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Abstract

Intelligent Space is a space where many sensors and intelligent devices are distributed. Mobile robots exist in this space as
physical agents, which provide human with services. To realize this, human and mobile robots have to approach each other as
much as possible. Moreover, it is necessary for them to perform interactions naturally.

It is desirable for a mobile robot to carry out human affinitive movement. In this research, a mobile robot is controlled by the
Intelligent Space through its resources. The mobile robot is controlled to follow walking human as stably and precisely as
possible. In order to follow a human, control law is derived from the assumption that a human and a mobile robot are con-
nected with a virtual spring model. Input velocity to a mobile robot is generated on the basis of the elastic force from the vir-
tual spring in this model. And its performance is verified by the computer simulation and the experiment.
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1. Introduction

Intelligent space (ISpace) is a space where many sensors
and intelligence are distributed [1]. Mobile robots exist in this
space as agents, which offer physical service to human. In or-
der to realize this, human and mobile robot have to approach
each other to certain range as much as possible, and it is re-
quired for human and a mobile robot to perform an inter-
action naturally. In this research, the function of the ISpace is
used for extraction of walking human, and control of mobile
robots. Human walking action is extracted by using the human
position information measured from the vision sensors in the
ISpace. .

Since measurement error and fluctuation peculiar of a hu-
man walking is contained in position detection results, it is
not appropriate to use the results directly as control input for
a mobile robot. This paper describes how to extract a walking
of human correctly first. In addition, the method for estimat-
ing position of mobile robot is described. Next, the control
method of the mobile robot using above results is described.
At last, simulation and experimental results are shown. In [2],
human is followed by a robot using the vision sensor carried
on the robot. Furthermore, since the direction, where man is
facing, is measured, a mobile robot and human are able to
face mutually. In [3] and [4], mobile robots follow each other.
It is considered as a mean of realizing cooperative work.
Based on the accumulated information in the DINDs, the posi-
tion estimation of human and mobile robots based on the
tracking of color marker[5], human behavior recognition| 6]
and mobile robot control under ISpace[7] have been studied.

In this research, such a function is realized with the inter-
action of a mobile robot and Inteiligent Space. A mobile robot
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does not need to have complicated processing functions. The
ISpace is always able to catch the information of the objects
which exist there, such as robots or obstacles. Therefore, even
when environment is complicated, a mobile robot is afforded
by the ISpace to accomplish given task.
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Fig. 1. Human following system in ISpace.

2. Importance of Human Following in ISpace

2.1 Human Following Mobile Robot

In recent years, the technology about the man-machine in-
terface becomes important. Especially, it is required to realize
cooperated operation of man and robot in the field of robotics.
However, at present, intelligence of the robot is limited. It is
difficult for human and robot to understand each other and
work together. Human’s intelligence is required in cooperated
operation of human and robot.

First, it is required to distinguish the role of human and a
robot clearly. The system that a role assignment has clarified
is considered to be suitable for cooperation of man and a
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robot. A mobile robot approaches human who receives support
from it, and a human is followed by it.

Followings can be realized as cooperated operation using
this human following system.

® Conveyance of the load in being accompanied by human

in a factory, a hospital, etc.

e Assistant of human in the office.

® The guidance robot in an art gallery, a museum, efc.

Besides, the environment where human and a robot are al-
ways able to perform cooperative operation in this way is
considered to be the first step which realizes a future life. The
interaction of a human and a robot is more activated by real-
ization of such environment, and we consider that this envi-
ronment is close to the ideal coexistence environment of hu-
man and a robot.

2.2 Human Following Robot in ISpace

In this section, advantages and meanings of realizing a hu-
man following robot system in Intelligent Space are explained.
Not the intelligence of robot itself but the intelligence of
ISpace is mainly used to realize navigation of a mobile robot
in the ISpace [11]. For this reason, it is possible to perform
human following operation in the ISpace with any kinds of
mobile robots, even though the robot lacks of sensors and
intelligence. In addition to control of a mobile robot, ISpace
has various functions; Human individual attestation, Gesture
recognition, Behavior recognition, Record of the situation in
ISpace, and so on. When these functions and human following
robot system are combined, more meaningful action of a mo-
bile robot will be achieved. For example, ISpace recognizes
the human who is beckoning by gesture recognition function,
and a mobile robot is sent to him based on the information
through ISpace.
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Fig. 2. Merit of human following in ISpace.

When only the functions of a robot is used, it is difficult
to provide services for all the human that are in the place dis-
tant from a mobile robot (Fig.2.). A human must approach a
mobile robot and receives services from a robot. It is not so
desirable because a human receives the impression that a robot

takes the lead in a living environment. Therefore it is consid-
ered effective to realize a human following mobile robot in
the Intelligent Space.

3. 3D Position Detection

3.1 Distributed Intelligent Network Device

A mobile robot which follows walking human in the ISpace
is realized with the composition shown in Fig.l. Many
Distributed Intelligent Network Device (DIND) are arranged
for sharing information through network communication for
understanding of the situation in the I[Space. These DINDs
perform image processing and recognition in space. Each
DIND is connected to the network [12].

Human walking information is extracted by recognizing the
skin color of a face or hands on a captured image. A 3D po-
sition is reconstructed by stereo vision using two cameras.
Because the results include typical motion feature of ambula-
tion and measurement error, the raw results are very noisy.
Even a man walked straight, the observation results by the
[Space is not straight at all.

The raw results are not able to be used as control input of
a mobile robot to follow human. When extracting a mobile
robot position, three color barcodes are installed around a mo-
bile robot. The pattern of the color barcode is recognized by
DIND and it estimates posture and position of the robot.
Since the height of a mobile robot is known, the position of a
mobile robot is reconstructed from one camera image. Details
are written in [8]. The raw results are processed to be mean-
ingful data in this research. A filter is utilized to eliminate all
possible noises. As the results of the filter, position estimation
of both human and robot becomes accurate.

3.2 Error Feature

The error of the estimated position of an object changes
with the distance from and pose of camera. The error is influ-
enced by several factors; the performance of each camera, the
method of image processing, etc. Currently, image processing
is utilized for localization, mainly using a color information.
Since the camera pixel position of target object is not stable,
estimated world position of target object is not determined to
one position. In other words, deviation of the position on im-
age frame influences deviation of world position. Influence of
error can be estimated by reconstructing the position with er-
ror on image frame to the position in world coordinates. The
range of measurement error in 3-dimensional position can be
calculated by the following methods (Fig.3.).

When world coordinates (x,,y,,z,) are given, a camera

pixel position (X, Y, is determined by using the camera

parameters through the camera calibration. Here, it is assumed
that 1 pixel is shifted in the direction of the X-axis from
(X, Y- The world coordinates at this time are drawn by

inverse calculation procedure. If the result is (x , +e,
Votey, 2,4 then (e,,e,,¢)) is the range of error in
each 3-dimensional coordinates.
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Fig. 3. Calculation of measurement error.

The object was put on certain point in the ISpace and the
world coordinate of it was measured several times. The ap-
pearance frequency of measured value on the image frame is
shown in Fig.4(A). Horizontal axes of Fig.4(A) shows Y-coor-
dinates of measured position. These values follow the
Gaussian distribution function. When 3D reconstruction is per-
formed with these data, 3D positions with error are generated.
At this time, the appearance frequency of reconstructed 3-di-
mensional values are shown in Fig.4(B). Reconstructed values
are divided into some groups at certain interval. ¢ e e,
are equivalent to the interval between each group which ap-
pears in measured values, and amplify the error of only few
pixels in a image. Although Fig.4(B) is data of the Y-coordi-
nation of world coordinates, the same tendency is also meas-
ured on X and Z-coordination.
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Fig. 4. Measurement error variance.
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3.3 Kalman Filter based Human Tracking

Kalman filter is applied to this system and measurement er-
rors are made flat and smooth. The measurement errors of a
3-dimensional position changes according to the position based
on g, ¢, 6,8 mentioned above. Here, filtering in consid-
eration of change of the error variance is proposed. The co-
W of measurement noise is defined as
follows. Based on measurement data mentioned above ¢

variance matrix

and 4 ,, are decided according to the position of target.

w, 0 0
W=0 w, 0 o)
0 0 wy
ait w e (i =7 (; i=
wijz{w W € (Zl) 0 gzijj)) (l,]—x,y,z) (2)

The simulation was performed in order to verify efficiency
of proposed filter. The results are shown in Fig.5. In the sim-
ulation, the measurement noise according to the position was
generated first. ¢, ¢,, €, mentioned above are used for this.
As a human walking route, the circle with a radius of
1000mm was assumed (Fig.5(A)). Estimated positions includ-
ing noise are shown in Fig.5(B). Two DINDs are installed,
and each  position is (1000,-3000,2200) and
(-1000,-3000,2200). The visual axis of two DINDs is the di-
rection of Y axis. In Fig.5(C) and (D), smoothing was per-
formed by using Kalman filter. Fig.5(C) is the case when an
uniform error covariance matrix was used. Error covariance
matrix was dynamically changed according to the position in
Fig.5(D). In the case of (D), as compared with (C), it turns
out that the measurement errors are mitigated and the tra-
jectory is smoothened.
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Fig. 5. Human walking trajectory in ISpace.
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4. Mobile Robot Control

4.1 Tracking Control

In order to follow a human, tracking control is performed.
Much research is performed on the field of tracking control
[9], [10}. The simulation of the human tracking control in
ISpace was performed in this section.

Control law is derived from the assumption that a human
and a mobile robot are connected with a virtual spring. Input
velocity to a mobile robot is generated on the basis of the
elastic force from the virtual spring in this model. Position da-
ta of walking human is unstable and is not desirable as a con-
trol input to a mobile robot, since the unstable input often
cause bad influence to speed input of a mobile robot. Even
though dynamic error covariance Kalman filter is applied, low
frequency fluctuation still Moreover, differential
wheel velocity type mobile robot, adopted as agent of the
[Space in current system, has restriction in its motion. Thus
the virtual spring model is considered to control non-holo-
nomic mobile robot to follow human. Since the point of appli-
cation of elastic force differ from rotation center of a mobile
robot as shown in Fig6, non-holonomic
overcome. To trace human who walks freely, a control strat-
egy that absorbs limitation of non-holonomic constraint is
needed. The proposed virtual spring model is able to absorb
the gap between motion of human and a mobile robot.
Control variables are shown in Fig.6.

remains.

restriction  is

X

Fig. 6. Control variables in human tracing.

(x4, 1, 8, 1s world coordinate of joint, which connects
the mobile robot to the virtual spring. (x,,y,,8,) is the po-
sition and posture of the mobile robot. These both vectors are
measured by the ISpace. First, the coordinate system of ISpace

is changed into the coordinate system on the basis of the hu-
man followed by the mobile robot.

cosf, sinf, 0

e x,—x
e;= —sind, cosd,0 yr—yz 3
ey 0 0 6,—6,

Next, the dynamic equations are derived in case the elastic
power of the virtual spring is applied to a mobile robot. The
input value of velocity and angular velocity is determined by
following equations.

My=—k(I=1y)cos (e~ ¢)— kot sin (e ,— ¢)— kv
l
4)

Tw= (k(I—1,)sin{e,— ¢>)—!-—'I%2 cos (eg— @) — kW)L
6))

M, I are mass and inertia moment of the mobile robot
respectively. /and [, are deformed length and free length of
the virtual spring respectively. /, becomes the equilibrium

distance between the target human and the mobile robot. ¢ is
displacement angle between both ends of the spring. These are
expressed with the following equations. 7 is the desirable in-

terval of a human and a mobile robot. %, and g, are the
elastic coefficients of a spring. £,y and £, are viscous fric-
tion term for both force and torque.

¢= arctan —:‘L 6)

1=V &% +¢e’, @

kyp kyp kyand f, are tuned up empirically with some in-

formation of human; maximum speed of walk, maximum ac-
celeration, etc.

4.2 Convergent evaluation

The tracking performance is checked in a simulation of var-
ious initial states of the mobile robot.

1800 T ; ! ! j !
1400
1200 -

1000

Y [mm]

800

600 i

(-2000,500,0) 1

. : i i

5000 6000 7000

1000 2000 3000 4000
X {rm}

400 .
<3000 -2000 -1000 o

Fig. 7. Convergent evaluation.
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It is assumed that target human is walking in parallel to the
positive direction of x-axis. Human walking speed is fixed at
400 [mmy/s], the initial state vector of human is (-1500, 1000,
0). The trajectories of the human and the mobile robot are
shown in the Fig.7. Although a mobile robot starts from any
initial position, it is converges into the target. From this simu-
lation results, the validity of proposed control law is verified.

4.3 Robot Position Estimation

When the position of the mobile robot at the time of per-
forming control is compared with the position measured with
CCD camera, a gap between these two positions is produced
under the influence of calculation time, such as 3-dimensional
reconstruction, and network communication time. Therefore, it
is necessary to estimate a robot’s position and posture at the
time of performing control.

While a robot position is detected by DIND, its calculation
time and the network communication time can be expressed
with a time schedule in Fig.8. A mobile robot controller exists
in DIND side, and the following speed input signal to a mo-
bile robot is determined before network communication. In
such a case, an estimated position is updated using the func-
tions are shown below. It is necessary to memorize the speed
input value of past 2 steps to perform this. Here, x, y, 4,
are estimated positions. x , vy, @, are the positions detected
by the camera image.
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Fig. 8. Time schedule in network communication.
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5. Simulation and Experiment

Here, the simulation that a mobile robot follows an actual
walking human by using the proposed control law is per-
formed, and the possibility of realization of the human follow-
ing system in the ISpace is verified. As simulation environ-
ment, we assumed a space with two DINDs, and the measure-
ment noises, mentioned previous section, exist in the position
estimation function. Time delay caused by its calculation time
and the network communication time is also included in this
simulation. Time delay was set to =200{ms], 5~10[ms]
based on the measurement results of network communication
time and sampling time of image processing. The actual hu-
man walking trajectory is extracted by the method mentioned
above. This trajectory is used as a target human. In this envi-
ronment, all the 3-dimensional positions of a robot and human
are measured by DINDs, and a mobile robot is controlled by
DIND. A simulation results are shown in Fig.9. (A) is the raw
data of human’s trajectory. (B) is comparison of trajectory of
human after filtering and trajectory of a robot. (C) and (D)
show the motions of x,y axis as for the time. This figure
shows that the mobile robot is following the human walking
well. Low frequency fluctuation in human trajectory was cut
off by virtual spring and the robot was controlled smoothly.
Moreover, input of the velocity and angular velocity of the
mobile robot are shown in Fig.10. It can be found that there
is no abrupt change in input values.
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Fig. 9. Robot simulation results.



Human Centered Robot for Mutual Interaction in Intelligent Space

500 T T T T T
400L. e ............. ol .............. .............. B

vetocity [mm/s]

L
-1000 0 1000 2000 3000
time [step]

-2000

angular [rad/s}

-5000 -2000 -1000 0 1000 2000 3000

time [step]

Fig. 10. Robot velocity and angular velocity input.

Next, an experiment was performed in the environment as
Fig.11. The network of 5 DINDs, which consisted of 3
DINDs for mobile robot and 2 DINDs for human, were used
in this experiment. We assumed that only one human and one
mobile robot existed in this [Space. Human trajectory was ex-
tracted by human tracking DIND with the pair of two CCD
cameras. To control a mobile robot, 3 DINDs were used and
each of DIND monitored different area. The control parame-
ters were tuned to A£30.0[kg], F1.5[kg n 2, k=30, £,
=0.001, £,=30, %,=20.0 empirically.
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Fig. 11. ISpace experimental environment.

The results of experiment are shown in Fig.12. A human
walked along a square path and the mobile robot followed
him. The robot deviated from the target human’s trajectory
when the robot was passing left area. Since the area was just
mid of both DINDs and the recognition rate was very low oc-
the position of the robot was mismeasured.
However even if the robot was deviated largely from the tra-
jectory of the target human, it is found from the results that
the proposed algorithm make the robot to follow the target

casionally,

again without excessive motions.

6. Conclusion

In this paper, a mobile robot following human in ISpace is
explained. The position of the human and the mobile robot in
ISpace was measured with DINDs. Since it measures the posi-
tion by the camera image, measurement noises are included in
the detected position. The position dependability of the meas-
urement errors in world coordinates was calculated, and the
features of this noise was discussed. Kalman filter was de-
signed based on this, and measurement error was sharply
reduced. The control law using the virtual spring model was
proposed for a mobile robot in order to follow human. The
proposed model is able to absorb the gap between motion of
human and a mobile robot. The simulation and experiment of
human following control of a mobile robot were performed by
using this control law. It was shown that human following is
possible in an environment governed by DINDs. As a future
work, it is necessary to apply this system to the complex en-
vironment where many people, mobile robots and obstacles
exist.
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Fig. 12. Experimental result of human following robot.
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