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Abstract

A new approach to recognition of regular-
shaped objects by single camera views using both
object shape and surface pattern information is
proposed. The recognized objects are regular prisms
of different sizes. Both the silhouette shape and the
surface pattern of the object are utilized in the
recognition scheme. To recognize an input object, a
new camera calibration technique is first employed
to compute the camera parameters and the object
dimension parameters analytically using a single
camera view of the object. A surface backprojection
technique is then adopted to reconstruct the pattern
on each surface patch of the input object. Finally,
each surface patch pattern is matched with those of
each object model using the distance weighted
correlation measure. Experimental results showing
the feasibility of the proposed approach are also
included.
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I. Introduction

In this section, a survey of related works is
first given, followed by a description of an
overview of the proposed approach.

1.1 Survey

In industrial automation tasks, such as bin
picking, sorting of machine parts, automatic
assembling, and automatic warehousing, it is often
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found necessary to recognize 3D objects. Most
related research works focus on recognizing 3D
objects using silhouette shape information only;
object surface patterns such as special marks or
characters are less utilized. In this study, both
object silhouette shapes and surface patterns are
used to recognize 3D objects more effectively.

Chin and Dyer[1] presented a good survey of
model-based computer vision works, and Besl and
Jain[2] reviewed a lot of 3D object recognition
systems. In recent years, many more 3D
recognition systems were proposed. According to
the matching methods used, 3D object recognition
can be classified into two types: 3D recognition by
3D matching, and 3D recognition by 2D matching.

In the approaches[3-6] of the first type, it is
usually necessary to acquire 3D object surface data
from the input intensity image[3-4, 6] or range
image[5], and before the final recognition step can
be performed, they must be transformed into certain
3D representations. In the approaches of this type,
3D data acquisition and object modeling works
usually take long computation time which causes
such approaches inapplicable to many applications.

The other contrastive type[7-9] of approaches
is 3D recognition by 2D matching. Some of them
are reviewed briefly here. Silberberg et al.[7] used
the general Hough transform technique to match
input 2D line segments and edge junctions with 3D
model line segments and vertices. For each pair of
line segments being matched, the model line is
projected onto the image line, incrementing the
corresponding cell in the Hough accumulator array
if the matching is successful. Liu and Tsai[8]
proposed a 3D curved object recognition system
including a turn-table, a top-view camera, and a
lateral-view camera. A 3D object was recognized by
first normalizing the orientation and position of the
top-view silhouette shape by its principal axis and
centroid, and then matching the shape features of
the 2D silhouette shapes of the input object against
those of each object model by traversing a decision
tree.

A common property of the previously-
mentioned approach is that input 3D objects are



recognized by matching the processed input object
imagcs or represcntations against 2D reference
object models. This is why such approaches are
said to be of the type of 3D recognition by 2D
matching. An advantage of this type of approach is
that well-devcloped 21D image or shape analysis
tcchniques can be utilized. Howcver, extra effort
must be paid to avoid exhaustive matching of the
input 21} data with the essentially infinitc number
of possible 2[) views of each 3D reference object.
In this paper. we propose a new approach to 3D
object recognition which is basically a combination
of the above two types of approaches but without
their disadvantages.

1.2 Overview of

Approach

Proposed

ln this study. 1t is desired to utilize not only
the object silhouette shape but also the object
surface pattern 1o recognize 3D regular-shaped
objecls. The reason is that a lot of commercial
products, espectally those packed with paper boxes,
arc regular-shaped. and have abundant gray-scale or
color pattern information on their surface patches
which can be utilized in recognition. The regular-
shaped objcct investigated in this study is the
regular prism. A prism is a polyhedron with two
congruent and paralle] base faces, and several lateral
faces which are parallclograms formed by joining
corresponding vertices of the bascs. A regular prism
is a prism with its top and bollom bases being
identical regular polygons and perpendicular to the
lateral faces. A regular polygon is a polygon that
all of its sides and all of 1ts interior angles are
cqual. Some examples of regular prisms are shown
in Fig. 1. In this sequel, let n denote the number of
the boundary line segments of the regular polygon
of the top or bottom base of the regular prism,
where n > 3. On the other hand, it is also desired Lo
recognize objects in arbitrary orientations by single
views, just [ike what human beings do in
obscrving and recognizing objects. This will
increase the applicability of the recognition
scheme. The first step to accomplish these goals is
to reconstruct the 2D object surface patierns, which
are deformed in the inpul image due to perspective
transformation in the imaging process. For this
purpose, a new camera calibration technique is
proposed, which can be performed in an on-line
fashion. followed by the use of a surface
backprojection technique. Afier the 2D surface
patierns are obtained, object recognition are
proceeded using a well-developed 2D patiern
matching method.

More specifically, an object to be recognized is
put on a flal surface within the field of view ol a
TV camera at a known fixed height. The orientation
and position of the object with respect to the
camcra can be arbitrary. lmage processing
tcchniques are then applied to extract the boundary
and edge lines of the object surface in the unage.
These lines come from the intersections of the flat
surface patches of the object. Seven of these edge
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lines are uscd to compute the camera parameters.
The principle behind the proposed camera
calibration process is that the angles formed by
these lines as well as the lengths of these lines
(actually, of these line segments) contain abundant
information about the position and the oricntation
angles of the camera (1. e., about the camera
parameters). Analytical solutions for the camera
parameters have been derived in this study for fast
computation which speeds up on-line object
recognition.

After the camera parameters are compuled,
surface backprojection technique is employed to
compute the 3D coordinates of the pattern points
on each surface patch of the input object. From
these 3D data, 2D surface patterns are then
reconstructed. Finally, the 2D patterns of all the
input object surface patches are matched against
those of each object model, which are constructed
in the learning phase, to classify the input object
according to a computed similarity measure.

Advantages of the proposed approach include at
least the following.

(1) Only a single view of cach object is
required for recognizing an object. This reduces the
recognition time of each object.

(2) An object to be recognized can be placedin
an arbilrary orientation; no special view angle with
respect to the camera need be assumed for the
object. This enhances the flexibility of the system
setup and the applicability of the proposed
approach.

(3) The formulas derived for computing the
camera parameters are analytic, making parameter
computation works faster and on-line 3D data
acquisition possible. This contrasts with most
approaches of the type of 3D recognition by 3D
matching, which usually spend large amounts of
time in 3D data acquisition and transformation.

{(4) Since not only object silhouetic shapes but
also object surface patterns are utilized in the
recognition scheme, more object features can be
extracted and higher recognition rates can be
achieved

(5) Well-developed 2D shape matching can be
applied easily because the model matching step is
essentially a simple process of 2D pattern
comparison.

(6) Both the learning and recognition phases
follow an identical procedure. This reduces the
complexity of the proposed approach.

In the remainder of the paper, the camera
calibration and surface backprojection techniques are
first described. Detailed discussions on the object
learning and recognition procedures follow next.
Experimental results and conclusions are presented
finally.

II Proposed Camera Calibration
Technique

For the convenience of explanation, the regular
prism with its top or bottom surface being a
regular hexagon (i. e., n = 6) is employed as the
example. For other types of regular prisms (with n



» 6) similar results can be derived using similar
procedures. The details are omitted.

Fig. 2 shows the global coordinate system
associated with a regular prism with regular
hexagon bascs. Let lines L), L,, and L; be the X-,
Y-, and Z-axcs, respectively. The origin of the
global coordinate sysiem is the intersection point
of the X-, Y-, and Z-axes.

The camera location with respect to the global
coordinate system is represented by three position
parameters X, Y., and Z_ and three orientation
parameters ¢, 8, and &, where ¢, 0, and d are
called the Eulerian angles or the pan, tilt, and
swing angles of the camera, respectively. In this
study, it 1s assumed that the parameter Z_ is known
in advance, and it is desired to solve the remaining
{ive camera parameters as well as two dimension
paramcters of the regular prism (the height b of the
prism and the side length a of the top or bottom
basc as shown in Fig. 2} in terms of the equation
cocfficients of seven boundary lines of the surface
patches of the regular prism as well as those of the
corresponding image lines. The lines L] through
L7 (including two virtual lines L, and L;) used here
are shown in Fig. 2. Note that L, is just the Y-
axis.

The proposed method for camera calibration
consists mainly four steps: (1) derivations of the
line equations of L,, and L; through L, from the
image; (2) derivation of the line equation of L,
using those of L, , L, and L;; (3) derivations of
the camera orientation parameters ¢, 0, and &

using the line equations of L, L,, and Lj; (4)
derivations of the other camera parameters X¢, Y,
and the dimension parameters (a and b) of the

regular prism using the line equations of L,
through L. The following are the details of the
steps (the details are omitted).

Step 1. Derivations of the line equations
of L, and L, through L, from
the image

Referring to Fig. 5.3(b), by using image
processing techniques, the coordinates of the corner
points A(A,.A,), B(B,B)), C(C,,C)),
D (D,,D,), E(E,.E,), and 0'(0,,0,) in the
image plane can be found

Let the line equation of L, be

U+bjV+¢=0, i=1,2,3,4,5,6,7(1)

the bj and ¢; (i=1, 3, 4, 5, 6, 7) can be found
using simple geometry from the coordinates of the
corner points in Fig. 5(b).

Step 2. Derivation of the line equation of
L, using those of L,, L, and 1,
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From the coefficients of the line equations of
L,, L. and L, , the coefficients of the line
equation of L, which is the projection of the Y-
axis (L,) can be obtained. After the line equation of
L, are solved, the camera orientation parameters
¢, 8, and & can be derived using the line

equations of L, L,, and L, .

Step 3. Derivations of the camera
orientation parameters ¢, 0, and & using

the line equations of L), L,, and L,

The parameters ¢, 0, and & can be derived as

follows (the details are omitted) :
~B, - 1}3’ -4A
- B, 1 1y , @
c
tan 0 = 3 s
f(b; cosd - sind) @
ianig fb, sind + fcosd @

- fb, cosBcosd - fcosBsind +c¢,sinh’
where

A, = f2cbb, + cloic, + fleic, + flcycq
+f*(1+b,b,),

B, = f2c}(b, + b,) - fcyc, (b, + by)
—f20302 (b3 + b| ) - 2f‘b3(l + b|b2 ),

C, =%l +ciee, + f2c56,b,yb; + f2¢5¢5b,

+ (14 b,by)+ (14 bby)b3.

So from the information of the line equations
of the projection lines L;, L,, and L; of the X-,
Y- and Z-axes, respectively, the camera orientation
parameters @, 9, and & can be derived

Step 4. Derivations of other camera
parameters X, Y., and the dimension
parameters of the regular prism from the

line equations of L, through L,

As shown in Fig. 2, the side length of the top
hexagon base and the height of the regular prism
are a and b, respectively.

Since only one image is taken, the scaling
factor problem cannot be solved unless one of the
six camera parameters is known. For this, recall the
assumption we made before that the camera height
Z, which is the distance between the origin point
O of the global coordinate system and the origin
point C of the camera coordinate system, is given.



With Z given, the other five camera parameters
and the values of a and b can all be solved using the
equations of the seven lines L, through L, shown
in Fig. 2 as follows (the details are omitted).

4
X = g5V, ‘%fj—fzv ©)
Yc-i—?zc, ©
a=(x-ﬁj-)-jl2%:zc, Y
A, -AA
b=(4+m‘f4)zc-(l—§fj—j)zc, ®
where

A, =sinficosd + b, sinfsinéd,
A, =sin @sin d + cos @ cos O cos &
+b, sin@cosOsind - b, singpcosd,
A; =sinfcosd +b,sinfsind,
A4 = sin @sin 8 + cos @ cos 6 cos &
+b, sinpcosfsind - b, sinpcosd,
A = b, sin @ cosd — b, cos Bsin b —sin @sin &
- cos@cos Bcosé,
Ag =sin@cosBcosd + b, cos @ cos &
+ b, sin@cos fsin 6 - cos @sin 4§,
A; =bssin@cosd - bg cosBsin
- sin @sin d - cos @ cos & cos b,
Ag =sin@cosB@cosd +bg cospcosd

+bssin@cosOsind - cos@sind.

Therefore, with Z_ given, X. Y, a, and b
can all be solved using Eqgs. (5), (6), (7), and (8),
respectively. Note that for other n values (i.e., for
regular prisms with top bases other than hexagons),
the above derivation procedure is still applicable
with minor modifications. Note also that the
derivations of the values of a and b in the above
procedure in addition to the camera parameters make
it possible to recognize regular prisms of different
sizes.

III' Method For Reconstructing
Surface Patch Patterns Using
Backprojection Technique

Once the camera parameters have been solved,
we can reconstruct the pixel data of the surface
patch patterns using a surface backprojection
technique. In Fig. 4, let the coordinates of any
point P in the image plane be (a, b). Then its
coordinates in the camera coordinate system are (a,
b, f). The line L, passing through the origin C of
the camera coordinate system and point P is called
the backprojection line of P. By the principle of

backprojection, the coordinates of any point P on

the backprojection line L, can be specified by (at,
bt, ft) with t as a free variable. Let (x, y, z) be the
desired corresponding coordinates in the global
coordinate system. Then, we get

V, V, V, 0
V, Vi Vg 0
at,bl,ﬂ,l = 2 Y l »
( ) (X)'Z,)V7 Vy V, 0 ®
0, 0, 0, 1
from which we can derive the following three
equations (the details are omitted):
x=X)t+Xp= =225 (10)
m, my
m m
=Yt+Yy= =2t-—% |
y=rx] 2 m, m, ()]
m m
z=Z1t+Zp= —2t-—L
1 2 . &, 2 12)
where




_ my
1 - F} ’
Vy Vs Vy
Vi Ve Vg
VvV, Vo 0
-[V2 Vs O,
Vi, Vg O3] -m,
- Vvl Ve 'V, ) m,
V, Vs Vg
V; Vg Vg

In the above equations, the free variable t
remains unsolved. If the point lies on the surface of
the regular prism, then t can be solved according to
the following procedure.

As can be seen from Fig. S, any point, which
lies on the surface of the regular prism and can be
seen in the image, must lie on one of the four
surface patches, i. €., on patch 0, patch 1, patch 2,
or patch 3. Assume first that point P* with the
global coordinates (x, y, z) lies on patch 0. Then
y 20 and z = b. From the constraint z = b, the free

parameter t can be solved using Eq. (12) (the details
are omitted) to be

) m|b+m7
m,

13)

where m|, mg4, and m7 are given in Eq. (12).

Afier substituting the value of t into Egs. (10),
(11), and (12) to get the values of x, y, and z, we

can check if y 20 is satisfied. If so, then point P’
is assured to lie on patch 0. If not, then point P’
must lic on patch 1, patch 2, or patch 3. Once
again, assume that point P’ lies on patch 1, then it
is easy to derive the constraints y = —x*tan(x /3),
-acos(n/3)sxs0, Osysasin(x/3), and
0=z<b. From the constraint y = —x*tan(x/3),
the free parameter t can be solved to be

(<M +tan(xr /3)mg
m; +tan(x/3)m,

(14)

where m2, m3 ms5, and mg are given in Egs. (10)
and (11).

By the same process, we can check if
-acos(n/3)sxs0, Osysasin(x/3) , and

O<zs<b are satisfied. If so, then point P is
assured to lie on patch 1, else it must lie on patch
2 or patch 3. Assume that point P’ lies on patch 2,
then Osx=<a, y 0, O0sz<b. From the
constraint y = 0, the free parameter t can be solved,
using Eq. (11), to be
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)

where m3 and mg are given in Eq. (11).

By a similar process, we can check if 0 sx sa
and 0<zs<b are satisfied. If so, then point P is
assured to lie on patch 2. If not, then point P’ must
lie on patch 3, and the constraints
y =x=tan(x /3), 0 =x=<acos(x/3),
Osysasin(#/3), and Osz<b must be
satisfied. From the constraint y = x*tan(7x/3), t
can be solved to be

_ mg +tan(z/3)mg
m; + tan(x / 3)m,

t

>

where m2, m3 m35, and mg are given in Egs. (10)
and (11).

We can check further if 0 sx sacos(x/3),
Osysasin(w/3), and 0sz<b are satisfied. If

50, then point P’ is assured to lie on patch 3.

From each of the above cases, the free variable
t can be solved for cach point P’ lying on the
surface of the regular prism after determining which
surface patch P’ lies on, and the 3D coordinates (x,
Yy, z) of point P’ in the global coordinate system
can then be determined according to Eqgs. (10)
through (12). This completes the backprojection
process for point P.

After the 3D coordinates of all points are
determined, the points have also been grouped
according to which surface patch they lie on, and
we can reconstruct each group into a 2D point
pattern according to the following procedure.

Referring to Fig. 6(a), let the 3D coordinates
of points P, P2, and P3 on patch 1, patch 2, and
patch 3 be (x1,y1,21), (x2,¥2,22), and (x3,y3,
z3), respectively. It is desired to reconstruct the

coordinates of P; (i = 1, 2, 3) in the 2D M-N plane
as shown in Fig. 6(b). Let the reconstructed 2D
coordinates of points Pj, P2, and P3 on the M-N
plane be P\ (m], n}), P,(m2, n2), and Py(m3,
n3), respectively. Then according to simple

geometry, m, = -Jx,z +yi,n] =z], m2 =x2, m

=z2, m3=a+\/(x3—a)2+y§ , and n3 = z3.

This completes the process for reconstructing the
surface patch patterns using the backprojection
technique.

The binary values of each group of points form
a 2D point pattern for a surface patch, which can
then be used for object recognition as described in
the next section.

IV Learning and Recognition Phases



4.1 Learning Phase

First, if there is any model to be built, an
appropriate view of the model object is taken.
Image processing operations (thresholding, edge
detection, thinning, and line detection) are then
applied to the image to get the line boundary and
the point patterns of the surface patches of the
regular prism. The coefficients of the equations of
the seven lines (L, through L, ) are also found, and
the camera parameters and the dimension parameters
of the regular prism computed. The surface patch
patterns of the regular prism then are reconstructed
using the surface backprojection technique.

4.2 Recognition Phase

- The recognition phase starts from the camera
calibration procedure. That is, each time an object
is to be recognized, the type of regular prism(i. e.,
the value of n) and the camera parameters are found
out first. The value of n can be computed as
follows. Let ¢ denote the number of the corner
points of the boundary of the regular prism
obtained by comner detection, then n = ¢ - 2. After
the calibration step, each surface patch is
reconstructed accordingly. Then in the step of
matching, the computed top-polygonal side length
and the height of the regular prism are used first to
reject inappropriate surface patches in the object
model. Then, a similarity value, based on the
distance weighted correlation (DWC) function[10],
between each of the surface patch patterns of the
input object and each of those of each object model
is computed to decide if the surface patch patterns
match well. If all the surface patch patterns match
with those of a certain object, say A, in the object
model, then we conclude that the object being
recognized is object A. Otherwise, we decide that
the object is unknown. In this way, regular prisms
of different sizes with different surface patch
patterns can be recognized.

The similarity measure employed in this
approach is the DWC function with search distance

= 24/2 and window size 5x5. This measure is
appropriate for matching point patterns. The
detailed information of the DWC function can be
found in Fan and Tsai[22].

V Experimental Results

Some experiments have been conducted on an
IBM PC with an 80286 processor using a CCD TV
camera. Figure 7 shows the diagram of the
experimental environment. Once the environment
has been set up, the parameters Z_ and f are fixed.
Regular prisms of different with different surface
patterns to be recognized are placed on the table and
are recognized using fixed values of Z_ and f. To
compute the exact values of f and Z_, a regular
prism of known size (with dimension parameters a)
and by) is used as a calibration object first. Then Z,
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and f are estimated roughly. By using these rough
values of Z_ and f and setting a reasonable search
range (15%) around Z_ and f, Eqs (7) and (8) are
used to compute the dimension parameters (denoted
as ap and b2 ) of the regular prism iteratively until
the difference between aj and ap and that between
b] and by are both within some tolerance. The
resulting values of Z_ and f are then taken as the
exact values. Once the exact values of Z_ and f are
then obtained, any regular prism can be recognized
accordingly as long as the environment remains
unchanged.

To show the feasibility of the approach, three
regular prisms with hexagon bases were recognized.
Since the proposed method can identify the type of
regular prism(i. e., get the value of n) and also
compute the dimension parameters of the regular
prism, regular prisms of different types and different
sizes can be discriminated immediately. Therefore,
only regular prisms of identical sizes but with
different surface patch patterns were used in the
experiments. The surface patterns of the objects
include English characters, numbers, and
geometrical patterns. Figures 8(a) - (¢) are the
results of preprocessing the image of regular prism
1 with character patterns on its surface patches.
Figure 8(d) is the result of reconstructing the
surface patch patterns of regular prism 1. Due to
possible errors in the preprocessing step, distortion
occurs in the reconstructed surface patch patterns of
the regular prism; the boundaries of some surface
patches were not well reconstructed. But such errors
usually do not influence the result of the following
surface pattern matching process because the patch
boundaries, which are not essential information for
object discrimination, were removed in our
experiments before surface pattern matching. Table
1 includes the results of the computed camera
parameters and the dimension parameters of the
regular prisms. From the table, we see that the
errors of the computed regular prism dimension
parameters are less than 5 %. Table 2 includes the
results of the computed DWC measures between
the surface patch patterns of the objects to be
recognized and those of the object models. Each
surface patch of each regular prism is assigned
correctly. As the results show, the three regular
prisms with different surface patch patterns were all

recognized correctly.

VI Conclusions

A new approach to 3D regular-shaped object
using both object shape and surface pattern
information has been proposed. Experimental
results have been shown to prove the feasibility of
the approach. The approach consists of the steps of
on-line camera calibration, backprojection for
object surface reconstruction, and surface pattern
matching for object recognition. Regular prisms in
arbitrary orientations can be recognized using single
camera views. This increases the flexibility of the
proposed approach. The analytic solutions of the



camera parameters speed up the camera calibration
process. The use of the computed object size and
surface patch patterns improves the discrimination
capability of the proposed approach.
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A

(b) Regular prism with regular
pentagon bases.

(a) Regular prism with regular
quadrilateral bases.

[

(c) Regular prism with regular
hexagon bases.

(d) Regular prism with regular
octagon bases.

Fig. 1 Some examples of regular prisms

investigated in the proposed approach.

ooojd — — —a!

length a

Fig. 2 The global coordinate system attached on a
regular prism with hexagon bases to be recognized.



0(0,0,0}e — — —ul ~
length a

(a) The lines and their corresponding polar space

angles.

Fig. 4 Illustration of the backprojection procedure.

patch 0
01(Q,.0,) aline paralld to the U- axis
i V- axis
(b) The corresponding lines and the polar image patch1 patch 3
angles of (a). patch2

Fig. 3 A regular prism with hexagon bases and its

image.

Fig. 5 The four surface patches on a regular
prism with hexagon bases as seen in an

image.
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patch 0 -
Q)
patch 1 patch 3
patch 2 =
L
Pl(xv )’1,7‘1] L] PB(XBIYSIZ:{

Py (X2,Y2,2,) /

=

X
(a) The 3D coordinates of points to be reconstructed

on each surface patch.

N
|
patch 1 patch 2 | patch3
Pimyng) Pafms . ny) | P, gy, 1)
=

o —— e —— P —— -»

M

(b) The corresponding reconstructed 2D coordinates
of points on the M-N plane.

Fig. 6 The reconstruction process for a regular

prism with hexagon bases.

\ (u, v, w): the camera
coordinate system

Fig. 7 The diagram of the experimental
environments where f is the focus length and Z¢ is
the camera height (the difference between the height

of the camera lens center and that of the table).
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(a) Input image of regular prism 1.

(b) Result of edge detection.

(c) Result of thinning,

(d) Result of surface patch pattern reconstruction.

Fig. 8 Experimental results for regular prism 1

with character patterns on its surface patches.



Table 1. Result of computed camera parameters and dimension parameters of the regular prisms (the actual

values of a and b are 6.0, and 5.0, respectively; and the numbers in the parentheses are the error

percents of the size).
object 1 object 2 object 3
f (pixel) 1011 1011 1011
X (cm) 7.38 12.72 11.62
Y. (cm) -52.90 -72.84 -62.63
Z. (cm) 37.30 37.30 37.30
P() 10.21 3.93 8.40
il 61.51 64.5 62.21
O(°) -6.82 -8.98 -7.74
a (cm) 5.84 (2.7 %) 6.16 (2.6 %) 5.91 (1.5 %)
b (cm) 521 (4.2 %) 4.82 (3.6 %) 5.11 (2.2 %)
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