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ABSTRACT

A generalization of Hough transform techniques is introduced which
can be used to recognize shapes independent of their position or orientation
in an image. The transform technique is equivalent tc certain conventional
template matching procedures, but is, on the average, 10-20 times faster.
An experimental study on synthetic images is presented, and applications of

the technique to object tracking are discussed.



1. Introduction

An important problem in dynamic scene analysis is tracking objects
from frame to frame after an initial "lock-in" on an object of interest. A
variety of factors contribute to making this problem difficult. They
include changing backgrounds as the object moves, say, from a homogeneous
into a textured background, and partial obscuration when the object moves
behind another object in the scene.

This paper introduces an approach to object tracking which is based
on a generalization of Hough transform techniques [1,2] to the recognition of
arbitrary planar shapes independent of picture position, orientation and
limited scale changes. Section 2 of this paper discusses the technique for
position invariant matching. The algorithm described in Section 2 was first
introduced in [3]. Section 3 discusses the extension of this approach for
orientation and scale invariant matching. Section 4 contains an experimental
study which attempts to measure the robustness of the method. It should be
noted that ideas similar to the ones presented in this paper have been re-
cently reported in Ballard [4], who in addition discusses utilization of
edge slope information (which our algorithms do not) and composite structures
based on assemblies of shapes. This report contains some experimental
results and a discussion of rotation and size invariant matching which

complement the results reported by Ballard [4].



2. Position-Invariant Hough Shape Transforms

Let B = {(XisYi)}?=O be a list of boundary points for the shape
to be tracked. Let P = (X,Y) be any point (in practice, a central point

such as the centrord of B will be computationally convenient to use as pJ.

Then the Hough-representation of B using p, H(B,p) is the sequence of

n ; .
vectors{gi}i=0 where dxi = X—Xi and dyi = Y-Yi. Figure 1 contains a simple

example for a rectangle shape.

Now, suppose we are given an image, f, which contains an instance
of the shape whose boundary is described by B. A second array, h, which is
an array of accumulators that is registered with f, will be used to compute
the transform of f with respect to H(B,p). After the transform is computed,
points in h with high values will correspond to hypothetical locations of
p in f. Of course, once the location of p is known, B can be recovered from
H(B,p). The array h will be larger than the array of £, since if the shape

is only partly contained in f, the point p might be outside of f.

The transform, h, is computed by first applying an edge detector to

f to produce an edge map, e, of £f. Each edge, e in e is a potential

element of the set B. Although contrast and orientation information may

1imit the subset of B to which any e, may correspond, there is, in general,

i

no way to determine to which element of B any e, corresponds without con-

i

sidering the position of all the cther e,
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Therefore, each edge element, ei, is compared to each vector in H(B,p) to
compute a possible location for p, and that location is incremented in the
transform, h. That is, h is computed by the following simple algorithm,

MATCH 1, originally reported in [3]:

For each e,= (X,,Y.,) in e do
i i’71

For each dj= (dxj,dyj) in H(B,p) do
h(X,+dX, ,Y +dY,):=
i 77374 T

h(Xi+de ,Yi+in) + 1;

Notice that the result of applying this algorithm is exactly the
same as correllating a binary image representation of B with the binary
edge map, e (this was originally pointed out by Sklansky [5]; see Ballard
[4]). The correllation, however, is based on considering all points in h
as potential location for p, and then for each location counting the number
of appropriately positioned (according to H(B,p)) edges in e. The advantage
of the transform algorithm is computational efficiency. If h is an rxs
picture, then to compute h using a standard correllation algorithm requires
O(rxsxn) operations - i.e., for each of rxs potential location for p, we
must check the n locations of possible edge points determined by H(B,p).
Algorithm MATCH 1, on the other hand, requires O(]e]xn) operations where ]e!
is the number of edges detected. Since, in practice, edges account for no
more than 5%-10% of any image, algorithm MATCH 1 will result in speed-ups
of 10 to 20 over conventional correllation procedures.

To illustrate the procedure, an image was created in

which the rectangle described in Figure 1 was inserted at an arbitrary



location. Figure 2 contains the transform of that image. Notice that the

peak of the transform occurs at the location of p.
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Figure 2. Hough transform for the shape in Figure 1 placed at position (16,16)



3. Rotation Invariant Matching

In the preceding section we assumed that the orientation of B in
f was known. Suppose, on the contrary,that it is not known (this can occur,
e.g., while tracking a vehicle, from above, which is moving along an un-
predictable path). Im this case, when we hypothesize that a particular e
corresponds to some dj’ the strongest conclusion we can draw is that if e,
were indeed dj, then p must lie somewhere on the circle of radius

fy 2 2 . ) .

R. =;de + de centered at e, - The following algorithm, algorithm

J d

MATCH 2, accomplishes rotation invariant matching.
For each e= (Xi,Yi) in e do

For each 4, in H(B,P)Mﬁo

J .
: 2
R.=\‘dX,2 + 4y,
J J 3
For © = o, 27, by d6 do begin
h = R, *cos 0+ X,
x ] i
=R, * Y
hy y sin 6+ i
H(hx,hy) = H(hx’hy) + 1
end

Unlike algorithm MATCH 1 where the results were identical to what
could have been obtained by correllating the binary image e with a binary
image representation of B, the results of applying algorithm B are not

identical to what would be obtained by individually correllating m=2n/d0



rotated versions of H with e, and then choosing the maximum match amongst

the m correliation planes. Instead, algorithm MATCH 2 adds the m correllation
planes together to obtain a single plane (h). The position in this plane
having maximum value is then interpreted as the location of B.

Notice that if prior information is available concerning the orien-
tation of the object in the frame, then this information can be easily taken
advantage of by the algorithm. One simply modifies the bounds on the inner
FOR loop so that only a circular arc in h, rather than an entire circle, is
incremented. In tracking vehicles moving along roads, e.g., one can
ordinarily assume that between the successive frames the vehicle will not
make a turn sharper than n/2, since roads do not bend that quickly. There-
fore, the bounds on the inner FOR loop can, in this situation, be modified
to - /2 to w/2.

Although algorithm MATCH 2 can detect an arbitrarily oriented
version of a shape, it does not compute the orientation of the shape. This
could be done by maintaining m separate correllation plans and applying
algorithm MATCH 1 to m rotated versions of H(B,p). In practice, however,
this approach has unacceptable storage and time requirements.

Instead, it is possible to construct a second transform of B, but
with respect to a different point, p'. If (i.j) is the point in the trans-
form of H(B,p) having maximal value, and if (1',j") is the point in the
transform of H(B,p) having maximal value (notice that these values must,
in principle, be identical), then the direction from (i,j) to (i',j")
gives the direction from p to p' in £. Points p and p' should be chosen

to be sufficiently far apart so that small errors in the locations of the



maxima in the transforms h of H(B,p) and h' of H(B,p') do not lead to
large errors in the computed orientation of B.

One last modification to the matching algorithms worth mentioning
is the incorporation of a "smoothing'" step. The purpose of this is to over-
come the slight mispositioning of edges by the edge detection algorithm;
this will tend to distribute the contribution from the detected
edges of the shape to a small neighborhood around the actual location of
p. To overcome this, rather than simply incrementing a single location,
(hx’hy) in h, one can increment a kxk neighborhood (with k ordinarly 3)
of h(hx’hy>' Notice that this is equivalent to applying either of the
match algorithms, and then replacing h(hx’hy) by the sum of its kxk
neighborhood. However, performing the neighborhood increment in the match
algorithm requires only an additional 8|e[ operation (for k=3), while
applying the summation as a post-process to h requires 4n2 operations (using
a fast square neighborhood summation algorithm). Since, as mentioned pre-
viously, ]e[ is no more than .05n2 - .lnz, the former approach is compu-

tationally less costly.

Notice that the algorithms can also be modified in a straight-
forward way to deal with a limited range of scale information. Suppose,
e.g., it is known that the object in the image is S times the size of the

model, with S e{Sl,SZ} (note S1 <82 and O <Sl). Then, in algorithm MATCH 1

e ) . . L2, .2
rather than just incrementing a single point at distance d=\dx +dy from

. . , . . -1 | .
an edge point, one marks all points in direction tan dy/dx and with
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distances @' e{Sld,Szd]. For rotation invariant matching, rather than

incrementing a circle (or a circular arc if constraints on the orientation

are available) one increments a ring of inner radius Sld and outer radius

Szd {or the intersection of the ring with a wedge). Again, different

correlation planes can be maintalned for different values of the scale,
but this increases the storage and computational requirements of the
matching algorithms. WNote that this idea was employed by Davis [6] to

detect circles of various sizes using Hough transform techniques.
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4. Experimental Study

A simple experiment using synthesized images was designed and
performed to measure the robustness of the shape recognition procedures.

In the first experiment orientation was controlled, while in the second
experiment orientation was allowed to vary.

The data generated were binary images which are intended to
represent the result of applying an edge detection procedure to a grey-
scale image. The rectangle shown in Figure 1 was used as the shape to
be detected. The images are generated by choosing a random angle for rotating
the shape (for experiment 1 the angle was fixed at 0) and then choosing an
arbitrary image position for point p and "painting" the shape around that
position. The unreliability of the edge detector is modeled by then randomly
reversing 100x p percent of the image points from 0 to 1 or 1 to O. Figure 3
a-d shows representative images obtained for P=.40 and .50.

The transform at the degraded binary image is then computed and the
shape was defined to be correctly matched if the location of the peak of the
transform is within one pixel of the actual location of the shape. Figures
4 a-d contain the transforms for Figures 3 a-d. For each value of P, 15
images were constructed. Tables 1-2 1list the probability of error as a
function of p for fixed orientation (Table 1) and orientation invariant

matching (Table 2).
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P Problerror]
.05 0
.10 0
.15 0
.20 0
v 25 0
.30 0
.35 0
.40 0
.45 .07
.50 .13
.55 .24
.60 54

Table 1 - Probability of error for fixed orientation

shape matching.
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- _P(error)
.05 0
.10 0
.15 .07
.20 0
.25 .07
.30 .07
.35 .13
.40 .24
.45 42
.50 .87
.55 .62
.60 .87

Table 2 -~ Probability of error for rotation invariant

matching.
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We have presented a generalization of Hough

to allow recognition of arbitrary shapes independent

and limited scale. The algorithm is an extension of

[3] and the Hough representation used is similar to,

the one discussed in [4].

to image registration.

We are currently applying

transform techniques

of position, orientation
the one presented in

but less general than,

the ideas in this paper
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