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ABSTRACT

A new approach to autonomous land vehicle ( ALV ) guidance by model matching is proposed.
Locations of vertical lines in indoor environments are used as the model. Two laser light sources,
each of which can emit a plane of light, are employed to reduce the processing time for computing
the vertical line positions by triangulation. The vertical line position information is matched with
the model to locate the ALV exactly. A matching scheme is proposed which searchs possible match-
ing point pairs and select the pair that produces a maximum correlation between the sensed and
model patterns. Distance weight correlation is used as the correlation measure. The strategy for
adjusting the driving wheel of the ALV to keep the vehicle close to a given path is also described. A
real ALV was constructed as a testbed. Lots of successful navigation experiments confirm the effec-
tiveness of the proposed approach.
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1.INTRODUCTION

A fundamental autonomous land vehicle (
ALV ) should be able to reach its destination
and to return to its starting position. To
achieve this goal, the location of the ALV must
be solved. Model-based approach is suitable
for the solving of location problem. To avoid
the correspondence problem faced by stereo
matching which are often used in 3-D computer
vision techniques for ALV guidance, the use of
structured light for acquiring 3-D information
1s a simpler alternative. This paper describes a
model-based guidance approach in indoor envi-
ronment by the incorporation of structured
light technology.

As a general rule, model-based approachs
try to use a pre-learned model of the environ-
ment to guide an autonomous vehicle. Blanche
of the AT&T Bell Laboratory*is an experi-
mental robot cart for indoor environments.
The maps of environments were stored as a
collection of line segments. An odometer is
used to estimate positions and orientations, and
an optical range finder provides the vehicle
with the 2-D maps of its environment. An iter-
ative matching approach was used in order to
correct vehicle location inaccuracy due to ac-
cumulated errors of the odometer. Each itera-
tion of the matching approach finds the congru-
ence that minimizes the total squared distance
between the sensed points and their nearest line
in the model. Object vertices were used in the
approach proposed by Chatila and Laumond .
The matching is done by exhaustive compari-
son between the distances of any two points in
the sensed pattern and the environment model.
In ¥ Yachida et al. stored information like the

floor position, the lengths and positions of ver-
tical lines, etc.,, in the model. The model is
projected onto an image and is matched with
the image grabbed from a camera. The slant
angle of the ALV is determined from the vani-
shing point of the floor, and the location of the
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ALV 1is determined by matching the vertical
lines and the image model. The matching
approach sets a search range for each vertical
line detected in the image and checks if a verti-
cal line of similar length exists in each search
range. The length of the vertical line must be
measured exactly, therefore it is less reliable
for vehicle location.

To conduct the ALV guidance research,

two ALV’s were developed by Tsai, et al. ®7”.

In Chang and Tsai ", a road folowing
approach was proposed. The baseline in a cor-
ridor which is the intersection of a wall and
the ground is extracted and used. A method
based on a principle similar to that of the cross
ratio 1s used to find the baseline location with
The system can be
But the global
location of the ALV was not derived. In Ku

and Tsai ', a model-based navigation

respect to the vehicle.
driven at about 17 cm / sec.

approach i1s proposed, and the corridor contour
i1s used as the model. An extended concept of
the generalized Hough transform is used to
match the model and the input pattern extract-
So, the
global location of the ALV can be known. A

corner tracking approach was proposed in Ke
T

ed from the video camera image.

and Tsai ', where the house corners are stored
as the model, and a method for rotating the
camera to track house corners was proposed.
In this paper, the global positions of verti-
cal lines in indoor environments are used as the
model for automatic ALV navigation, which
are measured by hand before navigation. Two
laser light sources, each of which can emit a
plane of light, are employed for locating the
vertical lines with respect to the vechile. A
matching scheme is proposed to locate the ver-
tical lines in the global coordinate system.
And the ALV location can be implied by the
positions of the vertical lines with respect to
the vehicle and the global coordinate system.

More specifically, after an intial camera
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calibration procedure based on the method

%1 a navigation task

proposed by Ku and Tsai !
proceeds in a cycle by cycle manner where the
vehicle location at image taking in a naviga-
tion cycle is obtained from a matching process
with respect to the model. The positions of the
vertical lines on the wall of a corridor with
respect to the vehicle are obtained by using the
triangular relation between the laser planes
and the camera. A matching scheme is then
applied to locate these vertical lines in the
global coordinate system. Since the coordi-
nates of the top views of the vertical lines (
called the coordinates of the vertical lines for
simplicity henceforth) can be represented by
coordinates of points two-dimensional space,
the matching problem can be regarded to be a
typical point set matching problem. We pres-
ent a matching scheme by using distance
weight correlation (DWC) ™ as the match
measure. Through the matching procedure, the
ALYV can be located accurately. Once the loca-
tion of the ALV is determined, a control strat-
egy 1S required to drive the vehicle toward a
favorable direction in order to proceed further
safely. For this, a control criterion is proposed
to keep the vechicle colse to a given path.

A prototype ALV constructed for this
study is shown in Figure 1 (a). The ALV has
three wheels: the front one i1s the driving wheel
Above the

front wheel 1s a rack with three horizontal bars

and the two rear ones are free.

which may be used to carry cameras and laser
light sources. In the experiments of this study,
one camera and two laser tubes are mounted
on the vehicle as illustrated in Figure 1 (b).
The camera 1s mounted on the highest horizon-
tal bar. One of the laser tubes is mounted on
the lowest horizontal bar, and the other is
mounted on the middle horizontal bar. Each
laser tube can emit a plane of laser light. In
our experiments, we adjust the laser tube to get
a laser plane which i1s parallel to the ground.

When the laser plane is projected onto the wall,

some bright line segments the contour of the
wall can be detected. We will call the line seg-
ments resulting from projecting the upper laser
plane on the wall the projected-upper-laser and
the line segments resulting from projecting the
lower laser plane on the wall the projected-
lower-laser. The projected-upper-laser,
projected-lower-laser, and vertical lines are the
features which we want to detect in each input

image.

& camera

Laser light source

SEraseaT

Laser light soure

g ‘
.

(b)

Figure 1. A prototype ALV used in this study.
(@) The outlook of prototype ALV.(b)

The equipments mounted on prototype
ALV.
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In the remainder of this thesis, we investi-
gate the vertical line location problem in Sec.
2. The ALV location and guidance methods
are described in Sec. 3. Experimental results
are described in Sec 4. Conclusions and sugges-
tions for further study can be found in Sec. 5.

2. LOCATING VERTICAL LINES
FOR VEHICLE GUIDANCE

2.1 Coordinate Systems and Transformations

Several coordinate systems and coordinate
transformations will be defined here for use in
the following sections. The coordinate systems
are shown in Figure 2. The camera coordinate
system (CCS), denoted as u#-v-w, is attached
to the camera lens center. The vehicle coordi-
nate system (VCS), denoted as x-y-z, is
attached to the contact point of the front wheel
of the vehicle and the ground. The x-axis and
the y-axis are placed on the ground and are
parallel to the short and long sides of the vehi-
cle body, respectively. To describe the model,
we need a third coordinate system, called the
global coordinate system (GCS), which is
denoted as x-y-z. The x'-axis and y-axis
are defined to lie on the ground.

image plane
lens center

optical axis

front whee
Z Z

Figure 2. The camera coordinate system u-v-w,

the vehicle coordinate system x-y-
z, and the global coordinate system

x-y-2.
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The GCS is assumed to be fixed all the
time, while the VCS is moving with the vehicle
during navigation. The location of the vehicle
can be assured once the relation between the
VCS and the GCS is found. Since the vechicle
is on the ground all the time, the z-axis and
the z'-axis can be ignored. That is, the rela-
tion between the 2-D coordinate systems x-y
and x -y is sufficient for determining the posi-
tion and orientation of the wvehicle, which 1is
illustrated in Figure 3. The position of the
vehicle in the GCS is represented by the trans-
lation vector from the origin of x-y to the
origin of x-y and is denoted as (x'»* v'p). The
direction of the vehicle in the GCS is represent-
ed by the relative rotation angle of x-y with
respect to x -y and is denoted as w. Once the
(x'pv'p) and the @ can be determined, the
transformation between the two 2-D coordinate
systems x-v and x-y can be determined as fol-

lows:

X =xCoSw— ySinw+x p

y =xsinw+ ycosw+y p. (1)

On the other hand, once the camera has
been calibrated, the coordinates of any point
rep-resented by the CCS coordinate system can

be transformed to VCS coordinate system by a
[6]

coordinate transformation

vehicle

Figure 3. The relation between 2-I) coordinate
systems x-y andx -y represented by
a translation vector ( x'»,v'») and a

relation angle w.
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2.2 Locating Vertical Lines

In this section, the geometric properties of
structured light are used to calculate the VCS

coordinates of the vertical lines detected from
an Input image. An vertical edge detection
operator and the Hough transformation is
applied to the area enclosed by the projected-
upper-laser and projected-lower-laser to find
the vertical line candidate in the image. For
any vertical line candidate detected in the
Image, two points on the vertical line are suffi-
cient to calculate the 3-D coordinates of the
line to locate it in the VCS. The steps are as
follows. First, get the intersection point of the
vertical line and the projected-upper-laser.
Then, backproject the intersection point to the
VCS. Because the intersection point is located
on the projected-upper-laser, the VCS coordi-
nates of this point can be solved by the triangu-
lation principle. The intersection point of this

vertical line and the projected-lower-laser can

be handled similarly. Thus, for any vertical
line candidate detected in an image, we can get
two points and their VCS coordinates. Such
information can then be used to check whether
the line is really a vertical line in the VCS. If
the x and y coordinates of one point are almost
equal to the x and y coordinates of the other
point, this line is assured to be a vertical line,
and the position of this vertical line can be
denoted by the x and v coordinates of the first
intersection point. Otherwise, this line is treat-
ed as noise. The formula to calculate the VCS
coordinates of a point which is located on the
projected laser is derived in the following.

As shown in Figure 4, after backprojecting
the point P in the image into the VCS, we can
get a line L which passes the lens center and
P. The intersection point of this line L and
either of the laser planes (denoted by II) is
the corresponding space point of P which is
what we desire. Denote this point as P

The equation of laser plane II can be set to

be z=/h by measuring its height h before navi-
gation. The CCS coordinates of point P can be
obtained from its position in the image. For
example, i1f the position of P in image is re-
presented by («P,wP), the point P the CCS
coordinates (u#P,-f,wP), where f is the focal
length. By a coordinate transformation ' the
VCS coordinates (xP,yP,zP) of point P in the
image can be obtained. So, the equation of line

L in the VCS coordinate system can be solved
to be:

X —Xd _ V—Va
Xp— Xd Vo~ Va

==2_%d _p (2)
Zp — Zd

where (x4,V4,24) are the coordinates of the lens
center in the VCS.

Since point P’ is the intersection point of
laser plane II and line L, by substituting z=1#%
into Eq. 2, the desired VCS coordinate (xp,vyp,
ur’) of point P’ can be solved to be:

’ h_Zd

- | =
Xp —Xqg 20— Za (}Cp Xd).

; . h—2z
Vp = Va zp—zc; (Vp— ¥a) (3)
pr:h.

To summarize, the VCS coordinates of the
correspond space point for any pixel located in
the projected laser can be solved by using Eq.
3. So we substitute the intersection points of
the vertical lines and the projected laser into
Eq. 3 to find the VCS coordinates of the verti-
cal lines.

\ 1/
« P (xp,Vp,2p)

i,

x VHS
Figure 4. Configuration of the system for find-
ing the back-projection point for an

image pixel.
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2.3 Matching OSensed Vertical Lines with
Model

Applying the approach proposed in Section
2.2, the VCS coordinates of the vertical lines
detected from the input image can be calcu-
lated. By estimating the ALV location (de-
scribed later ) and substituting it into Eq. 1, we
can get the GCS coordinates of these vertical
lines. Since the estimated ALV location is not
exact due to control errors, ther GHS coordi-
nates of detected vertical lines are not exact,
either. Proposed in this section is the method
that matches these detected vertical lines with
the model to get the exact coordinates of these
vertical lines.

More specifically, the estimated GCS coor-
dinates of the input vertical lines constitute an
input pattern, which we denote by a point set S
={s1,52'**,sn},where each point s; denotes the
estimated GCS coordinates of a vertical line.
Within a reasonable distance tolerance range, a
model pattern M can be extracted from the
entire model. Now, consider any point s; in S.
The points in the model that are possible to
match s; form a subset of M, which we denote
by M;={m,m:2,-+--*mx}. The points in M; are
these points that are within the area of circle
whose center i1s s; and the radius is the distance
tolerance.

The proposed method determines which
point in M; matches s; in the following way:
for any point m; in M;, shift all of points in S
so that s; is superimposed on #;, and estimate

the correlation between S and M using a corre-

lation measure. If superimposition of s; on
gets a maximal correlation measure value, we
say that s; and m.;; is a best match pair.

The distance weighted correlation ( DWC)
proposed by Fan and Tsai ® is used as our
correlation measure. A brief review of DWC is
as follow:

Let M and S are two point-type patterns to
be matched in a two-dimensional space. After
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M and S are registered and overlapped, the
minimum distance dp of a point p in S is
defined to be the distance between p and its
closest point q in M. And the weight W, (K)
of a point p in S is defined to be

W () :{1 [(dp+1) if OSC{péK, n

0 otherwise,

where K 1s a constant that defines a distance
limit within which the closest feature point q in
M of p is searched for.

The DWC value between M and S is

defined as
C(M,S) = 2 Wy(K) /N, 5)

where N, is the total unmber of feature points
n S.

An example of the matching result is
shown in Figure 5. An image grabbed by the
camera is shown in Figure 5 (a). Three vertical
lines are detected in the image, and are shown
Note that only the lines with
small circles, which denote the intersection

in Figure 5 (b).

points of the vertical lines and the reflected
laser, are regarded as vertical lines. Within an
error range, the input pattern and the model
pattern can be obtained as shown in Figure 5
(¢). The possible match pairs and the result of
matching are shown in Figure 5(d). Each point
in the input pattern is first assigned a set of
points in the model pattern (called the candi-
date model points ). After matching, one point
in the candidate model points is selected for
each input point.

3.ALV GUIDANCE

After the input image matching steps, each
of the vertical lines detected from the input
image 1s assigned to a model point to get the
GCS coordinates of the corresponding vertical
line. In this chapter, the exact ALV location
will be derived from the matching result, and a
wheel control strategy is then proposed to
adjust the ALV location to the desired path.
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M2 M3 M 4
N
S 2
O
M 1 M 5
L
S1 S 34
O

(€)

point in input pattern

points in model pattern

S1 {M1,M2,M3}
S2 {M1,M2,M3}
S3 {M4 M5}
point in sensed pattern | point in model pattern
S1 M1
S2 M3
S3 M5

(d)

Figure 5. The steps of matching procedure. (@)
An input image ( Estimated ALV posi-
tion: x p= 106,y »= 54,w= 16.34°). (b)
Three Vertical lines are detected. (C)
The sensed pattern {S1,S2,S 3}and
the model patterniM 1,M 2,M 3,M 4,
M 5}. (d) Possible match pairs and
the matching result. ( ALV position
after matching:x'»,= 123,y ,= 72,0 =
18.14°).

3.1 Locating ALV by Matching Result

As mentioned in Section 2.1, the ALV loca-
tion is described by the ALV slant angle w and
the ALV position (x'p,v»). In our approach,
the ALV slant angle @ will be solved first, and
the ALV position (x'p,v») is solved according-
ly. The main idea of our approach is that if
we can select some features such that the VCS
information and GCS information can be
known, then the relation between the VCS (
vehicle) and the GCS (world) can be deter-
mined. For this, we select the position of a
vertical line as the feature to find the position
of the ALV, and seélect the laser line segment
that intersects the vertical line as the feature
for finding the ALV slant angle.

In our approach, only one vertical line

detected from the input image 1s specified in
the location problem. If more then one vertical
lines are detected from the input image, only
the vertical line with the maximal DWC value
( which is produced in the matching steps) is
used. The derivation of the ALV location (in-
cluding its position and direction ) is described
as follows.

A. Determunation of ALV slant angle

Once a vertical line detected from the input
image is matched with the model, the line seg-
ment (formed by the projected-lower-laser )
which intersects this vertical line i1s used to
determine the slant angle of the ALV by deter-

mining the slope of this line segment in the
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VCS coordinate system as well as in the GCS
coordinate system.

The slope of the laser line segment in the
VCS can be determined by selecting any two
points in the line segment. Because all points
in the line segments are located in the
projected-lower-laser, the VCS coordinates of
the two points can be determined by using Eq.
3. More specifically, assume that the VCS coor-
dinates of the two points are computed to be (
x1,y1) and (x2,v2) (ignore the 2z coordinates),
then the slope m: of the laser line segment in
the VCS can be computed by

1 V2
W .
X1 X9

To determinate the slope of the laser line
segment in the GCS, it is assumed that any two
consecutive vertical lines in the environment
are located in the same plane. This is reason-
able because almost all of the surfaces of the
walls or doors in a building are planes, and
that the boundary of these planes is a vertical
line. In fact, if the laser plane is projected onto
a non-plane area (for example, a human being
) ,the projected laser in this area is not a line
segment. So, this kind of noise can be removed
easily. Under the above assumption, we will
show how to find two GCS points that lie on
So the slope of the
laser line segment in the GCS can be deter-

the laser line segment.

mined.

The first GCS point is the intersection
point of the laser line segment and the vertical
line. Because the vertical line has been mat-
ched with the model, the position of the verti-
cal line in the model can be known. The sec-
ond GCS point is selected as follows.

Because any two consecutive vertical lines
are located in an identical plane, it can be as-
serted that each laser line segment intersects at
least two consecutive vertical lines in the
model though in some cases only one vertical
line can be found in the image due to different
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camera views. That is, if the vertical line is
matched with the ith vertical line in the model
( called model line i henceforth ), it can be as-
serted that the laser line segment intersects
model line 1 and intersects either model line i +
1 model line i-1 or both of them. So, if the
intersection point of the laser line segment and
model line 1 is selected as the first point, the
intersection point of the laser line segment and
either model line i-1 or model line i+ 1 is
selected as the second point.

Because the GCS coordinates of the verti-
cal lines have been stored in the model and the
two selected points are located on the vertical
lines, the GCS coordinates of these two points
can be determined. Assume that the GCS coor-
dinates of the two points are (x'1,v1) and (x'-.
v2) (ignore the z’ coordinates ), then the slope
m2 of the laser line segment in the GCS can be
solved to be

1 Y2
mzz yr yr
X1 X2

After the slopes of the laser line segment
in the VCS and in the GCS are determined, the
slant angle of the ALV can be derived. This is
illustrated in Figure 6. The angle & between
the laser line segment and the positive x-axis
of thc VCS and the angle 6. between the laser
line segment and the positive x-axis of the
GCS can be derived to be

= tan“ml,

&= tan 'm..

Then the slant angle w of the ALV can be
solved to be

)= 92_ 6’1.

B. Determination of ALV position

The position of the vertical line in the VCS
and in the GCS are used to determined the
ALV position. Note that the VCS coordinates
(x,y) of the vertical line cal be determined as
discussed in Sec. 2.2. After matching with the
model as discussed in Sec. 2.3, the GCS coordi-
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nates (x',y) of the vertical line are also deter-
mined, and the ALV slant angle @ has been
solved as mentioned above. By substituting w, (
x,v),and (x,v) Eq. 1, the position of the ALV

Eal

can be determined to be

X p=x —xcosw+ ysinw.

v ,=1vy —ysinw— vcosw.

[Laser line Segment

x (VCS)

Figure 6. The slopes of laser line segment iIn
the GCS and in the VCS are used to
solve the slant angle of ALV.

3.2 Wheel Control For Vehicle Location
Adjustment

The goal of ALV guidance is to drive the
ALV as close to a given path as possible. A
strategy to achieve this goal is proposed. The
strategy are based on a reasonable assumption
from basic kinematics that if the front wheel is
fixed at a specific angle other than zero, then
the ALV will move along a circular path'®.

A straight path is assumed in the following
discussion. At a turning area, multiple line seg-
ments are used to approximate a curve path.
At the end of this section, we first derive the
formula that can be used to compute the ALV
position by the turn angle of the front wheel
and the distances the ALV navigates. Then,
determination of the turn angle to make the
ALV colse the given path is discribed.

3.2.1 Estimating ALV location

As shown in Figure 7(a)the vehicle is
located at A. After moving a distance S for-
ward, the vehicle will be at a new location B.
What we desire to know is the relative location

-xr( GCS )

of B with respect to A, denoted by a vector T.
By the basic kinematics of the ALV, the rota-

tion radius R can be found to be

d
R = sind (6)

where d is the distance between the front wheel
and the rear wheels, and ¢ is the turn angle of
front wheel. And the angle y can be deter-

mined as

Y= p (7)

So, the length of vector T can be solved to
be

T.= Rv2 (1 —cos?y)
and the direction of vector T is

_ T 7
1= ) 5

The VCS coordinates of location B with
respect to location A can thus be computed by

x = T:cos 1
y=Tising.
If the ALV moves backward, as shown In
Figure 7 (b)the location of the ALV can be der-
ived similarly to be

x=-T:siny

y:‘TICOSﬂ’
where

s Y

©’=0 5

After the front wheel location of the ALV
is determined, the rear wheel location (bx,by)
of the ALV can also be determined to be

bx=x-+dsiny

by=y—dcosy
where ¥ =7 if the ALV moves forward, and y
—-v if the ALV moves backward.

3.2.2 Strategy for wheel control

(Given a reasonable moving distance S and
the turn angle ¢ of the ALV front wheel, the
location of the front wheel and rear wheels can
be determined as discussed above. Given a
straight path P, we define D:(38) to be the dis-
tance from the front wheel of the ALV to the
given path P after the ALV traverses a dis-
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tance S with the turn angle 0. In general, the
traverse distance S can be determined from the
vehicle speed and the computation time needed
for a navigaion cycle. The path P is usually
given in advance or may be determined by a
path planning procedure. So the value of Df is
determined by the turn angle 6.

B

(a)

R
/
S
Y/

(b)

>
P

S
. S
—_—

Figure 7. The vehicle locations before and after
the ALV moves a distant S. (a) The
ALV moves forward. (b) The ALV

moves backward.
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Similarly, we define D2(8) as the distance
from the rear wheels of the ALV to the given
path P after the ALV traverses a distance S
with the angle 8. The value of D2 is also deter-
mined by the turn angle 6. A closeness mea-
sure Lp(0) of the ALV to the given path is
defined to be

1
I+ (DES)) *+ (DE(&))? 8)

A larger value of L, means that the ALV

1s closer to the path P. It is easy to verify that
0 <Lp=<l,and that Lr=1 if and only if both of

the front wheel and the rear wheels of the ALV
are located right on the path.

Lp(8)=

To find the turn angle of the front wheel
to drive the ALV as close to the path as pos-
sible, a range of possible turn angles are sear-
ched. An angle is hypothesized each time, and
the value of L is calculated accordingly. The
angle that produces the maximal value of Lp is
then used as the turn angle for safe navigation.

4. EXPERIMENT RESULTS

The navigation of the ALV was performed
And 28 vertical
lines in the environments are stored and used

in an indoor environment.

for our experiment.

The navigation path is approximately 30 m
in length (so about 60 m for a go-and-return
navigation ). The experimental navigation ses-
sion starts from a corner of the corridor, drive
through a right-turn corner of the corridor, and
drive backward to return to the start corner of
the corridor. The navigation speed of the vehi-
cle is about 20 cm /sec in a straight corridor
and 15 cm/sec at a turning area. About 130
to 150 navigation cycles are performed in a
complete navigation session. The computation
time of a navigation cycle ranges approximate-
ly from 2.0 to 3.5 seconds for different images,
and about 90 percent of the computing time is
used In 1mage processing.

Lots of successful navigations have been
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performed, Figure 8 shows the trace of a typi-
cal navigation session, where Figure 8 (a) is the

trace of the ALV moving forward and Figure 8

(b) is the trace of the ALV moving backward.
Each block dot in the figure represents a vehi-
cle location which is obtained from the match-
ing process of a navigation cycle.

(a) (b)

Figrue 8. The trace of a navigation session. (a)
The ALV moves forward. (b) The ALV

moves backward.

5. CONCLUSIONS AND SUGGES-

TIONS FOR FUTURE RESEARCH
A model-based approach to ALV guidance

in indoor environments by computer vision
using structured light has been proposed. This
approach has been implemented on a prototype
ALV and satisfactory results have been
obtained. The locations of the vertical lines in
the environment are stored as a model in
advance. Only the coordinates of the vertical
lines need be stored; detailed maps of the envi-
ronment are not needed, so extension of the
model is easy and only a little memory space is
needed. The structured light method has been
used 1n order to reduce the time needed in ver-

tical line coordinated computation. Only some

discrete points are required to get the location
of vertical lines and match with the model, so
fast navigation speed can be achieved. Since
one vertical line 1s sufficient for locating the
ALV exactly and vertical line is a stable fea-

ture in most indoor environments, the approach
is reliable for indoor ALV navigation. Further-
more, smooth and safe navigation has been
achieved by the use of a control criterion for
adjusting the driving wheel. Navigation ses-
sions with speed up to 20 cm/sec have been
performed. Lots of successful navigation
experiments confirm the effectiveness of the
proposed approach.

There are several directions in which the
vehicle may be improved. First, the turn angle
of the driving wheel is determined at the end of
each navigation cycle. Due to the delay of
image processing, the ALV cannot respond to
the change of the path quickly. An additional
processor to process the wheel control function
individually is suggested to deal with this prob-
lem. Second, we assume that the vertical lines
can appear anywhere in the image, so the
whole 1image is scanned to search all the verti-
cal lines. This is actually not necessary
because the search range might be reduced by
projecting the model into image. All of these
improvements can reduce image processing

time which is the bottleneck of our approach.
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