, delivering
documents by hand is time-consuming, and sometimes the
document is delivered to the incorrect places. In order to
overcome this difficulty, in this paper, a mobile robot is
designed for delivering the document to multiple places,
automatically and exactly. First of all, the mobile robot will
create the map of the working environment by using SLAM
technology and RPLIDAR. When users want to use the
delivering mobile robot, the call is executed by accessing a
website and inputting the information of the document and
the receiver’s information. Then the mobile robot will
transport the documents to the rooms that are assigned by
users. The path planning method based on Dijkstra's
algorithm is applied to determine the shortest path to travel
from the targets. During traveling, the mobile robot will
encounter not only static obstacles but also dynamic
obstacles. Hence, to avoid these obstacles, the DWA
algorithm is employed to control the mobile robot. In
addition, in case the documents need to be delivered to many
rooms, the mobile robot has to travel to each room once. The
arising question is how to determine the moving order of the
rooms with the shortest traveling distance, that is the Inner
Traveling Salesman Problem. To deal with this issue, the
ACO will be applied to solve the ITSP for determining the
optimal path of the mobile robot. When the mobile robot
arrives at the target, for the sake of security reasons, receivers
have to enter the password that has been sent via email to

open the stack and pick up the document. The operating
procedure of the document-delivering mobile robot is
illustrated in Fig. 3.

Mobile Robot

Fig. 3. The working procedure of the document delivering mobile robot

I11. PROPOSED METHOD

A. Constructing the Map of the Working Environment

In this paper, a 2D map working environment will be
constructed for a mobile robot to be able to move and
transport the document automatically in the working
environment. To create the working map, the slam_gmapping
pakeage of ROS is employed to collect the data from Lidar
Rplidar A1M8, encoder, IMU sensor then carry out the
construction of the Maps. The scanned data from RPLIDAR
is exported under the ROS topics, usually topic /scan and the
nodes of ROS can subscribe to this topic to process scanned
data. The procedure for creating the maps is presented in
Fig. 4 and the obtained map is shown in Fig. 5.

| myRobot_core I‘—i teleop_twist_keyboard |

| sensor_node |

tf scan

GMAPPING
(slam_gmapping)

!

map map_server

(map_saver)

map.pgm & map.yaml

Fig. 4. Mapping construction by Slam-gmapping package of ROS

Fig. 5. The obtained working map
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Remark 1: The SLAM technology is applied to construct the
working map. However, there exist the drawbacks of SLAM
technology such as it does not inherently handle moving
obstacles or map drift. To overcome these challenges, the data
Lidar Rplidar A1M8 is used to distinguish between static and
dynamic obstacles during operation.

B. Dijkstra Algorithm

Dijkstra’s algorithm is applied to the Occupancy grid map
by traversing all grid cells, starting from the mobile robot's
initial position. The algorithm iteratively considers unvisited
neighboring grid cells and adds them to the list of considered
paths. This search will be executed on the entire map from
the initial position until the desired target position is reached.
Dijkstra's algorithm guarantees to find the shortest path on
the occupancy grid map from the initial position to the target
position.

Let us define the initial position and target position to be
s and t, respectively. Q is the optimal set of notes. The total
of notes in the diagram is N. n is the number of notes; 1 <
n < N. The distance from the initial notes to the p note is
computed in the following.

d=X'd1; 1 €EQ (6)

where d; ;.1 is the distance from the note i to the adjacent i+1.
Dijkstra's algorithm is presented as follows.

Dijkstra Algorithm
1: Algorithm Dijkstra (G, s, t):
2: Input: Diagraph G, initial position and target position (s,
t)
3: Output: The shortest path from s to t and its distance
4: Initialization:

e Assign the distance from current ¢ to s to zero;
distance from current ¢ to other note v to infinite:
d(v)e oo

o Initialize the optimal path set of notes to the initial
position s: Q = {s}.
while the target t has not been reached
5: Update the distance:
e The distance from current note c to other
adjacent notes is updated by:
d(v) = min (d(v),d(c) + W(c,v))
In which W (c, v) is the weight of edge (¢, v)
6: Assign the note that has the shortest distance to be the
current note.
7: Put this note into the optimal set of note Q
/I Repeat the steps 5-7 until the target t is reached.
Return the shortest distance d(v)

C. Adaptive Monte Carlo Localization Algorithm

Monte Carlo localization (MCL) [31] is a popular method
to estimate the position and orientation of the mobile robot in
a given map. In this work, the state of document delivering
mobile robot is x, = (x,y, 8) that includes position (x, y) and
the orientation 8. In the MCL algorithm, each possible state
of the mobile robot is represented by a particle filter. The
estimated state of the mobile robot at time t will be based on
the previous state x,_,, actuation command u,, and the

information from sensors z,. The MCL is successful in
solving both the local and global localization problems.
Unfortunately, this method fails to localize the mobile robot
when the robot kidnapping, or global localization failures. To
deal with this challenge, an adaptive monte Carlo localization
(AMCL) is improved by adding random particles to the
particle sets. The algorithm of the AMCL is shown as
follows.

Algorithm Adaptive MCL [30]

1: Algorithm Adaptive MCL (X;_4, u, z;, m):

2 S_tatic Wsiow \Wrast

3: X, =X,=0

4: form = 1toM do

5: x™ = sample_motion_model(u,, x™)
6 w! ™= measurement_model(z,, x™, m)
7 Xe = X, + (™, w, ™)

8: Wavg = Wavg + Ewt[m]

9: end for

10: Wsiow = Wsiow T siow (Wavg - Wslow)
11: Wrast = Wrast + afast(Wavg - Wfast)

12: form =1toM do

13: with probability max(0.0,1.0 — wsgs /Wiow) dO
14: add a random pose to X,

15: else

16: draw i with probability co w, !l

17 add x,[" to X,

18: end with
19: end for
20: return X,

D. Dynamic Window Approach

Dynamic Window Approach (DWA) [25] is the method
for online obstacle avoidance of the mobile robot (Fig. 6).
DWA consists of two main steps:

b

] .

)|
=

O Goal

Fig. 6. Dynamics window approach algorithm

e Step 1: Generating the valid search space of velocity. In
this step, the possible velocities of the robot are
determined based on Kinetic constraints, i.e., the
minimum and maximum range of velocities that the
mobile robot can achieve in a short period of time. On the
basis of the data obtained from LiDAR, the velocities that
cause to collisions with obstacles in the working
environment are eliminated. As a result, the search space
for finding reasonable velocities, including safe and
achievable velocities, is identified.
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e Step 2: Determining the optimal velocity in this valid e Optimization: The objective function

search space. The feasible velocities will be evaluated

based on safety to avoid collisions, the fastest speed to Gv,w) = g(a - heading (v, w) + B - 10)

approach the target, and stability of the mobile robot
movement.

The valid search space
procedures:

is determined by following

e Circular trajectories: Circular trajectories are determined
by pairs of translational velocity (v) and rotational
speed (w).

o Admissible velocities: A pair of velocities (v, w) is
feasible if the mobile robot can stop before colliding with
an obstacle. It means that the mobile robot can avoid the
obstacles and stop safely in the available space (Fig. 7).
The admissible velocities are calculated by

V, ={v,olv<2-dist(v,0) v, Aw <

V2 - dist(v, w) - &} ()

in which V7, admissible velocity, dist(v, w) is the smallest
distance between the mobile robot and the obstacle without
collision. v, w;, are the maximum translational and rotational
accelerators of the mobile robot that will cause to collision
with obstacles.

vs 90 cm/sec

left wuli corridor right wall II

door right wall

-90deg/sec 90deg/sec

Fig. 7. Admissible velocity [25]

¢ Dynamic window: Dynamic windows limit the admissible
velocities so that the robot can achieve in a short period
of time, with the robot's limited acceleration (Fig. 8).

Vy={w,w)|vE[vg—v tvg +v-t]A

wlwg — o t,w, + w - t]} ®)
And then the search space is determined by
V=V,nV,nV, ©)

‘\ A 90 cm/sec

-90deg/sec 90deg/sec

Fig. 8. Velocity V,; in dynamics window [26]

dist(v,w) + vy - velocity (v, a)))

where heading (v, w) = 180° — 0 is the angle between the
robot's current direction of movement and the direction of the
target point that the robot is trying to aim for. dist(v, w): is
the distance to the nearest obstacle that cuts through the
curve. If no obstacles exist on the curve, this value will be set
as a large constant. velocity (v, w): is the moving forward
velocity of the mobile robot and supports fast movements.

E. ITSP-based Ant Colony Optimization

The Inner Travelling Salesman Problem is a famous and
conventional issue that needs to determine the optimal
moving schedule to travel a list of cities. To find the solution
of ITSP, in this article, the Ant Colony Optimization
methodology [34] is employed. The Ant Colony
Optimization (ACO) algorithm is an optimization method
based on the foraging behavior of the ant colonies in the wild
(see Fig. 9). ACO has many advantages when applied to
optimization problems, especially those with a graphical
structure such as TSP (Traveling Salesman Problem). The
ACO algorithm can be easily extended and applied to a
variety of optimal problem types just by changing the
representation and updating the pheromone trace. The
probability of path selection of each ant is computed in (11).

a
Kk _ (zi5) m#e , k
bij = ZleNgc(Tiz)“(ml)ﬁ'] €N; (11)
L

where pl-k]- is the probability of the kth ant selecting the
path(i, j), 7;;is the level of pheromone of path (i, j), n;; is the
heuristic information, N is the adjacent station of node i that
the kth ant has not been passed through. a and B are
parameters to adjust z;;and n;;, respectively.

The paths that the ants have traveled will have stronger
pheromone levels than the paths that the ants have not
traveled. Therefore, the level of pheromone will be updated
in (12):

7 « (1 — p)1y; + At (12)

In which p the evaporation factor of pheromone, c¥ is the
moving distance of the ant, AT{‘]- = cik If the ant travels to the

path (i,j), otherwise At;; =0. The ACO algorithm for
finding the optimal solution of ITSP is presented as follows.

ACO algorithm for Solving ITSP

1:  Define number of iterations, number of ant, and
initialize parameters a, g, p

2: For a number of iterations

3: Initialize the start city for each ant.

4: Construct solutions of ant: find a tour of each ant
based on a probability formula (7) to select the next city.

8: Update the pheromone level based on formula (8).

9:  Evaluate the best solution.

10:  End for
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Food Food Food

Nest

Fig. 9. Ant colony optimization principle

F. User Interface

To communicate between users and document delivering
mobile robot, a user interface is built under a website.
Additionally, an app is also built and deployed on a tablet to
help the receiver get the right document. Suppose that the
document delivering mobile robot is located at arbitrary
position, user will access the user interface call the document
delivering mobile robot (see Fig. 10). When the mobile robot
goes to the user position, user will put the documents into the
stacks and input information of document such as: name of
document, stack number, receiver’s email and room number
that need to deliver the document (see Fig. 11). To ensure the
document is delivered exactly, the information including
password of the document will be sent to receiver
(see Fig. 12). When mobile robot approach to the target, the
user has to input the password to open the stack and receive
the document (see Fig. 13).

Current position
of Mobile Robot

Input Room number for .

calling mobile robot

Call Mobile
robot button

Fig. 10. Calling mobile robot interface

Order
Document name Stack number:

Room number: Email:

Note:

Fig. 11. Input document information interface

Hello,

This is your order information

DOCUMENT NAME: 1

POSITION DOCUMENT: NGAN |

ROOM: KHOA KY THUAT IN VA TRUYEN THONG P.A1-903
MESSAGE: |

PASSWORD: 123

ACS b

Advanced Contral &

Fig. 12. Sending massage to receiver via email

PASSWORD

Fig. 13. Input password to open stack and receive document

IV. SIMULATION AND EXPERIMENT RESULTS
A. Simulation Results

1) Building the Maps in Gazebo

In this section, the Gazebo software is employed to
simulate the SLAM technique to obtain the working map. The
layout is created in Gazebo, which is shown in Fig. 14, and
the mapping process is illustrated in Fig. 15. After complete
scanning, the working map is presented in Fig. 16.

Fig. 14. Layout in Gazebo
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Fig. 15. Map scanning

) d

1]

Fig. 16. Obtained map in Gezabo

2) Simulation ACO Algorithm for ITSP

In this section, the ACO algorithm is applied to obtain the
optimal moving path for the document delivering mobile
robot. The algorithm is simulated in MATLAB with the
parameters illustrated in Table I.

TABLE I. PARAMETERS OF ACO ALGORITHM

Parameters Descriptions Value
Myror Number of iterations 100
m Number of ants 100
a The adjustment coefficient for the effectof 7;; | 1
B The adjustment coefficient for the effect of ;; | 3
p The pheromone evaporation rate 0.1

a) Simulation in MATLAB

In this part, there five cases will be simulated in MATLAB.
Case 1 will simulate for 5 rooms; case 2 will simulate 10
rooms; case 3 will simulate for 15 rooms; case 4 will simulate
for 20 rooms; and case 5 will simulate for 30 rooms that need
to deliver the documents. The ACO is employed to find the
optimal moving path. The genetic algorithm (GA) [58] is also
simulated for the perpose of comparison with ACO method.

e Case 1: The positions of the rooms are shown in Table
Il. Applying the ACO, the optimal moving path is
“Room 1> Room 2->Room 3->Room 4->Room 5->
Room 17 that results in Fig. 16 with the shortest distance
is 3.841 m.

Case 2: Simulation with 10 targets
Case 3: Simulation with 15 targets
Case 4: Simulation with 20 targets
Case 5: Simulation with 30 targets

The simulation results are shown in Fig. 17 to Fig. 26. To
prove the effectiveness of the proposed method, the ACO
algorithm is compared to the GA [58] for determining the
optimal path. The moving path obtained by GA algorithm are
shown in Fig. 17, Fig. 19, Fig. 21, Fig. 23, Fig. 25 and the
moving path determined by ACO algorithm are demonstrated in
Fig. 18, Fig. 20, Fig. 22, Fig. 24, Fig. 26. The traveling cost of
ACO and GA algorithms with 5, 10, 15, 20, and 30 targets are
provided in Table I1l. From the simulation results in Fig. 17 to
Fig. 26, and data in Table Ill, it is obvious that with 5 targets,
two methods obtained the same traveling cost, however, when
the number of targets increase to 10, 15, 20 and 30, the traveling
cost of ACO method is shorter than GA algorithm. Hence, it can
conclude that the ACO method employed in this work is better
than GA algorithm for finding the optimal moving schedule.

TABLE Il. POSITION F THE ROOMS

Rooms X (m) y (m) z (m)
Room 1 -2.0 -2.0 0.0
Room 2 -7.0 -6.0 0.0
Room 3 -7.0 2.0 0.0
Room 4 7.0 3.0 0.0
Room 5 3.0 -2.0 0.0

Optimal Route using Genetic Algorithm (Start and End at Room 1)

Room 4

_> Room 5

-4

_glL @ FRoom2

S I I R
x (m)

Fig. 17. Optimal path planning calculated by the GA algorithm

Optimal Route using Genetic Algorithm (Start and End at Point 1)

40

20

—40

—40 -20 ) 20 40

Fig. 18. Optimal path planning calculated by the ACO algorithm
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Optimal Route using Ant Colony Optimization (Start and End at Room 1)

Room &
2 oom 5

-4

_g} &foomz

x (m)

~

o

y(m)

Fig. 19. Optimal Path Planning calculated by the GA algorithm-10 targets

Optimal Route using Genetic Algorithm (Start and End at Point 1)

Fig. 20. Optimal Path Planning calculated by the ACO algorithm-10 targets

Optimal Route using Ant Colony Optimization (Start and End at Point 1)

40 s
20
o
> 0
-20
-40

—-40 -20 [ 20 40

Fig. 21. Optimal Path Planning calculated by the GA algorithm-15 targets

Optimal Route using Ant Colony Optimization (Start and End at Point 1)

10

40

20

—40

—40 -20 o 20 40
X

Fig. 22. Optimal Path Planning calculated by the ACO algorithm-15 targets

Optimal Route using Genetic Algorithm (Start and End at Point 1)

40

Fig. 23. Optimal Path Planning calculated by the GA algorithm-20 targets

Optimal Route using Ant Colony Optimization (Start and End at Paint 1)

9

-40 =20 o 20 40
x

Fig. 24. Optimal Path Planning calculated by the ACO algorithm-20 targets

Optimal Route using Genetic Algorithm (Start and End at Point 1}

a0

20

Fig. 25. Optimal Path Planning calculated by the GA algorithm-30 targets

Optimal Route using Ant Colony Optimization (Start and End at Point 1)

. N

~20

Fig. 26. Optimal Path Planning calculated by the ACO algorithm-30 targets
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TABLE I1l. COMPARISON BETWEEN ACO AND GA

Number of targets | Traveling cost- GA | Traveling Cost - ACO
5 39.84 39.84
10 3875 306.2
15 500.56 369.32
20 676.8 437.6
30 866.25 519.19

b) Simulation in Gazebo

In this section, the ACO algorithm is also simulated in the
Gazebo software. The layout is shown in Fig. 27, and the
positions of the rooms are illustrated in Table IV. After
employing the ACO algorithm, the optimal path is
determined by following order: Home—> Room 2-> Room
1->Room 7-> Room 4-> Room 3->Home that can be seen in
Fig. 28 and Fig. 29 demonstrates that mobile robot can follow
the optimal path that is computed by ACO. From simulation
results in Fig. 29, it is seen that in the Gazebo simulation
environment, the delivering mobile robot can move exactly
to the rooms in order according to the optimal path.

TABLE IV. POSITION OF THE ROOMS IN GAZEBO

Rooms X (m) y (m) z (m)
Home -4.0 -2.0 0.0
Room 1 -7.0 -6.0 0.0
Room 2 -2.0 -2.0 0.0
Room 3 3.0 -2.0 0.0
Room 4 7.0 3.0 0.0
Room 5 3.0 2.0 0.0
Room 6 -2.0 2.0 0.0
Room 7 -7.0 2.0 0.0

Fig. 27. Layout in Gazebo

Home

Call

Room 4

Home Room 3

Fig. 28. Optimal moving schedule of mobile robot in Gezabo

Robot Path on Map

T
—— Robot Path

Y Position (m)
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-8 -6 -4 =2 0 2 4 6 8|
X Pasition (m)

Fig. 29. Mobile robot moving path in Gezabo

B. Experimental Results

1) Control Document Delivering Mobile Robot

In this paper, the PID control is employed to control the
mobile robots. Two PID controllers are designed to control
the left and right wheels of the mobile robot. The parameters
of the controllers are determined by the trial-and-error
method as follows:

{KP(right) =1.28 {Kp(left) =111
Kl(right) =3.73" KI(left) = 3.77

To prove the success of the PID controller, there are 5
different velocities have been tested and shown in
Fig. 30 and Fig. 31. From these experimental results, it is
obvious that the speeds of both left and right wheels can track
the reference velocities.

Speed of left wheel

X 49 .98
Y 0.29154

Speedof left wheel
03 Setpoint

| X37.25
Y 0.195878

speed (s)

X20.75
Y 0.0956615

L.
X 65.13
Yo

Time (s)

Fig. 30. Speed of left wheel

Speed of Right wheel
035 e —

Speed of right wheel
03 _ Setpoint

X 48.88
Y 0.29154

X39.33
Y 0.195878

|
X238
0.05 Y 0.0956615

Time (s)

Fig. 31. Speed of right wheel
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2) Map Construction

In this paper, a map of 9th floor in the main building of
Ho Chi Minh City University of Technology and Education
is constructed (see the Fig. 32). Mobile robot scans the
working map via LiRDA in Fig. 33 and the obtained map is
presented in Fig. 34. From the results in Table V, it is easily
seen that the obtained map has similar size with real maps and
the accuracy is more than 98%.

SO DO THOAT HIEM VA V| TRI PHONG LAM
VIEC TANG 9 KHOI A1

Layout of 9th Floor-Main Building

o

=) oy
7 K 1

anoTo
o

Fig. 34. Obtained working environment map of 9th floor

TABLE V. THE OBTAINED LENGTH OF THE MAP AND ACCURACY

Values in the obtained Real Accuracy
map (m) values (m) (%)
a 14.4 14.2 98.61
b 6.05 6 99.2
c 2.25 2.23 99.1
d 28.8 28.4 98.61

3) Obstacle Avoidance

For obstacle avoidance, the DWA is applied to control the
delivering mobile robot. The experiments are carried out for
both static and dynamic obstacles. The experimental results
are illustrated in Fig. 35 and Fig. 36. In Fig. 35, two static
obstacles located on the moving path of the mobile robot, and
it is seen that the mobile robot can smoothly avoid these two
obstacles. The moving obstacle is considered in the
experiment (see Fig. 36). It is obvious that the delivering
mobile robot can avoid the dynamic obstacle smoothly.

Fig. 36. Experiment for dynamic obstacle avoidance

4) ACO Algorithm for ITSP

In this section, ACO algorithm is employed to find the
optimal path for the mobile robot in 9™ floor. The 9™ floor of
the main building has seven rooms from Room A1-901 to
Room A1-907 that have the positions in Table VI. Suppose
that the documents need to deliver to the Room A1-901,
Room A1-902, Room A1-903, and Room A1-906. After
solving ACO in MALTAB, the optimal path is shown in Fig.
37 and the order of moving room is shown in Fig. 38.

The experimental results are shown in Fig. 39 to Fig. 44.
From these results, it is seen that the ACO algorithm can
determine the shortest moving schedule for the delivering
mobile robot, and the mobile robot can follow the optimal
schedule exactly in order from Initial position = Room Al-
901=>» Room A1-902=» Room A1-903=> Room A1-906=>
Initial position (see Fig. 44). The experimental results can be
seen in the video via the following link:
https://www.youtube.com/watch?v=FNIPWwnnIPM.
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TABLE VI. POSITION OF THE ROOM IN 9y, FLOOR

Rooms X (m) y (m) z (m)
Room A1-901 -1.0 -8.5 0.0
Room A1-902 -5.0 -2.0 0.0
Room A1-903 -2.0 4.0 0.0
Room A1-904 -6.0 4.0 0.0
Room A1-905 -12.0 4.0 0.0
Room A1-906 -9.0 -2.5 0.0
Room A1-907 -14 -8.5 0.0

ACO
: A ~ Room A1-903
2
£ Room A1-902
c >
2 2 &
3
Q 4
3 Room A1-906 Room A1-901
-6 \
-8
-9 -8 -7 -6 -5 —4 -3 -2 -1

X Position (m)

Fig. 37. Solution of ACO for ITSP in MATLAB

Home

A1-906

Home

Fig. 38. Optimal path of Mabile Robot

Initial position

Fig. 40. Delivering mobile robot moving to Room A1-901

o ==

-""Iﬂ‘t
e .9 j

Fig. 43. Delivering mobile robot moving to Room A1-906

Robot Path on Map

— Robot Path

Room A1-903

Room A1-902
Room A1-901

I -

E: Room A1-906
-4

Y Position (m)

-6

-8

=20 =15 -10 -5 o 5
X Position (m)

Fig. 44. Optimal moving path of the delivering mobile robot on map

V. CONCLUSION

A delivering mobile robot is designed and built in this
study. The ACML and DWA algorithms are proposed to
localize the mobile robot in working maps and avoid both
static and dynamic obstacles. The optimal path with the
shortest traveling distance is determined by applying ACO
and Dijkstra's algorithm. The PID controller is used to control
the left and right wheels and let the delivery mobile robot
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travel to multiple targets. The simulation results in MATLAB
and Gazebo, and the experimental results show that the
proposed method is successful in controlling the delivering
mobile robot. Using delivering mobile robot to replace the
staff will help to save delivery time, reduce incorrect
deliveries, and guarantee the security of the documents.
Additionally, with the wide range applications of Al, in the
future work, the performance of the mobile robot can be
improved by integrating Al/machine learning for path
planning and obstacle avoidance. Besides, in this paper, he
parameters of ACO and PID controller are obtained by trial-
and-error methods, thus, these parameters can be determined
optimally by integrating the optimization methods to improve
the performance of the system.
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