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A life-support service robot must avoid both static and dynamic obstacles for working in a real environment. Here, a static obstacle
means an obstacle that does not move, and a dynamic obstacle is the one that moves. Assuming the robot is following a target
person, we discuss how the robot avoids a crowd through which the target person passes and arrives at the target position. The
purpose of this paper is to propose a crowd avoidance method that makes a robot to be able to avoid both static and dynamic
obstacles. The method uses the surface points of the obstacles to form an avoidance region, and the robot moves along the edge of
the region. We conducted experiments assuming various situations such that the robot was blocked, there was a wide gap in the
crowd, or a person in the crowd yielded for the robot to pass through. As an experimental result, it was confirmed the robot could
avoid the crowd even when the obstacles were aligned in an “inverted wedge” shape.

1. Introduction

Many research works have been conducted for developing
life-support service robots [1]. Here, the robots we are
focusing on include autonomous mobile robots that conduct
tasks such as bringing a beverage to the user based on the
user’s request [2, 3]. A life-support service robot differs from
industrial robots because the life-support service robotsmust
work under an environment where humans and the robots
coexist. For this purpose, a life-support service robot must
have several abilities such asmanipulation [4, 5], vision [6, 7],
and mobility [8, 9]. We especially focus on the mobility in
this paper. The two technologies, the path planning, and the
path following are important for realizing the autonomous
navigation of the robot. Many research works have been done
for those issues so far [10–17]. The path planning and the fol-
lowing behavior are either based on the prepared map of the
environment or based on the on-the-fly measurement of the
environment.We focus on the latter case so that the robot can
move around the new and dynamic environment where the
obstacles (mainly humans) move. Our interest in this paper

is the robot navigation based on human-following behavior,
where the robot moves in an environment by following a
specific person. Since the robot’s final goal is to follow the
preceding person without colliding any obstacles, the robot
does not need to have a staticmap of the environment. Rather,
the robot needs to measure the person to follow and the
obstacles (walls, objects, other persons, etc.) continuously
and determine the robot’s trajectory quickly and robustly.

The person-following behavior of the mobile robot has
been actively researched [18]. We have developed the life-
support service robot ASAHI [19], which helps to carry
baggage items in a place such as a shoppingmall or a hospital.
The person-following behavior is essential for this task. We
developed a method to track the person using a single
laser range finder (LRF) [20], which enabled robust person-
following behavior in an environment where other persons
exist. We also developed an obstacle avoidance method while
following a person using an LRF. This method can track
the target person even when the target is temporally lost.
However, the person tracking fails when the target person is
completely lost in a crowd. Therefore, we aim to develop a
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Figure 1: Supposed environment.

novel method that enables continuing tracking of the target
person even when he/she is lost in the crowd. As a part of
the development, this paper describes the crowd avoidance
method.

2. Related Works

A number of methods for obstacle avoidance have been
proposed so far [10, 12, 13, 21–24]. Usually, the purpose of the
path planning and dynamic obstacle avoidance is to navigate
a robot between the start point and the goal point, which are
known beforehand on the internal map, while avoiding the
obstacles that are not on the map [11]. On the other hand, the
purpose of our robot is not to navigate the robot to the fixed
goal but to follow the person, which can be considered as a
“moving goal.”

The potential-based path planning method [23] is a
widely used technique for path planning under an environ-
ment with obstacles. However, there are several problems
with the potential-based method. First, most of the tech-
niques are suitable for the static environment, where the
obstacles do not move [12]. Cao et al. proposed an obstacle
avoidancemethod for the dynamic environment based on the
potential method [13]. Their method assumed that position
and velocity of an individual obstacle can be obtained, but
it is not always true in a crowded environment where it is
sometimes difficult to identify individual obstacle because
two or more persons are moving or staying as clusters.
Another problem is that the robot sometimes fails to reach the
target point when the attractive and repulsive forces balance
[24].

Another reason for the difficulty to apply the potential-
based method is that the positions of the obstacles are not
known to the robot before measuring them. In this paper,
the robot is assumed to measure the environment including
the target person and obstacles using the LRF and behaves
only based on the results of the measurement. To calculate
the potential accurately, we need to consider the effect of
all obstacles including the ones which cannot be measured
directly from the LRF. Therefore, it is impossible to use the
accurate potential under the current assumption.

3. The Crowd Avoidance Algorithm

3.1. Overview. The potential method is a general framework,
where we can consider any path given an appropriate poten-
tial field. However, as stated in the previous section, it is
not always easy to calculate an appropriate field under the
situation assumed in this paper, where the target person is
completely lost, there are clusters of obstacles around the
robot, and the obstacles are moving. Thus we made a simple
assumption on the situation and solved this problem using
a simpler method rather than calculating the potential field
around the robot.

Let us consider a robot following the target person in an
environment where there are many other persons, such as a
shopping mall, as shown in Figure 1. Then the target person
passes through the blocking persons as Figure 1(b). If there
is a gap in the crowd, the robot can go through the gap.
However, if there is no gap to pass through, the robot should
avoid the crowd.

Suppose the target person walks through the crowd,
and the robot is blocked by the crowd. Figure 2 shows the
overview of the assumed situation and the proposed algo-
rithm. We set the “avoidance region” around the obstacles,
where it is assured that the robot does not collide with the
obstacle if the robot’s center is on or outside of the edge of
the region.When the robot judges that it have completely lost
the target person and the path is blocked by the crowd, the
robot makes the hypothetical target line toward the robot’s
direction (which faces the position where the target person is
finally measured) and sets the tentative target on the target
line beyond the crowd. The distance between the robot’s
current position and the tentative target is determined based
on the average walking speed of the target person. In the later
experiment, the distance is fixed to 4000mm. Next, the robot
moves along the hypothetical target line toward the crowd,
measuring the distance between the robot and the nearest
point of the obstacle. If the distance between the robot and
the obstacle becomes shorter than the predefined threshold,
the robot begins to move from the hypothetical target line
to the outer edge of the avoidance region. Since the edge of
the avoidance region is assured to be far enough from the
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Figure 2: Overview of the algorithm.

obstacle, the robot can avoid the obstacle by moving along
the edge.

The overview of the crowd avoidance algorithm is as
follows.

(1) Follow the target person.
(2) Recognize that the robot has lost the target person.
(3) Generate the hypothetical target line and the tentative

target point.
(4) Generate the avoidance region and move along the

hypothetical target line.
(5) Measure the surface points of the obstacle and deter-

mine the nearest point.
(6) If the distance to the nearest point is longer than the

threshold, go to (4).
(7) Measure the nearest surface point of the obstacle.
(8) Follow the circle that centers the nearest point.
(9) If the distance to the hypothetical target line is longer

than the threshold, go to (7).
(10) Follow the hypothetical target line until arriving at the

tentative target point.
(11) If the distance between the robot and the tentative

target is shorter than the threshold, stop the robot.
(12) Go to (10).

As this method uses the “avoidance region” and the robot
moves along the region, the path is always at almost the same
distance from the obstacles even when the robot can take
more distance from them. However, it is assured that the
robot can avoid the obstacles keeping a sufficient distance
using the proposed algorithm. The proposed algorithm is
very easy to implement because it uses only local information
(i.e., information of the nearest obstacle) as opposed to the
potential-based method.

Obstacle

The surface point of
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by the LRF

The circular area
for avoidance

500 (mm)

(a) The circular area for avoidance

(b) The avoidance region

Figure 3: Generation of the avoidance region.

3.2. The Avoidance Region. First, we describe the avoidance
region. The avoidance region is an overlapped region of the
circular areas, and the center of one circle is the surface
point of an obstacle measured by the LRF. The radius of the
circle is 500mm, which is determined considering the size
of the robot. Figure 3(a) shows an example of the circular
area. As the measurement by the LRF is done for all of the
surface points of the obstacle, we have many circular areas
that correspond to all the surface points, and the union of all
the circular areas is the avoidance region.Obviously, the outer
edge of the avoidance region is the envelope of the circular
areas. Figure 3(b) shows an example of the avoidance region.

3.3. CrowdAvoidanceUsing the Avoidance Region. In this sec-
tion, the detail of the crowd avoidance method is described.
First, assume the situation where the target person passed
through the crowd, as shown in Figure 4(a). At this point,
the robot loses the target person because measurement of the
target person is blocked by the crowd.Then the robot assumes
that the target exists beyond the hypothetical target line,
which is generated by extending the line segment between
the center of the robot and the last position where the
target person was measured. Then the robot follows the
line (Figure 4(b)) and moves toward the crowd. When the
distance between the robot and the nearest point of the crowd
becomes less than 700mm, the robot starts to follow the
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Figure 4: The crowd avoidance using the avoidance region.

piece of the circle (Figure 4(c)). The threshold value 700mm
was determined empirically. Then the robot moves along the
edge of the avoidance region and goes behind the crowd. If
the robot enters the point near the line (the green region
of Figure 4(c)), then the robot starts to follow the line (Fig-
ure 4(d)). Here the robot can avoid the crowdwhen the crowd
is moving because the center point of the circle to follow (i.e.,
the nearest surface point of the obstacle) is always updated
when following the circle.Thedetails of themethods to follow
a line and a circle are described in the following sections.

3.4. Following a Line. Next, the method to follow a line is
described [20]. Figure 5 shows the line-following method.

Let Δ𝜃 [deg] be the angular difference between the
robot’s moving direction and the line to follow, as shown in

Figure 5. Let 𝐿1 [mm] be the distance between the center
position of the robot (𝑥odo, 𝑦odo) and the line to follow. Then
the velocities of the left and right wheels, 𝑉𝐿 and 𝑉𝑅, are
controlled so that 𝐿1 becomes zero.

Let the equation of the line to follow be 𝑦 = 𝑎𝑥 + 𝑏. Then𝐿1 is calculated as follows.

𝐿1 = 𝑦odo − 𝑎 ⋅ 𝑥odo − 𝑏√1 + 𝑎2 . (1)

Let the two points on the line be (𝑥1, 𝑦1) and (𝑥2, 𝑦2).
Then the angle of the line 𝜃 is

𝜃 = tan−1 𝑦2 − 𝑦1𝑥2 − 𝑥1 . (2)
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Figure 5: The line-following method.

Then the angular difference Δ𝜃 is calculated using the angle
of the robot 𝜃odo, as follows.

Δ𝜃 = 𝜃 − 𝜃odo. (3)

Next, we control 𝑉𝐿 and 𝑉𝑅 so that 𝐿1 and Δ𝜃 become
zero. First, let us define

𝑉𝑅 = 𝑉 + Δ𝑉,
𝑉𝐿 = 𝑉 − Δ𝑉,
Δ𝑉 = 𝐾1𝐿1 + 𝐾2 𝑑𝐿1𝑑𝑡 + 𝐾3Δ𝜃 + 𝐾4 𝑑Δ𝜃𝑑𝑡 .

(4)

Here,Δ𝑉 denotes (half of) the velocity difference between
the left and right wheels. Parameters 𝐾1 and 𝐾3 are used
for controlling the constraint to decrease 𝐿1 and Δ𝜃. 𝐾2 and𝐾4 are used to control the convergence of 𝐿1 and Δ𝜃. These
parameters were determined empirically. The parameter
values used in the later experiment “line following” are shown
as follows:

𝐾1: 0.26 s−1𝐾2: 0.26𝐾3: 0.3mm/s⋅deg
𝐾4: 0.3mm/deg

3.5. Following aCircle. Next, themethod for following a circle
is described. Figure 6 shows the circle-following method.

Basically, the circle-following method is the same as the
line-following method, where the tangent lines of the circle
are used as the lines to follow.

First, consider the line segment between the center of the
robot (𝑥odo, 𝑦odo) and the center of the circle (𝑥0, 𝑦0), and the
intersection point of the line and the circle is (𝑥𝑞, 𝑦𝑞). Let
the tangent at (𝑥𝑞, 𝑦𝑞) be 𝑦 = 𝑎arc𝑥 + 𝑏arc. Here 𝐿2 [mm] is
the distance between the robot and the center of the circle,
calculated as follows.

𝐿2 = √(𝑥0 − 𝑥odo)2 + (𝑦0 − 𝑦odo)2. (5)

Y
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r
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y = aarcx + barc
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Figure 6: The circle-following method.

Then let the vector 𝑁⃗ = (𝑁𝑥, 𝑁𝑦) be a unit vector having
the samedirection as the line between the robot and the circle,
directing from the circle to the robot.The vector is calculated
as

[𝑁𝑥𝑁𝑦] =
[[
[

𝑥0 − 𝑥odo𝐿2𝑦0 − 𝑦odo𝐿2
]]
]

(6)

and the intersection point (𝑥𝑞, 𝑦𝑞) is calculated as

[𝑥𝑞𝑦𝑞] = [
𝑥0 + 𝑟𝑁𝑥𝑦0 + 𝑟𝑁𝑦] , (7)

where 𝑟 is the radius of the circle. And then the tangent line at
the intersection point, 𝑦 = 𝑎arc𝑥+𝑏arc, is calculated as follows.

𝑎arc = −𝑥0 − 𝑥odo𝑦0 − 𝑦odo ,
𝑏arc = 𝑦0 − 𝑎arc𝑥0.

(8)

Then the robot follows the tangent line using the algo-
rithm explained in the previous section. The center point of
the circle is updated by every measurement of the LRF (as
the coordinate of the nearest surface point of the obstacle),
and the tangent also changes according to the position of the
crowd and the robot.

4. Experiments of the Crowd Avoidance

4.1. Overview. We conducted an experiment to confirm if the
robot actually could avoid the crowd. In the experiment, three
or four persons blocked the robot and the robot moved to
avoid the persons. First, we conducted an experiment where
the crowd did not move (the static case) and then conducted
another experiment where one person of the crowd moved
(the dynamic case).

4.2. Hardware. We used ASAHI2015 as the robot, which is
the modified version of ASAHI [19]. This robot is equipped



6 Journal of Robotics

LRF (for obstacle avoidance)

Mobile robot (Pioneer 3-DX)

Figure 7: The mobile robot ASAHI 2015.

4800

Start

Goal

Robot

2400

40
00

20
00

50
0

50
0

500 500

Position of
a person
(crowd)

1000

1500

10
00

(mm)

Figure 8: Experimental environment.

with three LRFs at the middle and the bottom of the robot. In
the experiment, only the LRF at themiddlewas used (Hokuyo
UTM30-LX). Pioneer 3-DX was used as the moving base.
Figure 7 shows the figure of the robot.

4.3. Experimental Conditions. First, when the robot moved
to a person in the crowd, we assumed that the person either
stayed or moved to avoid the robot, which means that the
person did not behave to actively block the robot.

Figure 8 shows the experimental environment. The posi-
tions where persons stood were marked using curing tape.
First, the participants stood in front of the robot with the
seven patterns shown in Figure 9. Second, the participants
stood with the two patterns shown in Figure 10, and a person
in the crowd was moved during the experiment.

In Figure 9, patterns 1 to 4 were used to check if the
proposed method worked for a different arrangement of the
crowd. Patterns 5 and 7 were to check if the robot could pass
through the crowd when there was a wide gap in the crowd

that was enough for the robot to go through. Pattern 6 was
used to check if the robot could avoid the crowd if the wide
gap was blocked.

Figure 10 shows the dynamic case, where a person in a
crowd moved to avoid the robot. In pattern 8, four persons
stood in line first, and one person stepped aside to avoid the
robot. In pattern 9, a person stepped behind another person
to make the gap.

In these experiments, the point of losing the target person
was assumed to be known as 700mm front of the crowd.
We also assumed that the robot moves counterclockwise for
avoiding the crowd.

4.4. Results. As the results of the experiment, the robot could
avoid the crowd for all the static and dynamic patterns.

Figure 11 shows the trajectory of the robot for the static
patterns shown in Figure 9. The blue points are the points
measured by the LRF. The red triangles show the trajectories
of the robot. FromFigures 11(a)–11(g), we can confirm that the
robot could avoid the crowd properly. Especially, in patterns
5 and 7, the robot could pass through the gap because the gap
between persons was 1500mm, which was enough for a robot
to go through. Pattern 4 (Figure 11(d)) was a difficult pattern
to avoid because two personsmake a gap at the center and the
gap is blocked by another person. As shown in Figure 11(d),
the robot could avoid the crowd without collision even when
the crowd is the “inverted wedge” formation. In this case,
the robot starts avoiding the crowd before going between the
two persons standing at the front. It was possible because the
depth of the person at the center from the two persons at the
front was 500mm, which was comparable to the radius of the
avoidance area circle. If the distance were larger, the robot
would enter between the two persons and go back to avoid
the crowd.

As for the dynamic patterns shown in Figure 10 (patterns
8 and 9), the robot could avoid the moving crowd properly
by passing through the gap made by the person’s movement.
Here, we describe the motion of the robot for pattern 9 in
detail. Figure 12 shows the robot’s behavior in pattern 9. First,
as shown in Figures 12(a) and 12(b), the robot moved toward
the crowd along with the hypothetical target line. Figure 13(a)
shows the sensors’ measurement at this stage, where the
red circles show the circular areas for avoidance. The robot
focused on the blue circle in front of the robot, which was the
nearest point from the robot.The orange point is the center of
the robot and the green line is the line segment between the
robot and the nearest point of the obstacles. Next, as shown
in Figure 12(c), the robot started to avoid the nearest person.
At this point, the second person from the right yielded to
the robot. Then the robot recognized the gap as Figure 12(d)
and passed through the gap as shown in Figure 12(e). The
sensor signal is shown in Figure 13(b), where the blue circle
is the circle along which the robot was moving. Finally, the
robot moved toward the tentative target point, shown in
Figure 12(f). Figure 13(c) shows the sensor signal at this phase.

4.5. Discussion. There are several limitations in the proposed
method. First, the method assumes that the tentative target
point is known. If another crowd were on that point, the



Journal of Robotics 7

500 500

(a) Pattern 1

50
0

50
0

500 500

(b) Pattern 2

50050
0

50
0

(c) Pattern 3
500 500

50
0

50
0

(d) Pattern 4

500 1500

(e) Pattern 5

500 1500

25
0

(f) Pattern 6

500 1000

10
00

(g) Pattern 7

Figure 9: Patterns of the crowd (static case).

500

1500

500
(a) Pattern 8

500 1500

50
0

25
0

(b) Pattern 9

Figure 10: Pattern of the crowd (dynamic case).

robot could not arrive at the target point unless the crowd
yields. Another limitation is that this method does not work
when the persons move faster than the scanning speed of
the LRF or the moving speed of the robot. The advantage of
this method is that this method is based on the measurement
obtained one after the other, without using the fixed map.
Because of this feature, the robot could pass through the
crowd under dynamic environments such as patterns 8 and
9. Another advantage is that the proposed method is simple
enough to implement easily because the method is based on
the following behavior along simple figures such as a straight
line or a circle.

5. Conclusion

In this paper, we proposed a crowd avoidance method that
uses the avoidance region. Using thismethod, the robot could
avoid the crowd even when the crowd was in the “inverted
wedge” formation and the persons in the crowdweremoving.
In addition, the robot could pass through the crowd when
there was a gap with enough width.

In the experiment, we did not use the person-following
method before the avoidance behavior because we wanted
to check if the proposed algorithm worked correctly. As a
future work, we implement the person-following method to
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Figure 11: Experimental results.
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(a) (b) (c)

(d) (e) (f)

Figure 12: The avoidance behavior of the robot under pattern 9.

(a) (b) (c)

Figure 13: Measurement examples of sensor signals obtained from the robot’s avoidance behavior.
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the robot and conducted an experiment that combines the
person following and the crowd avoidance under the static
and dynamic environments.

Another issue is that we need to implement a method to
discover the lost target person after avoiding the crowd.
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