T ra jectory Con trol of a Mobile Rob ot

b y Gazing One P oin t

Kenichi T okuda, Y asuhiro Ueda, Masak azu Imai and T ak eshi Uno

k enit-tk@is.aist-nara.ac.jp

Graduate Scho ol of Information Science

Nara Institute of Science and T ec hnology

8916-5 T ak a y ama, Ik oma, Nara, 630-01, Japan

Abstract

In recent years, making an autonomous rob ot is one of the most imp ortant and interesting

research in the �eld of computer vision and rob otics. An autonomous rob ot lo oks for his

destination and mov es as human b eings do. Information on surrounding environmen t is very

imp ortant for an autonomous rob ot. Vision plays very imp ortant role in obtaining information

on the environmen t and gives a rob ot much information such as shap e, color, etc. Our research

aims at visual control for an autonomous rob ot to walk a corridor. In this pap er we will prop ose

a simple metho d to mov e a rob ot on a straight tra jectory using the direction and the range of a

gazing p oint which is not on the tra jectory . W e simulated and exp erimented with our tw o typ es

of rob ot. Both types of rob ot hav e vision system which has two cameras. One rob ot can not

change the relational p osition of tw o cameras, though the other rob ot can change. Exp erimental

results shows that our metho d is e�ective in b oth typ es of rob ot.

1 Intro duction

In recent years, making an autonomous rob ot is one of the most imp ortant and interesting

research. An autonomous rob ot lo oks for his destination and moves as human b eings do.

Information on surrounding environment is very imp ortant for an autonomous rob ot. Vision

plays very imp ortant role in obtaining information on environment and gives a rob ot muc h

information such as shap e, color, etc. Our research aims at visual control for an autonomous

rob ot to walk a corridor.

Images from a camera are the pro jections of 3-D ob jects in a scene. W e hav e to solve inverse

problems to obtain 3-D information from images which are 2-D information. This problem is

ill-p osed and can not b e solved generally b ecause the images lost one dimensional information.

W e have to conv ert this problem form ill-p osed to well-p osed. Active Vision [1,2] has b een

prop osed to solve this di�cult problem. In Active Vision, the camera mov es actively to get

information on the environmen t, or often gazes a p oint in the environment. The p oint is also

called as a �xation p oint. The ill-p osed problem as describ ed ab ov e will b e a well-p osed problem

by gazing a p oint. There are many researches based on the paradigm of Active Vision. Our

research is also gazing a p oint in the environmen t to control a tra jectory of a rob ot. W e can

say that our approach is based on the paradigm of Active Vision.

There are many researches which are fo cusing visual control of a tra jectory of rob ots. In

[3], a rob ot moves to a target and aligns the camera orientation with the axis determined by

the two lo cally parallel lines on the ground plane. Li et. al.[4] prop osed a metho d to mov e a

rob ot on a circle whose center is a �xation p oint. This research is based on the paradigm of

Active Vision. The principal of b oth metho ds is very simple. W e will prop ose a simple metho d

to mov e a rob ot on a straight tra jectory using the direction and the range of the gazing p oint

which is not on the tra jectory .

In this pap er, we will describ e a technique for identi�cation of tra jectory

. Then we will

prop ose controlling metho d of tra jectory

. Finally

, we will show results of simulations and

exp erimental results of our two rob ots.

2 T ra jectory Identi�cation and Con trol

In this section, we will describ e characteristics of a tra jectory of a rob ot. Using this character-

istics, we will prop ose a new metho d to control the tra jectory of the rob ot.

2.1 Mo deling

Before describing characteristics of the tra jectory of the rob ot, we make some assumptions. In

this pap er, we treat rob ots which has vision system. The vision system has tw o cameras. The

rob ots can rotate their cameras toward an ob ject in his environmen t. Using vision system, the

rob ots can derive the direction of an ob ject and the range information b etw een the rob ot and

the ob ject.

W e assume that the rob ot mov es in a X -Y plane, which is parallel to the ground plane. This

assumption shows that the rob ot do es not hav e capability to mov e in vertical direction, and is

reasonable for the rob ots which moves in a ro om.

When a rob ot wanders ab out a building, the rob ot has to move in a corridor. The corridor

is usually narrow. The width of the corridor is often less than twice as muc h as the width of

the rob ot. Zigzagging in the corridor is not go o d. It is imp ortant for the rob ot to go straightly .

The problem, which we treat in this pap er, is how to make a rob ot go straightly to a certain

p oint gazing another reference p oint in the ro om environmen t.

As shown in Figure 1, let the camera co ordinate, the rob ot co ordinate and the world co or-

dinate b e (

C

X ;

C

Y ;

C

Z ), (

R

X ;

R

Y ;

R

Z ) and (

W

X ;

W

Y ;

W

Z ), resp ectively

. In the world co ordinate,

the ground plane is X -Y plane on which rob ot moves. The direction of X -axis of the world

co ordinate is the same as the tra jectory of the rob ot which we want. The direction of X -axis of

the rob ot co ordinate is same as the direction of the rob ot. The Z -axis of the rob ot co ordinate is

parallel to the Z -axis of the world co ordinate. In the camera co ordinate, X -Y plane is parallel

to the image plane, and Z -axis is same as the optical axis of the camera.

2.2 T ra jectory Identi�cation

Our ob jective is to make a tra jectory of the rob ot b e a straight line by lo oking at one p oint in

the environmen t. W e can �nd the following relation.

r = l sin � (1)

where

r : the distance b etween the gazing p oint and the tra jectory

l : the distance b etw een the rob ot and the gazing p oint.

� : the angle b etween the tra jectory and a line from the rob ot to the gazing p oint.

If the rob ot go es straightly

, r b ecomes a constant v alue. Using this relationship, we can

easily �nd whether the rob ot go es straightly or not.

2.3 T ra jectory Control

Because of the existence of error, the rob ot can not go straightly without control. In this section,

we will prop ose a metho d to control the tra jectory of the rob ot.

Let’s denote the v alue of r , l and � at the start p oint of the rob ot as r

0

, l

0 and �

0

, resp ectively .

Observing r , we can judge whether the rob ot go es on a desirable tra jectory or not. W e need

not change the direction of the rob ot while r is r

0

. When r do es not hav e the same v alue of r

0

,

the rob ot has to change its direction.

As describ ed ab ov e, the X -axis of the world co ordinate is the same as the tra jectory of the

rob ot. At the start p oint, the rob ot is on the origin of the world co ordinate. The rob ot has two

cameras. The p ositions of the tw o cameras are (0; d=2) and (0; �d=2) for the left camera and the

right camera, resp ectively

. (See Figure 2) The rob ot gazes a p oint (

W

X

g

;

W

Y

g

; 0) in the world

co ordinate. �

r and �

l are the direction of the left camera and the right camera , resp ectively .

�

R

X

g

R

Y

g

�

= d

2 sin(�

r

� �

l

)

�

2 cos �

r cos �

l

sin(�

r

+ �

l

)

�

(2)

d is the length of the base line of the tw o cameras. Using (2), we can derive l

0 and �

0 which are

l and � at the start p oint, resp ectively .

l

0

= q

R

X

2

g

+

R

Y

2

g

(3)

�

0

= arctan(

R

Y

g

=

R

X

g

) (4)

The rob ot observes r while it moves. Comparing r with r

0

, the rob ot detects error from the

original tra jectory

. When the rob ot detects the error, the deviation from the tra jectory in the

rob ot co ordinate is given as following,

R

Y = K

R

X (5)

where

K =

8

>

<

>

:

�

R

X

g

R

Y

g

+ p

R

X

2

g

R

Y

2

g

�(r

2

0

�

R

X

2

g

)

2

(r

2

0

�

R

Y

2

g

)

2

r

2

0

�

R

X

2

g

(

R

Y

g

� 0 )

�

R

X

g

R

Y

g

� p

R

X

2

g

R

Y

2

g

�(r

2

0

�

R

X

2

g

)

2

(r

2

0

�

R

Y

2

g

)

2

r

2

0

�

R

X

2

g

(

R

Y

g

> 0 )

(6)

Also, the error of the direction of the rob ot is given by

’ = arctan K (7)

The rob ot changes its direction as much as ’ to return the rob ot to the original tra jectory .

Performing this op eration, the rob ot would keep the original tra jectory .

3 Exp erimen ts

3.1 Exp erimental Systems

W e exp erienced with tw o rob ots. The basic characteristics are same. The di�erence is their

vision system. W e will describ e the details of each rob ots.

3.1.1 Rob ot \KOMA"

The �rst rob ot is named "KOMA". Figure 4(a) shows the photograph of KOMA. This rob ot

can b e divided into three units : Mobile Unit, Control Unit and Vision Unit.

Mobile Unit is a rob ot base which has tw o driving wheel. The rob ot base v aries its direction

by di�erential driving of the two wheel. This rob ot base can carry loads whose weigh t is less

than 90 kg. Mobile Unit accepts commands from Control Unit via RS-232C p ort.

Control Unit has a 68040 based VME single b oard computer. This b oard computer has one

Ethernet interface and four RS-232C interfaces. The b oard computer can communicate with

other workstations via Ethernet using TCP/IP

. According to commands from workstations,

Control Unit sends commands to Mobile Unit and Vision Unit via RS-232C.

Vision Unit has tw o color TV cameras and their p ositioning system. Relative p osition of the

two cameras is �xed. The p ositioning system has three degrees of freedom : pan, tilt and ya w.

Control Unit can control p osition of cameras by sending commands to the p ositioning system.

Hardware accuracy of the p ositioning system is 0.01 degree. The other parameters of the vision

system are shown in T able 1.

3.1.2 Rob ot \KANI"

Figure 3(b) shows the photograph of the second our rob ot KANI. This rob ot can b e also divided

into three units : Mobile Unit, Control Unit and Vision Unit. Mobile Unit and Control Unit

are same as the �rst rob ot.

Vision Unit consists of tw o color TV cameras and their p ositioning system. The tw o cameras

can b e p ositioned indep endently

. Each p ositioning system has tw o degrees of freedom : pan

and tilt. Control Unit can control p osition of cameras by sending commands to the p ositioning

system. Hardware accuracy of the p ositioning system is 0.007087 degree. The other parameters

of the vision system are shown in T able 1.

3.2 Simulation

Simulation has b een studied. The origin of the world co ordinate is the starting p oint of the

rob ot. The rob ot gazes a p oint whose lo cation is (10r

0

; r

0

) in the world co ordinate. The

desirable tra jectory is the X -axis of the world co ordinate. W e simulated tw o error condition.

The �rst case is as following. The error of the direction of the rob ot is constantly �5 degrees

for every r =2 motion. In this case, the tra jectory of the rob ot will b e a circle without control.

Figure 4(a) shows the e�ectiveness of our metho d. W e can see that the tra jectory of the rob ot

is more desirable.

In the second case, the error of the direction of the rob ot is in the range b etween �5 degrees

and +5 degrees with uniform randomness for every r =2 motion. The result is shown in Figure

4(b) and b etter than the former simulation. The rob ot keeps its p osition around the X -axis

with control, while the rob ot go es to the gazing p oint without control.

3.3 Exp erimental Results

W e exp erienced in a ro om using our two rob ots, KOMA and KANI. The gazing p oint is blue

painted vertical region to make it easy to �nd in image pro cessing. The distance b etween the

gazing p oint and the X -axis is 60 cm. The distance from the start p oint of the rob ot and the

goal is 600 cm. Both rob ots calculate ’ at every 60 cm. The sp ecial calibration of the cameras

did not p erformed. W e used the center of the image plane as the origin of the X -Y plane of the

camera co ordinate.

Figure 5(a) shows the exp erimental result with KOMA. As describ ed earlier, KOMA has

two cameras whose relative p osition is �xed. W e can not make b oth tw o cameras of KOMA

gaze a same p oint on the center of camera at the same time.

KOMA obtains the co ordinate of the gazing p oint (

R

X

g

;

R

Y

g

) using following relations instead

of (2). The p osition of the gazing p oint is

C l

X

g and

C r

X

g in the left camera co ordinate and the

right camera co ordinate, resp ectively .

�

R

X

g

R

Y

g

�

= d

2(

C l

X

g

�

C r

X

g

)

�

cos � sin �

� sin � cos �

� �

2f

C l

X

g

+

C r

X

g

�

(8)

where f is the fo cal length of the camera lens and � is a direction from the tra jectory to the

optical axis.

The maximum error from the desired tra jectory is 290mm in the p ositive region, 84mm in

the negative region.

Figure 5(b) shows the exp erimental result with KANI. Each camera of KANI has tw o degrees

of freedom, pan and tilt. In this case, we used equation (2). W e can apply the result of section

2.3 directly

. The maximum error from the desired tra jectory is 14mm in the p ositive region,

63mm in the negative region.

4 Discussion

F rom the results of our simulation, the prop osing control metho d is e�ective even if the rob ot

go es on a circle without control.

F rom the result of our exp eriments, KOMA go es right in its nature. Applying our control,

KOMA go es on around the desired tra jectory

. KANI also has the same characteristics of KOMA.

The tra jectory of KANI is corrected as in the case of KOMA. The reason why the b oth rob ots

have such nature is unoptimized balance of weigh t. T o get b etter characteristics of the rob ots,

we hav e to re�ne the design of the rob ots.

Compareing the exp erimental the results of the tw o rob ots, the result of KANI is b etter

than that of KOMA. The reason of this is mainly the di�erence of the accuracy of the vision

system of each rob ots. The details are the followings,

1. The length of the base line of tw o cameras of KANI is longer than that of KOMA.

2. The fo cal length of the lens of KANI is longer than that of KOMA.

3. While KOMA uses the conv en tional stereo metho d to obtain the range information of

gazing p oint, KANI actually gazes the gazing p oint with two cameras.

4. As describ ed in section 3.3, calibrating the cameras of the rob ot did not p erformed.

W e can increse the accuracy of visual information by the calibration of the vision system. The

calibration is more e�ective for KOMA than for KANI. After the calibration, we will get similar

results for b oth our rob ots.

5 Conclusion

In this pap er, we prop osed a new metho d to control a tra jectory of a robb ot. A rob ot has

to gaze a p oint in a ro om when the rob ot uses our metho d. Our metho d only requrires the

direction of the gazing p oint and the range information b etw een the rob ot and the gazing p oint.

Also we show ed exp erimental results of our two rob ots, KOMA and KANI. Though we did not

p erform sp ecial calibration of cameras, exp erimantal results shows our motho d e�ective. In our

exp eriment, the maximum error is 290mm for KOMA, 63mm for KANI. This error is enough

small for a rob ot to walk in a corido or.

References

[1] J.Aloimonos,I.W eiss and A.Bandyopadhy a y , \Active Vision", International Journal Com-

puter Vision, V ol.1, No.4, pp.333-356,1988

[2] D.H.Ballard, \Animate vision", Arti�cial Intelligence, vol. 48, pp.57-86, 1991 V ol.74 No.4

pp.343-348,1991

[3] Z.Zhang, R.W eiss, A.R.Hanson, \AUTOMA

TIC CALIBRA

TION AND VISUAL SER VO-

ING FOR A ROBOT NA

VIGA

TION SYSTEM", Pro c.IEEE of Int.Conf. Rob otics and

Automation, pp14-19, 1993

[4] S.Li, I.Miya w aki, H.Ishiguro and S.Tsuji, \Finding of 3D Structure by an Active-vision-

based Mobil Rob ot", Pro c.IEEE of Int.Conf. Rob otics and Automation, pp.1812-1817,1992

T able 1: Parameters of the Vision System

KOMA KANI

baseline of cameras 130 mm 600mm

fo cal length 16 mm 25mm

width of image 640 � 480 640 � 480

output signal NTSC NTSC

Figure 1: Relations b etween Co ordinates Figure 2: Relation of cameras and gazing p oint

(a) Mobile Rob ot KOMA (b) Mobile Rob ot KANI

Figure 3: Photographs of rob ots used exp eriments

(a) Simulation 1 (b) Simulation 2

Figure 4: Results of Simulation

(a) Results by KOMA (b) Results by KANI

Figure 5: Results by Exp eriments