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Abstract— In order to operate mobile robot that can coexist
with human, it is necessary to strike a balance between safety
and efficiency. It is effective to make a prediction about when
and where human exist from data of pedestrian movement and
environment. Then, we need to know how the configuration of
environment effects pedestrian. This paper presents a measur-
ing system of pedestrian movement tendency, and prediction
system of pedestrian movement. We conducted the prediction
experiment with real observed data, and proved that system can
contribute to the balancing safety and efficiency of operating
mobile robot.

I. INTRODUCTION

A. Background of Research

Recent years, many kinds of robots are developed and uti-
lized in human society, and they have become indispensable
for us. There are two main types of robots, industrial robots
utilized in manufacturing, and non-industrial robots utilized
in other areas. Once industrial robots occupied most of the
robot, however, due to development of robot technology, the
research of non-industrial robots has become a thriving filed.
Service robots which are used in environments coexisting
with humans occupy an area of non-industrial robots, various
forms of robots which are utilized in office work [1] or
everyday life[2] have been developed. However, currently
robots which can coexist with human in everyday life have
not yet reached the stage of practical.

In order to operate mobile robots in an environment coex-
isting with human, collision avoidance is a huge problem.
It is not so easy for mobile robots to avoid collision in
a situation that humans can avoid each other easily, there
has been considerable research on this problem. However,
we should not give up the high-speed operation of mobile
robots with the firm commitment to safety. Because there
is a task to be accomplished to use the mobile robots,
there is no point in using mobile robots if the task did
not get accomplished efficiently. There are always a trade-
off between safety and efficiency, the efficiency is reduced
when the robot move slowly for the sake of safety, and
the safety is reduced when the robot move quickly for the
sake of efficiency. It is important to keep safeness, however
the need to use mobile robots is decrease when the robot
moves slowly as discussed previously. Hence, we can say
that the system which enables to move efficiently while
keeping safeness is necessary for mobile robot utilized in
environments coexisting with humans.

S.Hamasaki, Y.Tamura, A.Yamashita and H.Asama are with
Dept. of Precision Engineering, The University of Tokyo , Tokyo
, Japan { hamasaki, tamura, yamashita, asama}
@robot.t.u-tokyo.ac.jp

Fig. 1. Crossing Paths of Human and Robot

B. Related Works and Policy of Research

According to the preceding section, development of a
system which enables to move efficiently while keeping
safeness is important. There has been considerable research
about collision avoidance. For example, collision avoidance
methods with the sensor mounted on the mobile robots are
one of the most common method [3], [4]. There are also
researches aimed at improving the quality and quantity of
information by adding new twist to the sensor mounted on
the mobile robots. However, it is difficult to prevent the
occurrence of occlusion exclusively by sensor mounted on
the robot, thus the robot has to give priority to safety in the
area where the occlusion may occur.

To reduce the effect of occlusion, there are a lot of
methods to gain information, that the sensor on the robot
cannot detect, from the sensors in the environment[5] [6]
[7]. However, only the current state of human is not enough.
For example. we simulate the situation as shown in Fig 1.
The environmental sensor detects a human on the blue route
that the robot is going to move, the robot will take avoidance
movement such as stop or slowdown. However, human is go-
ing to move along red dashed line, this avoidance movement
is unnecessary. If the robot could predict the future trajectory
of human, the robot can escape an unnecessary avoidance
movement.

We thought that we can realize more efficiently and
more strategic collision avoidance, by predicting the absence
of future collision between human and robot Without any
information about future collision, the mobile robot always
has to move at the speed focusing on safety enough to
respond to the dangers if there is a possibility of collision.
Knowing in advance the possibility of a collision, the robot



Fig. 2. Schematic view of Human’s Movement Tendency

can make decisions, to move for efficiency when it have low
possibility for collision, or to move for safety when it have
high possibility for collision. Even when high possibility for
collision is predicted, the mobile robots can keep safeness
by acceleration or deceleration, without a lot of effects on
efficiency.

There are some researches to predict the future trajectory
of the human [8] [9] [10]. However, these researches require
some data about environment which are determined by
human manually. It is difficult to reconstruct the effect of
environment on human’s movement properly in the subjec-
tive experience. Thus, the system which derives the effects
of environment on human’s movement from observation is
necessary.

From the above, we can say that making a prediction of
future human’s trajectory will allow the robot to be operated
efficiently while maintaining safety. Thus, the purpose of
this research is to develop system to predict future trajectory
of the human. It is important in trajectory prediction of
human that the environment always have some influenced
on the movement of human. “environmental effect” has to be
built in trajectory prediction, and it must not be determined
manually. Therefore the environmental effect in this research
should be derived automatically from observation.

The rest of this paper is organized as follows. Environmen-
tal effects are discussed in section II. In section III, details
of the proposed algorithm are discussed. Experiments are
described in section IV, and conclusions are given in section
V.

II. GENERATION OF HUMAN’S MOVEMENT TENDENCY
DATABASE

A. Human’s Movement Tendency

To reflect the environmental effects on human’s movement
in the prediction, we analyzed the tendency of human’s
movement, and created a database. The transition of human’s
movement can be represented by a change of the velocity.
By considering the movement of human as a particle which
has mass M [kg], we can derive a virtual impulse from the
change of the velocity as represented in Fig 2. In this work,
we treat this impulse as human’s movement tendency.

There are many kinds of sensor which can detect human’s
movement, such as optical sensor or ultrasonic sensor. In this

Fig. 3. Data in the Database

research, we suppose we use laser range finder (LRF).

B. Generation of Database

In this section, we generate a database with the tendency
of human’s movement which derived in preceding section.
The environmental sensor observed the movements of human
for many hours at intervals of tI . Observed environment is
partitioned into cells (D[m] on a side), and the tendencies of
movement in each cell are stored in the database. We input
two kinds of data to a database of arbitrary cell, derived
impulses expressing the tendency and angular component of
the velocity in previous observation step. Data which stored
in the database are described in (1).

Cmn = {Ij , θj |0 < j ≤ J ≤ Jmax, j ∈ Z} (1)

Cmn is a set of data which are recorded in the database of
the cell in the mth row and nth column. I is the impulse,
and θ is the angular component of the velocity in previous
observation step. j is the data number, J is the number of
data in the cell, and Jmax is the maximum number of data
which are recorded in a cell. A data in database is shown in
Fig 3 .

III. TRAJECTORY PREDICTION ALGORITHM

A. Assumptions of Proposed Method

The proposed algorithm based on following assumptions.
Assumption 1

The movement of human is affected by environ-
ment. For example, human would sometimes walk
along the wall, or toward the door or book shelf.
Thus human’s movement is sensitive to character-
istics of the environment.

Assumption 2
The walking speed and direction of human, don’t
change significantly in a short time. It does not
mean that the movement is constant. Moving of
human at long times would well be change signif-
icantly with accumulation of small changes.

B. Information extraction from observed data

On making the trajectory prediction, the observed data
forms the basis of prediction. The data which form the basis
of prediction is generated from the observed data at present



Fig. 4. Basic Velocity

time. We can get the barycentric position and velocity of the
human from observation, however we have to consider the
error of measurement. Especially the error of velocity will
greatly effect prediction result.

First, N particles are generated in accordance with 2-
dimensional normal distribution based on the barycentric
position which is observed at present time. These particles
are express the position distribution of the human. In order
to reduce the margin of error in velocity, we generated the
velocity vB which form the basis of prediction from the ob-
served data of human movement. If we calculate the velocity
with the simple subtraction between the last two observed
data, the calculated velocity is very sensitive to errors in
observation. Thus, vB is generated from the observed data
of 0.5 second, with the method of least squares. Figure 4
show the derivation of vB . (x0, y0) -(x−5, y−5) are the data
which is observed 0.5 second.

The line in Fig 4 is derived by (2). (xs0 , ys0) ,(xs−5 , ys−5)
are the foot of a perpendicular to the line from (x0, y0) and
(x−5, y−5).

ax + by + c = 0 (2)

a =
n∑

k=0

x−ky−k −
n∑

k=0

x−k

n∑
k=0

y−k (3)

b =

(
n∑

k=0

x−k

)2

− n

n∑
k=0

x2
−k (4)

c =
n∑

k=0

x−k

n∑
k=0

y−k −
n∑

k=0

x−ky−k

n∑
k=0

y−k (5)

The line express the angular component of vB . In Fig 4 ,
n = 5. vB is obtained from (6) and (7). vBx is X component
of vB ., vBy is Y component. t0, t−5 are the observed time.

vBx =
xs0 − xsn

t0 − t−n
(6)

vBy =
ys0 − ysn

t0 − t−n
(7)

vB is the velocity of the particles when the system starts
the prediction.

Fig. 5. Generation of v′
m

C. Movement of the Particles

In preceding section, the probability distribution of the
particles expressing the human’s movements is generated.
The proposed system makes a prediction sequentially at the
same interval of time tP . We discuss a particle at a certain
point tm. rm is the coordinate of the particle, and vm is the
velocity. This particle is transferred from rm−1 at a velocity
of vm. We have to predict the coordinate and velocity of
the particle at tm+1 = tm + tP . According to assumptions,
vm+1 is not so different from vm. Thus, v′

m is generated
at random based on vm for a probabilistic prediction. v′

m is
generated by normal distribution.

Figure 5 show the generation of v′
m. θm and θ′m is the

angular component of v′
m and vm.

To discuss environmental influence, we add a correction
for v′

m. It changes under the influence of one of the im-
pulse stored in the database which generated in II-B . The
probability is determined by (8) and (9) that an impulse is
selected.

Pj =
Kj

J∑
l=1

Kl

(8)

Kj =
1√
2πσ

exp
(
− (θj − θ′m)2

2σ2

)
(9)

An impulse is selected according to probability 8 from the
database that the particle exists. According to 10, vm+1 is
generated.

Mvm+1 = Mv′
m + I (10)

M is the mass of particle, I is selected impulse. Figure 6
show the generation of v′

m.
vm+1 in Fig 6 is the velocity predicted from vm and the

database. The particles moved according to (11).



Fig. 6. Generation of vm+1

rm+1 = rm + vm+1tP (11)

Prediction system makes a prediction for all N particles,
and moves them at intervals of tP . Figure 7 shows the overall
flow of the proposed algorithm. Prediction system makes a
prediction of the position distribution of the human in real
time.

Even if pedestrian’s movement change suddenly, predic-
tion system makes a different prediction tP seconds later
from data after the change.

IV. EXPERIMENT

A. Overview of Experiment

In order to evaluate the proposed system, we made a sim-
ulation experiment with real observed data. First, we create
database from 6 hours of observation at 8th-floor corridor of
Faculty of Engineering Building 14 in University of Tokyo.
We use UTM-30LX, the laser range finder manufactured
by HOKUYO AUTOMATIC CO., LTD. Figure 8 shows the
experimental environment.

We set the variables as 12 .
D = 1.0[m]
tI = 0.1[s]
N = 100
tP = 0.1[s]

(12)

1) Specification of virtual robot: In the simulation ex-
periments, we assumed the mobile robot specification, as
represented in Table.I . This virtual robot moves linearly for
Goal Pint from Start Point in Fig 8 , with varying speed to
avoid collisions. The robot can choose from three movement,
to move on normal speed , reduced speed, and stop.

Fig. 7. Flowchart of Proposed Algorithm

2) Route of virtual human: The Robot begins to move
at t = 0. On the other hand, virtual human begins to move
at random timing between −3 < t < 3. The virtual human
move along one of the routes which represented in Fig 9 .

The virtual human cannot take avoidance movement be-
cause its routes are actual data which was observed in
environment without mobile robots. In this experiment, we
considered the virtual robot crashed against virtual human
when the robot and human contact while robot does not stop.

3) Motion planning of virtual robot: We conducted the
simulation experiments in accordance with the following



Fig. 8. Experimental environment

TABLE I
SPECIFICATION OF VIRTUAL ROBOT

Normal Speed 3[m/s]
Reduced Speed 1[m/s]

Acceleration 2[m/s2]
Measuring Range of Sensor 4[m]

three motion patterns.

Pattern A
This pattern gives first priority to efficiency. Virtual
robot always moves on normal speed, and tries to
stop when the sensor mounted on the virtual robot
detects human.

Pattern B
This pattern gives first priority to safety. Virtual
robot moves on reduced speed in the area where
the occlusion occurs, and moves on normal speed
other areas. Also, the robot tries to stop when the
sensor mounted on the virtual robot detects human.

Pattern C
This pattern uses proposed method. During envi-
ronmental sensor detects human, prediction system
makes prediction about possibility of collision.
When a collision is not predicted, the virtual robot
moves on normal speed. If the system predicts
a collision in future between human and robot
which moves on normal speed, the system begins to
make a prediction about collision in future between
human and robot which moves on reduced speed.
When a collision is not predicted in the second
prediction, the virtual robot moves on reduced
speed. If a collision is predicted in both predictions,
robot stops. Also, the robot tries to stop when the
sensor mounted on the virtual robot detects human.

B. Experimental Result and Discussion

1) Experimental result: We conducted the simulation ex-
periment 1000 times for each of three patterns, The results
are shown in Table II and Fig 10 . Table II shows the number
of collisions, and Fig 10 shows the required time when the
robot can move without collision.

Fig. 9. Route of virtual human

TABLE II
NUMBER OF COLLISIONS

Pattern A Pattern B Pattern C
Number of collisions 172 0 0

2) Discussion:
- Safety

First, according to Table II , in the case of employ-
ing Pattern C ,the pattern which is using proposed
method, collision did not happen as with the case
of pattern B. By contrast, in the case of Pattern A,
the robot crashed against human at 17.2% of the
simulation. This result is too dangerous to apply
to real environment. In the case of Pattern A, the
robot could not stopped before contact when the
human came close from the blind area of the sensor
mounted on the virtual robot. Even when the human
came from the blind area, robot could stop because
robot’s speed was slow in Pattern B. In the case of
Pattern C, the robot could move as safe as Pattern
B.

- Efficiency
Secondly, we discussed about required time in the
case of Pattern B and Pattern C. The reason we
eliminate Pattern A is that Pattern A is inferior to
other in safeness. According to Fig 10 , in the case
of Pattern C, the robot could move more efficient
than Pattern B. The required time of Pattern B
and Pattern C compared by usuing a t-test, there
are significantly different(p < 0.05). The move
of robot in Pattern B was safe, but not efficient.
As against Pattern B that the robot slowed where
there does not need to stop, the robot in Pattern C
changed the speed strategic. As a result, in the case
of employing Pattern C, the robot could move as
efficient as Pattern A.

V. CONCLUSIONS AND FUTURE WORKS

A. Conclusions

We proposed an algorithm to make a predict the future
position of the human based on the data which is observed



Fig. 10. Required time

by environmental sensor. Prediction which was taken into ac-
count the effect of the environment was realized by reflecting
the tendency of human’s movement on algorithm. Human’s
movement tendency was derived from the data of fixed-point
observation, there is no need for the data which is determined
by human manually. Furthermore, we made a simulation
experiment with real observed data. As a result, we showed
that the proposed method contributes to the operation of the
mobile robot which combines the safety and efficiency.

B. Future Works

In future research, it is necessary to collect data from many
types of environments to validation, and we have to discuss
deeply about the variables. At present, the proposed method
presupposes a long time observation for generating database,
it is necessary to upgrade the system to be able to apply more
general environments. Most importantly, the proposed system
has to be applied to a mobile robot in the real environment.
Also, the verification result has to be compared with existing
methods.
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