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Abstract

LSP(Localized Surface Primitive) is a method that
provides view insensitive three-dimensional(8D) repre-
sentations. In this method, 3D objects are represented
as locally defined surface primitives, and their topo-
graphical relations are specified by homogeneous trans-
formations. This paper first investigates surface local-
ity, and then after introducing the idea of local coor-
dinate systems, describes how localized surface primi-
tives are defined and used to represent objects as well
as applied in object recognition. The stability of this
method is analyzed and tested with range images.

1 Introduction

Object recognition is important in computer vision
because it enables a vision system to understand its
environment by matching observed objects with object
models in the system. A 3D object model is a spatial
representation described under a certain coordinate
system whose relation with the universal coordinate
system is specified by a translation vector & = (0,6, ¢ )

and a rotation vector § = (,(,7)[3]. Therefore, if
there are N object models in the system, the model set
M is a group of ordered (object, translation, rotation)
triples

M = {(4i, @, 615 - {)

where A; is the representation for the ith object with
position &; and rotation é;

At an arbitrary appearance of an object, it is a
projection under a translation &’ and a rotation g';

P(A, @}, 0})- (2)

Recognizing the object is to identify an inverse map-
ping on the model set M so that the following equa-
tion exists

(Ar, @, 8,) = P~1(4i,@:,0:) (3)

where (A;,&@;,0;) € M, or to prove such an inverse
mapping does not exist.

To identify one particular appearance from a com-
bination up to a number of N x RS is theoreti-
cally impossible since R® is a set of real numbers
with six-degrees of freedom. Different methods have
been proposed to solve the problem in one way or

another[8, 5, 7, 10], but a resolution to make an one-
to-one matching in Eq. 3 still needs more work. In-
troduced in the paper is a method that uses localized
surface primitives to describe and recognize 3D ob-

jects, and therefore eliminate the effects of @t 930 and

JJ',-,H_;- in the matching defined in Eq. 3 so that the
one-to-one matching becomes practical.

2 Localized Surface Primitives

A 3D quantity is transformation invariant if it re-
mains the same under any rigid transformations. In
geometric surface modeling methods[6], objects are
represented with boundary surface primitives. Conse-
quently, the invariance for such models shifts to sur-
face invariance!, i.e., the description of surface prim-
itives and their relations should be invariant with re-
spect to any transformations.
2.1 Surface locality

An object surface S is composed by a set of surface
points {(z,yi,2)}, for i=0, 1, ..., n-1,in a universal
reference system {Fy}. When observed in a view-
ing coordinate system {F;}, S becomes another point
set in the new system S; = {(ui,vi,w;)}. Let the
two transformation vectors relating {Fj} to {Fu} be

" & = (0,6,¢) and § = («,B,7), surface Sz is then de-

scribed under three parameter groups as S(ji, &, 5) As
parameters change from (/i,d, 5) to (', &', é") due to
a changed viewing coordinate system {Fj}, each ex-
amined surface point (ug, v, wy) is mapped in {Fj}
as an element (u}, v}, w}) of Sz/. Since the observed
surface point set is now Sz, the surface description
obtained from it has a different format,

S, 6) # S(i,5, ). (4)

Therefore, the choice of coordinate systems in which
surface primitives are defined plays a key role in sur-
face invariance.

Differential geometry has been used for image seg-
mentation because view independent properties cap-
ture the spatial properties of surface shapes|7, 2]. Sim-
ilarly, when surface invariance is concerned, the coor-
dinate systems chosen to define object surfaces should

1 A surface characteristicis transformation invariant if it does
not change under any rigid transformations that don'’t affect the
visibility of that surface, i.e., invariant if visible[2].
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come from the surface characteristics that depend only
on surface shapes. According to homogeneous oper-

ations, if T(&) is the translation matrix and R(f)
is the rotation matrix for {Fj;}, the matrix product

-

R(0)T(J) relates {F;} to {Fy}. The same is true
that R(6')T(J’) relates {Fj } to {Fy}. As a result,

{Fg} relates to {Fz} with a product of homogeneous
transformation matrices,

=T~ Y@)R™Y(0)R(O)T(S).
If denoting 7 as

too to1 toz to3
tio t11 ti2 t13
too 21 toz o3
0 0 0 1

Tis=

the projected surface points on two image planes are
related by a homogeneous operation,

u,i : too to1 7;02 tos Ug

v _ | tio tin ti2 t13 Vg

wz T | t20 f21 la2 tas wg | (5)
1 0 0 0 1 1

Since a surface centroid is the average surface point,
the two surface centroids C; and Cj for Sp and Sy
are then represented by the following equations,

s -1
% Z?:O w

Substituting Eq. 5 to Eq. 7 creates,

=

% Ezz_ol(toour + to1v + tozwy + to3)

Co=1| & Zzzol(tloul +t1iv + tigwy + t13)
=

£ 310 (taowr + t21vr + tagwy + t23)

From Eq. 6, Eq. 7 can be further derived as,

w too to1 toz tos

u
v | _ | tio tin tiz ti3 v 8)
w' tao 21 ta2 o3 w
1 0 0 0 1 1

Eq. 8 shows the one-to-one mapping relation of Cj:
and C;. Especially, when {Fj;} is the universal ref-
erence system, Cj is the real surface centroid of the
surface primitive itself. Therefore, all the surface cen-
troids of observed surfaces in different viewing coordi-
nate systems are mapped from the same real surface
centroid. When a coordinate system {Fs} is set up
on the surface S so that its origin coincides with the

U
C,] = Tz = % Z?:_Oll U ) (6)
w n—
v %21:0 w
B e
n =
= -1
Cﬁ/ = 11// = 1%271:;_01 1); 8 (7)
- o RZIz() w; ¢ =

{Fi(k)}

Figure 1: An Example of Local Coordinate Systems

surface centroid and its z axis points to the average
surface normal direction, {Fs} is the same on surface
S no matter it is observed in {Fj;} or {Fz}. The
locally defined frame {Fs} is not only fixed at a view-
point invariant location of the surface, but its z axis
indicates the visible direction of that surface as well.

In addition, according to differential geometry,
there are also some transformation invariant local spa-
tial characteristics at the surface centroid, such as its
maximum and minimum curvatures, and its spatial
Euclidean distance to any point on the surface. When
the x axis of {Fs} is chosen as a direction determined
by these characteristics,-and y axis makes { Fs} aright
hand Cartesian system with the other two axes, the
local coordinate system fixed on the surface is indepen-
dent of viewing directions. If described under such a
coordinate system, the description of surface S inher-
its the view insensitivity too,

S(#,a,0) = S(Fv) = S(@', &', 7). (9)

2.2 LSP models
Among the N object models in M, suppose the ith

“object O; has m; surface primitives S;(j), 0 < j <

m; —1and 0 < i < N — 1. Object O; is described in
an object coordinate system {F;} by its surface primi-
tives, and each surface primitive S;(j) on O; is in turn
described under a local coordinate system {F;(j)} es-
pecially established for S;(j), as shown in Fig. 1.

The local coordinate system {F;(j)} for a surface
primitive S;(j) is a Cartesian system. Its z axis is the
visible direction of S;(j), i.e., the average surface nor-
mal; the x axis is perpendicular to z in the direction
of minimum /maximum curvature at surface centroid
Ci(j) for curved surfaces, or of the longest/shortest
distance from C;(j) to edge points for planar surfaces;
and y = x x z. The origin of {F;j(j)} locates at C;(j)
if O; is not a rotational sweeping object, otherwise,
{Fi(j)} originates at the average point along the sym-
metric axis in order to make the description simple.
An object coordinate system {F;} for O; locates at
the average origin point of all local systems. Since
{F;} is used only for reference to relate local coordi-
nate systems, its three axes can be set up randomly,
e.g., the average directions of all local systems.

As an example, the body of a pencil sharpener is
shown with parameter labels in Fig. 2. Even though
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Figure 2: The LSP Model of a Pencil Sharpener

it has thirteen surface primitives, its shape is actually
determined by two parts, a plate and a container. The
front face of the plate is a big circle with six equally
spaced circle holes whose centroids are L4 apart from
the center of the big circle, and the back face is the
front face minus the touching pole circle. The radii of
those circles are Ry, Ri, Rz, Rs, R4, Rs, Rs, and
As. Correspondingly, there are eight cylinder surfaces
as thick as H3 or H,.

In comparison, the face of the container is specified
by the joint area of two circles, which are L; and L,
apart from the big circle center and have radii as A;
and A,, and an ellipse at L; with parameters A3 and
Bs. Because of the hole piercing though the container
with a radius Rs at L4, the front face is the joint area
minus the hole, and the back face has an additional
subtraction of the touching pole circle. While the hole,
which is as deep as Hy, is a cylinder surface, the side
of the container can be specified as the area between
the outside boundaries of the front and back faces.

If the object coordinate system is set up as in the
left figure and the thirteen local coordinate systems
are defined according to the previous discussion, as a
LSP model, the object can be described as

{(r(0), S(0)), ... {r(4), S(3)), - (r(12),5(12))},
where 7(j), 0 < j < 12, is the transformation ma-
trix relating {F;} to object system {F} and S(j)
is the surface description of the jth surface prim-
itive under {F;}. For instance, under 7(0) = I
and 7(1) = Tz(—H3/2)Ty(\/§L4/2)TI(L4/2), surfaces
S(0) and S(1) are described as follows,

S5(0) = So—(S1+S2+Ss+Ss+ S5+ Ss)

S(1) = zi+ui-Ri, —Hs/2<z < Hs/2
where 2o = 0 and

So = z3+y;— R}

S1 = (zo+ La/2)”+ (vo+V3L4/2)* - R}

Sy = (zo— La/2)*+ (yo +V3L4/2)* - R}

S3 = (zo— La)*+y2 — R}
Ss = (zo— La/2)%+ (yo— V3L4/2)’ — R}
Ss = (zo+ La/2)*+ (yo — V3L4/2)* — RZ
Se = (zo+La)*+yj— RE

2.3 LSP in object recognition

The major problem to identify an observed object
from a set of object models is that the matching be-
tween the arbitrary appearance of that object with the
model set has a six-degree freedom(Eq. 3). However,
in the LSP method, objects are described by localized
surface primitives. Therefore, the representation of
object O; is no longer a transformation related triple
(A;,@;,6;), but a set of view insensitive matrix-surface
pairs s

{(r:(0), Si(0)), ... {7i(5), Si(5)), - (mi(mu), Si(ms))}-

As the same as in the model for the pencil sharpener,
S;(j) is the localized jth surface primitive and 7;(j)
relates the local coordinate system {F;(j)} to {Fi}.

Object recognition with LSP models are accom-
plished by a three-step candidate selection includ-
ing surface identification, topo-relation matching, and
visibility checking, accompanied by a disambiguat-
ing process when necessary[11]. In the procedure,
observed surfaces Si(j), 0 < j < my in a partial
model are first compared with all the surfaces S;(!),
0 < I < m;, of the acquired models M; in the model
set M (Eq. 1). Therefore, model M; can be simplified
when only surface are considered,

(5:(0), Si(1), .. Si(4), - Si(ms)}.

Similarly, the observed object can be described as
{Sk(ﬂ), Sk(l), Sk(]), Sk(mk)}

As a result, the problem to match (A, ), _'jc) with all

(Az, @, é;) in M is changed to find the object O; that
meets the condition:

{Sk(0), ... Sk(mx)} € {51(0), ... Si(mi)}. (10)

Only when the condition is satisfied that the observed
object can be considered as a counterpart of O;. Oth-
erwise, no matching exists.

3 Stability Analysis

As implied in Eq. 10, it is the identical descriptions
of localized surface primitives that make the direct
comparison possible. Therefore, the stability of these
descriptions is the main concern in the analysis.

The description of a 3D feature is specified by a
vector function together with a parameter vector,

f(x,p)=0

For surface primitives, the vector function f(-) is a
family of parameterized features, such as all quadratic
surfaces. Any specific value p; of p describes a par-
ticular instance in the feature family f(-), such as a
sphere. Generally a geometric model consists of a set
of parameter vectors with particular values to specify
its geometric features. The stability of a vision sys-
tem depends directly on the tolerance when matching
these parameter values.

xeR, peR”. (11)
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Geometric uncertainty is defined as multivariate
Gaussian distributions[9, 4]. Given a mean vector
and the covariance matrix A, the distribution predicts
the probability of obtaining a particular parameter
value p; as

1

= P AP (12)
(2m)ndet(A)

9(p:) =

where n is the dimension of the corresponding parame-
ter vector p in Eq. 11. Suppose two parameter values,
one from the model and another from observed fea-
tures, p; and p; in a same feature family f(-) are ob-
tained with the covariance matrices A; and A;. The
attempt to compare the similarity of p; and p; in-
volves an uncertainty tolerance within a maximum al-
lowable distance[4]. The distance is normalized by a
joint covariance A;; as,

NormDist(p;, Pj, Aij) = (pi — Pj)tAij l(Pi - Pj),

(13)
where A;j=A;+A;. NormDist(p,-,pj,Aij) determines
the likelihood if the two features are the same. As an
example, for a 90% confidence, the distance must be
no greater than 4, i.e., NormDist(pi,pj,Aij) <4, or in
1D case, Abs(p;-p;)<2¢.

In addition, wflen a geometric feature p; is trans-
formed to p} because of a change in description format
or reference coordinate system, the new covariance
matrix A; can be calculated from the original A; by
a Jacobian matrix that makes the transformation[9)].
Suppose J, and J; are the Jacobians for the trans-
formation from p; to p; due to parameter and system
changes respectively. The new covariance A/ for the
changed parameter vector is

AP (J,,’)-lA,-J,;1 (14))

in the new description format, or
Al =3;A,3;1 (15)

in the new coordinate system.

More specifically, the covariance matrix A; has
three independent derivations when a geometric fea-
ture .5; is obtained from an image. They are o, oy,
and o, in the three axis directions. The uncertainty
inherited to the localized description is

A= (3,1) 71 A:3413,70 (16)

As an example, let the image function for an observed
surface S be h(x). Because of sensor noise, the image
function is then corrupted with an additive random
noise n(x). If there are 2™V* range levels in an image
and the resolutions is 2"+ x 2N+, the final measure-
ment of surface primitive S is an integer array iz(z, J)
determined by the equation,

h(i,5) = h(lx|w,) = [h(x) +n(x)|m.  (17)

®

() circle surface

(a) range Image () jJump edges

(d) smoothed surface (e) extracted edges (f) obtained edges

Figure 3: A Circle Surface from a Range Image

The derivation of z and y caused by the integration of
¢ and j could be no greater than half a pixel, and the
noise added to each pixel would not exceed 9.2 abso-
lute range levels in practical applications[2]. It makes
oz £0.5,0y <0.5, and 0, < 9.2. For simplicity, sup-
pose there is no need to transform formats or reference
systems when comparing S; and Sj, i.e., A} = A; and
A} = A;. From Eq. 13, the distance between any pa-
rameter of S; and S; should be no greater than 4 for
a 90% confidence,

A’zo,+A%yo,+A%20, = 0.5(A%+A%)+9.2A%2 < 4.

If A%z and A%y take the maximum difference as 1.0,
then the absolute value of Az must be no greater than
0.6 range level. Or if only quantification noise exist,
i.e., 0, = 0.0, the 2D distance of two features must be

less than /8 pixels.

4 Experiment with Range Images

The LSP method has been tested with a pair of
range images. It is a pencil sharpener viewed in two
viewing directions with a 60° rotation. There are 256
lines and 256 columns in each image. The distance
between pixels is 0.75mm, and the scale factor in z
direction is 100.

A localized surface description is the description of
a surface primitive under its own local coordinate sys-
tem. Given the range image in Fig 3(a), it can be eas-
ily segmented into surfaces corresponding to regions
in the image divided by jump edges. After applying
a neighborhood operation on the original range im-
age, which thresholds pixels that have a bigger than
4 depth difference with a neighbor pixels, surface seg-
mentation is obtained as shown in Fig 3(b).

The surface description for each separated region
is then approximated from its eroded center region,
and the pixels that lie on the approximation surface
form the corresponding surface patch. Working on the
region within the big circle, a circle plate of the pencil
sharpener is extracted(Fig 3(c)) when a threshold is
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set to be 0.5 depth level. Even though there is a tiny
hole on the plate that actually comes from the original
image(Fig 3(a)) as a result of noise, it can be deleted
with smoothing operation. If an operator is applied
on Fig 3(c) to change a blank pixel into white when
all its neighbors are white, the result is a smoothed
circle plate in Fig 3(d).

Since the plate is perpendicular to the z axis, or
the viewing direction, its boundary is specified by the
jump edges of the two-dimensional smoothed circle
plate in Fig 3(d). The extracted jump edges are shown
in Fig 3(e). The surface description of the circle plate
is obtained by applying a Hough transformation[1] on
the jump edges.

The general description of a two-dimensional circle
has the format as

@-c)’+y-c)=c} (18)

where ¢; and ¢, are translation factors and c3 is the
radius. For any edge point, its z and y values are
fixed. In the parameter space < c1,cy,c3 >, every
edge point is examined with different c;, ¢y, and c3
according to Eq. 18. The approximated coefficients for
circles on the plate are obtained from the clusters with
the most edge pomts More spec1ﬁca.lly, for a cluster <
¢y, ¢y, c5 >, ¢; is the sum of m; ¢; i (ci=1)+ ki(ci+1)
divided by m; +n; + k; for ¢ = 1,2, 3, where m;, n;,
and k; are the number of edge pomts in parameter
space at ¢}, ¢, — 1, and ¢, + 1 respectively. In such
a way, seven circles C;, 0 < ¢ < 6 are obtained with
parameters shown as below. The image to overlap the
approximated surface description with extracted jump
edges is given in Fig 3(f).

Co = {129.0, 128.1, 39.1} C; = {141.0, 107.7, 4.1}
C, ={116.8, 108.2, 47} Cs = {104.7, 126.8, 5.0}
C,={115.8, 148.2, 5.8} Cs={140.1, 149.2, 7.1}
Cs = {152.2, 128.9, 7.6}

Taking the centroid of Cy as the origin of the local
coordinate system, z as local z, the direction connect-
ing the two centroids from Cj to the biggest inside
circle Cg as local x, and y = z X x, the localized de-
scription of the circle plate is obtained as the following
equation,

S = 80— (51 + S2+ Sz + S4 + S5 + Ss) (19)

where,
Sy = gt bytei30:12
S1 = (z+11.3)%+ (y+20.8)*— 4.1
Sy = (z—12.9)2+ (y+19.5)2—4.7°
Sz = (xr—24.3)+ (y+ 0.5)° - 5.0°
Sy = (z—13.2)%+ (y—20.5)> - 5.8’
Ss = (z+11.8)%+4 (y—20.7)°-17.1°
S = (z+232P°+y> 176

(a) range Image(2) (b) surface segments (c) extracted surface

(d) projected edges

(e) obtained edges

(f) overlapped edges

Figure 4: The Circle Surface from Another Image

In another image, the data is obtained after rotat-
ing the pencil sharpener for 60°(Fig 4(a)). Similar to
what has been done with the first image, the circle
plate is extracted(Fig 4(c)) when surface approxima-
tion is applied on the separated region that are seg-
mented with jump and roof edges(Fig 4(b)). At this
time, however, Hough transformation is performed on
the edge points in the orientation of their average
normal direction. In other words, these edge points
are transformed so that surface description is approx-
imated under the local z. The transformed edge points
are shown in Fig 4(d), and the circles obtained by
Hough transformation are shown in Fig 4(e) and listed
below.

Ch={129.1, 128.0, 39.1} C/ = {141.1, 107.0, 4.2}
Ch={117.1, 107.2, 48} C, = {105.0, 127.1, 5.4}

= {116.0, 146.7, 5.9} CL = {140.1, 147.7, 7.2}
Ci= {1521, 1279, 7.7}

As aresult, the localized surface description is given
in the following equation when the local coordinate
system, which sits at the centroid of the biggest circle
(Y, is correspondingly set as its z axis is the aver-
age normal direction, its x axis connects the centroids
from C§ to Cf, and y =z X x.

S =5;—(S1+S5+S3+S3+S55+5¢) (20

where,

Sl e=aat byt 8907

Sy = (z+12.1)% + (y +20.9)* — 4.2?

Sy, = (z—11.9)%+ (y+20.9)* — 4.8’

Sy = (z—24.1)%+ (y+1.0)> - 5.4

Sy = (z-13.2)%+ (y—18.6)>—5.97

St = (z+10.9)%+ (y—19.7)2 —7.2?

Sho= (242302 +4% = 17.7°
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To compare the two localized surface descriptions
between Eq. 19 and Eq. 20, each circle in S’ is checked
with all the circles in S. The matched candidates are
obtained as follows when the radius threshold is set to
be 0.4.

{P71(So)} ={S}  {P7(S1)}={S1}
{P=(S5)} = 12,53} {P (S3)} = {Ss}
{P7H(S)}={Sa}  {P7'(S5)} ={Ss, 56}
{P~1(Ss)} = {Se}

For those circles with multiple candidates, which are
S5 and Si, their translation parameters are checked
again. As thresholds are set to be 1.0 in x direction

and 1.4 in y, or /3 Euclidean distance in total, the
out of limit parameter difference between S; and S,
takes S3 out of the candidate list of S). It is the same

to delete Sg from {P~1(S%)}. It makes the one to one
matching between S’ and S.

P=Y(S") = P~Y({Sy, 51,53, S5, 54, S5, S6})
= {SO’SI>SZ:S3aS4;S5)SG}:SI

Fig 4(f) shows the result when S’ and S are overlapped
together.

Because of their identical descriptions, surfaces de-
fined in local coordinate systems are compared directly
with each other even if they are extracted from differ-
ent viewing directions. Under noisy practical condi-
tions, approximated descriptions for a surface patch
exhibit parameter changes when obtained from im-
ages of different viewpoints(Eq. 12). These parameter
changes are theoretically related by the covariance ma-
trix A} in Eq. 16, and practically demonstrated in the
experiment as parameter differences between Eq. 19
and Eq. 20.

Nevertheless, the result is quite encouraging. De-
spite the fact that the resolution of the second image
is only half in y direction, the parameter difference

is still within the /8 limitation for a 90% confidence.
Of course, the half resolution obviously caused more
difference in y axis, which has a maximum 1.4 in com-
parison to the maximum 1.0 in x axis. It was because
the changed y components produced more effects on
the matrix A} than x. In terms of real objects, un-
der the condition of the experiment, two circle plates
will be recognized as the same only if the difference
between circle radiuses is equal to or less than 0.3mm
and the difference in translation is equal to or less than
1.05mm.

5 Conclusion

LSP is a method to obtain view insensitive 3D rep-
resentations. By introducing local coordinate systems
that are related with surface properties only, localized
surface primitives are obtained for view insensitive ob-
ject descriptions. In this way, observed objects can be
compared directly with object models in spite of any
spatial transformations. Fundamental ideas have been
discussed in the paper. Further research will be con-
centrated on the application in complex objects.
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