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We present a method for navigating a robot from an
wmttial posttion to a specified landmark in its visual field,
using a sequence of monocular images. The location
of the landmark with respect to the robot is determined
based on the change in size and location of the landmark
wmn the tmage, as a function of the motion of the robot.
The change in size and location of the landmark in the
mmage are determined by matching intensity edges in
successive frames. The method does not require prior
calibration of the camera. We show some examples of
the operation of the system.

1 Introduction

In this paper we describe a method for using two-
dimensional shape information to determine the loca-
tion of a mobile robot with respect to some visual land-
mark in the world. The task is for the robot to navi-
gate to a specified target or landmark in its visual field,
possibly in the presence of obstacles. The landmark is
initially specified either by marking some portion of
an image (containing the landmark) or by providing a
prior model. The location of the landmark with respect
to the robot is recovered from the change in apparent
size and position of the landmark in the image, as a
function of the motion of the robot. The size and po-
sition of the landmark are determined by comparing
two-dimensional shapes from successive images taken
as the robot moves.

The key aspects of the method are,

1. The position of the landmark is expressed in terms
of the robot-centered quantities range (distance)
and bearing (orientation), rather than world coor-
dinates.

2. The range and bearing are calculated using the
change in size and location of the object in the
image, as a function of the translation and rotation

of the robot. The methods do not require camera
calibration.

3. The identification of the landmark in the image
data is performed by comparing two-dimensional
shapes that can translate and scale, without the
use of three-dimensional shape information. The
range and bearing to the landmark are used to
predict its size and location in the image, in order
to speed up the comparison process.

Our approach differs from much of the previous work
in visually guided robot navigation since it uses recog-
nition of a specific object in the world instead of ex-
tracting some more global image properties; see, for
example, the use of stereo in [2] and image deforma-
tions in [6]. While this only gives us essentially a sin-
gle depth reading, it allows us to concentrate on the
landmark, and so obtain a high degree of overall ac-
curacy in motion, as we continually confirm that we
are on track towards the specified target. In contrast
with work such as [7], we do not construct any explicit
three-dimensional models. Our work also complements
the system described in [8] for finding distinctive land-
marks along a route, by providing an effective means
of navigating from one landmark to the next.

The key observation underlying the approach is that
when a camera moves directly towards an object, the
range to that object is given by m/(s — 1) where m is
the distance that the camera moved and s is the change
in the apparent size of the object in the image. Thus a
straightforward method for navigating to a landmark
is to determine the bearing to that landmark, rotate
so that the robot (and camera) is heading in that di-
rection, move forward some distance, use the change
in apparent size of the landmark to compute the range
to the landmark, move to the landmark. As the robot
moves towards the landmark the range and bearing es-
timates can be updated and the path corrected based



on these measurements. By correcting the path as the
robot moves, the method can compensate for the cam-
era being misaligned (not pointing in the same direc-
tion as the “forward” motion of the robot) and for the
robot not moving in exactly the commanded direction.

The configuration of our system is a camera mounted
on a wheeled-robot that moves across a relatively flat
surface. The camera is mounted at a fixed position
on the robot, with its focal point at approximately the
center of rotation of the robot, its optic axis approxi-
mately in the direction of forward motion of the robot,
and 1ts image plane approximately perpendicular to the
ground plane. There are thus two degrees of freedom
for the camera: a translation in a plane parallel to the
ground plane (and approximately perpendicular to the
image plane of the camera), and a rotation about the
focal point. The translational degree of freedom has
the primary effect of changing the imaged size of an
object, and the rotational degree of freedom has the
primary effect of changing the location of the image
x-coordinate of an object.

The overall operation of the navigation method con-
sists of the following steps: (1) grab an image of
the current visual field of the robot, (2) use a two-
dimensional model to localize the landmark in the cur-
rent image, (3) compute the range and bearing using
the localized landmark and the robot motion since the
previous image was taken, (4) construct a new two-
dimensional model to use in localizing the landmark
in the next image, and (5) command the robot to
make the next motion (a forward motion or a rotation),
whereupon return to step 1. Initially we will describe
the method assuming that the robot stops moving dur-
ing steps 1-4, but in practice these operations actually
happen concurrently with the robot motion.

We will first discuss the computation of the range
from the change in size of the landmark in the im-
age, and then consider the computation of the bearing
from the location (a-position) of the landmark in the
image. In section 4 we then describe the shape com-
parison method that is used to determine the scale and
location of the landmark in the image, and discuss the
use of the range and bearing estimates to speed up
the shape comparison by predicting the location and
size of the landmark in the image. Sections 5 and 6
discuss the navigation method, including the obstacle
avoidance, and present some examples. The navigation
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Figure 1: Determining the range to the landmark. A top-
down view of the camera as it it moves (translates) distance
m in the direction of the camera optic axis. The landmark
18 of length L with a reference point at its center that is
distance D from the optic axis.

method has been implemented on a mobile robot plat-
form (developed by [5]); the shape comparison compu-
tation is done off-board on a Sun SPARCstation. We
have experimented extensively with the navigation sys-
tem, and it generally brings the robot into contact with
a target that is approximately half a meter in each di-
mension.

2 Determining the Range to the Land-
mark

In this section we describe the method used to compute
the range, 7, to a landmark, and discuss the assump-
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tions underlying the method. The only quantities that
are measured are the change (increase) in the apparent
size of the landmark in the image, s, and the distance
that the robot moved, m. Consider a pinhole camera
with focal length f, and a landmark of length L whose
center lies D away from the optical axis, as illustrated
in Figure 1. The camera moves a distance m in the
direction of the optic axis (thus towards the landmark,
as the landmark is visible). Before the motion, the im-
age of the landmark is of length [, and after the motion
is of length . The offset of the center of the landmark
from the center of the image is d in the first image and
d’ in the second. From the projection equations,

f _r+m
d+l/2_ D+1L1L/2

and
f _ r
d+10/2 o D+1L1L/2

and thus
(r+m)(d+1/2)=r(d +1/2).

Similarly f/d = (r +m)/D and f/d' = r/D, and thus
(r4+m)d = rd'. From this we obtain (r+m)l/2 = rl'/2
and rewriting in terms of r yields

r=7 = (1)

where I'/l = s is the change in size of the landmark in
the image.

The quantity » = m/(s — 1) depends only on the
size change s and the distance moved m, but not the
camera parameters. Implicitly, however, the accuracy
of the range measurement depends on the motion be-
ing nearly directly towards the landmark. This is be-
cause 7 only measures the actual range to the landmark
when the motion is directly towards the object (i.e., the
quantity D is zero). There are two sources of inaccu-
racy when D # 0. The first is that r only measures
the component of the range in the direction of the mo-
tion. That is, the true range is v/r2 4+ D? whereas the

computed distance is r.

The second source of inaccuracy when D # 0 comes
from that fact that the derivation of » = m(s — 1) as-
sumes that the landmark is in a plane perpendicular to
the direction of motion of the camera (see Figure 1).
When D = 0 the landmark projects directly onto the
optical center, and this assumption is not necessary.

Thus when D is nonzero and the landmark is in a plane
that 1s not perpendicular to the direction of motion
(or for instance is not planar) there will be error in
computing the range. These two sources of inaccuracy
thus lead to a navigation strategy of heading directly
towards the landmark, within some tolerance, so that
the resulting errors are small. Experimentally, we have
determined that the robot generally navigates success-
fully to the target when the landmark is allowed to be
no more than +20 pixels of the camera center in an
image 360 pixels wide (until the robot is close enough
that the object fills much of the field of view, at which
point the landmark is kept within a pixel of the center
because small rotation errors at such a close range can
cause the object to be lost).

Another possible source of inaccuracy in the compu-
tation of the range arises from the fact that the image
of the landmark may change shape in ways other than
translation and scaling. In particular, perspective ef-
fects and the fact that different parts of the object will
be visible in successive images will result in changes
in the image shape. This may influence the computa-
tion of the scale change that is used in computing the
range. We use a shape comparison method that oper-
ates on dense sets of features (intensity edges), and that
does not compute a correspondence between features of
two shapes being compared (see Section 4). Thus, the
method is less sensitive to errors in the locations of
individual features than are methods based on corre-
spondences between a small number of features (where
errors in a few features may cause a significant error
in the shape comparison). Using this shape compari-
son method, we have found the effects of perspective
and correspondence to be negligible until the camera
is quite close to the object (within a meter or so us-
ing a camera with a 16 mm lens and an image width of
about +15°), as will be seen in the experimental results
section below.

3 Centering the Landmark in the Im-
age

The above method for computing the range to a land-
mark requires centering the landmark in the image, so
that the robot can head directly towards the landmark
in order to estimate the range. Centering the landmark
in the image is straightforward given an estimate of the



Figure 2: Computing focal length.

focal length of the camera, and assuming that the cam-
era 1s mounted as described in the introduction, such
that the z-axis of the image is approximately parallel
to the ground plane and the focal point of the camera
is near the center of rotation of the robot. Small inac-
curacies in these assumptions are not an issue (e.g., we
do not do any careful alignment or calibration of the
camera with respect to its mount on the robot).

Given these assumptions (the assumption that the
robot moves in a straight line can be relaxed, as dis-
cussed below), a rotation of the robot simply changes
the z-coordinate of an object in the image. Thus
if the landmark is centered at some image location
¢ = (cq, ¢y), a rotation by

0 = tan™" (c?) (2)

will place the landmark at the image center (x = 0),
where f is the focal length of the camera. We do not
assume that f is known, but rather estimate it from
the motion of the landmark in the image as a func-
tion of the rotation of the camera. The initial esti-
mate of f is obtained by rotating the camera a fixed,
known, amount, and is then refined during subsequent
motion towards the landmark, until the robot is close
enough that perspective effects and other sources of er-
ror become significant (when partial matching starts;
see Section 5).

Figure 2 illustrates the manner in which we com-
pute an approximation to f by rotating the camera
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some given amount about the focal point. Consider a
point X in the world that projects to a point x in the
image. If the camera is rotated about the focal point
by some given amount #, then X will project to some
new location ' in the resulting image. Let ¢ be the
angle between the optic axis of the rotated camera and
the line XO (where O is the focal point of the camera).
Let ¥ = 8 + ¢ be the angle between the optic axis of
the original camera and the line XO.

We know that tan(y) = /f and tan(yp) = 2’/ f, and
hence
r—x

f

This can be used to approximate f by noting that since
0 = ¢ — ¢, when tan(¢) — tan(p) = tan(¢) — ¢) then

tan(y) — tan(yp) =

xr—zx

I# tan(6) (3)

This approximation is close when cos(¢¥ — ¢) >
sin(¢)sin(p) which clearly holds when ¢ and ¢ are
both small, but which also holds relatively well over the
range of rotations that occur with our camera (which
has a field of view of about +15°). We choose the ro-
tation of the camera to be § = +8° (where the sign
of the rotation is in the direction that will move the
object towards the image center). Thus if the initial
angle is, for example, ¥ = 12°, then ¢ = 4° and
cos(tp — @) & .99 > .01 = sin(¢)sin(y). In an image
with a visual angle of +15° the initial angle between
the optic axis and the image of the landmark is rarely
more than 12° because the landmark has some width,
and thus its center (which is the reference point on the
landmark) is generally not all the way on the edge of
the image.

If the robot does not move in a straight line (which
we discovered was the case for our robot — it actually
moves on a large circle), then when the robot is travel-
ing large distances to the landmark, the landmark will
drift away from the center of the image as the robot
moves. Thus this effect 1s most pronounced when the
robot begins at considerable distance from the land-
mark. We have observed it most when starting 8-10
meters away from the landmark. This source of error
can be corrected for using the amount that the cen-
ter of the landmark translates in the image, assuming
that the landmark is stationary. We initially center the
landmark (z = 0), then move forward a distance of m
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and measure the new position z’ of the landmark. The
quantity
tan=! (2'/f)

m
gives the degrees/meter of compensating rotation
needed to keep the robot moving in a straight line.

We estimate the drift, R, only when the robot is ini-
tially 8 or more meters from the landmark, and then
use 1t to correct the robot’s motion locally throughout
the path (i.e., local differential rotations are performed
during a translation to keep the robot headed in the
correct direction). When the robot is initially closer
than 8 meters, we have experimentally found that the
drift computation is not very accurate. Note that when
the drift is not computed, the robot will generally still
find the target; however some additional error and ex-
pense is introduced because the robot drifts away from
the target direction, re-centers, and so forth. As the
error 1n estimating range is proportional to the degree
to which the heading is off, it is better to estimate and
correct for the drift directly when possible.

R=

4 Locating the Landmark in the Image

As the robot moves, the landmark changes size and
position in the camera image. After every motion, the
robot recomputes the range and bearing to the land-
mark so that it may adjust 1ts course, in order to ensure
that it continues to move directly towards the land-
mark.

The robot’s time frame is divided into time steps;
each time step corresponds to the robot completing a
motion (either a forward translation or a rotation). At
the beginning of time step ¢, the robot has a model of
the landmark object My, an estimate r; of the range to
the landmark, and the position x; of the landmark in
the camera image (i.e. the bearing to the landmark).
It performs some motion, then acquires a new frame
from the camera and detects the intensity edges (us-
ing a detector similar to [1]). This produces a binary
edge image I;41, in which the robot must locate the
landmark, using its previous model M;.

Since the robot has moved, the landmark will have
moved (translated) in the image. Tt will also have en-
larged, as the robot is getting closer to it. Also, if
the robot rotates about a vertical axis, or does not
move directly towards the landmark, then the land-
mark may appear to scale slightly in . We therefore

search for a transformation 7' = (pe, py, sc, sy) of the
model, where each point w = (wy, wy) of M; is mapped
to T(w) = (seWe + Po, sywy + py). The difference be-
tween s, and s, will, however, be small, as the primary
influence on these scale values is the overall enlarging
of the landmark as the robot approaches.

The stages in the processing of ;11 are as follows.
First, the robot uses the information that it knew
from the previous time step (the size and position of
the landmark) together with its knowledge of the mo-
tion it performed to estimate a new size and position,
and searches around that location for a section of ;41
which closely resembles M;. It then finds the scaling
and translation of M; which brings it into the best pos-
sible alignment with I;41. Next, the p, component of
this transformation is converted into the new bearing
to the landmark (as described in Equation 2) and the
two scale values s, and s, are averaged together to give
s, the overall scale, which 1s converted into the new es-
timate of the range to the landmark (as described in
Equation 1); it has now computed ;41 and #¢41. The
robot then builds a new model of the landmark, M1,
determines what motion should be carried out next,
and proceeds.

The following subsections explain in detail how each
of these steps is carried out.

4.1 The Hausdorff Distance

In order to precisely locate My in I;y1, we must have
a measure of similarity. Here, we use the minimum
Hausdorff distance under translation and scaling of the
model M;.

M; and ;41 will be finite point sets, where each
point represents a pixel where an edge was detected.
The Hausdorff distance between the image I;41 and a
transformation of the model T(M:) is defined as

H(Liqr, T(M:)) = max(h(li41, T(My)), h(T(My), Iz;:)l))

where
h(A, B) = i —b
(4, B) = maxmin||a — 8], (5)
and || -] is some underlying norm. Here, we use the L

or Euclidean norm.

The function h(A, B) is called the directed Hausdorff
distance from A to B. In effect, h(A, B) ranks each
point of A based on its distance to the nearest point



of B, and then the largest ranked such point (the most
mismatched point of A) specifies the value of the dis-
tance. Intuitively, if h(A, B) = ¢, then each point of
A must be within distance ¢ of some point of B, and
there also is some point of A that is exactly distance
¢ from the nearest point of B (the most mismatched
point). Note that in general h(A, B) and h(B, A) can
attain very different values (the directed distances are
not symmetric).

The computation of H (11, T(M;)) does not involve
determining an explicit pairing (or correspondence)
of points of I;41 with points of T(M;) (for example
many points of I;;1 may be close to the same point of
T(M)). This contrasts with most model-based recog-
nition methods which determine a correspondence be-
tween points of the model and the image.

The directed Hausdorff measure can be represented
in terms of set containment. Let If,, = ;1 ® C,
where C, is a disk of radius ¢ and ¢ is the Minkowski
sum (for two point sets P and Q, P& Q ={p+4qlp €
P,q € Q}). Intuitively, I;,, is the set obtained by re-
placing each point of I;4; with a disk of radius €, and
taking the union of all of these disks. By definition
h(T'(M;), Ii41) < € if and only if T'(M;) C If,;, be-
cause in order for every point of T'(M;) to be within
distance € of I;y1 it must be contained in I, We
therefore extend the Hausdorff distance by defining,
for some e,

#(T(M) 01
#(T(My))

where #(5) is the number of points in the set S. This is
the fraction of the points of T'(M,) which lie inside /7, ,,
or (equivalently) the fraction of the points of T'(M)
that lie within e of some point of I;44

fe(T(My), Iyr) =

Each model, M; is enclosed by some box, defining
its extent. This box also defines a transformed box
bounding T(M;). When calculating the fraction of im-
age points that lie within € of some transformed model
point, we are only really interested in the image points
that lie within this transformed box. Image points that
lie outside this transformed box are likely to be parts of
other objects also present in the image. We therefore
define fl(Li41,T(M:)) to be the fraction of the points
of I;41 lying inside the bounding box of T(My), that
fall within € of some point of T(My).
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4.2 Rasterizing Transformation Space

We impose a raster grid on the four-dimensional space
of translations and scales, and search on this grid for
the new location and scale of the landmark. We do
not search the entire space of possible translations and
scales, but instead bound the range of allowable trans-
formations; we describe this in the following subsec-
tion.

If T and T’ are two transformations which are adja-
cent in the rasterized transformation space (i.e. neigh-
bors on the grid of transformations, considered here to
be 8-connected: each location is considered to be con-
nected to its immediate neighbors only), we want the
points of T'(M;) to be adjacent (on the image grid) to
the points of 7"(M;). This leads us to the following
rules:

1. The translational component of the transforma-
tion should be rasterized to an accuracy of one
pixel:
nents.

translations should have integer compo-

2. If for each point w = (wg,wy) € My, we have
0 < wy € Tmax and 0 < wy < Ymax, then we
should rasterize the z-scale component to an ac-
curacy of 1/@mayx and the y-scale component to an
accuracy of 1/ymax. Thus, if T = (ps,py, Se, sy)
and 1" = (ps, py, 5z, 5, ) are adjacent in the grid of
transformations, s; = sy & 1/ymax and so for any
w € My, the y-coordinate of 7"(w) will be at most
Wy /Ymax < 1 away from the y-coordinate of T'(w).
Our rule is therefore that the z-scale component
should be an integer multiple of 1/2ax, and the
y-scale component should likewise be an integer
multiple of 1/ymax. Note that this rasterization
depends on the model M;.

Transformations can therefore be represented by four
integers; the quadruple (i, 4y, jo, jy) would represent
the transformation (iy, iy, jo/Zmax, Jy/Ymax)-

4.3 Predicting the Scale and Location of the
Match

We can bound the range of the search on the grid of
transformations by predicting the position and scale
of the landmark, based on the previous values for its
size, range and bearing. Initially, suppose that our
estimate of the range is ry, the size (of the image of
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the landmark) is /;, and the z-position of the center
of the landmark i1s z;. We wish to compute 7441, l~t+1
and Z:41 which are predictions of 7441, 141 and z441,
the range, size and z-position of the landmark after a
forward motion of magnitude m. The motion will be
close to directly towards the landmark.

Ft41 1S simply 7 — m, as we are moving towards
the landmark. The predicted value of the size of
the landmark and thus the next scale factor can then
be c~alculated as a functign of 7441 and m: 7y =
m/(lt+1/lt— 1), and so lt+1 = lt(m/ft+1+1), the
scale is predicted to be l~t+1/lt.

The predicted position of the landmark can also be
determined from its previous position. Ideally, the
landmark would have been centered in the image, and
the robot would have moved directly towards it; in the
next image, it would therefore continue to be centered.
In practice, though, it will tend to move outward from
the image center as the robot moves, as it will not
have been exactly centered, and the robot may not
have moved directly forwards. Our prediction of its
new position is simply #,41 = 7@ /741, as the drift
is proportional to the distance from the camera center.
We then use the predicted location of the landmark
in order to restrict the search space: we search for a
match only in a small portion of the transformation
space, surrounding the anticipated position and scale.
Since the # and y scales of the landmark will typically
be close, we also only consider transformations where
they are within 1% of each other. This allows us to
correct for small unanticipated effects due to errors in
the scale and position estimates, or errors in motion
(including possible motion of the landmark).

Given two fractions f; and f», and some threshold
¢, we consider all transformations (lying on the grid)
inside the current transformation bounds for which
Je(T(My), Iiy1) > f1 and f{(Lip1,T(M;)) > fo. For

each such transformation 7', we also compute

1. ¢, the minimum value of € for which
J(T(My), Ir) 2 fr

2. feo(T(My), Iiq)

3. €5, the minimum value of ¢ for which

filleyr, T(My)) > fo
4. ng (Iy1, T(My)), the actual number of points of
Ii41 which lie inside M0

Such a search can be performed very efficiently us-
ing methods described in [3].
tions are then ranked based on these four items, in
lexicographic order (i.e. € is most important, fol-
lowed by fe,(T(M;), I1+1), etc). All but the top 10%
are discarded. The remaining transformations are
grouped into connected components in transformation
space (using 80-connectedness adjacency on the four-
dimensional grid: each transformation is considered to
be connected to all those transformations whose pa-
rameters differ by no more than one in each dimension)
and the centroid of each component is found. Within
each component, each of these values is averaged over
all the matches in that component, giving four average
values. The components are then ranked (lexicograph-
ically) by these four values; the best component is then
chosen as the one most likely to contain the image of
the landmark, and its centroid determines the new val-
ues for the size and position of the landmark, and thus
its range and bearing.

These transforma-

If the landmark is not found in this search (i.e. no
transformations satisfying these criteria can be found
inside the search range), then the range of the search
is enlarged, f; and f; are lowered, and the search is
repeated until the landmark is located.

Once the landmark has been located in Iy, we build
Myy1, which will be used to find the landmark in the
next time step. This 1s done by simply cutting out a
rectangular box around the location in I;1q where M;
was found.

Initially, €, f1 and f2 are set to fixed values (currently
2 pixels, 90% and 85% respectively). After each time
step, the average values of €y etc. generated by the best
component are used to determine the values of ¢ etc.
to be used in the next time step.

5 The Overall Navigation Method

Initially the robot grabs an image of the visual field
which is presumed to contain the landmark. An ini-
tial model 1s given, which consists of a set of two-
dimensional intensity edges (as discussed above this
model can be extracted from an image of the scene,
or can be obtained in some other manner such as from
a modeling system). The navigation process is divided
into an initialization stage and an approach stage. In
the initialization stage a crude approximation to the



range i1s obtained and the focal length of the camera
is estimated. In the approach stage, the robot moves
in a direction that is the current best estimate of the
heading to the landmark, and updates the range and
focal length values, as well as computing some other
quantities discussed below. The approach stage is di-
vided into steps, where at each step the robot grabs
an 1mage of the visual field and matches a model from
the previous step to this image, in order to update the
range and bearing estimates.

The initialization stage consists of two pre-
programmed movements that are used to calculate the
range to the landmark and the focal length of the cam-
era. Before the robot executes either of these move-
ments, an image is grabbed and the initial model is
matched to this image, in order to determine the initial
model size. The robot then moves forward a known dis-
tance, currently 50cm, and grabs another image. The
initial model is matched to this image; this yields the
scale change s of the landmark over a 50cm motion.
The range to the landmark is calculated from s and
the motion using Equation 1. A new model is then
generated by selecting the rectangular portion of the
image where the landmark was found.

The robot then executes the second of the pre-
programmed initialization movements, in order to esti-
mate the focal length of the camera. The robot rotates
a known amount, currently 8 degrees, in the direction
that would result in the landmark being closer to the
center of the image frame and grabs an image. After
matching the model to the image, the robot uses the
amount of rotation and the landmark’s change in z-
position in the image to calculate an estimate of the
camera’s focal length, as described by Equation 3.

In general the object will not be centered in the im-
age frame after the two initial movements. Therefore,
before beginning the approach, the robot calculates the
angle needed to rotate in order to center the landmark,
using the focal length of the camera and the number
of pixels that the object 1s off center by Equation 2.
After rotating this amount, the robot grabs an image
and searches for the landmark to be sure that the cen-
tering worked and to recalculate the focal length of the
camera.

At this point, the landmark is centered in the frame,
and the robot enters the approach phase in which it
proceeds towards the object. Ideally, moving forward
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when the landmark is centered in the image frame
should always keep the robot on a direct course, until
the robot eventually makes contact with the landmark.
However, factors such as the object not being com-
pletely centered and the robot not moving exactly as
commanded may cause the landmark to drift off center
in the image. During the approach, the landmark may
drift in the frame, signifying that the robot is slightly
off target. Before each forward motion, the robot there-
fore calculates how much rotation is required to center
the landmark in the frame, and performs this rotation
simultaneously with the forward motion.

During each step of the approach process,; the scale
change between the current image and the previous im-
age is computed. Rather than simply computing the
range from this scale change, the scale changes for the
last several images are combined in order to produce a
more accurate estimate of the range. That is, the over-
all scale change across the sequence of images and the
total motion during that sequence are used to com-
pute the range from Equation 1. All of the images
taken since the last rotation of the robot are used in
this process.

5.1 Concurrent Moving and Matching

In practice, the amount of time required to grab an
image, extract its edges, and perform a matching step
is usually about 3-4 seconds using a Sun 670 (for a
360 x 240 image). At the robot’s usual translational
velocity, this corresponds to about 20cm of forward
motion. We can therefore improve the overall speed
of the process by performing motion and matching in
parallel: the robot grabs a frame, and begins search-
ing for the landmark. It simultaneously begins mov-
ing forward. Usually, the search locates the landmark
within a few seconds. The robot knows the range and
bearing to the landmark that it had when it grabbed
that frame. It can therefore predict the current range
and bearing, and compute a rotation which will keep
the landmark centered (and the robot on course). Tt
can then update its model, execute this rotation (while
continuing to move forward), grab another image, and
begin another matching step.

In order to ensure that the robot does not go too far
off course by continuing to move far away from the loca-
tion where the last matched image was grabbed, we set
a “safe distance” limit (currently 20cm) on the distance
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that it is allowed to travel while processing a match.
In almost all cases, the robot completes the matching
step before traveling this far; it therefore rarely has to
stop moving.

5.2 Obstacle Avoidance

The obstacle avoidance algorithm was added to han-
dle the case when there are obstacles in the robot’s
path to the landmark. Since our navigation is com-
pletely visually guided, we assume that the obstacles
do not interfere with the camera’s line of sight to the
landmark, but just impede the robot’s path. We also
assume that the surfaces of the obstacles are flat.

As the robot 1s moving forward, it will stop and reg-
ister an impediment if one of 1ts contact bumpers has
been pressed. The robot uses its estimate of range to
determine whether the impediment is an obstacle or
the landmark. If the calculated range is greater than
some value, currently one meter, then the robot as-
sumes the impediment is an obstacle and begins its
obstacle avoidance routine. If the range from the tar-
get 1s less then one meter, the robot assumes that it
has arrived, and returns a successful hit.

The goal of the obstacle avoidance is to successfully
move around the obstacle, while keeping the landmark
in the image frame. The first step in the obstacle avoid-
ance routine is for the robot to align itself with the ob-
stacle. The robot we used has eight contact bumpers
attached around the front portion of the cylindrical
body. The robot is considered aligned when the robot’s
heading is normal to the face of the obstacle. This ac-
tive alignment can be achieved by rotating while re-
maining in contact with the object until only the mid-
dle two contact bumpers are pressed [4].

At this point, the robot backs up a small amount
and rotates 90 degrees in the direction that would still
be making progress towards the landmark. The robot
begins repeatedly pinging the sonar on the side where
the obstacle lies, as it translates forward. By the flat
surface assumption, the sonar on the side of the robot
facing the obstacle will register a large change in dis-
tance once the robot has cleared the obstacle.

If another obstacle is encountered as the robot is
translating to clear the first obstacle, then the robot ro-
tates 180 degrees, and attempts to move around the ob-
stacle in the opposite direction in a similar way. If the
robot encounters yet another obstacle as it attempts to

clear the box in this direction, then the robot 1s boxed
in (in that it must actually move away from the target
to get to it), and gives up.

During this process, the robot maintains the angle
and distance traveled since first contact with the ob-
stacle. From these parameters and the previous range
to the landmark, the robot calculates the new range
and bearing to the target, and rotates to that bearing.
The robot then grabs an image, locates the landmark,
recenters, and resumes the approach.

5.3 Partial Matching

As the robot approaches the object, the landmark gets
larger in the image frame, and at some range portions
of the landmark may begin to fall outside the image.
When this happens, the model from a given frame will
not match the image at the next frame very well, be-
cause parts of the object will be missing. At this point,
the matching process is changed to allow for partial
matches of the model (by lowering the fraction of model
points that must be near points of the image, recall this
fraction f was discussed in Section 4).

The navigation system goes into the partial matching
phase once the robot has gotten close enough to the
object that part of it lies near the boundary of the
image (within 15 pixels of any border). In this phase,
the matching method only requires an initial fraction
of f = .8 when looking for the model in the image.
In addition, the robot moves smaller intervals between
successive images (the safe distance is reduced), since
the shape change in the landmark is relatively great
when the robot is close.

6 Some Experimental Results

Here we describe the results of some experiments we
have performed using this technique. In each case, the
robot was started some distance away from the land-
mark, with the landmark in view. The user then out-
lined a rectangular area which enclosed the landmark;
this was used as the first model.

Figures 3 and 4 show examples of the robot navi-
gating to its target. Each figure consists of ten rows
representing ten of the time steps from a navigation se-
quence. Each row of the figures contains three images:
the edge image acquired by the robot at that time step
(It), the model from the previous time step overlaid on
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Figure 3: An example of the method. See text for explanation.

the image at the location where it was found (M;_;
overlaid on I;), and the model extracted from the im-
age (My). In the first example, the target is one of the
lab’s other mobile robots. Only the top portion of the
robot is initially visible, so this is used as the initial
model. The target in the second example is the person
sitting on the couch. Note that the images are quite
cluttered.

In both figures, rows 1, 2 and 3 show the initial cali-
bration movements described in Section 5. Row 1 con-
tains the edge image generated before any movement
is performed. It does not have a previous model, so
no overlay is shown; the original image is shown in-
stead. Row 2 1s after a forward movement of 50cm to
determine the initial range, and Row 3 is after the 8°
rotation to determine the camera focal length. Row 4
is at a position intermediate between the initial posi-
tion and the first obstacle. Row b5 is just before the

robot makes contact with the first obstacle; Row 6 is
just after it has cleared that obstacle. Rows 7 and 8
bracket the avoidance of the second obstacle. Row 9
is intermediate between Row 8 and the location of the
landmark. Row 10 was taken just before the robot
made contact with the target.

In the first example, the total distance traveled was
9m; 43 images in total were processed. The total dis-
tance traveled in the second example was 10m and 46
images were processed. The time between images ac-
quisitions in these examples was typically around 5 sec-
onds, and the forward movement between acquisitions
was usually slightly less than 20cm, so the robot was
usually able to begin the next movement without ac-
tually coming to a stop. If the robot encountered an
obstacle and had to navigate around it, this of course
took more time.
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Figure 4: A second example of the method. See text for explanation.

7 Summary

We have presented a method for using visual informa-
tion to navigate a mobile robot to a landmark in its
visual field. The method operates by comparing two-
dimensional edge images in order to recover the change
in location and size of the landmark in the image as the
robot moves. The change in image location is used to
keep the landmark centered in the robot’s visual field
(and thereby keep the robot moving straight towards
the landmark). The change in image scale is used to es-
timate the range to the landmark (given that the robot
moves straight towards the landmark).

The method does not make use of absolute world
coordinates, or of any three-dimensional information.
The robot always maintains an estimate of the range
and bearing to the landmark from the last place that a
picture was taken, and updates that estimate after each

successive 1mage is obtained. The method has been
used 1n our laboratory to control a mobile robot, and
some examples of its operation were presented. The
matching technique is fast enough (on a SPARCsta-
tion) that it can run concurrently with them motion of
the robot. Overall, the method is quite simple, not re-
quiring complex representations of objects, or accurate
calibration of the camera system.
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