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Zusammenfassung

Diese Arbeit beschéaftigt mit reellen ebenen algebraischen Kurven und ihren Eigen-
schaften. Dabei stellt sich heraus, dass reelle Kurven am besten durch komplexe Zahlen
reprasentiert werden. Das Transformationsverhalten und Normalformen lassen sich in ih-
nen wesentlich einfacher beschreiben. So bewirken Rotationen der Ebene entsprechende
Rotationen der Kurvenkoeffizienten. Eine translatorische Normalform kann dariiber hin-
aus durch Ausloschung von Kurvenkoeffizienten erreicht werden. Eine derartige Form
vereinfacht die Erkennung etwaiger Rotations- und Spiegelsymmetrien: Es sind nur Ko-
effizientenmuster aufzudecken und Winkeldiagramme zu analysieren. Fiir die Darstel-
lung invarianter Eigenschaften werden Tensordiagramme herangezogen. Dabei geniigt es
geschlossene Diagramme aus den gewiinschten Tensonsorknoten zu erstellen. Diagramm-
Rechenregeln schaffen zusétzliche Vereinfachungen, um geometrische Eigenschaften der
Kurven ansprechend darzustellen.

Abstract

This thesis concerns real plane algebraic curves and their attributes. It can be ascer-
tained that real curves are best represented by complex numbers. In this case, normal
forms and the behavior of curves under transformations of the plane can be described
quite intuitively. Rotations of the plane effectuate rotations of the curve-coefficients.
Even more: A translatorial normal form is accessible just by greedily making coeffi-
cients vanish. The presented form also permits an easy symmetry-detection. Potential
rotational and reflectional symmetries can be uncovered by finding additional coefficient
patterns and by analyzing angle diagrams. Invariant attributes of curves are visualized
by closed tensor-diagrams with the desired tensors as nodes. Diagrammatical calcula-
tion rules cut complicated situations down and geometric properties of the curve have a
simplified representation.
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1. Introduction

For searching and examining, for describing and understanding structures the appropri-
ate language is always crucial: It must be powerful enough to encompass the circum-
stances, yet succinct enough to get to the point of things. The best way to describe
structures is mathematics. But also within mathematics different things require differ-
ent descriptions - have their own languages so to say. We follow this path of finding and
analyzing real plane algebraic curves - or short: curves - in their adequate languages.
We will see complex numbers in two- and three-dimensional coefficient tables represent-
ing curves, revealing deeper structures of transformations, closed diagrams talk about
invariant properties, angle diagrams tell from symmetries and many more. In principle
it does not matter where the curves came from, however nowadays they will most likely
originate from dynamic geometry. All that matters is that in the end a curve coeffi-
cient vector can be provided for our analysis of features such as normal forms, invariant
properties and symmetries.

1.1. Curves from dynamic geometry programs

In dynamic geometry programs algebraic curves mostly occur as loci. For example a ruler
and compass construction is made by placing free points in a plane, restricting points to
a line or a circle (semi-free points) and constructing one or more points, whose position
is totally determined by the construction (dependent points). Already at this point the
existing programs differ widely: Many programs do not incorporate points at infinity.
Thus parallel lines do not have an intersection available for further constructions. Also
complex intersections, such as intersection points of two unit circles, whose centers are
more than two units apart, are not at all common.

A locus emerges when a distinct semi free point (mover) - a point with one degree of free-
dom like a point on a circle or a line - is moved while a distinct dependent point (tracer)
is watched: To each position of the moved semi-free point, the dependent point describes
a point on a curve (see Figure . If no more than ruler and compass constructions
are used, the described curve is algebraic. A rigorous mathematical formalization by the
use of straight-line programs can be found in [30] and [31].

In this way dynamic geometry programs are able to determine a large enough sample
point set of a branch of a curve. These points are usually of high arithmetic precision.
These points can be used to determine a curve coefficient vector of minimal degree. As
a first entry-point on this topic my thesis-supervisor and I wrote a paper [35], which can
be interpreted as preliminary work to this thesis (see also Appendix . Alternatively
we refer to [48], [49] and [50] for further work on coefficient-recognition.

Of course, the numerical quality of the coefficient vector depends on the selection of
the points given by the dynamic geometry program. We would normally expect the
points to be somehow “distributed well” over the “whole” curve, but certain difficulties
impose restrictions. If the software does not make use of the projective extension of the



1. Introduction

Figure 1.1.: Construction of a Limaccon with Cinderella

Euclidean plane or if it lacks complex numbers, only small parts of curve-branches might
be represented by sample points. When the mover runs into a situation where points at
infinity or (intermediately) complex points would be needed, no more sample points are
available thereafter.

There is also a more subtle restriction by singularities: Singularities impose a serious
boundary for the mover-movement in some dynamic geometry software. Only a complex
detour can solve this problem (see [31]). Thus only dynamic geometry software incor-
porating complex projective calculation is capable of providing a reasonably distributed
sample point set, in case the selection is not restricted by the user. We therefore use
Cinderella (see [40]), not only for dealing with algebraic curves from dynamic geometry
software, but also for our figures. However, a principle difficulty remains: The user him-
self may constructively restrict the sample-points to a tiny part of a curve. For example,
an extreme case would be if the samples were taken from such a tiny part of a parabola
that computationally it could not be told apart from a sample point set of a line.

1.2. Feature detection in general

In the framework of this thesis we refrain from all these interesting questions and begin
our study with a curve coefficient vector to a real algebraic plane curve. It does not
matter where it came from and which problems arose getting it. This thesis can extend
existing coefficient-recognition-programs by a downstream feature recognition. Those
may provide the user with additional information on his or her construction.

In this case we take a given coefficient-vector and the curve represented by it, as is.
For example a Limagon C = C, may be given via a zero set V(g) of a polynomial g:

Cy=V(9) ={(z,y) €R* | g(x,y) =0 A g € R[z,y]}

g(z,y) = —192+96V2y + 242* — 962y + 24y°
+24v/22% — 247222y + 24V 2x9” — 24V/2° + 62 + 12277 + 6y

with curve coefficient vector

(—192 0 96v2 24 —96 24 24v2 —24v2 242 —-24y2 6 0 12 0 6 ) .
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This way the coeflicients of the polynomial g become curve-coefficients. For some algo-
rithms, however, it is necessary for the polynomial to represent an irreducible or at least
a square-free curve. These terms are defined in detail in Chapter [2| Only so far: Super-
imposing the unit-circle with another unit-circle provides a new curve, which naturally
looks like a unit-circle, but now is covered twice. This can generate problems.

To be able to apply the proposed techniques nonetheless, we feel free to restrict the given
coefficient-vectors in that way. This naturally imposes restrictions on the coefficient-
recognition-algorithm if one is used. However, this is more a desirable feature of such
an algorithm than a restriction, since it enables fast and unique output.

Now starting with a given curve, we want to detect features. Features in our sense are
characteristics with respect to a transformation group: Invariant properties and normal-
forms, but also symmetries like rotational and reflectional symmetry. In general, the
approach in this thesis is finding the right languages for feature detection followed by a
detailed analysis of the expressions in that language.

1.3. Chapters and languages

In Chapter [2| we introduce many technical terms, but also the language of curves: Real
algebraic plane curves are best represented by a complex coefficient vector (see Section
and also [46], [47], [52]). Complexification comes from the substitution of z and y by
% and Z;f, respectively. This is best complemented by multinomial scaling, altering
the absolute values of the coefficients.

The Limacon from the last section is represented by the following complexified coefficient
vector (compare with left image in Figure on page @):

(—192 12v2e7"2 12v/2¢'2 4e'2 2 47’2 0 27 2775 0 0 0 1 0 0)

This leads to easy and beautiful structure-analyzations: Simple transformations of the
plane, being complicated in real calculations, become simple again (see Section and
Section . However, we will not neglect profound, fascinating structures: Section
[2.2.4] contains one of the first examinations on coefficient structures in this thesis. In it
we speak in terms of two- and three-dimensional coefficient-tables, unveiling what impact
transformations of the plane have on curve-coefficients. These structures confirm that
the language of curves is complex (see Section .

Another very powerful language is tensor-notation. Chapter [3| introduces the basics on
tensor-algebra in connection with curves and rapidly switches to diagrams. Curves of
degree d are now represented via tensors Gy, k... k,,» Whose components are taken from
the curve coefficients. In diagrams they appear as nodes with d edges pointing inwards:

@:: We became aware of tensor-diagrams by a series written by Jim Blinn (cf.

[9], [10]), but similar diagrams were even earlier in use (cf. [14], [15]). When it comes
to invariant properties of curves, tensor diagrams are fantastic. Only closed diagrams
with very few different nodes need to be drawn in order to obtain an invariant property
(see Section and Blinn’s series). For projective ones only two types of tensors are
needed: the curve-tensor and a totally skew-symmetric 3 x 3 x 3-tensor. For Euclidean
properties two more tensors are added and further extensions of the used tensors lead
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to yet further sub-geometries.

is a diagram resulting in a leading curve-coefficient of a curve of degree d = 4. In the
case of our Limacon, this is the rightmost non-vanishing coefficient in our complexified
coefficient vector above. The nodes I and J represent the complex conjugate absolute
circle points.

Diagrammatical calculations can also be carried out. We can juggle with tensor-nodes,
replace the absolute circle-points I and J by corresponding conics and get another fasci-
nating coefficient-study: Linear-combinations of generalized Pascal-Triangles build the
connection and geometrically we may speak of a coefficient pyramid as the source of the
scalars in these combinations (see Section .

Chapter [ focuses on the actions of transformations of the plane on curves: rotations,
translations, scalings and projective transformations are discussed. Thereby all the
previously introduced languages are used and (partially) even new ones are created.
Rotations of curves in complex representation are particularly simple, since they are
just a rotation of the complexified coefficients (see Section . Invariant properties
become visible and are easy to formulate in diagram-language (see Section . A
complete set of rotational invariant expressions may be generated by multiplying the
curve tensor with a series of I, J and the center of rotation. We propose a minimal
system, permitting the reconstruction of any curve up to rotations. Also a normal-form
with respect to rotations around the origin is proposed in Section It is obtained
by successively minimizing the angles ¢ € [0, 27) of complex curve coefficients ¢ = re'?.
Rotating our Limagon by ¢ = = we get

(—192 12v2e7"% 12v/2¢'i —4 2 -4 0 20 —2i 0 0 0 1 0 0)

Each new coefficient has the same absolute value as the previous one. The rotation of
the coefficients is easily related to 1 as shown in Section[4.1.1l This curve is shown in
the middle of Figure[I.2 on page[5

Translations are a bit more complicated to handle. But again beautiful structures can be
discovered, when curves are moved (cf. Section . It is astonishing to see that there
are curves where certain coefficients are contained in a one-dimensional set, wherever
the curve is translated (see Sections and . We present a translatorial normal
form, which can be established by coefficient analysis: Greedily making sub-leading, sub-

sub-leading, ... coefficients vanish (or at least minimizing them) results in the desired
form (see Section 4.2.6)).

The translatorial normal form of our rotated Limacon makes the “2i”-coefficient vanish:
(012120—60000000100)

This is done by a translation with t = —2i (see right image in Figure .

At first our normal form looks similar to the (inspiring) form, proposed in [46]. How-
ever, that form implies too many disadvantages and does not satisfy the “normal-form-
condition” without additions. (For a detailed analysis see Appendix ) Our normal
form seems to be more natural to curves and also permits easier symmetry detection.
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But extra care has to be taken for numerical stability in special cases. Scalings are the
most simple transformations to handle. Together with rotations and translations they
give us the features of curves with respect to orientation preserving Euclidean motions.
The direct analysis of the effects of projective transformations on curve coefficients is
almost useless (see Section . However, it never becomes any clearer than there
that tensor-diagrams are the suitable language to describe features of curves. Analytical
expressions of hundreds and more terms can be contained in simple and easy-to-handle
diagrams. Bigger configurations can be cut down by diagrammatical calculation rules,
which correspond in some way to Grassmann-Pliicker relations. However, until now a
complete set of invariant properties, permitting a reconstruction of any curve of any
degree with respect to projective transformations, remains unknown to us. Now, with
the observations made, it seems to be within reach.

Finally Chapter [5] focuses on symmetry-features. If a curve can be rotated non-trivially
such that it is equal to the original, it is called rotational symmetric. Given a com-
plexified curve, rotational symmetry with respect to the origin as center can be brought
down to analyzing patterns in a triangular coefficient scheme. If the only non-vanishing
coefficients of a curve are contained in equally spaced columns of that scheme, we have
a rotational symmetry (see Section . The biggest benefit arises from the study
of translations: Translating any curve in a way that it is in our proposed translatorial
normal form, means it is rotational symmetric with respect to the origin or not at all
(see Section [5.1.3). An analogous result holds for reflectional symmetries (see Section
5.2.3)): Either the curve in translatorial normal form is not at all reflectionally symmetric
or its axis is passing through the origin. The language of reflectional symmetries is the
one of angle diagrams: The angle ¢ of each non-vanishing coefficient ¢ = re’# contains
information on the angles of potential hyper-plane-mirrors. Taking all these angles to-
gether - for example in the form of angle diagrams - permits the detection of reflectional
symmetry (see Section .

In the last (complexified) coefficient-vector of our Limagon, all coefficients were real.
The first coefficient being equal to twelve is named c19 = r10€'#10 = 12e%™. It leads to
the angle diagram

and thus to a detected reflectional symmetry with the horizontal coordinate axis as
mirror.

original Limagon rotated Limagon translated rotated Limagon

Figure 1.2.: A close-up of a Limacon



2. Curves and Tensors in Algebra and
Geometry

Real plane algebraic curves - or short: curves - can be represented in various ways. One
of the most elementary representations is probably the curve as zero set of a polynomial.
Therefore, we precede the examination of curves with some results on polynomials (Sec-
tion, the concepts of which are then transferable to the zero sets and thus the curves.
Polynomials, however, build a vector space. They can be represented with respect to
infinitely many different bases. We will have a closer look at monomial basis (Section
. Especially a change to a specific complex basis is discussed in For us poly-
nomials will be one possible ingredient to describe curves via zero sets (Section [2.2.1)).
If curves are subject to translations, we will make extensive use of polynomials with
complex coefficients. To spice up this technical introduction, an excursus on a mathe-
matically beautiful tetrahedral coefficient structure is also included (Section [2.2.4). We
will encounter such coefficient structures more than once: for example, when curves are
rotated.

2.1. Polynomials

We do not intend to cover the general theory of polynomials. The algebra behind these
objects is only used in so far that it helps to work with curves later on. For a more in-
depth algebraical study of polynomials we refer to algebra textbooks (cf. [21]). We also
confine ourselves to polynomials over the field C of complex numbers. Generalizations to
arbitrary polynomial rings can be found in the cited algebra textbooks or in the context
of curves in [II]. The benefit of complex polynomials in contrast to real polynomials
is the algebraic closure of C, which can be extensively exploited. In what follows, we
will take the “detour” through C and come back to real curves later on. For a direct
in-depth study on real algebraic geometry we refer to [13].

2.1.1. Attributes of polynomials

Using homogenized and dehomogenized set-ups, we do not yet fix the number of ar-
guments of polynomials. We also want to dwell on real and complex represented real
polynomials as well as complex polynomials. Therefore, we also do not fix the field:
K € {R,C}. Most concepts and terminology presented here will be transfered to curves

in Section 2211

Definition 2.1
Let K be the field C or R. Let f € K[X},..., Xk] be a polynomial over K. It can be
written in the following form

_ T Tk
flxy, . xg) = E Ap g Ty
r14...4+rp=d
14,7 >0
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with coefficients A,, ., € K. Without loss of generality we may assume that there are
indices 1, ..., T}, with 25:1 re =dand Ay, r, #0. Thend = deg(f) is called the degree
of f.
If f(tzy, ..., tay) = t4f (x1,...,x1) in K[X1, ..., X}][T], then f is called homogeneous of
degree d.
If the implication a € K or b € K holds for any pair of complex polynomials a,b €
K[X, ..., Xx] satisfying f = a - b, then f is called irreducible. f is named prime, in
cases when f, dividing a polynomial a - b, implies that f divides a or f divides b.
A point (x1,...,xy) is called a zero or root of f if f(x1,...,x2) = 0.
The set

V(f) = {(xl, coap) EKF | flar, o ap) = o}

is called zero set of f or variety of f.

Examples of irreducible polynomials over C are: 1, i, © + 4, x1 + 3ixs, etc. Irreducible
polynomials over R are for example: 1, z+2, 22 +1, ... But the polynomial z2 +1 is not
irreducible over C, because it can be decomposed into two factors: x2+1 = (x+41)(x —1).
From algebra we know that C[X7,..., X}] is factorial (see [II] or [2I]). This means
that any non-constant polynomial f € C[X7,..., Xj] \ C is a product of finitely many
irreducible elements and each irreducible element is prime. Now if f is a polynomial and
f =a-bthen V(a) C V(f) and V(b) C V(f). The conclusion from varieties back to
polynomials is not that easy. Before we go into details we examine the resultant, which
connects two polynomials by the use of their coefficients.

2.1.2. Resultant

Definition 2.2 Let R = C or R = C[X},..., Xx]. Furthermore let f,g € R[X]. Let
flx) =371 Ara” be of degree m and g(x) =Y ,_, Bya" be of degree n. Then

Am Ame1 .. ... A
Ay Ap1 ... ... A
Ay A1 oo ... A
det | --—----------—~- mo s Imes v D =res (f,
B, B, i Bo (f.9)
B, B, i By
B, B,i ... By

is called the resultant of f and g. Thereby the coefficients of f are contained in the
first n lines (above the dashed line). The coefficients of g appear in the remaining m
lines. If g is the derivative f' of f, namely g(x) = f'(x) = >t rA;a""1, thenres (f, f')
is called discriminant of f.

Resultants and discriminants have many interesting features. We will state a few of
them here. For proofs and further treatment we refer to [21] and [24].

Theorem 2.1 Let R = C or R = C[Xy,..., Xk and let f,g € R[X] be non-constant
polynomials. Then the following statements are equivalent:
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o res(f,g) =0
e Jp,q € R[X]| with deg(p) < deg(g) and deg(q) < deg(f), such that 0 = pf + qg

e deg(ged(f,g)) > 1, i.e. f and g have a non-constant common divisor.

Corollary 2.2 The discriminant res (f, f’) of a polynomial f vanishes if and only if f
has multiple components. If the discriminant of f is non-zero, f is called square-free.

2.1.3. Polynomials versus zero sets

The following lemma is very important. It connects the zero sets and polynomials
reasonably. It permits conclusions from a zero set to the underlying polynomial:

Theorem 2.3 (Study’s Lemma)
Let f,g € C[X1,..., X;] be two complex polynomials. If the polynomial f is irreducible
and V(f) C V(g), then f divides g.

PRroOOF This proof is very technical but straightforward algebra.

If ¢ = 0, the above theorem is trivially true. Otherwise g # 0 and also f # 0 due

to f being irreducible by assumption. Let f be non-constant because f € C trivially

divides g. Thus a non-constant term is contained in f. Without loss of generality we

can say that this term involves x. More formally we have: Without loss of generality

f ¢ C[Xy,..., Xk_1]. Thus f can be written as polynomial of degree d > 1 in xj, namely
d

fx1,nxk) = Y An(21, ..., xp—1)z] with coefficients A,, € C[X1, ..., X};—1]. For given
n=0

(x1,...,xx—1) we abbreviate this polynomial by fz, . o, ,(zx) = f(zk).

We show first that this implies g & C[X1, ..., X}_1], i.e. ¢ also contains a non-vanishing
term in zj. Assume the contrary, then A;-g € C[X,..., X;_1]. Due to Ay # 0, there
must be a point (1, ...,71), which is not a root of A;-g. Consequently, g as element
of C[ X1, ..., Xy satisfies g(z1,...,25-1,y) # 0 for all y € C. But f(y) must have a root
due to d > 1 and the fundamental theorem of algebra. Therefore, V(f) ¢ V(g) in
contradiction to the assumption. B

The next step in this proof is to show that the resultant res(f,g) = 0 vanishes in-
dependently from the values w1, ...,zx—1. Let us first look at the (c1,...,cx—1), where
the leading coefficient Ag4(cy,...,cx—1) # 0 of f does not vanish: Due to the funda-
mental theorem of algebra, there must be a ¢, such that f(cy) = 0. By assumption
V(f) € V(g) and thus by Theorem n res (f,qg)(c1,...,ck—1) = 0. As a consequence
0= Ay -res(f,9) € C[X1,..., X}_1]. Since A, is not vanishing identically, we have the
resultant res (f,g) = 0.

By Theorem f and ¢ have a non-constant common divisor. By the irreducibility of
f, f divides g. O

The clue in the proof is that f and g are polynomials over an algebraically closed field.
A corresponding theorem based on the field R does not hold. Take f(x) = 1+ 22, which
is irreducible over R. Then V(f) =0 C V(g) for any polynomial g. But clearly f does
not divide any polynomial.

Study’s Lemma connects the polynomials and the zero sets reasonably. If f and g with
V(f) = V(g) are irreducible, then f and g are equal up to a constant multiple. When it
comes to feature detection of curves this will be very helpful. We will mainly use the
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Corollary 2.4 Let f,g € C[X}y, ..., Xi] be complex polynomials.

If f and g are irreducible (and thus also square-free) with V(f) = V(g), then f differs
from g only by a constant multiple: f = \g for some A € C.

If only f is irreducible (and thus also square-free) with V(f) =V (g), then g = \f* for
some A\ € C and v € N.

2.1.4. Polynomials in the affine and projective plane

Geometry is largely the examination of objects and invariants under the action of trans-
formation groups. Eventually, we will encounter the group of translations, rotations
around the origin, Euclidean motions and projective transformations. Each framework
has its optimal representation for objects such as points, polynomials or zero sets for vi-
sualizing results: Point-coordinates may be homogeneous in one case and inhomogeneous
in the next or vice versa.

We briefly sketch the basic concepts and terminology of projective geometry. For more
detailed and formal descriptions see [39]. Again let K € {R,C}. Then KP? denotes
the projective plane over K. The set of points (and due to the duality also the set of

lines) is given by %. Formally a point is an equivalence class [p] (p # (0,0,0))

with [p] = {¢ € K? ’ g=Xp A A€ K\ {0}}. In what follows, we will mostly omit the
brackets | | and write p instead of [p]. Non-zero-multiples Ap will be identified with p
and p is called a point in homogeneous point coordinates.

The canonical embedding of the affine plane K? in KP? is given by

emb:{ K — K . (2.1)
(z,y) — (z,9,1)

The points at infinity are KP? \ emb(K?) = {(:E,y,h) e KP? ’ h= 0}. They are all
contained in a line, the line at infinity /. In projective geometry any line can be
singled out as the line at infinity.

In Euclidean geometry, we know that a point (z,y) € V(f) for some f € K[X,Y] if
f(x,y) = 0. We are now interested in the projective equivalent: Let

f=fo+fy+-+fa

with homogeneous polynomials f(,) of degree n. The f(,) are so called homogenous
part of degree n of f. Then F € K[X,Y, H] with

F(x7y7h) - hdf(0)<1',y) + hdilf(l)(wvy) +.t f(d)(xay)

is the homogenization of f. For h # 0 we have
x
F(x7y>h):hf<ﬁa%> and f(a:,y):F(x,y,l) .

In this treatise we study plane curves. Therefore we use inhomogenous polynomials
f € K[X,Y] and their homogenized equivalents f = f'*™ € K[X,Y, H]. In order to
show that we are talking about the pair of inhomogenous polynomial and homogenized
equivalent, we denote both by the same letter. The difference is in the number of
arguments: f(x,y) versus f(x,y,h). (This notational technique is known as identifier-
overload in computer science.)
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2.1.5. Polynomials as elements of a vector space

Before we study the curves themselves, let us dwell on polynomials as elements of a vector
space (compare with [22]): Let K € {R,C} and d € N. Then the set of polynomials
f € K[X,Y] up to degree d is denoted by P4(K). The set of all homogeneous polynomials
g € K[X,Y, H] of degree d is "™ (K). The polynomial 0 € K[X,Y, H] is homogeneous

of any degree and thus contained in P (K). Now PB4 (K) and P (K) constitute a

(d+2

5~) dimensional vector space. The standard (or monomial) basis in Pq(K) is

2 2 d ,.d—1 d
17 z,Y, r,Ty,y, (X3} r,T Yy -

The monomial basis in ‘BZ‘””(K) can be obtained by multiplying the inhomogeneous

basis elements from above by suitable powers of h such that they become homogeneous
of degree d in z,y, h:

he, zh® 1, yhdil, z2h?2, xyhd72,y2hd72, e xd,xdfly, ...,yd .

The number of basis elements determines the dimension. It is ZZ:O n+1= w

which equals (d;rQ) as stated above. Thus, using the monomial basis, f and its (de-)

homogenized equivalent can be represented by

Y

d d—k

d d—k
f(-%'a y) = Z Z Akll'kyl or f(g;’ Y, h) = Z Akll'kylhd_k_l )
k=0 1=0

k=0 1=0

In both cases, the coefficients can be stated by the use of two indices k£ and [. The
polynomials can be written as
F="Y" Auby

k+I1<d

with a basis bgg, b10, bo1, ---, bd0, bd—10, ---, boqg of the corresponding space of polynomials.
In what follows we will always write our polynomials as a linear combination of basis
vectors using coefficients with two indices. This allows a clearer view on the struc-
ture with interesting relations between transformations of the plane and corresponding
transformations on the coefficients (see for example Section [4.1]).

We will now introduce an order on the formal coefficients of polynomials, using both of
their two indices.

Definition 2.3 Let 2 = {wy; | k,l € I} be a set of formal variables with two indices
originating from an index set I C N. Then > defines a total order on €) by

® Wi - wyg ifk+1>p+qand
® Wy = Wpg, whenever k+1l=p+qand k> p

for all wyy,wpq € §2. Thus equality holds only if k = p and | = q.

) is separated into blocks by block, () :={wy € Q| k+1=n}.

Two elements wy,;  wpq are called succeeding or succeeding pair if there is no wyy, € €2
with wi = wgp, and simultaneously wqp = wpy.

10
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Now we are able collect all coefficients of f and put them into a vector, the coefficient
vector of f. We do this in such a way that the elements are arranged according to >.
Starting with the smallest and ending with the largest Ag; with respect to >, we get

T

AV =( Ao , A, Ao, Az, A1, Ao, o Ado, Ad—105--,A0d) -
~— —_— —
blocko(A) block1 (A) blocka(A) blockq(A)

Thereby AT denotes the transpose of the coefficient vector A. The order of the Ay,
corresponds to the printed order from above:

f(x’y) = AT : (1,$,y,x2,xy,y2, "'7'Tdvl'd_1ya "'ayd)T =: ATX and
flz,y,h) = AT (hd,xhd_l,yhd_l, - xd,xd_ly, - yd)T = AT xhom

This way we get an isomorphism ¢ : Py(K) — K(df), which maps an f(z,y) = ATX
onto A and Jom : Pphem(K) — K(df), which maps an f(z,y, z) = ATX"™ onto A. As
a result we have the isomorphism P4(K) ~ Brom(K).

The block-structure of the coefficient vector A can be transfered to the formal vector
X: block,(X) = {:L‘kyl ‘ k+1= n} The transfer to X" ™ is analogous. We will use
the block-structure to introduce auxiliary separating lines in vectors and matrices. This

way the structure of transformations will be more clearly visible.

2.2. Curves

2.2.1. Curves as zero sets

Now, with the basics about polynomials and zero sets at hand, we can define curves with

Definition 2.4 Let K be either R or C.

A subset C C K2 is called a real respectively complex affine algebraic plane curve if
there is a non-constant polynomial f € K[ X, Y]\ K of degree d € N such that C =V (f).
A subset C C KP? is called a real respectively complex projective algebraic plane curve
if there is a non-constant polynomial f € K[X,Y, H| \ K of degree d € N such that

C=V(f).

Generally, we use affine algebraic curves by means of handling projective algebraic curves:
When results are more clearly visible and easier to read without homogenizing compo-
nents, we use the affine standpoint. Nevertheless, we do not forget the points at infinity,
i.e. points with homogeneous coordinates (z,y,0) # (0,0,0), which lead us to the pro-
jective extension of the affine plane. Switching from affine to projective view is possible
by using the emb-function from , i.e. by homogenization. Restricting the projective
view to the affine is done by selecting a line to be I, e.g. (0,0, 1), and substituting =
by %,y by i and h by 1.

As curves are defined with the help of zero sets, we can transfer the terminology from
the last section to curves by

Definition 2.5 A curve C is irreducible if it is not a union of two different plane
curves.

With Study’s Lemma and our Corollary [2.4] we get

11
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Lemma 2.5 Let C be a curve with C = V(f) for some (homogeneous) polynomial
f e ClXy,...,Xg]. Let f = fld1 - ... - f4 be a decomposition of f into irreducible
(homogeneous) polynomials fi, ..., f, € C[X,..., X;]. Then

e (C is irreducible if and only if f is a power of an irreducible polynomial, i.e. if r = 1.

e C has a unique decomposition into irreducible curves Ci, Ca, ..., C,. with
C = U,_,Cn. With a suitable numeration we also get C, = V(f,). The C,
determine the f,, up to a multiplicative constant.

The C,, are called irreducible components of C.

For the proof we refer to [11] or [20] .
What we get by this lemma is that curves may be identified with a certain class of
polynomials: If f =], _; fdn is a decomposition into irreducibles, then

C=V(H)=VO]] fa)
n=1

with A € K. Let [f] := {Af| A € K}. Then the set of all plane algebraic curves is
equivalent to the set of all [f], where f is a square-free product of irreducible polynomials.

Definition 2.6 Let C be a curve and C = |J,,_, Cy, its decomposition into irreducible
curves. Further let the f, be the up to a constant multiple uniquely determined irre-
ducible polynomials with C,, = V (fy). Then f with f(z,y) =[], _; fa(z,y) = 0 is called
an associated curve-equation with respect to C and f an associated polynomial.
This definition is analogous for homogenous polynomials.

deg(f) is called the degree of C = V(f).

If f is an associated polynomial of C = V(f), we will often speak of f as curve and
identify all Af for all non-zero constants .

Now we are able to associate coefficient vectors of polynomials to curves and introduce
curve coefficients: Let C = V(f). Then the polynomial f with f(x,y) = ATX has
a coefficient vector A (see Section 2.1.5). With [f] ~ C we can associate the class
[A] = {)\A| XA € K} with C, but we will not name A a curve coefficient vector: Curve
coefficients shall be scaled coefficients of polynomials. The predefined scaling factors
will be the so-called multinomial coefficients. This scaling will make calculations much
easier. The connection between curves and tensors (see Section will be much clearer
in a much more natural way. Additionally, multinomial coefficients make interesting
structural properties very easily accessible. The usage of these scaling factors could
be exploited also in the field of pattern analysis. However, a direct identification of
coefficients of polynomials and curves is common (for example see [26], [29]).

Definition 2.7

Let p,q,r € N. The numbers myq, := (Z:!F-Z!J;T!)! are called multinomial coefficients.
Let C = V(f) be a curve of degree d for some (associated) polynomial f. Further let
f= Zk+l<d Ay by with the basis vectors by;. Then each coefficient Ay, can be associated

with a multinomial coefficient my; 1= my | (g—p—1) = WM, such that Ay = myag.
Thus
fla,y) = ATX = (ma)’ X,

12
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where m = mq) = diag(moo, mM10,M01, -+, Mdo, Md—10; -, Mod) IS a diagonal matrix with
multinomial coefficients as entries. The corresponding vector a is called (associated)
multinomially scaled curve coefficient vector of C = V(f).

d+2

[a]::{veK(z))v:AaA )\EK}

are the (associated) coefficients of C = V (f).

Through this definition we finally have
C=V(f)~fI~[A]=[m-a]~[d] .

The diagonal matrix m is invertible by construction. Thus it constitutes an isomorphism
between the space of all coefficient vectors of polynomials and the space of all multino-
mially scaled coefficient vectors of polynomials. As a consequence, the set of all curves
is equivalent to the set of all [a], with [a] being the set of multinomially scaled coefficient
vectors of square-free products of irreducible polynomials as stated above.

For example, take C = V(f) with f(z,y) = (y — 2?). Thus C is the standard parabola
and f(z,y) = ATX =(0,0,1,-1,0,0)- (1, 2,5, 22, 2y, y*)T. Introducing the multinomial
coefficients, we get f(z,y) = (0,0, %, —1,0,0) - m - X. Because C = V(Af) for all A # 0,
we introduce equivalence classes and C corresponds to [f] and [(0,0, %, —1,0,0)]. As
already mentioned above, we mostly omit the brackets [ ] during notation.

Summarizing our results, we have an implicit representation f(z,y) = 0 for a curve C
via the zero set C = V(f) of a polynomial f. One of the benefits of this representation

is that the union V(f) U V(g) of two curves C; = V(f) and Co = V (g) is just V(f - g).

2.2.2. Effects of transformations of the plane on curves

In geometry we examine the behavior of objects under the action of certain transforma-
tion groups. Here we want to clarify the principal effects transformations have on curves
or on their associated polynomials.

Let KP? with K € {R,C} be a projective plane containing a curve C = V(f). We use
the projective viewpoint to have a general framework. For affine observations dehomog-
enization can be used. A point in the projective plane can be described by (x,y, h). (We
omit the brackets “[|” symbolizing equivalence classes.)

In case we want to transform the plane, we have to distinguish between the transforma-
tion of the plane itself and the corresponding coordinate transformation: The transfor-
mation of the plane determines the image of the used basis of the space. Identifying
the basis elements with unit-vectors, this transformation can be identified with a matrix
P. A coordinate transformation is an automorphism describable by its action on the
point-coordinates:

KP? —  KP?

(z,y, )T — Q- (z,y,h)T = (7,3,%)7 (2.2)

trans formation : {

with an invertible matrix Q = (qu)1<ki<3 € K3*3 acting on the points of KP2. The
connection between P and @ is known from linear algebra (cf. [22]): Q@ = (P~1)T. Due
to the equivalence of (x,y,h) and A(z,y,h) for all A € K\ {0}, the transformations @

13
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and p@ with ¢ € K\ {0} act in the same way. Thus we can confine our study to the
actions of equivalence classes

[Q:={NeK”| N=pQ n peK\{0}} .

Again we will omit the brackets and identify all elements of an equivalence class. A

representation system of our transformations is, for example, the set of all three by

three matrices with determinant one.

Let us look at how polynomials behave under transformations of the plane. Therefore

let f(x,y,h) = ZZH:O ApzFyth?=F=t = AT X be a polynomial of degree d in monomial

basis-representation. If we want to transform the plane according to We have to
1-

examine the monomial expressions Z* ' Z¥~*~!: Due to the linearity of (2.2) we get

~k ~l hd k—I1 d—k—l
)

= (quz + q12y + q13h)" (q217 + @22y + q23h)" (g312 + g2y + qssh)
which in itself is a linear expression in the z"y*h% "% with r,s € N and r+s < d.
Consequently, a transformation of the plane, like the one in (2.2]), induces a linear
transformation of the vector X containing the monomials by L = Lg: namely X — LX

for a (d;rQ) X (d;2) matrix L. Per assumption @ is invertible and thus also L.
Returning to our polynomial f we can see that
fla,yh) = ATX = ATLLX = (L7TA)" X = f(7,3,h) (2.3)
%’C—/
—AT

with L~7 being the transposed inverse of L. Thus the transformation of X and A is
contragredient, i.e. L, acting on X, counteracts on A. If we transform the curve
C =V(f) by some Q" € [Q], then there is a u # 0 with Q" = u@. The monomials satisfy

~ ke ~ = d—k— kT : .
T = X7k g h=F=L and thus L' = A?L. This means that any transformation

Q' € [Q] consistently maps [a il [b] because V(f) = V(Af) for any non-zero A. Thus
it suffices to study a single curve coefficient vector a under transformations of the plane,
rather than a whole set [a] of vectors. According to Definition the curve coeflicients
contained in a satisfy A = ma, where m contains multinomial coefficients. Then

f(z,y,h) = (ma)TX = (ma)TL_lLX =(m(m 17 ma))TX f(a: 7, ) . (24)

and the curve coefficients are transformed by m~*L~Tm =: L,;;T. Thus L and L,, are
similar matrices. We will say that @ and also L,,! transform a curve.

Summarizing this we can say that transformations T" of the plane induce a change L in
the basis X — X of the associated polynomial corresponding to a contragredient change
L;.T in the curve coefficients.

A further very important concept concerning curves and transformations is the one of
normal forms. A normal form in our sense is defined by

Definition 2.8 Let G be a transformation group of the plane, e.g. the group of all
rotations or the group of all Euclidean mappings. Then G introduces an equivalence
relation ~ on the set of all algebraic curves of a fixed degree d. For two curves f and g:
f ~ g if and only if there is a transformation T € G such that T maps f onto g. Thus ~
subdivides the set of our curves into classes. A designated representation system with
respect to this transformation group will be called a normal form. A curve is in normal
form if it is given as one of the designated representatives.

14
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We present normal forms with respect to various transformation groups in the next
chapter and show how a given curve must be transformed such that it is in normal form.
When it comes to recognizing a curve, normal forms are very helpful: We can take
a given curve and apply transformations such that the given curve is in normal form.
Afterwards we can look for such a curve in a database and associate a corresponding
name with it, such as conchoid, limagon or something else. Given a zero set, one of the
ultimate goals of a curve recognition algorithm would be an output like:

“The curve is a limagon with parameters r = 0.54 and s = 0.72. A limacon
is given by the equation (22 + y? — 2rz)? = s2(22 + y?).”

Optionally, the output is amended by the curve coefficients and a declaration of the
relative position of the given curve with respect to the displayed equation. Potentially
existing symmetries may also be of interest.

The term normal form has been defined such that it stays the same even if the respective
transformation group acts on a curve. The normal form is invariant so to say. Another
way of recognizing curves is to compare invariants of curves with database entries to
attain an output like the one above. Invariants in this sense are defined by

Definition 2.9 Let f be a polynomial with coefficient vector A
Let C = V(f) be a curve with coefficient vector A = m - a of f. Further let a transfor-
mation of the plane P with determinant A = det(P) transform C into C = V(f) with
coefficient vector A=m -a of f. Let I be a function satisfying

I(a@) = A9Z(a) .

Then 7 is called an invariant of C. g is called the weight of the invariant. If g = 0, we
speak of T as absolute invariant and if g # 0, T is called a relative invariant.

It can be shown (see [16], [25] or [55]) that the study of invariants can be reduced to
examining homogenous integer rational algebraic Z’s. In addition a generalization in
the direction of arbitrary factors A instead of AY is not necessary. When we restrict
ourselves to transformations @ with det(Q) = 1, then we are looking for invariants of
the form Z(a) = Z(a). This reduction is possible as stated above. This case resembles a
common definition of invariants, used e.g. by Hurwitz in [27].

2.2.3. Rotating real curves around the origin

In this section we will exemplarily show how transformations act on curves. Therefore
we take real plane curves, i.e. curves with associated polynomials f over R. f shall be
in monomial representation.

A rotation around the origin can be described very easily: Abbreviating cos(yp) = ¢ and
sin(y) = s, a point p = (z,y, h) with homogenizing component h is rotated by applying
the map

x c —s 0 T
yl—1|s ¢ O Yy (2.5)
h 0 0 1 h

15
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The transformation matrix @ = Q(¢) has a determinant equal to one. The question now
is, what happens to the polynomial f(z,y,h) of the curve C = V(f), when the plane
is rotated. As we have seen, a curve of degree d is given by a zero set of a polynomial
equation:

(z,y,h Z mpgak - 2Pyl hdF = (ma)TX =0 . (2.6)
k+1=0
According to Equation (2.4) we have f(z,y,h) = (m(Lﬁ,;Ta))T)z = (ma)TX with
X = LX. This means that the rotated curve f(z,y,h) = f,(z,y,h) = (ma)l X. For a
T

given curve coeflicient vector a we are interested in the shape of L:,L =L,,(¢). We can
extract L,Tn directly by observing that in the affine setup

d

flay) = Y muan(cz + sy)(—sz + cy)’
k=0

= Z myagzy' . (2.7)

k+1=0

If we scaled the transformation matrix in (2.5) by A, then we would have to scale all ay,
by A%

Theorem 2.6 If Equation holds, then

o = ZZ( >( ) DFP 0 7D (i) - (2.8)

p=0 ¢=0

ProoF Expanding the product (cx + sy)*(—sz + cy), suitably changing summation in-
dices a few times and recollecting the coefficients of monomial terms proofs the theorem.
A more detailed calculation can be found in the appendix (see Appendix |A.1)). O

A first interesting property can be seen in Equation (2.8)): A coefficient ay; only depends

on the coefficients a,,, of the same block, i.e. u+v = k+1. A second interesting property
is contained in the coefficients: Using the generalized binomial formula we get

(c—)(c+s) = i<§>cpsk—p<-1>k—p . i(é)z

p=0 q=0
_ ZZ( )( > 1)k plt+(p—a) gk—(p—q)
p=0 ¢=0

This corresponds directly to Equation (2.8]).

We can rewrite Equation in a much more descriptive way using matrix-vector
notation. Doing so we can expect a block diagonal structure with entries corresponding
linewise to the terms of the expanded version of the product (¢ — s)¥(c + s)!. Indicating
the block-affiliations by auxiliary lines, we have in fact
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(‘ago | a0 ao1 | a0 air age | aso azr awz aos | ... )T — Ly a= (2.9)
1
cC —S
s ¢
2 —2cs 52
CS C2 — 52 —CS
s2 2cs c2 a
3 —3c?s 3cs? —s3

s A —2es2 $3—2%s s
cs® 2¢%s— s B3 =2 —c%s
S 3cs? 3c2s 3

— L;lT
Having a closer look at this transformation we can see that
L. =m™'L,m . (2.10)

This is due to the fact that LT is inverted by writing down the transformation matrix
corresponding to a rotation by —¢, rather than . Thus inversion is equivalent to
substituting s by —s, because cos(—p) = cos(p) and sin(—¢) = —sin(y). Transposition
of LT sends the signs back to where they were in L_.”. The change in the coefficients
of the matrix-components induced by transposition may be undone by multiplication by
m and m~!, respectively. Thus Equation holds.

Let us have a short look at the coefficient vector A of the curve-describing polynomial: It
incorporates the multinomial coefficients and thus A = ma. Under rotation of the plane
around the origin, A changes according to A = L~T A and according to Equation @I}
L=T = L,,. This can also be shown analogously to Theorem

Remark 2.1 Let us briefly validate the third block in the diagonal of L.’ shown in
(2.9) without the formalism of multiple sums from Appendix[A.1} According to Equation
we have

= (cx — sy)? = 2% — 2eszy + s%y?
Ty = (cx—sy)(sz+cy) =csz®+ (2 —sH)ay — csy?
yr = (sz + cy)? = s%2? + 2esay + Ay?
and thus
z2 ? —2cs s x? z?
Ty | =es 2 —s* —cs zy | = Ly |2y
& s? 2cs c? y? y?

The coefficients of blocks(a), i.e. azy, a1 and agpe, transform among themselves. Accord-

ing to :

maoo 52 (L‘2
e ~— e -1
(@20, a11, do2) mi zy | = (ag0, @11, ao2)mz) Ligympgymey | 2y |
mo2 v y?
=im(z)
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which gives us

[ aso
a =m ' L.Tm a
~11 — 2)*(2) (2) 11
ap2 ao2
with
02 —cs 82 CQ __mi1 cs mo2 82
T — 1 2_ 2 _o 2ma0 9" o R
m(Q)L(Q) 2) = My 2c25 -5 — 2cs me) = | Taates ¢ —s° —T2cs
s cs c M52 Mleg c?
mo2 mo2
No matter what the degree of the curve is, mog = myz and 7”;—;(1) = %1); = 2 holds in any
case. Thus
aso 2 —2¢cs 52 aso
a1 | =es 2—s2 —cs ail
a0 52 2cs c? ao2

2.2.4. Excursus on tetrahedral coefficient structure

This section is dedicated to the beauty of mathematics. The transformation formulas
(2.8) and (2.9) exhibit a lot of structure that we should dwell on for a while. Further-
more, the attributes shown will reappear in other transformation laws analogously (cf.

Section [2.3)).

line k of coefficients sub-line coefficients
blocks (L T) (weighted) weight || (not weighted)
1 1 1
-3 -3 1
0 3 3 1
-1 -1 1
1 1 1 1 1
1 -2 -2 -2 1 1
1 1 1 1 1
9 1 2 1 1 1 2 1
-1 -2 -1 -1 1 2 1
3 ft 3 3 1] 1 1 3 3 1

Table 2.1.: Tetrahedral coefficient structure of blocks(L,,T)

Let block,(L;;"') denote the n-th block in the diagonal of L7, starting with the zeroth
block blocko(L,,") = (1). When it comes to line-numbering within blocks we will also
start counting at zero and line £ = 0 denotes the topmost line.

At first we can see that block, (L) is homogenous of degree n in ¢ and s. The coeffi-
cients of the products of ¢ and s exhibit a tetrahedral structure of binomially weighted

binomial coefficients: For example take blocks(L;,,") from Expression (2.9). The coeffi-
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.

Q
-
L\
wA\\q -
wh\\\“

~ > e
5
Coefficients Coefficients Coefficients Coefficients
of line k =3 of line kK = 2 of line k =1 of line k=0

Figure 2.1.: Tetrahedron sliced four times

cient structure is

1 -3 3 —1 13 —3c%s 3cs? —1s3
1 1,-2 1,-2 1 . 1?s 1c3—2¢s® 1s°—2c%s  1cs?
121 1,-2 —1| BVOUBY |42 22 18 18-20s2 —1c%s (2.11)
1 3 3 1 1s3 3cs? 3c2s 13

Having a closer look at the rows of this coefficient structure we can detect binomial
coefficients: In the bottom line we have the coefficient-structure as in (a + )% = 1a® +
3a%b + 3ab® + 1b3. One line above we have twice (1,2,1) but the second one is scaled
by —1 and shifted by one position. We say that the two copies of (1,2,1) form two
sub-lines of that line k¥ = 2. These coefficients are binomial coefficients corresponding
to (a + b)? = 1a® + 2ab + 1b*. This pattern may be continued. In the line k = 1, one
line above, we have (1,1) three times, each shifted by one position. Additionally, the
second copy, i.e. the second sub-line, is scaled by —2. The total pattern is displayed in
Table 2.1

It is interesting to note that the weights of the sub-lines are themselves binomial coeffi-
cients: They belong to the coefficient-structure of (a —b)?*. Thus we have a binomially
weighted binomial coefficient-structure as stated above. In general we can associate line
k of any block,(L,"") with d 4+ 1 — k times the coefficients of (a + b)*, weighted by the
coefficients of (a — b)4~F.

Let us once more look at the coefficient-pattern in Table On the one hand we have
a triangular structure of the binomial coefficients, corresponding to Pascal’s Triangle.
On the other hand we have certain lines of Pascal’s Triangle more than once: In line
k = 0 there is exactly the same number of sub-lines as we have coefficients in line k = 3.
Now embedding the two-dimensional Pascal-Triangle in three-space, we can arrange
the multiple copies of the corresponding line in the “surplus” dimension: The copies are
positioned above each other. This way we get a three-dimensional tetrahedral coefficient
pattern (compare with Table and Figure .

To visualize the coefficients we slice our tetrahedron with the help of four parallel planes.
Thereby the first and the last plane shall intersect the tetrahedron in two opposing edges
and the coefficients of a line in blocks(L; 1) shall be contained in one plane. The result
can be seen in Figure |2.1

Summarizing the above, we got a tetrahedral structure by associating the lines in a block
by powers of (a+b) with weights according to powers of (a —b). Likewise, we could have
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line of coefficients sub-line
blocks(L.T) (weighted) weight

0 1 -3 3 1] 1

1 1 -2 1 1

1 -2 1 1

1 -1 1

2 2 -2 2

1 -1 1

1 1

3 3

3 3 3

1 1

Table 2.2.: Tetrahedral coefficient structure of blocks(L,.T)

done it the other way round arriving at a tetrahedron which is dual to the one above.
Associating the lines of blocks(L;,") by coefficients of powers of (a — b) with weights
according to coefficients of (a + b) we get the pattern of table The corresponding
images of the tetrahedron will be omitted here. It can be obtained by rotating the
tetrahedrons from Figure by 5. Thereby the rotation-axis is perpendicular to the
displayed planes and passes through the center of the tetrahedrons.

Let us switch back to our first pattern in Table 2.I] and Figure 2.I] The affiliation
of coefficients to a column in the Pattern [2.1] are shown by the auxiliary lines on the
particular planes.

This brings us to the idea of scanning blocks(L; ) in Expression columnwise.
In our tetrahedron this means that we scan it by four parallel planes aligned by two
different opposing edges. Now each plane contains the coefficients of the corresponding
column. In Figure the intersections of these four planes with the ones from above
are highlighted by orange lines. Unfortunately, the pattern is not as nice as the one
before. This is due to Equation , saying ;! = m~'L,,m (compare also with
Remark . This means that we must introduce weighted weights, i.e. weights for a
whole column, and line-weights in order to compensate the multiplication with the two
diagonal matrices. The resulting pattern is shown in Table 2.3 and Figure 2.2
Scanning the first column of the matrix in (2.11)), we get (1,1, 1, 1), which corresponds to
the fourth line in Pascal’s Triangle (1, 3,3, 1), when the line weights are associated. The
second column may be split into two sub-columns, the third into three and so on. Again,
we will always encounter binomial coefficients corresponding to lines in Pascal’s Triangle:
for example in the column weights, in the sub-column weights for each column, in the
coefficients of the columns and in the inverted line weights. Altogether we associated
the first and the last column of blocks(L;,T) with two opposing edges in our tetrahedron.
Now given a tetrahedron, we know that it has three different opposing edge-pairs. Two
of them have already been identified with the coefficients of blocks(L,; 1) shown in Ex-
pression . Now, if we scan through our tetrahedron, using the remaining opposing
edge pair, we get again an interesting coefficient pattern (see Figure . It is in fact
exactly the same one we arrived at while scanning columnwise. Thus the tetrahedral
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column H 0 H 1 H 2 H 3 ‘H line weights
1 1 1 1 1
coefficients -3__1__2_____1___1_______1________%:___
(not weighted) El RN RN Y R T
Y Y Y
subcolumn weight | 1 [1[-1[1[-2]1[1]-3[3]-1
column weight 1 3 3 1
a) Tabular with non-weighted coefficients
column H 0 H 1 H 2 H 3 ‘H line weights
1 -3 3 -1 1
coefficients -i__1__-5____-Q__l_______l________—%___
(weighted) BRI R
Y Y
subcolumn weight | 1 [ 1 [-1[[1[-2]1[1[-3][3]-1
column weight 1 3 3 1

b) Tabular with weighted coefficients

Table 2.3.: Tetrahedral coefficient structure according to the columns and the diagonals
of blocks(L;,;")

-1

a) column 0 b) column 1 ¢) column 2 d) column 3
Figure 2.2.: Tetrahedron sliced four times corresponding to columns of ([2.11))

structure is clear by the preceding examinations (compare with Table .

What strikes most is that in a tetrahedron opposing edge pairs are equivalent due to the
symmetry. However, our coefficient structure does not resemble this symmetry without
exceptions: We got two times the structure shown in Table and one time the one
shown in Table This corresponds to singling out one opposing edge pair in our
tetrahedron. The corresponding coefficient pattern to this singled out edge pair is in
fact simpler than the other patterns: No additional line and column-weights are needed.
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1 =3 3 -1 1 -3 3 -1
1 1,-2 1,-2 1 1 1,-2 1,-2 1
1 2,-1 1,-2 -1 1 2,-1 1,-2 -1
1 3 3 1 1 3 3 1
a) Coefficients of the first series b) Coeflicients of the second series
1 -3 3 -1 1 -3 3 ]
1 1.-2 1,-2 1 1 1,-2 1,-2 1
1 2,-1 1,-2 -1 1 2-1 1,-2 -1
1 3 3 1 1 3 3 1

c) Coefficients of the third series d) Coeflicients of the fourth series

NQa4d

corresponding to a) corresponding to b) corresponding to ¢) corresponding to d)
Figure 2.3.: Diagonal coefficient association in blocks(L;, )

The simpler pattern of Table corresponds to the lines of blocks(LL). A single line
in turn specifies the transformation of a curve coefficient under rotation of the plane.
This connection of coefficient transformation and simple tetrahedral pattern is due to
the introduction of multinomial coefficients.

In the last section and exemplarily in Remark we saw that m 'L~ Tm = L;lT,
which transforms a by @ = L, Ta. Thus the introduction of multinomial coefficients
leads to a rotation of the tetrahedron. According to the observations above and without
multinomials we would have the lines of L=7 associated with the pattern of Table
(modulo signs), which would introduce unnecessary complexities.

2.3. Complexification

We have seen that Equation and thus Equation exhibit a lot of structure. But
it is still unclear what this operation is doing geometrically with the curve coefficients.
Can it be associated with a rotation of coefficients or is it something more complex?
The answer is yes, but this operation is hidden because the examined polynomials were
all in real monomial representation. In this section we will derive a better basis for our
polynomials - better, in the sense of clearer structure and easier transformation matrices
for curve coefficients under transformations of the plane. In Section [I.1] we will see that
a rotation of the plane is in fact a rotation of the complexified curve coefficients.

Indeed complex representation was found useful for algebraic curves by two research
groups independently and simultaneously (see [46] and [52]). We follow their approach of
complexification and complement it by the use of multinomial coefficients. The previous
examination of the tetrahedral coefficient structure may be understood as motivation
for the subsequent transformation as complexification leads to similar structures. Thus
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complexification will take care of the “complicated” parts that a rotation induces on
the transformation of the curve coefficients. Consequently, rotations of the plane for
complexified curves will be quite easy to describe (see Section [4.1)).

2.3.1. Complexified curves

Looking back at the transformation in ([2.5)), it can be seen that it describes a rotation
of the plane by

x — cos(p)r —sin(p)y and yr— sin(p)z + cos(p)y .

This leads to the messy transformation of the curve coefficient vector. From com-
plex analysis we already know a shorter description for rotations: We may interpret the
plane R? as complex plane C. The variables z and y can be transformed into complex
variables z and Z by a (complex) linear transformation of the plane:

T 1 4 0 x T4y z
yl+— |1 — 0 yl=lz—wy| =\|2z (2.12)
h 0 0 1 h h h
In this framework a rotation by ¢ around the origin is simply
z— €%z and consequently Z— e ¥z .

Curves, former represented by f(x,y,h) = 0, are then represented by functions F'(z,z, h)
depending on a complex variable z and its conjugate zZ. We will denote these curve-
describing polynomials by

d d—k
_ Z+Z z2—2Z 1 def—
F(z,z,h) = f( > ,%,h) = E E Mkl Ckl 2R Zl pd=k=l (2.13)

01=0

The dependence of F' on z and Z is necessary for F' to be an algebraic polynomial.
Thereby d is the degree of f. The my; are multinomial coefficients and the ci; will be
called (complex) curve coefficients. F(z,Z,h) is said to be the complexification
of f(x,y,h). The question now is, how the coefficients ag; and the complex coefficients
¢ of a curve can be related. As complexification leaves the homogenizing component h
invariant, we cover this relation in the affine set-up by

Theorem 2.7 Let f(z,y) = Y, <qmmanzy’ = 0 describe a curve C = V(f) of
degree d. The introduction of z = x + iy and Z = x — iy permits a substitution of x by
% and y by %5 in f. The result is an algebraic polynomial F'(z,Z) = f (“2'3, 22_12) in
z and Z. Its homogenized version may be written in the form of Equation with
complex curve coefficients ¢ € C. The connection between the coefficients ay; and cy

is given by

ko1
1 EN (TN ooy (i
ht = ok+l ZZ( >< ) P~ Up+q) (k+1)—(p+q)) - (2.14)
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PRrROOF The proof is completely analogous to the one of Theorem We have

_ z2+2zZ z—% d 242\ (z2—-7)
Fz)=fl—F5—5 )= > muak - 5 5 :

k+I1=0

The right side of this equation may be expanded using the generalized binomial formula.
Changing summation indices and collecting the coefficients of all terms containing a cer-
tain product z¥z! results in the desired expression for ¢;. Carrying out these calculations
is analogous to the detailed calculations shown in Appendix O

The complex curve coefficients cx; may be collected and written as coefficient vector c.
The variable vector now containing products of powers of z, Z (and h) will be named Z.
If we explicitly want to distinguish between the homogenous and inhomogenous variant,
we use Z"°™ and Z. Thus F(2,%Z) = (mc)'Z and F(z,%Z,h) = (mc)TZ"™. Thereby
Z = Zg and ZMom = Zg‘om depend on the degree d of F' and analogous to Section m

z'=(1,2,%,..,2%) and (Z"™)7T = (h?,zp4 1 z0%L, . 29 .

In Equation (2.14), we can see an interesting property analogous to the examinations
after Theorem The terms preceding a(,4q) (n41)—(p+q)) 0 Equation (2.14) can be

viewed as an expansion of a generalized binomial formula:

zkal: (ﬁ) <Cl]>z‘<f?—q)—<k—” =14+ -,

p=0¢=0

Now, we may rewrite Equation (2.14) in a more descriptive way, using matrix-vector
notation. According to the structure of the above equation, we may expect a block-
diagonal structure with the coefficients of (1 + 4)*(1 — )" scaled by 2T1+z For a better

view on this structure we put these scaling factors 2%1 afar from the transformation
matrix and compare with

1+ =1+2i—1;, (141 —-i)=1+0i+1; (1-i)?=1-2i—1.

Altogether we get

( aoo ‘ aio aoi ‘ a0 ai1r ao2 ‘ azo 421 aiz2 ao3 ‘ )T
— (oo |cl0 co1 e e ocon|eso ca1 ez cos| ... )T =W Ta
1 app
1 — % aio
1 i 3 - ao1
1 —2i -1 1 a
1 0 1 1ran
= 1 2 -1 7 a0 (2.15)
1 -3t =3 1 1. asp
1 —1 1 —1 i a1
1 /) 1 ) i aio
1 3 -3 — 2 aops
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2.3.2. Structure of Complexification

A whole section could again be written about the beautiful tetrahedral structure of
the Transformation (2.15). In fact Transformations and are very similar.
Therefore this structural analysis will be handled very briefly. To transfer the results of
the excursus in Section we have to examine the expressions (1 — )" and (14 ¢)":

(1-9)°| 1 1+ 1

Q-] 1 —i A+t 1

1—-4)2] 1 -2 -1 1+4)2] 1 2 -1

(1 — 1)3 1 -3 -3 i 1+d)3 | 1 3 -3 —i

Both of the above schemes resemble modified Pascal Triangles: They differ from the
commonly used one by a multiplication of the columns: Column r is multiplied by
()L

The pattern for the tetrahedral scheme according to the lines and columns of the block
blocks(W~T) is given by Tables and [2.5 . On the left tabular of Table [2.4] we can
directly see the summands of (1 — )" and (1 4 ¢)". A pattern correspondlng to the
diagonals may also be established with corresponding (sub-)weights, which we will omit
here because nothing new happens.

line of coefficients subline
line of coefficients subline | blocks (not weighted) weight
blocks | (not weighted) || weight 1 H 1 3 3 1 H 1
1 1 -3 -3 i 1 5 1,2 1, 1
o LLi—2i -1, 1 12 ) -l
R et | T 1 1
1 =i, 1 3 L1 —2
3 T 1 =i 2i ! R 1
R 1 I I 1
1 | | 1 4 1 ‘ —3
1 i 3 | 1 3
4 | 1 342 ‘ ‘ 1 —1
| | 1 B column N0l 11, ol
e (<107 (i) (i) (i)
without column weights with column weights
coefficients correspond to summands coefficients correspond to coefficients
of (1 —4)" and sub-line weights to of (a + b)" and sub-line weights to
those of (1 +1)" those of (a —b)"

Table 2.4.: Tetrahedral coefficient structure with respect to the lines of blocks(W~=7)
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column H 1 H 2 H 3 H 4 H‘ line weights
1 1 1 1 1

coefficients 'f’f717727A77717A71777%7771777A77777§7777

(not weighted) 'f)f727717A717717A7777W177777A777737777
Y Y Y

subcolumn weight || 1 || 1 ‘ 11 ‘ -2 ‘ 1)1 ‘ -3 ‘ 3 ‘ -1

column weight 1 3i -3 -1

Table 2.5.: Tetrahedral coefficient structure with respect to the columns of blocks(W ~T)

C30
C20 Cor
C11 Ca1 Coo C11 C22
C20 C22
Ca0
cI'=(0]0 0 I'=(-3|0 0] cI'=(0]0 0
| 8 =7 8|0 -1 -1 0| ||1+2% 4 1-26|0 0 0 O[]0 O O|6i 2 —2 —6i|
lo 2 1 2 o) |3=2i 0 0 0 3+2i) o 0 —-15 0 0)

Figure 2.4.: Curves determined by a complex coefficient vector

2.3.3. Equivalence of real and complexified curves

The most important feature of the structure of (2.14)) is that each block,(W~7) has |} |
complex conjugate line pairs. The first is conjugate to the last line, the second to the

second-last line and so on:

kool
1 k\ (1 1 _
Clk = Sk Z Z <p) <q> i—a)—(e—1) o+a) (kD)= (p+a)) = k-

p=0 ¢=0

In every second block in the diagonal of W=7 starting with blocko(W 1), the entries
of the line in the middle are real. Thus

cy = and cpp =cpp € R . (2.16)

The relations in are also exactly the conditions a curve f(z,Z) = 0 with complex
coeflicients must satisfy, such that it represents a real algebraic curve. One can easily
prove this by counting the degrees of freedom of the curve describing polynomial.

The pairwise connection of the coefficients cg; and ¢ is necessary to maintain the size,
i.e. the dimension, of the coefficient-space of curves. The complexified representation
of a curve, or better the complexified curve coefficient vector, contains redundant infor-
mation. Figure 2.4] shows three curves. The curve coefficients are indicated as vectors
below the curves. The vertical lines in the vectors indicate the separation into blocks.

26



2. Curves and Tensors in Algebra and Geometry

2.3.4. The coefficient triangle

When speaking of a complexified curve, we normally have a coefficient vector ¢ describing
the curves totally. In many contexts it is beneficial not to use a linear notation for the
vector components but a notation in form of a special triangle. Thereby we sort the
coefficients according to their occurrence in the corresponding parts of the form f(z,Zz):
All coefficients which belong to the part being homogenous of a certain degree in z and
Z are grouped in a line. This corresponds to Definition and coefficients of a block
are grouped linewise. The columns of our notation-scheme is ordered by the difference
of indices in such a way that we obtain

blocky(c) curve coefficients
t=20 ; ; ; | €00 | ; ; ;
t=1 S L R A
t=2 I I Co0 ! I C11 ! I Cp2 | I (217)
t=3 G0, 01, c2, o3
| | | | | | | |
index difference . 3 2 -1 0 1 2 3

This notation-scheme will be called coefficient triangle.

During the complexification-process, Equation showed that ¢ = ¢ for any k
and [. This may be interpreted as a kind of symmetry: Both ¢ and ¢ contain the
same information. They only appear in complex conjugated versions of each other. In
this context the coefficient triangle is symmetric with respect to the column exhibiting a
vanishing index-difference. We will call this column the symmetry axis of the “reflectional
symmetric” coefficient triangle. The axis is characterized by its real coefficients cgr € R.
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Tensors have been known about for approximately a century. Einstein showed the power
of this kind of calculus in his disquisition of the relativity theory (cf. [I8]) and brought
tensors to popularity. Soon tensors found a wide application in mathematics, espe-
cially in the field of invariant theory. Tensors were extensively exploited for example by
Weitzenbock in [55], by Gurevich in [25] and by many others.

However, tensor-notation has deficiencies despite its descriptive power: In this notation
expressions get easily overcrowded with indices and indices of indices and even higher
iterations of indices of indices. Things become very impractical and structural properties
are literally buried under these indices. To avoid this we will simply replace the tensor-
components by a node of a graph and attach in- and outgoing arrows to it, according
to the co- and contravariant indices (see Section [3.1.3). For a first entry-point to this
technique we recommend [41]. We happened to discover this technique in a series of
articles written by Jim Blinn (cf. [9], [10]). He used this technique to treat projective
geometry on a diagrammatic level and examined especially lines, conics and cubics and
some of their invariants (see [3], [4], [5], [6], [7], [8]). But tensor-diagrams have already
been used in the literature (see [17],[38]). First attempts can be traced back to Clifford
and the so-called Clifford’s Graphs (see [14], [15], [28], [42], [45]). There are many
other examples in which tensor diagrams are useful tools. For example, in group theory
(cf. [43]) or in quantum information theory (see [2]).

3.1. Connection between tensor algebra and curves via forms

We have seen that a plane algebraic curve C = V(f) of degree d can be represented by
a zero-set of a polynomial

d—k

d

k..l , .d—k—l

flx) = Z MEICRl + L] ToT3 .
k=01

=0

Here z may be (z1, x9, xz3) = (z,y, h) or (z1,z2,23) = (2, Z, h), depending on the working
frame. A point P = (p1, p2, p3) in homogeneous coordinates is on a curve if f(P) = 0. In
most cases this formula is very unhandy and structural results and especially invariants
can be very hard to extract. As stated above, we will derive a very simple representation
of C, introducing tensor notation and visualizing C using diagram techniques. In contrast
to the triangular notation-scheme from Section the coefficients are now ordered in
form of squares, cubes and in general hyper-cubes.

We will start by recapitulating tensor-algebra basics from an operational point of view:
We do not use tensors as abstract algebraic objects of a tensor-space. But tensors are
viewed as multilinear objects defined via their transformation behavior. We begin with
an examination of so-called co- and contravariant vectors. With a view to their trans-
formation behavior general tensors are introduced. After examining tensor operations,
such as multiplication, addition and contraction, curve-tensors are focused on.
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3.1.1. Covariant and contravariant vectors

Working in the projective plane or in the projectively extended Euclidean plane, scalars,
vectors with three elements, 3 x 3 matrices and in general 3 X 3 X ... X 3 tensors are used.
The simplest quantities besides scalars are vectors. Points z = (:cl,asg,azg)T as well
as lines | = (I1,l2,13) may be represented by vectors. The simplest operation between
vectors is probably the scalar product (I, x). If for a point  and a line [ the equation

3
<l,l’> =lix1 + laxo + l3x3 = Z lix; =0 (31)
=1

is satisfied, the point x is on line [. Thus vectors represent two different but dual
concepts: points and lines. In order to be able to distinguish between these two, we
introduce a new notation for points by ”"moving*“ the index: A point will be represented
by a vector whose components have an upper index. In this way Equation [3.1] changes

to
3

(l,x) = Zlixi =0.
i=1

Dealing with higher order curves and more complex products, many sums show up. To
shorten notation, we use the Einstein Sum Convention (ESC): Every time an index
shows up as an upper and as a lower index, the whole expression is summed over all
possible values of this index.

This notation is credited to Albert Einstein, who introduced it in [I8]. It is widely used
especially in relativistic theory (cf. [23]). With the ESC Equation shortens to

(L) =Liaz" =0 . (3.2)

In Equation the range of the index i must be clear. Here we deal with plane
algebraic curves, utilizing homogeneous coordinates. The possible values for any index
will always be 1, 2 and 3, i.e. ¢ € {1,2,3}, unless explicitly stated otherwise. Thus we
will mostly omit the addendum of the range of our indices. Nevertheless, the concepts
shown also apply for other finite dimensional spaces.

In Section we introduced transformations P of the (projective) plane. Points
(z!, 22, 2%) were mapped onto Q(z', 22, 2)T, where Q = P~7 ¢ K¥3 (K € {R,C}).
The result was a transformed point (z*,72,7%). Let p’, with 1 <i,a < 3 be the compo-
nents of P, then in an ESC-conform notation:

o =p T, i,a€{1,2,3}. (3.3)

In fact, we say that a geometric object consisting of three components (x!, 22, 23), which
transforms according to under a transformation of the plane, is called a contravari-
ant vector.

Solving Equation for the transformed coordinates T, we get

=q¢%", i,a€{1,2,3}, (3.4)
where
. 1 .f =
pgf =l =t =P (3.5)
0 ifa#p
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Let )
A = det ((pzahga,z‘g?))

be the determinant of the transformation matrix P = (p,)1<a,i<3. This way, ¢ is the
minor of A with respect to pf, divided by A.

Accordingly a covariant vector may be defined by its 3 components l1,ls,l3 and its
transformation behavior under liner transformations of space. It is:

lo=phli , di,a€{l1,2,3} (3.6)
or by utilizing Equation ({3.5):
li=qly , i,aec{l,2,3}.

With these definitions we ensure that an incidence of a point and a line remains un-
changed under linear transformation of space. The invariance of equation (3.2)) is shown
by _

Lz = pl LT = 1,3 . (3.7)

Remark 3.1 Point-like vectors are named contravariant for the following reason: Points
(vectors) as an element of a vector space are given by a linear combination of base
vectors. Performing a linear transformation of space, the coordinate vectors of the
points change. Let P be the transformation matrix representing the transformation of
the base vectors. Then P~T acts on the point-vectors, i.e. P counter-acts on the points
(cf. [22]). Thus vectors which transform like base vectors are called covariant vectors
and vectors transforming point-like are called contravariant.

We may also have taken Equation (3.7) as a prerequisite for our treatment of tensors.
This way a transformation of covariant vector would consequently act contragrediently
(in a counter-acting manner) on contravariant vectors. Using matrix vector notation as

in Remark [3.1] we get for example PI” = 1. Then by

(z) =1z =PT (PT) o =15 = (,7) .
T oo
= =Qur==I

Thus Equation (3.7)) and contragredient transformations are closely related.

3.1.2. Tensors

We saw in Section that a transformation of space may be interpreted as multi-
plication with a matrix P. Suppose we have a plane, which was already transformed
by the use of another matrix R. Carrying P over to this plane means that we have to
transform it by P = R™'!PR. This is clearly a transformation law for transformations:
They can be regarded as geometric objects, which transform point- and line-like. We
now generalize the concept of co- and contravariant vectors, which had been objects
defined by components and a transformation law. This way we get co, contravariant and
mixed tensors. A first example for mixed tensors are transformations.
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Definition 3.1 (Tensor) A tensor (tﬁg;f:) of covariance r and contravariance s

(or in short: a r-s-tensor) is a set of numbers t]:/>")*,
k) LR

transformations of space in accordance with the law

which changes under linear

Iy , yeeesIs _ ‘7" B 6 ﬂs .] 7.j "“»jS

tgll/g?gﬁar = piélp%---p& ' lelqj;-'-qu ) tulz;lr . (3.8)
Any index is within the range of {1,2,...,n} and n = 3 for the projective plane. (If
it is clear, we often omit the brackets “( )” around t, symbolizing that the tensor is
meant rather than a component of that tensor.) The sum of the number of co- and
contravariant indices r + s of a tensor is called its variance or order.

Remark 3.2 There are alternative definitions for tensors in the literature: It is Equiv-
alent to the above Definition to speak of a tensor as a multilinearform. The compo-
nents of which may be accessed by applying all combinations of the standard unit vectors
(vectors of length one and with all but one component vanishing). For an introduction
to this concept see [22]. A comprehensive study can be found in almost all books on
tensor algebra (cf. [38], [55]], ...). Here, we use the definition most common in physics.
The focus lies on the transformation behavior which is most beneficial in our context of
curve recognition using invariants.

Special cases of tensors are scalars, which are tensors of variance zero. Covariant vectors
are 1-0O-tensors and contravariant vectors are 0-1-tensors. As we have seen, transforma-
tions may be interpreted as 1-1-tensors. The number of components of a tensor depends
on the range of its indices and its variance. If the index-range of all tensor-indices is n
and if the variance of that tensor equals v, then it has n¥ components. n" is the number
of possible combinations of indices attached to the tensor. Thus a 3 x 3 x 3 tensor t;;
has 3% = 27 components, since i, k, 1 € {1,2,3}.

In what follows we will encounter special tensors exhibiting symmetries.

Definition 3.2 Let i1, g, ...,3, € I, = {1,2,...,n} be tensor-indices.
A covariant r-tensor (t;, j,...;,) (or a contravariant r-tensor (t'2-)) is called (par-
tially) symmetric with respect to the indices i, and iy if

ti1,~~~,ia,~-~,ib7m,ir - tily-'~77;br~~:7:au~~-77:r (OI‘ tihm’ia’m’ibw’ir = til7m7ib7w7ia7w7iT)
for all ig,ip € I,,. A tensor is called (totally) symmetric if it is symmetric with respect
to all index-pairs.
A covariant r-tensor (ti, ,.. ) (or a contravariant r-tensor (t“’”’“"“)) is called skew
symmetric with respect to the indices i, and iy if

t —t

(or FLesiaseesiypesie — 7ti1,...,ib,...,ia,...,z’,«)

B seresicsenribyenesir = TURL i iayn i

for all iq,1p € I,. A tensor is called (totally) skew symmetric if it is skew-symmetric
with respect to all pairs (i4,1p) of different indices i, # ip.

Let us take the tensor (¢;5;) as an example. It is symmetric if t;; = tyx = th = tri
=tk = tig;. It is skew-symmetric if ¢ = —tyr = tpy = —tea = tiik = —tigi-

This way the number of the effective components, i.e. the number of possibly differ-
ent components, diminishes. For symmetric tensors (t;, .. i) it is ("+:_1) and for
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3. Curves and Tensor-Algebra

skew-symmetric tensors it is (:f) This can be proven by analyzing the possible index-
permutations (cf. [25]).

(Skew-)Symmetric tensors are important, because their symmetry is preserved by linear
transformations of the plane (or linear transformations of higher dimensional spaces):

=~ _ i1 02 ir 4 . . .
tal,...,aa,.“,ozb,...,ar - pa1p042"‘p047« tzlwnﬂaamﬂbw-,lr

= ipZ}lpZ?Q---p’;{r Tt ipsesiasensin (3.9)

- :l:tal7"'7ab7~~'7aa7"~7ar *

The space of the components of a tensor (t;, i, . ;,) is n-dimensional. A basis for
this space is given by the objects (til,iz,...,id)ik6{1,2,...,n},v1<:> where all but one component
equal to one vanish. For our purposes another basis is more suitable. There is one,
which gets along with only totally symmetric and skew-symmetric tensors with respect
to two indices. No non-symmetric tensors are needed. For a proof we refer to Appendix
For example, any 3 x 3-tensor (t;;) may be given by

A1 A A5 0 M1 2
(te) =M A2 e |+ | -1 0 3
A5 A6 A3 —po —p3z 0

The nine degrees of freedom for a 3 x 3-tensor are split into six degrees of freedom for
symmetric matrices and three degrees of freedom for skew-symmetric matrices.

We will now define a partition on the set of all tensors (¢, 4,....4,) With 41,42, ...,iq being
elements of {1, 2, ...,n} into equivalence classes. This will help us in the context of curves.
In our context usually n = 3. Therefore let skewg, be the set d-O-tensors which are
skew-symmetric with respect to at least two indices. Then

A # 0 and (S, ,i,....i;) 1S a linear combination
of elements of skewg, and (£, i, i,)

[tir iz, i) i—{ A (Siniz,e.nia) } (3.10)
Due to the above stated existence of a basis, consisting of totally symmetric and skew-
symmetric elements, [t;, 4, . ;,] is an equivalence class. A representational system of the
set of all such classes are the totally symmetric tensors. We can speak of an equivalence
class of tensors, since linear transformations of the plane or space are consistent with
the separation into such classes: This is ensured by the invariance of the symmetry
attributes of tensors under such transformations (see Equation (3.9)).

3.1.3. Diagram notation of tensors

To get rid of the many indices, we represent a tensor by a node with in-going and
out-going edges standing for co- and contravariant indices. We will name the in-going
edges entries and the outgoing edges exits. If necessary, we will attach an index to the
corresponding edge. If a tensor has more than one in- or outgoing arc, then these will be
ordered counter-clockwise with respect to the order of sub- and supscripts (see Figure
. Naturally, if a tensor is totally symmetric, this order is irrelevant. A scalar is just a
node without dangling edges. A line-describing and therefore covariant vector is a node
with one entry. A node with one exit represents a contravariant vector. The tensor tﬁ;’}C
has three entries and two exits. These examples are displayed in Figure |3.1

By Equation a covariant vector transforms with Ta = p’.l;. On the right hand side
the ESC implies a summation of p?, and I; over the joint index i. In diagram notation the
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3. Curves and Tensor-Algebra

® O =0 0=
m T~
lm

scalar p covariant vector I; contravariant vector x* mixed tensor t;},

Figure 3.1.: Diagrams for simple tensors

summation is expressed by the connection of the nodes with an edge corresponding to
index i. 4 is exit to z° and an entry to p’,. The directedness of these edges corresponds to
the ESC: Implicit summation takes place only with respect to an index appearing as co
and as contravariant index. Figure shows the transformation of tensors in accordance

with Equations (3.3)), (3.6) and (3.8]).

An

= ¢’ ol = phphpha dintih

Figure 3.2.: Transformation of tensors in diagram notation

Connecting the dangling “a-edges” of the second and third image of Figure means
building the scalar product of the two vectors [ and z: The indices corresponding to the
two dangling a-edges are identified - they are already named equally - and summation
over that index takes place. Using Equation , saying that whenever p!, is connected
with qf , it can be replaced by an edge without nodes and we get our scalar product

(cf. Figure [3.3)).

3.1.4. Tensoroperations

Next we will discuss three operations on tensors: multiplication, addition and contraction
(see also Figure . A multiplication of two tensors of any variance again equates to a
tensor, where the co- and contravariances add up, respectively: We can write two tensor
nodes next to each other and interpret the result as a new ”bigger“ node. The dangling
edges of the two multiplied tensors become dangling edges of the result. Clearly, the
new node represents a tensor because the edges, pointing inwards and outwards, define
its behavior under transformations.
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pha) = 64 1% = liphqf'a’ = Lidja? = lia’

Figure 3.3.: Invariance of the algebraic equation of a line

Addition is a slightly more difficult. We can add up only tensors with the same number
of co- and contravariant indices. If we add up two matrices A and B for example, the
dimensions must match each other because addition is componentwise. For square ma-
trices A and B, A+ BT is also expressible with diagrams. Let A and B have components
a;; and by, respectively. Let c.s be the result of the addition. We get the result C' of
A+ B in tensor notation by identifying i = k = and j = = 5. A+ B” is accessible by
identifying i = = r and j = k = s (see also the right image in Figure. We call every
tuple of three identified indices in a tensor-summation a parallel triplet. In any case we
need to specify these triplets in order to be able to perform tensor addition. Clearly,
every index must be contained in exactly one parallel triplet. A co- and a contravariant
index may of course never be parallel because the transformation laws do not match.
Thus addition, parallel to covariant (contravariant) indices, results in a covariant (con-
travariant) structure. The summed expression has the same variance as the summands.
The result of tensor addition is again a tensor inheriting the transformation law from
the summands (see Figure .

Contraction is an operation we have already met, caring for transformations: We built a
tensor by multiplying #¢ by a transformation-tensor p$. This way, we got a tensor t:* with
a loop: An exit was directly connected to an entry. Now we may simply draw a bigger
node around our ti*, totally containing the “i-loop” and name it u®. This corresponds
to tensor-contraction. The new tensor u® behaves like a contravariant vector (see the
right image in Figure [3.4), because ! transforms like u®. In general, contraction of a
tensor reduces its variance by two: The number of co- and contravariant indices reduce
each by one.

Remark 3.3 When we contract a tensor with respect to all its indices, we speak of total
contraction. A totally contracted tensor is a scalar. It does not change under linear
transformation of space. In diagram notation totally contractible tensors are closed
diagrams. As a scalar they can be represented by a single node without dangling edges.
Transformation of space replaces edges by edges with transformation-nodes. Thus we
can also see from diagram notation that closed diagrams in total or single nodes without
edges do not change.
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l m _ Im 1 I 1
A5 b = Cijy, ai; + by = iy

tensor-multiplication tensor-addition

tensor-contraction

Figure 3.4.: Product, sum and contraction in diagram notation

(=) (=) (=) ()
éi)

The transformed tensor-sum has again tensor structure.

Figure 3.5.: Transformation law for the sum of two tensors
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3.1.5. Curves as tensors

In Section [2.2.1] we introduced curves as zero-sets. A curve C was defined by an implicit
form-function f, namely C = V(f). Thereby we have a one to one correspondence
between C and [f], when f is an associated polynomial of C. Now we will show the
connection between tensors and polynomials and plane algebraic curves in general. For
this reason we set the index-range of all tensor indices to {1,2,3}. The curves and
polynomials shall be of degree d for a predefined d € N\ {0}.

First let us examine ti17i27,__7,~dxi1xi2 -...-2%. Due to ESC we have to sum over all indices
and

3 3 3
o O 5 B 7> S 5 B o SR 5 RN 2 S
tigig,ig "X X7 T —E E E tigig,ig "X X7 T
i1=lio=1  ig=1

We may collect all terms according to the powers of x!, 22 and 23 and rewrite this
expression as

d d—k

biviania - 0@ i = 3TN Ap(al) (@) ()T (3.11)

k=0 (=0

Thereby Ay = Zwesd tr(1,..,1,2,...,2,3....3) 18 the sum over all ¢;, ;, ;, with exactly k indices
equal to 1 and exactly [ indices equal to 2 in all permutated variations. Thus adding
any skew-symmetric tensor to ¢;, . ;, leads to the same Aj; and thus to the same form.
Furthermore, multiplication of this tensor by any constant A leads to a multiplication of
all Ay by the same constant .

Theorem 3.1 Let
My = {[til,...,id] ‘ 31, s da) € {12} 5ty jo # 0}
The set of all plane algebraic curves C of degree d is structurally isomorphic to M.

The restriction on the tensors in the above theorem ensures that t;, ;, .; dxilmi?..a;id
contains a term of degree d in (z') and (z?).

For totally symmetric t;, ;, .. ;, we have
| times
—~ .
A =mpt11,..1%2,..233,.,3 = MkGK (3.12)
S—— SN——
k times d—k—I times
and Equation (3.11]) evaluates to
4 X k, o\l, 3\d—k—l
. . . 1 9 grd—k—
ti17i27~-.,id Ltk = szklakl (l‘ ) (ac ) (fL‘ ) . (3.13)
k=0 1=0

Equations (3.12) and (3.13) give us a direct correspondence between totally symmetric
tensors and curve describing polynomials. Thus with a totally symmetric ¢;, ;, . we
can identify

i

Ce— [f] — [til,iQ,...,id] — {)\th,’iQ,...,id | A 7£ 0} .

f and t;, 4,4, Play an equivalent role in the definition of a curve.

Therefore we will often speak of totally symmetric tensors as curve-tensors. Simplify-
ing notation we also speak of t;, ;, . i, as a curve. Two examples will provide a feeling
for the connection between curves and tensors.
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12 12
Example 3.1 Let us take an ellipsis given by % + % — 1 = 0 with major axis
a = 1 and minor axis b = % Homogenizing this equation and setting x = x', y =

and the homogenizing component to x>, we get
flata?a%) =4 (2%)" ~2 (o) (%) =8 (a) (o) + (1) +4 ()" =0
Thus taking care of the multinomial coefficients the curve-coefficient vector is
(aco a0 a1 a ann ag)=(4 -1 —4 1 0 4)

The corresponding totally symmetric tensor is

t11 ti2 ti3 az a1 aio 10 -1
tor too taz | = (a1 ae amn | =| 0 4 —4
t31 t32 133 aip ao1  aoo -1 -4 4

and in fact
10 -1\ /[
twatael = (at 22 ) [ 0 4 4| |2?] = fa',2%a?) .
-1 -4 4/ \a*
The curve C = V(f) can be identified with [f] = {\f | A # 0} or with

1 a 147
[tkl]: A - 4 -4+ Oé,ﬁ,’)/eR )‘7&0
1-8 —4—~ 4

In diagram notation this looks like (2)~1)x) = f(x) = f(x!, 2% 23).

Example 3.2 Suppose we have a cubic given by

0= f(x,y) = apo+ 3ai0x + 3any + 3asor? + 6ay1zy + 3a02y2
+azoz® + 3anx?y + 3a2zy® + agsy”® .

We can arrange the ten curve coefficients ag; in a 3 X 3 X 3 totally symmetric tensor
tpqr according to Equations and . Thereby we can visualize t,q by a tensor,
a cube-shaped “matrix”, (see Figure |3.6) with 33 = 27 components. The number of
effective components of the totally symmetric tg,, Is (g’) = 10, exactly matching the
number of curve coefficients of our cubic. Each of the remaining 17 components of tpq,
are equal to one of those 10 components. Figure shows this equality by highlighted
orbits. The cardinality of tensor-components on each orbit corresponds to the associated
multinomial coefficient. Visualizing the tensor as a cubical matrix, the curve describ-
ing polynomial f(z,y) can be obtained by multiplying the cube by (x,y,1) from three
directions (see Figure . We can write

@@\@ — f(@,y) = tma*ala™ =0 .

Thereby due to the affine set-up we fix the homogenizing component to be x3 = 1.
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=

cube shaped tensor txim, ti11 = aso t123 = t312 = t231 =
top left front: 111 = aso ta22 = ao3 = t132 = t321 = t213 = a11
bottom right back: t333 = aoo t333 = Qoo

t112 = t121 = t211 = a21 t113 = t131 = €311 = az20 t122 = t212 = t221 = a12

togs = t323 = t332 = ao1 t133 = t313 = €331 = aio too3 = t232 = t322 = ao2

Components which are equal by virtue of the total symmetry of the tensor, are displayed

within an orbit in each picture.

Figure 3.6.: Cubical and symmetry-structure of a totally symmetric tensor ¢y, corre-
sponding to a curve of degree three

()

()

cube shaped tensor tiim,

Figure 3.7.: Cubic polynomial via multiplication of a cubical tensor
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3.2. Invariants

In this section we gather all ingredients we need to state invariants in an elegant tensor-
diagram notation. Due to the concept of homogenous coordinates and the identification
of objects with non-zero multiples, certain difficulties in stating the term of an invariant
arise. We avoid these by referring to vector-configurations and therefore distinguish
between multiples of the objects.

Definition 3.3 Let G be a transformation group and T' € G. Let O be a collection
of tensors (representing geometric objects) and O the collection of the tensors of O
transformed by T. A polynomial ¢(O) (or ¢(tensory,tensors,...)) is called a relative
invariant if

$(0) = det(T)?¢(0)
for all choices of corresponding elements in O and for all T € G. g is called the weight
of the invariant. If g = 0, then ¢ is called an absolute invariant.

Projectively invariant properties may be expressed by the vanishing of a polynomial in-
variant . In those cases a multiplicative factor of det(7)Y changes nothing. Measuring
projectively invariant functions such as the cross ratio, we have to consider special ra-
tional functions: a polynomial function divided by another, exhibiting exactly the same
kind and the same number of objects. We will see examples later on.

In case of relative invariants ¢ has only geometric significance if tested against zero. In
our case O will mainly consist of a single tensor representing an algebraic curve. We
already encountered an example of an invariant with two distinct objects in Figure

The incidence between a point and a line: (1)) = 0. Another one is p'p’ Qij =0

with a point p’ and a conic Qij- '—@ is the corresponding diagram and the

property of a point lying on a conic - the property of the diagram evaluating to zero - is
projectively invariant.

3.2.1. The /- and s-tensor

So far we have built diagrams only by using “object-tensors” and the diagrams were
quite linear in structure. This changes when we introduce the so called e-tensor and the
closely related d-tensor. For further introduction regarding these tensors compare with
[25] or [41].

Let us start with the seemingly unimposing d-tensor. It is just the Kronecker-Delta 5{ ,
being §¢ = 1 and 627 = 0 for ¢ # j. The benefit of it is that it enables arrow-relabeling;:
For instance piég = p?. In the diagrammatic point of view it is just an intermediate

arrow:
Zl —s
i C J

In total this additional arrow remains unnoticed because of the arbitrariness of summa-
tion indices. Its power in diagram simplification unfolds in connection with the e-tensor
(see Section : If the ambient space is RP? as it is here, the e-tensor is a threefold
co- or a threefold contravariant tensor. The speciality is its total skew-symmetry: inter-
changing two indices flips the sign. Additionally fixing €103 = 1 totally determines this
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tensor:
€123 = €231 = €312 = —€132 = —€321 = —€213 = 1 .

All other components vanish due to the skew-symmetry. The contravariant e-tensor e¥/™

is defined analogously. We represent the co- and contravariant e-tensor in this order by

H< and F<

Let us state a few results concerning the e-tensor. For further descriptive explanations
we recommend [41]. If [ = p x ¢ results from the join-operation of two points and if
p = [ X m results from the meet-operation of two lines, we get:

_.\ig.@ and :4_@

@

The first diagram represents an object with an incoming arrow. Thus it is contravari-
ant, “line-like” so to say. The second diagram represents an object with an outgoing
arrow, a “point-like” object. A simple calculation shows that, performing the necessary
summations, we obtain exactly the stated vector products. Another remarkable identity
is:

bt @1 M
pigirke?F =det | p2 g2 7o
b3 g3 T2

The e-tensor simply selects all six summands that are present in the evaluation of a
determinant. In diagram notation determinants of three points or three lines read:

(»)
e and @
(m)

Now knowing about the effect of d- and e-tensor, we focus on their behavior under trans-
formations. The J-tensor has one co- and one contravariant index and thus transforms
as we already have seen in the left of Figure It does not change at all. The e-
tensor also demonstrates a remarkable transformation behavior: Applying a projective
transformation T" to an e-tensor results in a multiple of the e-tensor:

/
~@§ S
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The covariant e-tensor transforms analogously: When " is transformed as above, Epgr

transforms by T~7. The arrows are reverted and the factor becomes m. This
behavior gives rise to

Definition 3.4 Let A be a tensor with Afllfj and T be the matrix representation of a

transformation of space. Let gfll 522 " be the transformed version of the tensor A. Then

A is called relative invariant tensor of weight g if A = A det(T')9. In case g =0, A
is called an absolute invariant tensor.

As we have seen ¥ is a relative invariant tensor of weight one. In projective geometry

we do not distinguish between multiples. Doing so with the e-tensor, it becomes an
object which is not changed by any projective transformation. This property makes the
e-tensor a key ingredient in stating projective invariants.

3.2.2. Closed diagrams and projective invariants

The invariants we have met so far and the ones we will meet are all represented by a
single or a linear combination of closed diagrams, i.e. there are no dangling arrows. In
fact linear combinations of closed diagrams are invariants (cf. [41]) and the converse also
holds due to the first fundamental theorem of invariant theory (see [25]). (Beware that
the role of T and T* = T~7 is swapped in [41].)

Theorem 3.2 Let O be a collection of tensors representing geometric objects (like
curve-tensors). Let D be a closed diagram consisting of tensors in O and e-tensors. Let
there be k covariant and | contravariant e-tensors in D. If the space is transformed by
the use of a matrix T, the diagram with the transformed tensors evaluates to det(T)' %
times the diagram D.

PROOF Scalar tensors are not affected by transformations. All other tensors get trans-
formed according to the number and location of their indices. Lower covariant indices
imply a transformation by 7" and upper contravariant indices imply transformations by
T-T. (We also introduce transformation tensors around the e-tensors.) Speaking di-

agrammatically: Entries & get a T attached: O<—@% and exits Q—» get a
T =17"T. Q—»@—» But in a closed diagram each arrow is an entry as well as an

exit to corresponding nodes. Altogether an arrow is replaced by a T~ 7- and a subsequent
T-tensor and the diagrams are identical. All tensors in D originating from O are thus
surrounded by corresponding transformations. The entities of each such tensor with the
corresponding transformations may be labeled as transformed tensors. The only remain-
ing T and T~7T tensors surround the e-tensors: The T~ -tensors are grouped around
gklm and the T-tensors around €pgr- Due to the transformation behavior of the e-tensors
the transformation results in a multiplication of the original diagram by the determinant
of T to the power of [ — k. Thereby k and [ are the numbers of co- and contravariant
e-tensors used. Per construction no 7" or T~7 remains in our diagram. O

For a detailed example on this theorem we refer to [41].

The next step is to reformulate the first fundamental theorem of invariant theory. It
ensures the converse of the above theorem: Every polynomial invariant may be written
in diagram notation using only our geometric objects and e-tensors. For a detailed proof
we refer to [25] and [39].
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Theorem 3.3 Let O be a collection of tensors, i.e. a collection of coordinate-collections
with specified transformation behavior, representing geometric objects.

Let ¢(O) = det(T')? - ¢(O) be a polynomial invariant of the objects in O with respect
to projective transformations. Thereby T' € GL(3) is arbitrary and O is the set of the
by T transformed Objects in O. Then ¢ may be written as a linear combination of

tensor-products of tensors in O and co- and contravariant e-tensors.

According to this theorem, the set of all polynomial invariants of objects in O is equiv-
alent to the set of all diagrams containing tensors from O and e-tensors.

3.2.3. Diagrams and (non)-Euclidean invariants

Diagrams can also be used to represent invariants under other transformation groups
than the projective group (cf. [41]). According to Felix Klein’s Erlanger Program, Eu-
clidean and non-Euclidean geometries can be considered as special cases of projective
geometry, with a conic section - the fundamental object - attached to it (cf. [39]). Thus
according to Felix Klein, we just have to add tensors to our diagram-ingredient-list, which
represent these fundamental objects: Building diagrams consisting of object-tensors like
a curve-tensor and e-tensors together with the fundamental-form-tensors gives an invari-
ant expression.

We consider points represented by homogeneous coordinate vectors (x,y, z). In the stan-
dard embedding on the z = 1 plane Euclidean transformations are all those projective
transformations that leave a certain pair of points {I,J} invariant as a pair. These two
points have the complex coordinates I = (i,1,0) and J = (—i,1,0). Thus they both
lie on the line at infinity and both of them have complex coordinates. Rotations and
translations leave each of the two points invariant, while reflections and glide reflections
interchange them. As common in invariant theory, we will also consider similarities
and similarities followed by (glide-)reflections as Euclidean transformations. They also
leave the pair {I,J} invariant. In the set-up of Cayley-Klein geometry the pair {I,J}
plays the role of a dual degenerate conic, the fundamental object. The corresponding
primal conic is the (doubly covered) line at infinity. All tangents to this fundamental
object will pass through either of the points I or J. A Euclidean (relative) invariant
of a collection O of geometric objects is a polynomial in the coordinate entries of O
such that f(7(0)) = det(T)9f(O) for every Euclidean transformation 7. Here T is the
corresponding 3 x 3 transformation matrix and g is a suitable integer.

If we want to represent Euclidean invariants on the level of tensors (or tensor diagrams),
we could draw diagrams involving the tensors of O and I and J. Then we must take care
of using I and J in a symmetric way in the diagram. However, we could also combine
I and J immediately in a symmetric and an antisymmetric manner and introduce two
(covariant!) quadratic forms E and A (compare [53] and [54]). In matrix/vector language
the forms are defined as

I I I1J° —JI
g=|o 1 o)=Y and A=/[-1 0 -J
000 0

24

0
0] =
2 0
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Diagrammatically we get:

@R @@ -
R @® D

The tensors E and A are covariant (they have two outgoing arrows). Since I and J
remain invariant (up to a factor) under rotations, the E- and A-tensor are also invariant
(up to a certain factor). For rotations expressed by a projective 3 x 3 matrix T we have

OB D = B @D
O WD = D QD

For orientation reserving Euclidean transformations (they interchange I and J) the sit-
uation is slightly different. Here E becomes transformed as above. However, A will
change its sign.

Thus having a tensor-diagram containing @—» and @—» , we can substitute them by

using <—@—> and <—@—>:

6o 08 08 0

. B +@I§

®

nalogously we get _ .
®\®/® ‘ % ‘ @

This means that if X is symmetric with respect to the I- and J-tensor, must

vanish. This is also clear due to the skew-symmetry of A. Thus we have

Theorem 3.4 If a diagram-term consists of I- and J-tensors in the symmetry of Equa-
tion , there is an equivalent diagram-expression without these tensors but with an
E- and an A-tensor.

If the number of I- and the number of J-tensors are equal, the I- and J-tensors may be
removed completely by application of E- and A-tensors.
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If the remaining tensor is symmetric with respect to its I and J pairs, the resulting
expression without I- and J-tensors is a linear combination of diagrams, each contain-
ing no or an even number of A-tensors. Moreover: Diagrams with an odd number of
A-tensors vanish.

In the sense of Cayley-Klein geometries we have

Theorem 3.5 The set of all closed diagrams consisting of E-, A- and e-tensors as well
as of tensors from a collection O are linear combinations of Euclidean invariants of the
objects whose tensor-representants are in O.

3.3. Diagram laws or how to calculate with diagrams

We have seen how diagrams represent (complicated) analytical expressions. Now we
focus on calculation formulas consisting of tensor diagrams. We especially examine
diagrams containing curve-tensors. As we have seen: The “language” of real plane alge-
braic curves is also complex. Thus we almost always state our diagrams for complexified
curves. The conversion from real to complex represented curves in tensor-notation will
be examined before we focus on diagrammatical laws.

3.3.1. Compilexification in tensor-notation

In Section we got to know a special transformation for points, namely complexifica-
tion: There

1 4 0
=1 —i 0
0 0 1
and det(7T*) = —2i. Introducing complexification as transformation, our key ingredients

for Euclidean invariants I and J transform to 2i times the first canonical unit vector
e1 = (1,0,0)T and to —2i times the second canonical unit vector e = (0, 1,0)7, respec-
tively. Therefore, if we have a closed diagram containing copies of a single curve-tensor,
e-, I- and J-tensors, we can exchange the curve-tensor by its complexified version, I by
e1 and J by es. In the end, up to a certain factor, we have essentially the same but
complexified diagram.

For example, let us take the curve tensor Qx; representing the conic

a11(zh)? + 2a01 (2 (2?) 4 a2 (2®)? + 2a13(z") (23) + 2a93(2?) (23) + az3(z)?> =0 .

Let ¢g; be the corresponding complexified coefficients of this conic. Plugging I and J

into @) we get the identity =4- @—><—@ = 4 - c17. Thereby @

denotes the tensor with the complexified coefficients. It is useful to note that allowing
asymmetric usage of I and J permits filtering leading coefficients:

= —4cyo  and = —4cps -

Taking a curve tensor, and using only I- and J-tensors, the number of I-tensors, say k,
and the number of J-tensors, say [, essentially lead to cg;.
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In the same manner, we can complexify F-, A- and e-tensors. The transformation
of the latter is clear by Section [3.2.1} e-tensors are relative invariants of weight +1.

Complexification replaces the covariant e-tensor by itself multiplied by det(T) = %

The contravariant e-tensor gets multiplied by det(7™*) = 2i. For the remaining tensors
we have

Theorem 3.6

O—@— = @@~ wt OO~ - @@
OO = @ B wins
T = @ @  win A4,

For the complexified version of replacing I- and J- tensors by E- and A-tensors we get

6 W By DD

3.3.2. Juggling with E-, A- and one curve-tensor

S O =
S O O

Now that we know what the complexified versions of the E-, A- and curve-tensors look
like, we can stick them together and get various beautiful results. Of course they may
be obtained analogously by putting FE-, A- and (real) curve-tensors G together. In any
case the complexified curve tensors will be denoted by @, the components of which are
the complex coefficients cy; (see Section .

In this and the next sections we will juggle with multiple tensors in an equal manner:
Often we will have n multiple copies of one and the same tensor, say F, connected to
the same symmetric tensors in the same way. Thus it will be convenient to introduce a
diagrammatical abbreviation. We replace the multiple E-nodes by one E"-node. Then
n times the arrows from F are dangling from the new E"-node. As an example, we have:

Gluing only E—, A- and é—tensors, we will always get a corresponding analytical expres-
sion in the leading coefficients cy;. This is due to the shape of E and A. The degree of
the curve, given by the variance of é, is the number of arcs pointing to the node. By
algebraic evaluation or by means of formal tensor composition it can be shown that:

k times

E @) -2 n. @01 zzk_ckk.

k times
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Due to the total symmetry of G and the skew-symmetry of A = A, the expression
must vanish, whatever tensors might also be connected to G.

3.3.3. Formal tensor-decomposition and the role of E and A

For a better understanding of the structure of diagrams we use yet a different notation.
Let
a"~G11,.122,..2= Cndn - (3.15)

n times

The switch in the notation is a formal trick. This twist is similarly used, especially
in older books on invariant theory (cf. [38] or [55]): Interpreting n as an index, a”
fully describes an entry of the é’—tensor, provided d is known. Then o' may have been
defined to be equal to a tensor-component, and would consequently have an equality
“="in instead of a similarity “~”. Interpreting n as an exponent, we get n copies
of a meaningless formal component a. This a is only meaningful in an expanded and
simplified expression, namely a™ = [[;; a. This way we only have a similarity of a"™
with the corresponding component of G. As such a”, in a non-simplified term a” - a7,
can not be identified with a tensor-component. However, multiplying a term by a”
and subsequent simplification (gathering exponents) such that identification according
to Equation is possible, has the following effect: The complete term may be
interpreted as an expression in components of CA}’, which have at least r indices equal to
one. Keeping all this in mind, we will ignore the difference between “=" and “~”. We
simply write “=" instead of “~".

Now, if we are juggling with multiple copies of a é—tensor, we need to distinguish the
formal components. Those which originate from different copies must also be named
differently. We do so by associating each copy of G with a different letter. Having two
copies of a @—tensor, one of them gets associated with the formal component a and the
other with b. Of course, in a term with gathered exponents we have an equivalence
between these letters for any n:

a"=Gr1. 129..2="b" but a#b.

P A e Tt )

n times

This notational trick becomes clearer by looking at what an E-tensor is doing, when it
is connected to @—tensor(s). First of all, Eis creating a sum. In the first summand one
index, say 7, gets assigned to ¢ = 1 and a second index, say j, gets assigned to j = 2.
The second summand is equal to the first one but with switched roles of 4 and j. There
i =2 and j = 1. Consequently, an E-tensor connected to one and the same symmetric
tensor, may be described by a multiplication with (a + a). If E is connected to two
tensors, we have a multiplication with (a +b). Thus for the diagrams in the last section

= Eijéijzalg—f-é\'gl:(a-f-a) ,

Eijﬁklaijkl = 4G9 = (a+a)(a+a) ,

= 2°Gi1 1990 = (a+a)k =2kak .

& ®
¢ )
«Q»g
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In the second expression (a+a)(a+a), a single factor (a+a) may not be associated with
tensor-components, let alone with G2+ G12. This product first has to be expanded and
then each term must be simplified: (a+a)(a+a) = aa+aa+aa+aa = a?+a?+a*+a?.
Now a? = G122 (see the diagram above).

With two copies of G involved, we get

O E @ = E\ijéiaj = élag + @2@1 = ((J, + b) ,

CEr+G) = Eijﬁkl@ik@jl
= @11@22 + 612621 + 621612 + @22@11

= a’b® + ab + ab + ab? = (a+b)?,
d

CpAE)xG) = > (Z)akbd_k =(a+b)?.
k=0

Taking an A-tensor connected to one or two @—tensors7 we get a difference: In the
minuend one index, say ¢, gets assigned to ¢ = 1 and a second index, say j, gets assigned
to j = 2. The subtrahend is equal to the minuend but with switched roles of ¢ and
4, where ¢ = 2 and 7 = 1. Thus analogous to the E—tensor, the A-tensor may be
described by a multiplication with (a—a) or (a—b), depending on whether A is connected
to one or two different symmetric G-tensors. If A is connected to one and the same
symmetric tensor, A produces two equal expressions to be subtracted from each other.

Thus vanishes as we have seen at the end of the last section. With two

copies of a G-tensor we get:

C—)~@) = GrGiAM = G1Go — G2G1 = 0 =(a—b),
@+@+@) = GuGa —2G19Gon + GGi1 = 2ea9c00 — 2(c11)? = (a—b)? |

Cr@%3) = G111Ga2 — 3G119G192 + 3G122Ga11 — GGy =0 = (a—1b)?*,
d

@ii@ = d akpd—k(—1)d-k =(a—0> d .
=0 T

It is interesting to note that by using exactly one or three E—tensors, the corresponding
diagram evaluates to zero. This generalizes to

Theorem 3.7 For odd d

PROOF The reason for this lies in the coefficient structure of (a — b)?. For odd d it is

skew-symmetric: The coefficient of a*b%* is (Z) (—1)%=*, which is exactly the negative

of the coefficient ( dik) (—=1)¥ of a®*b*. Consequently summation yields

- g(}f)akbd—’f(1>d—k=%(d)<1>d—k (5 — at-428)

k=0 p

On the right hand side of this equation we only have expanded and simplified terms.
Identification with tensor-components shows a*b?=* = a?=Fb* for any k. O

47



3. Curves and Tensor-Algebra

Finally, mixing E- and A-tensors we get

Theorem 3.8

© GF (G) = (a+bP(a—b)

Summarlzlng the above, we can see by those two _theorems what formal decomposition
of G is capable of and what it can not do: Two G-tensors connected by several E- and
A-tensors may be described by (a + b)P(a — b)?. This is just a linear-combination of
all a*b?=* (0 < k < d) with corresponding coefficients. The a*b?~* may directly be
associated with ¢y g—rxCag—pr = |Ck,d—k‘2- Here we can see the redundancy contained in
(a+ b)P(a — b)?: Analogously to ¢k g—kCi—kk = Cd—k kChk,d—k We have akpd—k = qd=kpk,
This redundancy was introduced by associating different names to different copies of one
and the same tensor G. But the possibility to distinguish between the two tensors is
necessary when calculating on the formal level. For example:

2011 = (a+a) # (a+b) = @~(E)~G) = 2ci0c01 -

By the use of Equations (3.15) and (3.16) we are able to easily transform diagrams
with two copies of a curve tensor GG into a corresponding linear combination of curve-
coefficients.

(3.16)

3.3.4. Excursus: Generalizing Pascal-Triangles or the Pascal-Pyramid

We have seen the importance of the formulas (a + b)P(a — b)? in Theorem The
coefficient structure of the corresponding expanded expressions exhibits a lot of structure.
Now let us to have a closer look at the coefficient structure and examine its attributes.
This will help us later on to determine linear-combinations of diagrams in E—, A- and
G-tensors being equal to a single product and rotational type-2 expression cgc.

Again, after a little technical work, we will see a whole net of beautiful mathematical
connections. We will see that for a fixed [ the coefficients of (a + b)'~9(a — b)? with
0 < ¢ < form a basis of Ri+1 respectively CclHL, Moreover, the dual basis and thus the
coefficients of the linear-combinations we are looking for, will be easily accessible. By

convention, the coefficients of (a + b)?(a — b)? will be named C’i(p’q) with

ptq
(a+b)P(a—0b)= Z Cfp’q)apﬂ_ibi .
i=0

These coefficients Ci(p D are closely related to those of Pascal’s Triangle. They may
be nicely arranged in a pyramid, exhibiting recursive building-principles analogous to
Pascal’s Triangle. This is why the section-subtitle is Pascal-Pyramid.

Building principles of (a + b)P and (a — b)?

Let us start with the (original) Pascal-Triangle: It is a geometric arrangement of binomial
coefficients in a triangle (cf. [56] and Figure a). In each row [ = p (starting with
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[ = 0) we have the coefficients Cl-(p ) of

P

<a+b>p=2<) - lbl—chv .

i=0
and C’Z-(p ) — (7;) are binomial coefficients. The well-known building principle of Pascal’s

Triangle is that each coefficient C’Z-(p 9 with p > 1 is the sum of its two neighboring
coeflicients one line above. This recursion is due to the equivalence with a multiplication
by (a + b) and may be generalized:

Lemma 3.9 If for a set of coefficients C; and D;

l I+1
(@+0b)- Z Cia' b = Z Dia it
=0 =0

then with C_1 = Cjy1 =0 we get D; =C;1 +C; for 0 <4 <[ +1.
Consequently for the coefficients Ci(p’q) of (a 4+ b)P(a — b)? to arbitrary p,q € Npy:

cPh ) = cP® 4 o) with ¢B? =cPP =0 . (3.17)
Proor With C_; = Cl—i—l =0:
l +1
(CL + b) . Z Cial—ibz _ Z C; al+1—zbz + Z C. 71al+1 iy
=0 =0 i=1
+1 +1
_Zc—i_cll I+1— zbz_ZDal-l—l zbz O
1=0

We call Equation our “+ building-principle”, because in combination with

C(O 0 =1, the coefﬁment triangle to (a + b) is totally described.
Analogous to (a+b)P we also get a coefficient arrangement for (a—b)? and a corresponding

— building-principle” (see (3.18)):

Lemma 3.10 If for a set of coefficients C; and D;

l I+1
(a=0)-Y_ Cia b => " Dia '
i=0 i=0
then with C_1 =Cjy1 =0 we get D; = —C;_1+C; for 0 < <[4 1.
Consequently for the coefficients Cl( ) of (a+b)P(a — b)? to arbitrary p,q € No:
Ci(ple-‘rl) — _Cz(fvf) 4 Ci(Pv‘I) with C(_Pfl) Cl(ilq) =0 . (318)
Proor With C_; = ClJrl =0
l _ I+1
(a—b)-ZCiGZ_ZbZ*ZCGZ—H ipi ZC— IH1—ipi
i=0
l+1 I+1
_ Z C Cz 1 l+l zbz ZDCLI+1 zbz O
1=0

The coefficient triangle to (a—b)? can be seen in Figure mf. It is a kind of a generalized
Pascal-Triangle. Starting with the tip C(()O’O) = 1, we may generate this triangle just by

using Equation (3.18)).
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Analyzing (a + b)P(a — b)?

Now we may generalize the Pascal-Triangle to obtain many coefficient triangles with some
of the top lines cut off, coefficient trapezes so to say. We can do so in two different ways:
The arrangement may correspond to (a +b)(a — b)? for a fixed g or to (a+b)P(a —b)~
for a fixed p and variable remaining exponent. In the first case we take the coefficients

Ci(o’q) corresponding to (a — b)? and generate new coefficients of our arrangement by our

“+ building principle” (3.17). This way the ngo,q) fill the topmost row in our triangle,
which is not cut off. Figure b—e show this for ¢ € {1,2,3,4}. In the second case

“_

we take the coeflicients Ci(p 0) corresponding to (a + b)P and our building principle”
(3.18). Figure g—j show this for p € {1,2,3,4}. In any case, we get an arrangement
which is triangular in shape with the top ¢, respectively p, rows missing.

Looking at the coefficient pattern of (a+b)(a—b)? (Figure|3.8/a-e) we can see symmetric
and skew-symmetric arrangements with the symmetry-axis passing through the tip of
the triangle. In the patterns of (a + b)P(a — b) (Figure [3.8/f-j) we have alternating
symmetric and skew-symmetric lines. In any case the elements on the symmetry-axis
vanish in the skew-symmetric lines. Let us gather these observations in

Lemma 3.11 The coefficient-pattern for (a + b)P(a — b)? is skew-symmetric if q is odd
and symmetric for even q. Thus

O = (e (3.19)
PROOF According to the “+ building principle” (3.17)), the pattern for (a + b)(a — b)?
inherits its symmetry from the symmetry of the line corresponding to (a — b)?. We may
think of the coefficient-arrangement corresponding to (a + b)(a — b)? as a line with

coefficients from (a — b)?. Attached to each coefficient there is a whole Pascal-Triangle,
scaled by the coefficient the triangle is attached to. Summation over the overlap gives the

1
desired coefficient pattern. (In Figure [3.8/¢ we have three overlapping triangles 1 1 5 1 1

scaled by 1, —2 and 1, respectively.) Algebraically (compare with Equation (A.1)) in the
appendix):

=5 S ()(, ) o

=0 r=max(0,i—q)

7Ci(P;‘1)

) min(p,p+q—1) o q
T— _1\pta—itr
i =2 ()G

r=max(0,p—1)

min(p,i)

B (e - e

s=max(0,i—q)

Analogously we may get a correlation between the coefficients of (a + b)?(a — b)? and
(a+b)%(a — b)P.

50



3. Curves and Tensor-Algebra

Lemma 3.12 Corresponding coefficients of (a + b)P(a — b)? and (a + b)%(a — b)P differ
at most by a factor of —1:
o9 = (—1)icle”) (3.20)

min(q,i)
) q p =T
oo~y (T) <Z P T) (-1)

r=max(0,i—p)

min(p,i)
s=i—r q p s i~(p,q)
> (_)()( ) (-1)c]

s=max(0,i—q)

PROOF

Building the Pascal-Pyramid

Now that we have the coefficient structure of (a + b)P(a — b)? for any given ¢ we may
stick these together and form a coefficient pyramid. Figure [3.8p shows the pyramid
viewed from the top. We call it the Pascal-Pyramid. The pyramidal structure is
formed by successively superimposing the (tip-less) triangles for (a + b)*(a — b)? with
x =0, x = 1, ... in a decent distance from the previous triangle, such that the
planes containing the arrangements are parallel to each other. The same is true for the
(a+b)P(a — b)*-arrangements. This way the original Pascal-Triangle and the triangle to
(a — b)? automatically are opposing triangular faces of the pyramid (see Figure .

In our pyramid we have a lot of coefficients, which may be generated by the “+ building-
principle” as well as with the “— building-principle”. These are exactly those coefficients

CP9 with p #0 # q.

Slicing the pyramid into horizontal layers

Now we may slice our pyramid into layers. A layer [ of the pyramid is formed by all
coefficients of (a + b)P(a — b)? with constant | = p + ¢. This corresponds to placing the
square-face of the pyramid on the ground and slicing horizontally. Layer 0 consists of just
the tip of our Pascal-Pyramid and layer [ has an (I+1) x (I + 1)-coeflicient-arrangement
(see Figure[3.8 k-0). Taking four neighboring coefficients, which form a square in a layer,
these coefficients are related. This relation is due to the connection of these coefficients
via the “+ and — building-principle” to one and the same coeflicient one layer below:

Lemma 3.13 For all p,q > 1 and 0 <i < p+q with C“7) = ¢ ;7" = ¢

eV = ¢t 4 o 4 oY (3.21)

ProOOF Equation (3.17) and (3.18]) prove the assumption. O

Thus graphically this lemma tells us: The upper left coefficient of four neighboring
coefficients forming a square in a pyramid layer is the sum of the other three coefficients.
Let us interpret the coefficients of a layer I as coefficients of a matrix L. The compo-

nents of L) are L((Ili) = CZ-(l_q’q) with 0 < ¢,7 <. The “+ and — building-principle” can

o1



3. Curves and Tensor-Algebra

/1\\
I -
I 2 1
s g _1
L4
1

6 4

N
N

a) (a+b)(a—0b)° e) (a+b)(a—b)? i) (a+b)*(a—b)- m) pyramid layer 2
b) (a4 b) " (a —b)! £)(a +b)°(a —b) j) (a+b)*(a—b)" n) pyramid layer 3
c) (a+b)(a—b)? g) (a+b)'(a—0b)~ k) pyramid layer 0 o) pyramid layer 4
d) (a+b)(a—b)® h) (a +b)*(a — b)~ 1) pyramid layer 1 p) Pascal-Pyramid

Figure 3.8.: Pascal-Pyramid
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also be seen in this layer-notation. For any [ € Ny we have

0 0
) _ Lo ; N : r®
0 0
C(();»O) . Cl(;o) C(();’O) C;;’O)
B O I I
L® —_L®
0 0

There are many other relations in the pyramid-layers: The | — 2 rows in the middle of
layer [ contain two copies of layer [ — 2 or three binomially weighted copies of layer [ — 4
However, we want to focus on a different property of the pyramid-layers: The linear
independence of the row-vectors in a layer.

Theorem 3.14 The row-vectors of each L) form a basis of R respectively CH1 and
the basis of the dual-space is formed by the column-vectors of L():

LO . O =21
with the (I 4+ 1) x (I + 1)-unit matrix I.
PROOF The proof of this theorem mainly makes use of Equations (3.17)) to ( - As
it is rather technical, we omit a proof here and refer to Appendix [A
3.3.5. Juggling with E-, A- and two curve tensors

Let us revisit Theorem E It said that the diagrams, con51st1ng of two G-tensors
connected by several E- and A-tensors, behave like (a + b)4%(a — b)?:

G ORI

Expanding this expression we get

d
d—q, d— (d— A d—
Y ey = E CU=PDC 1. 2Gh 12,2 E:C( ) C4rp Crar -
\,./ ~—~ —0
d—r times r times

Thus with the excursus on the Pascal-Pyramid we are now able to state the “converse”:
the linear-combination of diagrams evaluating to the products cq—p., ¢, q—pr:

Theorem 3.15 The product of leading coefficients ¢4y crq—r (0 < 17 < d) is a Eu-

clidean invariant and
1< S
-5 3.4 D

d —r times r times r times d —r times

Cd—rrCrd—r = @ @ e a @

@b
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PROOF We use the terminology of our excursus on the Pascal-Pyramid. The expression
on the right hand-side is a linear combination of (a + b)4~9(a — b)? (0 < ¢ < d). This
corresponds to a linear-combination of lines in the Pascal-Pyramid layer L(®. The
left hand-side corresponds to a®~"b". Thus we are looking for a linear combination
of layer-lines equating to the canonical unit-vector e, € R4, According to Theorem
the coefficients of the desired linear-combinations are the coefficients Cédfw) of
(a+b)"(a—0b). O

In Theorem we have seen that = 0 for odd d. The proof used the

antisymmetric coefficient structure from (a —b)?. In Lemma we have seen that also
the coefficients of (a + b)4~9(a — b)? with odd ¢ have this property. Consequently

@ %‘@ =0 for odd q.

Thus the sum in Theorem contains zero-summands if d > 1. This is no contra-
diction to Theorem The summation over all ¢ effectively is a summation over
every second line having an even g. These lines have a symmetric structure, namely
Ci(d_q’q) = (—1)‘10&;(1"1) = C’C(ld qu) and thus all linear combinations have a symmet-
ric structure: This symmetry corresponds exactly to the symmetry in the coefficient-
products: ¢q—q ¢Cqd—qg = a®=1pt = q1p—9 = Cq.d—qCd—q,q (be aware of the indices).

Among the expressions cg;c;, we have the interesting special cases, when k& = [. Section
m introduced cg, as a G-node connected with % times an E-tensor. From Theorem

3.15( we get a different representation for the squared diagram. With k& = 2 we have

A >2: Lo
< q—0§sven ! @ \@/ @

B0 = @0 - @=@+Q)

This is so to say the simplest version of (3.22). It encodes 4 - ab = (a +0)% — (a —b)2
Equation _Is not using any symmetry or other properties of G and is therefore
1ndependent of G. Thus

which corresponds to EMEmn — pkmpin _ gkm Aln Ty fact Equation 1' may be
taken as an application of this rule. Consequently we get the

(3.22)

Especially:

(3.23)
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Theorem 3.16 The Euclidean invariants cyjcy, of a curve may be written as a linear-
combination of diagrams containing only the curve tensors G and E-tensors:

@@@

cklclkespan{ 27“+s:k—|—l/\r,s€N0}.

The evaluation of the diagrams in the above theorem gives us:

S

(a+a)" - (a+b) (b+b)" =4"a"b"(a+0b)*=4" Z (j) Cstr—ir+iCrti,str—i -
i=0

Thus the coefficients are binomial coefficients. For a given variance of @, the relevant
coefficient structures correspond to every second line in Pascal’s Triangle. Due to the
scaling by 4" we have a coefficient sum of 22"+, Thus this sum is equal for all such
diagrams using two G-tensors of the same fixed variance.

Example 3.3 Let G be a curve-tensor to a curve of degree d = 4. Then we have:

diagrams and evaluation coefficient structure

@ =@= @ = 2cq0c04 + 8csi1c13 + 622022 1 4 6 4 1
= 8c31c13 + 8caacan 4-14-2 4-1
= 16ca2c22 16 -1

The first diagram corresponds to the fifth line in Pascal’s Triangle: 1 4 6 4 1 and
1-cq0coa+4-c31¢13+6-coocoo +4 - c13c31 + 1 - coacyg is the diagram—eva]uation. The next
diagram corresponds to four times 12 1, etc. . The coefficient sum is always 2* = 16.

Summarizing our results, we have seen that coefficient-products cy;cy; of leading coeffi-
cients are Euclidean invariants. They may be written in simple diagrams using only the
curve-tensor G and e1- and es-tensors or G-, I- and J-tensors. We are also able to restate
these invariants without e;- and es-tensors (or I- and J-tensors). We can restrict our-
selves to the invariant geometric objects of the corresponding Cayley-Klein-Geometry:
the dual conics given by F and A or, in the complexified version, by E and A. In the
connection between cgc;, and the diagrams with only é—, E- and A-tensors binomial
coefficients, or generalized ones from the Pascal-Pyramid, can be found almost every-
where. Finally we are able to state these invariants as linear-combination of diagrams
which dispense of A-tensors. R R

The linear-combinations of diagrams containing only E- and G-tensors evaluating to
absolute values of leading coefficients are not far away. Theorem [3.15 in combination
with Equation |3.22] would lead to corresponding expressions. We will omit this very
special replacement-examination and focus on more general ones.
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3.3.6. More replacement rules

The representation of invariants is by far not unique. We have already seen a replacement
rule linking I-, J-, F- and A-tensors. But also projective invariants may be represented
by several linear combinations of diagrams, which look completely different. This effect
is common to invariant theory. For instance, in the classical projective invariant theory
there exist certain syzygies. Grassmann-Pliicker relations may, for example, be written
as always vanishing expressions, independent of the value of the objects involved in
the expression. Adding such a syzygy to an invariant does not change it as such but it
changes its concrete algebraic appearance. On the level of tensor diagrams the structural
components of a syzygy can be nicely separated from its coordinate entries. For instance
the Grassmann-Pliicker relation

det(a, b, c)d — det(a,b,d)c + det(a, c,d)b — det(b,c,d)a =0

translates to the tensor diagram equation:
o (o (o )2

O T oo Yeos Yoo« Yoo
Vo Frod oY

Here sub-diagrams in each summand have to be multiplied. The four letters a,b,c,d
occur in each single summand. And each single summand has exactly one outgoing
arrow. This is also the requirement on terms to enable tensor-addition (compare with
Section . As a matter of fact, the specific points that are used in the summands
can be neglected as long as the fact that the ends of the e-tensors and the free arrows
are connected to consistent parts of a surrounding diagram is ensured. If we rewrite the
above equation in the tensor language, we get:

aibjckdlsijkélm — aibjckdleijl%” + aibjckdleiklégn — aibjckdlsjklézm =0
where m plays the role of the outgoing index. We can factor out the points and derive:
6ij/€52n — 6,‘]‘[521 + Ez‘kl(s;ﬂ — 5jk151m =0.

This is the essential structural part of the Grassmann-Pliicker relation. It tells us that
for any diagram that involves an e-tensor and a disjoint arrow, we get an equivalent
diagram by summing three copies of the original diagram in which the e-tensor and the
arrow have been suitably rewired. One might wonder about the use of this replacement
of a diagram by the sum of three diagrams with equivalent complexity. A first answer
to this is that it imitates addition of a Grassmann-Pliicker relation or a similar syzygy
to an invariant as mentioned before. This is a powerful operation in classical projective
geometry and invariant theory, for instance it is the basis of the straightening algorithm
(see [44]). However, there is also a second answer: The above equation is not the only
one of a similar type — and there are some of them that greatly help to cut down the
complexity of diagrams. For the projective plane the following one is perhaps the most
elementary and most useful. It is the so-called e-d-rule:

eire ™ = 5107 — 570k .
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3. Curves and Tensor-Algebra

It can be proven by brute-force-expansion of the terms. Translated into diagram language
this becomes:

?
S

A

m

o~

m l m l

Thus the e-0-rule can take a diagram that contains two adjacent (co- and contravariant)
e-tensors and replace it by the difference of two diagrams, in which these e-tensors have
vanished. We will see later how useful this operation is. Perhaps one word of caution is
required here: e-tensors are antisymmetric tensors. This means that interchanging two
indices corresponds to a multiplication by —1. When dealing with diagrams one has to
be careful not to interchange two arrows of an e-tensor without changing the sign of the
corresponding diagram. It is even possible to derive the Grassmann-Pliicker relations by
suitable application of the e-d-rule.

Another very important replacement rule concerns the F- and A-tensors. The tensor
(A*) can also be generated in a different way. Let 0o, = (0,0,1) be a covariant tensor
that represents the line at infinity. The line at infinity is spanned by I and J (in vector
notation we have I x J = 2i-00) and we get:

W W

Thus A* ey, = 200,,. This can also be proven by expanding the tensors. Furthermore
it is easy to prove that 0o,,e®™ = — Akl as the following diagram shows:

@ - @< - =@

Thus in the presence of e-tensors, the A tensor and the line at infinity are essentially
the same. Diagrams that only involve the A tensor, geometric objects and e-tensors
represent affine invariants.

In diagrams that contain both A tensors and E tensors we always may assume that there
is at most one A tensor involved. This is due to the behavior of E and A as shown in
the last section. We need only one A-tensor since we can replace any pair of A tensors
by a suitable linear combination of a pair of F tensors, as the following theorem shows

Theorem 3.17
AijAkl — EilEjk . EikEjl )

This could again be easily proven either by expansion or by expanding the terms into lin-
ear combinations of I and J or by carrying over our results with E and A. Diagrams that
only contain E-tensors are invariant under all Euclidean transformations. Diagrams that
contain an (odd number of) A tensor(s) are only invariant under rotations. Nevertheless
setting such a diagram to zero may result in an Euclidean invariant property.
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3. Curves and Tensor-Algebra

At this point there is a wide range of possibilities for future work: The diagram notation
and the replacement rules enable very elegant visualizations of geometric incidence the-
orems (for a first approach see [41]). It is also very interesting to examine substructures
which make the whole diagram vanish. This way a diagram construction kit can be
built up. We abstain from this general diagram examination and refocus our attention
on curves, especially on the behavior of curves under transformations. Later we will
visualize our results, mainly the invariants, by the use of tensor-diagrams.
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4. Curves and selected transformations of
the plane

In this chapter we focus on invariants and on features of real algebraic curves. We
assume that we have a given coefficient vector. Furthermore we assume that the curve is
complexified unless explicitly stated otherwise. A curve is, of course, entirely determined
by a coefficient vector, which contains all information. Consequently, features of the
curve, such as rotational symmetry, must find their correspondence in the algebraic
structure of the coefficients. In this chapter we will investigate how geometric curve
features can be extracted from the algebraic description of the curve. The complexified
representation allows for a much simpler extraction process. Also normal forms and
invariants are easily accessible.

Firstly, however, we will focus on rotations, more precisely on rotations around the origin.
We will extract a set of invariants, which allows us to totally reconstruct the curve up
to this kind of rotations. Also a normal form with respect to these transformations
will be presented and diagrammatical results will be contained. In a second step we
mainly study the same issue for translations. Together with rotations we get orientation
preserving Euclidean motions. Reflection and scaling are studied afterwards as well as
detection of rotational and reflectional symmetry.

4.1. Rotating curves around the origin

A rotation is a Euclidean motion with a fixpoint: the center of rotation. Any rotation
with arbitrary center can be carried out in three steps: First apply a translation 7, which
maps the center of rotation to the origin. Then perform the rotation by the desired angle
¢ and apply 7! afterwards. We will deal with translation later on (see Section .
Thus, when speaking of rotations, we confine ourselves to rotations around the origin
and an arbitrary rotation angle (.

The description of the coefficient-transformation conceptually differs from [46] only in
the use of multinomial coefficients. The presented complete set of invariants however is
purely on the basis of the complexified curve-coefficients. A proof of completeness and
a method for reconstruction of curves with only the invariants at hand is not contained
in [46]. Even more: [46] as well as [47] lack the examination of potentially undefined
invariants due to vanishing coefficients leading to undefined expressions or division by
Z€ro.
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4. Curves and selected transformations of the plane

4.1.1. Effects of the complexification

The main benefit of complexification is that in this representation a rotation of the plane
is very easy to describe. A rotation of the plane is a mapping where

22z = I+ iy = (cos(p)r —sin(p)y) + i(sin(p)x 4 cos(¢)y)
= (cos(p) +isin(p))(z +iy) = €'z

and consequently Z — e~ ¥Z.

This means that z¥z! — etk=D¥ k%l which in itself is also a rotation. Thus rotating a

curve F(z,Z,h) =0 by ¢ we get

d
yh) = F(e "z,e"%Z,h) = Z mpcp - € FHDe L Rzl pd=k=l —
k+1=0

gij
)
“z\z\
=
I
|
n
Wl

and the transformation of the coefficients cy; is particularly simple:

i(—k+1)

Cpl— e Yerr - (4.1)

In matrix notation we have only entries of the form e’ with n € Z:

( T M;Te =
Coo | €10 Co1 | C20 €11 Co2 | €30 €21 C12 CO3 | --- =M, C=

1 C00
e v¥

€10
Co1
C20
1 C11
e co2 | (42)
€30
€21
€12
€03

er®

—1-2¢

-3¢

_ AT
= M,

Mg T =w-TLTWT is the complexified version of LT from 1’ Thereby multipli-
cation by W~T and W7 causes complexification (see ) The matrix M T acts on
our complexified curve coefficients ¢j; and is of diagonal shape. We have:

Theorem 4.1 Rotating the plane around the origin by an angle ¢ means rotating the
complexified curve-coefficients according to Equation .

If a curve is rotated by ¢, the rotation of a cg; is determined by the coefficients’ indices:
e — ek e e ¢y is rotated by ¢ - (—k +1). Therefore we call (—k + [) the
(oriented) rotation speed of cy;.
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4. Curves and selected transformations of the plane

Ci0 C10
Co1
Co1 C30
C
Coo Coo 30
C20
C20

Fy Fr

18

Figure 4.1.: Rotated curves: cqg is stationary, c1g and ca1 rotate by —¢, cog by —2¢ and
C30 by —3g0.

The coefficient triangle introduced in (2.17) on page shows that the order of the
columns corresponds to the rotation speeds of the coefficients:

blocky(c) curve coefficients

t=20 | | | 1 Coo | | | |

_ | | | | | | | |
t=1 [ [ , €10 , €01 [ [
t=2 I I Co0 | I C11 ! I Cp2 | I

_ | | | | | | | |
t=3 | €30 , C21 , C12 | €3 |

.« .. P ‘ PR ‘ .. ‘ ‘ ‘ ) ‘ PR ‘ ‘
rotation speed .. =3 -2 -1"0 1 2 3

The transformation matrix Mg T from Equation is consistent with our complexi-
fication process: Conjugate coefficient pairs remain conjugate after the transformation
and the real cgj stay real. Comparing to the transformation for the coefficients ay;
of a curve in our real representation as shown in , we can directly see how powerful
complexification is.

Figure shows a curve F' and by ¢ € {{g, 5} rotated copies I, of F'. The coefficients
behave according to and and are indicated by vectors.

4.1.2. Invariants with respect to rotations around the origin

When a curve is rotated around the origin, curve coefficients of the form cpi remain
unchanged - invariant so to say. But there are also other expressions in the curve
coefficients, which remain unaltered. For example cig - co1 — e “Peig - €co1 = cio - Cot-
Any product of curve coefficients is multiplied by e"¢ (for suitable r), when the plane
is rotated by ¢ around the origin. This is likewise a rotation. The rotation speed r of
such a product is the sum of the rotation speeds of factors of the product. For example

chl + Cpg — exp(i [(—k + 1)+ (=p+ q)| ) - cri - Cpg = €7 i+ Cpq -
=r

The rotation speed of ¢y is —k + [, the one of ¢pq is —p + ¢ and the rotation speed of
the product ¢ - cpg is 7 = (—k+1) + (—p+q).
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4. Curves and selected transformations of the plane

The clue is now to find products of coeflicients which have a vanishing rotation speed.
These products must be invariant under rotations of the plane. To find these products,
it is helpful to look at the coefficient triangle above, since the coefficients were ordered
according to their rotation speed.

Now we have a wide range of invariant expressions. At a first glance we can directly see
three types of invariant expressions:

1. form parameters cpx
(rotation speed: r = —k + k =0)

2. lengths ¢y = \ckl|2
(rotation speed: r = —k+1—1+k =0)

— —k+1
3. angle relations contained in (ckl)%(cpq) m with positive

m = ged(|=p +ql, |-k +1])
(rotation speed: r = (pm;q)(—k +1)+ #(—P +4q)=0)

These expressions are purely formal. Not all of them lead to necessarily well-defined
expressions for a specific curve. For example, take a curve with c1g = 0, then type-
3 invariant chyc;? is not defined. However, these expressions are already complete in
the following sense: Given all values to the well-defined expressions for a specific curve
C, a curve-coefficient-vector may be reconstructed. This vector belongs to a curve C,,
differing from C only by a rotation. We will see this in detail in Section

The above expressions are complete but they are not well-defined for all curves nor are
they free of redundancies. They have to be removed in order to get a minimal necessary
invariant set.

4.1.3. Reducing rotation invariants
Rotation invariants, graphs and the folded coefficient triangle

Let us interpret the invariant expressions with the help of a graph whose nodes cor-
respond to the entries of our coefficient-triangle. Type-1 invariants, for example, are
represented by the coefficients (nodes) on the symmetry axis. All other expressions
constitute the set of edges in a graph: An edge connects two coefficients which are the
ingredients for one invariant expression. The invariant cgjc; corresponds to the edge
connecting the nodes cg; and c¢j;. Interpreting the rotation invariants this way we get a
graph whose nodes are the curve-coefficients and whose edges correspond to the type-2
and type-3 expressions. Moreover, some nodes are self-connected (cg; = ¢,q) and some
edges occur more than once (i = ¢pq).

Removing the redundancy in the set of the above expressions translates to removing
superfluous components of the graph, the self-connectedness for example. If in the type-

k—1 —k+1

3 expressions ¢y = Cpq, then (cg) m (ck) = = 1. This is a scalar and thus naturally
invariant under rotations. Such an invariant does not carry any information on the
curve.

Talking about information contained in the invariants, we have to bear in mind that any
coefficient c¢j; carries the same information as ¢, = ¢;;. This is also the source of the
symmetry of our coefficient triangle. Thus reflectionally symmetric edges in our graph
carry the same information because they differ only by conjugation (see left image of
F igure. One of these edges is superfluous. Instead of removing one edge in our graph
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4. Curves and selected transformations of the plane

we switch to an easier representation, which does not contain the redundant symmetry:
Imagine a folded version of the coefficient triangle, where the original symmetry axis
is now triangle-border. This way conjugate coefficient-pairs get superimposed and cgy-
coefficients stay alone.

Using this folded triangle as basis for a graph, we get nodes of the form cg; and of
the form (cg, cj) with k # [. Former symmetric edges are now two edges connecting
the same two nodes (see Figure . We also reintroduced self-connectedness: Type-2
invariants are the products cgcy,, connecting (cg, ¢ )-nodes with itself.

blocky(c) || curve coefficients blocky(c) || curve coefficients
t=0 t=0 €00
t=1 t=1 €10, Co1
t=2 t=2 Ca08 en
t=3 c30 o3 t=3 €30, C03
(co2)(c21)? and (c12)?(c20) folded coefficient triangle
differ by conjugation incorporating both expressions

Figure 4.2.: Redundant rotation invariants

Removing redundant invariants

Focusing on the reduction of redundant expressions, we have already removed type-3
expressions with cg; = ¢pg. Also ¢ = ¢pq leads to (ckl)%(clk)% = c¢piCk, which is of
type 2 and therefore excludable from type 3. Other trivialities are: type-2 expressions
with k& = [. These expressions may be obtained by squaring suitable type-1 invariants.
Furthermore we may restrict k > [ to get rid of doubly listed type-2 expressions. Type-3
invariants containing a coeflicient of the form ci; may also be generated only by type-
. P—q —ktk 11 oep k4l 9

1 expressions: (cgg) ™ (cpg) m = (ki)™ or (cpr) ™ (cpp) ™ = (cpp)™ -
these invariants form type 3 isolates the cgip-nodes in our graph. It also rids us of
divisions by zero in case a ¢y vanishes for a given curve.

But there might be more division-by-zero problems. Let us focus on all invariants relating
to the two nodes (¢ys, csr) and (¢, cyt). These are ¢pscsyr, cpucyr and altogether eight

type-3 expressions

Removing

(cre) 7 () T, (o) T (eng) T, (o) T (ew) T, (o) T () T
Za 1 e =3
(cut) ™ (Cor) Ty (o)™ (Cat) s (Cut) ™ (Crs) s (rs) ™ (Cut)
=a =@ ~7B -

The latter eight invariants correspond to the eight edges between two non-isolated nodes.
They may be generated by taking one coefficient of each node and putting them into the
context of a type-3 expression. Thereby the order of the coefficients is important due to
the antisymmetric choice of the exponents.

Some relations between these expressions, i.e. conjugation or inversion, are already in-
dicated below the brackets. But there are many more, when the type-2 expressions are
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4. Curves and selected transformations of the plane

—r+s

‘ctu’4377

—t+tu
|cps| ™

-1
R T o]
Iy %) |Crs|
{B,8,(L), L}—{a,@ 5, (3)} {o,@ B, 8}—{3,(5), (), 2}
conjugation &\ 7 nversion 3

(0

«

{008, 5, 51—{@.B,(3). (3)} {onB,@, B—{3, 5, (5): (2)}

Figure 4.3.: Connections between type-3 expressions
- r=s  — —ttu
utilized. For example a - |cy| ™ = B or a-|eps| ™ =

Figure shows the rich
connections between these expressions.

These connections make obvious that the two type-2 expressions c¢,scs- and cgycyr to-
gether with only one of the eight type-3 expressions contain all the information: With
these invariants at hand, the seven missing expressions may formally be calculated. In
our reduction process we are now free to choose one of the eight invariants. This is
a great benefit because we may now ensure that we only use invariants with positive
exponents. This way type-3 expressions never run into divisions-by-zero.

According to these observations and the equivalence of conjugate expressions with re-
spect to their informational content, we restate our rotationally invariant expressions in
reduced form:

Q@I

reduced 1: expressions of the form cyy,

reduced 2: expressions of the form cyc; with k # 1
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4. Curves and selected transformations of the plane

p—g

reduced 3: expressions of the form (c) ™ (cpq)% with m = ged(p — ¢, —k + 1)
3a: and additionally if k+1=p+q, thenp—q¢>—-k+1>0
3b: and additionally if k 4+ <p+¢q, then p—q,—k+1>0

The exclusion of type-3 expressions with k+1 > p+q is due to informational conjugation-
symmetry. In the same way we could have chosen to exclude k +1 < p 4+ q. The
division into the two sub-cases 3a and 3b is necessary. 3a occupies itself only with
coefficients contained in a single block blockyi;(c). Therefore 3a-expressions will be
called intra-block-invariants and 3b expressions inter-block-invariants. Figure 4.4 shows
two expressions in the context of the folded coefficient triangle.

blocky(c) || curve coefficients blocky(c) H curve coefficients
t=20 Coo t=20 Coo
t=1 C10, Co1 t=1
t=2 C20, Co2 C11 t=2 C11
t=3 (©C30)<03 €o1-(C12 t=3 €30, C03

Left: type-3a expression is indicated by an edge between (cs0, co3) and (c21,c12) Due to —k +1 > 0 and
p —q > 0 follows: (k,1) € {(0,3),(1,2)} and (p,q) € {(3,0),(2,1)}. With p — ¢ > —k + [, the indicated
invariant is (c12)3(cs0)'.

Right: type-3b expression is indicated by an edge between (c20,cy,) and (c21,c12). From k+1 < p+q
follows: (k,1) € {(2,0),(0,2)}. With —k +1 > 0 and corresponding analysis for (p,¢), the indicated
expression is exactly (co2)*(c21)?.

Figure 4.4.: Expressions of type 3a and 3b

Returning to our graph, representing the invariant expressions, we now have a reduced
one: The c¢iip-nodes are isolated. All other nodes are self-connected due to invariant
cric, expressions. Additionally any (e, ¢ )-node is connected with any other (cpq, cgp)-
node exactly once. Thus the non-cii-nodes build a complete graph. The edges of the
complete sub-graph, together with the isolated nodes, resemble the set of the reduced
expressions from above.

In the context of a given curve some nodes of the complete sub-graph might vanish. If this
is the case, then all edges connected to this node represent vanishing type-3 expressions.
However, the information whether a coefficient cg; in the sub-graph vanishes (and thus
also c¢g;) is already contained in a corresponding type-2 expression cgicy,. Consequently
these type-3 invariants carry no additional information and are superfluous in the context
of this given curve.

The number of invariant expressions listed in the reduced form may be calculated as
follows: If we restrict ourselves to coefficients contained in blocky(c) up to blockg(c),
then we have n; = [%] type-1 expressions, ny = [%(d + 2)] type-2 expressions and
ng = ("22) type-3 expressions.

Meaning of the invariants

The geometrical meaning of the invariants was already indicated when we listed the
expressions for the first time. Now, with the reduced version, it becomes much clearer.
In fact, only the reduced version allows such a strict association because the original type-
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4. Curves and selected transformations of the plane

3 formally contains expressions of the other types. However, the general idea behind it
justifies this approach.

Starting with type-1 expressions we have cg; as form parameters or radii. ¢ appears
in connection with ¢x,2*2"*, which in real representation evaluates to ¢ (x2 + y2)k. In
c112%Z = cop we have a circle with radius %

Expressions of type 2 are lengths: cpcp = |ckl\2. The corresponding expressions with
real curve coefficients are slightly more complicated but still lengths. For example,
4~|010|2 = 4'010601 = a%o—ka%l = ‘(alo, a01)| or 16"620‘ = 16‘620602 = (ago—a02)2+a%1
= |(ag0 — ag2, a11)|. We can rewrite our coefficients in polar form cg; = rg; - exp(ivg)
with non-negative r;. Then type-2 invariants fix r; because

i = |ew| = Vewew - (4.3)
Thus in the coefficient-space of curves an invariant of type 2 fixes one degree of freedom.
In the same way, we may rewrite invariants of (reduced) type 3 by

P—q —k+l .
(ckt) ™ (Cpg) ™™ = Tkipg - xP(iPkipq) -

According to our observations above, Ty, = (71)P~9(1pg) KT

2 invariants.
So let us focus on the exp-part and apply the logarithm. Consequently, with the gcd of
the corresponding rotation speeds m = ged(|]—p + ¢, |—k + 1|) we have

is already known by type-

- —k+1
P q@kl + —Ppa = Phipq mod 27 . (4.4)

Thus a type-3 invariant contains an angle-relation between two coefficients. Invariants
of type 3 essentially are weighted sums of angles. The corresponding expressions in real
curve coefficients may be calculated by using trigonometric functions in the real coeffi-
cients ag;. The type-3 products’ main feature is that any coefficient may be combined
with any other such that the result builds an invariant. Thus considering expressions
with three or more different coefficients is superfluous. These can be generated by com-
bining invariants listed above.

4.1.4. Reconstruction of a curve by rotation invariants

Suppose we have given values to all type-1 and type-2 invariants and (at least) all values
to all non-vanishing expressions of type 3. By type 1 all ¢i-coefficients are determined
and by type 2 all r; € R with ¢ = re'* are known. If ri; = 0 for all r; with
k # 1, all curve-coefficients are already determined and the invariants belong a curve
consisting of one ore several concentric circles. Otherwise, we are left with determining
the angles yy; for coefficients cg; # 0 with &k #£ [.

According to the sole rotational degree of freedom, one of these angles will be left
undetermined. For any pair of non-vanishing coefficients ¢, and ¢,y (k # [ and p # q),
we get a non-vanishing type-3a/3b invariant and thus a relation between the angles g,
and ¢, (see Equation ) The principal problem of this Equation is that with
given @y, and with one given angle, the other angle is in general not totally determined
modulo 27: We have either

—k+1 m * Oklpg 21 -m
= “pg — ———— mod
—pP+q —pP+q —pP+q

Pkl
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or

—-p+q m - Qklpq 27 -m
- M kg 0q

Tk PR T MY T

with m = ged(]—p+¢|,|—k +1|). In any case, one given angle determines the other
only up to certain complex roots of unity. Figure [4.5 illustrates this: We oppose the two
related angles displayed as nodes with rays in the according angles.

Ppg =

o

ppq determines ¢ up to 7m+q—th roots | ¢ determines ¢pq up to *’:nH—th roots

. — 27 . T 27
here: pr =0 mod here: ¢pq = 7 mod F

Figure 4.5.: Rotation invariants determine angles up to complex roots of unity

In addition to the ambiguity due to the rotational degree of freedom there is might be
ambiguities due to the angle-relations. Such ambiguities are not always resolvable, even
if we take all invariants into account. However, we will see that all coefficients satisfying
the given relations lead to rotated copies of each other and reconstruction up to rotations
is possible.

Now, let ¢,, be chosen arbitrarily. We show that all possible angles for ¢;; can be
obtained by a rotation of the plane leaving ¢, invariant. Rotating the plane around the
origin by ¢, we get pp — pr+(—k+1)1 and ppq — @pg+(—p+q)9 (see Equation (4.1))).

Thus rotations by 9 = n_ifrq do not change ¢, for any n € Z, but
—k+1
rt e+ (—k+ DY = o+ 2T
—p+q

27 -m —k+1
“n
—p+q m

= Y+

With m = ged(|]—k + 1|, |—p + q|) we have relatively prime =25 and =&t Thus
2m - m
nEZ}:{ -7 mod 27 TEZ}.

—pP+q
Consequently, choosing the rotation properly we can switch between the choices (rays)
for pi;. One brief note: Here it becomes clear why the type-3 invariants have their
exponents divided by a corresponding gcd-value m. If we had stated our invariant
expressions without m, then the choices for ¢g; would have included angles which could
not be obtained by our special rotations of the plane.

27 - —k+1
{ 7rm'n + mod 27

—P+q m

Example 4.1 As an example take cp = co2 and cpq = ca9. To a chosen gy = pag we
obtain
1 1. 1

Po2 = —59540 + %0240 mod g versus o2 = — 510 + 50210 mod 7 .

In the first case, without the division by the gcd, we have twice as many angles as with
the division. Now suppose ©p240 = @240 = 0 and P49 = @40 = 0.
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4. Curves and selected transformations of the plane

Then @ag € M = {0,£5, 7} satisfies the above relation. Rotations leaving @40 invariant
are rotations by ¢ € §7Z. But such rotations rotate poz by multiples of m and M resolves
into two rotationally inequivalent orbits.

Consequently, the invariants would not have determined the curve up to rotations! All
observations from above have already shown

Theorem 4.2 Let g be a complexified curve of known degree d. The values of all
invariants of (reduced) type 1, 2, 3a and 3b with respect to g shall be known. Then it
is possible to reconstruct g from the invariants up to a rotation of the plane around the
origin: Expressions of type 1, 2 and 3 build a complete set of invariants, so to say.

Let us dwell on this theorem to better understand the peculiarities of the reconstruction
process. If we have a curve with exactly one non-vanishing coefficient of the form ¢y
with k # [, then our graph-terminology shows only isolated nodes. Reconstruction is
simple: All ¢y are given by type-1 invariants and ry; = [cp| = (/CriCr is also clear.
A single parameter, namely g, remains undetermined, resembling the one rotational
degree of freedom. A rotation of the plane can arbitrarily transform ;.

If we have exactly two different non-vanishing coefficients ci; and c,q with k # 1, p # ¢
and (k,l) # (q,p), we are in the situation which lead us to the theorem above. If there
is a third coefficient ¢, or even more coefficients, we have more invariants. Arbitrarily
fixing an angle, say ¢y, determines the other angles up to angles of complex roots of
unity. Within these angle-sets we may now determine subsets such that all the other
invariant expressions are satisfied. We may do so by iteratively using Equation
or our graphical schemes representing the type 3 invariants. Finally we end up with
an non-empty set of angles, which may be assigned to all the @i, ©pq, ... . This set is
non-empty because the original curve may be rotated such that @y, is of the fixed value.
Thus there is an angle set satisfying all invariant expressions. If we end up with multiple
possibilities, we have shown that these are of one and the same (but rotated) curve. We
exemplify reconstruction with three non-vanishing type-3a/3b expressions in the next
section.

Theorem 4.3 The set of type 1, 2, 3a and 3b expressions in their reduced form are
minimal in the following sense: Any curve is reconstructible by given values to any of
these expressions. If a single expression is left out, then there is a curve which is no
longer reconstructible up to rotations.

PROOF Tt is clear that no type-1 or type-2 expressions may be omitted. If a type-3a/3b
expression is missing, then we would have problems with certain curves: There are
curves, having exactly two non-vanishing coefficients (and their corresponding conjugate)
of the form ¢y, cpq with k # [, p # g. A suitable multiplication would lead to the missing
invariant. Without the value for this invariant expression we only have the absolute
value but no angle to these coefficients. Thus we get a two-dimensional pencil of curves
satisfying all the remaining invariants. Consequently, the curve is not reconstructible up
to rotations because two degrees of freedom can not be resolved. O

The number of invariants which are necessary for reconstruction of a specific curve,
depends a lot on the curve: All type-1 and all type-2 expressions are necessary. But
if a coefficient cx; with k& # [ vanishes, then - speaking in our graph terminology - all
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4. Curves and selected transformations of the plane

connections to and from this node are superfluous. Thus, if we have exactly r coefficients
¢ # 0 with k& # [, then we need at most (;) type-3a/3b expressions. This is only an
upper bound, because in special cases some invariants may be implied by the remaining
ones (see the example in the next section).

4.1.5. Reconstruction of specific given curve

Let us examine a curve g of degree d = 8 with the only non-vanishing coefficients coo = %,

] 4 . . . .
cog = H-e'1, cgg = 4-¢e'5™ and ¢y; = e *2. The corresponding curve is displayed in
Figure [f.6la. The set of non-vanishing relevant rotational invariants to this curve is

Z ™

type 1 type 2 ‘ type 3

o2 = 3 | ca0co2 = 5% | (co2)*(cs0) = 5*-4- elsm
csocos = 4% | (c17)t(eso)® = 43 612
cricir =12 | (co)P(en) = 5%- €™

Suppose we only have the above table of invariants and we try to reconstruct a curve
g of degree eight from this data. The type-1 invariants directly give us coo = % and
Coo = €11 = ¢33 = c44 = 0. The type-2 expressions provide us with the absolute values
of all other coefficients and the only non-vanishing among them are ro9 = 792 = 5,
Fg() = ?08 =4 and ?71 = 77‘17 =1. _ .

Using the notation ryp,e"fkirs = (cw) (cpq)T with m = ged(|k — 1], [p — ¢q|), we get
the following invariants from the type-3 expressions in the tabular above:

8 9 3

$0280 = 57‘-) ©1780 = 577 and ©wo271 = Zﬂ- .

The absolute values 7y, are not of interest since the type-2 expressions take care of
consistency. According to Equation (4.4) and the fact that ¢p = —p we have the
three equations

©0280 = %71’ = —4@20 + 8580 mod 27 ©P1780 = %77 = —4671 + 3680 mod 27
and a1 = 57 = —3P0 + $r1 mod 27 . (4.5)

These correspond to the (remaining) type-3 edges in our graph:

blocky(c) curve coefficients
t=0 0
t=1 0
t=2 208 5 0
t=3 e 0
t=4 ¥©0280 / 0 0.5
t=5 / 0 0
=6 /g//g/ 0 FoR71 0 0
t=1 | % 0 0
t=8 | reoede] prT | 0 0 0
$1780

Now we are free to choose one of the angles. This freedom corresponds to the one dimen-
sional degree of freedom when dealing with rotations around the origin. For example let
pgo = 0. Then 9y and @71 are restricted according to the invariants ¢gago and p17s9-

According to Equation (4.5):

P80 0280 _ T 7T ~ 3080 1780 _ T 7T
@20:%—@75Em0d§ and @715L—Lz—mod—.
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The angle-combinations satisfying these two expressions are shown in Figure [£.6]b: The
four choices of g9 and @71 are indicated by the two times four line segments, rotationally
shifted according to —#%% and —#L0,

Not all of these angle-combinations necessarily lead to a rotated copy of the original
curve. We also have one constraint left: @ga71 relates @og to @71. Let us choose @71,
cycling through ® = {5, 121—0”, 221—(?, 321—5} and check the equation with ¢g271 in to
determine the possible angles for pog. Thereby @ is the set of valid angles @71 according
to our selection of @gy and p1789. In Figure c—f the situations are illustrated. When-
ever angles coincide with angles in Figure [4.6]b, the corresponding line segments are
highlighted. The highlighted angle sets must satisfy all our given invariant expressions
and thus may serve as angles for the reconstructed coefficients. In our case, we get four
valid coefficient sets, satisfying all our invariant expressions. The corresponding curves
are shown in Figure [4.6lg-j: The curves are all rotated copies of our original curve.
Instead of fixing @gg, we likewise could have chosen to fix @71 or pog. Fixing @71 would
have meant having a choice of three angles for pgg or ¥a (see Figure c¢) and in the
end we would have got three rotated copies of our original curve. Fixing @9 as first
angle would have been the fastest way for reconstruction: For example, setting p20 = 75
automatically determines the other angles modulo 27. According to Equation (4.5) we
have (Zgo = 0280 + 4{520 =27 = 0 mod 27 and (571 = o271 + 35520 = 2217(? mod 27.
The relation between @gy and @71 is automatically satisfied because of the equivalence
—4poor1 + 30280 = —4P71 + 3080 = w1780 mod 27. As corresponding diagram we may
take Figure [4.6le but only with the highlighted segments.

In any case, we end up with one or more rotated copies of our original curve. As already
mentioned, this would not be the case if the exponents in our invariant expressions
(ckl)%(cpq)% had not been divided by the ged-value m = ged(|p — ¢, |k —I|). Let
us take our curve example again. Ignoring m we get

nlw

- 6 -8 .
(002)8(080)2 =58.42. e's™, (017)8(080)6 =45.¢5™  and (002)6(071)2 =50.¢l27
These expressions are of course invariant but they do not permit a reconstruction up to
rotations of the original curve:

Phosy = gﬂ‘ = —8phy + 205, mod 21, Plog0 = %ﬂ' = —8¢%, + 6%, mod 27
and @l = 5w = —6@h + 24, mod 27 .

Thus fixing @5, = 0 we would get the situation shown in Figure k. A possible choice
satisfying all above constraints, especially the one with {4, is highlighted. There
S ?—g and @h, = 127—0”. The corresponding curve is shown in Figure 1. Clearly it is
not a rotated copy of our original curve.

By this example we already get a glimpse on rotational symmetry. The given curve has
a twofold rotational symmetry. According to the above observations, the rotation speeds
+8, £6, £2 and 0 must be part of the cause: They all have a greatest common divisor
of ged(8,6,2,0) = 2. Consequently, a rotation of the plane by 1) = 7 will not effect any
of these coefficients. This finds its correspondence in our invariant expressions: In any
type-3 invariant the gcd had been m = 2.

In fact, if we have a curve with a gcd of all rotation speeds being a number s, then
the curve must have at least a s-fold rotational symmetry. In Section [5.1] we will see
that there are more curves with a s-fold rotational symmetry. In fact, the criteria for
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C80

a) The original curve g

£80 0 @

ol%

297
15
197
15

d) gr1 = 1—” determines
27'r

pso and @20 modulo =X

N

g) corresponding to ¢

17—" rotated original

N2

j) corresponding to f

by 5 47" rotated original

1w

20

i
21m 20
20

b) @so = 0 determines

@71 and @0 modulo §

@ 0 217
20

130
30

e) o1 = 221—(? determines

pso and P20 modulo 2—”

h) corresponding to d

by % 27” rotated original

27w
20

k) without ged in

invariant expressions

in L
ek 30

117 @

10 537

E
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c) pr1 = 55 determines
Bso and Pap modulo 2F

3
o— ®
E

i
20

£) om1 = 31—“ determines
27\'

psoand pgp modulo =*

N
i

i) corresponding to e

by 2 37” rotated original

C20 \/
C71

1) corresponding to k

no rotated copy of a)

Figure 4.6.: Reconstructing a curve from invariants
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such a symmetry is that s is the greatest common divisor of all possible differences of
rotation speeds of non-vanishing coefficients (see Section [5.1)). But the ged of all our
rotation speeds divides any sum and difference of the rotation speeds and thus also the
corresponding ged.

4.1.6. Normal form with respect to rotations around the origin

If we have a curve whose only non-vanishing coefficients are of the form ¢y, then the
curve is not affected by rotations around the origin. Thus the whole curve is rotationally
invariant. It must therefore consist of one or several circles concentric to the origin.

d
These curves are of the form ) 7 MppCrpz ZFhd=2k =

normal form with respect to rotations around the origin.

If there is a ¢y # 0 with k #£ [, the curve is affected by rotations. Let S be the set of
all such coefficients for a given curve g. If a ¢y is contained in .S, we can find angles by
which the curve has to be rotated such that the transformed curve g has a positive real
¢kl € Rsg. In general, there is a whole set of possible angles v with this property: The
coefficient ¢y = re’#¥ transforms under rotations according to ¢ = ckle"w(*kﬂ). For
¢ to be real, g + ¥(—k +1) = 0 mod 27 must be satisfied. Thus e™ is determined
up to the (k — 1) complex roots of unity and

0, which is and has to be a

2
Pkl mod 4T

k—1 k-1~

(8

The transformation group of rotations around the origin separates the set of curves into
equivalence classes. The class of all rotationally equivalent curves to a given curve g will
be denoted by [g]ror- A representation system and thus a normal form with respect to
rotations can be obtained by selecting a specific well-defined curve in each equivalence
class. We do so by choosing the curve whose coefficients ci; = re’?# exhibit angles ¢y,
satisfying a certain minimality-criterion. In what follows we describe this criterion and
how the corresponding curve may be obtained.

Let g be an arbitrary curve and S = Sy = {cg1 | ¢y #0 A k # 1} the set of all non-
vanishing non-cg-coefficients. Rotating g, the coefficients may change but S will always
contain the same coefficients. Thus we have a rotationally invariant S. According to
Definition S is totally ordered by =. Let |[S| = n and s = (s1, 89, ..., 8,) be a
vector, listing all elements of S in a by = ordered manner. Furthermore, let s;, = rje’?*
with 7, > 0 for any k. The so called angle-vector to a vector s is denoted by ¢ with
© = (1,92, ..y ) € [0,2m)™. This vector contains exactly those values of a curve which
are affected by rotations around the origin.

A total order on these (angle-) vectors in [0, 27)™ allows us to single out a unique vector
and thus a rotational normal form. Therefore let ¢ < ¢’, whenever there is an index
k <n with ¢, < ¢} and ¢; = gp} for all j < k. Thus we have already proven

Theorem 4.4 Among each class or rotationally equivalent curves there is a unique
curve with a minimal angle-vector. The set of all these curves constitutes a rotational
normal form.

This theorem becomes even more obvious when we calculate the angle(s) ¢ by which a
given curve g has to be rotated such that it is in rotational normal form. At first all
1 € Uy = [0,27) are admissible. Now we successively minimize the components of the
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4. Curves and selected transformations of the plane

angle-vector ¢ of ¢g. In the r-th step we rotate g by any angle in ¥,._; and determine
the resulting angle-vectors. Those rotation-angles leading to the smallest angle-vectors
constitute W,. After |S| = n steps we have the desired angle(s) contained in ®,,. If in
the meantime |V, | = 1, we may already stop, because then ®,, = ®,.

In any case all angles ¥ € ¥,, lead to one and the same curve, independent from any
rotations the curve may have previously undergone: For |¥,| =1 this is trivial and for
|W,| # 1 we have minimized all coefficients in S. Thus we have several rotation angles
but exactly one curve and this is crucial in the context of normal forms. If |¥,,| # 1, the
given curve must have been rotationally symmetric. More on rotational symmetry will
be covered in Section 5.1

Example 4.2 As an example for transforming a curve into rotational normal form look
at Figure . The coefficients of the original curve g are cso = 5-€'6™, ¢33 = 4 - e’%”,
co0 = 7 €17, ¢co9 = 3 and cgo = —3. The remaining coefficients are either complex
conjugates to the given values or zero. The (sorted) set S is given by S = {c40, 31,20}
and |S| = 3. We already left the complex conjugate out, because minimizing a ¢y
renders a minimization of ¢y irrelevant. Wi must lead to a minimized angle of the
largest coefficient in S with respect to »=. This means that ¢49 = 5. Thus the elements
Y € Uy satisfy 0 = @40 — 49 mod 27 and consequently ¥; = g—z +1{0, 3, m, 37”} Figure
shows the corresponding rotated copies of g. In a next step we can minimize @3, by
using rotations and ¢ € ®1. Rotations by 1) € 3—1 +{0, 7} lead to p3; = %r mod 27 and
Y€ 3 +{Z,3} lead to 31 = 2T mod 2r. Thus &2 = 55 + {Z, 27}, Any rotation by
1) € @y leads to the same poy = 11% mod 27 and consequently ®5 = 3. Now, we end
up with two angles which transform our given curve in one and the same curve shown

in Figure[4.7.c. The curve is unique but the rotation-angle leading to this curve is not.

C20

a) original curve g b) rotated by ¢ = % c) rotated by ¢ = Z—Z + 5

_ 57w — b7 4 3w
ory=3r+m or ¢ =35 + 3

Figure 4.7.: Rotational normal form

4.1.7. Invariants under rotations around the origin in tensor notation

In Section we saw that Euclidean invariants of curves are built up by the use of
e-tensors together with the E- and A-tensor. According to Theorem [3.4] we can also use
I- and J-tensors in equal numbers, because the diagrams may be replaced by a linear
combination of corresponding diagrams. Dealing with rotations around the origin, a
new geometric object remains invariant: the origin itself as a point. Consequently, we
may construct invariants of curves under rotations around the origin by building closed
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4. Curves and selected transformations of the plane

diagrams consisting of curve-, e-, E-,; A- (or I- and J-) and O-tensors. Thereby @—»

denotes the contravariant O-tensor (0,0,1)”. We will see that this additional tensor is
enough to formally describe all our invariant expressions of type 1, 2 and 3 and thus all
invariants necessary for reconstruction.

For example, if there is a curve-tensor for a curve C, of degree d, we have a node with
d arrows pointing to the node. Connecting d times the O-tensor we get agy = cgp as a
result. As we have seen, cqg is invariant under rotations around the origin because it is
of type 1. Clearly the complexified version of 0 is 0 = 0 itself:

0 1 ¢ 0 0
0)]=11 — O 0] =0.
1 0 0 1 1

Connecting 0 to a curve-tensor GG of variance d is like filtering a sub-tensor:
~ -
Gliinis,...iq0" = G3lisis,. iy -

The components of this sub-tensor could as well be the coefficients of a curve with
one degree less, namely d — 1. Deleting the leading coefficients gives us the curve cor-
responding to the sub-tensor. In this sense we can deal with any O-tensor as a tensor
virtually reducing the degree of the curve. We can address any curve-coeflicient by using
a curve-tensor connected to suitably many 0-, I- and J-tensors. Theorem provides:

d—k — 1 times d—Fk—1 times

In what follows we will confine ourselves again to the complexified notation (see Section
3.3.1). The curve-tensor in real representation G will be replaced by the complexified
version G and the role of FE, T and J is played by E e1 and eg, respectively.

Looking back at the construction of our invariants under rotations of the plane, we can
see the following: All expressions satisfy that the rotation-speed of the expression is zero,
i.e. the sum of all rotation speeds —k + [ of the participating coefficients cj; vanishes.
But this means that the sum of all first indices of the participating coefficients is exactly
the sum of the second indices. However, stating our invariants as suitable products of
the tensor-diagrams shown above, we see: The sum of the first indices indicates how
many ej-tensors are used in total and the sum of the second indices indicates how many
eo-tensors are used in total. Thus stating our invariants in diagram notation we have
equally many e;- and es-tensors. According to Theorem we can now replace all e;-
and es-tensors and instead get linear combinations of diagrams with E- and A-tensors.
Consequently, we have rotation-invariants because we only used curve-tensors together
with E— A- and 0-tensors.

Type-1 invariants for a curve of degree d, the ¢ (0 < k < L%J ), are particularly simple:
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According to Section and the behavior of the 0-tensor we have

As we have seen, the summands for odd ¢ vanish and an even number of A tensors may
be substituted by an expression without A (compare with Theorems [3.7] and (3

The type-3 invariants are more complex. Naturally, they may be ertten easﬂy Wlth e1-
and eo-tensors. But in general it is difficult to write down the corresponding expression
with E- and A-tensors. What we can do is replace pairs of one e;- and one ex-tensor
connected to the same curve-tensor:

Thus we can confine ourselves to diagrams with G-tensors which are only connected
to (several) 0- and E-tensors as well as to either several ej- or es-tensors. The re-
maining e;- and es-tensors may then be combined according to Theorem [3.4] - in Sec-
tion [3.2.3, Concerning our type-3 invariants, we confine ourselves to the existence of
a linear-combination of diagrams with E- and A- and without e1- and eg-tensors. The
linear-combinations may be obtained similarly to the ones in Section [3.3.5 by applying
a corresponding formal decomposition as described in Section Anyway, the type-3
invariants may be written as

d—k — 1 times r—q d —p — q times — k41

pP—q —k+l
(crt) (Cpq) mo =
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4. Curves and selected transformations of the plane

4.2. Translation

In Section we complexified a curve by writing it as a zero set of a polynomial
9(z,Z,h) = 0 with z € C. In addition to its great advantages when dealing with ro-
tations, this notation will also be beneficial when curves are translated. As in the last
chapter, we start by analyzing the effects of translations on curve coefficients. Getting
to know special transformations making coefficients vanish, we arrive at a translatorial
normal form. Curves having intersections with the line at infinity of multiplicity greater
than one play a special role. A treatment of translation invariants of curves is also
included in this chapter.

4.2.1. Effects of translations on complexified curve coefficients

When talking about translations, it is convenient to use dehomogenized coordinates or
to scale the homogenizing component to h = 1. Thus a point p, given by p = (2,2, h)
with h = 1, is translated by ¢ when

(4.6)

— ok o
S oal oW

1 0
— |0 1
0 O

> Wl W

If h # 1, then ¢t would be a scaled Euclidean translation parameter.
This transformation of the plane has its implications on the curve-coefficients. The
transformation of the curve coefficients is covered in

Theorem 4.5 Let g be a curve with coefficients cp; and let g be the by t translated
copy g+ = ¢ with coefficients ¢y;. The translation induces the following map on the
coefficients:

d—1 d—
=SSy (RO g, )
p=k q=l (p_k)‘ (q_l)'(d_p_Q)'

PROOF The strategy of this proof is the same as in the proof of Theorem which is
carried out in detail in Appendix Translating g by ¢t we get

d

0=9(2,2)=9g(z—t,z—1) = Z mpcn(z — )z -1 .
k—1=0

Expanding the (z —t)*(Z — 1), changing summation indices a few times and recollecting
the coefficients of monomial terms proofs the theorem. O

Equation (4.7) completely describes the transformation of the coefficients. The fraction
with the faculties may be restated by the use of binomial coefficients:

(d—k—=1)! :<d—(k+l)><(p+q)—(k:+l)>
p=K)!(q-D!'(d-p—-q! \d—(p+q) p—k '
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However, the matrix representation of this transformation is by far more instructive. To
visualize the transformation using matrix notation, we choose d = 3.

T
(coo|clo cor|cao c11 con|eso o iz coz ) - Tye=

1] -3t —3t| 3t2 6t 382 | -3 —3t*t —-3t2 -3 0o
1 -2t —2t 2 2t 1 10
1 —2t —2t t2 2t P2 o1
1 —t —t C20
1 —t —t C11
1 —t —f C02 (48)
1 C30
1 C21
1 C12
1 C03
:Tt

4.2.2. Structure of the coefficient transformation

The block-structure of the curve coefficients as defined in Definition carries over to
the transformation matrix: Auxiliary lines are shown in (4.8)). In order to be able to
uniquely refer to blocks, let

blockop blOCk()J blockog blockog
blOCk‘Lo blOCk‘Ll blOCk‘LQ
blockzo blockm
block370

e
Il

with the block-borders corresponding to the auxiliary lines above. In general, the first
index n of blocky ., (T}) specifies the “block-row”: The transformation of coefficients ¢y,
with index-sum k41 = n is described by these blocks. The second index b indicates that
the block is contained in the b-th sup-diagonal. Thus block, ,(T3) gets multiplied with
blocky+m/(c).

Blocks below the diagonal are not needed due to the visually most dominant property of
T;: the upper triangular shape. The lowest possible values for the summation indices in
Equation are k and [, respectively. Thus ci; depends only on coefficients c,, with
Cpq = Cpy.

To analyze the structure within the blocks, it is best to reformulate Equation : It
is convenient to rewrite ¢y by ¢i n—x with n being the sum of the indices and the ¢y,
analogously. Changing summation accordingly we get

d—n m
- mfd—=n\(m\ o
D 3D D (1 () L P ()

m=0 p=0

Now the block-indexing is synchronized with the transformation formula: Analyzing a
Cl.n—k gives us the the number n of the first index to relevant blocks: blocky «(1;). Then
the first summation, the summation over m, gives us the second index: coefficients of
C(p+k),(m+n)—(p+k) With the same m are contained in the same block, namely blocky, m(T3).
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Let us have a closer look at the coefficients of our curve-coefficients in Equation (4.9).
Focusing on blocky, m(1%), we have

S () (MYormee = (1

p=0

Thus for a given n the whole coefficient structure for any ¢, ,,— is given by the summands
of the corresponding expanded expression of

d—n
S (- (d N ”) (t+BH™ =1 (t+5)+ .

m

This proves the very nice and simple general structure we saw in the matrix-notation
of Equation for the case of d = 3: In each row within a block we have the same
coefficients, only shifted. All entries in blocky, ,(T;) have a sign of (—1)™, i.e. odd
sup-diagonals have minus signs. They depend on t and ¢ of order m. The coefficient
structure of ¢ and ¢ in the rows of the blocks are binomially scaled binomial coefficients.
The overall scaling of block,, y, (1) is (—1)™ (d;"), corresponding to coefficients in a
generalized Pascal-Triangle (compare with Figure f on page [52)). In our case for
d = 3 we get the scaling pattern

11-3| 3 |-1
1 |1-2]1

It is not too surprising that tetrahedral coefficient structures may also be found in ,
or more generally in (4.7). Back in Section we examined a tetrahedral coefficient
structure of a coefficient transformation induced by rotations of the plane. The secret
behind the tetrahedral structure was that we had, as here, binomially weighted binomial
coefficients. Let us look at the columns of the transformation-matrix in , as an
example, the rightmost column. We may arrange the coefficients on a tetrahedron in
such a way that the coefficients of a block are all contained in a plane intersecting our
tetrahedron. With parallel intersecting planes, we have the same structure as in Section
2.2.4] The signs may be integrated in the weights and the coefficients themselves are
always binomial (see the subsequent Figure .

Another interesting structural property of the transformation emerges when we
translate it into terms of our coefficient triangle introduced by Equation : High-
lighting all coefficients which are involved in the transformation of a specific coefficient
cki, we can see that they form a sub-triangle Ay; in the coefficient triangle: The tip, i.e.
row m = 0, of Ay is ¢y itself (see Figure . The entries in row m = 1 of Ay; contain
the coefficients depending linearly on ¢ and ¢ in the transformation of c;:

Crl = ... + consty - (tck—i-l,l + Ecks,l—&-l) + ...
The coeflicients in the row m = 2 evoke a quadratic change

Chi = -+ consty - (t2cprog + 2ttcky1 101 + EPckira) + o
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block coefficients weight
(not weighted) 5 1 !
blockos [1 3 3 1] -1 2 p
) ~ >
1 2 1
block 1 b
1,2 I 2 1
1 1 blocko 3-coefficients block: 2-coefficients
blOCkal 1 1 -1
— / / 1
1 1
1 1 : 4 1
blocks o sn
’ 1
1
blocks,1-coeflicients blocks o-coefficients
Figure 4.8.: Translation and tetrahedral coefficient structure
r-leading curve coefficients
r=d €00
r=d-1 €10 Co1
r=2 Cn—2,0 ~ Cn—3,1 Co,n—2
r=1 Cn—1,0 ¢ Cn—3,2 Co,n—1
r=20 Cno ‘/ Hl\\ Cp—3,3 .o Con

An—2,1

Sub-triangle An_2,1 with ¢ = Cn—2,1,8 = Cp—1,1 and b = Cn—2,2

r-leading curve coefficients
r=d Coo
r=d-—1 C10 Co1

r=2 Cn—2,0 / f \ Co,n—2
=1 1. 0 n—
:ZO Cno - 1’0‘/ b ) \‘ ot Con

An—3,1

Sub—triangle Anfgyl with f: Cn—3,1, 0 = Cn—2,1, € = Cn—3,2, @ = Cn—1,1, b= Cn—-2,2, € = Cp—33

Figure 4.9.: Sub-triangles in the coefficient triangle

and so on. Thus the line in the sub-triangle determines the order of dependence on ¢
and t. The premultiplying constants may be determined according to their affiliation
to blocks. These constants are exactly the overall block-scaling factors discussed above.
Therefore const,, = (—1)™ (d_(kH)). Thus the integer factors, equipping the coefficients

m
of a sub-triangle, form nice pattern. For d=3 and cop9 = j (or likewise for d = 4 and
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co1 = j, -..) we have:

j 1 ededo = (<)@

b |i . 1 |1 dedw o 3 = (1))

el || |o Lo|2] |1 ELW = (%)

al |b| || |0 1) 3] [3] |1 LM = (—1)3()

Switching to yet another interesting structural property, we may interpret the trans-
formed coefficients ¢y; as functions ¢ (,t) depending on ¢ and . What is most interest-
ing is that cx(t,f) and C(xyr), (145) = Clktr),(1+s)(t, ) are connected via a differentiation
process. B

Unfortunately, % is not holomorphic, but we can formally distinguish between the vari-
ables ¢t and t. Therefore we assume ¢ being constant when applying %, and we assume ¢
being constant, when applying %. (Alternatively we can perform the real differentiation
and identify % by %(t) + ﬁ and % by B%L(t) + m. Thereby R(t) is the real
part of ¢ and J(¢) the imaginary part of ¢, but care of the signs has to be taken.) Anyway
with d as the degree of the curve we have

orts e (d=k=Dl ,
W Ckl(ta t) = (_1) * (d—(54:+r)—()l+s))' C(k+r),(l+s)(tvt) : (410)

The proof of this is straight forward calculation, just derivating Expression . Thus
looking at two rows of the transformation matrix in , we may obtain the lower one
by suitably deviating the upper row and a subsequent rescaling.

Comparing the curve describing polynomial g(z,z) with the transformed coefficients, we
can see that coo(t,t) = g(—t, —t). Again we interpret the derivatives of g with respect to
z and Z analogously to the derivatives of ¢x;(t,t) with respect to ¢t and ¢t. Evaluating the
derivatives at (z,%z) = (—t, —t) and comparing the result with Equation , we have

(_1)k+l ' 3k+lg(z,§)
k-1 mi 8zk32l (7@75)

fé/kl(u%) =

Thus calculating the coefficients of a translated curve means calculating scaled deriva-
tives of the curve describing polynomial g at (—t, ), where ¢ is the translation parameter.
This operation can be performed, for example, by the use of Horner’s scheme without
the explicit calculation of T;.

Now, we have seen how a given translation parameter effects curve coefficients. Naturally,
we can examine the converse problem and ask for a translation parameter such that the
transformed coefficients exhibit a special property. We will study this later in Sections
[£.24] and [£.2.5, ending up with a normal form with respect to translations in Section
4.2.0l

4.2.3. Reference for translations

Before we study translations causing directed annihilation or minimization of coefficients,
we will introduce some useful terminology and abbreviations. This section may be seen
as a reference guide for the subsequent sections.

We have seen that coefficients cy; change, under translations of the plane, dependent
on the coefficients contained in a sub-triangle Ag;. To avoid the many indices we will
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4. Curves and selected transformations of the plane

abbreviate the coefficients in a specified sub-triangle by gothic letters. Unless explicitly
stated otherwise, a will denote the greatest coefficient in Ay, with respect to > (see
Definition , b the second largest and so on. Thus for a sub-leading cg; the sub-
triangle Ay; will be denoted by ¢ = ¢y, a = ¢py1; and b = ¢g 41 (see Figure for a
further example). The only sub-leading coefficient in this triangle is ¢. In many cases
we make use of polar coordinates. There we will write a = rqe'®, b = rpet®, ¢ = reet”
and so on. The radii are supposed to be non-negative.
To be able to address the coefficients by the “distance” to the leading coefficients, we
name coefficients ¢, k-leading if p + ¢ + k = d, where d is the degree of the curve.
Leading coefficients are 0-leading, sub-leading coefficients are 1-leading and so on.
Especially in the context of changing a sub-leading coefficient by translations of the
plane, we come across certain angles very often. Therefore we will abbreviate these:
Let Ag; be a sub-triangle in the coefficient triangle with tip ¢ and base a and b (for an
example see the top image in Figure . Then by convention:

ﬁzi_a;ﬁ , TZQTW and a:ﬁ—i—g.
The angle 20 = —a + ( will be called (oriented) angle-difference of the succeeding
coefficient pair a and b.
These angles play an outstanding role and are needed to describe special lines, which in
turn specify restrictions on transformed coefficients (see next section). For reference we
name these auxiliary lines

L={X"| XeR} , Le={Ae"+c|XeR}=c+L
and L+ = {1 (5) | A e R}

Interpreting C as a (real) two-dimensional space and L as a one-dimensional subset,
we can see that ©/p = {L.| c€ C}. A representation system can be obtained by
intersecting all possible lines L. with a traversing line. Such a set of intersections may
of course be identified with the traversing line itself. A special representation system is
L+ (the line passing through the origin) being perpendicular to any L.. The point of
intersection p with {p} = L N L. is singled out by its absolute value: Among all points
of L., p has minimal absolute value.

In the sections ahead we will have to examine translations by parameters ¢ lying on lines
which are closely related to the auxiliary lines above. To be able to reference these lines
too, we introduce special meaningful points: The orthogonal projection of ¢ onto L is
given by

cr, =7rccos(y — 7).

In case when rq # 0 we define

to= Mew R cos(y — 7) o
2r, 2rq

If r4 = 7y, t. may be rewritten in a simpler form without trigonometric functions.

81



4. Curves and selected transformations of the plane

Expanding cr,, cos(y — 7) and the angle-abbreviations we get
o= T (o0 4 i) ) i)
4rq
_ T (eiwa) i ei(—wﬁ))
4rq
ca+<cb
4r2

Together with t. we get further auxiliary lines with

T={X|XeR} |, Te={Xe“"+t| NeR} =t +T
and TL{)\em‘/\GR}.

Here we have analogous conditions for a representation-system compared to the lines L.
We have the set ©/7 = {T.| ¢ € C}. As a special representational system we have T+
with T, L T for all ¢ and 0 € T+. Additionally, ¢, with T, N T+ = {t.} has minimal
absolute value amongst all points of Tt.

Figure 4.10.: Auxiliary lines for translations

4.2.4. Minimizing coefficients by a translation

With the abbreviations of the last section we can exploit the linear dependence of sub-
leading coefficients on ¢ and . We use it to find a translation such that the absolute
value of a transformed sub-leading coefficient is minimized or annihilated. The process
of translating a curve such that some ¢;; = 0 with k +1 = d — 1 will be called anni-
hilation. If only a minimization of the absolute value is possible, we speak in short of
minimization. We will study minimization and annihilation in detail because they are
the key ingredients for our normal form for curves with respect to translations. There-
fore an examination of the behavior of coefficients under arbitrary translations and under
translations with a fixed direction takes place. By such translations of fixed direction
we understand translations with translation parameter ¢ restricted to a predefined line
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4. Curves and selected transformations of the plane

passing through the origin. At first we will look at a Ag; to a sub-leading ¢;; = ¢. By

Equation (4.7) we have
c=c—ta—tb . (4.11)

For almost all curves rq £ b holds. In this case annihilation is possible: A translation
parameter ¢t may be found such that ¢ = 0. We state this in

Theorem 4.6 Let 14 # rp and A = 72 — r%. The by
t= - (ca—cbh) (4.12)

translated copy F = ﬁt of F has a vanishing sub-leading coefficient ¢ = 0. Translations
by a parameter different from t in Equation imply ¢ # 0.

PrROOF We determine ¢ from the condition ¢ = 0 and the transformation law for sub-
leading coefficients (4.11)) ¢ = ¢ —ta—tb. Splitting the participating coefficients into real
and imaginary parts yields:

a=2q+1Wq b=2xp+iys and c¢=z.+ iy, .
Together with t = x; + 1y, we get
T+ iy = [(@a + o) 2 + (—Ya + yo)ye] + 4 [(ya + yo)e + (20 — To)ye] -
Interpreting C as two-dimensional real space gives us
DGz e e
Ye Ya+Ys Ta— Tp Ye Ye
In order to be able to solve for ¢, det(M) needs to be non-zero. But
det(M) =22 — a2 +y2—ye=r2—re=A#0.

Thus, by the preconditions of our theorem, M is invertible and

<xt> _ l <$a_$b ya_yb> <$c>
Yt A\~Ya— Yo Tat+Tp) \Yc

Consequently,
1 ) )
t = X l@a—wo)re+ (ya = yo)ye +i(—Ya = yo)Te +i(Ta+ zp)yc]
1
= —(ca—cth) .
A (ca —¢cb)
This asserts our theorem. O

An example for this and the subsequent theorems will be given in a separate section
(Section after we have arrived at our translatorial normal form. In the above
theorem the translation, making a curve coefficient vanish, was unique. This was ensured
by the precondition r4 # rp. This means we use both translatorial degrees of freedom
for our translation. In case of rq = 7y, there might still exist a translation of the given
curve, annihilating c¢. But in general we can only minimize |c|.

83



4. Curves and selected transformations of the plane

Theorem 4.7 Let rqy = ry # 0. Then any translation by t moves ¢ to a point ¢ on L.
and annihilation is only possible if ¢ € L.

PROOF Translating the curve means calculating ¢ = ¢—ta—tb. Let ¢t = r e’ be arbitrary
and z € C with 2z = ta + tb. Then

Z = Talt (6i(a+§) + ei(ﬁ_5)> = rary (ei(%ﬁ) i ei(_°“2+ﬁ—£)) RE

= rare-2cos (€ — V)€ . (4.14)

With ¢ € L, we have ¢ € L.. Thus annihilation is only possible if 0 € L., which means
that L = Lo = L. O

According to the above theorem ¢ = 0 is only possible if already ¢ = 0 or v € 7 + 7Z.
Therefore in the case of Figure [4.10] annihilating ¢ is not possible. But by the above
proof it becomes clear that for suitable choices of ¢ the transformed ¢ may be moved to
any position on L.. Hence the absolute value of such a coefficient can be minimized.

Remark 4.1 It is interesting to note that in case of rq = 1y # 0 a translation by any
t € T' does not change the sub-leading coefficient ¢. If t € T, then { = 9 & § and thus
z =ta+tb = 0. Consequently, |c| is not minimized by a unique t. If t,,;, is one of those
translation parameters, so is any t € ty, + 1.

Theorem 4.8 Let rq = ry # 0, then any t € T, minimizes [c¢|. Especially this is true for
teeTe. (te= %(Z_T)ew was defined in the reference section |4.2.3,)

PROOF According to Remark it suffices to show that T, N T+ = {t.} minimizes [¢|.
With Equation (4.14) and ¢t = rie® = t. = %ew we have

Ta

¢ = c—ta—th

= re —r, cos(y — T)e”

= resin(y — T)ei(7—+%) e Lt .
¢ € L+ means having a minimal [¢| according to Section O

With Theorems 4.7 and [£.8] the auxiliary lines from Section come alive. L, L. and
L+ are directly connected to the possible locations of ¢. T, T. and T are connected
to the corresponding translation parameters evoking a movement of ¢. What is most
interesting is that in case of ry = ry # 0 we only need one translatorial degree of freedom

to minimize (or annihilate) a sub-leading coefficient ¢: Translations with any parameter
t € T+ do the trick.

4.2.5. Minimizing coefficients by a translation of fixed direction

By the above observations it becomes clear why studying translations by parameters
restricted to a line is so important: There are curves where minimization of a coefficient
leaves us with one translatorial degree of freedom, i.e. with the freedom to choose the
translation parameter from a line. To obtain a normal form this freedom must be used.
But not all constellations are suitable:
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4. Curves and selected transformations of the plane

Suppose the translation parameter ¢ is restricted to a linear set R = {)\eif ‘ PYS R}
for a given £. Let Ay be a sub-triangle to a sub-leading coefficient ¢ = cg;. The two
leading coefficients in this triangle a and b exhibit an angle-difference of 2¢. Now, if
§ =19+ §, then R =T and according to Remark we have ¢ = ¢ for any t € R. Thus
nothing can be done to ¢, when t is restricted the way it is. The reason behind this is
the special angle-difference of the leading coefficients, making ¢ independent of a and
b under these special translations. This independence may be generalized to arbitrary
non-leading coefficients in the following way:

Theorem 4.9 Let Ay be a sub-triangle to an arbitrary non-leading coefficient cy;.
Furthermore, let Ay, contain a row of coefficients with identical absolute value and with
constant angle-difference of 2 for any succeeding coefficient pair of that row. Then
these coefficients give no contribution to the calculation of ¢y; if and only if t € R and

R = {)\ei(ﬂ"rg) )\ER} holds for the translation parameter t.

PROOF Let ¢ = ¢;. The first coefficient of the special line described above shall be a.
According to the given angle-difference the second coefficient of that line is ae’?”. The
subsequent one is ae**? and so on (see Figure . Let there be r+41 coefficients in that
specific line. The sum of the indices of coefficients in that row is k+ [+ r. According to
Equation a translation changes ¢ into ¢, which depends on the coefficients contained
in Ay;. This Equation states that the contribution of our coefficients in our special row
is a constant multiple of

,
Z <T> PEP g 2P _ g <t 1 200 ¥>T .
b

p=0

But with t € R we get

oo\ Kk . . o\ k . - o\ k
a (t + e”wt) =qek? (te*‘ﬁ + e“%) =aekp, (elf + e*li> =0.

Thus the coefficients of our special row do not contribute to the calculation of . O
block:(c) coefficient triangle
RN

TN

t=k+l+r / a ae2t? aeQ”w\

Ap

Figure 4.11.: Coeflicient triangle with Ag; exhibiting a line of coefficients with identical
absolute value and identical angle-differences
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4. Curves and selected transformations of the plane

This theorem simplifies calculations immensely. For example, take a 2-leading coeflicient
f = ci as in Figure Let a, b and ¢ in Ay; have the same absolute value and identical
angle differences —a + 8 = —0 + v = 2¢J. Translating the curve by a ¢t € R with
R = {)\ei(wr%) ‘ AE R} means that a, b and ¢ do not contribute and f changes linearly,

depending solely on 9 and ¢. (For an exemplary study of conics we refer to Section )

Remark 4.2 There is an interesting special case: Suppose all coefficients of each block
have a common absolute value and all succeeding coefficient pairs have one and the

same angle-difference 219. Then translations by any t € R = {)\ei(’Hg) ‘ A€ R} have

no effect on any curve coefficient and the curve is invariant under such translations.
Thus the curve must be a collection of parallel lines, where some lines might coincide.

At first sight, the above theorem and remark have nothing to do with minimizing coeffi-
cients for restricted translation parameters, but they give us the ingredients to continue
our minimization process with k-leading coefficients for £ > 1. If all blocks of leading
up to (k — 1)-leading coefficients have the same absolute and the same angle-difference
for succeeding coeflicient pairs, then these coefficients may be ignored. Thus minimizing
k-leading coefficients with restricted translation parameters is still linear in ¢ and ¢.
For the following cases, let ¢ be restricted to R = {)\e"*E ‘ A€ R} with a fixed . Fur-
thermore, let Ag; be an arbitrary coefficient-sub-triangle. If it consists of more than two
rows, all coefficients below the second row shall be irrelevant in the sense of the above
theorem. This means that for a curve of degree d the coefficient ¢ = ¢i; changes linearly
by

t=c—(d—k—1)(ta+1b) . (4.15)
For sub-leading coefficients ¢ this degenerates to the well known Equation . It is
instructive to compare the factor (d — k — 1) with the coefficients in the transformation

formula (4.8)), especially with those in blocks in the first sup-diagonal.
Now we have to study minimization in two cases, analogously to the last section: rq £ ry

(Theorem |4.10) and rq = 7 # 0 (Theorem [4.11)).

Theorem 4.10 Let r, # rp and let the set of available translation parameters be re-
stricted by t € {rtezf ’ T € ]R}. Let m = rpe™ = ae’® + be~%. Then

b= 1 £ e
“2d—k-)\m m

leads to a’¢ of minimal absolute value with respect to all available translation parameters.
The translation annihilates ¢ if and only if v =y mod .

PROOF Let t = re'€ for some r, € R, s = d — k — [ and m = re*. Then Equation

([4.15)) evaluates to

T=c—sr(ae’ + be"g) = — sryrme .

Minimizing [¢] in this context is equivalent to removing the e*-component from ¢. Conse-
quently ¢ may be annihilated if it has only an e**-component. This component is removed
in case of sryr,e’™ being the orthogonal projection of ¢ onto the line {)\ei“ } A€ ]R}.
This is the case if

). 0

STy = recos(y — p) or Tp= o =

recos(y =) _ 1 (¢
STm, 2s \m

SR
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4. Curves and selected transformations of the plane

Theorem 4.11 Let rqy = ry # 0 and let the set of available translation parameters be
restricted tot € R = {me25 ’ e € ]R}. Furthermore, let %’Bﬁr ¢ &+ 7. Then

2 e2i
T d—k—l %€ 4 20

t

leads to a'¢ of minimal absolute value with respect to all available translation parameters.
The translation annihilates ¢ if and only if ¢ € L.

PRrROOF The precondition ¢ & 4+ 77 assures that a translation by a t € R may
have an effect on ¢ at all. T and R are not parallel.

In Theorem we stated that the set of all translation parameters leading to a minimal
[c| is Tc = t.+T. The situation here differs from that former one by the factor (d—k —1)
in the transformation law (compare Equations and ) Consequently, here
any ¢t € 7%~ + T would minimize [¢|.

However, t is restricted to R }f T' by our preconditions. Thus the desired translation
parameter is contained in the intersection of those two sets. Bearing in mind that
te € T+ we get:

—a+p+7
2

L
. d—k—1 ‘ , t e~ ,
t=r et = 7‘ et = ‘. et
! cos(§ — ) d—k—1 cos(&—17)
_ 2t e2i
T d—k—l %€ 4 20
This proves our theorem. O

With these ingredients we are now able to construct translatorial normal forms.

4.2.6. Translatorial normal form

To establish a translatorial normal form for curves, we must make use of both translato-
rial degrees of freedom and move each curve in a predefined manner. The result must be
independent of any previous translations. We can achieve this by selectively annihilating
or minimizing coefficients making use of the last two sections.

Building a normal form for a curve of degree d, we proceed block-wise, starting with the
sub-leading coefficients (leading coefficients are invariant under translations) and going
upwards in our coefficient triangle. Given a block we can greedily annihilate coefficients:
If more than one coefficient can be annihilated, we start with the largest coefficient
with respect to . If annihilation is not possible, we try minimization within this
block, again starting with the largest coefficient with respect to . Either annihilation
or minimization of a sub-leading coefficient is possible because either Theorem [4.6] or
Theorem applies. If a translatorial degree of freedom is left, we try to annihilate
(or if impossible minimize) another sub-leading coefficient. Thereby larger coefficients
with respect to > are preferred. If none is possible, we neglect the leading coefficients,
because all succeeding pairs must exhibit the same angle-difference and we can pretend
that the degree of the curve is d — 1. Then we start over from the beginning and greedily
annihilate (or minimize) coefficients. Eventually we have used both translatorial degrees
of freedom or otherwise the curve consists of parallel lines. Anyway we end up in a
predefined curve. Summarizing this we have
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Theorem 4.12 Block-wise greedily annihilating - and if impossible minimizing - coef-
ficients translates given curves in a predefined form, a normal form.

PROOF Application of Theorems [4.6] [4.8] [£.10] [£.11] and Remark [4.2 proves the assump-
tion. O

Remark 4.3 We give a detailed step-by-step algorithm for establishing the above nor-
mal form for a given curve. Thereby we will use the necessary translatorial degrees of
freedom. Additionally we refer to the translation parameters, which must be used and
refer to results from the last two sections. If a case does not apply in the given situation,
we step over to the next.

Whenever a process of annihilation or minimization is applicable to multiple coefficients
it shall be applied to the largest one with respect to >=. The used expressions always
refer to the corresponding Ay;. Whenever normal form is reached “G” is displayed.

In this algorithm we can see the freedom of swapping steps [2b and |2d and /or steps
and [2d However, for a normal form the order must be specified in advance. Changing
the order leads to different normal forms. With all the ingredients we may of course
think of a whole lot more normal forms: For example one, where annihilation is ignored
and only minimization is greedily performed. However, most of these different normal
forms have an unfavorable drawback, when it comes to symmetry-detection.

Translatorial normal-form-algorithm:

e If there is a sub-leading coefficient ¢ with r, # ry:
translate by t = ﬁ (¢a—t¢b) (Theorem . &

e Otherwise all leading coefficients have identical absolute value (# 0) and thus two
translations are necessary to establish normal form.

1. If for any sub-leading coefficient ¢ € L: annihilate ¢ by t = t.. Otherwise
minimize the first sub-leading coefficient by t = t. (Theorem. |4.8).
In any case one translatorial degree of freedom is used and further parameters
t are restricted to R = {rtei5 | ry € R} with £ being equal to o from this first
translation.

2. a) There is any sub-leading ¢ € L and 2 + 7 # 2§ mod 27: annihilate ¢ by
t = 225

e2i€ 1 210 ¢

Otherwise if the same holds for any sub-leading ¢ ¢ L:

minimize ¢ by t = 2tc% (Theorem |4.11)). &

T
* Now all succeeding leading coefficient-pairs have the same angle-difference
and are irrelevant for translations by t € R (Theorem . Reduce the degree
of the curve by one and neglect the leading coefficients. (Former sub-leading
coefficients are now leading.) Let m = rpe = ae 4 be™ with a and b
corresponding to the cases.

b) There is any sub-leading coefficient ¢ = cg; with rq # ry and et = 4eiv:
annihilate ¢ by t = m (£ + L) e (Theorem [4.10). &

m m

¢) There is any sub-leading coefficient ¢ = ¢y with rq = T'b #0,ce L
and 29 + 7 # 2§ mod 27: annihilate ¢ by t = d—zz—z - . (Theorem

€27 1 o210

4.11)). <&
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d) There is any sub-leading coefficient ¢ = cy; with rq # rp: minimize ¢ by
t= m (£ + L) e® (Theorem . &
e) There is any sub-leading coefficient ¢ = ¢ with rq = r, # 0 and
20 + 7 # 2¢£ mod 27: minimize ¢ by t = d_QZ‘_l . ezifj_iim (Theorem
4.11)). O

If there is still one translatorial degree of freedom left, we stop calculations
if cgo is sub-leading. In this case the curve is invariant under any translation
by t € R (Remark . Otherwise we start over with *. <&

Assume that a curve g is in translatorial normal form. Rotating this curve preserves the
absolute value of each coefficient, changing only the corresponding angle by a multipli-
cation with % for some angle kp. Thus transforming ¢ into rotational normal form
preserves the translatorial normal form. Taking the two normal forms together we have
a normal form with respect to arbitrary rotations and translations: a normal form with
respect to orientation preserving Euclidean transformations.

Naturally there are much more possible translatorial normal forms. The benefit of this
one is that it easily permits feature extraction (see Chapter. In Appendixwe discuss
a “normal form” which is proposed for shape-recognition purposes.

4.2.7. Annihilation and normal form for complexified conics

We exemplify the process of annihilation with conics. Knowledge from the theory of
conics is not needed but may help to understand. The treatment of curves of higher
order is in principle not very different from the following. Throughout this section we
will use the notation from above and rid ourselves of the double-indices by setting

a=re® =cy, b=rpe®=ci1, c=re’ =cyy and 0= ree = cop

The radii rq, 75, 7c and 7, shall be real and non-negative unless explicitly stated other-
wise. Thus a conic is given by

q(2,2) =0+ 2z + 22+ az? + 2022+ az2 =0 .
The only sub-leading coefficients of ¢(z,Z) are ¢ and ¢. Because of ¢ = ﬁ, annihilating ¢
means automatically annihilating ¢ and vice versa. Thus, without loss of generality, we
focus on ¢ alone.
According to Theorem we can perform annihilation when rq # 7. Figure [£.12]a il-
lustrates a quadric curve satisfying this condition. The uniquely determined annihilating
translation vector

_ca—cb
-2 2
Ta—T'b

according to Theorem [£.6]is also indicated. A translation by this parameter ¢ uses both
translatorial degrees of freedom. This concludes our study of this kind of curves.

Now let 74 = rp. In this case our auxiliary lines come to life. Figures [4.12]b+c illus-
trate those lines, given already by the leading coefficients. By b = ¢11 € R we have
¢'¥ = sign(b) and thus
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a) rq # 1y — annihilation of [¢| ¢) auxiliary lines T and T+

red hyperbola in normal form

d)ra =rpandc€ L e) translated parallel lines f) translations by s € T

parallel line pair parameter t. € T, N T+ have no effect;
0=ceL.nN Lt curve is in normal form

\ 25
g)ra =7p and ¢ ¢ L h) translated parabola i) second translation
parabola parameter t. € T, N T+ parameter s € T
TelL.NnL* red curve is in normal form

Figure 4.12.: Translation of a parabola and a pair of parallel lines

0=1gq(2,2) = 0+2z+2tz +rq ("2 +2sign(b)zz + e *2)
i 2
= 0 + 2¢cz + 2¢z ( 2z + Slgn(b) 52)

2
= 04 2cz+ 2z +Ta<€ 22+ Pl z)

. —a 2
— 04 2:42c +raeﬁ(ez a4 2“32)
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The condition rq4 = 7, affects only the leading terms of ¢q. Let us have a short look at
the projective extension of the complex plane - to be more precise: at the restriction of

. . . ; ;=8 —atf_\ 2
g to the line at infinity, namely rqe?® (ez 2 z+¢€ a E) . There we can see a double

—a+p+7
{/\e 2

From the theory of quadric equations, we know that double roots at infinity are charac-
teristic for parabolas or pairs of parallel lines. In Figure both cases are illustrated.
Looking back to the case where r, # 1, we must have had hyperbolas, ellipses, circles
or intersecting line pairs. There the linear (sub-leading) part of the equation was extin-
guishable by translations, which is also confirmed by the theory of quadratic equations.
Now with 74 = 7, we have two cases: either ¢ € L (Figure ud or ¢ ¢ L (Figure
4.12le) with L = {)\e” A€ R} and T = O‘—w In the first case annihilation is possible
by Theorems E and 4.8 With ¢ = r.e'” for ar. e R we get

root for any z € T with

AER}.

—a—8

.ot . . . —a+fB
q(z,Z) = 042r, (el%z—i—eZ 2 §)+rae”g< 1952, 4 =% )
+

. .a—f Y . a—p 8
= 0+ 2re” (eZTz—FeZ 2 E)—H“aelﬁ (e’ 7 z4e 2 z)

. ; =38 8 .
With 8 € nZ we have e’ 2~ = e'2 and we can employ Vieta’s theorem to get

. a—8 o+t . ca—f . _atf 2
q(2,2) = 04 2re?’ (eZ e >+rae”6 (eZ e z)

a+pB

= <§+ rae’g(ei 2B2+€T >> <C+\fe2<i 26z+6_a2+62>)

for suitable &,( € R, satisfying £ - ( = ¢pg and £ + ( = %ei% This means that ¢
degenerates in two parallel lines: ¢ is a product of two terms which are linear in z and
Z exhibiting equal leading coefficients. This again corresponds nicely to the theory of
conics.

Now taking our two parallel lines, we may translate them such that the origin is equally

far away from both lines. Consequently £ = —( holds for the translated curve. Thus
E+(¢=0= \2/%, which is only satisfied if r. = 0. This means that ¢ = 0 after this

translation (see Figure e). In fact, annihilating ¢ in this case we need Theorem
and a t € T.. An additional second translation with translation parameter s restricted
to s € T is not needed: Any such translation would leave the parallel lines invariant.
Anyway, there is no further sub-leading coefficient to minimize and cgp = 0 may not be
changed by the use of an s € T. As a result our parallel lines are in normal form (see
Figure [1.12]f).

Now only the examination of parabolas is missing, i.e. when rq4 = rp and ¢ € L (Figure
[4.12lg). In a first translation according to Theorem [c| may be minimized by any
t € T, (Figure h). In a second translation by parameter s € T', we may only change
the constant term cgpy = 0. But the leading coefficients have no influence on it and 2
depends only on the minimized ¢ and ¢. These two coefficients have the same absolute
value and are conjugate. Thus automatically 0 can only be moved on the real axis, which
is fine because ¢y must be real anyway. Consequently 9 is annihilable and the resulting
parabola is in normal form and must contain the origin (Figure [£.12]i).
Retrospectively, we can easily observe what the single translations did with the original
parabola: The second translation was in the direction of the axis of the parabola, sending
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4. Curves and selected transformations of the plane

the apex to the origin. Thus the first translation moves the original axis such that it
passes through the origin.

4.2.8. Invariants under translation

We will confine ourselves to curves where the absolute values |cg;| of all leading coeffi-
cients cg; are not equal. By Theorem there is at least one sub-leading coefficient ¢y,
which can be annihilated by a unique translation: Let c,, be the one with greatest p. A
normal form for a given curve with respect to translation can be achieved by annihilating
the coefficient cpq.

For curves with leading coefficients of the same absolute value the translation process,
transforming a curve into translatorial normal-form, is uniquely determined: |Tin| = 1.
Thus the coefficients of the translated curve are invariants of the curve describing equa-
tion with respect to translations. The leading coefficients are not affected by translations
and are thus also invariant. The other coefficients ¢; with k& + 1 < d can be calculated
using Expression and have a more complicated structure.

Take a quadric ¢(z,Z) = 0 for example. Annihilating a sub-leading coefficient by trans-
lation means ¢1g = 0. The translated quadric will be

qN(Z, E) = Coo + 5202’2 + €112z + 50252

le20|"—[e11]

The translation parameter ¢ is ¢ = €0%29=Cl0¢1 according to Theorem 4.6, Thus by the
transformation law (4.7) we get (with A = cagcor — ¢3):

o o 1 2 2
coo = q(t,t) = coo+ N (2c10c01¢11 — €igco2 — Cg1C20)
C C C
1 o 20 €11 Clo det(M)
= -—-ae C11 Co2 Co1 | =
A A ’
€10 Co1  Coo
cio = 0, co1=0,
€0 = €20, Ci11=ci1 and Co = co2 -

We have the following invariants of the quadric equation: ¢og, ¢2g = co2 and ¢;1. There-
fore A = |eg|* — ¢112 is invariant. Thus A - Gy = det(M) is also invariant. det(M) is
even a projective invariant of the quadric equation.

Invariants of the conic as curve can be obtained by normalizing the coefficients. This

can be done by dividing the coefficients by the Frobenius norm ||c|| of the coefficient

det(M) A
and

llell llell

true for the combination

vector ¢. Thus —=- are invariants of the curve. If det(M) # 0, the same is

3
detfiM)'
It is instructive to analyze what this specific invariant means. To do so, consider the
very simple quadric given by az? 4 by? —1 = 0. If both a and b are positive, this quadric
is an ellipse, whose axes of symmetry are aligned to the coordinate system. In this case,
the complex representation turns out to be 4+ bz2 + ‘H'bzi + 572 _ 1. Thus we have

Co0 = Coo = “74’, 11 = “TH’ (remember we have multlnomlal pre scaling), c10 = 0 and
coo = —1. We want to study what happens if we insert these coefficients into ﬁ;})g.

First observe that the numerator as well as the denominator are of homogeneous degree
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4. Curves and selected transformations of the plane

6 in the ¢;;. Thus we may multiply all coefficients by 4 without altering the value of the
expression. So we get:

3 (l—b a+b
det <a+b a—b) B ab
a—b a+b 0\ 4 °
det? la+b a—b 0
0 0 —4

This amazingly simple expression is nothing else but — (Q . %)2, where Q = m/ab is
the area of our ellipse. Thus we have a Euclidean explanation for our expression being
invariant: It is just a function of the area!

More translatorial invariants can be obtained by establishing translatorial normal form
and taking the resulting curve coefficients. However, they will not be necessary in most
cases because we want to establish a normal form anyway and therefore do not need to
reconstruct the curve up to translations. The translatorial normal form allows an easy

symmetry detection, which would be quite difficult for arbitrary curves (see Chapter [5)).

4.3. Scaling

Another elementary operation is scaling. In the last chapter we already dealt with
translations and so we confine ourselves here to scalings with respect to the origin as
center. Together with rotations and translations, we get the orientation preserving
Euclidean motions. In this chapter we will analyze the effects of scaling on the curve
coefficients and take a look at a normal form and invariants with respect to scalings.

4.3.1. Effects of scaling on curve coefficients

Let us start with the analysis of what scaling does to points contained in our plane.
With the homogenizing component A we have

@)
ISTIEN

)

A0
— |0 A (4.16)
0 0

Sl oW
—_
>

Thereby A € Rsq is the scaling parameter. A = 0 is excluded because everything
would shrink to a point. Negative scaling parameters may be ignored in the presence of
rotations: Rotating a curve around the origin by an angle ¢ = 7 is equivalent to scaling
by A = —1. Consequently, a scaling by a negative A may be split up to a rotation by 7
with subsequent scaling by |A|. The effect of scaling on the curve coefficients is given by

Theorem 4.13 Let g be a curve with coefficients c; and let g be the by \ € R~ scaled
copy g = gy of g with coefficients ¢x;. Then the mapping on the coefficients, induced by
the scaling, is

_(]H_Z)Ckl . (4.17)

PrOOF Equation (4.16)) directly proves (4.17)). a

Ckl V> Ckl = A
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4.3.2. Normal form and invariants

Theorem shows that a (uniform) scaling of the plane results in a (non-uniform)
scaling of the curve coefficients. All coefficients cy; are scaled except cgp, which conse-
quently is an invariant under these transformations. But there are whole curves, too,
which are invariant under scaling by an arbitrary parameter: In the Euclidean plane
these are exactly the curves consisting of one or more lines passing through the origin.
In the projective plane this set is complemented by the points on the line at infinity.
Talking about normal forms with respect to scalings, these curves are already in normal
form. All other curves may be transformed to a sheer wealth of different normal forms:
We can normalize any collection S\ {coo} of coefficients cg; # coo, containing at least
one non-vanishing coefficient, with respect to any norm. In the following we list a few
of them:

e We can scale a curve such that the largest non-vanishing coefficient |cy;| with
respect to > has an absolute value of one: Simply choose A to be the unique
positive real (k + [)-th root of |cy].

e We can make use of the block-structure of the curve-coefficient-vector as defined
in Definition Via scaling we may achieve that the sum of the absolute values
of coefficients in a non-vanishing block:(c) (t # 0) equals one: Set A to the unique
positive ¢-th real root of ||block:(c)|l;, = Sj_g |ci—14]. Generically we only know
that the leading block blocky(c) contains at least one non-zero coefficient.

e A normal form using all coefficients except cog may also be calculated: Let ¢P be
the projection of the curve coefficient vector into a vector space of one dimension
less such that cil = ¢ except for K =1 = 0. Selecting A\ to be the unique positive

root of
t

d
0=1- Z)\tz‘ct,l,l’

t=1 =0
—_——
>0
leads to ||cP||; = 1. The root is unique due to the non-negative coefficients of
the polynomial in A, which is subtracted from unity. Thus this polynomial is
monotonically increasing for positive A and zero for A = 0 because there must be
at least one non-vanishing leading coefficient.

With all these normal forms, care has to be taken about the overall scaling of the
coefficient vector because of the identity V' (f) = V(Af) for all A # 0. In any case these
normal forms do not interfere with a rotational or translational normal form potentially
established earlier: The angles ¢y of coefficients ¢y = 71€’?* are preserved under
scalings by positive A and the property of being a vanishing or non-vanishing coefficient
is also invariant under scalings. Thus taking translatorial, rotational and one of the
scaling normal forms together, we obtain a normal form with respect to orientation
preserving Euclidean mappings of the plane.

As invariant expressions with respect to scalings, we get all quotients of products of coef-
ficients with equal index-sum per product: Let Q as well as D be a family of coefficients.
A single coefficient c¢g; may be contained in ) or D more than once. Its index-sum is
k + 1. The sum over all index-sums of all coefficients in ) shall be equal to the one of
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4. Curves and selected transformations of the plane

D. Index-sums to coefficients which are contained more than once have to be counted
according to their multiplicity. Then
Il cu
cr1€Q
11 Cpq

cpq€D

is an invariant with respect to scalings. This property directly drops out of Equation
(4.17) from the end of the last section.

4.4. Projective transformations

In the previous sections we studied special Euclidean transformations. Now we want
to focus on projective ones. In general, we can proceed analogously to the rotations,
translations or scalings. But we will see very early the impracticability of this ansatz to
derive a normal form or invariants. In the literature, a complete projective classification
to higher order curves can not be found. “Higher order curves” already means curves of
order five (compare with [I1]). To overcome most of these problems, we propose using
diagram techniques. We will follow this path for a while and refer to Section[3.2] Further
observation on diagrammatical projective invariants are covered by [I].

4.4.1. Effects of projective transformations on curve coefficients

Projective transformations of the plane may be considered as mere matrix multiplications
by matrices with a non-vanishing determinant. After complexification and simplification,
a real projective transformation of our plane curve is given by

z m mn o z
zl—|m m o] |z (4.18)
h p P kK h

with m,n,0,p € C and k € R. This transformation has nine real degrees of freedom.
We might restrict the transformation-matrix to exhibit a determinant equal to unity:
This is due to the fact that in projective geometry (z,z, k)T is not at all different from
det(M) - (2,2, h)T. This would reduce the degrees of freedom by one.

However, extracting structures and thus normal forms or invariants from this point of
view is too complicated. Already the transformation of the curve-coeflicients of a conic,
induced by the above transformation, is too messy:

_ _ _ -1
coo K2 2pr 26p P 2p P coo
C10 KO po—+kKm po+kKkn pm Dpm-+pn pn C10
o1 _ KO po—+Kn po+kKm pn pm-+pn pm Co1
— M1 9 9 9 M
€20 0 2mo 2no m 2nm n €20
C11 o0 mo+on no+om mn nn-+mm nm C11
02 02 om0 o2mo w2 onm m? o2

Thereby M denotes the diagonal-matrix containing the multinomial coefficients. The
expansion, especially the inversion of the matrix in the middle, results in a very in-
transparent expression. Extracting structures and invariants must be done by using a
different approach.
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4.4.2. Projective invariant expressions

A promising ansatz is the use of tensor-diagrams. According to Theorem [3.3] we can
draw closed diagrams using only the co- and contravariant e-tensors together with the
curve tensor and we will obtain an invariant. Thus it is highly interesting which closed
diagrams are generically non-vanishing. We call these diagrams non-trivial. Having all
these at hand, we are able to form any invariant according to Theorems [3.2] and [3.3]
The ultimate goal would be to determine a (minimal) system of diagrams, which permits
the generation of any projective invariant. If we had such a system for any degree of
a curve, we would be able to reconstruct any curve from its invariants. According to
a famous basis theorem of Hilbert (see [25] or [51]) the corresponding minimal systems
are finite.

The question now is how to find such basis-sets for curves of a fixed degree. We do not
solve this problem here, but we propose a few steps in the direction to the solution which
seem promising to us.

According to Theorem [3.2] and projective invariants of a curve are represented
by the set Z of closed diagrams consisting of the curve tensor together with co- and
contravariant e-tensors. Due to the e-d-rule from Section [3.3.6) we know that two directly
connected e-tensors may be replaced. Applying this rule to the diagrams in 7 we are
left with Z’. These diagrams consist of curve-tensors and not directly connected co- and
contravariant e-tensors. However, the curve-tensor is per definition covariant and thus
not directly connectable to a covariant e-tensor. As the diagrams in Z’ are closed, they
do not contain covariant e-tensors.

Theorem 4.14 The set of all projective invariants of a curve may be described by the
set of closed diagrams containing (multiple copies of) the corresponding curve-tensor
and contravariant e-tensors.

If we have a non-trivial invariant, then no e-tensor is connected twice or even more often
to one and the same curve-tensor. This is because

:: - m - (4.19)

G is totally symmetric and thus we may interchange the incoming edges. However, if we
swap the outgoing edges at the e-tensor, we have to change the sign. Thus the original
expression must have been identical to its negative and therefore it is vanishing.

In order to build a diagrammatical invariant at all, we are not allowed to have dangling
arcs. But this has implications on the degree of a non-trivial invariant in the curve
coefficients. This degree is given by the number of copies of the involved curve-tensor.
It is constrained by the fact that the variance var(@) of a curve-tensor G is given by
the degree d of the corresponding curve and the variance var(e) = 3 of the e-tensor.
Consequently, there is no non-trivial invariant or non-trivial closed diagram of degree
one or two in the curve-coefficients.

Theorem 4.15 If d is the degree of a curve and k the degree of a non-trivial invariant
of this curve, then k-d =0 mod 3.

Now the search for a diagrammatical basis of invariants may start. At first we may fix
the degree d of curves under observation. Then we start to list a few diagrams and try
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to extract building blocks with interesting attributes that may help listing or ignoring
further diagrams: For example diagram-parts which vanish identically reduce the amount
of diagrams that have to be considered. One such rule is already known: If we have a
diagram where one curve-tensor is directly connected to an e-tensor more than once,
then it must vanish (see Equation (4.19)). We are also interested in (more complicated)
diagrammatical calculation rules to be able to cut complex and big diagrams down to
small ones. These rules are nothing more than adapted Grassmann-Pliicker-Relations.
In the end, we must reach the point where we listed a basis of invariants due to its
secured finiteness.

For an exemplarily study, let d = 2. From the theory of quadratic equations we know
that essentially the sole invariant is the determinant of the corresponding curve-tensor.
But for now let us ignore this knowledge and let us check whether we can confirm this
from a diagrammatical point of view. By Theorem [4.14] we only need two kinds of nodes
in our diagrams. We therefore replace our curve-tensor-node by a small circle:

RO

The smallest possible non-trivial diagram must contain k = 3 o-nodes. In fact

)1‘ = A =6 - det(Q) .

This is also the only non-trivial diagram containing three curve-tensors. One interesting
building block, taken from this diagram, is the following (beware of the sign-flip!):

_,o,_@H = —2.det(G) _,

e}

(4.20)

(4.21)

This means that whenever two curve-tensors share the same two e-tensors we can find
the sub-graph shown above. Replacing this subgraph by —2 - det(@) times the identity-
transformation (&7), we get a diagram with three o-nodes less.

Now, by Theorem the next smallest (non-trivial) diagram(s) must already contain
six copies of the curve tensor. If two of them share the same two e-tensors, we can apply
Equation and get a diagram with three nodes. This is either trivial or a multiple
of det(é). Thus the whole diagram was either trivial or a multiple of (det(é))z. Conse-
quently, we can discard such diagrams because we can generate something equivalent by

Equation (4.20). The only remaining diagram is of tetrahedral shape with the e-tensors

at the vertices:
0
o; ;
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Resolving this one is a bit more complicated and we need to revisit Grassmann-Pliicker
relations:

[abc][def] = [abd][ce f] - [abe][cdf] + [abf][cde]
SYO;J = 0 % @4 7
o Ob of

This formula uses two e-tensors sharing a curve tensor. This leads to a vanishing last
diagram according to Equation . Now, let us apply this rule to our tetrahedral
diagram: The first summand is just the negative of the original diagram because we may
swap the blue nodes, changing the connection-order of one e-tensor. Thus with Equation

(4.21)) (blue sub-graph):
2 W m\%/ — —2.det(@) Yﬁ
= 12(det(G))?

SR

Consequently, all non-trivial diagrams with six curve-tensors are equivalent to (det(G))2.

In essence, we used the Grassmann-Pliicker relation above and exploited the fact that
the entry-points ¢ and d as well as b and e were connected to an e-tensor. Thus the
diagrammatical rule is

AR el

= det

Comparing this rule with Equation , we can see certain cells, bounded by nodes
and arcs. On the left hand-side in Equation , we have one cell with two e-nodes
and in Equation two neighboring cells with three e-nodes. Having six o- and four
e-nodes, it is not possible to have a cell with four black e-nodes without shortcuts and
without configurations from Equation (try it!).
Analogously the largest cells without shortcuts are bounded in size for all diagrams. For
example in diagrams with nine curve-tensors, there is no cell with five or more e-nodes,
which does not have any short-cuts: Just suppose the contrary. Then we have a ring
with at least five e-tensors and equally many curve-tensors. The curve tensors in the
ring are already fully connected but the e-tensors have one dangling arc each. But now
we have only four (or less) free curve-tensors left, to which these arcs may connect.
Consequently, one of the free curve-tensors must be connected to two e-tensors in the
ring, building a short-cut.
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In fact (by enumeration) we get only two possible diagrams with six e-tensors: a prism
and a Mobius strip:

)

Thus with nine curve-tensors, we must either have a known sub-configuration, reducing
the diagram, or there are two neighboring cells of size four. The neighboring cells must
either have two or three e-tensors in common. Applying the Grassmann-Pliicker relation,
we get (beware of the signs and the vanishing term)

[abc][de f] = labd][ce f] - labe][cdf]
bases Gl asac SR oo o
IR I 07

In any of these summands we can see a cell with five e-nodes. But in case of the prism
or Mobius strip, the bottom left node gets connected to one of the rightmost nodes via
an intermediate curve-tensor. Thus a careful application of this rule on our Mobius strip

T T T
Lt Lt L

“Mobius = prism — prism =0

shows

and the application on the prism gives us

prism = —prism +  3-(-2- dc/t\(@))
(2 (det(G))?)

Consequently, the prism equates to —6 - (det(G))3. Now we are able continue to cut

one connection and formulate diagrammatic calculation rules which can be used for
higher order invariants. We will omit this here. However, we want to advert to the
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vanishing Mobius strip. It is interesting that the configuration exhibits none of the
former structures and vanishes anyway. All cells in this Mobius strip are of size four, i.e.
contain four e-tensors. It does not matter where the Grassmann-Pliicker relation with
the two cells of size four is applied: The result is always “prism — prism” and thus zero.
As such, the Mdbius strip is the second non-trivially vanishing diagram.

Let us close the topic of conics and switch to cubics. Thus d = 3 and Theorem |4.15
impose no restrictions on the degree of the invariant: Any number of curve-tensors
is conceivable. However, it is clear that the number of curve-tensors must match the
number of e-tensors in order to get a closed diagram. At first we get the pendant to
Equation , which is of course extendable to curves of arbitrary degree:

:: - :C 3 -0 (4.23)

Thus the smallest diagram is
éji\ -0

In contrast to conics, this diagram vanishes and in it we can discover symmetries: Re-
flecting the diagram at an axis through the e-tensors and one curve-tensor, we obtain
the same diagram. On such an axis, we have an odd number of e-tensors. Finally, we
can say that the following sub-configuration leads to a vanishing tensor:

HO):2<>‘ = O —

o}

(4.24)

(4.25)

The next smallest configuration must use four nodes of each type. The only possibility
with no sub-configuration (4.25) is a cube:

= Z Akimnopgr * CklCmnCopCqr -
k+m+o+q=4

le; l+n+p+r=4

This diagram also showed up in [9], but additionally we can state the following: Ex-
panding this expression we get a sum of 25 terms. The terms themselves are products
of four coefficients ciiCmnCopCqr, Where the sum of the first indices £ 4+ m + 04 ¢ and the
sum of the second indices [ + n + p 4+ r equals four. In fact, this diagram is a weighted
sum over all such possible expressions. This is our “smallest” non-trivial invariant for
cubics.

In the next step we have to examine diagrams with five curve- and five e-tensors. Discard-
ing diagrams with vanishing sub-configurations, we get as sole possibility a pentagram
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or if reconfigured, a Mobius strip

This configuration also vanishes, which can be proven by evaluating this diagram alge-
braically. Again we have reflectional symmetries with an odd number of e-tensors on
the axes. We have verified this property for a lot of diagrams and arrive at the

Conjecture 4.16 For cubics (or any other curve of odd degree), a closed tensor-diagram
vanishes if it can be arranged such that there is a reflectional symmetry-axis with an
odd number of e-tensors on it.

Studying the diagrams with six curve- and six e-tensors, we get an interesting diagram
in the shape of a hexagonal cylinder:

= E Akimnopgrstuv * CklCmnCopCqrCstCuy -

k+m~+o+q+s+u=>6
l+n+p+r+t+v=6

In fact, all other diagrams of this size are either vanishing or equivalent to this one.
Again if this diagram is evaluated algebraically, one can see that only summands of
degree six in the curve-coefficients occur. There are in total 103 of them. Thereby the
sum of the first and the sum of the second indices always equate to six. [9] shows how
this diagram, in connection with the cube above, is related to the discriminant of a cubic.
Dividing the cube-invariant to the power of three by the squared hexagonal cylinder,
we get an expression which is independent from the homogeneous scaling of a curve
equation: The cube-invariant to the power of three and the squared hexagonal cylinder
are polynomials of homogenous degree twelve in the curve coefficients. Dividing these
two polynomials by each other, it does not matter whether the curve coefficients belonged
to V(g) or to a V(Ag) for arbitrary A # 0. Thus we have an invariant which must be
equivalent to the Weierstrass invariant for cubics. Consequently, we already have all
basic diagrams for cubics and other non-vanishing diagrams must be reducible.

At this status, proving and calculating a minimal or at least a generating set of invariants
for curves of arbitrary degree would involve a detailed observation of invariants. We omit
this here and refer to [I], [8] and [9] for additional information that might help finding
the desired bases.
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5. Symmetry detection

5.1. Rotational symmetry

5.1.1. Definition and restrictions

An interesting feature of a curve is its rotational symmetry. A curve is rotationally
symmetric if it can be rotated around a center by an angle v such that the rotated curve
is identical to the original one. Such an angle v is called symmetry angle. In Figure |5.1
we can see a few rotationally symmetric curves.

€20 C40
ot 120° 0° c
40
00 2 €32 CGo Coo 11

rotational 2-symmetry rotational 3-symmetry rotational 4-symmetry

Figure 5.1.: Rotationally symmetric curves

Definition 5.1 Let g be a curve given by the zero set C; = {z € C | g(2,Z) =0} and
let n € N\ {0,1}. g is said to be n-fold rotationally symmetric with respect to the
origin as center of rotation if C, and

C’gm:C’~ = {ZE(C ‘ g(e%iz,e—%f) :0} (5.1)

coincide. If n € N\ {0, 1} is maximal, then g is said to be rotationally n-symmetric
with respect to the origin as center of rotation.

g is rotationally symmetric with respect to a center t € C if the by —t translated copy
of g is rotationally symmetric with respect to the origin.

Rotationally invariant curves consist of one or several concentric circles and are rota-
tionally co-symmaetric.

An angle is called symmetry angle if a curve can be rotated around an arbitrary center
by this angle such that the rotated copy and the original curve coincide.

The curves from Figure are all rotationally symmetric with respect to the origin as
center of the rotation. From left to right we have a rotational 2-symmetry, 3-symmetry
and 4-symmetry. Naturally, the right curve is also 2-fold rotationally symmetric. The
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symmetry angles of the displayed curves are integral multiples of m, %” and 7,
tively.

In general, the symmetry-angles are directly readable from Equation The set 59
in Definition is exactly the curve g rotated by 772” Consequently, if C~g = Cy,
integral multiples of 27” are symmetry-angles. We will now revisit some results from
[36] to clarify the connections between symmetry angles and rotationally symmetric
curves. The following two lemmata show that the above definition of a symmetry angle

is consistent to the one of rotational n-symmetry.

respec-

Lemma 5.1 Let g be a rotationally symmetric algebraic curve with respect to a given
center. Then any symmetry angle i is a rational multiple of 27 or g is an arrangement
of concentric circles.

PrROOF We interpret the origin as a circle with zero radius. If the curve is a circle, then
any 1 is a symmetry angle. Assume that ¢ is an irrational multiple of 27 and g is not
a circle. Then there is a point z on the curve which is not the origin. The images of z
under iterated rotations by v build a set of points which is dense on a circle ¢, through
z and centered at the origin. By assumption g # c¢,, and consequently ¢ must intersect
¢, in infinitely many points. But g was algebraic and therefore of finite degree d. Thus
the number of intersections of g and ¢, is at most 2 - d by Bezout’s theorem (cf. [11]). O

Lemma 5.2 If g is rotationally symmetric with respect to a given center and not a
. e . . 2
circle, then the smallest positive symmetry angle 1) may be written in the form ¢ = <%

with n € N\ {0,1} and the curve is rotationally n-symmetric.

PROOF Due to the rotational symmetry and by Lemma there is a symmetry angle
P = % - 27 with p, ¢ € N. Without loss of generality, we may assume ged(p, q) = 1. Thus
there are v, w € Z with vp + wq = 1 = ged(p, ¢). If ¢ is a symmetry angle, then for any
l € Z the angles v - ¥ 4 [ - 2w have this property, too. Let | = w. Then

VP + wq

v'£~27r+w-g'27r:
q q q

1
2m = — 2w < Y .

q
Having more than one symmetry angle ¢; = % - 27, we know that all angles i - 21
are symmetry angles. n equal to the least common multiple of all the g; proves this
lemma. O

The n-fold rotational symmetry is always connected to a rotation center. The question
now is how many of these centers a single curve can have. The answer is given in

Theorem 5.3 Let g be an algebraic curve which is not a single line or an arrangement
of parallel lines. Then g has at most one center of rotational symmetry.

PROOF Suppose g is rotationally m-symmetric with respect to the center a and rotation-
ally n-symmetric with respect to the center b # a. We will show that if these conditions
hold, ¢ is invariant under a special translation by ¢ # 0. Consequently, all iterations
of that translations map the curve onto itself. Thus curve-intersecting lines which are
parallel to the translation direction intersect the curve in infinitely many points. Now
Bezout’s Theorem (see [11]) implies that the line itself must be part of the curve. There-
fore, the original curve must have been an arrangement of parallel lines contradicting
the assumptions.
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To retrieve the non-trivial translation, let a = %’r and § = 27” The rotation around

a by a will be denoted by p, and the one around b by G will be denoted by pp. Let
us decompose each of p, and pp into two concurrent hyperplane-reflections with one
common reflection: p, = 02 0 01 and pp = 03 0 02. (For more details on geometry with
mirrors see [I2].) Thereby the fixed line of oy contains a and b (see Figure [5.2). The
angles between the fixed lines of the reflections are half the rotation angles and thus at
most 5. If both a = 3 = 7, then a py o py is clearly a translation. Figure shows
this case with half the translation vector. This means that the curve must be invariant
under this translation.

pPa = 02001 and pp = 03 0 02 pPa = 02001 and pp, = 03 0 02

with o1 }f o2 with o1 || o2

Figure 5.2.: Multiple rotation centers

If at least one of o and f3 is different from 7, then the fixed lines of oy and o3 intersect

in a point. Let us call it ¢. We get py 0 p, = 03009009007 = 03 0 01, which is
a rotation around c by the angle oo + 3. Thus g is also rotationally symmetric with
respect to ¢ and « + (3 is an associated symmetry angle. We now play the same game
analogously with the inverse rotations p;! and pb_l. Thus we get another rotation
symmetry center d # c with an associated symmetry angle —a — 3. Consequently
pb_1 op;topyop,=(02003001)0(09003007) is a squared glide-reflection and thus
a translation. The fixed lines of o1, 03 and o3 constitute a non-degenerate triangle and
are not concurrent. Thus the translation is non-trivial and g must be invariant under
this translation. O

Let us continue with the detection of a potential rotational symmetry of a curve g. To
detect one, we have to locate the center and determine the symmetry angles. For the
latter it suffices to calculate a maximal n € N\ {0,1} such that 2% is a symmetry angle.
To keep it simple, we will first focus on determining a potential rotational symmetry with
respect to the origin as center of rotation (see the following Section . Rotational
symmetry with an arbitrary center will be covered afterwards.

In general, we will pull everything down to Definition b.1f We check whether there is
a n such that C; = C4. Comparing sets is much more difficult than comparing polyno-
mials. Thus we make use of Hilbert’s Nullstellensatz or alternatively of Study’s Lemma
(see Theorem and Corollary . They both grant us the equality of g(z,%z) and

27

27 ~
glen z,e”n Z) up to a scalar factor for arbitrary z € C, whenever C; = C4. But these
theorems impose restrictions: We have to confine ourselves to irreducible curves or at
least to square-free curves.
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5.1.2. Rotational symmetry with respect to the origin as center

According to Definition [5.1, we have to determine whether there is an n such that
Cy = C4. Let g be an irreducible curve (or at least a square-free curve). Then by
Corollary [2.4] there is a A € C with

27 —27e

9(z,Z) = Ag(en z,e n 2) VzeC . (5.2)

The importance of this statement is its validity for all z. This equation holds even for
those z where g(z,Z) # 0. This means that the equality of the two polynomials in
implies the equality of all their coefficients: Consequently, there must be a A € C such
that for all coefficients c,q of g

2mi

Cpg =\ Cpg-en PO (5.3)

The aim is now to determine the largest n € N satisfying Equation by using the
uniqueness of A\. Vanishing coefficients obviously impose no restriction because Equation
is satisfied for all A and all n. If ¢y # 0, then A\ = e @=P), Tn the case of p=gq
we have A = 1.

Let us examine the restrictions on n, imposed by two non-vanishing coefficients cg; # 0

and c,q # 0. We get
211 211
A = exp <n(l - k)) = €xp (n(q —p)>

@%(Z—k)z%r
< (l—k)—(qg—p) enZ
enl(l—k)—(¢—p).

(g —p) mod 27

This means that the differences (I — k) — (¢ — p) of the rotation speeds (¢ —p) and (I — k)
of any pair of non-vanishing coefficients cz; and ¢,y determine the rotational symmetry:
Let R be the set of all such differences (I—k) — (¢—p), then n must divide any element of
R. Because of ¢ = ¢ we have R = {0} exactly while the only non vanishing coefficients
are of the form cg. Thus R = {0} only for circles and unions of circles where n, dividing
the elements of R, is arbitrary. Otherwise, if R # {0}, the maximal n is gcd(R) and g
is rotationally gcd(R)-symmetric. This proves

Theorem 5.4 Let R be the set of all differences in the rotation speed of all pairs of
non-vanishing coefficients for a curve g. Then g is n-fold rotationally symmetric if

nlr ¥YreR.

To determine ged(R) and thus a maximal n, we can look at our coefficient triangle in
. We highlight a column whenever it contains a non-zero entry (see Figure .
If two neighboring columns are highlighted, no rotational symmetry exists because the
difference between two special rotation speeds equals one. If we have a pattern with
equally spaced highlighted columns, the distance in between specifies the maximal n.
Figure [5.3| shows the pattern on the coefficient triangle for rotational symmetry of the
first two curves of Figure 5.1} The non-vanishing coefficients are highlighted. The dis-
tance between them specifies the type of rotational symmetry.
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block:(C) curve coefficients block,(C) curve coefficients
t=0 (&) t=0 €00
t=1 c10 o1 t=1 c10 o1
t=2 €20 ci1 Co2 t=2 €20 ci1 Co2
t=3 €30 Ca1 C12 Co3 t=3 €30 €21 C12 o3
t=4 [ca0] 31 Coo c13 Coa t=4 Cca0 31 [c22] c13 Co4
rotation speed |;4| =3 [=2] -1 [0] 1 \i‘ 3 |i[ rotation speed -4 [=3] -2 -1 \LI 1 2 \i‘ 4

rotational 2-symmetry (from Fig. [5.1)) rotational 3-symmetry (from Fig. [5.1))

Figure 5.3.: Pattern on the coefficient triangle for rotationally symmetric curves

5.1.3. Rotational symmetry with respect to an arbitrary center

Knowing how to detect rotational symmetry with respect to the origin as center of
rotation, we switch to arbitrary centers. It would be nice if we had a translation which
moves a center of rotational symmetry onto the origin. In fact, we already have such
a translation: It is our translatorial normal form, which focuses on the annihilation of
coefficients.

Before we can conclude this, let us first gather some results:

Lemma 5.5 Let g be a rotationally symmetric curve with respect to the origin as
center of rotation. Furthermore, let cpq # 0 be a non-vanishing coefficient of g. Then
Cp—1,g = Cp,g—1 = 0 vanish if they are coefficients of g.

PROOF Let ¢,y # 0 be a coefficient of g. Its rotation speed is ¢ — p. If ¢,—1 4 oOr ¢ 41
were non-zero, then the corresponding rotation speed would differ by one from ¢ —p. As
a consequence, g would not be rotationally symmetric (see Theorem [5.4). If p =¢ =10
then this lemma introduces no coefficient-restrictions because c_1, and co —; are no valid
curve coeflicients. O

Speaking in terms of our coefficient triangle, this lemma says: A curve can not be
rotationally symmetric if there are non-zero coefficients to the upper left or to the upper
right of a non-vanishing coefficient. Of course, we can extend this lemma to all coefficients
in the neighboring columns of a non-zero coefficient. The proof is of course analogous:

Lemma 5.6 Let the preliminaries be the same as in Lemma Then any coefficient
cp; must vanish if one of the following conditions holds:

e Ja€eZ: Cp—1,9 = Ck+a,l+a
e Ja€Z:cpg1= Chtalta
Now we are already able to prove

Theorem 5.7 Let g be a curve whose leading coefficients are not of the same absolute
value. By Theorem there is a translation such that the translated copy of g has a
vanishing sub-leading coefficient. Let g be a copy of g, which had been translated by
such a transformation. Then g is rotationally n-symmetric with respect to an arbitrary
center if and only if g is rotationally n-symmetric with respect to the origin as center of
rotation.

Proor If g is not rotationally symmetric, then any translated copy of g is also not
rotationally symmetric. But if g is in fact rotationally symmetric, then there naturally
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exists a translation such that the center of the rotational symmetry is mapped onto the
origin. Let the translated curve be ¢’. It must satisfy the above lemmata.

Let cp41,; and cg 41 be an arbitrary pair of succeeding leading coefficients with different
absolute values. Then at least one of them is non-zero. Of course, the same is true
for one of the coefficients ¢}, and ¢ ;,, of g’. (Translations do not change leading
coefficients.) Thus by Lemma the coefficient ¢j; must vanish. But by Theorem
there is exactly one translation annihilating cg;. Consequently, annihilation of an
arbitrary sub-leading coefficient sends the center of rotational symmetry onto the origin
if g is rotationally symmetric. O

The clue of the above proof is that the transformation annihilating a coefficient, which
had to be zero, was unique. But for curves with leading coefficients of the same absolute
value this argument does not hold. There the transformations minimizing a sub-leading
coefficient were not unique. For our normal forms we introduced a second translation
to overcome this deficiency. This will also save us here: The combination of the two
translations was a unique transformation minimizing two coefficients. But before we
deal with these special curves, let us examine the behavior of coefficients in the rows of
our coefficient triangle (2.17).

We remember from previous chapters what blocks of coefficients had been: There
blocky(c) was the collection of all coefficients ¢,; with index-sum p 4+ ¢ = b. We will
see that under certain circumstances a whole family of blocks must vanish, i.e. all coef-
ficients of theses blocks are zero.

Lemma 5.8 Let g be of degree d and a rotationally n-symmetric curve with respect to
the origin as center of rotation. Further let n € 2N and let ¢,y # 0 be a leading coefficient
of g with p # q. Then all coefficients of blocky(c) with b € {d —1,d —3,d — 5,...} CN

vanish.

PROOF Suppose ci; # 0 is a non-vanishing coefficient of g and k£ 4+ 1 = d — a with
a€2N+1. Thus p+¢=d=k+1+ . Then by Theorem [5.4}

n|r with r=(@—-p) —(l—-k)=2(k—p) +«
Consequently, r € 2Z + 1 and n ¢ 2N, which contradicts our assumption. O

Thus by the above lemma, at least every second line vanishes if we have an even rotational
symmetry and a leading coefficient c,q # 0 with p # ¢. Conversely, if every second line in
the coefficient triangle vanishes, then the curve is rotationally n-symmetric with even n or
it is rotationally co-symmetric. Figure shows two patterns: One with even rotational
symmetry and every second line vanishing and one with odd rotational symmetry.

Lemma 5.9 Let g be of degree d > 1, rotationally symmetric with the origin as center
of rotation and a curve where Theorem[4.0 is not applicable. Thus all leading coefficients
of g are of the same absolute value. Then all blocky, withb € {d—1,d—3,d—5,...} CN
have only vanishing coefficients.

Proor By assumption every leading coefficient is non-vanishing. Thus the curve is
rotationally 2-symmetric. Lemma [5.8| proves this lemma. O
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With these ingredients at hand we are finally able to examine rotational symmetry
with arbitrary centers for any curve. This theorem is one main result, finalizing our
observations on rotational symmetry.

Theorem 5.10 Let g be an arbitrary curve and let g be the corresponding curve in
translatorial normal form, where coefficients were greedily annihilated (see Theorem
. Then g is rotationally symmetric with respect to an arbitrary center or rotation
if and only if g is rotationally symmetric with respect to the origin as center of rotation.

PrOOF If g has leading coefficients of different absolute values, Theorem proves the
assumption.

Now let g have leading coefficients of the same absolute value. If g is not rotationally
symmetric, then an arbitrary translation does not change this. The resulting curve can
never be rotationally symmetric with respect to the origin.

However, if g is an arrangement of parallel lines, then it has either no center of rotational
symmetry or infinitely many. In the latter case these must be contained in a line, which
passes through the origin if ¢ is in translatorial normal form.

Let g be rotationally symmetric with respect to an arbitrary center and let g be no
arrangement of parallel lines. Naturally, there is a translation moving the center of
rotation to the origin. Let this translated curve be ¢’. By Lemma we get vanishing
blocky(c') with b € {d — 1,d — 3,d — 5,...} C N and with d as the degree of g. We
remember from the discussions about our translatorial normal form: There were two
translations necessary to send g to g’. The composition of these translations is uniquely
determined if and only if g is not a line or an arrangement of parallel lines.
Establishing translatorial normal form, the first sub-leading coefficient of g can be min-
imized. Due to the existing rotational symmetry of g, this must be an annihilation
because c4—1,0 € blockq_1, which has to vanish. This transformation leaves us with a
one parameter family of translations. Possibly a further sub-leading coefficient cg; can
be minimized. This is the case when the angle differences of the succeeding leading
coefficient pairs are not always the same. Then ¢y € blocky_1 must also be anihilate-
able. The translation annihilating cy_1,0 and cg; is unique and therefore the rotational
symmetry center must be at the origin.

Now let the angle differences of the leading coefficient pairs be always the same. Then
minimizing cq—1 o is still an annihilation and we have a one parameter family F of trans-
lations left. But F is exactly the set of all translations preserving the annihilated c4—1 o.
Even more, any f € F does not change any sub-leading coefficient. Consequently, the
annihilation of c4_1 o annihilates all sub-leading coefficients along the way. By Theorem
[4.9]we know that all curve coeflicients change independently from the leading coefficients
under any f € F. Thus we can treat the curve with annihilated c4—10 as a curve of
degree d’'. Thereby cy is its first non-vanishing non-leading coefficient and d=k+1. We
have d' & {d—1,d—3,d—5,...}. Otherwise, the g would not be rotationally symmetric.
Now we are in the same situation as before: There might be a coefficient in the block
below the one of cg; which can be minimized. This minimization would necessarily be
an annihilation and the grand total translation would be uniquely determined. If none
of these coefficients can be changed, then they already must all be zero due to the anni-
hilation of ¢q—1,0. Thus we effectively have a curve of even lower degree d” < d' and the
game begins anew. The case where no coefficient besides cq—1,9 can be changed is the
case when ¢ is a line or an arrangement of parallel lines. This case was discussed above.
Thus the theorem is proven. O
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5.2. Reflectional symmetry

Detecting reflectional symmetry with respect to a line is not so different from detecting
rotational symmetry. We will take the zero set C, of a curve g and compare it to a C,
which denotes the reflected curve with curve describing polynomial g. The aim is to
detect whether there is such a non-trivial equality C, = 59 as well as if and where there
is a mirror and how many mirrors there are.

5.2.1. Definition and restrictions

Definition 5.2 Let g be a curve given by the zero set C; = {z € C | g(z,%z) = 0}. Let
I :p+ pue™ be an arbitrary line (u € R). g is said to be (reflectionally) symmetric
with respect to [ if and only if C, and

C; = 59 = {z eC ‘ 9(z,2) =g (Hemi +p, (z — p)e 2 +T)) = 0} (5.4)

coincide. Thereby 59 is the reflection of C; on the mirror l. The line | is also called
symmetry axis. The angle « of | is called mirror-angle.

Figure [5.4] shows reflectionally symmetric curves. We can already see that intersecting
symmetry axes imply a rotational symmetry. However, point-symmetric curves will be
ignored here, because we may interpret such curves as rotationally 2-symmetric. Thus
we restrict ourselves to hyperplane-reflections.

C31

dyy G20
C20 C40
Cc10
C11
C22  Co €00 C22
0
C20 C40
symmetric curve two mirrors point symmetry

Figure 5.4.: Reflectionally symmetric curves

Let us now have a closer look at the special shape of C~g in Deﬁnition If g is symmetric
with respect to the real axis, then clearly

C,=Cy={2€C|g(z2) =0} .

Reflections on mirrors [ passing through the origin in an angle « to the real axis are
easily described. We can perform such a reflection by the following steps: First rotate

the plane by —«a around the origin, then reflect at the real axis and third rotate back.

rotate reflect ——— :_ rotate i
z vf—> e—lay = glag [\ 20F p2ia

This means that z —— e

7z and thus
Cy = 59 ={zeC| g(e?oz, em%ay) = 0} .
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If [ does not contain the origin but an arbitrary point p, we can prepend and append a
corresponding translation by —p and p and get C, from Definition

With respect to reflectional symmetry there are special curves: A circle or concentric
circles are of course reflectionally symmetric. All lines passing through the circle center
are symmetry axes. Given an arbitrary symmetry angle there is always a corresponding
mirror. Thus these curves have infinitely many mirrors, which build a pencil. Lines
or arrangement of parallel lines also have infinitely many symmetry axes, namely their
perpendiculars. For the converse we can use

Lemma 5.11 If an algebraic curve g has two different but parallel symmetry axes, then
g is a line or an arrangement of parallel lines.

PrROOF The reason for this is that two parallel mirrors /1 and [y imply a translation 7
by two times their distance. g must be invariant under this translation. Consequently,
if z is a point on g, so is 7¥(2) for any k € Z. Let the line passing through all these
points be h. Then g must either intersect h in all 7%(z) or contain the line. But g is
algebraic and therefore intersects h in finitely many points or contains it (see [II] for
Bezout’s Theorem). O

Here we have used the equivalence of translations and two reflections with parallel mir-
rors. But we can also use the equivalence of two intersecting mirrors and rotations. (For
more details on the geometry with mirrors see [12].)

Lemma 5.12 Let g be an algebraic curve with two different intersecting symmetry axes
L:p+ X and m: q+ pe’® (A, € R). The point of intersection shall be w. Then g is
rotationally symmetric with respect to w as center of rotation.

PrOOF Different intersecting symmetry axes mean o # 3. The reflections on [ and m
imply a rotation p of the plane by 2(« — 3) around w. The first case is that 2(« — () is
a rational multiple of 27, i.e. 2(av — 8) = ¥ - 27 with s,r € Z and ged(r,s) = 1. Thus if 2

s-27i

coincides with g, so does ze' . Due to ged(r,s) = 1 our curve g is r-fold rotationally
symmetric. In the second case 2(a — [3) is no rational multiple of 2. Let g(z) = 0 and
z # w. Then the set of all iteratively rotated copies of z are contained in a circle ¢,. This
set has infinitely many elements. ¢ can only intersect this circle in finite many points
or contain it due to Bezout’s Theorem (see [11]). Therefore g is a circle or a union of
concentric circles. )

Example 5.1 For example take a curve g which is reflectionally symmetric with respect
to the real axis and with respect to the line given by ue® (u € R). Then g is invariant
under the transformations
0 €* 0
— (e 0 0
0 0 1

0
0 and
1

S W W
> Nl ow
>Nl ow
SN oW

0
0

As a consequence, g is invariant under combination of these reflections, especially under

2 010 0 e 0\ [z e 2P 0 0\ [z
zl— 1 0 0] |e2 o0 o](z]|= 0 e of [z
h 00 1 0 0 1/ \h 0 0 1/ \n

But this transformation is just a rotation of g by —23 around the origin.
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Using the above insights and our knowledge from our observations on rotational sym-
metry, we get

Theorem 5.13 Let g be an algebraic curve which is not a line and not an arrangement
of parallel lines. Then all symmetry axes are concurrent.

PROOF By Lemmal5.11] g has no parallel symmetry axes. Suppose there are at least three
different non-concurrent mirrors. They would have three different points of intersection.
By Lemma each of these intersections must be a center of a rotational symmetry.
But Theorem states that we can only have one if g is algebraic. O

Now we are able to start with the detection of reflectional symmetry. We proceed
analogous to the detection of rotational symmetry: We pin everything down to the
Definition Again we use Corollary to get an equality of polynomials rather
than an equality of zero-sets. Therefore we restrict ourselves to irreducible or at least
square-free curves.

5.2.2. Reflectional symmetry with axes passing through the origin

In accordance with Definition and the observations thereafter, we have to determine
whether there is a p and « such that C; = 59. In this section we focus on the detection
of reflectional symmetry with respect to axes passing through the origin. Thus w.l.o.g.
p from Definition [5.2] is the origin p = 0. Let g be an irreducible curve. If g is a line,
then all symmetry axes are clear: All perpendiculars to g and g itself are mirrors. Let g
be of degree d > 1 and reflectionally symmetric with respect to the mirror e (i € R).
Then by Corollary [2.4] there is a A € C such that for all z € C
9(2,Z) = N\g (620‘1?, e72%)

The irreducibility of g and d > 1 secure the existence of a point g = ,uqeio‘ on our mirror,
which is not a point on our curve g. Thus g(q,q) # 0 and

9(0,9) = g (1ge'  1ge ™) = Ag (1ge™, pge ™) = Ag (€**'g, e™**'q)

and consequently A = 1. This means that g(z,z) = g (**z,e 2*z) = §(z,%) for all
z € C. Thus g and g must have equal polynomial coefficients:

Cpg = cqpe2ai(_p+q) =Cpq - (5.5)

Again the rotation speed of ¢4, namely —p + ¢, comes in. If ¢, vanishes or if p = ¢,
then this equation is trivially satisfied.

Now if we want to detect a potential reflectional symmetry of a given curve g, we have
to find all angles o such that Equation holds for all coefficients c,, of g. As we
have seen, vanishing coefficients and coefficients of the form ¢,, impose no restrictions
on «. This fits nicely: If we have a curve with vanishing coefficients c,; when p # g,
then we have (concentric) circle(s). Thus we have infinitely many mirrors and arbitrary
a. If a ¢py # 0 with p # ¢, we get a constraint on o from Equation . Let us write
the coefficients in exponential form: ¢y, = 7, exp(ipy,) with positive rp, € Rsg. Thus
Equation is equivalent to

Ppg = —ppg T 2a(g —p) mod 27 .
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Consequently,
¢pg =a(qg—p) modT .
This means that there is a & € Z such that

Ppq :a(q—p)—l—lm )

which is equivalent to
— k7w
o= (5.6)
q—7p
for some k € Z. Thus a single non-vanishing coefficient ¢,, with p # ¢ constrains « to
the form of (5.6)). If v is a mirror-angle, so is a4+, because both angles lead to the same
mirror. One may live with this ambiguity, or as we do, one can restrict o to a € [0, 7).
Consequently, a must be contained in the finite set
ke Z} .

The cardinality of 2, is [—p + ¢|, the absolute value of the rotation speed of the corre-
sponding non-vanishing coefficient c,,.
The above observation already proves

©pg — kT
Ay =4 ——— mod 7
e { q—p

Theorem 5.14 Let S be the set of all coefficients cpq # 0 with p # q for a given curve
g. Let 2 be the set of all mirror-angles o € [0, 7) of g with respect to symmetry axes
passing through the origin. Then

A= (] Apg -

cpqg €S

Graphically one can take an angle ¢,, of a non-vanishing coefficient c,, with p # g,
divide it by its rotation speed —p + ¢ and add the 2(—p + ¢)-th complex roots of unity.
Figure shows Rz for w29 = —%. The mirror-angles in [r,27) are displayed in grey
and lead to the same mirrors as the angles in Ay9. Generating such diagrams to each
non-vanishing coefficient c,, with p # ¢ leads to potentially many graphics. If all the
diagrams have one or more lines, or respectively angles, in common, then this line (angle)
denotes a reflection-symmetry with the corresponding mirror-angle. In this way we are
able to detect reflectional symmetries with respect to axes passing through the origin.

P20 + T
-2

$20

Figure 5.5.: Graphical version of 205y with additional (grey) angles
Before we switch to reflectional symmetry with respect to arbitrary positioned axes, let

us once more focus on the reflection-operation: Reflecting a curve g on a line passing
through the origin with angle « to the real axis gives us a reflected copy g of g. Equation
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(5.5) gives us the transformation law for the curve coefficients. As with rotations and
translations it is instructive to look at this transformation, using matrix-vector notation:
We have

( €00 ‘ €10 Co1 | €20 C11 Co2 ‘ €30 €21 C12 Co3 ‘ )T = Oal =

1 C00
—2ix

e €10

621@ co1
6—4104 €20

1 C11

647104 A 02 (57)
6—6104 30

6721‘(1 o1
62104 c12
e6za o3

=S,

5.2.3. Reflectional symmetry with arbitrary symmetry axes

Let us look at reflections from an elementary geometric point of view. Therefore let p
be a point on the mirror (symmetry axes) and « be the angle between the mirror and
the (positive) real (half-)axis. The reflection operation S(,,y on this mirror may be
decomposed into the following operations as indicated in Section

1. Translation by —p, which sends the axis to a line passing through the origin. The
operation on the coefficient-vector may be described by matrix-multiplication with

T_, (compare with Equation (4.8)).

2. Rotation by —a, which sends the axis to the real coordinate axis. The corre-
sponding transformation on the coefficient-vector is encoded in R_,, (compare with

Equation (4.2))).

3. Reflection on the real axis, which may be described by Sp (compare with Equation

(©-7))-

4. Rotation by «, representable by R, and
5. Translation by p, with the corresponding translation-matrix T,

Thus
S(p’a) = Tp Ry Sy -R_y - T_p .

By expansion or by elementary geometric means (see [12]) one can show the identities
R,SoR_o = Sy = RooSy = SoR_2, and TpS() = S()TT). Additionally, TeiapRa = Ran.
Consequently,

Spa) = TpRaaT-5S0 = RaaT, So - (5.8)

—2iap,ﬁ
Thus the decomposition into five steps may be reduced to three steps: the reflection at
the real axis, a translation by e~2**p—p and a rotation around the origin by 2. Equation
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describes the shape and structure of S, ,): Basically, it is like the translation matrix
To-2ia,_5. The difference is that the lines of the translation matrix have to be scaled
by %@ according to the entries of Ra, and the order of the columns in each block is
inverted due to the multiplication with Sj.

Analogously we can think of S, o) as Sg, o) = R2a:S0T 205,
block-wise inverted line-order and scaled lines. To better see this it may be instructive
to write the corresponding matrices down. We will omit this here.

Having a reflectionally symmetric curve, we know that for the curve coefficient-vector
c the Equation ¢ = S, ,y¢ = ¢ must hold. The curve is reflectionally symmetric if and
only if the coefficient vector is invariant under multiplication with S, ). One of our
main results in studying reflectional symmetry is that we have a translation, sending
potentially unknown mirrors to lines passing through the origin. This is already clear
for curves with two or more different concurrent mirrors: Lemma [5.12] shows that the
point of intersection is a center of rotational symmetry and Theorem [5.10] states that
this center is the origin if the curve is in translatorial normal form. But in general we
have the following theorem:

a translation-matrix with

Theorem 5.15 A reflectionally symmetric curve in translatorial normal form with
greedy coefficient annihilation (see Theorem has a mirror passing through the
origin.

PrROOF We prove this theorem in three steps: First we look at reflectionally symmetric
curves whose mirrors are the real axis. In a second step the mirrors are lines passing
through the origin and, lastly, the mirrors are arbitrary.

Let g be a curve which is reflectionally symmetric with respect to the real axis. Then
cr = ¢ € R and all coefficients are real. The translatorial normal form g of g can be
established according to the algorithm presented in Remark [£.3] Any of the described

translations use a real ¢t € R: ;?:;fg € R, t €R, e%ﬁ% € R (because e*¥ = g and
2¢ € {0,27}) and (i + %) e € R (because m = ae® + be™ with ¢ € {0, +75, 7} and
thus either m € R or m = —m). Consequently, the translatorial normal form g is also

reflectionally symmetric with respect to the real axis.

If g is reflectionally symmetric with respect to an arbitrary axis passing through the
origin, then so is g: A rotation of ¢ in translatorial normal form does not destroy the
normal-form-property because the coefficients are just multiplied with a factor having
an absolute value of one. Thus rotations do not change the coeflicients’ absolute values.
The translatorial normal form, however, is minimizing certain absolute values. Now let
R_,, be the rotation which transforms g into a curve ¢’ which is reflectionally symmetric
with respect to the real axis. By the above observations ¢, the translatorial normal form
of ¢’, has also this property. Finally, the by R, rotated g must be the normal form of g,
exhibiting the same mirror as g.

Now let g be a curve with arbitrary reflectional symmetry. Let p be a point on the
mirror. Then the by ¢ = —p translated copy ¢’ of g is a curve which is reflectionally
symmetric with respect to a mirror passing through the origin. Both curves g and ¢’
differ only by a translation and therefore they must have the same translatorial normal
form g. But ¢’ has a normal form which is reflectionally symmetric with a mirror passing
through the origin. Thus the same is true for g. O

By this theorem and our preliminary observation we know that a reflectionally symmetric
curve in translatorial normal form, which is neither a line nor an arrangement of parallel
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5. Symmetry detection

lines, has only mirrors containing the origin. Detecting these symmetries was the subject
of our last section and thus we know how to detect arbitrary reflectional symmetries.
A nice special relationship for mirror-angeles is contained in

Theorem 5.16 A curve g with leading coefficients of the same absolute value, which is
neither a line nor an arrangement of parallel lines, has at most two different symmetry
axes. If there are two different mirrors, then these are perpendicular to each other.

ProoF Let ¢ and ci—14+1 be leading coefficients of g. If g is reflectionally symmet-
ric, the curve-coefficient-vector of g is invariant under multiplication with S, T 2ai5_p.
Thereby p is a point on the corresponding mirror with mirror-angle . Thus these leading
coefficients imply

a(—k+1)i 20(—k+1+2)i

Cri = cp = €2 Clk and  Cp—1)41 = Ck—1,41 =€ Cl1 k-1 -

After substituting ¢y = 7ie'?% and Ch—1,4+1 = reetPet29) 29 denotes the angle-
difference between our two succeeding leading coefficients. Bearing this in mind, we get
the equivalent expressions

20k = 2a(—k+1) mod 27 and 208 + 49 =2a(—k+1+4+2) mod 27 .
Therefore the angle-difference fixes our possible mirror-angles to

T
a=1y modE.

In combination with Theorem the assumption is proven. O

This proof gives rise to the following Corollary:

Corollary 5.17 Let g be neither a line nor an arrangement of parallel lines and let
g have a non-vanishing succeeding coefficient-pair in any of its blocks. Then g has at
most two different symmetry axes. If there are two different mirrors, then these are
perpendicular to each other.

5.3. Examples

Let us review the preceding sections by looklng at two curves of degree four. Multinomial
coefficients are denoted by my; =

kI (4 k=)
. — ) k1 _ (1) kel o :
o Cp: filw,y) = > Az = > my ap’ =y with the coefficient vector
k41<4 k+1<4
n (1
a) = (ago),ago), . a((M)) given by

(11906 | —1958 —806|350 76 154|—62 —14 —2 —50|10 4 —2 4 10)

o Cs: folz,y) = Akl xkyt o mu al(j) oFy! with the coefficient vector
k+1<4 k+l§4
2) (2 .
a?) = (a(()o),ago), .. aé4)) given by

(158 —168 —36|60 24 20| -6 —12 —2 —12|6 0 2 0 6 )
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5. Symmetry detection

These curves can be seen in Figure together with transformed versions.
After complexification we get two complex coefficient vectors ¢(!) for f; and ¢2 for fo.
We describe them with the help of coefficient triangles:

block:(c)) curve coefficients
t=0 I I | 111906 I | I
(=1 | e e L
| | | —1—4032': | —4031’: | |
t=2 I \49—38i\ 126 \49+38Z\ I
t=3 =7 — =8+ 8i, =8 —8i, =7+
t=14 21 [ —1 [ 1 [ 7 [ 12
rotation I I I I I I I I
speed -4 -3 ' =2 ' -1 " 0! 1 2 3 4
block(c?)) curve coefficients
t=0 L I L 158 | I L
t=1 L | —84 + 184 |—84 — 184 | |
t=2 | 110 — 1241 20 110 + 1241 |
t=3 ' 3i L —1+3i L —1—-3i | 3,
t=14 0! [ 0 [ O [ 0 [ 10
rotation Lo | | | | L
speed —4'=3" =2 -1 0! 1 2 134
Calculating the translatorial normal form for f; means annihilating the coefficient c:%)
by a translation with t; = —5 — 3i. The translatorial normal form for f, is obtained by
a translation of to = —1 — 3¢, annihilating cg). We denote the translated curve f; and
f2. The corresponding coefficient vectors are given by the triangles
block;(¢) curve coeflicients
t=20 ; ; \ . 10 | | \
t= 1 | | | 0 | | O | | |
| | | | | | | |
t=2 \ o1 =2 R \
t=3 C0 000
t=14 2 [ (S I [ 2
rot. speed ‘ -4 -3 -2 -1 0 1 2 3 4
and
block,(¢)) curve coefficients
t=20 ; ; \ , -10 | | \
t = 1 | | | 0 | | O | | |
| | | | | | | |
t=2 \ 0 R o0 |
1=3 s L0 L0 s
t=14 0 [ [ 0 [ [ [ [ 0
rot. speed | -4 = -3 -2 -1 0 1 2 3 4

Looking at the structure of the non-vanishing coefficients in the corresponding coefficient
triangles, we can directly see the rotational symmetry: f1 and thus f; is rotationally
2-symmetric and fs is rotationally 3-symmetric.
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5. Symmetry detection

The rotational normal form of fl can be obtained in the following way: Ef&)) is already

contained in R+q. Rotations by ¢ € {0, §, T, 4 T} preserve this property But 5(31) may be
changed. If ¥ € {7, 7}, then the coefficient Ez(ﬂ) of the rotated copy f1 of f1 changes its
sign: /cél) = A( ) e = —Eéll). If » € {0, 7}, then Eéll) = 6(311) Consequently Egll) € {£i}.
Writing /céll) in form of re’ with ¢ € [0,27), we can see that ¢ € {Z,27} and T < 2T
This means that we have to rotate the curve by an angle ¢, which implies ¢ = %
Consequently ¥ € {7, 37’7} 1 is not uniquely determined. So we continue with the next

relevant non-vanishing coefficient: /520) It has the same angular velocity as cgll) and

therefore no new restriction on ¢ can be implied. Thus we end up with two possible

rotations to transform f1 into rotational normal form. This confirms again the 2-fold

rotational symmetry. Both ¢ € {7, 32” } give us the same coefficient vector of f1
d=(10]0 0]-1 -2 -1/0 0 0 0]2 i 1 —i 2)

Similar calculations for f2 lead to rotations by ¢ € {, 5gr , 37”

(2)

and real cs; . The final coefficient vector for fg is

}, resulting all in a positive

@ =(-10/0 0/0 0 0[3 00 3[00100)

Thus, finally, fl and fg are in rotational and translational normal form and hence in
normal form with respect to orientation preserving euclidean motions of the plane.

T

QN
S b -
\ c\ o

d
[
ZN

Figure 5.6.: Two curves under observation

Let us continue to examine g = fg and detect its reflectional symmetries. The curve is in
translatorial normal form and thus potentially existing mirrors pass through the origin.

117



5. Symmetry detection

To detect these we need the set .S of all non-vanishing coefficients cg; with k& £ [. Here
S = {c30}. Thus Theorem gives us the set of mirror angles:

— 2
m:cgsmkl:mklz{w mod |n€Z}:{O,§,;} :

which means that we have three different concurrent mirrors.

A normal form with respect to scalings remains to be established: Choosing to normalize
the largest non-vanishing coefficient, we can see that f; is already in normal form.
However, fo must be scaled such that ¢, = 1. Thus the scaling parameter must be
A = 16 and the resulting coefficient vector is

¢W=(10]0 0|-4 —8 —4]0 0 0 0[32 16/ 16 —16i 32 ) .

118



6. Summary and Outlook

6.1. Summary

Summarizing the preceding chapters, we have seen that the language of curves is com-
plex. Complex numbers in connection with multinomial scaling allow simple translation
descriptions and short formulations. The effects of transformations of the plane on curve
coefficients demonstrate best why complex numbers are the right language for describing
curves. When it comes to invariant properties, tensor-diagram language is best suited.
Many invariant expressions would involve an enormous amount of summands, which can
be reduced to a simple diagram. The clearest examples are given in Section by the
projective invariants of cubics: An expression consisting of 103 terms can be reduced to
a diagram of a hexagonal cylinder.

With these ingredients, it becomes evident how rotations, translations, scalings and pro-
jective transformations can be exploited. We established normal forms with respect to
these transformations. Integrating the knowledge from symmetry detection, arbitrary
Euclidean motions are covered. The presented normal forms and curve describing in-
variant sets may be used for further examination. In a searchable database the desired
normal form can be looked up and additional information such as the name of the curve
can be retrieved: Given an arbitrary curve, it can be translated such that it is in trans-
latorial and scaling normal form. By using the rotational normal form or rotational
invariants and optionally reflections, one may identify a curve in such a database and
inform the user:

“You constructed a Limacon with parameters r = 0.54 and s = 0.72. A
Limacon is given by the equation (22 + y? — 2rz)? = s%(z? + y?). Your
construction will generically generate a Limacon.”

The statement concerning the generical construction may be accessible by producing
randomized input curves of the same construction.

The main results include also the normal forms, especially the translatorial one. Greed-
ily annihilating (or at least greedily minimizing) coefficients is already a normal form
algorithm. This normal form may be used as a basis for further examination: Fea-
tures such as rotational and reflectional symmetry may be easily extracted because the
symmetry centers and reflectional axes contain the origin. Besides these theoretical re-
sults, many beautiful cross-references to interesting coefficient structures are presented.
Two-dimensional as well as three-dimensional coefficient tables show up during transfor-
mations: For example tetrahedral structures in rotations and complexification, general-
ized Pascal Triangles or the Pascal Pyramid in linear-combinations of tensor-diagrams,
angle-diagrams in connection with rotations and reflectional symmetries and, last but
not least, patterns in coefficient-triangles in connection with rotational symmetry.
With all these ingredients, features of curves and even curves itself become easily acces-
sible. You only have to speak the right language.
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6. Summary and Outlook

6.2. Outlook

By far this work does not close the topic on feature detection, it rather opens up an even
greater range of new lines of action. One of the biggest and probably most challenging
one is the practical realization in the framework of dynamic geometry.

As indicated in the introduction, the first task is to extract a curve coefficient vector from
a sample point set. We also dealt with this problem in [35], reprinted in Appendix
There, and also in the field of pattern recognition, a real coefficient vector representing
a real algebraic curve was extracted by means of minimizing a kind of distance from a
curve to the sample-point set. In this thesis, we have directly seen that a recognition of a
complexified coefficient vector is more desirable. Otherwise, we would have to translate
into the right language. Furthermore, there is the big question of the distances from the
sample-point-set to curves. Usually an approximated Euclidean distance to the samples
is used (see also [35], [49], [50]). We also apply such an approximation, which is quite
good for curves of low degree, since we have highly accurate samples originating from
constructions. In most cases an eigenvalue or singular-value analysis is sufficient.

[48] proposes other algorithms on the basis of ridge regression to overcome some nu-
merical deficiencies for higher order curves. The Euclidean distance approximation is,
however, still objected. At the latest when curve recognition with respect to projective
transformations are of interest, it is not at all clear why the Euclidean distance shall
be used for coefficient extraction. In fact, all algorithms known to us approximate the
sample-point set very well with virtually all sample-points contained in the recognized
curve. But higher order curves often have several branches and the recognition algo-
rithms result in curves with artifacts visually destroying features like symmetries. Often
an intelligent preprocessing helps to some extent. For us, the future lies not in such
approximations but rather in other measures. With the best language not yet known to
us, polynomial interpolated measures might offer some solutions.

A further entry-point to recognition is also an examination of what curve can be con-
structed at all. This means that not always all plane algebraic curves have to be con-
sidered. For example, rational curves are sufficient in many cases. Thus the range of
possible curve coefficient vectors is restricted, which may be exploited during calcula-
tions. Another promising option is to extract coefficients and “almost” features and
use these as restrictions for a subsequent new recognition: For example, a recognized
coefficient vector belonging to an almost reflectionally symmetric curve might be given.
Then we could try to extract a curve-coefficient vector from the same given sample
points, which is bound to belong to a reflectionally symmetric curve. Comparing the
two results might provide interesting clues and further information can be expected.
As well as specialization, generalization is also of great interest. Here the questions are:
How can the proposed algorithms be adapted to transcendental curves? What about
complex curves? ... or curves in space? Most preconditions we have used prohibit an
extension to transcendental curves. But some of them permit complex algebraic (spacial)
curves: complexification, for example. However, it is still not clear whether this is the
right language in this case. Additionally, we might extend the class of examined features
and turn our interest to singularities, the number of disconnected branches or something
else.

To be able to apply the results of this thesis in practice, additional numerical examina-
tions are necessary. Take, for example, the translatorial normal form. There are curves
with leading coefficients a = c49 and b = c4_1,1, where rq = rp +¢. In this case the curve
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6. Summary and Outlook

will be translated by t = %. As a consequence, the denominator is an expression of
b

order O(e). If ¢ 0 and 0 < ¢ < 1, then |¢| downright explodes. If nothing cancels out,
the change in the curve’s constant term ¢y is of order d in ¢ and ¢. Thus the explosion of
t is magnified and the numerical information originally contained in cgg is lost. For many
applications this might be acceptable, but for higher order curves more coefficients may
suffer. However, we also gain some information: In such cases we have curves of degree
d, which have almost identical absolute values for all leading coefficients. This means
that the observed curves are near a curve which has an intersection with the line at
infinity of multiplicity d. Following the idea from above, we can restart the recognition
process and force a curve with an intersection with the line at infinity of multiplicity d.
In the context of curve-recognition in dynamic geometry, we may also use the technique of
randomization: Usually a whole bunch of sample point sets may be generated, belonging
to different instances of one and the same construction. Thus not only statements about
the whole construction are possible. Several similar generated curves may also help
improving the stability of (numerical) recognition and feature detection because all these
curves may be compared.

Comparisons are also necessary when additional information is desired: An indexed and
searchable data-base can help, but some mathematical work still has to be done: Due to
capacity and handling-reasons, the data-base should only contain classes of curves. For
example, conchoids are curves with coefficient vectors

(0|0 0]—2a® 4b*—2a? —24%|0 —4b —4b 0|0 3 4 3 0)

to arbitrary a,b € R. Thus, given a conchoid, we still find corresponding parameters a
and b such that the given coefficient vector matches the one above. A direct comparison
in general is not possible.

Switching to diagrams, we can see many possible future “playgrounds”. The diagrams
are incredibly powerful and we have only scratched the surface. With diagrams whole
geometric incidence theorems may be formulated (see [4I]). These theorems may be
used to build and extend our diagram construction kit. With such ingredients more
complicated non-trivial and non-vanishing diagrams can be found and geometrically
interpreted. Finding a basis of projective invariants by means of diagrammatical rules is
probably one of the most interesting future tasks. But not only projective and Euclidean
invariants are of interest: With the diagrams one should - or let us say must - be
able to carry out feature detection also in elliptic, hyperbolic or any other Cayley-
Klein-Geometry. Even for higher order curves, where the algebraic expressions have an
exploding number of summands, tensor diagrams stay handy and interesting.

By all we have seen and by all we can expect to come we can finally say:

This thesis on feature detection
is a glimpse on the power and the beauty of mathematical language.
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A. Appendix

A.1. Rotation in real and monomial representation

In this section we give a detailed proof of Theorem[2.6] Thereby we use the abbreviations
¢ = cos(p) and s = sin p.

flz,y) Z myag(ca + sy)* (—sz + cy)’

kJrl 0
Lk
u,uk—u, k—u
=S (32 (£
r=0 k=0 u=0
r—k
—k
. <Z (T. >( l)vsvxvcr k— vyr k— v)
v
v=0

Now using the formula for Cauchy-products of finite sums
k r—k min(k,n)
(Z au) (Z ﬂv) Z Z O5qﬁn—q , (Al)
u=0 v=0 n=0 g=max(0,n—r+k)

we continue with

d r
Fa,y) =D myroryan i -

=0 k=
min(k,n)
<];> <;; : z) (_1)nfq02q7k7n+r872q+k+nxnyrfn

<
]

<

n=0 g=max(0,n—r+k)
d d r min(k,n)
=22 X
n=0r=n k=0 g=max(0,n—r+k)
d—n l+n  min(k,n)
l—k
=D D0 D MRk (nrih) (k> (n +_ )(—1)”
n=0 1=0 k=0 g—max(0,k—1) q n—gq

. CQq—k+l8—2q+k+nxnyl
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Using Equation (A.1) again with respect to the last two sums and taking care of the
terms with mixed indices, we get k — p + ¢ and thus

d d—n n l
Z Z : Z Z M (p+q) (n+1)—(p+q)) U(p+q) (n+1)—(p+q))
n=0 =0

p=0 ¢g=0

. (p; > <(” +1) - ;p + Q)) (—1)"Pd+p=0) g—(r=0)

Now we make use of
M(p+q) ((n+1)— (p+9)) <p + Q> ((n +10)—(p+gq )
mnl P
d! n'l'(d n—0)! (p+q)! (I+n—p—q)!
~ (p+9)!(I+n—p—q)l(d—n—1)! d! plg! (n—p)!(l—q)!

- p!(n—p7;§2!<Z—q>! B (Z) @

Thus relabeling n — k, we get

d—k

d
kol ~
:Z MpL™y - Akl

k=0 1=0

with

= ZZ( )( > - HE=0 - R0 ) (-

p=0 q=0

which proves Theorem

A.2. Tensors contained in the linear hull of totally symmetric
and skew-symmetric tensors

In Section we wanted to build up a contra- or covariant tensor of variance d - or
rather its coefficient-space - by a linear combination of a totally symmetric and (several)
skew-symmetric tensors. We can do so in the following way:

Without loss of generality, we confine ourselves to d-0-tensors. For the sake of simplicity
we introduce the multi-indices i and j by j = (41, j2, ..., ja) and i = (i, 49, ...,74). Thus
i, €{1,2,...,n}"%

For any j € {1,2,...,n}¢ let bgj) with i € {1,2,...,n} be defined by

) _ 1 ifi=y
! 0 otherwise .

The bEJ ) are d-O-tensors with tensor indices i1, 19, ..., ig. They clearly build a basis of
our coefficient space.

Let us linearly combine bZ(] ) for any given j by one totally symmetric and further (par-
tially) skew-symmetric tensors. Therefore let Il ;) be the set of all permutated versions
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of the multi-index j. If j contains 71 times the number 1, r times 2, ... and 7, times n,
. . . d

then the cardinality ‘H(j)‘ of Il is AR T B

We use totally symmetric d-0-tensors of the form

G) 1 ifi e H(])
10 otherwise .

Example A.1 Figure on page [38 gives an intuition on how the ten cube-shaped
tensors with d = n = 3 of the above form look like. There are exactly three tensors with
Jj1 = j2 = js having only one non-vanishing component (compare with the middle image
in the top row of that figure). The other tensors are indicated by the subsequent images
Z(J)'

Let j and k be of such a kind that j # k and that there is a permutation © € S; with
k = 7(j). We define some d-0-tensors by

and each displayed orbit belongs to a different tensor s

1 ifi=j
aM =01 =k
0 otherwise

With the definition of sz(.j ) and agj k) e get for arbitrary j:

o (0 ¥ ) (A2)
()| keTl(;)\{id}

The az(.j’k) in Equation are not necessarily skew-symmetric. However, we can
replace those by skew-symmetric ones in the following way: Let m be associated to a
Z(-j’k). As permutation, m can be rewritten by a composition of
transpositions. Each such transposition can be associated with a skew-symmetric tensor
Z(] k) is the sum of these tensors.

Consequently, there is a basis of the coordinate space of a contra- or covariant tensor of

variance d consisting only of totally symmetric and (partially) skew-symmetric tensors.

non-skew-symmetric a

and a

A.3. Basis and dual basis in the layers of the Pascal-Pyramid

In Section we encountered layers in the Pascal-Pyramid (see Figure on page
. A layer [ was interpreted as a matrix L) with components LW — olt=aa), Thereby

¢ Vi
Cil_q’q) denoted the i-th coefficient in (a + b)'~9(a — b)? (starting with i = 0). The
relations between these coefficients were mainly covered in Equations (3.17)) to (3.21).
Here we will prove Theorem stating that L) . L®) = 2L T with T as identity-matrix.

Let NO = LO . LU Then for q # | we have:

l !
D S e
p=0 p=0
5T s
(Cz(;z__ll—q,q) +C}gz—1_q,q)) (Cﬁl__ll_p’p) +C7(l—1—p,p)) +Cl(z—q,q)07(o,Z)
p=0 N—

=:£

:;C
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AAAAAAA

ZC(Z 1-q,q C(l 1-p,p) JrZ:Cr(l 11 qq l 1—p,p)

=1
-1

+ZCZ - qq)c(l 1—p,p) Jrzcl 1- qq)C(l 1-p,p)

pU p=0

_ ZCZ 1—q,9) <Cl 2— p:erl)JrC(l 2— p,p—H) C£611*P7P)+C£l—l—p,p)>

+Cl(l_11 0,9) (0.~ 1)+Cz(l__11_Q7q)ngo’l_l)

r—

-2
= 2 (Z C}(}llQaQ)Cr(llnp)) + C(l 1- QQ)C(OZ 1) 4 Cl(i—ll—q7q)c’r(‘07l_1)
p=0

13 3é8 Cl(l—illiq’q)( CS)’ 1)+C(Ol 1))

Thus for ¢ # [ and r < I:

~1
Nq(i) = (+&=2 Z C}()lflfq,q)qglflfp,p) — QNq(fjl)
p=0

and for ¢ # [ and r = [ we get Néll) = 0. Additionally, we have for any ¢ and any r:

ic —p,p) .Zc(ql q 710) (l)

l ql—r *
=0

S

Therefore, ngf) = N(l)fr and

0 ... ofNGY

With NO = LOLO — (1) or NV = LO LD — 3. ((1) (1)) it follows by induction that

NO 9ol . 1
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B. Minimizing the norm of the coefficient
vector and translatorial normal forms

In Section[4.2.6 we presented a translatorial normal form. In the field of shape recognition
and especially in pose estimation, translations are also of special interest. There, curves
are translated such that they are in (translatorial) normal form, in order to be able
to compare shape-representing curves (see [46], [47], [52]). In principle, the task of
finding a translatorial normal form is common with ours. However, there translatorial
“normal forms” are obtained by minimizing not a single sub-leading coefficient, but some
equivalent to the sum of the squared absolute values of all subleading coefficients (see
[46]):
d—1 .

Itrélélkzzo |Ca—1—k ) — Catpt — Ca—1—k 1| - (B.1)

In matrix-vector notation this is

2
Cd—1,0 Cd,0 Cd—1,1 y 2

’ t
i : — : : _ = mi M2
tec - - - (t) e || Coub (t)

€0,d—1 C1,d-1  Cod 9

Thereby cgyp is a vector containing all sub-leading coefficients and M is a matrix con-
sisting of the corresponding entries of the sub-triangles to the sub-leading coefficients.
Let the set of all ¢ € C minimizing this expression be Tpiy. [46] and [47] claim that
|Timin| = 1, which is not true for all curves. In fact, translations by ¢ € Ty, do not
always use both translatorial degrees of freedom. Consequently, the by a t € Tiyi, trans-
lated curve is not necessarily independent of prior translations. Thus Equation
can not be the sole criterion for a normal form.

We will show this in three steps. Let ¢t = x; 4 iy; be the decomposition of ¢ into real and
imaginary part. At first we interpret

(B.2)

2

2
=h (B.3)
2

Q(xt, yt) =

oy — M <i€t + Z?/t)

Ty — 1Yt

as a conic in three-space, exhibiting the level-sets T}, to levels A € R. In a second step,
we will show that Ty,;,, interpreted as level-set, may contain more than one translation
parameter. And last we will see that there are curves ¢ with t1,ts € Tynin such that the
corresponding translated copies V(g1) and V(g2) are different.

Lemma B.1 There are real o, 3,7,6,¢,( € R such that

q(z, yt) = o+ 2Pxp + 2yy, + (590? + 2exys + Cytz =h. (B.4)
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B. Minimizing the norm of the coefficient vector

PROOF Let q(z¢,y:) = ||v(a:t,yt)||§, then

g(ze, ye) = |[R(v(xe, 90) 15 + S0 (@e, 9e)) I3

with corresponding real and imaginary parts of v(z, y;).
Let cgup = cr +tcy and M = Mp + iM7 be the decomposition into real and imaginary
parts of cgp and M. Expanding the equation above we directly get

| 1
o= cgcR + C}FCI : 8= (—chR - C}FMI) <1>
|

This proves the assumption. O

By construction g(z¢,y:) is strictly non-negative and for variable h € R we get a conic
q(z¢,:) —h = 0 in R3. Due to the non-negativity and the linearity of h, this conic
may only be either an elliptic paraboloid or a parabolic cylinder. In case of an elliptic
paraboloid, the minimum is unique and |Tj,;,| = 1. But for a parabolic cylinder T,
contains a whole line.

Lemma B.2 Let g be a curve of degree d with the following attribute: All leading
coefficients have the same absolute value. All succeeding leading coefficient-pairs have
the same angle difference p. Then q(xy,y;) —h = 0 is a parabolic cylinder and |Tynin| > 1.

PrROOF W.lo.g. we may assume that cgo = 1. Otherwise, divide g(z,%) by ¢49 and take
the resulting polynomial, representing the same curve (V(g) = V(L )). Thus

1 Qi‘p cos(0yp) cos(1lyp) sin(0y) sin(1y)
el e cos(1y) cos(2¢) sin(1¢p) sin(2¢p)
= : . +i . .
eld=D¢  gide cos((d—1)p) cos(dy) sin((d — 1)¢) sin(dy)
By Lemma

with

d =2d(1+4cos(p)), &=2dsin(p), ¢ =2d(1—cos(yp)) and det (g 6) =0.

¢
Consequently, ¢ is degenerated and therefore a parabolic cylinder. The eigenvectors of
the above 2 x 2 matrix to the eigenvalue zero constitute the elements of Tyiy. O

Taking these two lemmas together we arrive at
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B. Minimizing the norm of the coefficient vector

Theorem B.3 Minimizing Expression[B.2 for a given curve does not describe a normal
form.

PROOF Take a curve g satisfying the preconditions of Lemma [B.2] which is not an
arrangement of parallel lines. Then T,,;, contains a line in the z;y:-plane and g is not
invariant under translations by ¢ € Tiiy. O

Example B.1 Let us look back to the parabolas in Section [£.2.7, We know that for
conics a minimization of ¢yy implies minimizing co;. Therefore minimizing |c1o| is equiv-
alent to minimizing |ci0| + |co1|, which in turn is exactly Equation . As we have
seen, a whole bunch of translation parameters minimizes this expression (see Figure
.h). In fact T, = Tyin. However, we have still one translatorial degree left and thus
minimization of Equation does not constitute a normal form.

In Expression (B.1]) we summed over all subleading coefficients ending up with an almost
normal form. If we extend the summation over all coefficients, we get a new minimization
problem mtin ||¢]|3. Thereby @ is the by ¢ translated coefficient vector. But in general this

problem is of order d in ¢t and ¢. Thus we could linearize and minimize the first order
approximates of the component of ¢ (see also [46]):

d

. 2 2
min Y - fex = (d =k = Dlerag + cra] [+ leaggl* - (B.5)
k+l<d 7=0

It is much more descriptive to rewrite the above expressions in matrix vector notation:
mtin Ilc]| = mtin |Tic|| with the translation-matrix T; from Equation lj Clearing all

quadratic or higher order expressions in ¢ and ¢ in this matrix T}, we get our approxi-
mation (B.5]) in matrix vector notation, too. To exemplify this, we assume that d = 3.
Then

1|-3t -3t €00
1 —2t =2t C10
1 -2t —2t Co1

1 —t —t C20
. . 1 -t —t c11
mn [Mic] = mjn 1 bt ||
1 €30
1 C21

1 €12

1 Co3

2

Analogous to our lemmas above, the translation parameter ¢, minimizing the Expression
(B.5)), is not necessarily unique (as claimed in [46] and [47]). We remember arrangements
of parallel lines, which are invariant under translations in a certain direction. In fact,
these are the only curves where the minimizing translation parameter is not unique. But
in this case translations by an arbitrary minimizing parameter ¢ lead to the same unique
curve. Thus we have

Theorem B.4 Let g be a curve with coefficient vector c. Minimizing the first order
approximation of ||c||§, Expression , transforms g into a normal form.
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B. Minimizing the norm of the coefficient vector

A drawback of this normal form is that, in general, it does not preserve vanishing sub-
leading coefficients. Vanishing coefficients will be needed for symmetry detection (see

Chapter .

Example B.2 Let g be a curve with coefficient vector
c¢=(-100,1,1,0,0,0,1,0,0,1) = (coo, c10, Co1, €20, C11, €02, €30, €21, €12, C03) -

Clearly all sub-leading coefficients vanish and Expression is already minimal be-
cause ||csu||3 = 0. Additionally, we have || Moc||5 = ||c[|3 = 10004. But

IMel2 = || (~100 — 3¢ — 37,1, 1,~,0,~7,1,0,0,1) >
= |lell3 + 1200R(t) + 38R (1) + 23(t) .

Thus || Myc||3 is minimal for a certain t € R—q. But then ¢y # 0.

Remark B.1 [47] proposes to calculate a translation parameter t, which minimizes
Expression in a first step. The by this t translated copy g of the original curve
g has the coefficients ¢. As we have seen in Theorem and Example g is not
independent of previous translations of the curve in contrast to the claims in [47]. In a
second step Expression shall be minimized a few times to get a good approximation
of the curve g* with minimal |c*||,. By Theorem we have a translatorial normal
form and therefore an independence of ¢* with respect to prior translations. Thus step
one is at least theoretically useless. In the above example, we have seen that step two
may and in general will, even destroy the property, established by step one: HE:ung # 0.
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C. Coefficient Recognition

This is a joint paper by Prof. Dr. Dr. Jiirgen Richter-Gebert and myself. It is a
preliminary study to this thesis concerning the recognition of a curve coefficient vector.
Given a curve coefficient vector feature detection can take place. The subsequent paper
emerged from studies preceding the ADG 2006 - conference and appeared in Lecture
Notes in Computer Science/Artificial Intelligence [35]. Some of the “open questione”,
stated at the end of this paper, are already answered in this thesis.

Abstract Curve recognition is one of the possible applications this thesis. The appli-
cation of the discussed normal forms and the calculation of the invariants give the pos-
sibility to take any curve and compare the corresponding values with database-entries.
The result may thus be to display the curves name to the user, who provides the curve-
coefficients. But mostly the curve-coefficients are not directly accessible and must be
calculated in beforehand.

In this context [35] was written: The focus lies on the extraction of curve-coefficients,
when only a high-precision sample point set is given. We reprint this study here with
only minor changes and adaptions. At the end, we include a short outlook on further pos-
sibilities to achieve a better preconditioning and a numerically more stable recognition-
procedure for curves of higher degree and lower quality samples.

C.1. Introduction

The generation of loci is one of the central applications in today’s computer geometry
programs. In abstract terms, a locus consists of all locations that a specific point of a
geometric configuration can take, while one parameter of the configuration may vary.
For instance, the locus of all points that are at a fixed distance from a fixed point is
simply a circle. Typically the locus data generated by a geometry program does not
consist of a symbolic description of the locus. Rather than that a more or less dense
collection of sample points on the locus is generated. In many cases, the user of such
a program can identify the underlying curve visually by simply looking at it or by a
pre-knowledge of the underlying construction or by a combination of both. However, for
several applications (such as automatic assistance, geometric expert systems, etc.), it is
highly desirable to recognize these curves automatically. After a geometric construction
for a locus is specified, such a recognition procedure can be carried out on two different
levels. First, one is interested in which locus is generated for a concrete instance (i.e.
position of free elements) of the construction. Second, one is interested in invariants of all
the loci that can be generated by a specific construction. We refer to this set as the type
of the locus. Very often in the literature types of loci (which are algebraic curves in our
setup) are closely related to names of the corresponding curves like cardioide, limagon,
lemniscate, Watt curve, conic, etc. One of the ultimate goals of a locus recognition
algorithm would be an output like:
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(G20

Limagon Trochoid
Watt curve Asteroid

Figure C.1.: Geometric constructions of loci; each curve can be interpreted as zero set
of an algebraic equation.

“You constructed a limagon with parameters r = 0.54 and s = 0.72. A
limacon is given by the equation (22 + 32 — 2rx)? = s*(2? + %?). Your
construction will generically generate a limacgon.”

If one treats the geometric construction as a black box which takes positions of the free
elements of a construction as input and produces sample points of the generated locus as
output, the above demands imply the necessity of a curve recognition algorithm based
on discrete sets of sample points.

In our constructions we only allow primitive operations coming from ruler and compass
operations. In this case, a locus turns out to be contained in a zero set of a polynomial
equation for any specific instance of a construction. Fixing the free construction elements
in a way that only one degree of freedom is left, a dependent point is restricted to an
algebraic curve. The locus data is given by a discrete set of sample points P on this curve,
constructed for example via a dynamic geometry program. In general, these programs
trace a single point and thus return a set P contained in a single real branch of the zero
set of an algebraic equation. Therefore we presume P to be of that kind.

In our case, curve recognition for a specific instance of a construction means extracting a
single algebraic equation of minimal degree from a discrete point set P and determining
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C. Coefficient Recognition

its degree. In a second step we focus on the set B of curves obtainable by all instances
of a specific construction — the type of the curve. We presume that all coordinates of
dependent elements in a construction are analytic functions in the free parameters of the
free elements of a construction. Under this assumption, an examination of the degree of
the curves in B and geometric invariant extraction is possible. In this way we can, at
least for simple curves, associate a name with B, characterizing the type of the contained
curves. In particular, the minimal degree itself turns out to be an invariant property.
Recognizing implicit multivariate polynomials has been investigated also by other re-
search groups, most often in different contexts and with different side constraints. A
genuine feature of the setup treated in this article is that the sample points usually
come with a high arithmetic precision and that it is known in advance that they belong
to an algebraic curve with an a priori upper degree bound (usually the real degree will be
much lower than this bound). This is in contrast to related research work in computer
vision or pattern recognition where one is interested to approximate camera pictures of
geometric shapes by algebraic curves in order to recognize these shapes. There the shape
data does not a priori belong to an algebraic curve and one is only interested in relatively
roughly approximating curves of fixed degree (compare for instance [50],[37],[48]).
Another related setup was treated and implemented in the dynamic geometry program
Cabri Géometre [33]. There a first locus recognition algorithm was implemented. Un-
fortunately, no algorithmic details are available and practical experiments show that the
algorithm used there is relatively instable in particular under rigid transformations. (We
will deal with this particular issue later in Section 5.2).

In this article we introduce a concept of locus recognition that deals with the construction
on two different levels. On both levels the construction itself is treated as a black box
that generates sample points on the locus for specific parameters of the free elements
of the construction. In the first step we propose an algorithm that takes the sample
points of one locus as sole input data and reconstructs the parameters and degree of
the underlying algebraic curve for this specific instance. In a second step we allow the
free construction elements to vary and thus produce a whole collection of sample point
sets Py, Pa, ... each of which represents locus data of the same type. Randomization
techniques are then used to finally extract common features of these loci and determine
the type of the locus (with high probability).

C.2. Computationally constructed curves

We use ruler and compass constructions as starting point for our investigations. They
provide us with locus data of high arithmetic precision. In principle, it does not matter
where discrete sample point sets come from, as long as they are very close to an algebraic
curve.

Dynamic geometry programs facilitate ruler and compass constructions in a plane: Ele-
mentary construction steps consist of placing free points in the plane, joining two points
by a line, constructing circles by midpoint and perimeter and intersecting lines with
lines, lines with circles or circles with circles. Furthermore, points can be restricted to
already constructed elements like a line or a circle. We will call such points semi-free as
they have only one degree of freedom. Lines (circles) are zero sets of linear (quadratic)
equations and can be computationally represented by the parameters of these equations.
Semi-free points can be described by a one-parametric solution manifold of an equation.
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All-in-all (for details see [32]), any instance of a geometric construction corresponds to
the solution set of a finite set of polynomial equations in the parameters generated by
the free and semi-free elements. Allowing only finitely many ruler and compass construc-
tion steps, every position of a dependent point can be described by algebraic equations
depending on the position of the free points.

While moving a free point in a dynamic geometry program, one can watch the dependent
points move consistently with the construction. Fixing all (semi-) free elements except
for one semi-free point in a construction, a single dependent point p gets restricted to a
zero set of an algebraic equation. Tracing p with a dynamic geometry program under the
movement of a single semi-free point (a mover), a single branch B of an algebraic curve
is revealed. The algebraic curve can be described by a polynomial equation b(p) = 0 of
minimal degree. B is the set of locations of the traced point p. Unless stated otherwise,
all points and curves are assumed to be given in homogeneous coordinates. Under these
assumptions a constructed branch B is contained in the zero set Z(b) of a homogeneous
polynomial function b : RP? — R of minimal degree dj:

Tl ‘
Z(b) = vy | €RP? | b(zy,20,03) = D Bijk- 2jagal =0 (C.1)
3 i-+j+h=dy

From a construction in a dynamic geometry program, we get a discrete set P containing
points lying almost exactly on a branch B of some Z(b). Using algebraic methods, we
could, in principle, determine a corresponding curve of very high degree by the following
approach: In a first step each elementary construction step is described as a polynomial
relation in the coordinates of geometric elements. In a second step elimination techniques
(for instance based on Grobner Bases or Ritt’s algebraic decomposition method) are used
to find an implicit representation of the possible position of the locus generating point.
This type of approach to curve recognition is purely symbolic but it significantly suffers
from combinatorial explosion of the algebraic structures. Even for small constructions
one could, in general, not hope for results in reasonable computation time. In contrast,
we use the construction as a “black box” and consider only the sample point data of
the computationally constructed branch B. Our aim is to derive its describing algebraic
equation b of minimal degree. Now our driving questions are:

1. Which plane algebraic curve of minimal degree “reasonably” fits the numerical
locus data? (Which b fits P “reasonably” and what is d;?)

2. Regarding a ruler and compass construction, which type of plane algebraic curves
are constructed? (What is the degree dp of almost all curves B in B and what
name characterizes B7?)

Clearly the problem needs some mathematic modeling which preserves quality criteria.
The next section will deal with this issue. Additionally, the first part of our work, i.e. the
parameter extraction, can be applied to any curve or even surface recognition problem
given sufficiently many points of sufficiently high precession.

C.3. Curve recognition

Given a finite set of data points P = {p1,p2, ..., Pm }, €.g. aset of samples in homogeneous
coordinates on a locus from a ruler and compass construction. The problem of fitting
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an algebraic curve B to the data set P is usually cast as minimizing the mean square
distance

%Zdist(Pi,Z(b))Q (C.2)
i=1

from the data points to the curve (see [49]). This is a function in the coefficients 3 of
the polynomial b, where dist(p, Z(b)) denotes the Euclidean distance from a point p to
the zero set Z(b).
Unfortunately, there is in general no closed form for dist. In principle, dist could be
approximated by iterative calculations. However, they turn out to be expensive and very
clumsy for the required optimization procedure. Therefore we will use other approxima-
tion. Without any numerical noise b(p) = 0 for all p € Z(b) the first choice to replace
s
LS by (©3)
i) .
i
We will use this formula as central ansatz for modeling the distance of curve and sample
points. This is adequate since our sample points are given with high arithmetic precision.
We now will describe how the coefficients of b that minimize (3) can be calculated.
For this let Ti(x),T2(x),...,Tk(x) be a basis of the linear space of all homogeneous
polynomials of degree d in three variables. If d = 2 one could take, for instance, the
monomial basis

Ti(z) = a3, To(x) = 2129, T3(x) = w123, Ta(w) = 23, Ts (x) = wow3, To(x) = a3,
In general we have k = 1(d + 1)(d + 2) basis polynomials. Furthermore let
1a=(T1,Ts,...,T}) : RP? — R*

be the function that associates a point p € RP? with its evaluation T4(p) € RF of all the
basis functions of degree d.
Assuming we have a discrete set of n points P = {p1,...,pn} from an underlying con-
struction and assuming we know dp, the degree of the computationally constructed
branch B, we can fix 74 for polynomials of degree dy. Furthermore, we can form an
n x k matrix P := Pyp with row vectors 74(p;) of 74-transformed points p; € P. Thus
minimizing is equivalent to minimizing ||Pf||2, with the unknown parameter vec-
tor 3. So far the minimum can easily be obtained by setting 5 = (0,...,0). This comes
from the homogeneity of the problem setup and the fact that 5 and A - g3 for A € R\{0}
define the same curve. We overcome this problem by forcing additional side-constraints
on 3 and require ||3||2 = 1. In relation to our ansatz (C.3), this side constraint has two
advantages: First of all, it is geometrically reasonable, since it ensures a bound on each
coefficient of the polynomial. Second, it leads to a nicely solvable minimization problem.
All in all curve recognition in our case is stated as

nin P52 (C4)
The above minimization problem leads to a nicely structured Eigenvector-Eigenvalue
analysis as the following considerations show. We have

n ||PBll2 = min VBT PTPS,

mi
lI8ll2=1 l18ll2=1
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which is minimized by an eigenvector of P P corresponding to an eigenvalue \ of minimal
absolute value. The minimum itself is this very eigenvalue A. In terms of a singular value
decomposition of P, A\ is no more than a singular value of P of minimal absolute value
and is minimized by a corresponding right singular vector of P.

PrOOF PT P is symmetric and features an orthogonal diagonalization employing eigen-
vectors. Thus 3Q € O(k) : QT PT PQ=A with a diagonal matrix A =diag(\1, A2, ..., \¢)
exhibiting the eigenvalues \; (1 < i < k) of PT P. The j-th column of @ is the eigenvector
corresponding to the j-th diagonal entry of A. Abbreviating QT 3 by v, we get:

T

n [[PBll2 = min /7TAy.

mi
1Bll2=1 I7]l2=1

Let \; be an eigenvalue of minimal absolute value |\j| = min{|A;| | 1 < j < k} and let
el =(0,...,0,1,0,...,0) be the j-th canonical basis vector. Then

J
jmin, VATAY = fefe; =

By undoing the transformation from 3 to v = e;, we get gl = (q1,5,92,55 - Q. 5), the
j-th eigenvector of PTP. If the minimal absolute eigenvalue is a single eigenvalue, then
we get a unique eigenvector minimizing eigenvector (. If not, then § may be any vector
in the span of all eigenvectors to the eigenvalues with an absolute value of ;. Since
a singular value of P is the root of an eigenvalue of PT P, the right singular vector
corresponds to the eigenvectors from above. O

In practice, with large P the minimal absolute eigenvalue of PT P will always be unique.
In cases where P does not specify a singe curve and a whole bunch of curves could have
P as sample point set, we can not expect an algorithm to always return the correct
curve.

Let us assume having the sample points on a branch B of a yet unknown degree dj in
a no-numerical-noise environment. If we choose an arbitrary testing degree d € N\{0}
and examine the behavior of P and , we have the following cases:

d =d: As we investigate in homogeneous polynomials, the length of the parameter
vector 3 is kg = %(d + 1)(d + 2), but the corresponding curve is determined by
kq — 1 points in general position. Per assumption, P contains this many points
in general position and thus rank(P) = kg — 1 = rank(PTP) and PTP has a
single vanishing eigenvalue A = 0. The corresponding eigenvector is the desired
parameter vector of the curve.

d < dp : An analysis of the corresponding P yields: P is of maximal rank and P” P has
no vanishing eigenvalue.

d>dy: Let d = dy + r for some r € N. An analogous observation shows that PT P has
ky = $(r 4+ 1)(r + 2) vanishing eigenvalues. This is a reasonable behavior because
it shows that the resulting curves are degenerate: One component is the curve of
degree dp fixed by P and the other component is a more or less random curve of
degree 7.
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This shows that for a given P, the product PT P has a vanishing eigenvalue A = 0 if and
only if the testing degree is greater than or equals to dj. Thus for constructed curves,
we can compute the eigenvalues A of PT P of minimal absolute value for testing degrees
d=1,d=2, ... successively. This leads to a point where A is zero. At that point we
reached the desired degree.

In practice, where the sample points are disturbed by a small numerical noise, we will not
observe vanishing eigenvalues but a significant drop (usually a few orders of magnitude)
of the absolute minimal eigenvalues (see section 5). Thus we are able to say:

“You constructed a curve of degree dj.”

C.4. Type of constructed loci

Let B be the whole continuum of constructed branches B and let dg denote the maximum
of all degrees d; of constructed curves B contained in B. Since we deal with finite
constructions, dp is bounded. P is a discrete set of points originating from discrete
positions of a semi-free mover of a construction. In the last section we saw that PTP
becoming (nearly) singular indicates that the degree of a curve is equal to or below a
certain value. Due to the analyticity (omitting the details here (see [32] for an in-depth
analysis), almost any curve contained in B is of degree dg. Therefore we can select a
generic parameter set in the parameter space of a specific construction and get a generic
curve B. The degree d of B equals dg with probability one. This means, we can detect
dg and prompt the user of a dynamic geometry program:

“You constructed a curve of degree dp. Your construction will generically
generate a curve of degree dg.”

To further specify B with associated degree dg, we can calculate invariants with respect
to either projective, affine or Euclidean transformations. If all curves that belong to a
given construction show the same invariants stored in a database, a name like circles,
conchoids or limagon can be associated with 5.

One possibility to achieve this is to examine the orthogonal space B. This is the space
of all kg, = 3(dg+2)(dp+1) dimensional vectors orthogonal to any coefficient vector of
any curve in B. Therefore B is an invariant of the underlying construction. Generating
a matrix V containing at least kg, parameter vectors to generic curves of B, Bt is the
null space of V. It can be determined by an eigenvalue/eigenvector analysis: Bt is
spanned by the eigenvectors of V'V to eigenvalues equal to zero.

The remaining task for a graduation of B would be to correlate the calculated orthogonal
space with a database and retrieve a corresponding name. Then we can say something
like:

“Your construction will generically generate a circle.”

The idea of how to avoid costly calculations of B+ is to simply look up some orthogonal
spaces for curve classes of degree dg in a database and perform a multiplication with V.
Getting a zero result, we know B to be a subset of all curves with the orthogonal space
taken.

As a simple example, let dg = 2 and let B be a set of circles. We assume that all
coefficient calculations are performed with the monomial basis for quadrics (see ex-
ample after equation ) Looking in a database for orthogonal spaces to curve
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Figure C.2.: Raw data of a degree-four-curve

types of degree two, we will find circles with an associated orthogonal space B+ =
span((1,0,0,-1,0,0),(0,1,0,0,0,0)) =: span(o1,02), because circles are characterized
by the following properties properties

1. the coefficient of 22 equals the coefficient of y?:
(17 07 07 _11 01 0) ’ TQ(LU,:I/, Z) = :L,Z - y2 = 07 V(x,y, Z) on a circle.

2. the coefficient of xy equals zero:
(0,1,0,0,0,0) - 7o(x,y, 2) = 2y = 0, ¥(z,y, 2) on a circle.

If in fact all members of B are circles, V - 01 and V - 0o are zero or almost zero due to
numerical effects.

To specify a more complex B, a linear test like matrix multiplication may not suffice. It
has to be tested whether potentially non-linear expressions hold for k4, generic curves out
of B. Additional difficulties arise when B is tested to be a subset of a parametrized class,
like the class of conchoids (A conchoid symmetric to the x-axis and with the singularity
in the Euclidean origin can be written as b(z,y,2) = (x — 0)?(2? + y?) — p?2? = 0 for
some parameters o, p.). Here, research is in progress to unify and simplify the tests of
type affiliations. Focusing on Euclidean graduation, a promising approach seems to be
to calculate an intrinsic rotation invariant center of a curve using all curve parameters as
introduced in [47]. Then mapping B to a class of curves in a database by transformations
is reduced to comparing invariants under rotations and scaling.

C.5. Experimental results

Constructing a curve C' in a dynamic geometry program and applying a curve recognition
algorithm based on minimizing yields some curve parameters. This corresponding
curve should fit the sample data if the corresponding eigenvalue is significantly small.
We present some data of numerical experiments with loci whose sample points have been
calculated with the program Cinderella [40].
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Figure C.3.: Estimated curves for degrees 2, 3, 4, 5 and 6 with logarithmic plot of the
minimal eigenvalues against the tested degrees and threshold-line corre-
sponding to A = 10714

C.5.1. Finding the degree

We start with the example of a limacon corresponding to the first picture in Figure 1.
The corresponding sample data P of the locus corresponds to the cloud of points given in
Figure 2. The numerical precision of the data is approximately 14 digits. The Euclidean
coordinates of points p € P range from —10 to 10. Figure shows a sequence of
plots for the estimated curves of degree d = 2,...,6. The smallest absolute values of
eigenvalues \; in these five situations are given below the pictures. The sample points
are given for reference. One observes a significant drop of the eigenvalues from d = 3 to
d = 4. The picture in the bottom right shows the logarithm of the minimal eigenvalues
with a threshold-line at In(\) = In(1071*) marked vertically against the tested degree
d e {2,3,4,5,6}. Moreover, for d =5 we obtain (as expected) three absolute eigenvalues
below A = 107 and for d = 6 we obtain six absolute eigenvalues below 1074, The
next larger absolute eigenvalues are around 107%. This suggests that the curve under
investigation is of degree d = 4. For the degree five approximation the plot unveils an
additional component of degree one. And for degree six an additional component of
degree two shows up.
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Figure C.4.: Recognition of Epicycloids (see Equation (C.5))

As a second example we examine a parametrizable Epicycloid

r-cos(k-t) —s-cos(l-t)

1) = <—7“ sin(k - 1) — s - sin(l - t)> ' (G:5)

If we choose r = 2.4, s =3, k =2 and | = 5, we get samples depending on the range and
sampling rate for ¢. Three instances of sample point sets are shown in Figure In
the top row ¢ € [0; 27), in the middle row ¢ € [0;407) and in the bottom row ¢ € [0, 107).
In any case 72 equidistant values are used. Thus we have an ordered sequence of sample
points given by our parametrization. In dynamic geometry programs, ordered samples
can be calculated even if the constructed curve is not rationally parametrizable. (More
precisely a curve can be parametrized by rational functions if it comes from a construction
that uses exclusively ruler constructions. Constructions use ruler and compass may lead
to more general but still algebraic curves.) A good idea of what the curve belonging
to the data looks like can be provided by connecting the ordered samples linearly. The
middle column of Figure shows these line segments. In the case of ¢t € [0;407) in the
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|X¢| =~ 9.553106 - 102! Significant eigenvalue [Aa] A~ 1.032505 - 10~ **
drop at d =4 and d =6

|\4| =~ 3.517604 - 10715 Significant eigenvalue
drop at d =4

Figure C.5.: Recognition of Epicycloids (see Equation (C.5))

second row, the sampling rate is too low to show the curve itself but the picture gives a
good impression of the contour. In cases, where the data is not scattered along the curve
but locally concentrated, more intuition is needed when looking at the connected data.
In either case, our algorithm detects the correct curve of degree ten (ignoring roundoff
errors).

As a further example, we take a Epicycloid of degree six with parameters r =1, s = 6,
k =12 and | = 4. The top left image of Figure shows it, correctly recognized by
our algorithm. The corresponding minimal eigenvalue is sufficiently small, i.e. below the
dashed threshold. The logarithmic plot of the minimal eigenvalues against the tested
degree in the subsequent middle picture reveals another significant eigenvalue-drop. It
suggests that the curve looks quite like a curve of degree four. There is, in fact, such a
curve of degree d = 4, approximating the sample points very well. It can be seen in the
right picture in the top row of Figure We could have guessed this only by looking at
the parameter vector of the correctly recognized curve: All parameters corresponding to
the xil:p%xl?f-terms with i+j € {5,6} are very small or vanish totally (x3 is the coordinate
for homogenization). This curve of degree four can be discarded because of a (second)
significant drop in the minimal eigenvalues when switching to a testing degree of six. An
acceptable threshold, e.g. 10714, may be chosen to tell these curves apart. By altering
the Epicycloid’s parameter r to r = 0.4, still provides us with a Epicycloid of
degree six. In this case, there is only one significant drop in the minimal eigenvalues. A4
is already in the range of roundoff errors. Thus our presented algorithm falsely assumes
that the data belongs to a curve of degree four instead of six.
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Figure C.6.: Problematic recognition of an Epicycloid of degree 14 and structural de-
creasing eigenvalues

Our algorithm makes a false degree guess more often for curves of relatively high degree.
The may be recognized as curves of lower degree. Usually in most of these cases the
approximation by the low degree curve is so good that it visually fits the sample data
extremely well. The situation is qualitatively the same as with the Epicycloid in Figure
For the example in the top row, the sample data is already very nicely approximated
by an algebraic curve of degree 4.

In general, one can observe that the absolute value of the smaller eigenvalue becomes
smaller the higher the degree gets. Let us take for example the Epicycloid with a degree
of 28 from Figure It has the parameters r = 1.4, s =5, k =14 and [ = 1 and it
comes up with a decreasing minimal eigenvalue the higher the selected tested degree is.
This is not only the case with Epicycloids but with any curve. The minimal eigenvalues
stop decreasing once they reach the region of roundoff errors. A reason for this behavior
is in the structure of the matrix P. P is used to determine the degree in the minimization
. It is built up row-by-row by 74(p) with p being a sample point. Thus the columns
of P consist of values z'y72*, where x, y and z are the coordinates of a sample point.
Since the number of free parameters grows quadratically with the degree d, curves of
higher degree can simply approximate a set of sample points much better. We did not
analyze this effect qualitatively but experimental results exploit a roughly exponential
behavior. For this we we took a sample set of 300 random points within the range of —4
and 4 for x and y. With probability one, these points will not be contained in a curve
of degree 20 or lower. We can do this a hundred times and thereby calculate the mean
minimal eigenvalues for our testing degrees. The resulting diminishing eigenvalues, due
to our matrix structure, are shown in a logarithmic plot in the bottom left of Figure
In this logarithmic scale it is almost linear. The next picture (middle of lower
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pi — pi + (10, 10) pi = pi + (30,30) pi — (pi + (30,30)) - 0.01

Figure C.7.: Experiments with shifted sample data for shifts (10, 10), (30, 30) and a shift
(30, 30) followed by scaling

row) compares this generic effect with the behavior for the Epicycloid. We see that
at least part of the systematic eigenvalue fall can be explained by this generic effect.
Knowing the structural diminution approximately, we can introduce a correction term
in our calculations. The bottom right plot of Figure reflects the outcome. This
means that in case of our Epicycloid we have small eigenvalues for high testing degrees
but not a single significant drop in the eigenvalues. The fact that Ajo in itself is lower
than our chosen threshold is no indicator that a curve and the correct degree was found.
If we accepted the curve at the testing degree d = 12, we would get the curve shown in
the right of Figure[C.6] It is obviously not a good approximation to the sample points. In
relation to the structural diminution, the minimal eigenvalues of the Epicycloid decrease
even more. We interpret this as follows: The higher the testing degree gets, the better
the data may be approximated. The increasing values in the corrected plot are due to
roundoff errors.

C.5.2. Shifting and preconditioning

Our method as presented here has one significant drawback: It is very sensitive to the
location of the sample points. This is due to the following effect. If, for instance,
in our example we shift the Euclidean sample points by a vector (100, 100), then the
corresponding parameters in 74(p;) exhibit very high parameter values since the shifts
are amplified by the large exponents in the polynomial bases. This results in the fact
that our matrix P becomes more and more numerically ill-conditioned when the sample
points are far away from the origin. The first two pictures of Figure 4 show how the
estimated curve becomes more and more inaccurate the further away all sample points
are form the origin.

So far, we do not have a unified method to attack these numerical problems, however
we have several reasonable heuristics that work well in practice. As a first step one
could a priory investigate the data and translate it so that it is not too far away from
the origin. Omne could also scale the data. After calculating the parameter vector this
vector has to be transformed correctly to match the original data points again. We call
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this process preconditioning. The third picture of Figure demonstrates the result of
this method. There the data points have first been translated by a vector (30,30). This
would normally result in a very badly conditioned matrix and the estimated curve would
be far off the sample points (see middle picture). However, now the whole data set is
scaled by a factor of 0.01, which again moves the data points close to the origin. The
last picture shows that after this preconditioning the estimated curve nicely matches the
sample data again.

A more subtle method to attack numerical instabilities can be achieved by using topo-
logical curve invariants. In our example the middle picture could never stem from a
locus generated by a dynamic geometry program: The curve obviously breaks up in (at
least) two branches and P contains points on different branches. This is also true for
the wrongly recognized Epicycloid of Figure Using, for example, a Bernstein Basis
(with respect to the appropriate bounded domain in each case) for representing and
dealing with the involved polynomials could help to improve the conditioning problem,
too.

C.5.3. Investigating curve invariants

The parameter vector of the curve is the eigenvector that corresponds to the smallest
absolute eigenvalue. A search for curve invariants as proposed in Section 4 would require
the generation of many instances of similar curves and the calculation of the orthogonal
space. The orthogonal space would hint to specific dependencies on the curve’s param-
eters. However, very often such dependencies also are indicated if one investigates only
in one such parameter vector. In our example of Figure 2 after multiplying by a suitable
factor, the eigenvector of the degree four approximation takes the following form (four
digits after the decimal point are shown):

B=( 1.0, —9.4034-1078, 2.0, —8.8127- 108, 1.0, —28.08, —0.55999, —28.08,
—0.55999, 237.3311, 7.8623, 40.2880, —423.9761, 66.5167, —1396.3979)

Looking at these values one may suspect that the curve has the characteristic properties

B2 = B1 =0, 21 = B3 = 2035, Be = Bs, B7 = Bo.

In fact, comparing these conjectures with the coefficients of a generic limagon generated
by a computer algebra system shows that the above relations indeed hold for the general
case. Using techniques like the PSLQ algorithm [19] that is able to “guess” integral
relations between real numbers, one could also use a single eigenvector to derive many
more reasonable conjectures about the underlying curve type. Further research in this
direction is in progress.

C.6. Conclusions

With a given set of points P representing an algebraic curve approximately, we can
determine the curve’s coefficients by computing eigenvalues and eigenvectors only. This
article presented the first steps along this road. Still there are many open questions and
problems to tackle. The main research problems currently are:
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What are good ways of preconditioning?
How to deal with curve types that depend on parameters?

How to derive geometric transformations that map a curve to a kind of standard
representation?

How can one derive a reliable measure for the quality of the result?
To what extent can randomization techniques be used to speed up the calculations?

How to use topological curve characteristics to restrict the search space of potential
curves?

Can similar approaches be used within the more special class of rational algebraic
functions?
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