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Abstract. This paper proposes a novel direct internet control architecture for internet-based personal robot, which
is insensitive to the inherent internet time delay. The personal robot can be controlled using a simulator provided at
a local site. Since the internet time delay is affected by the number of nodes and the internet loads, it is variable and
unpredictable so that a large internet delay makes some control inputs distorted. The proposed control architecture
guarantees that the personal robot can avoid obstacles and reduce the path error and the time difference between
a virtual robot at the local site and a real robot at the remote site. This architecture is extended for an uncertain
environment. Simulations and experimental results in the real internet environment demonstrate the effectiveness
and applicability of the proposed internet control architecture.
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1. Introduction

The internet-based personal robot considered in this
paper is a kind of service robot which can be used for
a person’s convenience in a house/office environment.
It has a wireless LAN system for the internet remote
control. Internet users can control it easily using a Web
browser or a TCP/IP application program. The internet-
based personal robot system may become popular in the
near future.

Recently many researches on internet robotics have
progressed actively because of the merits of the inter-
net which enables users to access any system on the
network cheaply. The robot arm control system (Tay-
lor and Dalton, 1997) through a Web browser was de-
signed, and TeleGarden system (Sutter and Wiegley,
1995) and Mars Pathfinder (Volpe et al., 1996) were de-
veloped. The sensor-based mobile robot system (Chen
and Luo, 1997) which can be controlled using a Web
browser and the internet-based supervisory architec-
ture (Brady and Tarn, 1998) were also reported. The

concept of a personal tele-embodiment (Paulos and
Canny, 1998) and an intelligent telerobot (Aude et al.,
1999) were introduced recently. Most of them have
the supervisory control scheme which enables users
to issue high level commands. The internet time delay
is variable and unpredictable so that the design of a
direct control scheme which enables users to control
the motion of the robot continuously may be not easy.
The direct control scheme (Oboe and Fiorini, 1998)
on the internet was proposed, but the modeling of the
internet time delay is somewhat unreasonable.

This paper proposes a novel internet control architec-
ture for the internet-based personal robot, which guar-
antees that the personal robot can avoid obstacles and
reduce the path error and the time difference between
a virtual robot at the local site and a real robot at the
remote site. An internet user can control the real robot
using a simulator provided at the local site, and he/she
can know a real environment of the remote site since
the simulator has a virtual environment. The path error
and the time difference of the internet-based personal
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robot system are caused by the unpredictable internet
time delay and the difference between the real envi-
ronment of the remote site and the virtual environment
of the local site. It is not easy to model the internet
time delay so a control architecture which is insensi-
tive to the time delay is needed. Main components of
the proposed internet control architecture are a com-
mand filter to recover the information loss of control
commands, and a path generator and a path-following
controller to reduce the time difference between the real
robot and the virtual robot. The difference between the
real robot and the virtual robot model of the simulator
can be overcome by a posture estimator. The prob-
lem caused by the difference between the two environ-
ments can be solved by applying a virtual environment
supervisor to the control architecture.

This paper is organized as follows. In Section 2, the
developed internet-based personal robot system, the
modeling of a mobile robot, and the characteristics of
the internet time delay are described. In Section 3, the
step by step design of the proposed internet control
architecture which is insensitive to the internet time
delay is described. The extended internet control ar-
chitecture is proposed for an uncertain environment.
Section 4 presents the simulation results of the pro-
posed internet control architecture. Real experiments
with a micro-robot are provided to show the effec-
tiveness and applicability of the proposed internet
control architecture. Concluding remarks follow in
Section 5.

2. Internet-based Personal Robot Systems
(IPR systems)

2.1. System Description

The internet-based personal robot (IPR), a kind of ser-
vice robot, can be used for a person’s convenient life in
a house/office or any indoor environment. It has a per-
sonal computer (PC) as a main part, and it can obtain
information about environmental changes by using vi-
sion cameras, sonar sensors, etc. Actuators enable the
robot to move and to carry out physical works. It has a
wireless LAN system for the internet remote control. A
user can control the IPR using a simulator provided at a
local site. It has the intelligence to gather the data from
the sensors and to process them to decide its action.

The overall system consists of computers at the local
sites, internet, wireless LAN system and the IPR. Users
can access the IPR located at the remote site via the

internet using a computer at the local site. The wireless
LAN system connects the IPR to the internet.

At the local site to control the IPR, a remote con-
trol architecture of the IPR system should be designed
considering the inherent internet time delay. The ba-
sic remote control architecture of the IPR system is
described in the following. A user controls a virtual
robot in a simulator provided at the local site, and the
virtual robot uses a virtual environment for obstacle
avoidance. The command signals given by the user
are sent to the IPR at the remote site via the inter-
net. The IPR moves like the virtual robot, and avoids
obstacles using sensor information. The posture of
the virtual robot in the simulator can be updated by the
feedback of the IPR posture information through the
internet.

It should be noted that an internet interface between a
local site and a remote site is needed in the IPR system.
Two interfacing methods can be considered. The first
one utilizes a Web server and a Web browser for the
internet interfacing. Control commands are sent to the
IPR via CGI (Common Gateway Interface). The simu-
lator provided at the local site can be implemented by
Java. The other one consists of a server program and a
client program implemented by C or C++ language.
Users utilize the client program to control the IPR. The
server program receives control commands from the
client program, and controls the IPR directly as per
the command.

The developed IPR has a square body of which size is
45 cm×52 cm×75 cm as shown in Fig. 1. The weight is
about 75 kg. It is a 4-wheeled drive with two fixed
wheels and two auxiliary off-centered orientable
wheels. It consists of a personal computer (Pentium II
333 Mhz), a wireless LAN (Samsung MagicWave,
2 Mbps), a head with two vision color cameras,

Figure 1. The IPR hardware.
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a 12.1 inch TFT monitor, a speaker, a microphone,
sonar sensors (16 pairs), a 12 V 100 Ah battery (5 hr
80 Ah), and two AC servo motors (LG Industrial Sys-
tems, 200 W). Two cameras mounted on top of can
rotate around a vertical and a horizontal axis under the
command of the three DC motors. The IPR is connected
to the internet through the wireless LAN, and it works
as a server. The user can connect to the IPR using a Web
browser or a TCP/IP application anywhere and also the
user can order motion commands using buttons in the
Web browser or the TCP/IP application.

2.2. Modeling of a Mobile Robot

The robot model is a prerequisite for the implementa-
tion of the simulator. Two wheeled mobile robots with
non-slipping and pure rolling are considered. The ve-
locity vectoru = [v ω]T consists of the translational
velocity of the center of robot and the rotational ve-
locity with respect to the center of robot. The velocity
vector u and a posture vectorPc = [xc yc θc]T are
associated with the robot kinematics as follows:

Ṗc =

ẋc

ẏc
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wherevR is the right wheel velocity,vL is the left wheel
velocity, andL is the distance between the two wheels.
To derive the robot’s position and angle, (1) should
satisfy the following nonholonomic constraint:

G Ṗc = [sinθc −cosθc 0]

ẋc

ẏc

θ̇c


= ẋc sinθc − ẏc cosθc = 0 (3)

whereG is a normal vector with respect to the side of
wheel. This means that the instant heading direction is
the same as the angle of the front side of the robot.

Control commandu is fed to the robot at every sam-
pling timeT wheret = kT, k= 0, 1, 2, . . . . The trajec-
tory of the robot in a sampling timeT is shown in
Fig. 2, whereXY is a global coordinate andX′Y′ is a
local coordinate rotated byθc at time t = (k − 1)T ,
and the origin is the posture of robot at timet =

Figure 2. Trajectory of a mobile robot.

(k−1)T . The posture at timet = kT can be obtained as
follows:

Pc(kT)

= Pc((k− 1)T)

+

cosθc((k− 1)T) −sinθc((k− 1)T) 0

sinθc((k− 1)T) cosθc((k− 1)T) 0

0 0 1
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×
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×

 r (kT) sinω(kT)T
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 (4)

whereθc((k−1)T) is the value ofθc(t) att = (k−1)T ,
r (kT), v(kT) andω(kT) are the values ofr (t), v(t), and
ω(t) at t = kT, respectively, andr (kT) is the radius of
rotation, that is,v(kT)

ω(kT) .
If the angular velocityω(kT) is 0, the trajectory can

be obtained from:

Pc(kT) = Pc((k− 1)T)

+T(θc((k− 1)T))

v(kT)T

0

0

 (5)

For notational simplicity the trajectory equation is
rewritten as

Pc(k+ 1) = Pc(k)+ T(θc(k))H(v(k), ω(k)) (6)
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where

T(θc(k))

=

cosθc(k) −sinθc(k) 0

sinθc(k) cosθc(k) 0

0 0 1


H(v(k), ω(k))
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 , otherwise.

2.3. Internet Time Delay

There are many internet nodes between a local site and
a remote site. Assume that the physical distance be-
tween the two sites isD. In order to examine the dis-
tribution of internet time delay, the local site and the
remote site were set in the same computer and a re-
flector was provided at a place of distanceD/2. The
reflector returns the received data immediately. Inter-
net time delay was measured in two cases. One was
for a connection in the same domain, and the other
was for a connection in the same country. The pa-
rameters for the measurements of the internet time de-
lay were as follows: in the same domain,D= 300 m,
number of nodes= 11, bandwidth(b0, bn)= 10 Mbps,
and bandwidth(bn

2−1, bn
2
)= 10 Mbps, and in the same

country, D= 300 Km, number of nodes= 29, band-
width(b0, bn)= 10Mbps, and bandwidth(bn

2−1, bn
2
)=

56 Kbps, wheren is the number of nodes. Tables 1 and
2 show the regional and weekly variations of the de-
lay measured every one minute for 24 hours each. Ac-
cording to the measurements, the internet time delay
increases with distance, but the delay depends also on
the number of nodes traversed. Also the delay strongly
depends on the internet load so that it cannot be
modeled for prediction.

The internet time delay is characterized by the pro-
cessing speed of nodes, the load of nodes, the connec-
tion bandwidth, the amount of data, the transmission

Table 1. Regional variations of the internet time delay.

Mean Standard dev. Min. value Max. value

Same domain 20 m sec 51.7 6 m sec 0.89 sec

Same country 4194 m sec 2.25× 104 39 m sec 343 sec

Table 2. Weekly variations of the internet time delay.

Mean Standard dev. Min. value Max. value

Mon. 531 m sec 1.42× 103 48 m sec 15 sec

Tue. 6880 m sec 2.89× 104 45 m sec 343 sec

Wed. 1480 m sec 7.77× 103 44 m sec 154 sec

Thu. 1030 m sec 4.16× 103 45 m sec 68 sec

Fri. 779 m sec 2.59× 103 49 m sec 35 sec

speed, etc. Especially the dominating factors are the
processing speed and the load of nodes. The internet
time delayTd(k) can be described as follows:

Td(k) =
n∑

i=0

[
l i
C
+ t R

i + t L
i (k)+

M

bi

]
=

n∑
i=0

(
l i
C
+ t R

i +
M
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)
+

n∑
i=0

t L
i (k)

= dN + dL(k) (7)

wherel i is thei th length of link,C the speed of light,
t R
i the routing speed of thei th node,t L

i (k) the delay
caused by thei th node’s load,M the amount of data,
andbi the bandwidth of thei th link. dN is a term which
is independent of time, anddL(k) is a time-dependent
term. Because of the termdL(k) it is impossible to
predict the internet time delay at every instant.

Since the internet time delay is affected by the num-
ber of nodes and the internet loads, it is variable and
unpredictable. Also, a large internet time delay dis-
turbs some control inputs. Figure 3 shows the influence
of the internet time delay on the control informa-
tion. The received data at the remote site was dis-
torted severely, and the information of the sine func-
tion y(t) = 5 sin(0.2π t)+ 5, which was used as a test

Figure 3. Influence of the internet time delay.
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Figure 4. Information loss of command signals.

function, was almost lost. Figure 4 shows the informa-
tion loss of command signals when the time delay is
Td, where a command is given to the IPR via internet
every sampling timeT . N control commands input to
the remote site at the same time after the delayTd so
that their informations is lost, whereN = integer( Td

T ).
Thus, a novel internet control architecture is needed to
control the IPR, which is insensitive to the internet time
delay.

3. Internet Control Architecture Design

A user can control the IPR at the remote site through
the internet using a simulator provided at the local site.
The user regards the status of the virtual IPR at the
local site as that of the real IPR at the remote site.
Since the user cannot recognize the environment of
the remote site, he/she expects that the real IPR moves
as the virtual IPR does. However, because of the de-
lay we have to compensate for the path error and the
time difference between the real IPR and the virtual
IPR, which increase as time goes on. Moreover, it is
not possible to recognize the current status of the real
robot, so the possibility of colliding with the obstacles
is very high. If the collision happens, the robot can be
damaged and persons near the robot can be hurt. Thus,
the IPR should have the function of obstacle avoidance
(Borenstein and Koren, 1991; Fujimori et al., 1997).

In this section, a novel internet control architecture
is designed step by step to minimize the effect of the
internet time delay. The proposed architecture is com-
pleted by three design steps, and its effectiveness is
verified through the simulations and experiments.

3.1. Internet Control Architecture

The internet control architecture-I consists of a user
interface, simulator, virtual environment and posture
estimator, which can be devised from the basic con-

Figure 5. Internet control architecture-I (Step 1).

cept as shown in Fig. 5. In the figure,ur (i ) is the i th
control command [vr (i ) ωr (i )]T from a user,ud

r (i ) the
i th control command passed through the internet,Pc(i )
thei th robot posture,Pd

c(i ) thei th robot posture passed
through the internet,̂Pc(i ) the i th estimated posture,
andPs

c(i ) the i th posture of the virtual robot. In order
to correct the posture error between the virtual robot
and the real robot, the real robot generates feedback
signals such as posture information of the real robot,
to the simulator. The architecture-I can be considered
as a basic structure.

User Interfacewhich can be implemented by Java,
C++, etc., enables a user to control a remote IPR.Pos-
ture estimatorestimates the current posture of the vir-
tual IPR based on the feedback information of the real
IPR. Personal robot simulatoris the same as the vir-
tual mobile robot at the local site.Virtual environment
has the information of the real environment so that it
enables the virtual robot to avoid obstacles.Personal
robot is the same as the real mobile robot at the remote
site.Environmentis a circumstance where a real IPR is
working.

Theposture estimatorcorrects the error between the
real robot and the virtual robot. The error can be in-
creased by the difference between the two robots, the
internet time delay, the difference between the two en-
vironments, etc. Theposture estimatorcan be described
in the following. To estimate the IPR posture, (6) and
the following observer can be used:

P̂c(i + 1) = P̂c(i )+ T(θd
c (i ))H(vr (i ), ωr (i ))

+Ke(Pd
c(i )− P̂c(i )) (8)
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The current posture of the IPR can be estimated as
follows:
If i = j + 1:

P̂c(i ) = (I − Ke)P̂c( j )+ T(θd
c ( j ))H(vr ( j ), ωr ( j ))

+KePd
c( j ) (9)

If i > j + 1:

P̂c(i ) = (I − Ke)P̂c( j )+ T(θd
c ( j ))H(vr ( j ), ωr ( j ))

+KePd
c( j )+

i−1∑
k= j+1

T(θ̂c(k))H(vr (k), ωr (k))

(10)

The internet control architecture-I has a weak point
that the information loss of control commands in-
creases when the internet time delay occurs as shown
in Fig. 4. Theposture estimatorcan recover the in-
formation loss eventually, but the time required for the
recovery becomes too long. The architecture which can
get rid of the cause of the information loss is needed.
Figure 6 shows the internet control architecture-II,
where acommand filteris introduced. Thecommand
filter can recover the information loss of control com-
mands caused by the internet time delay. It means that
thecommand filterreduces the path error between the
real robot and the virtual robot. The function of the
command filteris shown in Fig. 7. Command signals
received at the same time after the internet time de-
lay Td are regenerated with the sampling timeT in the
command filter. The command filterconsists of two

Figure 6. Internet control architecture-II (Step 2).

Figure 7. Function ofcommand filter.

modules such as acommand queueand acommand gen-
erator. Thecommand filterand the two modules can be
defined by DEVS (Discrete Event Systems Specifica-
tions) formalism as in (11), (12) and (13), respectively.
Thecommand filterreceives a control command, and
stores it in thecommand queue. Thecommand gener-
ator pulls out the command from thecommand queue,
and outputs it each sampling timeT . The input and
output can be rewritten asUin = ud

r (i ), Uout = ur (k).

Filter = < X,Y,M,EIC,EOC, IC,Select>
X = {Uin}
Y = {Uout}
M = {Queue, Generator}

EIC = {(Filter.Uin,Queue.Uin)}
EOC= {(Generator.Uout, Filter.Uout)}

IC = {(Queue.Uout, Generator.Uin),

(Generator.Uout, Queue.Uin)}
Select : Select({Queue,Generator}) = Queue

(11)

Queue= < X,Y, S, δext, δint, λ, ta>
X = {Uin, done}
Y = {Uout}
S= {(n, status) | n ∈ {0, 1, 2, · · ·},

status∈ {Busy, Free}}
δext : δext((n, ),Uin) = (n+ 1, )

δext(( ,Busy), done) = ( ,Free)
δint : δint((n 6= 0,Free)) = (n− 1,Busy)
λ : λ((n 6= 0,Free)) = Uout

ta : ta((n 6= 0,Free)) = 0, otherwise ta= ∞

(12)
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Generator= < X,Y, S, δext, δint, λ, ta>
X = {Uin}
Y = {Uout}
S= {status|status∈ {Busy, Free}}

δext : δext(Free,Uin)=Busy (13)
δint : δint(Busy)=Free
λ : λ(Busy)=Uout

ta : ta(Busy)= T (sampling time),
ta(Free)=∞

The internet control architecture-II can recover the
information loss of control commands though the inter-
net time delay exists, but it still has the serious problem
that the time difference between the real robot and the
virtual robot increases, as the internet time delayTd is
accumulated in thecommand filter. In order to solve
this problem, the internet control architecture-III is fi-
nally designed.

The internet control architecture-III guarantees that
the path error and the time difference between the real
IPR at the remote site and the virtual IPR at the local
site can be reduced. The proposed architecture includes
path generatorandpath-following controller. Thepath
generatorrestores the moving path of the virtual robot.
Thepath-following controllerguarantees that the real
robot follows the generated path. The time difference
between the real robot and the virtual robot can be re-
duced by thepath generatorand thepath-following
controller. As the control input of the real robot is sep-
arated from the control command passed through the
internet by the two modules, thecommand generatorin
thecommand filtercan be modified by replacing sam-
pling time T of the time advance functionta with the
processing timeTp which is shorter thanT . The pro-
cessing time is the computing interval for generating
a path segment for one control command. The func-
tion of the modifiedcommand filteris shown in Fig. 8.
The modified time advance function reduces the time

Figure 8. Function of the modifiedcommand filter.

Figure 9. Internet control architecture-III (Step 3).

difference by1t :

1t = NT− NTp = N(T − Tp)

whereN is the number of commands received at the
same time after time delay.

Figure 9 shows the internet control architecture-III,
wherePS(s) is the moving path of the virtual robot,u
is the control input of thepath-following controller, Pc

is the current posture of the real robot, andPc( j ) is the
j th robot posture to be fed back to the simulator.

In this paper, thepath-following controlleris im-
plemented with the uni-vector field navigation method
(Kim et al., 1998; Kim et al., 1998). The uni-vector field
makes the mobile robot converge to a desired path. The
uni-vector field is generated from the following equa-
tion:

θN(l ) = θd − sgn(l ) tan−1(g|l |1/c), g > 0, c > 1

(14)

wherel is the shortest distance between the robot and
the desired path, the sign ofl is positive at the left side
of the moving direction, and vice versa,θN(l ) is the
angle of uni-vector field at the robot position andθd is
the angle of the desired path.

The control law which guarantees convergence to
the vector field is obtained as

ω = Kωsgn(θe)
√
|θe| +

(
cosθc

∂θN

∂x
+ sinθc

∂θN

∂y

)
v

v = Kv1s (15)
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whereθe is the difference between the angle of the
vectorθN and the angle of the robotθc, that is,θe =
θN − θc, and1s is the distance left.

3.2. Extended Internet Control Architecture
for an Uncertain Environment

The internet control architecture which is insensitive
to internet time delay has been designed under the as-
sumption that thevirtual environmentis equivalent to
theenvironment. But the real environment changes fre-
quently. If the assumption is not satisfied, the archi-
tecture cannot guarantee stability of the IPR system.
The extended internet control architecture is designed
to overcome this problem considering the real envi-
ronment. Thevirtual environment supervisoradded in
the new architecture makes the decision whether or
not the sensor information is about obstacles, distin-
guishes new obstacles from the environment already
known, and adds the new information to thevirtual en-
vironment. As the obstacle informations updated newly
have a high probability of change, it can be changed
again in a short time period. It can be overcome by
assigning a lifetime to the cells of the obstacle in the
virtual environment. Thevirtual environmentconsists
of many cells which are of the same size. The value
of cell Cmn should be zero or one, whereCmn is the
(mth,nth) cell of thevirtual environment. In the simula-
tion, m= 125,n= 61 were used. The value “1” means
that there is an obstacle in the cell. If a cell is formed
at time t0, the value of the cellCmn can be obtained
from

Cmn(t − t0) = sgn(max(Lmn(t − t0), LTH)− LTH)

(16)

where Lmn is the lifetime of the cellCmn, LTH is a
threshold lifetime, andsgn() is a sign function with
sgn(0) = 0. The cell’s lifetime can be designed as

Lmn(t − t0) = e
− t−t0
γCS

mn

(17)

CS
mn=

m+1∑
p=m−1

n+1∑
q=n−1

Cpq− Cmn.

Figure 10 shows the extended internet control architec-
ture whered( j ) is the sensors information at time step

Figure 10. Extended internet control architecture.

Figure 11. Simulation results by the internet control architecture-
III. (a) Virtual robot path at the local site. (b) Real robot path at the
remote site.

j , that is [d0( j ) d1( j ) · · ·dNs( j )]T , andC( j ) includes
the information ofmncells of thevirtual environment
at time stepj , that is,C( j ) is a matrix consisting of the
elementsCmn.
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Figure 12. Simulation results. (a) Path error (internet control architecture-I). (b) Time difference (internet control architecture-I). (c) Path error
(internet control architecture-II). (d) Time difference (internet control architecture-II). (e) Path error (internet control architecture-III). (f) Time
difference (internet control architecture-III).

4. Simulations and Experiments

4.1. Simulation Results

Simulations were performed in the real internet envi-
ronment. In the simulation, the proposed internet con-
trol architecture was implemented as a TCP/IP applica-
tion version. The physical distance between the local
site and the remote site was about 300 km in Korea.

The virtual robot path controlled by a user at the local
site and the real robot path controlled by the internet
control architecture-III at the remote site are shown in
Fig. 11. Figure 12 shows the path error and the time
difference between the two robots.

It should be noted that the architecture-I had cumu-
lative errors. Because of this, it might be inconvenient
for the user to control the robot in the simulation en-
vironment by the architecture-I. By the architecture-II
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Figure 13. Simulation results on changing environment. (a) Up-
dated virtual environment. (b) Real robot path at the remote site.

the path error could be reduced, but the time difference
increased continuously. However, by the architecture-
III, the time difference as well as the path error was
very small, although the internet time delay was quite
variable.

Virtual environmentat the local site is different from
Environmentat the remote site as shown in Fig. 13. As
time goes on, from the sensor information thevirtual
environmentgenerates obstacles at the center like the
environmentat the remote site. The results demonstrate
that the extended internet control architecture can over-
come the problem caused by changing environment.

4.2. Experimental Results

Experiment was performed with a small mobile robot
whose size is 7.5 cm× 7.5 cm× 7.5 cm with an
overhead CCD camera for global positioning. The
robot has two driving wheels and two passive cen-
tered orientable wheels, and its weight is about 430 g.
The CPU of the robot is an AT89C52 microproces-
sor running at 24 MHz, and DC motors with LM629

motion controllers are mounted on the driving wheels.
The LM629 chip is used as a velocity controller which
receives only a reference velocity as the input signal
and implicitly produces torque according to the refer-
ence velocity via the L298 driver chip.

Figure 14 shows the perspective view of the exper-
iment setting with the vision camera, the micro-robot,

Figure 14. Overview of the experiment settings.

Figure 15. Experimental results by the internet control
architecture-III. (a) Virtual robot path at the local site. (b) Real
robot path at the remote site.
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Figure 16. Experimental results. (a) Path error (internet control architecture-I). (b) Time difference (internet control architecture-I). (c) Path
error (internet control architecture-II). (d) Time difference (internet control architecture-II). (e) Path error (internet control architecture-III).
(f) Time difference (internet control architecture-III).

and three computers for vision processing, local/remote
site implementation, and the reflector, respectively.

In this experiment, the proposed internet control ar-
chitecture was implemented as a TCP/IP application
version, and the physical distance between the local/
remote site and the reflector was about 150 km,
which was the same condition as that of computer sim-
ulations. The virtual robot path and the real robot path
of the internet control architecture-III are shown in

Fig. 15. Figure 16 shows the path error and the time
difference between the two robots. In the experimental
results of the internet control architecture-I, the path
error was caused by the information loss of control
commands. The information loss of control commands
made the real robot path different from the virtual robot
path, and the feedback of the real robot posture made
the movement of the virtual robot discontinuous. This
made it difficult for the user to control the virtual robot
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at the local site. In the results obtained by the internet
control architecture-II, the path error was quite large,
even though it was small in the simulation. This was
caused by the difference between the two models of
the virtual robot and the real robot. For instance, as-
sumptions of non-slipping and pure rolling made the
two models different. Since the error caused by the
difference of models accumulated in a sampling time
with an internet time delay, the movement of the vir-
tual robot became discontinuous after the feedback of
the real robot posture. In the results by the internet
control architecture-III, the path error and the time
difference between the two robots was quite small.
The experimental results demonstrated the effective-
ness and the applicability of the proposed internet con-
trol architecture-III as the simulation results did.

5. Conclusions

A novel internet control architecture for the internet-
based personal robot (IPR) was proposed. The extended
architecture considering an uncertain environment was
designed, and the IPR was developed. The proposed
architecture was insensitive to the internet time delay
and guaranteed that the path error and the time dif-
ference between a real IPR and a virtual IPR could
be reduced. The path error could be reduced by the
command filter, and the time difference could be de-
creased by thepath generatorand thepath-following
controller. The problem caused by changing environ-
ment could be overcome with thevirtual environment
supervisor. Simulations and experimental results in a
real internet environment demonstrated the effective-
ness and the applicability of the proposed internet con-
trol architecture.

As a further work, the proposed internet control ar-
chitecture will be implemented into the developed per-
sonal robot for practical application. For this purpose, a
global positioning system for the personal robot is un-
der development. However, it should be mentioned that
the basic functions for tele-presence and voice commu-
nication with the developed personal robot have been
implemented.
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