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ABSTRACT

To allow service robots to patrol indoors is a difficult chal-
lenge of the robot control technology. As long as this purpose
can be achieved, it can increase the value of service robots in
the commercial applications. In this research, an anchor de-
ployment strategy combined with a stereo vision system for
the robot synchronization positioning and mapping is pro-
posed, which is based on an open source Gmapping Simulta-
neous Localization and Mapping (SLAM) algorithm of Robot
Operating System (ROS), and enables a robot to simultane-
ously positioning and build environment maps autonomously.
The anchors are developed based on the radio frequency iden-
tification (RFID), which can make the robot build the map with
a shorter path independently. The proposed system architec-
ture can also reduce the built map error caused by manipulat-
ing the robot. Furthermore, the shorter path of the robot mov-
ing also reduces the error accumulated by the odometer, and
the better quality of the map is obtained. Finally, a built map
is combined with the A star path planning algorithm to achieve
the autonomous patrolling task. Several experimental results
show that maps constructed by anchors have better mapping
effects, the robot reaches a target point more accurately, and
improve the success rate of sign-in.

I. INTRODUCTION

With the rapid development of technology, the home service
robots are increasingly used in the home. The expanding func-
tions based on the existing home machine hardware devices
will increase its application value. In Taiwan, the crime pop-
ulation has not improved significantly, and many families
hence set up fixed cameras based on security. However, after
deployed the fixed cameras, the shortcomings of blind spot
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will appear. Hence, if the home service robot can perform
work on the move while having the autonomous patrol func-
tion of security, home security can be further improved.

The issues of moving for home service robots can be di-
vided into three aspects: map construction, positioning and
path planning. SLAM is an important technology for the cur-
rent unknown environmental positioning technology in map
construction and location. SLAM enables robots to follow out
moving and booking pre-defined tasks in an unknown environ-
ment. In the map construction of SLAM, a literature (Asadi
and Bozorg, 2009) proposed a decentralized data fusion algo-
rithm that aim at vehicles to simultaneously measure position
and establish an environmental map. Li, I. H. et al. propose a
monocular based anti-collision path planning method for au-
tonomous robot moving by setting cameras on robot or ceiling
(Li et al., 2016). Omara et al. combine Kinect with the open
source ROS system to the Gmapping SLAM algorithm to ac-
complish indoor mapping (Omara and Sahari, 2015). Alt-
hough the application of ROS-based SLAM algorithm has
been widely used, the problem of error in mapping is remain
to be modified.

On the other hand, for positioning technology of SLAM, a
region segmentation algorithm that distinguishes between
foreground (dynamic) and background (static), which is based
on the percentage of background points contained in each ob-
ject to increase the accuracy of positioning (Corcoran et al.,
2011). However, if a low-precision sensor is used for position-
ing, it will cause more uncertainty in the positioning. There-
fore, anchor assisted localization has been widely studied.
Evers, C. et al. propose a generalized motion (GEM) SLAM
method, which is based on a probability hypothesis density fil-
ters, and can anchor an observer by fusing motions of the ob-
server and an environment information (Evers and Naylor,
2018). Leitinger, E. et al. use a virtual anchors (VAs) technol-
ogy to describe a radio reflection situation which is used on the
wireless signal SLAM (Leitinger et al., 2019; Yassin et al.,
2018). Similar to the previous research, Shi, Q. et al. make use
of ultra wideband (UWB) position system with an inertial
measurement unit (IMU) to realize a UWB anchor for locali-
zation (Shi et al., 2019). In the research of Tinchev, G. et al.,
positive and negative position samples of 3D information are
fused by deep learning to create a representative mark as an
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Fig. 1. Architecture of autonomous patrolling system.

anchor for the Laser SLAM (Tinchev et al., 2019). Ventura, J.
et al. propose an anchor points in a global map, and use these
points to update the local map of client for monocular SLAM
(Ventura et al., 2014). In addition, in researches of (Huang et
al., 2014) and (Gong et al., 2012), RFID is used as an indoor
positioning system to aid in the measurement of the approxi-
mate position of an object. Although this method has com-
bined the environmental information of map, it lacks effective
assisted orientation technology and cannot improve success
rate of sign-in of RFID.

Moreover, in path planning technology of SLAM, a method
combined with Hector SLAM, A Star (A*) path planning and
dynamic window method makes a robot can automatically
reach the specified point in the completed map and avoid ob-
stacles in the path (Chen et al., 2017; Huang, 2016; Shaw et al.
2018). However, there is a lake of mechanism for adjusting
the path of robot immediately. Therefore, the problem of
odometer accumulation error cannot be solved effectively.

Based on the above researches, the RFID based anchor
combines with stereo visual system to assisted SLAM on an
autonomous patrolling system is proposed in this paper.

II. THE TRANSCEIVER STRUCTURE

1. System Architecture and Model

The proposed system combined with a computing pro-
cessing center, a robot, a RFID sensing module end and a ste-
reo vision system (Liu, 2018). The Fig. 1 shows the system
architecture. The outline of the architecture is as follows:

(1) Computing processing center:
This computing processing center unit is responsible for
the SLAM algorithm, and controls the robot to perform
functions such as an autonomous patrol, an anchor judgment

(1) Computing
Processing
Center

UPS

(4) Stereo
Vision
System

65 cm

(3) RFID
Module

(2) Robot

Fig. 2. (a) The side view and (b) the front view of the autonomous patrol-
ling system (Liu, 2018).

and an image recognition via a notebook.

(2) Robot:
By using the Kobuki® home service robot as a vehicle, a
patrolling robot combined with a drive module and sur-
rounding sensor modules, and is used to execute the secu-
rity function of autonomous patrol.

(3) RFID module:
The RFID sensing module fabricated with RFID reader and
tag, and is used to implement the function of anchor sign-
in.

(4) Stereo vision system:
The Xtion PRO LIVE® camera is used as a stereo visual
system for the patrolling robot. The depth information and
the color information of the stereo vision system are used
for a map construction and an image recognition, respec-
tively.
Fig. 2 shows the integrating hardware of the autonomous
patrolling system, and the parts corresponding to the system
architecture are marked.

2. Anchors Design and Deployment Strategy

In this paper, an Arduino UNO is used as the micro control-
ler of the RFID sensing module to integrate a MFRC522 RFID
Reader, which is used to read the RFID tag of the anchor to
realize the patrolling sign-in function. The anchor also con-
tains a red circle with a diameter of 10 cm as the target of the
robot's visual system to determine the orientation. On the
other hand, the RFID tag deployed on the wall of the patrolling
sign-in point is directly below the red circle, and the deployed
location is corresponding to the height of the RFID reader of
robot to realize the sign-in task. The anchor and patrolling
sign-in point is shown in Fig. 3.

After designing the anchor, further, the proposed anchors
will be deployed in a particular environment to guide the robot
completes the patrol and sign-in tasks in a predefined sequence.
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Fig. 3. The design of anchor (Liu, 2018)

This deployment strategy assists the robot to use the stereo
vision system and anchor to build the map autonomously, in-
crease the success rate of sign-in, and to solve the error of map-
ping caused by accumulative error of the odometer.

III. ALGORITHM OF AUTONOMOUS PATROL

1. ROS-Based Gmapping SLAM Algorithm

In this paper, a ROS-based Gmapping SLAM technology
(Grisetti et al., 2007; Kamarudin et al., 2015), which is a 2D-
SLAM algorithm, is used to construct spatial information
around the robot as a mapping application. The Fig. 4 illus-
trates the ROS-based Gmapping system architecture, which
can be divided into three parts: robot hardware, user, and
Gmapping SLAM architecture, respectively.

The Gmapping package is originally proposed by Grisettiyz
et al. (Grisettiyz et al., 2005), then Hahnel et al. (Hahnel et al.,
2003) proposed the Rao-Blackwellized Particle Filter (RBPF),
which is using adaptive and resampling techniques to reduce
the number of particles required to improve the SLAM. In
2007, it was imported into ROS as an open source SLAM li-
brary. The RBPF algorithm uses the Bayesian theorem for fac-
torization. Where, p(x,,,m|z,,u,,_,) is the core of Gmap-

ping SLAM algorithm, x,, is the current attitude of the robot,
m 1is the map, z,, and u,,_, are the observation and motion,
respectively, p(x,,.m|z,,,u,,_,) is a particle filter to locate
the moving path of the robot, and p(x,, | z,,.u,,., ) is used to

map with a known attitude.

p(xl:t’m|zlzt’th—1)?(m|zlzt’u(}.tfl)'p(xl:t|let’u&tfl) (D

ROS

Publish ————» Subscribe ------------4
User SLAM Gmapping Architecture
/LaserScan

/odometry Y
‘'odometry

_msgs

Robot Hardware

Laser /move M megs Scrial
RangeFinder|| Robot b

(LRF) IS /ocometry_msgs _mode

Fig. 4. Architecture of ROS-based Gmapping system (Liu, 2018).

In equation (1), the map built by SLAM has a strong de-
pendence on the position of the robot. The most common par-
ticle filter algorithm is the Sampling Importance Resampling
(SIR) filter, steps are as follows:

(1) Sampling:
Particles are predicted by equation (2) to produce a large
amount of sampled data, which called a particle. Where
the variable i is the i-th particle in sample space and x! is
the particle set. The algorithm uses the weight values of
these particles to weight and approach the Bayesian den-
sity.

7 (le | zl:t?“O:z) 2

(2) Correction:
Each particle calculates the corresponding weight value
w' according to formula (3). This value represents the
probability that the predicted position acquires particle ob-
servation. When the probability of all particles is calcu-
lated, the higher the particle weight, the more likely it is
to be observed.

W= P(x: |21:n“0:t) 3)

i
ﬂ-(‘xt |Zl:t’u0:t)

(3) Resampling:
Particles with lower weights w' will be replaced and re-
distributed, and the resampled particles will be input into
the next new sampling step to obtain new predicted parti-
cles.
(4) Measurement:
For each x', the corresponding predicted map m! is cal-
culated based on the sampled trajectory and the observed
value p(mtl ‘ x{:t’let) .
While the robot moves, the Gmapping node of ROS sub-
scribes moving distance of an odometer and depth information

of stereo vision system from the robot hardware node, and a
map around the robot is going to be expand continuously.
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Fig. 5. Image recognition processing flow.

After the map is constructed, the coordinates are converted
and positioned to the map by using the distance information,
the gyroscope orientation, the wheel encoder information and
the vision information provided by the robot to realize the sim-
ultaneous positioning and mapping construction. Finally, an
environment map required by the patrol system can be ob-
tained by the ROS-based Gmapping algorithm.

Though the ROS-based Gmapping has been applied in
many studies, however, there are still shortcomings. For ex-
ample, the map construction is inefficient and cannot solve the
cumulative error of the odometer. Therefore, the proposed
method solves this problem by using anchors will be discussed
in section three.

2. A* Path Planning Algorithm

The global path algorithm A* (Hart et al., 1968) can obtain
the shortest path from the robot to the patrol target point, which
is widely used in path planning. The evaluation function of the
A* algorithm, as shown in equation (4).

S(x)=g(x)+h(x) )

Where, f (JC) is the sum of the distances predicted by any
node x, g(x) is the actual distance from the start point to any

node x, h( x) represents the predicted distance from any node

x to the target point.

First, the predicted distance 4(x) of the node x (one of the
neighboring nodes of the start point) is estimated by using the
start point as the current node after setting a goal in map, and
the actual distance g(x) between the start point and the node

x is added in /(x) to obtain the sum of the distances f(x).
Secondly, all of neighbor nodes are calculated to obtain the
 (Xucignor) dividedly, and find the node with the smallest

S (%, ) in the neighbor nodes as the node with the shortest

path.
Finally, the node x,;, is used as the current node to explore

all of the neighbor nodes in the next level. According to the
method above, the best path of global nodes can be obtained
by finding the shortest path recursively until the end point is
found. The pseudo code of A* algorithm more detailed proce-
dure is shown as below (Liu, 2018).

Algorithm 1 A* path planning

1: function A* (start, goal)

2 closedSet := an empty set

3 openSet := the initial node and nodes to be predicted

4: cameFrom := an empty map

5: gScore[start] := 0

6: hScore[start] := heuristic estimate of distance (start, goal)
7 fScore[start] := hScore[start]

8

9: while openSet is not empty, do
10: currentNode := the node in openSet having the lowest fScore value

11: if currentNode = goal then

12: return reconstructPath (cameFrom, goal)

13: end if

14: remove currentNode from openSet

15: add currentNode to closedSet

16: for each neighbor of currentNode:

17: if neighbor in closedSet then

18: Continue

19: tentative gScore := gScore[currentNode] +

20: distant between the currentNode and the neighbor
21: end if

22: if neighbor not in openSet then

23: add neighbor to openSet

24: tentative is better := true

25: else if tentative gScore < gScore[neighbor] then

26: tentative is better := true

27: Continue

28: else

29: tentative is better := false

30: end if

31: if tentative is better := true then

32: cameFrom[neighbor] := currentNode

33: gScore[neighbor] := tentative gScore

34: hScore[neighbor] := heuristic cost estimate(neighbor, goal)
35: fScore[neighbor] := gScore[neighbor] + hScore[neighbor]
36: end if

37: end for

38: end while

39: end function

40:

41: function reconstructPath (cameFrom, currentNode)
42: totalPath := [currentNode]

43:  while currentNode in cameFrom, do

44: currentNode := cameFrom[currentNode]
45: append the currentNode in totalPath

46: return totalPath

47:  end while

48: end function

3. The Flows of Anchor Identification and Sign-in

After the stereo vision system captures the color image, the
system will process image according to the flow in the Fig. 5.
Further, openCV is used to transform a source image to Hue,
Saturation and Value (HSV) color space. The HSV color space
can reduce the external interference for the image. Next, the
binarization analysis, erosion and expansion of the image are
sequentially performed to get images easily to process. Finally,
Hough circles detection algorithm is used to detect the circular
anchor and solve the center point ¢, of the circle, which ena-
bles system to identify the anchor in a complex environment
and increases the chance of sign-in.
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Fig. 7. Flows of sign-in and adjustment.

The Fig. 6 shows an identification results for an anchor. The
resolution of the image is 640x480 pixels. Moreover, loca-
tion between 4, (305) to 4, (335) pixels on x-axis of image
is defined as the central area.

After an anchor is detected by the stereo vision system, the
robot will further complete the sign-in task according to the
flows as following. First, the depth and color images provided
by stereo vision system are used to identify the direction of the
anchor. Secondly, the robot will move itself to keep the center
point ¢, of the detected Hough circle to stay in the image’s

central area. While the center point ¢, located in the central

area in the image, the robot will move forward. If the center
point ¢, runs out of the central area on moving, the robot cor-

rects the orientation according to the direction of a unique

End
[4.98, 0.00]

Fig. 8. (a) The actual scene of the simple experiment and (b) the map built
by Gmapping function (Liu, 2018).

circular anchor and continues to move forward until the sign-
in task is completed. Finally, the robot returns to the autono-
mous patrolling mode and continue the patrol task after adjust-
ing the robot to complete the sign-in process. The Fig. 7 is
showing the flow of the sign-in and adjustment tasks.

To be summarized, in this paper, the concept of semi-auto-
matic map construction (Lee et al., 2015) is used to design the
deployment strategy of anchors. The robot completes the sign-
in task according to the pre-define anchor respectively. This
proposed method can decrease the offset error of odometer
caused by the actual long-term movement of the robot and im-
prove the drawback of the displacement of the map.

IV. EXPERIMENT AND RESULTS

To verify the effectiveness of autonomous patrolling system
proposed in this paper, two experiments are designed for the
mapping results with or without deployment strategy of anchor.

1. Simple Environment

The simple environment experiment is conducted in the
straight corridor to understand how the anchor can reduce the
path error and the offset distance error from A* path planning,
odometer record and real trajectory, and to verify whether the
anchors can correctly guide the robot to complete the sign-in
and patrol task.

At beginning, an environment map of a straight corridor is
built by Gmapping method before the robot moving over it, as
shown in Fig. 8. Next, a patrol path from the start point to the
end point via the x-axis of the map is planned by the A* algo-
rithm. The direct distance between the start point and the end
point is 5 meter with 1 cm resolution, and the coordinate of
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Table 2. Comparison of error (with anchor assisted).

Category Recorded Observed Category Recorded Observed
Ideal path Ideal path
Result deal pa path path Result deal pa path path
Stopping point Stopping point
(m) [4.98,0.00] | [4.89,0.06] [4.86, 0.00] (m) [4.98,0.00] | [5.03,0.01] [5.01, 0.00]
Length of the 5.04 4.89 4.89 Length of the 5.04 5.03 5.04
moving path (m) moving path (m)
Path length error Path length error
N/A 2.98 2.92 N/A 0.15 0.05
(%) (%)
Stopping Dis- N/A 0.11 0.12 Stopping Dis- N/A 0.05 0.03
tance error (m) tance error (m)
0.1p 0.1r
— — = Ideal path (planed by A*) B Ideal path (planed by A*)
" 0.08} Recorded path 2 0.08} Recorded path
= Observed path é Observed path
= =
=~ 0.06f = 0.06}
= / g
= °
o 0.04r / S 0.04}
g i 2
5 0.02f : T 0.02}
&0 £
S| I A SN~ 1 A Y 2 B
S : =
=
-0.02f -0.02f i
-0.04~ . . - . . - . N A . )

Moving distance in x axis

Fig. 9. The result of straight line test.

start point and the end point are defined as [0.00, 0.00] and
[5.00, 0.00], respectively. After planning the patrol path, the
robot is controlled to move along the designed path. At the
meanwhile, the moving distance of the odometer and the actual
moving trajectory of robot are recorded. Finally, the designed
patrol path by A*, the recorded odometer data and the actual
movement are compared with each other.

The Fig. 9 shows the path planned by A*, the recorded
odometer path, and the actual moving trajectory of robot in the
simple experiment. Though the robot is moving directly to-
ward to the end point, and the trajectory is similar to the A*
planned path, the recorded odometer moving path is slightly
different from the real trajectory. The situation might be
caused by uneven road of the corridor, and the difference be-
tween odometer data and the real path will cause an error of
SLAM results.

For more, the offset distance from the end point of three
path are also compared, too. While the end of the path planned
by A* is located on [4.98, 0], the end of the recorded odometer
path and the real patrol trajectory are [4.89, 0.06] and [4.86,
0.00], respectively. Hence, the offset distance error from the

Moving distance in x axis

Fig. 10. The result of straight line test guided by anchors.

end point of three path are 2.2% and 0.02%, respectively, as
shown in the Table 1. Overall, the error can be controlled be-
low 3%.

On the other hand, in order to realize whether the anchor
can improve success rate of sign-in, the simple experiment is
re-performed to set the anchor at the end point, and enable the
anchor identification and sign-in function of the robot to guide
itself to correct the moving path. The Fig. 10 shows the offset
distance error of the recorded odometer path and of the real
trajectory of robot have been reduced significantly and ap-
proach to the path planned by A*. Among them, the improve-
ment of the odometer is the most significant, and the cumula-
tive error of the robot starting from 2.5 meters to end point in
the Fig. 9 is greatly reduced. Hence, anchor can greatly reduce
the error and suit to autonomous patrolling system.

After the anchor guides robot to the end point, the end po-
sition of the recorded odometer and the actual movement are
located on [5.03,0.01] and [5.01, 0.00], respectively. Further,
the offset distance error from the end point of odometer and
actual movement has been substantially reduced to 0.6%
and 0.02% individually, as shown in the Table 2. From the
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Table 3. Sign-in experiment in the straight corridor with-
out and with anchor assisted.

Patrolling without Patrolling with
anchors assisted anchors assisted

. Stopping Sign-in [Stopping Point| Sign-in

Times Point (m) success (m) success
1 [4.96, 0.03] [5.03, 0.00] v
2 [5.03,-0.12] \% [5.00, 0.00] v
3 [5.03, 0.03] \% [4.96, 0.00] v
4 [4.88,0.00] [4.92, 0.05] v
5 [5.06, 0.03] A% [5.03,—0.03] v
6 [4.90, 0.03] [5.03, 0.03] v
7 [5.06, 0.00] v [4.90, —0.06] \Y%
8 [4.96, 0.00] [4.95,—0.03] v
9 [5.03, 0.00] v [5.03, 0.00] v
10 [4.95,0.03] [5.00, 0.00] v

experimental results, the deployment strategy of the anchor
can significantly reduce the offset error of the path and the end
point to less than 1%, which can be used to solve the problem
of the SLAM cumulative error.

Finally, from the sign-in success rate experiment, this ex-
periment takes anchor existence as the research variable, each
performed 10 times sign-in experiments to understand the im-
pact of the anchor existence on the success rate of sign-in. The
experiment results are shown in the Table 3 with the coordinate
of the stopping points of the path. The Fig. 11 shows that the
success rate of completing the task of sign-in is only 50%
while the robot getting to the target point through the path plan
without anchors assisted. However, with the assistance of an-
chor allows the robot to achieve a 100% sign-in rate. That is
because the robot can determine the direction of the anchor
through the vision system during the movement, and correct
the path instantly to accurately approach the RFID tag to com-
plete the sign-in task.

2. Simultaneous Positioning and Mapping with Deploy-
ment Strategies

After understanding the advantage of the anchors in the
simple environment experiment, further, this paper investigate
the experiments in the complex environment to understand the
similarity between the real map and the map constructed
through the deployment strategy. The Fig. 12 shows the ex-
pected patrolling path of the robot guided by the deployment
strategy with the 1% to 6™ anchors to constructing map in the
complex experimental environment. During the process of
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Fig. 11. Success rate of sign-in in the simple environment.
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Fig. 12. The complex experimental environment.
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Fig. 13.The maps built (a) manual (as the ground truth) (b) by the obsta-
cle avoidance operation of SLAM, and (c) by the proposed method.

mapping, the Occupancy Grid Map (OGM) is used to present
the walkable area and obstacles of the built map.

Since there has no autonomous map building function of
Gmapping SLAM, in order to proof the efficiency of the pro-
posed method, the maps of the complex environment built re-
spectively by the proposed method and the autonomous obsta-
cle avoidance operation of Gmapping SLAM are compared in
the similarity of the map construction and the completion time.
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Table 4. Comparison of Gmapping results and actual

maps.
Categor Measured by Actual Error | Error
Bory GIMP (m) | length(m) | (m) | (%)
1.50 1.40 0.10 | 7.14%
0.94 0.90 0.04 | 4.44%
2.12 2.10 0.02 | 0.95%
The length of
© engio 6.75 6.50 025 | 3.85%
each border
2.04 1.95 0.09 | 4.62%
12.92 12.65 0.27 2.13%
2.05 1.95 0.10 | 5.13%
Average Error (%) 4.04%
Built with anchor assisted
100 |- — - Built without anchor assisted
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Fig. 14.The completed percent of the maps versus time built with and
without anchor assisted, respectively.

At first, the map of the complex environment is built manual
as the ground truth, as shown in the Fig. 13 (a). On the other
hand, the maps built by the autonomous obstacle avoidance
operation function and the proposed method are depicted in the
Fig. 13 (b) and (c), respectively. In order to compare the sim-
ilarity between the built map and the ground truth, the struc-
tural similarity (SSIM) method is used (Wang et al., 2004).

The function of similarity SSIM is described in (5), which
the /(X,Y) is the luminance, the ¢(X,Y) is the contrast, and
the s(X,Y) is the structure:

SSIM(X,Y)=/(X,Y)-¢(X,Y)-5(X,Y) (%)

The functions of luminance /(X,Y), the contrast ¢(X,Y),
and the structure s(X,Y) are also depicted in (6) to (8),
which the variable u, and u, are the pixels average value of

two map x and y, the o, and the variable o, are the pixels

standard
0.5 1
-0.5
-1.5 1
-2.51
-3.51
-4.5 1
-5.51
-6.5 1
-7.5 1
-8.5

#  Starting point
=—— Actual path

y(m)

3 2 -1 0 1 2 3 4 5 6 7 8
x (m)

Fig. 15. The actual patrolling path (Liu, 2018).

deviation of two map X and Y, the variable o, is the covari-
ance of two map X and Y, the variable r is the range of the pixel
value of the maps, which is 255 for the gray scale map, and the
coefficient &, and k, are constants. According to the refer-
ence of SSIM, the value of the k, and k, are set to 0.01 and

0.03, respectively.

2p.pa, + (k,-r)’

[(X,Y)= S 6
( ) W+ 18+ (K, or) ©
e(x,v)= 220 k) )
0§+of +(k,7)
UXV+(k2.r)
s(X,Y)=—————2 (8)
oo + )

Based on the SSIM functions of (6) to (8), the similarity
between the map built by the autonomous obstacle avoidance
operation (the Fig. 13 (b)) between the ground truth (the Fig.
13 (a)) is 94.835%, and the similarity between the map built
by the proposed method (the Fig. 13 (c)) between the ground
truth (the Fig. 13 (a)) is 95.167%, respectively. Moreover, the
maps completion percentage (or the similarity to the ground
truth) versus time are depicted in the Fig. 14, and the 90%
completion is used as a benchmark. The percentage of com-
pletion of the map built using the recommended method
reaches the 90% at about 260 seconds. On the other hand, the
time required to reach 90% using the obstacle avoidance
method is about 300 seconds.

The actual patrolling path with anchors assisted is depicted
in the Fig. 15, which is recorded by the odometer of the robot.
The process of map building is depicted in Fig. 16, and the
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interval between images is 15 seconds. Moreover, the images
Table S. Sign-in experiment in the complex environment
without and with anchor assisted.

Patrolling without |Patrolling with an-
IAnchor No: anchors assisted chors assisted
1 Fail Success
2 Fail Success
3 Fail Success
4 Fail Success
5 Fail Success
6 Fail Success

t=315s

t=330s t=345s t=360s

Fig. 16. The map building process with anchor assisted.

on the screen of the computing processing center (left) and the
scenes of the robot operating (right) are also depicted in Fig.
17.

In order to compare the accuracy of the map built in this
paper, the open source GNU Image Manipulation Program
(GIMP) measurement tool is used to measure the distance be-
tween pixel points of the image. The distance measured by the
GIMP is multiplied by the resolution of the image to be con-
verted into the distance of the map. In this research, the reso-
lution of the built map is 0.03 m per pixel. Finally, comparing
the actual border length with the border length of the built map
from the Fig. 16, and the accuracy of the comparing result is

shown in the Table 4.

N =8 P

t=330s t=345s t=360s

t=315s

Fig. 17. The screen image (left) and the field image of robot (right) during
the map building.

In summary, the map can be completed of a higher propor-
tion and in a shorter time by using the proposed method, and
the completed percentage of the built map is higher than 90%.
Moreover, the constructed maps with a maximum and mini-
mum error distance of 0.27 meters and 0.02 meters, respec-
tively. Overall, the average error can be controlled to 3.85%
for the accuracy of the map constructed by Gmapping SLAM.

Finally, after the map of the complex environment has been
built, the success ratio of sign-in at each anchor point is also
discussed. For the propose method, all the six anchors are de-
tected successfully during the patrolling. However, all anchors
are failed to be detected just by using the navigation function
of Gmapping SLAM. The experiment results of the complex
environment are depicted in Table 5.

V. CONCLUSIONS

This paper proposes an autonomous patrolling system that
extends the functionality of home service robots. With the de-
ployment strategy of anchors and the open source ROS-based
Gmapping SLAM technology, which is combined with the ste-
reo vision system and the built-in sensors of the robot to per-
form in simultaneous positioning and map construction, can
realize the autonomous map building and increase the accu-
racy of sign-in success rate. The proposed system can reduce
the cumulative error of the odometer and maintain good ac-
curacy under the autonomous map construction. Finally,
the robot to accurately reach the target point and correctly
use the RFID sensing module to complete the autonomous
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patrolling task.

ACKNOWLEDGMENT

The authors thank the financial support from Ministry of
Science and Technology of Taiwan, R.O.C. with Grant number.
MOST-108-2221-E-606-015.

REFERENCES

Asadi, E. and M. Bozorg (2009). A decentralized architecture for simultaneous
localization and mapping. IEEE/ASME Transactions on Mechatronics 14,
64-71.

Chen, N. Y., J. Shaw and H. I. Lin (2017). Exploration method improvements
of autonomous robot for a 2-d environment navigation. Journal of Marine
Science and Technology 25, 34-42.

Corcoran, P., A. Winstanley, P. Mooney and R. Middleton (2011). Background
foreground segmentation for SLAM. IEEE Transactions on Intelligent
Transportation Systems 12, 1177-1183.

Evers, C. and P. A. Naylor (2018). Optimized self-localization for SLAM in
dynamic scenes using probability hypothesis density filters. IEEE Trans-
actions on Signal Processing 66, 863-878.

Gong, S., H. Liu, Y. Hu and J. Zhang (2012). ROS-based object localization
using RFID and laser scan. 2012 IEEE International Conference on Infor-
mation and Automation, Shenyang, China, 406-411.

Grisetti, G., C. Stachniss and W. Burgard (2007). Improved techniques for grid
mapping with Rao-Blackwellized particle filters. IEEE Transactions on
Robotics 23, 34-46.

Grisettiyz, G., C. Stachnissz and W. Burgardz (2005). Improving grid-based
SLAM with Rao-Blackwellized particle filters by adaptive proposals and
selective resampling. Proceedings of the 2005 IEEE International Confer-
ence on Robotics and Automation, Barcelona, Spain, 2432-2437.

Hahnel, D., W. Burgard, D. Fox and S. Thrun (2003). An efficient FastSLAM
algorithm for generating maps of large-scale cyclic environments from
raw Laser range measurements. IEEE Intelligent Robots and Systems, Las
Vegas, NV, USA, 206-211.

Hart, P. E., N. J. Nilsson and B. Raphael (1968). A formal basis for the heuris-
tic determination of minimum cost paths. IEEE Transactions on Systems
Science and Cybernetics 4, 100-107.

Huang, W. H. (2016). Design of mapping and exploration system with ROS.
M.S. thesis, Department of Electrical and Computer Engineering,
Tamkang University, Taipei, Taiwan (in Chinese).

Huang, W. Q., D. Chang, S. Y. Wang and J. Xiang (2014). An efficient visual-
ization method of RFID indoor positioning data. The 2014 2" Interna-
tional Conference on Systems and Informatics (ICSAI 2014), Shanghai,
China, 497-504.

Kamarudin, K., S. M. Mamduh, A. S. A. Yeon, R. Visvanathan, A. Y. M.
Shakaff, A. Zakaria, L. M. Kamarudin and N. A. Rahim (2015). Improv-
ing performance of 2D SLAM methods by complementing Kinect with
Laser scanner. 2015 IEEE International Symposium on Robotics and In-
telligent Sensors (IRIS), Langkawi, Malaysia, 278-283.

Lee, C. L., H. T. Chen and Y. B. Lin (2015). Semi-automatically simultaneous
localization and mapping for home service robots. 2015 International
Conference on Advanced Robotics and Intelligent Systems (ARIS), Tai-
pei, Taiwan, 206-211.

Leitinger, E., F. Meyer, F. Hlawatsch, K. Witrisal, F. Tufvesson and M. Z. Win
(2019). A belief propagation algorithm for multipath-based SLAM. IEEE
Transactions on Wireless Communications 18, 5613-5629.

Li, I. H., M. C. Chen, W. Y. Wang, S. F. Su and Y. H. Chen (2016). Monocular
image-based local collision-free path planning for autonomous robots.
Journal of Marine Science and Technology 24, 759-770.

Liu, C. H. (2018). Extend safety requirements and SLAM on home service
robots based on RGB-D sensor. M.S. thesis, Department of Electrical and
Electronic Engineering, Chung Cheng Institute of Technology, National
Defense University, Taoyuan, Taiwan (in Chinese).

Omara, H. I. M. A. and K. S. M. Sahari (2015). Indoor mapping using Kinect
and ROS. 2015 International Symposium on Agents, Multi-Agent Sys-
tems and Robotics (ISAMSR), Putrajaya, Malaysia, 110-116.

Shaw, J. and W. L. Chi (2018). Automatic classification of moving objects on
an unknown speed production line with an eye-in-hand robot manipulator.
Journal of Marine Science and Technology 26, 387-396.

Shi, Q., S. Zhao, X. W. Cui, M. Q. Lu and M. D. Jia (2019). Anchor self-
localization algorithm based on UWB ranging and inertial measurements.
Tsinghua Science and Technology 24, 728-737.

Tinchev, G., A. P. Sanchez and M. Fallon (2019). Learning to see the wood for
the trees: deep laser localization in urban and natural environments on a
CPU. IEEE Robotics and Automation Letters 4, 1-8.

Ventura, J., C. Arth, G. Reitmayr and D. Schmalstieg (2014). Global localiza-
tion from monocular SLAM on a mobile phone. IEEE Transactions on
Visualization and Computer Graphics 20, 531-539.

Wang, Z., A. C. Bovik, H. R. Sheikh, and E. P. Simoncelli (2004), Image qual-
ity assessment: from error visibility to structural similarity. IEEE Trans-
actions on Image Processing 13, 600-612.

Yassin, A., Y. Nasser, A. Y. A. Dubai and M. Awad (2018). MOSAIC: simul-
taneous localization and environment mapping using mmwave without a-
priori knowledge. IEEE Access 6, 68932-68947.



	THE RESEARCH OF THE RFID ANCHOR ASSISTED SLAM ON AN AUTONOMOUS PATROLLING SYSTEM
	Recommended Citation

	THE RESEARCH OF THE RFID ANCHOR ASSISTED SLAM ON AN AUTONOMOUS PATROLLING SYSTEM
	Acknowledgements

	Microsoft Word - 09. JMST-2019-CACS-1070 Body P394-403.docx

