A Template-matching Approach to Free-form Feature Recognition
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Abstract

Feature recognition has been an active research area
in the past two decades. While many techniques have
been developed, most of them are limited to the detection
of features that are of regular shapes. Examples include
holes, slots, pockets and steps that are commonly used in
engineering parts. This paper reports our investigation on
a method that is able to detect free-form features. A
template matching approach is used where the template
represents the shape of the free-from feature to be
detected. The feature recognition method works on a two-
dimensional parametric space which represents all
possible configurations of the template. A match between
the template and the object from which the features are to
be detected corresponds to a match-curve in the
parametric space. Feature recognition is achieved by first
searching the rough location of the match-curve, followed
by searching a precise location of a point on the match-
curve. A program has been implemented to verify the
feasibility of the approach, and examples are given to
demonstrate the major steps in the method. The use of the
method in computer graphics applications such as shape
blending is demonstrated. The application of the
technique in industrial applications such as injection
mould design is also discussed.

1. Introduction

The purpose of feature recognition is to extract high-
level semantic information from a low-level
representation of an object. There are three major
approaches that have received much attentions: syntactic
pattern recognition (e.g [1]-[3); graph-based method (e.g.
[4]-[8]; and volumetric approach (e.g. [9]-[11]). One of
the basic assumptions in most existing feature recognition
techniques is that a shape feature is bounded by a set of
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edges, which are explicitly represented in the CAD
model. The concavity or convexity of all the edges,
determined from the dihedral angle between the adjacent
faces, are used in the determination of the type of the
feature. This assumption limits existing feature
recognition techniques to feature that are of regular
shapes. Examples of such features that are commonly
found in engineering parts are various types of hole, slot,
pocket and step etc.

The present study focuses on free-from feature
recognition. Free-from feature is an important class that
has not been well investigated. A free-from feature is a
feature that is embedded in a single or a set of free-from
surfaces. The boundary of the features consists of curve
segments that may lie within a surface. A free-form
feature may even smoothly blend with other part of the
object and thus an explicit boundary does not exist.
Figure 1 shows a telephone handset. While a human can
easily identify the regions that correspond to the ear-
piece, the mouth-piece and the handle, it should be
noticed that the mouth-piece blends smoothly to the
handle. It is not possible to identify the boundary of the
mouth-piece feature using existing feature recognition
technique.

Figure 1. A telephone handset consists of three
features: the ear-picce, the mouth-piece and the handle.
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2. Template matching

We employ the template matching approach to tackle
the free-form feature recognition problem. A template is
initially specified by the user that represents the shape of
the feature to be detected from the CAD model of an
object. The feature recognizer then tries to detect the
occurrence of the feature in the object by transforming the
template to all possible orientations and positions. The
feature is recognized if the template is considered to
match the local shape of the object. One possible
matching criterion is to measure the extent of coincident
surface boundaries between the transformed template and
the object. This template-matching approach in feature
recognition was originally suggested by Woodwark [12]
and was further developed by Parry-Barwick and Bowyer
[13]. The main challenge in template matching is to
develop an efficient method that can locate the match in
the continuous space of translation, rotation and scaling of
the template. Parry-Barwick and Bowyer [13] tackled this
problem by representing all the possible configurations in
a multidimensional space, and developed a method that
can prune the space efficiently. However, the trade-off in
their method is that the object and template must be
represented by half-spaces using implicit equations so as
to facilitate an efficient pruning. Therefore, this method is
limited to CSG model and cannot be applied to B-rep
model, which is a more popular representation scheme.

This paper reports our initial investigation on template
matching in 2D curved shape. The underlying geometry
of the object and template is defined by composite
NURBS curve segments. An efficient algorithm is
developed that can recognize free-form features from the
boundary of the object. An experimental program has
been implemented to verify the feasibility of the method.

2.1 The basic approach

Consider an object and a template shown in Figure 2(a).
Let J(s) and P(?) denote respectively the boundary of the
object and template. A transformation is applied on the
template as shown in Figure 2(b). The transformation
consists of a translational component such that the point
J(s,,) on the object coincides with the point P(z,) of the
template, and a rotational component such that the tangent
at J(s,,) becomes parallel to the tangent at P(t,). We say
that the template is at configuration Cfg(s,, t,).

At a certain configuration Cfg(s,?), portions of the
template and object boundaries may overlap. If the
overlapped portion corresponds to the entire template
boundary, the template fully matches the object at that
configuration. If the overlapped portion only corresponds
to part of the template boundary, the template partly
matches the object. The extent of match is measured by a
template-matching ratio, which is defined as the ratio of

the arc length of the overlapped portion to the arc length
of the template. If the template-matching ratio exceeds
certain threshold value specified by the user, a match is
detected and the feature is recognized at Cfg(s,1).

Now, consider a space spanned by the parametric axes
of the object and template. Let's denote the axes of this
two-dimensional parametric space by the s-aixs and ¢
axis, which correspond respectively to the parametric
variables of the object and template. When a match is
detected at a configuration Cfg(s,#), a point is marked at
(s, t) in the parametric space. A match occurs when
portion of the transformed template overlaps with the
object. Thus, if a match occurs at configuration Cfg(s ,z),
matches also occur at configurations Cfg(s; , t; ), where
the points J(s;) are any neighbouring points of the object
that are in the overlapped portion, and P(z) are
corresponding points of the template that are in the
overlapped portion. Therefore, a set of points can also be
marked at (s;, ) in the parametric space. It can be proved

J(sm)

? P(t,)

template

object

(a) Template and object

transformed
mplate

(b) The template is translated and rotated
to the configuration Cfg(s,, ).

Figure 2 Transforming template to
configuration Cfe(s,, t.).
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(see Li and Hui [23] for details) that this set of points
form a smooth curve known as the match-curve on the
parametric space. It has also be proved that each unique
match corresponds to a unique match-curve on the
parametric space. Figure 3 shows three matches with the
corresponding match-curves. Thus, feature recognition
can be achieved by first searching for a match-curve, and
then locating any one precise point on the match-curve.
The precise point on the match-curve gives the
configuration at which the feature is recognized.

A two-phase approach is proposed for the process of
template matching: a hunting phase followed by a
refinement phase. In the hunting phase, potential regions
in the parametric space where the match-curves lie are
identified. These potential regions are rough indication of
where the match-curves reside. In the refinement phase,
each potential region is systematically searched to locate
a point in the match-curve to within a specified tolerance.
The following sections explain the details of each phase.

3. Searching for match-curve

To identify regions in the parametric space where the
match-curves lie, the template-matching ratio at each
point in the parametric space is first determined. A set of
locations where the template-matching ratio exceeds the
threshold value can then be found. From the set, clusters
of locations can be formed by grouping locations that are
adjacent to each other. From the resulting clusters,
rectangular regions in the parametric space can be formed
from the intervals in the s and ¢ axes in which all the
points within a cluster lie.

However, the computation of the template-matching
ratio for all the points in the continuous parametric space
is impossible because there are infinite number of points.
Thus, discretization of the parametric space must be
applied. This discretization also corresponds to a linear
approximation of the curve boundaries that defined the
object and template. With the discretization and linear
approximation, the template-matching ratio can only be
estimated. A method for estimating the template-matching
ratio has been proposed (please refer to Li and Hui [23]
for details) which will not under-estimate the actual value.
This ensures that a region in which a match-curve lies
will always be identified in the searching process. Our
analysis also indicates that the extent of over-estimation
depends on the resolution (mx ) of the discretization, and
the algorithm is O(m’n’), where m and n are the number
of intervals used in the discretization of the s and ¢ axes.
Thus, there is a trade-off in choosing the resolution. If a
high resolution is used, the estimate is accurate but the
computation time increases. If a low resolution is used,
the computation is efficient but the effect of over-
estimation is that a large area in the parametric space

(a) The matches.

(b) The match-curves in the
parametric space.

Figure 3 The matches between the object and
template and the corresponding match-curves
in the parametric space.

would be considered as potential regions in which match-
curves will be found.

An iterative scheme is thus proposed to find an
‘optimal' resolution. Initially, a coarse resolution is used
which results in relatively fewer points in the discretized
parametric  space. Template-matching ratios are
determined for all the points. In addition to the estimation
of template-matching ratios, the total arc length of the
object that are considered as being matched by the
template is determined. An object-matching ratio, which
is defined as the ratio of the matched arc length to the
perimeter of the object, is determined. ~ When the
resolution is coarse, template-matching ratio is over-
estimated and thus object-matching ratio can be as high as
90% indicating that the entire object boundary is matched
by the template. The resolution is then reduced in an
iterative manner until the object-matching ratio falls
below a threshold value specified by the user. Our
experience indicates that this iterative process will
terminate in few steps. Figure 4 illustrates three
consecutive steps in the iteration process using the
template and object shown in Figure 2. The figure shows
the template at all configurations where the template-
matching ratio exceeds a threshold value of 0.9. The
object-matching ratio falls from 0.82 to 0.08 in three
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iterations. It can be seen that potential matches are
reported almost along the entire object boundary in the
first iteration. Many of them do not actually correspond to
a real match. This is due to over-estimation on the
template-matching ratio when the resolution is low. In the
next two steps, the majority of potential matches reported
are located in the neighborhood of the real matches.
Potential matches at other locations reported in the first
iteration are removed when a higher resolution is used.

First iteration
Resolution =33 x 7
Object-matching ratio = 0.82

Second iteration
Resolution =49 x 7
Object-matching ratio = 0.28

Third iteration
Resolution = 89 x 7
Object-matching ratio = 0.08

Figure 4 Iteration process to find ‘optimal’ resolution.

4. Locating a match

Once a region within which the match-curve lies is
identified, a precise curve point can be found to within a
specified tolerance. This precise location gives the
configuration at which the template matches the object. It
should be understood that as the entire match-curve
corresponds to a unique match, just one a single point in
the match-curve needs to be found.

Each region corresponds to an interval in the object
boundary and an interval in the template boundary. These
intervals are usually small compared with the entire
parametric range. Therefore, a high resolution can be
afforded on these restricted intervals of the boundaries.
The refined resolution thus enables an accurate estimation
of the template-matching ratio.

An exact match in each match-curve is found by
sampling a sufficient number of sample points in each
region of the parametric space. Each region found in the
previous phase is only a rough indication of the location
of a match. Moreover, it may be possible that two distinct
match-curves are merged into the same region during the
process of cluster formation. Therefore, a sufficient
number of sample points must be generated to ensure that
matches corresponding to all distinct match-curves within
each region can be detected. When a match occurs, the
template boundary overlaps with the object boundary. An
estimation /, of the arc length of the overlapped boundary
can be obtained by multiplying the perimeter of the
template boundary by the threshold value of the template-
matching ratio. When the template matches the object at
one location, the next match location on the object
boundary must be at least /, units away from a previous
location along the object boundary. That is, two distinct
matches will not occur between two neighbouring points
on the object boundary that is less than /, units apart. Let
{s;} be the sequence of parametric values sampled on the
object parametric axis s. Then, J(s; and J(s;,,) are two
neighbouring points on the object boundary. Let the arc
length between the two points be denoted by I(s,s;, ;). The
first sample value s; is set such that /(s,,s;) < [l/2, where
s, is the lower limit of the parametric range of the region.
The subsequent sample values are set such that
I(s;,s; 1)<[,. This sequence of sample values {s;} thus
guarantees the detection of matches for all distinct match-
curves within a region.

For each sample value in the s axis, a search in the ¢
axis is conducted. The search looks for the largest
template-matching ratio that can be achieved within the
parametric range in the ¢ axis of the region. The search
consists of the following steps:

1. From the parametric range of the ¢ axis, samples a
sequence of parametric values {,}.

2. From the sequence of parametric values {¢,}, compute
the template-matching ratios and identify ¢,, such that
its template-matching ratio is maximal.
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3. Construct a new parametric range by setting the

lower limit as #,,.; and the upper limit as £, .

4. Repeat steps 1 to 3 until one of the following two
termination conditions is satisfied:

() The distance between the two points P(t,.;)
and P(t,, ;) on the template boundary is less
than the positional tolerance, and the angle
between the two tangent vectors P’(¢,.;) and
P’(t,.,) is less than the angular tolerance.

(ii) ty.; equals to 7, ;.

When condition (i) is reached, the template matching
process finds a match location to within the positional and
angular accuracy specified by the user. In case (ii), the
template matching process terminates because the
maximum accuracy that can be achieved on the
computing platform has been reached.

5. Implementation and Potential Applications

An experimental program has been implemented to
verify the feasible of the proposed method. The program
is written in C and runs on a Pentium PC. The program is
interfaced with a simple shape blending system to study
the advantage of using free-from feature recognition in
shape blending.

Applications of shape blending or shape averaging in
computer animation and industrial design have been
studied by many researchers (e.g. [14]-[18]). In general,
the first step in the shape blending process is to establish
the correspondence between the source and target objects.
Vertex corresponds have been used by many researchers
(e.g. [14], [15], [19], [20]) and their methods applied only
to polygonal shapes. The importance of feature
correspondence has been noticed by other researchers
(e.g. [21], [22]) and recently, Hui and Li [18,19] has
developed a fully automatic algorithm to establish feature
correspondence between two curved parts. However, the
correspondence generated by his method depends on the
relative orientations of the two parts. A change in the
orientation may result in a different set of
correspondences. This makes his method inappropriate in
computer animation. By employing the proposed template
matching approach to free-from feature recognition,
features in the two parts can be recognized and the
correspondence so established is independent of the
relative orientation.

Figure 5 shows a shaping blending example, which is
adapted from one of the examples illustrated in the work
of Sederberg and Greenwood [15]. The ‘dots’ shown on
the boundary of the source object in Figure 5(a) are
‘vertices’ on the boundary. They are detected by
employing heuristics similar to those developed by Hui

and Li [18]. Any two neighbouring vertices define a
potential feature, which is used as a template. The
template matching process then detects matches from the
target object for all the templates. Figure 5(b) shows the
five matches found in the target. These matches enable
the establishment of correspondence between the source
and target at the feature level. The source and target
boundaries can thus be partitioned into sequences of
feature segments and connector segments as shown in
Figure 5(c). Figure 5(d) show the blending result obtained
by linearly interpolating corresponding feature segments
and connector segments. The result is comparable to the
work of Sederberg and Greenwood [15]. Notice that the
left arm is shortened in the in-betweens. This problem
also occurs in the work of Sederberg and Greenwood
[15], which is due to the linear interpolation between the
two arm positions that have excessive difference in
orientation. With the establishment of feature
correspondence template matching, a better

7

(a) The source and target objects

r

(b) The matches found from the target

x

(c) The feature segments (in dark) and connector
segments

Figure 5 An example of shape blending using
the template matching method.

interpolation scheme can be employed to overcome the
problem. A rigid transformation, which involves rotation
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SRR

(d) Blending by linear interpolating

TEREEF

(e) Applying rigid transformations before blending

Figure 5 An example of shape blending using the
template matching method(continued).

and translation, is first applied to align a corresponding
feature pair before linear interpolation is applied. The idea
of applying rigid transformation is also used in the
method of Carmel and Cohen-Or [22]. However, their
method is limited to the use of a single rigid
transformation for each of the entire source and target
objects. With feature correspondence established by
template matching, a different rigid transformation can be
devised to ensure alignment of each individual feature
pairs. A better blending result can thus be generated as
shown in Figure 5(e).

Besides the shape averaging problem, another
important application that is being investigated by the
authors is the design of plastic injection mould. The
cooling system of a plastic injection mould plays a crucial
role in the optimization of the injection moulding process.
A survey on a set of existing mould designs has been
conducted which concludes that the cooling system
depends very much on the moulded part shape. A set of
typical part shapes is thus identified and their
corresponding cooling system designs has been captured
as a set of parametric design rules. Cooling system design
for a new plastic part is then obtained by retrieving and
instantiating the existing parametric design of a stored
part with similar part shape. The major challenge in
automating this retrieval process is the ability to detect
parts with similar shapes. The proposed template
matching algorithm, being able to detect free-from
features, can be used to solve this problem. Further
investigation on applying the template matching
algorithm to detect shape similarity in 3D is being
conducted by the authors.

6. Conclusion
Free-form feature recognition is an important research

area that has not been well investigated. We have
developed a method that achieves free-from feature

recognition in two-dimensional curved object. The
efficiency of the method relies on the two-phase
approach. In the first phase, a low resolution is used to
discretized the parametric space where potential regions
are identified. The resolution is iteratively refine until an
'optimal' resolution is obtained. In the second phase, high
resolution is used to locate the exact match to a specified
accuracy. Application of the free-form feature recognition
method in shape averaging has been demonstrated and the
application in mould design is discussed.
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