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Abstract: In this paper we investigate the local singularities of the con-
figuration space corresponding to an equiform motion in the Euclidean space
R3. The chaotic behavior of singularities are displayed through figures.
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1. INTRODUCTION

Recent advances in pattern recognition, computer vision, medical imaging, and
free-from shape design inspired a fresh interest in surface features associated with
singularities of the intrinsic geometric quantities on the surface. Intrinsic geometry
has been proposed and studied for smoothing surfaces or getting a hierarchical de-
scription of surfaces. Therefore, in order to describe a shape (think of wrinkles on a
face or think of the nose as a feature of facial shape) we use a characterization of a
certain types of singularities of a shape [13]. The simplest example of singularities
is given by the smoothing of a plane curve by its curvature. The main features of a
plane curve are its points of inflections where the curvature is zero and the vertices
where the curvature has a local maximum or minimum. For surfaces there are two
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principal curvatures and the features will be interested depend on the parabolic
curves where one of these curvature is zero (the Gaussian curvature vanishes), the
ridge or ravine curves where are them have a maximum or minimum on its cor-
responding line of curvature and umbilici points where they are equal. Parabolic
points are associated with inflections on object contours. Ridge and ravine curves
are very important for shape recognition. In particular, the principal curvatures are
non differentiable functions at umbilici points, hence umbilics will become singular
points depending on the variation of the principal curvatures. At parabolic points
the Gaussian curvature of a surface vanishes. They are the boundaries between el-
liptic and hyperbolic regions. Alternatively, they are the points where the tangent
planes have a specially higher order contact with the surface [4-6] and [8]. Also
pattern recognition depends on the local investigation of the paths around singular
points. For details of the configuration space and its dynamical system, we refer
the reader to [3] and [16]. Our analysis here differs significantly from that in [11,12]
and [14]. Instead of using the quantitative study for intrinsic properties of the con-
figuration space corresponding to the equiform motion, we use the qualitative study
to investigate the dynamics of the paths the motion.

The major part of this work is devoted to a study of dynamical systems qualita-
tively and geometrically for the configuration space corresponding to an equiform
motion. The local phase portraits and the qualitative behavior in a neighborhood
of the origen for the quadratic part of the vector fields define the motion are shown
through figures [1,2,7] and [9].

The outline of remainder of this paper is as follows. In section 2, constructions of
the configuration space for the equiform motion are present. In section 3, the local
representation of the configuration space is obtained. In section 4, we investigate
the height function for the configuration space. In section 5, special cases are
investigated. Finally, section 6 is devoted to conclusions.

2. CONFIGURATION SPACE

It’s well-known that the similar (equiform) motion is defined as Rigid motion with
scaling. This motion can be represented by a translation vector T' and a rotation
matrix A as the following:

T=pAz+T (2.1)

where A'A = AA* =1, z, T € R? and p is the scaling factor [5] and [11]. Also the
space of all possible rigid transformations of an object constitute the configuration
space of the motion. Thus the configuration space is defined as the space of all
directions of any system. This space has the structure of a manifold which is called
configuration manifold of the motion. From (2.1), it is easy to see that the similar
motion can be defined through a linear mapping as in the following:

(1)=(% 7)) e

The linear map (2.2) in question may be defined explicitly in the 3-dimensional
Euclidean space as

Z(u®) = p(u?)A(u’ )e(u) + T(u®) (2.3)
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for some fixed parameter u? and o = 1, 2.
Without loss of generality, we consider the following representation of (2.3) as
follows:

zZ(u',u?) = p(u?) R, (v (u') + T(ut, u?) (2.4)

where z = z(u') = (f(u'),0,h(u')) is a regular representation of a curve C (the
profile curve) in the plane zz(y = 0) in R3, R,(u?) is the rotation matrix around
z—axis, p(u?) is the equiform factor and 7 is the translation vector.

The configuration space (2.1) has several forms as the following:

(i) Natural rigid motion, p = 1, T = const.

(ii) Natural rotation p =1, T' = 0.

(iii) Generalized rigid motion along rotation axis, p = 1, T = T'(u?).

(iv) Helical motion p = 1, T = au', a = const.

Consider the motion for which the translation along z—axis, i.e., T'(u!, u?) =
t(u?)es. Thus, as in [3] the parametric representation of the motion under consid-
eration is represented locally by:

F(u) = F(u',u?) = p(u®) f(u*) cosu?, f(u')sinu?, h(u')+ T(uQ)7 u€ D C R*2.5)

. T(u?
where p # 0, T = ((UQ)) Thus F(u) defines some diffeomorphism 2-dimensional
p(u
surface F' = F(u) in R3.
Remark 1

The kinematics of the equiform motion is given through the configuration space
governed by (2.5).

Here and in what follows we use the summation convention d’Einstein, i.e., we
sum over the repeated a, 3,7, ... indices from 1 to 2 unless otherwise indicated. Also,
we will use the same notation as in [10] and [11]. In particular, (gos) and (Lag)
denote respectively the metric and second fundamental form of the configuration
space and the mean curvature H and Gauss curvature G are given by

L
H=g"Lys =LY G= 7 L = Det(Lap) (2.6)

where g®? is the a, 3-entry of the inverse of the matrix.
Consider Guass-Weingarten equations for the configuration space as follows

Xag = FlﬁXv + laﬂN

2.7
0X 02X 27)

_ _ 718 - —
Na = —LoXg, Xy = our’ Xag = AuouP

where(L5) = (¢9*? Lq) is the matrix of Weingarten map of the configuration space,

X1 x Xy . . i .
Log =< Xop, N =, N = T and the induced connection on M is given via

the Christoffel symbols

1 ) 6951} 8gav 89015
Ios =597 )

aﬁ_Q -

oue oub ouv (2:8)
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3. LOCAL REPRESENTATION OF THE CONFIGURATION
SPACE

For convenience, let v = u', v = u? and using the expansion of the regular functions
p(u?), h(ul), t(u?) and f(u') in power serves around the point (u!,u?) = (0,0) we
have

A @ (0
p(u?) = p(v) = cvt, o =1, ¢; = p ,'( )
il
R (0

h(u') = h(u) = a;ut, a; = s Qo #0

i

(3.1)
(@) (0)

flut) = ) = i, =T gy 20

where (i) denotes the ith derivative and without less of generality we take f(u') =
flw) = u.

The configuration space can be approximated by X = (p1, p2, ps), where p,(y =
1, 2, 3) are power series in the parameters u,v which are convergent uniformally
to the coordinates X.,. The series p; are given by

p1 = uctv' + o(v)®
pa = uwvctv' + o(v)® (3.2)

ps = cluv’ + o(u, v)®

2 ¢3. are given through the constants ¢;, a;, b; as in

where i,j = 1,2,3,4 and ¢}, ¢}, ¢};

the following

1 1
cd=ct=cy, &t = 5(02 —1), &= 6(302 -1

3 _ 3 _ 3 _
cgo = a0 + bo, ¢ =a1, ¢§; = apc1 + b1

a2
3 3
Cog = ?, Ci1 = aicy

as

el :}(ac +b2), 3= —
02 2 0C2 2) 30 6

and so on.
It is straightforward to compute the induced metric tensor locally as

n
Gopg == Xay Xg == 3 Pio Pogm®® +mu £ m2fuu® + o(ul,u2)®  (3.3)
=1

where the notation < ., . = denotes the ordinary scalar product of vectors in R3,
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and m®?, m;“B , m%g are given through the constants a, b*, ¢’ as in the following

mit =1+a2, m?' =m'? = ay(c301) = a1(agcr + by)

m?2 = c39 = (e301)% = (ap 1 + b1)?

mil = 2a1a2, mit = 2c;(1+ a?)

1 _ 2
my; = a5 + aia3

mid = 2¢1(2a1a2) = 4ajcraz

myy = mii(c + c2) = (1 +af)(c] + c2)
and so on. The metric g(u', u?) is given locally by
g(u,u?) = Linear term + quadratic term + o(u,v)? (3.4)

However, the perturbation for the function p, h, t simplify the subsequent anal-
ysis compared with that in [11] and [14].

4. HIGHT FUNCTION OF THE CONFIGURATION SPACE

In [3,4] we introduce the configuration space of an equiform motion globally, but in
this work we study the same problem locally. For concreteness and easy of compu-
tation, in this section we will adopt a local graph representation of the configuration
space under investigation as in the following

F(u,v) = (pi(u,v)) (4.1)

where p;(u, v) are polynomials defined locally near the point (u,v) = (0, 0).
The perturbed normal vector field N is given by

N = Nt e, Ni:nguo‘—&—ngﬁu‘xuﬁ (4.2)

where n!, and n; 5 are constants depend on the first derivatives of the polynomials
pi. Thus the perturbed 2"¢ fundamental quantities L, are given by

Los = Ptaﬁ(nfy u’ + nfw utu?) = l,OY‘B u? + lﬁ‘f uf u? (4.3)

Using the well known formula (2.6) for the Gauss and mean curvatures we have
the perturbations
G = Gou® + Gopu*ub,
(4.4)
H=H,u"” —|—Haﬂuo‘uﬁ

where Gy, Gog, Hy and H,pg are constants depends on the perturbed invariants
9o, Lag. Thus the Guass and mean curvatures are computed locally from the per-
tured Weingarten matrix g7? Lg, in the case where the quantities gag, 9%%, Lag
are perturbed to quadratic polynomials. The surface and its Guass image are dis-
played locally in Figures 1(a) and 1(b) respectively. From these figures it follows the
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chaotic behavior of the singularities of the configuration space. Also the curved re-
gions on the configuration space are displayed from the perturbed Gauss and mean
curvatures through the Figures 2(a), 2(b).

Definition 1

Consider the immersion F': M — R3 of the surface M in the space R3. For any
unit vector field v € R3. We define the function II, : M — R. Which is called the
orthogonal projection on the line generated by the unit vector v as the following

I,(p) =< F(p),v =, pc U C R®.

This projection is called the height function in the direction v.
Using this definition, we get the height functions

< F(p),ei == pi(u',u?) (4.5)
along the directions e;({e;} is the orthogonal base for R3). Thus
pi(u',u?) = ¢ (constants) (4.6)

represent the level sets on the coordinate surfaces

Y1 = (pl(u17u2)7 Ul, UZ) (47@)
yo = (u', pg(ul,u2), u2) (4.70)
ys = (u', u?, p3(u',u?)) (4.7¢)

The perturbed surfaces along the line e; and their level sets ¢’ corresponding
to the height functions p; = p;(u!,u?) are displayed in Figures 3(a), 3(b), 4(a),
4(b) and 5(a), 5(b) respectively. These figures represent the approximation of the
given surface X = X (u',u?) near the origin. These approximations characterize
the qualitative behavior near the origin for the equiform motion.

5. CONFIGURATION SPACE OF THE NATURAL ROTA-
TION

Inthiscase p=1, T =0, soc; =0, ¢> 0, b =0, Vi. Thus the perturbed height
functions p; are given as

'U2 U4
pr=ull— o+ -+ o(v?))
3
p2 =u(v— ra o(v®))

p3 =a;u’, ag#0

The perturbed surfaces and level sets corresponding to the height functions
p1, D2, p3 are displayed through the Figures 6(a), 6(b), 7(a), 7(b) and 8(a), 8(b)
respectively. The perturbed height functions P3 is a power series in one variable,
thus the corresponding perturbed level set is degenerate to a family of curves as we
see in Figure 8. From these figures it follows that these surfaces of type ruled and
translation surface.
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Remark 2

For surfaces of revolution every plane containing the z-axis, is a plane of sym-
metry, so all the meridians are ridges. Along a circle of latitude corresponding to
inflection of the profile curve, the principal curvature associated to the meridian
ridges is constant nonzero. Along a latitude corresponding to an extremum of the
profile curve the principal curvature associated to the meridian ridges is identically
Z€ro.

6. CONCLUSION

In the local study, the singularities on the surface and its approximation also the
projections and its level sets reflects the significant of the singularities on the surface
itself. In this study it follows that the paths of the equiform motion on the first
projection consist of 1-period stable path and a fixed point as in Figure 3(b). In the
second direction es, there exists a periodic bifurcation stable path, where the paths
consist of 2-island as in Figure 4(b). But in the third direction es, it is easy to see
that the paths of the equiform motion consist of 1-island, i.e., i-period stable path
as in Figure 5(a). The perturbation of the configuration space in case of natural
rotation (surface of revolution) are displayed through Figures 6, 7 and 8.
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APPENDIX

(a) (b)

Figure 1
Perturbed Surface and Its Gauss Image
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Figure 2
Perturbed Gauss and Mean Curvatures
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Figure 3
Perturbed Surface Along e,
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Figure 4
Perturbed Surface Along es

Figure 5
Perturbed Surface Along e3

Figure 6
Perturbed Ruled Surface P;
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(a) (b)

Figure 7
Perturbed Ruled Surface P,

(2) (b)

Figure 8
Perturbed Translation Surface Ps
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