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Abstract

This article presents a positioning solution for a mobile robot system, the Vibot-2 robot, in
the docking problem where the robot must move backwards precisely to the charging
position or the location to pick up the delivery cart (or return the cart) during the execution
tasks. The localization system needs to calculate the robot's posture (including position
coordinates and heading angle) in a fixed coordinate system attached to a fixed station with
an accuracy within an allowable limit. The solution to build a positioning module for the
Vibot-2 robot uses a stereo camera in combination with AprilTags mounted on a locator
plate fixed at the station. Compared with the previous positioning solution applied to the
Vibot-2 system, the proposed solution in this article changes the camera type and fiducial
tag layout. Experimental results show that the new solution helps to increase the field of
view of the positioning module by 30%, increase the measurement accuracy by more than 4
times in term of the average error in the horizontal axis, and at the same time, reduce the
rate of measurements with errors outside the allowable limit in term of position by more
than 1.5 times and in term of heading angle by more than 2 times.
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1. Introduction

Nowadays, mobile robots are widely used in manufacturing factories, smart
warehouses, performing goods transportation tasks to help businesses improve
production efficiency and reduce labor costs. In the medical field, mobile robots are
used to transport food, medicine, and necessities to patients [1-3]. In Vietnam, during
the Covid-19 pandemic, the Vibot-2 autonomous mobile robot system was used to
deliver food to patients in isolation areas, helping to reduce the risk of cross-infection
for medical staff [4].

In the transportation problem, an important function for mobile robots is the
ability to automatically approach the stations. The docking problems can be
automatically returning to the charging station when the robot completes the task or its
battery is low. It can also be automatically moving to the location where the delivery
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carts are located (for example, carts of food, medicine or necessities...) to pick up or
return the cart at a specified point. The requirements for positioning problems for
mobile robots in these tasks are the need for high accuracy and reliability.

The commonly used positioning solutions for mobile robots mostly use the system
of landmarks fixed at the station and combined with observation and measurement
devices mounted on the robot. These devices can be Lidar sensors or cameras.

The approaches using Lidars [5, 6] are implemented with a combination of a laser
scanner and a specially shaped shield (e.g. the V-shape) for dissection the reference
position that the robot needs to reach. This solution is often used in the docking problem
where the robot automatically returning to the charging station. But it is not effective in
the case of automatically approaching the cart stations because the laser beam is
partially blocked by the legs of the cart that causes the loss of input information, thereby
reducing the reliability of the positioning measurement.

Using a combination system between cameras and fiducial tags is also a widely
applied solution in the docking problem of mobile robots [7-9]. This option has the
advantages of low cost, high stability and less affected by changes in lighting
conditions. There are many locating techniques using fiducial tags which have been
synthesized and compared in [10]. Among them, AprilTags are one of the most
commonly used positioning tags in indoor and outdoor applications with the ability to
calculate positioning for a fully six degrees of freedom pose. AprilTags were first
introduced in 2011 [11] and later enhanced with different libraries, AprilTag 2 [12] and
AprilTag 3 [13].

In most robotic applications using cameras and fiducial tags, the localization
system consists of only one camera and one fiducial tag (or a bundle of tags) affixed as
a reference frame for the mobile robot. Besides, there are rarely any studies that show
actual measurements and specific assessments of the stability and accuracy of the
localization system when changing the experimental setups (e.g. changing the camera
angles and distance between camera and fiducial tag or changing the number of fiducial
tags,...). In our previous work [4], we also used a measurement system which consisted
of one camera and one fiducial tag bundle of 5 small AprilTags. Although the robot
system had succeeded in performing the docking tasks, however, after re-evaluating this
solution, we got quite poor results (especially in position estimation) which will be
shown later in the following section). Therefore, we propose a solution of using a
system of multiple cameras in combination with the AprilTags and give initial results
with a stereo camera to evaluate the reliability and accuracy of the localization module
under different experiment setups: changing the size and the number of the fiducial tags
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(in a tag bundle) as well as changing the relative poses between the stereo camera and
the AprilTags-attached frame.

The article is organized as follows: Section 2 briefly presents the mobile robot
studied in the article. The pose estimation algorithm is detailed in Section 3. The
experimental results are described in Section 4.

2. The Vibot-2 robot and its positioning module in the docking problem

Figure 1 shows the Vibot-2 robot which is an intelligent autonomous mobile robot
capable of self-mapping, navigating, and avoiding static and dynamic obstacles. These
robots are used in isolation areas with high risk of infection to replace medical staff in
transporting food, medicine, necessities, collecting waste and supporting remote
medical examination via video call. Each Vibot-2 robot is equipped with appropriate
actuators and sensor systems.

The docking problem of the Vibot-2 robot is shown in Fig. 1a and 1b. In both
cases, the positioning module uses a fixed plate with a size of 30 x 30 cm with a bundle
of five AprilTags which as a reference point (the tag bundle is printed on a white paper
with size of 22 x 22 cm, each small tag has the size of 5 x 5 ¢cm), a camera with 90°
FOV is centrally mounted on the rear of the robot lower base. The robot will move
backwards continuously and will automatically stop when the proximity sensor mounted
under the robot rear touches a metal plate installed on the stop barrier at the charging
station (or at the cart station).

(b)
Fig. 1. The Vibot-2 robot is going backward to a station:
(a) Approaching the charging station; (b) Approaching the food cart pickup location.

The Vibot-2 robot has a structure (2,0), two main driving wheels are fixed wheels
mounted on both sides in the middle of the robot base (Fig. 2). The robot moves in term

of the linear and angular velocities (V, ).
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Fig. 2. Robot kinematic model in the docking problem.

In the docking problem, the positioning module calculate the relative pose of a
fixed coordinate system attached to the camera center point C with respect to the fixed
coordinate system attached to the center of the bundle fiducial tags.

The robot kinematic model can be expressed in term of the coordinates of point C
and the robot heading angle as follows:

% =V sin(8)—bawcos(6)
2. =V cos(0)+bwsin(0) (1)
O=w

In the docking problem, the linear velocity V has negative values (the robot moves

backward toward the fiducial tags). In the ideal case, this process of going backward
will be stopped when the robot base moves to a position where we have

(xc #0,z. =d, @~0). In practice, the constraint conditions for the robot's posture in
the stationary position need to satisfy the following constraint:
X | < A max
z. =d (2)
6] <A
These conditions impose a requirement on the accuracy of the position estimator
based on the camera system and the fiducial tag with the error to be less than the

allowable limit in term of distance A, ., and heading angle A Constraint on the z

fmax

Omax *

coordinate is satisfied by using the proximity sensor mounted under the rear of the robot
base. In the case of the Vibot-2 robot, the two limits are A, =5cm and A, =5°.

Omax
48



Tap chi Khoa hoc va Ky thudt - ISSN 1859-0209

[ 4]

Fig. 3. Validate the positioning module of Vibot-2 robot.

To evaluate the accuracy and reliability of the applied positioning module of
Vibot-2 robot, we carried out an experiment to collect measurement data of (x.,z,0)
at different poses. To change the relative angle between the tag coordinate frame and
the coordinate frame attached to the camera center point C, we move the station as
shown in Fig. 3 while fixing the the robot base angle. The measurements were
performed as follows: at different distances in z-axis, we change the coordinate in x-axis
and change also the robot heading angle. Total 157 different poses were measured at

z,=(05081214,16)m, x,=(-0.8:02:08)m and 6=(-30°:10:30°). In
Table 1, we show the average errors at two close distances z, =0.8m, z, =0.5m. We

also show the measurement ratios that have the errors falling outside the limit range in
term of horizontal distance and heading angle.

Table 1. Invalid measurement ratios and average measurement errors at close distances

Case Invalid Invalid Average Average
measurement | measurement errors at errors at
with with z, =0.8m z, =05m
le,|>5cm le,| >5°
Appli g =11.9242cm | g =7.5108cm
o eg 87 55779 | 2 ~2866% | '
method | 157 157 g, =195° g, =1.9246°

It can be seen that the applied positioning method has quite good performance in
term of heading angle. However, the accuracy in x coordinates is low, much greater
than the limit of 5 cm. Besides, the invalid measurement percentages in term of x
coordinates as well as heading angle are quite large. Therefore, it is desirable to come
up with a new positioning module that can provide better accuracy and reliability.

3. Positioning module using multiple cameras and AprilTags
3.1. Solution using one camera

The positioning module uses the tool package "AprilTags_Ros" [14] to calculate
the relative pose between the fixed coordinate system attached to the fixed AprilTag (or
49
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a bundle of tags) with the coordinate system attached to the camera (see Fig. 4).

Fig. 4. Localization solution using one camera.

A transformation matrix can be used to represent the pose of the fiducial tag with
respect to the camera coordinate frame:

Cam R Cam P
Cam TT — |: T T :| (3)
0.5 1

where “"P; is the position vector and “"R; is the rotation matrix. These two terms are
computed by the AprilTag_Ros tool.

Since the coordinate frame attached to the AprilTags (the tag-frame) is fixed in
space, it is more convenient to represent the coordinates and orientation of the camera
with respect to the tag-frame:

T R T P
T TCam — Cam Cam ( 4)
0p.3 1
where
T RCam — Cam R-Fl 5
T PCam — __Cam R-l_—l Cam PT ( )

The package Apriltag_Ros use quaternion coordinates to represent the rotation

between two coordinate frames. The rotation matrix "R, can be expressed in term of

Cam

a quaternion vector q =(qo,ql,q2,q3) [15]. However, it is more convenient to use the

Euler angles to represent the rotation between the camera frame and the tag-frame. In
this article, we use Euler angles with order of ZYX and the rotation angles can be
computed via quaternion coordinates as follows:

w =atan2( 20,0, + 20,05, 20; —1+ 207 )
0 =—asin (20,0, — 20,0, (6)
¢ =atan2 (20,0, + 20,0, 205 —1+ 207 )
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where the angles ¢, 0, are the angles of the rotations about the X;,Y;,Z; axes,
respectively.

Given the condition that the two axes in the Y direction of both coordinate frames
are parallel (Y., Il'Y; ), the angle @ is also the robot heading angle in the tag-frame.

3.2. Solution using multiple cameras
To increase the reliability of the measuring system, one efficient method is to

increase the number of the cameras. Let us consider a system consists of m cameras and
one locator plate with one or a bundle of AprilTags. These camera can be mount at
different positions on the robot base so that they can capture the AprilTags at different
angles and cover a larger range.

Tr

-

Tag-frame M
X

zZ Zy g

ROBOT BASE ¥,

Fig. 5. Localization solution with multiple cameras.

It is necessary to have a reference point C and a reference coordinate system <C>
attached to C in order to define the robot pose with respect to the tag-frame <T> Fig. 5
shows an example of the system.

The i-th camera has one coordinate frame (C;) attached to its center point. The

transformation matrix that defines the relative pose of the i-th camera with respect to the
reference coordinate frame (C) is known:

c _CRi CPi
Ti{o 1} (7)
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Using Apriltag_Ros, one can compute the relative pose between the tag-frame and
i-th camera frame (i = 1, 2,.., m). In other words, the following transformation matrix
is known:

i-I—T :|: IzT I;-)T:| (8)
Thus, we have:

TTC:TTiiTC:|:iR;1 _iR;liPT}{cRi—l _CRi_lcPi:|
0 1 0 1 9)
TRc,i TPc,i (
1o

where

T RC,i _ iR;l CRi—l (10)
and

"R, =~R(R7P + P, e

From equations (9) - (11), the relative pose of the tag-frame <T> with respect to

the reference frame <C> are determined from a camera. This results in a set of m

possible poses measured from m cameras. Finally, the pose of the robot can be
computed as the average sum of this set of poses as follows:

Tpcz_i%iR;l(cRi—lcPi+iPT) (12)
i=1
0=310 (13

where yi(i :1,2,...,m) is the confident weighing coefficient of the i-th camera that
satisfies the condition:

VitV +oty, =1 (14)
and the angle 6,(i=1,2,..,m) is computed by applying equation (6) for the rotation
matrix "R, in (12). Assigning the coefficients to each of the cameras provides us a

flexible solution to tune the localization system in practice.

In term of positioning, it is also possible to compute the position vector of the
robot in the tag-frame by the means of least square method. By re-writing equation (11):
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'R, P =—(°R* P +'Py) (15)
we can formulate a system of equations as follows:
B Cp-1c¢C 1 7
711RT 71( R, "P + PT)
2 Cp-1C 2
V2 ‘RT P, = 72( R, .P2+ PT) (16)
Rl R,
or
M'P, =Q 7
where
IR 7 (ORI P+ ) |
2 Cp-1C 2
M: 72.RT ,Q:— 7/2( RZ .P2+ PT) (18)
}/mmRT ym(CR;L CF)m_'_mF)T)J
The solution for (17) is given by:
T P.=M"Q (19)

with M™ is the pseudo-inverse of matrix M.
3.3. Solution using one stereo camera

In this section, we present the solution of using a stereo camera, which is the
Zed2i camera [16] with a large field of view (120° FOV). Fig. 6 shows the new camera
which is mounted right above the old camera on the robot rear.

Fig. 6. Camera mounting position on the robot rear.
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The stereo camera system is depicted in Fig. 7 with the coordinate frames (L) of

the left camera and (R) of the right camera. Point C is the middle point of the two

cameras, dividing the line between the two cameras into two segments with a length of
d. The Zed2i stereo camera has a baseline of 12 cm, thus d =6cm.

Since the left camera eye and right camera eye are positioned symetrically with
respect to the reference point C, the confident weighing coefficients are selected as

1 . : : .
Y. =7x =3 In this case, equation (12) is chosen to compute the position vector for

faster calculation.

The relative pose of the robot with respect to the tag-frame can be computed
as follows:

TPC :_%LRTI(CRLl CPL_'_LPT)_% RR;l(CREl CPR+RPT) (20)
9=%(0L+9R) (21)

where subscriptions L, R denote the terms related to the left and right camera eyes
respectively and

1 0 O
‘R, =°Rg=rot(x,7)=|0 -1 0
0 0 -1
d d (22)
°P.=| 0 |,°P,=| 0
0 0

AprilTag

Zr
o) d Yo
D Y
Z, Xc -~
YL ¢
Xr
Stereo Camera

Fig. 7. Coordinate frames of the Zed2i camera and the reference AprilTag.
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Fig. 8. Calculation of robot pose in the tag coordinate frame.

The rotation matrices “R,, R, as well as the position vectors “P.,"P. are
computed by using Apriltag_Ros tool. The angles 6, 6, are computed from the two
rotation matrices "R, and "R, , respectively with:

T RC’L — LR-Fl CRzl
T RC’R — RR-|_—1 CR;
The procedure for calculating the robot pose in the tag coordinate frame is shown

(23)

in Fig. 8, in which the calculations of position of point C - Eq. (20), and heading angle
- EQ. (21) are performed in the “Pose calculation” block.

4. Experiment results

To be able to evaluate the efficiency of the new positioning module,
measurements were made with the Zed2i stereo camera and Apriltag locator plate at
different poses and with different arrangements of the AprilTags on the locator plate.
Four measurement cases are carried out with respect to four different arrangements of
the AprilTags mounted on the locator plate. Figure 9 shows the setup for the
experimental measurements. It is to be seen that the performance of the camera-tag
based localization system is depent on:

- The number of fiducial tags in a tag-bundle attached to the locator plate.

- The size of the fiducial tags.

- The relative actual poses (in both position and orientation) between the camera
frame and the tag-frame.

Experiments were measured in a uniform light environment, all measuring devices
were placed on a table surface with dimensions of 2.2x1.6 m. The AprilTags are

printed on a white paper with a maximum size of 30x30 cm (the same size as the
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locator plate of the Vibot-2 robot). We fix the locator plate dimension and change the
fiducial tag layouts in four different cases.

The size of the AprilTag in case 1 is 9.6x9.6 cm, in case 2 is 15x15 cm and in
case 3 is 8x8 cm(a bundle of 3 tags arranged in an equilateral triangle). Case 4 is
similar to the case 3 but the tag size is 15x15 cm. The ZED2i stereo camera is mounted

on a degree scale and placed in a predetermined position on the table plane, the center
of the camera is placed 11 cm below the center of the tag.

© (@
Fig. 9. Experiment setup: (a) Case 1 - tag size 9.6x9.6cm; (b) Case 2 - tag size 15x15cm ;

(c) Case 3 - bundle of tags, tag size 8x8cm ; (d) Case 4 - bundle of tags, tag size 15x15cm.

The AprilTag detection algorithm is run on a computer with ROS Neotic installed.
The computer has a CPU Intel i7-10710U 1.1 - 4.7 GHz with 6 Cores, 16GB RAM. The
measurement module has an output rate of 25 Hz which is very closed to the output rate
of the positioning module that ran on the Vibot-2 robot.

At each experimental location, the camera will be rotated on the degree scale and,
at the same time, moved along two coordinate axes on the plane, recording the value in
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term of (x, z, 8) (see Fig. 7 for the definition of coordinate systems associated with the
camera and the fiducial tag).

The selection of the measurement poses is as follows: Each time the locator plate
Is measured, it is moved along the z-axis by 0.2 m and in the x-axis by 0.1 m. At each

(x,2) coordinates of the locator plate, rotate the stereo camera to angles from -50° to

50° in 10° divisions per rotation. The measurement range in the z-axis is chosen to be
(0.4 m = 1.6 m). The selected x-axis measurement range is (-0.5 m + 0.5 m). At each
measurement point, the absolute value of the error in x coordinate and direction angle is
calculated and displayed on a 3D graph.

The number of measurements in case 1, case 2, case 3 and case 4 are 232, 164,
157 and 150, respectively. Fig. 10 shows the 3D results of measurement absolute errors
where the markers “o” represent the valid measurement at each coordinate (x, z), the
points marked "x" represent the measurement where the error does not meet the required

accuracy of the problem.

Measurement performance statistics are shown in Table 2, which lists information
on the percentage of invalid measurement points and average accuracy in the region of
close proximity between the camera and the locator plate.

The results in these experiments with the new measuring solution are much better
than the old measuring system of Vibot-2 (which are shown in Table 1). In term of
positioning, the accuracy has increased by more than 4 times. In term of estimating the
heading angles, the accuracy is better at close range between the camera and the locator
plate. Furthermore, the new method helps to increase the reliability of the measurement
and reduce the invalid measurement percentage by more than 1.5 times in term of
position and more than 2 times in term of heading angle.

Table 2. Results of invalid measurement ratio and average accuracy in the region of close proximity

Case Invalid measurement | Invalid measurement | Average errors Average errors
with with at at
le,|>5¢cm le,| >5° z,=0.8m z,=04m
€, =3.4649cm €, =2.0442cm
1 84 36.2% 21 9.05% g -
232 232 e, =2.3544° g, =0.9544°
55 16 €, =2.8872cm €, =1.1958cm
2 — ~33.53% — =9.75% B =
164 164 e, =2.1917° g, =0.7662°
51 15 €, =3.0267cm €, =1.3947cm
3 = ~32.48% =~ ~9.55% 7 7
157 157 g, =2.0873° e, =0.8558°
61 13 €, =3.3683cm €, =1.4941cm
4 —— ~40.67% — ~8.67% - -
150 150 g, =1.9610° g, =0.7593°
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Fig. 10. Experiment results in case 2 with one AprilTag with size 15 x 15 cm.

From the results in Table 2, the tag solution in case 2 gives us the best
performance. From these results, we can give some remarks as follows:

- The reliability in measuring heading angle is much higher than the reliability in
measuring position in the x-axis (in the 4 cases, the invalid measurement percentage in
term of heading angle is less than 10%, meanwhile, the invalid measurement percentage
in term of position along x-axis is greater than 33%).

- Increasing the tag size will increase the accuracy (the average error in case 2
with one tag of size 15x15cm s smaller than case 1 with one tag of size 9.6 x9.6cm).

- Changing the number of fiducial tags may change the accuracy; however, from
the four cases, it still does not clearly show whether increasing the number of tags will
increase the accuracy (the accuracy in case 3 with a bundle of three tags of size
8x8cmis better than case 1 with only one tag of size 9.6x9.6cm, but the accuracy in
case 4 with a bundle of 3 tags of size 15x15cm is worse than the case 2 with only one
tag of size 15x15cm). This means that, in the case of a bundle of tags, the accuracy
also greatly depends on the arrangement of the tags.

- At farther distances, the accuracy is reduced. This effect is, in fact, similar to
when we increase the tag size.

- The average errors are small in the region of close proximity between the camera
and the locator plate. This shows the high reliability of the AprilTag-based positioning
solution at closer ranges.
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5. Conclusion

The article presented a positioning solution for mobile robots in the docking
problem with a system of one stereo camera and AprilTags. The proposed approach can
be applied to a general measuring system that consists of several cameras. The initial
results in the case of using a stereo camera show great improvements in terms of
accuracy and reliability when comparing to the previous applied positioning method on
the Vibot-2 mobile robot.

The new localization system presented in this article gives fairly high confidence
in term of the average error of the measurements. However, there is still a large
proportion of unsatisfactory measurements. Therefore, it is necessary to find a solution
to reduce this ratio to improve the reliability of the localization system. Note that in this
work, we only change the hardware components which are using a stereo camera and
with a different fiducial tag layout (in term of tag number and tag size). Besides, all of
the experiments are carried out at static poses. In fact, the failure measurement ratio is
greatly increased when the robot is moving.

In future works, we will study the core algorithm of the "Apriltag Detection™ tool
to improve the quality of input image processing, especially in cases where the camera
has unfavorable poses (e.g. at large rotation angles) with respect to the locator plate or
when the robot is in motion. At the same time, we also try out different tag layouts by
changing the tag number and combinations to further evaluate the effects they have on
the performance of the positioning module.
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Tap chi Khoa hoc va Ky thudt - ISSN 1859-0209

NANG CAO CHAT LUONG PINH VI TRONG BAI TOAN TIEP CAN
TRAM DUNG CUA HE THONG RO BOT VIBOT-2

Nguyén Pinh Quan?, Tran Qubc Huy"
8Khoa Hang khong Vii tru, Truong Dai hoc Ky thudt Lé Quy Dén
bTru"dng BPai hoc Tran Pai Nghia

Tém tit: Bai bao trinh bay mot giai phap dinh vi cho mot hé thong rd bét di dong,
Vibot-2, trong bai toan tu dong tiép can tram dimg. Trong do, rd bt phai di chuyén 1ui chinh
xac dén vi tri sac hodc vi tri léy xe (hoac tra xe) cho hang trong cac tic vu thuc thi. H théng
dinh vi can tinh toan tu thé coa ro bt (bao gém toa do vi tri va goc hudng) trong mot h¢ toa do
¢ dinh gin véi tram ding v6i do chinh xac nam trong mot gidi han cho phép. Giai phap xay
dung mo dun dinh vi cho ré bdt Vibot-2 sit dung mot stereo camera két hop véi thé dinh vi
AprilTag dan trén mot tAm chén dinh vi dat ¢6 dinh tai tram dung. So véi phuong an da trién
khai trude day trén hé thdng Vibot-2, giai phap d& xuat trong bai bao nay thay ddi Iya chon loai
camera va két cu thé dinh vi. Két qua thuc nghiém cho thiy giai phap méi gitp ting 30%
truong nhin cia mo dun dinh vi, tang d chinh xac ctia phép do hon 4 lan vé sai sd trung binh
theo truc ngang, dong thoi giam ti 18 phép do c¢b sai sd ngoai gidi han cho phép vé mit vi tri
xudng hon 1,5 1an va vé mat goc huéng hon 2 lan.

Tir khéa: Pinh vi; AprilTags; rd bot di dong; tiép cin tram dimng.
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