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Abstract: The 3-D Hough shape transform is described which is used for the localization in space of 3-D objects defined in

terms of the spatial organization of their features.
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1. Introduction

The recovery of groups of features satisfying a
certain organization plays a major role in pattern
recognition. The original Hough transform was a
method by which one could recover the parameters
which defined an analytic form characterizing such
an organization, e.g., straight lines or circles in
Hough (1962). Subsequently, methods have been
proposed for detecting sets of features satisfying
non-analytic organizations by Merlin (1975), Davis
(1980), and Ballard (1981). These methods are
most often defined as 2-D shape modeling methods
and are applied to features detected in 2-D images;
we call this the 2-D Hough shape transform.

With the availability of true 3-D data, e.g., from
laser range finders, the 3-D Hough shape trans-
form has been explicitly defined and used in the
analysis of that data by Henderson (1981,1982b).
In this paper we discuss some of the problems
involved in using the 3-D Hough transform and
some solutions to these problems; also, see Wu
(1983).

The use of the Hough shape transform consists
of two steps:

1. Define the Hough shape model.

2. Apply the model to a set of detected features.

*This work was supported in part by the System Development
Foundation and NSF grants ECS-83-07483 and MCS-82-21750.

The Hough model is defined in terms of a set, S,

- of feature points. Then one selects an appropriate

reference point which is used to define the spatial
relation between the points in S. Next, assuming
that the feature points used to form the model have

-wundergone a rigid motion (translation and rota-

tion) and that some (or all) of the points are in the
detected feature point set, the Hough shape trans-
form uses the spatial organization of the detected
feature points to recover the location of the trans-
formed reference point. If the original reference
point is chosen correctly, then the transformation

can be determined.

2. Defining the Hough shape model

The feature used to define the shape is crucial to
the success of the method. In the 2-D case, boun-
dary edges of a shape are most often used. The cor-
responding feature in 3-D is a set of surface points.
Whereas in 2-D processing the use of the edge fea-
ture greatly reduces the amount of computation
required (edges occur sparsely in an image), this is
not true in 3-D processing because the surface
points are the data available. Moreover, surface
points are dependent on the sampling rate and
accuracy. Thus, a more invariant type of feature is
required for,3-D shape modeling.

0167-8655/84/83.00 © 1984, Elsevier Science Publishers B.V. (North-Holland) 235



Volume 2, Number 4

- Omne solution to this problem is the use of control
points which are recovered from the surface point
data. If these control points are uniquely labeled
simply by their nature, €.8. the vertexes of an
asymmetric triangle, then the geometric transfor-
mation can be determined directly. That is, the
correspondence problem between the model fea-
tures and the detected features has already been
solved. One needs then at least four control points
to determine the transformation. In general, how-
ever, feature detectors are local in nature and no

distinction exists between features, other than their

Jocations; for example, the location of a vertex
may be computed, but not its degree. In this paper
we limit our discussion to the use of a vertex fea-
ture detector for polyhedral objects, but the con-
trol point method will work in general. '

In particular, W€ define the Hough model in
terms of vertexes derived from the detected surface
points. First, planes are fit to the data using an
efficient method; se€ Henderson (1982a). These
planes are then intersected and the resulting Vver-
texes used as the feature points. Call this set

S={(xi9yi’zi)}’ i=1,...,n.

Next, a reference point must be selected. In
order to recover the orientation and location of an
object, it is necessary that the reference point be
chosen so that the distances from each of the
model feature points to the reference point are uni-
que. This permits a unique labeling to be assigned
once the transformed reference point is deter-
mined. Thus, the definition of the Hough shape
model is obtained as follows: '

1. Select S=1{Xi} i=1,...,n, of model feature
points. '

2. Choose 2 reference point Xo such that for
every i and j, ri is not equal to 7, where

r = distance (X, Xo)s i=1,...,0

3. The 3-D Hough shape model, M, is theﬁ the

set M={r}, i=L.»m

3. Applying the 3.D Hough shape transform

The location and orientation of an object is
determined as follows:
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1. Detect a set, D, of surface points. For the
next steps, treat the connected components, D;,
separately.

2. Fit plahes to the points in Dj.

3. Determine a set, V;, of vertexes from the -«

intersections of the planes.

4. Compute intersections of 3-D spheres of
radius r;, for r; in M, centered at each vertex in V;.

5. Determine if the point of maximum intersec-
tion of the spheres is the transformed reference
point.

The amount of computation will obviously de-
pend on the number of surface points detected and
the number of vertexes derived from those points.
The vertexes can be recovered in average case
time complexity Order(N log N); se€ Henderson
(1982a), where N is the number of detected points.
The number of vertexes will usually be very small
compared toO the number of surface points, and
therefore the number of vertexes in a connected
component of surface points (assuming stable sup-
ports like tables and walls are discarded) will be
small enough sO that the complexity of computing
the sphere intersections will not severely limit the
system. .

We now give in Figure 1 an algorithm based
upon the Hough shape model for perform'mg shape
recognition.

The procedure DETERMINE ORIENTATION, when
givén the correspondence between the model refer-
ence point and the detected reference point, the’
model points and the detected vertexes, finds the

, transformation which maps the model points to the
‘ detected vertexes. The procedure INTERSECT returns

true if the sphere, centered at a given detected ver-

procedure MATCH (detected_object);
for every model in all_models
max_count :=MaX ACCUMULATOR (detected_object,model);
if OBJECT IDENTIFIED
DETERMINE ORIENTATION (detected_object,model);
integer procedure MAX ACCUMULATOR (detected_object,model);
for every d in all_detected_vertexes
for every a in all_accumulators
for every 7 in an_model_radii
if INTERSECT (sphere {d,rl,a)
then UPDATE ACCUMULATOR (a);
return (FIND MAX ACCUMULATOR);

Fig. 1. Shape recognition algorithm.
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tex with a radius equal to a given model radius, in-
tersects a given accumulator. UPDATE ACCUMULATOR
is a procedure that updates information pertaining
to an existing accumulator which has been inter-
sected, or creates new accumulators when necessary
after intersection of an existing accumulator with
a given sphere. FIND MAX ACCUMULATOR is a

* procedure that returns the maximum of all the

accumulators.
3.1. Computing sphere intersections

The number of spheres to be intersected in deter-
mining the maximum accumulator can result in
large amounts of computation. We outline a
method for reducing that significantly. An accumu-
lator can represent a 3-space point, circle or
sphere. Whenever a new sphere is to be intersected
with the existing accumulators, an analytic method
can be used to determine the intersection based on

the types of accumulators involved. Moreover, it is

not usually necessary to compute the intersections
of all the spheres, since reasonable pairs of ver-
texes can be used to form an initial set of accumu-
Jators; then the spheres are intersected with these
accumulators only. For example, vertexes linked
by an edge probably lie on the same object, and
thus, they can be used to form an initial set of
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accumulators. Thus, at the worst, a linear search
for a pair of vertexes on the same object must be
performed, i.e., for each detected vertex, pair it
with its neighbors, and use that pair to form a set
of initial accumulators.

Consider the 3-D Hough shape definition for a
cube:

1- S = {(—ly"l, 1)9(_13 l; 1)7(1, 19 1),(1"19'1)’
('—1a 19_1)’ (-1,—'19"1))(19 l’v‘_l)a(l,_ls—l)}
2. Choose
Xo=(1.51.3,1.25).
3. Then
M ={4.09,3.43,3.38,3.28,
2.54,2.40,2.33,0.65}.

Next, the location and orientation are determined:
1. Assume vertexes detected directly.
2. Assume vertexes detected directly.

3.V ={(@~1,1),(4 1,1),(61,1),6-1,1), ,
(4’ Is _1)9 (4’_1,_1)3 (6s 1’_1)3 (63_11—1)}-

4. Figure 2 shows the initial circular accumula-
tors generated by the intersections of the first pair
of points. The detected reference point is at
6.5,1.3,1.25). '

Fig. 2. Initial circular accumulators. m’s denote model vertices;

mrf denotes model reference point; d’s denote detected vertices; *

denotes detected reference point.
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5. The transformation matrix is

1 000
0100
0010
5 0 0 1

In this case the detected cube is an instantiation of
the model cube which has been translated by five
units in the positive direction along the x-axis.
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