Adv. Appl. Clifford Algebras (2019) 29:57 Ad .
© 2019 Springer Nature Switzerland AG va.nces I_n
https://doi.org/10.1007 /s00006-019-0974-z Applied Clifford Algebras

®

Check for
updates

Three-dimensional quadrics in extended
conformal geometric algebras of higher
dimensions from control points, implicit
equations and axis alignment

Stéphane Breuils*®, Laurent Fuchs, Eckhard Hitzer,
Vincent Nozick and Akihiro Sugimoto

Abstract. We introduce the quadric conformal geometric algebra in-
side the algebra of R%%. In particular, this paper presents how three-
dimensional quadratic surfaces can be defined by the outer product of
conformal geometric algebra points in higher dimensions, or alterna-
tively by a linear combination of basis vectors with coefficients straight
from the implicit quadratic equation. These multivector expressions
code all types of quadratic surfaces in arbitrary scale, location, and
orientation. Furthermore, we investigate two types of definitions of axis
aligned quadric surfaces, from contact points and dually from linear
combinations of R%® basis vectors.

1. Introduction

Geometric algebra provides convenient and intuitive tools to represent, trans-
form, and intersect geometric objects. Deeply explored by physicists, it has
been used in quantum mechanics and electromagnetism [8,9] as well as in
classical mechanics [10]. Geometric algebra has also found interesting appli-
cations in geographic data manipulations [16,20]. Among them, geometric
algebra is used within the computer graphics community. More precisely, it
is used not only in basis geometric primitive manipulations [19] but also in
complex illumination processes as in [17] where spherical harmonics are sub-
stituted by geometric algebra entities. Finally, in data and image analysis,
we can find the usefulness of geometric algebra in mathematical morphol-
ogy [4] and in neural networking [3,12]. In the geometric algebra community,
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quadratic surfaces gain more and more attention and some frameworks have
been proposed in order to represent, transform, and intersect these quadratic
surfaces.

There exist three main approaches to deal with quadratic surfaces. The
first one, introduced in [6], is called double conformal geometric algebra
of Gg 2. It is capable of representing quadratic surfaces from the coefficients of
their implicit form. The second one is double perspective geometric algebra of
G4,4 whose definition was firstly introduced in [7]. It has been further devel-
oped in [5]. This approach is based on a duplication of R® and also represents
quadratic surfaces from the coefficients of their implicit form, as bivectors.
The third one was introduced in [2] and is denoted as quadric conformal
geometric algebra (QCGA). QCGA allows us to define general quadratic sur-
faces from nine control points, and to represent the objects in low dimensional
subspaces of the algebra. With slight modifications, QCGA is also capable of
constructing quadratic surfaces either using control points or implicit equa-
tions as 1-vector. QCGA also offers the possibility to transform quadratic
surfaces using versors for rotation, translation and scaling [13].

In order to enhance usefulness of QCGA for geometry and computer
graphics community, the QCGA framework must be further equipped with
convenient tools and handy notations. This is the main purpose of this paper.

All the examples and computations are based upon the efficient geomet-
ric algebra library generator Garamon [1]. The code of this library generator
is freely available online!.

The paper is organized as follows. Section 2 defines QCGA following
[2], and the modifications introduced in [13]. It also includes a concise set of
important algebraic relations in QCGA, handy for the computations in the
rest of this work. Section 3 defines the fundamental notion of point in QCGA
(identical to the one given in [2] and [13]), and reviews how the well-known
range of geometric objects of conformal geometric algebra (CGA) can be
successfully embedded, constructed and computed with in QCGA. Section 4
then introduces the general algebraic construction of quadratic surfaces from
contact points. Next, the first main Sect. 5 concentrates on presenting the
treatment of axis aligned quadratic surfaces defined from suitable contact
points and null basis infinity vectors. The second main Sect. 6 treats the dual
representation of quadratic surfaces in QCGA, which proves ideal for the
straightforward definition of quadratic surfaces in terms of dual 1-vectors,
simply constituting of linear combinations of basis vectors of R%% with coef-
ficients from their implicit scalar equations. For completeness, Sect. 7 briefly
reviews the way quadratic surfaces can be intersected in QCGA. Section 8
concludes the paper followed by acknowledgments and references.

1.1. Contributions

We provide new tools for QCGA that bring easier definition of conformal
geometric algebra objects. With this construction, the definition of quadratic
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surfaces becomes more intuitive. We also show that QCGA is capable of defin-
ing both degenerate and non-degenerate centered axis-aligned quadratic sur-
faces from the minimum number of necessary control points. We also present
an alternative way of definition, that makes direct use of the coefficients of
the implicit quadratic equations.

1.2. Notation conventions

Throughout this paper, the following notation is used: Lower-case bold letters
denote basis blades and multivectors (multivector a). Italic lower-case letters
refer to multivector components (ay,x,y?,---). For example, a; is the i*®
coordinate of the multivector a. Constant scalars are denoted using lower-case
default text font (constant radius r) or simply r. The superscripts star used
in x* represents the dualization of the multivector x. Moreover, subscript e
on x,. concerns the Euclidean vector associated with the vector x of QCGA.
Finally, subscript C refers to the embedding of Conformal Geometric Algebra
of the entity.

Note that when used in the geometric algebra inner product, the con-
traction and the outer product have priority over the full geometric product.
For instance, a A bI = (a A b)L.

2. QCGA definition and algebraic relations
2.1. QCGA basis and metric

The algebraic equations in this section can be either computed by hand
through expanding all blades in terms of basis vectors [11], or computed
using a software such as the Clifford toolbox for MATLAB [18]. Further
algebraic details and relationships may be found in Section 2 of [13]. The
QCGA CI(9,6) is defined over the 15-dimensional vector space R%6. The
base vectors of the space are naturally divided into three groups: {e1, ez, e3}
(corresponding to Euclidean vectors of R?), {€,1, €02, €03, €04, €05, €06}
and {€o01,€002; €003, €004, €005, €cc6 - Lhe inner products between them are
defined in Table 1.

For efficient computations, a diagonal metric matrix may furthermore
be useful. The algebra CI(9,6) generated by the Euclidean basis {e1, ez, e3},
and six basis vectors {e1,e2,€13,€14, €45, €16} squaring to +1 along with
six other basis vectors {e_1, e_2, e_j,e_4, €_5, e_g} squaring to —1, would
correspond to a diagonal metric matrix. Following the approach of [13] for
a successful formulation of versors for rotation, translation and scaling, the
transformation from the diagonal metric basis to that of Table 1 can consis-
tently be defined for 1 <4,j < 6 as follows:

1 1
Cooi = E(e-ﬁ-i te_i), ey= ﬁ(e_i —eyi), €xi-€=—1, (2.1)
€0 = %(eml + €2 + e003)> €, = €51 + €42 + €43, (22)

ex- e, =—1, el=e2 =0, (2.3)
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TABLE 1. Inner product between QCGA basis vectors

€1 €3 €3 €51 €01 €02 €02 €03 €503 €04 €ood €05 €5 €06 €ocub

L . |

e )
L R |

L T ()

with bivectors E;, F, defined by

E; =exiNey =ere_j, E} =1, E,E; = E;E;,

el = —Eiey = —ey, exill; = —Fieg; = e,
E =ex Ney, E? = 1, e,F=—Fe,=—e,,
el = —Fe,, =e.

For clarity, we also define the following blades:
Iooa = €01€502€03, Ioob = €504€505€06, Ioo = Iooanoba
Ioa = €01€02€03, Iob = €04€,5€06, Io = Ioanba
Lo =L AL, = —E\EyE3EyEsEg, 12, =1,
IOIooo = IOOOIO = _Im IooIooo = IoooIoo = _Iom

Ian = (eool — eoog) A (eoog — 6003)7 IEO — IanIoob»

Icl?a = (eol — 602) A\ (eog - eog), IOD = IE@,IOZN " = I‘o>o A\ IOD

We note that

Iooa A Ioa = _E1E2E3; Ioob A Iob = _E4E5E67
" = Igoa AN I(‘?a Iy N1y = 7IECQ A I(I7>a E Es5Eg,
(I7)? = (I, A L2 =9, (I7)7' =517,
(I, AT =512, A I,

T R = 1T )
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We have the following outer products

— > > >
Iooa*eool/\Iooa*eoo2/\Iooa*9003/\100(1
— > >
=€ A Iooa = € Iooa?

I,.=¢€e,1 N I(I)>a =emn N I(I)>a =€,z N\ I(I?a

1 > 1l T>
=3e, NI, = ze, 17,

Twa ANLa = Ex AIZ ALY = B ANIZ AT = B3 AT, A TS,

1 1
=sENIS AID, = 3EIZ, AT,

And we have the following inner products

IZL = —3ex - Log, IE = —3ey - I,
IZ,=—e, Ius, IZ =-—e, I,
(€0i *Ioc) " Io = —€0is  (€c0i*Lo) - Ioo = —€0ci,
(0 I) I, =—€y, (€ I,) I =—ex
oo Lo = —LLL ATS, ey Ty = —I% AL,
e 12, =0, €xi 15, =0,
e 12, =0, ex 12 =0,
e, IX =0, eIV =0,
e, I” =0, e, I =0,
e ID =0, e IF =0,
e 12,=0, e, I% =0,

e, I =0, e, - I" =0, E-T” =0.
As the consequence, we obtain
Io=ex Il =e AIZ, I ALY =e I
=e NI =17 e,
3L, =e,I> =e, NIV,
B3I AL, =e,)d” =e, AN TP =1"e,,
31 =EI" = EATI" =17E.
We can summarize the important set of relations
{1,e,,e00, E} NI A TS
={l,e, €00, E}IL AL =12 ATV {1,€,, €00, F}.
We define the pseudo-scalar I, in R3 by

I. =ejeqe;, I2=-1, I”'=-1,
and the conformal pseudo-scalar I¢ in R*! by

Ic = ejezeze Ne, = 1., I3 = -1, 161 = I,

57

(2.18)

(2.19)

(2.33)

(2.34)

(2.35)
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as well as the full 15-blade pseudo-scalar I of CI(9,6) and its inverse I~!
(used for dualization x — x*):

I1=11,,=-I.E\FyE3EEsFs, T°=-1, T-'=-1.  (2.36)

The dual of a multivector indicates the division by the pseudo-scalar, e.g.,
a* = —al, a = a*I. From eq. (1.19) in [14], we have the useful duality between
outer and inner products of non-scalar blades A, B in geometric algebra:

(ANB)" = A-B",
ANB")=(A-B)" & AAN(BI)=(A-B)I, (2.37)
which indicates that
AANB=0 & A-B"=0, A-B=0 & AAB*=0. (2.38)

Using (2.23) and (2.24), useful duality relationships are
(I AL = -1, (I AIY)* = —3Le., (2.39)
(T(eoi  Ioo) A L) = —epis  (IIoo A (€00i - L))" = —€cci, (2.40)
(L(e AL) = —ep, (LInA(en-I,))" = —en. (2.41)

3. Points and embedded CGA objects in QCGA

QCGA is an extension of conformal geometric algebra (CGA). Thus, objects
defined in CGA are also defined in QCGA. The following sections introduce
the important definition of a general point in QCGA, and show how all round
and flat geometric objects (point pairs, flat points, circles, lines, spheres and
planes) of CGA can be straightforwardly embedded in QCGA.

3.1. Point in QCGA

The point x of QCGA corresponding to the Euclidean point x. = ze; +yes+
ze3 € R3 is defined as

X =X, + %(3329001 + Y200 + 22€003) + LYoot + T2€005 + YZ€00s + €0

(3.1)

Note that the null vectors e,4, €,5, €6 are not present in the definition of the
point. This is merely to keep the convenient properties of the CGA points,
namely, the inner product between two points is identical with the squared
distance between them. Let x; and x5 be two points. Then, their inner prod-
uct is

X1 - Xg = (X1e + %x%eool + %y%eooQ + %Z%eoos + T1Y1€004
+ Z121€005 + Y121€006 + €0)
- (X2¢ + %x%ewl + %ygemz + %deoog + Tolo€oos
+ Z229€005 + Y222€006 + €5)- (3:2)
from which together with Table 1, it follows that
X1 Xp = X1e Xoe — 3 (2] + 97 + 2 + 25+ 5+ 23)
= —%(xlE —x20)% (3.3)
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We see that the inner product is equivalent to minus half of the squared
Euclidean distance between the two points x; and xs.

In the remainder of this paper, the following result will be useful, be-
cause it relates a point in QCGA to the representation in CGA R*! with
vector basis {e,, e1,€2,€3,€x}.

xNIZ = (x6 + %(5626001 + y%en0s + 22€003) + eo) AT
= (xc+e,) NIZ + %(xzeool + yenn + 22€003) ANTZ,
= (xe+e) NIZ + 22 + 47 + 2%) e N IS
= (xc+e,) NI + IxZ e NI
= (% + %Xzeoo +e,) NIZ =xc ANIZ = xc 1T, (3.4)

where we have dropped in the first line the cross terms xye.oq + rz€505 +
Yz€sos, because wedging with Ingp = €0os A €005 A €x06, a factor in 1Y =
1% I.p, eliminates them. Therefore, if a point in QCGA appears wedged
with IZ | we can always replace it by the form

X0 =X+ 5Xrex + €, = —sx ANIS I (3.5)
This, in turn, means that we can embed in QCGA the known CGA represen-
tations [14] in C1(4, 1) of round and flat objects, by taking the outer products

of between one and five points with IZ | as further shown below.

3.2. Round and flat objects in QCGA

We refer points, point pairs, circles, and spheres with uniform curvature as
round objects. Similar to CGA, these can be defined by the outer product of
one to four points with I%Z . Their center cc, radius 7 and Euclidean carrier
D can be easily extracted. Moreover, they can be directly constructed from
their center cc, radius » and Euclidean carrier D.

Wedging any round object with the point at infinity e, gives the cor-
responding flat object multivector. From it the orthogonal distance to the
origin ¢, and the Euclidean carrier D can easily be extracted.

We now briefly review the CGA description of round and flat objects
embedded in QCGA. The round objects are

P=xAIY =xcI%, (3.6)
Pp=x1; Axa N2, = x10 A xac IS, (3.7)
Circle = x1 Axa Ax3 A1 = x10 A xoc A x30 12, (3.8)
Sphere = x1 Axa Ax3 Axy AT = x10 A Xac A x30 Axac IS. (3.9)

The corresponding flat objects are
Flatp = —P New =xNex N5 =xc Neo IS, (3.10)
Line = —PpAesx =x1 AXag Aex ANIZ =x1 Axa Aex Al
=x10 A X0 A €xo IZ, (3.11)

Plane = —Clircle N es = X1 A X2 AX3 A € ANIZ

=X10 A Xac A X3c A ex 12, (3.12)
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Space = —Sphere A es, = x1 AXa AX3 AXq A €x ANIZ
= X1c N Xoc N X3c AN Xyc N\ €xo IEO (313)
The above embeddings by means of the outer product with IZ , allow to
use standard CGA results found in [14]. All embedded round entities of point,

point pair, circle, and sphere (spheres in zero, one, two and three dimensions)
have one common multivector form?

S = (D Ace+ [2(c?+1°)D — cccc|D]ew + De, + DLCEE)IODO =Sc1%,
Sc=-15|15. (3.14)

The Euclidean carriers D are for each object are Euclidean scalar, vector,
bivector and trivector, respectively,

1, point x

d., point pair Pp
i., circle Circle
I., sphere Sphere

, (3.15)

where the unit point pair connection direction vector is de = (X1 — Xa,)/2r
and the Euclidean circle plane bivector is i.. The radius r of a round object
and its center cc are generally determined by

2 ScSc

= = fe's) 5 1
T (Sc A eoo)(Sc A eOO)N, CC Scex Sc (3 6)

where the tilde symbol indicates the reverse operator.
All embedded flat entities of flat point, line, plane, and space have one
common multivector form

F=-SANexw=(DAceesx — DE)IZ = (Dc.iesx — DE)IS, = Fc 1%,
Foc=-ScNew =3F[15, (3.17)
where the orthogonal Euclidean distance of the flat object from the origin is

X, finite-infinite point pair Flatp
Ccl, line Line
C.1, plane Plane
0, 3D space Space

Cel = (318)

The Euclidean carrier blade D, and the orthogonal Euclidean distance vector
of F' from the origin, can both be directly determined from the flat object
multivector as

D=F¢g|E, c. =D Fcne)|E. (3.19)
For a further detailed description of lines, planes and spheres in QCGA, we
refer to [2].

?Note that the product symbols | and | express left- and right contraction, respectively.
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4. Quadratic surfaces from contact points

This section describes how QCGA handles quadratic surfaces. All the em-
bedded CGA objects in QCGA defined in Sect. 3 are thus a part of a more
general framework algebraic.
A quadratic surface in R? is implicitly formulated as
F(z,y,2) = az® + by* + cz® + doy + exz +fyz + g + hy +iz +j=0.
(4.1)
A quadratic surface is constructed by the outer product of nine contact points
as follows
q:X1/\X2/\"'/\Xg. (42)

Note that in [2], the definition of q additionally included wedging with I>
(thus forming a pseudovector of grade 14 in C1(9, 6)), but as found in [13], this
would seriously impede the use of versor operators for geometric transforma-
tions of rotation, translation and scaling, due to the lack of transformation
invariance of I¥'. The multivector q corresponds to the primal form of a qua-
dratic surface in QCGA, with grade nine and twelve components. Again three
of these components have the same coefficient and can be combined together
in a form defined by only ten coefficients a, b, ..., j, and we obtain a quadratic
surface q and the related computationally efficient dual vector of (g A I%)*
as

I.((2ae,1 + 2beya + 2ceys + deos + eeps + fens) - Ino) AL,
+ (ge1 + hes +ieg)Ic Iy +j I Io A (€00 - L)
(—(2ae,1 + 2beys + 2ceq3 + deyy + eeos + feug)
+ (ge1 + hes +ie3) —jes,) I

—(@AT)T, (43)
where in the second equality we used the duality relationships of (2.40). The
expression for the dual vector (q A IY)* is therefore

(QAI5)" = —(2ae,1 + 2beys + 2cen3 + deos + €5 + fep)

+ (ge1 + hes +ie3) — jes. (4.4)

qnI; =

Proposition 4.1. A point x lies on the quadratic surface q, if and only if
xAqAIZ =0.

Proof.
xA(qAT5)

xA((@AT)T) =x- (@AL) T
=x-(—(2ae,1 + 2beys + 2ce,3 + deyy + eeys + feys)
+ (ge1 + hes + ieg) —jes)I

= (az? + by? + c2® + day + exz + fyz + gr + hy +iz +j) L
(4.5)

This corresponds to the implicit formula (4.1) representing a general qua-
dratic surface. O
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The dualization of the primal quadratic surface (4.2) wedged with IY
leads to the dual 1-vector (q AIT)* of (4.4). Dualization of (4.5) gives us the
following corollary.

Corollary 4.2. A point x lies on the dual quadratic surface q* if and only if
x-(qNIZ)* =0.

5. Aligned quadratic surfaces from contact points

Up to now, we defined general quadratic surfaces using the outer product
of nine points. For simplicity purpose, one might sometimes prefer to define
axis-aligned quadratic surfaces from fewer points. The implicit equation of
an axis-aligned quadratic surface is as follows:

F(z,y,2) =az® +by? + cz® + gr +hy +iz +j=0. (5.1)

On one hand, this equation has seven coefficients and six degrees of
freedom. An axis-aligned quadratic surface can then be constructed by com-
puting the outer product of six points. On the other hand, one has to remove
the cross terms zy, zz, yz in the representation of points to be able to satisfy
Eq. (5.1). To achieve this, our solution is to compute the outer product with
€045 €055 €06y 1.6. With Igp = €50s A €505 A €50g. Indeed, one finds that any
point x satisfies

X N\ €504 N €505 N €506

:x/\Ioob:(eo—i—xe—i—%( 2

€51 + y2€o<>2 + 2’28003)) A Top. (52)
Thus, one can consider that an axis aligned quadratic surface is a general
quadratic surface where three points are sent to infinity €s04, €005, €00 i the
following way:

q:X1/\X2/\X3/\X4/\X5/\X6/\IOOb. (53)

This grade nine multivector blade q corresponds to the primal form of a
quadratic surface, outer product of six points with three ey, i = 4,5,6,
basis vector factors in Iy, and this quadratic surface has nine components.
For the same reason as in the construction of the general quadratic surface,
we can combine three components having the same coefficient. Furthermore,
computing the outer product with I, = €sca A €505 A €506 Temoves the
components €u.4, €05, €006 Of each of the six points. Combining the outer
product of such points with null basis vectors and wedging with IY | results
in the form defined by the seven coefficients a, b, ¢, g, h, i, j as

a NI =1 ((2ae,1 + 2begs + 2ceos) - Ing) AL,
+(ge1 +heg +ie3)I I AL, 4+ I A (€00 - L). (5.4)

Proposition 5.1. A point x lies on an axis-aligned quadratic surface q, iff
xAgqAIZ =0.
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F1GURE 1. Result of one paraboloid from six points

Proof.
xAQAL =xA((QAIE)' D) =x-(qAID)* I
= (x - (—2(aey1 + beys + cens3) + ger + hes +iez — jes))l
= (az® +by? +cz® +gr +hy +iz +j) L (5.5)
This corresponds to the formula (5.1) representing an axis-aligned quadratic
surface. 0

Now it is easy to construct an axis-aligned quadratic surface by prop-
erly choosing the contact points that lie on the chosen axis-aligned quadratic
surface. The next sections present some examples of chosen axis-aligned qua-
dratic surfaces, with some chosen points that lie on these quadratic surfaces.

5.1. Representation of a primal axis-aligned paraboloid
We can construct the axis-aligned elliptic paraboloid using six points that lie
on it. For example, the points:
x1(0.0,0.0,0.0), x2(—0.39,0.1,0.33), x3(0.0,—0.41,0.5),
x4(0.0,0.23,0.17), x5(0.47,0.0,0.45), x¢(0.29, —0.27,0.4),

lie on an axis-aligned elliptic paraboloid. The result of Eq. 5.3) applied to
these points is shown in Fig. 1.

5.2. Representation of a primal axis-aligned hyperbolic paraboloid

Using the same equation, and replacing the contact points by some that lie
on an axis-aligned hyperbolic paraboloid

x1(0.0,0.0,0.0), x2(0.45, —0.01,0.2), x5(0.34, —0.37, —0.17),
x4(—0.47, —0.18,0.15), x5(—0.36,0.12,0.1), x4(0.18,0.13, 0.0),

results in the axis-aligned hyperbolic paraboloid shown in Fig. 2.

5.3. Representation of a primal axis-aligned cylinder

An axis-aligned cylinder is an axis-aligned quadratic surface where one of the
squared components is removed with respect to the axis of the cylinder.

On one hand, this supposes that an axis-aligned cylinder can be con-
structed using only five points. On the other hand, this means that the con-
sidered component of each point taken to construct the quadratic surface has
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FI1GURE 2. Result of one hyperbolic paraboloid from six points

to be removed. In a QCGA point, the squared components lie in the ey 1,
€502, €x3 components. Thus, replacing one point in Eq. (5.3) by a point
at infinity with respect to the desired alignment axis (choosing from {e.1,
€502, €03} for z-, y-, or z-axis alignment, respectively) defines the desired
axis-aligned cylinder. For example, one can define an axis-aligned cylinder
along the z-axis from only five points. Therefore, in equation (5.3), we can
replace a point by one of the points at infinity, i.e., e,.3 for a z-axis aligned
centered cylinder. For example, we choose the following five points

x1(—0.2,0.1,0.3), x2(0.4,0.1,0.2), x5(0.1,0.4,0.1),
x4(0.1,-0.2,0.4), x5(0.1, —0.2, —0.4),

and the outer product between these five points and e,,3 with I, (for axis
alignment) as

q=xX1 AXo AX3AX4 AX5 A €03 A Lsop. (5.6)

The cylinder whose axis is the (Oy) axis can be constructed by replacing €3
in the above equation by e .s:

q=xX1 AXo AX3AX4 A X5 A €02 A Lsop. (5.7)
And finally, the cylinder whose axis is the (Ox) axis is obtained by replacing
€003 by €001

q=xX1 ANXo AX3AX4 A X5 A €so1 A Lsop. (5.8)

Figure 3 shows three cylinders: one along (Ox), another along (Oy), and the
third one along (Oz).

5.4. Representation of a primal axis-aligned elliptic cylinder

As five points are enough to uniquely define a cylinder, five points define
also an axis-aligned elliptic cylinder whose main axis is given by the null
basis vector replacing the sixth point. For example, an axis-aligned elliptic
cylinder whose main axis is (Oz) can be defined with the following five points
lying on it
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F1GURE 3. Construction of three cylinders along (Ozx) in
blue,(Oy) in green and Oz) in red, applying (5.8), (5.7) and
(5.6). Each cylinder is constructed from five points and has
the same diameter

FIGURE 4. Construction of one elliptic cylinder from five points

x1(—0.44,0.0,0.0), x2(0.0, —0.2,0.0), x3(0.3,0.15,0.15),
x4(0.0,0.2,0.3), x5(0.44,0.0,0.4).

The result is represented in Fig. 4.

5.5. Representation of a primal axis-aligned spheroid

A spheroid is characterized as an ellipsoid having two of its axes whose length
is equal. Again, this property supposes that an axis-aligned spheroid can be
constructed from five points. Furthermore, one has to constrain each point
such that the squared components along the two of its axes have the same
length. This is achieved by the outer product of the points and the vector
€50i —€xoj, Where ¢ and j # 4, specify the two equal length axes. This 1-vector
€0i — €ocj can be geometrically seen as the bisecting plane at infinity along
the two considered axes, leading to some new geometric interpretations in
the algebra.

Further geometric understanding of the algebraic operation of the outer
product with e,; — ewj, ¢ and j # ¢, can be gained from expanding the
five blade I%, that is instrumental for embedding CGA objects in QCGA, as
explained in Sect. 3.2. The expansion gives
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IEO = Ifoa A Ioob = (eool - eooQ) A (e002 - eoo3) A Ioob
= (e002 - eoo3) A (eoo3 - eool) A Ioob

= (eool N €xo2 + €502 N €3 + €503 N eool) A Ioob7 (59>

where we see that the three factors €.1 — €502, €502 — €003 and €403 — €501,
are all factors of I%, thus producing circles in every coordinate plane and
in every dimension, and the second trivector blade factor I, forces axis
alignment, as discussed at the beginning of the current section. In that sense
we understand that wedging four points in (3.9) with IZ | necessarily leads
to a sphere with circular cross sections in every coordinate plane, and with
axis alignment, even though this latter fact is subtle for isotropic objects,
like spheres. In CGA a plane is the limiting case of a sphere with infinite
radius. The other objects of circle and line, point pair and flat point, are
simply the lower dimensional versions of the spherical and planar case in
three dimensions.

Thus, we can construct a spheroid having equal length axis Ox and Oy
by

X1 AXo AXg AXg AXs A (€001 — €02) A Loop- (5.10)

Note that the sixth point is replaced by (€s01 — €c02). As an example, we
construct the axis-aligned prolate (elongated in the z-axis) spheroid passing
through the five following points lying on a prolate spheroid

x1(—0.26,0.0,0.0), x2(0.03,0.22,0.24), x3(—0.2, —0.1, —0.23),
x4(0.0,0.26,0.0), x5(0.0,0.0,0.45).

The resulting surface is shown in Fig. 5.

FiGure 5. Construction of axis-aligned prolate spheroid
from five points
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5.6. Representation of a primal axis-aligned pair of planes

Sending one point of a sphere to infinity e,, results in the plane passing
through the remaining points. Now by sending two points of an ellipsoid to
infinity, we obtain a pair of parallel planes. This indicates that an axis-aligned
pair of planes can be constructed from four points. Then, this can be achieved
by the outer product of four points x;,x2,x3,%4 and two points at infinity
€501, €002 in the following equation

X1 AXo AX3AX4 A €01 A €soa N Icp. (5.11)

5.7. Representation of a primal axis-aligned curve

Two points define a bi-cylindrical curve, meaning that the curve obtained
by the intersection of two cylinders. Therefore, given two points and three
points at infinity, it is possible to construct a bi-cylindrical curve as follows

X1 A\ X2 N €xo1 /\eoog/\eoog/\looble /\XQ/\IOO. (512)

Looking back, we see that the above expression can also be developed from
the CGA point pair (3.7) or understood as another geometric interpretation
of the embedding of the CGA line (3.11). Note that the computer algebra
construction of all these entities is available using the recently developed
software plugin qc3gaTools .hpp.3

6. Dual quadratic surface representation and implicit
equations

The dualization of a primal quadratic surface 9-blade q after the outer
product with IY leads to the dual 1-vector quadratic surface representation
(@ AIZ)* of (4.4). Corollary 4.2 can be rephrased as

Proposition 6.1. A point x lies on the dual quadratic surface (q A IZ)* iff
x-(qAIZ)* =0.

This dualization enables us to define axis-aligned quadratic surfaces as
vectors in R%% by simply using the coefficients of their conventional implicit
equations.

6.1. Some examples of dual quadratic surface representations
This subsection presents the construction of some specific quadratic surfaces.

6.1.1. Representation of a dual axis-aligned ellipsoid. First, an axis-aligned
ellipsoid can be computed as follows:

1 1
(@AIT)" = —eo + eoz+ —€03 + 5€oo, (6.1)

b2
where a, b, ¢ are the semi-axis parameters of the ellipsoid. This construction
is further illustrated in Fig. 6.

3Git clone https://git.renater.fr/garamon.git.
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FIGURE 6. Construction of an axis-aligned ellipsoid

FiGUrE 7. Construction of a generalized cylinder from nine points

6.1.2. Representation of a dual axis-aligned elliptic cylinder. Another exam-
ple of a quadratic surface is the cylinder. An elliptic axis-aligned cylinder can
easily be defined. A cylinder whose main axis is (Oz) and whose cross section
semi-axis are a and b can be defined as follows

1
(QNAID)* = —€o1 + 15 b2 %eoo. (6.2)

Note that a non-axis aligned elhptlc cylinder can be constructed as the outer
product of nine points as shown in Fig. 7, or it could be obtained from (6.2),
applying the geometric transformation versors of [13].

6.1.3. Representation of a dual axis-aligned hyperbolic paraboloid. Another
example of axis-aligned quadratic surface is the hyperbolic paraboloid, also
called saddle. It can be defined as:

1

(@AIF)" = —en — 75€n + 3 (6.3)

b2
An axis-aligned cone can be dually represented in QCGA as follows:

1
(QAID)* = 31 T3 b2 — €,3. (6.4)

6.1.4. Representation of a dual axis-aligned hyperboloid. An axis-aligned hy-
perboloid of one sheet can be constructed as follows:

1 1 1
(QNnID)* = ~3€01 + €02~ —3€03 €00 (6.5)
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F1GURE 8. Construction of a dual hyperboloid of one sheet

FiGUure 9. Construction of a axis-aligned pair of planes

An example of such a quadratic surface is shown in Fig. 8. Changing the sign
of %eoo, the definition of an axis-aligned hyperboloid of two sheets is given
by

1 1 1
(QAID)* = 501+ €02 — o3+ Tes. (6.6)

6.1.5. Representation of a dual axis-aligned elliptic paraboloid. An axis-
aligned elliptic paraboloid can be defined as
. 1 1

(QAIg)" = ?eol + b7e02 + %e3' (6.7)

6.1.6. Representation of a dual axis-aligned degenerate quadratic surfaces.

As previously seen, degenerate quadratic surfaces can also be defined. For
example, a pair of planes can be defined as:

(ANIT)" = eo — en. (6.8)

An illustration of such a pair of planes using QCGA is shown in Fig. 9.
Tables 2 and 3 summarize the dual definition of CGA objects, as well
as axis-aligned quadratic surfaces and degenerate quadratic surfaces.
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TABLE 2. Definition of dual CGA objects embedded in
QCGA, computed from S¢ and F¢ of Sect. 3.2, using I¢

of (2.35)
Geometric objects Dual definition
Sphere st =cc — 3rlex
Plane o =n. +dey
Line *C = aeIe + eoomeIe
It = 8y A,
Circle o5 =85 AsEy
oL =Ssu AT
Point pair Pyc =S A 1G

Pyc = 01 N OCy
pzc =8¢1 ASGa N SC3
Notation: ¢, is the Euclidean center position of the sphere, n. the unit
normal vector to the plane, d is the distance of the plane from the origin, a,
the direction vector of the line, m, the bivector moment of the line

TABLE 3. Definition of dual axis-aligned quadratic surfaces

using QCGA
Geometric object Dual vector definition
Ellipsoid (QAID)* = Heo + €02 + S €03 + Fec
Cone (q A IE)* = ailzeol + b%eoQ — €03
Cylinder (q A I(l)>)* = ?12601 + b%eoQ - %eoo
Hyperbolic paraboloid (QNAIZ)* = (leeol — b%eoz + %eg
Elliptic paraboloid (QAID)* = Leor + €02 + 3€3
Hyperboloid
one sheet (an I[o>)* = _ﬁeol - {712902 + C%‘303 + %eoo
two sheets (q/\ Ic‘?)* = _%eol - ?12602 + cizeoS - %eoo
Pair of planes qQ" =ey — ey

Table 4 details a class of objects that can be handled using QCGA. Ta-
ble 5 summarizes some definitions of axis-aligned primal objects constructed
from points in QCGA.

The construction of axis aligned and origin centered quadratic surfaces
based on their implicit equation coefficients is seen to be very straightforward.
The availability of versors for rotation, translation and scaling [13] allows
then to begin with aligned quadratic surfaces centered at the origin and to
subsequently move them to arbitrary position, freely change their orientation
by rotation, and moreover scale them arbitrarily.
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TABLE 4. Definition of primal geometric objects using QCGA

Round object (sphere, circle, .. .) q=X1 Axa A+ ANIZ

Flat object (plane, line, ...) A=X1 AXa A - Aex NIZ
Axis-aligned quadratic surface q=x1 A+ Axg Alsp
General quadratic surface q=x1 AXo AXg- - /A Xg

TABLE 5. Definition of some primal azis-aligned quadratic
surfaces using QCGA

Ellipsoids q=x1 A AxgAlsp

Paraboloids

Hyperbolic paraboloids

Spheroids A=x1 A AX5A (€01 — €002) A Lcp
Cylinders q=%X1 AXa AX3 AX4 NAX5 A €3 NIscp

Elliptic cylinders

7. Intersections

One of the most fascinating properties of QCGA, is that like in CGA, all
objects can be intersected by simply taking the outer products of their duals.
That is, any number of linearly independent round or flat embedded CGA
objects in QCGA and any number of quadratic surfaces after wedging with
I>, can be intersected by computing the dual of the outer product of duals

o)

as follows (see [13])
(intersect AID)* = (AANID*ABALL ) AL A(ZATS) . (7.)
The criterion for a general point x to be on the intersection is
x - (intersect A IY)* = 0, intersect = —§ ((intersect A I5)*T) [IZ.(7.2)

For cases in which one object is completely included in another object (like
a line in a plane), the proper meet operation has to be defined by taking into
account the subspace spanned by the join of the two objects [15].

8. Conclusion

This paper presented a development of QCGA to represent and manipulate
quadratic surfaces in extended geometric algebras, in particular, aligned or
symmetric quadratic surfaces. After recalling the main ideas of QCGA [2],
together with the null basis vector modifications of [13], we presented a de-
tailed set of algebraic constructions and notations. This then allowed us to
represent both embedded objects of CGA and quadratic surfaces of QCGA
in a constructive and intuitive way. Furthermore, quadratic surfaces are now
represented more concisely and efficiently from either their implicit forms,
implicit axis aligned and origin centered forms followed by geometric versor
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transformations, or their control points. The intersection of all these objects
can easily be computed. In the future, we plan to extend this approach to
represent quadratic surfaces also to cubic surfaces. Finally, note that the ex-
amples presented in this paper were computed and visualized efficiently using
the new C++ library called Garamon in [1].
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