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Self-mobility electric wheelchairs are very useful for people with disabilities,
so they can move without help in indoor environments. To create one self-
mobility electric wheelchair, modern methods for control such as computer
vision and machine learning can be applied. In particular, this electric
wheelchair can move from any position in the indoor environment to the
desired destination. For accuracy, natural landmarks are used and the
navigation of the wheelchair is determined using a Q-learning reinforcement
learning algorithm. In particular, this algorithm is applied to find the best path
for the wheelchair to reach the destination. The article proposes a method to
build one 2D grid map for wheelchair movement based on natural landmarks
in the indoor environment. The new point of this method is that the position
of the wheelchair can be accurately determined from a certain landmark
instead of many landmarks applied in traditional methods. Some practical
experiments were performed to illustrate the effectiveness of the proposed

method in the indoor environment. This proposed method can be developed
in more complex environments with natural landmarks.
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1. INTRODUCTION

In recent years, smart wheelchair systems have been developed to assist people with disabilities [1]-[3].
Researches often focuses on three main areas: i) improvement of assistive technology; ii) improving physical
user interface; and iii) improving control sharing between user and machine. A smart wheelchair can assist the
elderly or severely disabled people during movement without help. This assistance significantly improves their
life quality. Moreover, wheelchairs are designed to be able to make navigational decisions during movement
of disabled people. Another research is that wheelchairs can help users move from one position to another one
based on a map. In particular, the first stage of the mobility planning process is positioning to determine the
coordinates of the wheelchair in 2D or 3D space. The second stage is to define and represent the movement
trajectories for each different space suitable to each application. The final stage is navigation, in which the
wheelchair can be manipulated to move based on current position. These three basic stages are the necessary
steps in the self-propelled wheelchair to make independent movement without any assistance [4].

One of the most important problems of self-propelled wheelchairs is the positioning process. This
problem is to determine the current position of the wheelchair in space. Positioning methods for wheelchairs or
robots include: i) relative positioning (local positioning) of the wheelchair’s position relative to the initial position.
The advantage of this method is the fast computation speed without other information about the description of the
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moving space; ii) absolute positioning (global positioning) of the wheelchair’s position based on the global
coordinate system through descriptions of the moving space; and iii) probabilistic positioning by combining both
relative and absolute positioning methods to increase accuracy. Each method has its own advantages and
disadvantages and is applied in different applications [5]. In the positioning algorithm, information about the
surrounding environment needs to be collected accurately dependent on the sensor type.

Ultrasonic sensors were used first and most commonly in positioning for robots or electric wheelchairs [6].
With this type of sensor, the distances from the wheelchair or robot to the surrounding objects are continuously
collected during movement. Therefore, these distances are calculated to find out which points lie on a straight
line and compared with the available map for calculating the current position of the wheelchair or robot.
However, this method is only used to identify large objects in the same plane with the sensor beam.
Furthermore, the errors of methods using ultrasonic sensors are large and highly dependent on the number of
sensors placed around the wheelchair or robot. Laser sensors have been used to replace ultrasonic sensors in a
number of distance measurement applications [7]. Moreover, the laser sensors have a larger measuring range
than that of the ultrasonic sensors and a higher resolution. However, ultrasonic or laser sensors cannot recognize
landmarks and this is one of the major challenges in the positioning process. Therefore, it is necessary to use
another type of sensor capable of collecting more different types of information such as a camera system [8].

Image sensors and image processing methods are being widely used for the localization of mobile
platforms in natural environments with different landmarks. In practice, it is possible to create artificial
landmarks in the dynamic environment for the robot to reach the desired destination [9], [10]. In the studies
for mobile robots based on landmarks [11], [12], the robots can be designed to move in the natural environments
with landmarks such as lights on the ceiling. With environments without dynamic structures such as industrial
areas, offices, universities, where there are many natural landmarks, mobile robots can position themselves to
move based on 3D data [13]. Chai et al. [14] introduced a method to localize mobile robots by identifying
straight lines and uniform colors in a natural environment. In this environment, with characteristic regions, the
method was applied to identify objects with natural landmarks for their orbits.

To detect objects in the image, the sub regional method was used for the recognition using the Sliding
Window method [15], [16]. In addition, region proposal (RP) method has been applied to detect objects in
images in recent years [17], [18]. This method can process an image to create bounding boxes corresponding
to all patches as objects. Furthermore, RP can allow processing objects in an image with noise or overlap to
produce proposed objects which are very close to the actual objects in that image. Therefore, the proposed
object regions are classified based on the large density of features at the positions of the objects in the image,
where the adjacent regions are grouped based on several characteristics such as color or texture. It is obvious
that, thousands of proposed regions are rearranged to reduce the number of objects in the image [19]-[21].

Currently, the strong development of image processing algorithms possibly allows to determine
distances from the camera systems installed with robots to objects through geometric projections from 3D
space to 2D space and inversely [22]-[26]. The application of identifying natural landmarks to the positioning
process has become increasingly popular in recent years. This paper proposes a positioning system based on
natural landmarks and a camera system for an electric wheelchair navigation in the indoor environments to
determine the wheelchair’s position on a 2D grid map. In particular, landmarks are detected during navigation
and then calculated to show the wheelchair’s position and orientation on the map. The Q-learning algorithm is
applied to provide a route so that the wheelchair can safely reach the desired destination. The structure of the
article is as follows: section 2 represents the proposed method for positioning the wheelchair on one 2D grid
map based on natural landmarks; in section 3, the experiments were performed and discussed about the
obtained results; and section 4 provides conclusions about the proposed and the experimental results.

2. METHOD

In this study, a landmark system is built for positioning the electric wheelchair in a 2D grid map for
navigation. In particular, the positions of natural landmarks are determined and stored in a database for
positioning the wheelchair based on the cells in the 2D grid map and its coordinates. It means that directions
will be determined for wheelchair mobility.

2.1. The system of natural landmarks

Images with natural landmarks often contain many features. Therefore, when a wheelchair installed
with a stereo camera system for detecting similar landmarks in the real environment during movement is
necessary. In particular, only the selected natural landmarks have the best outstanding features similar to those
of the landmarks in the databased [19]. With the selected landmarks as shown in Figure 1, their location
information will also be stored in the database to serve for the process of positioning the moving electric
wheelchair. During the wheelchair's movement in the real environment with previously selected landmarks, if

Indonesian J Elec Eng & Comp Sci, Vol. 31, No. 1, July 2023: 115-125



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 a 117

the camera detects these landmarks, it will provide information about the location of the landmark relative to
the camera position as shown in Figure 2. Furthermore, the distance from the camera to the detected landmark
will be calculated under suitable lighting conditions. From Figure 2, the distance d from the camera center to
the center of the landmark is calculated as:

d=.x.2+2z,2 Q)

in which z, is the distance from the camera to the plane containing the landmark, with the spatial coordinate
(OXY2Z), xa is the deviation of the landmark center to from the camera center, where the far value x.>0, if the
landmark is the right side of the camera and x,<0 if the landmark is the left of the camera.

Figure 1. Samples of landmarks in the indoor environment

Figure 2. Coordinate system of the RGB-D camera

2.2. Positioning the electric wheelchair in one 2D grid map

Figure 3 shows the OXY coordinate system in the 2D plan and the camera coordinate system O’ X’Y”.
To know the position of the wheelchair in the 2D plane, the information from the camera’s O’X’Y” coordinate
system needs to be converted to the OXY coordinate system. Furthermore, (Xwm,Ywm) is the coordinate of the
landmark in the 2D plane and is usually determined based on landmarks.

In this article, the position of the wheelchair in the 2D plane according to the OXY coordinate system
is calculated in 4 cases as described in Figures 3(a)-3(d) as follows:
—  The direction of the landmark is Up in the 2D grid map shown in (2):

Xw =Xy — Xq
YW:YM_ Zq (2)

—  The direction of the landmark is Down in the 2D grid map shown in (3):

XW = XM + xa
YW = YM + Za (3)
—  The direction of the landmark is Right in the 2D grid map shown in (4):

Xw =Xy — 24
YW=YM+xa (4)
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—  The direction of the landmark is Left in the 2D grid map shown in (5):

X=Xy + z,4

Yw =Yy — x4 ®)
in which (Xw,Yw) is the coordinate of the wheelchair in the OXY plane; (Xwm,Ywm) is the coordinate of the
landmark in the OXY plane; xa is the deviation from the center of the camera to that of the landmark; z. is the
distance from the center of the camera to the plane containing the landmark.

After obtaining the position of the wheelchair in the OXY plane, the wheelchair position in the 2D
grid map will be determined. Assuming that a 2D grid map as shown in Figure 3(e) has the size of each cell
(axa) and its origin (0,0) is at the top left corner, the position of the wheelchair (Xg,Yg) in the 2D Grid map is
calculated using the following (6):

X; =n—round (YTW)

6)
» (
Y; = round (TW) -1
in which n is the total number of cells along the vertical axis of the 2D Grid map.
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Figure 3. Positions of the wheelchair with four directions: (a) up direction of landmark, (b) down direction of
landmark, (c) left direction of landmark, (d) right direction of landmark, and (e) the 2D grid map and in the
OXY plane

2.3. Navigation of the electric wheelchair based on natural landmarks and Q-learning

Figure 4 depicts a real wheelchair control model based on the Q-learning method and landmarks. In
this model, the wheelchair will be positioned on the 2D grid map through the landmarks, including the position
and orientation of the wheelchair. Only the wheelchair position is calculated in Q-learning for determining the
movement route and producing specific actions for the wheelchair’s state. The wheelchair’s direction d relative
to the 2D grid map origin will feed into a block for converting the predicted activities from the Q-learning a
(Up, Down, Left, Right) into actual actions for the wheelchair’s movement ay (forward, backward, left—
forward, right—forward) because the electric wheelchair is not an omnidirectional control model [27].
Specifically, for a starting point and a destination point on a 2D grid map, the Q-learning method will produce
a series of actions. These actions will be converted into actual actions and sent to the controller. Thus, the
wheelchair can move along an optimal route from the starting position to the destination position.
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Figure 4. A real wheelchair control model based on Q-learning

Q-learning is the reinforcement learning policy that will find the next best action based on the current
state [28]. In particular, it randomly chooses an action to maximize rewards. Furthermore, Q-learning is the
reinforcement learning method without a model and off-policy, but it can find the best action direction based
on the agent’s current state. This means that it depends on the agent’s position in the environment and the
algorithm will decide the next action to work out. In addition, Q-learning is the learning algorithm based on
the updated value function of the Bellman equation, in which the value, called Q, is calculated using the as
shown in (7):

Q(s,a) =r(s,a)+y max Q(s',a) @)

in which Q(s,a) is the Q value when performing action a at the state s; r(s,a) is the received reward; s' is the next
state, y is the discount factor, ensuring that the far away from the destination, the smaller the Q value.

From (7), a state-action matrix Q can be created as a lookup table. Therefore, each agent state only
needs to find the action with the largest Q value. However, the Q value before and after the action will be
different, and this difference is called the temporal difference (TD) [29] and is described as (8):

TD(s,a) =7(s,a) +y maxQ(s',a) = Qr—1(s,@) ®)

Thus, with the times the agent performs actions, Q(s, a) will gradually converge and this process is
Q-learning. Therefore, the matrix Q needs to update the weights based on TD using the shown in (9):

Qt(S: a) = Qt—l(si a) + aTDt(SJ a) (9)

in which « is learning rate.

3. EXPERIMENTAL RESULTS
3.1. Results of identifying landmarks

Figure 5 represents the identification of four landmarks types of images containing landmarks such as
Figures 5(a)-5(d) matched with landmarks stored in the database and Figures 5(e)-5(h) are the resulting images
with the identified landmarks (the red rectangular borders) in the indoor environment. The yellow lines show
the connection between the feature points of the two landmarks in these figures. To evaluate the landmark
identification performance, one can be based on the number of matching features and non-matching ones and
the accuracy and error rate are calculated using the following (10) and (11):

TF

Re = ¢ X 100% (10)
SF-TF

Ry = T X 100% (11)

in which SF is the number of feature points of the identified landmark, TF is the number of feature points
matching with the feature points of the defined landmark, R; is the accuracy rate, and Ry is the error rate of the
landmark identification process.
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Figure 5. The representation of 4 different types of landmarks identified based on the landmarks stored
in the database: (a) matching features of landmarks 1, (b) matching features of landmarks 2, (c) matching
features of landmarks 3, (d) matching features of landmarks 4, (e) landmark 1 identified, (f) landmark 2
identified, (g) landmark 3 identified, and (h) landmark 4 identified

Table 1 shows that landmarks with many features (large SF) give an accuracy rate of more than 90.
Meanwhile, landmarks with few features (small SF) have large identification errors (Rf>10). This indicates that
the accuracy rate of landmark identification with maximum feature density is better than that of landmarks
containing few feature points. In addition, Table 1 shows that the average processing time is 304 ms and this
proves that the electric wheelchair and the camera system can detect landmarks during movement with high
accuracy and short detection time. Once the landmark has been identified, the position information of the
landmark is also provided from the collected database, serving the process of positioning the wheelchair.

Table 1. Accuracy of the identified landmarks using the SURF method
Identificationtime (ms) SF TF  Rt(%) Rf(%)
Figure5(@) 3706 206 190 92.2 7.8
Figure 5(b) 3204 64 58 90.6 9.4
Figure 5(c) 296.9 18 13 72.2 27.8
Figure5(d) 2280 30 26 867 13.3
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3.2. Determination of the wheelchair position based on landmark

Figure 6 depicts the accuracy of measuring the distance from the camera to the landmark. In this
research, different landmarks were used for identification and distance measurement at different positions to
demonstrate the accuracy of the proposed method. In particular, firstly the landmarks were horizontally placed
at the same positions with the camera and then the positions of the landmarks were vertically changed. In
Figure 6, the blue line represents the positions of the landmarks in the real environment and the red line
represents the absolute error from the measurement. It is obvious that the horizontal distance measurement has
a small error within £1.2 cm. Next, the landmarks are horizontally placed at a distance of 40 cm from the
camera and then change its position vertically. With this experiment, the deviation of the measured distance
increased to +2.8 cm. However, this deviation is not too large and can be acceptable.

Figure 7 shows the absolute error of the distance measurement from the camera to the landmark with
different vertical distances. In Figure 7, the blue line represents the positions of the landmarks in the real
environment and the red line represents the absolute error from the measurement. From this result, it is obvious
that the distance measurement was more accurate when the position between the camera and the landmark is
less than 1m, but it still gives an acceptable error of about £2 cm with a distance greater than 1m. It means that
the wheelchair cannot work in a too large area.
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Figure 6. Absolute error of the distance X, Figure 7. Absolute error of the distance Z,
measurement from the camera to the landmarks at measurement from the camera to the landmarks at
different locations different locations

One final experiment was performed focusing on positioning the wheelchair on a 2D grid map. In
particular, the experiment was carried out in the environment with the area of 126.72 m?, divided into the 2D
grid map of the (8x11) cells, in which each cell with the size of 1.2x1.2 m as shown in Figure 8. The origin
0(0,0) of the grid map is blue at the top left corner and the destination is a red cell with the coordinate C(0,5).
Figure 8(a) is a real environment and Figure 8(b) is a 2D grid map obtained from this environment. The
experiments were performed for different positions of the wheelchair checked the accuracy of positioning on
the 2D grid map based on landmarks.

(b)

Figure 8. The indoor experimental environment: (a) real environment and (b) 2D grid map
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Figure 9 shows the positions of the wheelchair assigned the green icons and landmarks (yellow symbols)
applied to 4 different experiments, including the landmark on the right of the grid map as Figures 9(a) and (b) and
the landmark in the bottom of grid map as Figures 9(c) and 9(d). Table 2 shows the results of the wheelchair
positioning on the 2D grid map with the accuracy of the experiments. In particular, after identifying the
landmarks, the wheelchair determined its position in the OXY plane is (Xw,Yw) and then the wheelchair’s
position on the grid map (Xwe,Yweg) is determined. In addition to identifying and calculating the wheelchair’s
position on the grid map, the wheelchair’s orientation on the grid map is also determined based on IDs of
landmarks. In this experiment, IDs of the landmarks and their directions (up, down, left, right) relative to the
origin of the grid map were stored as a lookup table for easily understanding of the wheelchair’s orientation.
The results from Table 2 show that the absolute error of the wheelchair in the real environment can be
acceptable and the wheelchair can accurately determine its position on the grid map.

Figure 10 shows wheelchair positions (green icons) and landmarks are assigned to be yellow icons in
two different experiments: the wheelchair at position (3,3) in the grid map as shown in Figure 10(a) and the
position (3,2) as shown in Figure 10(b). Table 3 shows the results of the wheelchair positioning on a 2D grid
map made by the wheelchair positioning method to determine the accuracy [30]. In particular, after identifying
three landmarks and measuring the distance from the wheelchair to the landmarks, the wheelchair position was
calculated in the OXY plane as (Xw,Yw), then the wheelchair position on grid map (Xwe, Yws) was determined.
The results from Table 3 show that the absolute error of the wheelchair in the real environment using three
landmarks is larger than when using one landmark. Moreover, in this experiment, if all three landmarks lie on
the same plane or the system can not find all three landmarks, its position can not be located. Therefore, this is
a limitation of the method using three landmarks compared to one landmark in this research.

FILTEIEEITY
yiewpue]
SICITRIEETITN

FIEIEICE]

S
=
o
o
o
=
o
2

,_
o
=]
o
3
o
3
s

(a) (b) (c) (d)
Figure 9. Four positions of the wheelchair on the 2D grid map with the landmarks: (a) the 1% position,
(b) the 2" position, (c) the 3" position, and (d) the 4™ position

Table 2. Accuracy of positioning the wheelchair
No. Real position  Calculated position  |[Xw-Xo|  [Yw-Yo Position on 2D grid map ~ Wheelchair direction on 2D grid

(Xo,Y0) (Xw,Yw) (cm) (cm) (Xwa, Yws) map
1 (180, 720) (182, 718) 2 2 7)) Up
2 (60,480) (58, 477) 2 3 (4,0) Up
3 (600, 660) (596, 665) 4 5 (2,4) Right
4 (480, 540) (474, 538) 6 2 (3.3) Right

JIBYI[SIYM,

(b)

Figure 10. Positions of the wheelchair on the 2D grid map with 3 landmarks (yellow): (a) the wheelchair at
the position (3,3) and (b) the wheelchair at the position (3,2)
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Table 3. Accuracy of positioning the wheelchair using 3 landmarks

No Real position Calculated position [Xw-Xol [Yw-Yo|
' (Xo,Yo) (Xw,Y\N) (cm) (cm)
1 (480, 540) (489, 564) 8 14
2 (360, 540) (348, 534) 12 6

3.3. Movement wheelchair based on its determined position and Q-learning

The wheelchair is installed to move at the speed of 3 km/h to match the system’s processing
performance. The experimental environment as depicted as shown in Figure 11, in which the wheelchair was
placed at the position A(4,0) as shown in Figure 11(a) to reach the desired destination C(0,5). To begin the
moving process, the wheelchair identified the landmark and then determined its position and orientation on the
grid map. The Q-learning method was applied to suggest a route for the wheelchair movement to the pre-
established destination as shown in Figure 11(a). Therefore, the system provides a chain of commands to
directly control the wheelchair with commands including forward, left, right, backward to steer according to
the simulated route as described in Table 4.

Table 4. Wheelchair control commands converted from the simulated commands
Current direction  Action of model  New direction

State of wheelchair Action of wheelchair a,,

d a d
(4,0) to (3,0) Up Up Up Forward
(3,0) to (2,0) Up Up Up Forward
(2,0) to (1,0) Up Up Up Forward
(1,0) to (1,0) Up Right Right Right-Forward
(1,1)to (1,2) Right Right Right Forward
(1,2)to (1,3) Right Right Right Forward
(1,3)to (1,4) Right Right Right Forward
(1,4)to (1,5) Right Right Right Forward
(1,5) to (0,5) Right Up Up Left-Forward

From Figure 11(b), it can be seen that the actual path of the wheelchair is redrawn as it moved from
the starting point A(4,0) to destination C(0,5) on the grid map. In particular, the wheelchair moved along the
blue line and followed the red reference line. This result shows that the system of the electric wheelchair
positioned based on the landmark can move to the desired destination based on the proposed path using the
Q-learning method.

i .-.n.l.

6
A .-.--.. —©-Real path
— -Reference path

5
4L J
0 1 2 3 4 5 6 7
X(m)
(@)

(b)

Figure 11. Wheelchair path: (a) simulated path with the start and destination points and (b) actual path of the
wheelchair

9r .

Y(m)

4. CONCLUSION

In the paper, landmarks were used to position the electric wheelchair in the 2D grid map. In particular,
some experiments have been carried out to demonstrate that the landmark system was used for wheelchair
navigation in an indoor environment. The results showed that the localization accuracy was affected by the
position of the landmarks and the distance between the wheelchair and the landmark. From these experiments,
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the RGB-D camera system is a good choice in this study because of its low cost, popularity, and ease of
development with good resolution to provide 3D information of indoor environments. In addition, we showed
that wheelchair activity based on landmarks can be good in small areas, such as rooms, where a sufficient
distance can be easily ensured for the identification of landmarks. Moreover, the error when determining the
position depends only on the conditions ensuring the ability to identify landmarks by using this camera system
and does not depend on time. In addition, our research showed that it is reliable for applying the proposed
method with Q-learning for navigation of the wheelchair on the 2D grid map.
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