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Yusuke Tamura, Tomohiro Fukuzawa, Hajime Asama

Abstract—1In order for service robots to safely coexist with
humans, collision avoidance with humans is the most important
issue. On the other hand, working efficiencies are also important
and cannot be ignored. In this paper, we propose a method
to estimate a pedestrian’s behavior. Based on the estimation,
we realize smooth collision avoidances between a robot and
a human. A robot detects pedestrians by using a laser range
finder and tracks them by a Kalman filter. We apply the social
force model to the observed trajectory for a determination
whether the pedestrian intends to avoid a collision with the
robot or not. The robot selects an appropriate behavior based
on the estimation results. We conducted experiments that a
robot and a person pass each other. Through the experiments,
the usefulness of the proposed method was demonstrated.

I. INTRODUCTION

Service robots, such as delivery robots, security robots,
and cleaning robots, are required to operate in the environ-
ment in which humans live. In order for robots to safely
coexist with humans, collision avoidance behavior is of
extreme importance.

Many researchers have studied on obstacle avoidance in
dynamic environments[1], [2]. In most such studies, humans
were regarded as just moving obstacles, and the problem of
how to avoid collision against moving obstacles has been
tackled. In other words, in these studies, they considered
only robots avoid the collision.

On the other hand, some studies treated humans dis-
tinctively from mere moving obstacles. Yoda and Shiota
analyzed collision avoidance behavior between humans [3]
and implemented a model emulating human’s avoiding be-
havior to a robot [4]. Actually, however, humans change own
behavior in response to the changing situation. Although not
only robots but also humans inevitably avoid the collision
between each other, they did not consider effects of the
existence of robots on humans.

Matsumaru proposed a robot, which presents its intending
motion to people around it [S], [6]. The robot does not
change its motion to avoid collision and makes people
change their motion. This idea will work only if people
around the robot notice the preliminary announcement com-
ply with the robot’s intention. Unless people does not notice
the announcement, they have the potential to crash into the
robot.
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Fig. 1. Conceptual diagram of human-robot mutual estimation of each
other’s intention.
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On the other hand, Murakami et al. proposed an intelligent
wheelchair that determines whether a pedestrian notices it
or not by observing his face direction [7]. The wheelchair
decides its motion based on the determination. In other
words, the wheelchair does not perform an avoiding behavior
if the pedestrian notices the existence of the wheelchair.

For working efficiencies perspective, this idea seems really
good. However even if a pedestrian notices the wheelchair,
he does not always change his motion to avoid the upcoming
collision for any reason. For example, physically disabled or
elderly persons have difficulties to avoid the collision even
if they notices the existence of a robot. In such a case, the
robot should avoid the collision.

In this study, we assume that human intention is expressed
in his behavior. In order for human and robot to smoothly
interact with each other, both of them should estimate each
other’s intention based on other’s model (Fig. 1). In this
study, therefore, we propose a method to predict whether
or not a pedestrian will change his motion to avoid the
collision against a robot by observing his walking trajectory.
Moreover, we develop a robot that smoothly avoids the
collision against a pedestrian based on the prediction.

In section II, an algorithm to detect and track pedestrian
movement is presented. In section III, a method to predict
the pedestrian behavior is shown. We also present a method
to avoid the collision against the pedestrian. In section IV,
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Fig. 2. Measurement of surrounding environment with a laser range finder.
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Fig. 3. Detection of persons based on the three assumptions. 1) There

is a certain amount of distance between a person’s leg and another object.
2) Width of a person’s leg is within a certain definite range. 3) Distance
between both legs of a single person is within a certain definite range.

II. MEASUREMENT OF PEDESTRIAN BEHAVIORS
A. Detection and tracking

In order to detect pedestrians, we employ a laser range
finder (LRF) to detect human legs. After detecting leg
candidates, we pair the appropriate two candidates and regard
the pair as a person.

In this study, we have three assumptions:

1) There is a certain amount of distance between a
person’s leg and another object.

2) Width of a person’s leg is within a certain definite
range.

3) Distance between both legs of a single person is within
a certain definite range.

These assumptions are reasonable for normal pedestrians.

As shown in Fig. 2, a LRF measures d;, a distance to an
object, for each direction 6;.

From the obtained data, persons are detected as follows
(Fig. 3).

The first assumption is represented as the following three

equations:
dj,1 — dj 2 €1 (1)

dl+1 — dl 2 €1 (2)

|di+1—di| <& (]SZSZ—I) 3)

where j and [ are detected ends of a single obstacle, and ¢,
is a constant threshold.

Based on the second assumption, when considering a
person’s leg as a cylinder, the diameter of the cylinder is no
shorter than €5, nor longer than 3. Assuming the angular
resolution of a LRF is (2w/N) rad, the diameter of the
cylinder can be approximated as follows.

2n(l - j)
N

Therefore, the second assumption is represented as the
following equation:

diznd (4)

2(l — 4
e < (N J)

The variables j and [, which satisfies the equations (1),
(2), (3), and (4), are represented as follows:

dyena < £3 5)

Z-begin _ J
& =
(6)
,iznd =1

where k-th leg candidate is defined by these parameters.

After that, we apply the third assumption. Similar to the
equation (4), the distance between both legs is approximated
and the assumption is represented as follows:

2m (i — 8"
N

If k-th and (k + 1)-th leg candidates satisfy this equation,
they are paired and detected as a person. The center between
the both legs is regarded as the location of the person. Here,
p, denotes the location of the person at ¢.

Based on the detection method stated above, we apply a
Kalman filter [8] to the obtained data for tracking pedestrian
movements. The filter estimates the current (¢) state by using
only the previous (¢ — 1) state and the current observation.
Even if only one leg is observed, the filter can estimate the
current state by using the previous state.

digna < e4 M

B. Accuracy verification of tracking

In order to verify the accuracy of the proposed tracking
method, we conducted experiments as follows.

In the experiments, we used a LRF (UTM-30LX, Hokuyo
Automatic). The LRF is able to report ranges from 20 [mm]
to 30 [m] in a 240 [deg] arc. The resolution of distance is 30
[mm] and that of angle is 0.25 [deg]. The LRF was installed
at 340 [mm] high. Here, the measurement interval was 125
[ms].

We conducted the following two experiments.

o Crossing: A participant walks across in front of the

LRF (Fig. 4).
o Approaching: A participant walks towards the LRF
(Fig. 5).
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Fig. 5. Approaching case: a person walk from F to N

Ten trials for each direction (L to R, R to L, and F to N)
were conducted. Here, €1, ¢9,€3, and €4, the thresholds for
detecting a pedestrian, were set to 200 [mm], 100 [mm], 300
[mm], and 200 [mm)], respectively.

The average differences between the planned walking
paths (straight lines) and the observed trajectories are shown
in Fig. 6.

The average differences in the crossing case was enough
small. The standard deviations were about 0.22 m in the
cases of both directions. The differences in the approaching
case was larger than those in the crossing case. However,
considering comfortableness during passing each other by a
robot and a person [9], people generally prefer to keep larger
passing distance. Therefore, the proposed tracking method
could be enough accurate.

III. ACTION DECISION BASED ON THE PREDICTION OF
PEDESTRIAN BEHAVIOR

A. Prediction of pedestrian behavior

In order to smoothly avoid a collision with a person, in
this study, a robot determines whether the person is trying
to avoid the collision or not. Here, this includes not only a
situation that the person does not detect the robot but also
situations that the person intends not to avoid the collision
by himself or he cannot avoid the collision for any reason.
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Fig. 6. Differences between walking paths and observed trajectories

The determination is conducted based on a model
of pedestrian’s movement. We employ the social force
model [10] for the determination. The social force model
assumes that four types of virtual forces act on a pedestrian
« as follows.

o Acceleration: F*

« Repulsive effects of other pedestrians 3: Fog

« Repulsive effects of obstacles B: F,p

« Attractive effects of others i: F',;

For simplicity, in this case, we consider two of them, such as
the acceleration and the repulsive effects of other pedestrians.
In this paper, a case that a single person and a single robot
is explained below.

The acceleration term Fg is defined as follows:

FO = L (00— v,) (8)

where 7, is the relaxation time and v,, is the current velocity.

v? is the desired velocity, which is defined as the following
equation.

o_,0 9

vy, = Vg €q ©))

where v0 is the desired speed and e,, is the desired direction.
The repulsive effects F',g is defined as follows:

F.3=—-Vr_ ;Vas(b) (10)
where
1 2 2
b= 3\/(Irasll + Iras — vsdtes|)? = (vsA0)? (1)

and

b
Here, V,s is the repulsive potential, and Vo?fj and o are
constants.
The social force model assumes that the resultant of these
two effects acts on the pedestrian as follows (Fig. 7):

F,=F° +w(eq r0s)Fap (13)
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where w(e, F') denotes the weight factor of the repulsive
effects, which models an effect of pedestrian’s eyesight. The
weight factor is defined as follows:

w(e, F) = {

where 2 represents the eyesight.

At first, the robot just tracks a pedestrian’s movement until
the distance between the robot and the pedestrian is longer
than L using the method proposed in the previous section.
Here, L is defined by the following equation:

1 if e-F>|F|cosg

¢ otherwise (0 <c<1) a4

L =1+v,pAt (15)

where [ is the distance that a normal person starts avoiding a
robot and v,g is the relative speed of the pedestrian o with
respect to the robot 3. [ is about three to five meters [3], but
it depends on the size and speed of a robot. Here, At is set
to 1 [s].

One second after the distance between the robot and
the pedestrian is shorter than L, the robot calculates the
pedestrian’s velocity based on the obtained position data.
Because the desired velocity of the pedestrian cannot be
observed, the robot regards the calculated velocity as the
desired velocity v of the pedestrian.

After that, planned location and velocity of the robot is
assigned to the social force model for calculating the virtual
force acting on the pedestrian. Then, the location and velocity
of the pedestrian at the next step is calculated according
to the model. This process is sequentially conducted and
finally the robot will obtain the predicted trajectory of the
pedestrian.

Here, we define a trajectory that assumes the existence
of the robot as avoiding trajectory £*° and that does not

assumes the existence of the robot as unavoiding trajectory
funavoid

Assuming p, is an observed location of the pedestrian at
t, distances from p, to £*°4(¢) and F*"*°(¢) are defined
as follows:

DO (f) = | fmed() —p| - (16)

Here, Pt(un)aVOid denotes the likelihood that the pedestrian
will perform an (un)avoidance behavior at ¢. These likelihood
functions are defined as follows:

t .
) DaV01d (T)
PtaVOId = PYZ avoid navoid (17)
= Davo (7-) + Dunavo (7-)
t .
. DunaVOId (7_)
unavoid __
Pt =7 Z Davoid (T) + Dunavoid(T) (18)
7=0

where « is a normalized factor.

B. Decision of a robot’s behavior

If P#void is smaller than Pmavoid | the robot will determine
that the pedestrian does not intend to avoid a collision, and
will decide to avoid the collision by itself. If P2°!d is larger
than P'maveid  on the other hand, the robot will not change
its behavior and will continue moving toward its own goal
and comparing these likelihoods.

When the robot decide to avoid a collision, it is required
to decide whether it will avoid the collision by moving
rightward or leftward.

In the robot-centered coordination, conforming the travel-
ing direction of the robot to y-axis, the relationship between
the robot and the pedestrian is shown in Fig. 8.

Here, g = (¢, 0) denotes the intersection of f""*'°!¢ with
z-axis. If ¢ is larger than 0, the robot will avoid a collision
by moving leftward, and vice versa. If ¢ is equal to O, the
robot will randomly choose left or right.

IV. EXPERIMENTS
A. Setup and procedure

In order to verify the proposed method, experiments were
conducted. In the experiments, an omni-directional mobile
robot (Fig. 9), which controls four wheels by using three
actuators [11]. The robot was equipped with the LRF stated
in the experiments of section II.

As shown in Fig. 9, the robot is an almost octagonal prism
178 [mm] on a side and its height is 912 [mm]. The travel
speed of the robot was 400 [mm/s], and L was fixed to 8.0
[m].

In a single trial, the robot and a participant pass each
other in an open patch. At the start of a trial, the robot and
a participant stood at a distance of 10 [m] as shown in 10.

The goal of the robot was set to an enough far point
in the line through the initial locations of the robot and
a participant. The goal of a participant was set in the
same manner. In the experiments, the robot started when a
participant moved about 1 [m].
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Fig. 8. Decision of a robot’s behavior. If ¢ > 0, then the robot swerve to

the left, and vice versa.

Four healthy men (aged from 22 to 24) participated in the
experiments. For each participant, the following three types
of trials were conducted and five trials were performed in
each type.

(i-R) A participant swerved to the right.
(i-L) A participant swerved to the left.
(ii) A participant walked straightforward.

Through the experiments, we evaluated whether the behavior
of the robot is appropriate or not.

In the trials (i-R) and (i-L), if the robot does not swerve to
either side, the behavior will be regarded as a smooth avoid-
ance. If the robot swerve to the opposite side of participants,
the behavior will be regarded as a safe avoidance. In this
case, it is not necessary for the robot to avoid the collision.
In that context, the behavior is not effective. However, the
collision risk is quite low, therefore this is not regarded as a
failure. The other cases are regarded as a failure avoidance.

In the trials (ii), if the robot avoids the participants, the
behavior of the robot will be regarded as a smooth avoidance.
On the other hand, if the robot does not avoid the participants
and moves straightforward and the distance between the
participant and the robot is shorter than 1 [m], the behavior
is regarded as a failure avoidance.

The parameters of the social force model are predeter-
mined for each participant based on the preliminary experi-
ment.

Fig. 9. Appearance of the omni-directional robot

TABLE I
SUCCESS RATE OF THE ROBOT’S AVOIDANCE BEHAVIOR

Smooth | Safe | Failure
(i-R) 40% 50% 10%
(i-L) 70% 15% 15%
(ii) 90% — 10%
Average 67% 22% 12%

B. Results

An example of the experimental scene was shown in Fig.
11.

As shown in Table I, the rates of the smooth avoidance
in the trials (i-R), (i-L), and (ii) were 40%, 70%, and 90%,
respectively. The rates of the safe avoidance in (i-R) and (i-L)
were 50% and 15%, respectively. There is a large difference
between (i-R) and (i-L). In (i-L) situation, the participants
tended to keep longer distance to the robot. The dominant
leg or eye of the participants may cause the results.

The total rate of the successful avoidance was 89%.

The failures can be divided into two factors. One is
attributed to tracking failures and another is caused by the
inconsistency between the pedestrian model and observed
trajectories.

In a case that legs of trousers were very close to each
other, the proposed algorithm to detect legs did not function
properly. This decreased the accuracy of tracking a pedes-
trian.

In this study, we applied the social force model to model-
ing pedestrian behaviors. However, the model cannot com-
pletely represent pedestrian individual differences. Therefore,
the observed trajectories of the participants were not always
consistent with the model.
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Fig. 10. Experimental placement of robot and participant

V. CONCLUSION

In this study, we proposed a method to determine whether
a pedestrian performs an avoiding behavior or not, and
developed a robot that smoothly avoids a collision against
the pedestrian. The usefulness of the proposed method was
demonstrated through the experiments.

In the experiments, the behaviors of the participants were
qualitatively controlled for the validation. However, in actual
situations, persons may change their behavior in response to
a robot’s behavior.

For future works, we will test a mobile robot applied to
the proposed method in an actual human-robot coexisting
environment.
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