SPHERICITY AND GEOMETRIC PROPERTIES OF RATIOS IN MOBIUS
AND LAGUERRE GEOMETRY
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ABSTRACT. Motivated by the recent need to work with spherical vertex stars in applications
and theory, we contribute to the algebraic description of the sphericity of points and planes.
Driven by the well-known characterization of four concyclic points through cross-ratios we
extend this notion to sphericity of five points in 3-space by making use of quaternionic ratios
which we call diagonal-ratios. We investigate the dual setting and obtain properties of a
corresponding diagonal-ratio in terms of dual quaternions for five planes in tangential contact
with a sphere.
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1. INTRODUCTION AND PRELIMINARIES

1.1. Introduction. In recent years several applications [7, 6, 4] have brought up the necessity to
work with spherical vertex stars. A vertex star is a vertex (the central vertex) of a mesh together
with its edge neighbors. It is called spherical if these vertices lie on a common sphere. In a mesh
with Z2 combinatorics a vertex star consists of a central vertex and four neighboring vertices.
These five points generically do not lie on a common sphere as a sphere in R? is determined by
four points in general position.

There are certainly many ways to determine whether five points lie on a common sphere or
not. In our paper we generalize the method known for circles. For that we would like to recall
the very elegant characterization of four points in a plane (or in space) lying on a common circle.
Four points lie on a common circle if and only if their complex or quaternionic cross-ratio is real
(cf. [1, 3, 10] and Section 1.2).

In the same way as complex numbers are often used in plane geometry, the skew field of
quaternions is brought up to work in three-dimensional space. For that, the three-dimensional
imaginary part of the quaternions can be identified with R3. We use this representation of
points and vectors in R? to introduce a novel ratio, analogous to the cross-ratio, which involves
the diagonals of a pentagon (hence the name diagonal-ratio in Definition 6). It turns out that
this ratio is independent of reversing their order if and only if the five points lie on a common
sphere (Theorem 8).

Points lying on a sphere is invariant under Mobius transformations which map spheres and
planes to spheres and planes (potentially swapping some of them). However, neither the cross-
ratio nor the diagonal-ratio per se are Mobius invariant. Still some geometric information encoded
in these ratios is invariant under those transformations (Lemma 5, Theorem 8).

We are also interested in some kind of a dual point of view. Instead of points on spheres we
study planes in tangential contact with spheres. For that we take advantage of descriptions that
have been used to work with the special orthogonal group SO(3). The action of its elements is
easily representable by quaternion multiplication. This method led to the elegant description of
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all Euclidean motions with the use of dual quaternions, particularly in kinematic geometry [8, 2].
After identifying the set of oriented planes in R? with a subset of the dual quaternions (the special
unit dual quaternions) we interpret the shape of the cross-ratio of four planes in geometric terms
(Theorem 15). If five planes are in tangential contact with a sphere then the diagonal-ratio is
independent of reversing the order of planes (Theorem 21).

Planes being in oriented tangential contact with oriented spheres is invariant under so called
Laguerre transformations which map spheres and points to spheres and points (potentially swap-
ping some of them). The cross-ratio of four planes in terms of dual quaternions is not Laguerre
invariant, however, the geometric meaning of the cross-ratio is Laguerre invariant (Theorem 15)
and analogously for the diagonal-ratio.

1.2. Preliminaries. We start by setting the notation, then quickly recall quaternions, basic
ideas of Mobius and Laguerre geometry and define the notion of the cross-ratio.

1.2.1. Complex numbers and cross-ratio. It is common in two-dimensional Mdbius geometry to
identify the plane with the complex numbers. Their real and imaginary parts are the z- and
y-coordinates of the corresponding points

(z,y) € R? «— z +iy € C.

We will therefore abuse notation and write for a point p dependent on the setting either p = (z,y)
or p = x+1iy. We further follow the common strategy to extend the complex plane C conformally
by adding co and denote C := C U co. The Mdbius and anti-Mébius transformations

az+b aZ+b

- ——0 and 2z~ ——

cz+d cz+d

act on C sharply 3-transitive. The cross-ratio of four pairwise distinct points or complex numbers
a,b,c,d € C reads

(1) cr(a,b,c,d) = (a —b)(b—c) e —d)(d—a)"".

It is a complex number that is invariant under Mobius transformations but not under anti-Mobius
transformations. Denoting ¢ := cr(a, b, ¢, d) the set {q,¢} is invariant under both, Mébius and
anti-Mobius transformations. In Mobius geometry, circles and straight lines are considered to
be the same and can be mapped to each other by Mébius transformations. The lines are those
circles which contain co. A simple and well-known geometric property of the cross-ratio is the
following (see, e.g., [10, p. 32]).

with a,b,c,d € C s.t. ad—bec#0,

Theorem 1. Four points a,b,c,d in C lie on a common circle if and only if the cross-ratio
satisfies cr(a, b, c,d) € R.

Remark 2. If ¢ = cr(a, b, c,d) ¢ R, the triplets of points a, b, ¢ and a, ¢, d determine two different
circumcircles ki, ka. In this case the imaginary part of the normalized cross-ratio ¢/|q| is the sine
of the intersection angle between k; and ks (see, e.g., [10]).

1.2.2. Quaternions and cross-ratio. The skew field of quaternions H can be used to express
geometry in three-dimensional space and in particular for three-dimensional Mdbius geometry.
While quaternions are often defined via imaginary units 4, j, k in the form r + iz + jy + kz € H,
with r, z,y, 2 € R, we prefer to identify them with elements of R x R? in the form

H= {[r,v] | r € R,v € R3},
where [r, v] with v = (v1,v9,v3) corresponds to r+ivy 4 jvg+kvs. The first component r = Re g of
a quaternion g = [r,v] is called real part and the second component v = Im g is called imaginary

part. The addition in this notation of H reads [r, v] 4 [s, w] = [r+ s, v+ w], and the multiplication
reads [r,v] - [s,w] = [rs — (v,w),rw + sv + v X w], where (-,-) is the Euclidean scalar product
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in R3 and where x is the cross product. The conjugation of ¢ = [r,v] is defined by g = [r, —v]
and the square root of the real number ¢g is called norm of ¢ and is denoted by |¢| = /4q.
For every ¢ € H \ {0} its inverse is given by ¢=! = g/|q|>. We denote the purely imaginary
quaternions by ImH = {q € H | ¢ = [0,v], with v € R?}. To express points and vectors of R3
with quaternions we identify R? with Im H via p ¢ [0, p]. Note that the inverse of an imaginary
quaternion ¢ is ¢~! = —¢/|q|?> which will appear frequently in our paper. Furthermore, note
that two quaternions commute if and only if their imaginary parts are linearly dependent. The
cross-ratio of four quaternions a, b, c,d € H is defined as

cr(a,b,c,d) = (a —b)(b—c) (c—d)(d—a)"t,

where now the order of the factors is crucial as the quaternions are not commutative. In analogy
to Theorem 1, there is the following theorem (see, e.g., [1, 3]).

Theorem 3. Four points a,b,c,d in R® (or in ImH, resp.) lie on a common circle if and only
if the cross-ratio satisfies cr(a, b, c,d) € R.

1.2.3. Laguerre geometry. Laguerre geometry is the geometry of oriented (hyper)planes and ori-
ented (hyper)spheres and whose transformations preserve the oriented contact between them.
The orientation of a plane T with equation (n,z) + d = 0 is given by a specified direction of a
unit normal vector n. The oriented distance of a point x to 7 is given by dist(z, 7) = (n,z) + d.
The positive [negative] side of T is where the oriented distance is positive [negative]. The ori-
entation of a sphere is given by the signed radius r. An oriented sphere is in oriented contact
with an oriented plane if both, the sphere and the plane touch each other in the Euclidean sense,
and if the negatively oriented sphere lies on the positive side of the plane or vice versa (see
Figure 1). Two oriented spheres are in oriented contact if they are in oriented contact with the
same oriented plane in the same point. Two parallel planes are similarly oriented parallel if their
unit normal vectors are the same.

r <0

FIGURE 1. Oriented contact. The orientation of circles or spheres is given by the sign of their radius r indicated
by clockwise or counterclockwise oriented arrows. An oriented sphere is in oriented contact with an oriented
plane if they touch and if the negatively oriented sphere lies on the positive side of the plane or vice versa. Two
oriented spheres are in oriented contact if they are in oriented contact with the same oriented plane in the same
point.

2. SPHERICITY IN MOBIUS GEOMETRY

Three distinct points in a plane always lie on a unique circle (straight lines are also considered
as circles). The property that four points lie on a circle is characterized by the property that
their cross-ratio is real. Four distinct points in space always lie on a sphere. This circumsphere
is unique if the four points do not lie on a common circle in which case there are infinitely many
spheres containing that circle and therefore the four points.

In Theorem 8 we will characterize when five points in space lie on a common sphere. Our
characterization is also in terms of certain ratios depending on imaginary quaternions represent-
ing the points. To show that criterion we need some preparatory notions and properties. The
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following two lemmas can be found in [5, 9], but we include a proof here since it is key for what
follows.

C

FIGURE 2. Illustration for the proof of Lemma 4: We reflect two points b, ¢ in a circle around a. The connecting
line of the reflected points is parallel to the tangent of the circumcircle of a, b, ¢ at point a.

Lemma 4. Let a,b,c € ImH be pairwise distinct. The imaginary quaternion
tep = (a—b)" ' (b—c)(c—a)t,
interpreted as a vector in R3, is the tangent vector to the circumcircle through a,b,c at point a
(cf. Figure 2).
Proof. We compute
ty=(a—b)"tb—-c)lc—a)t=0b-a)"tb—a+a—c)la—c)7!
=(b—a)tb—a)+(b—a)a—0)la—c)t=(a—c) '+ (b—a)t =vi — s,

where we set v; := (a —¢)™! and vy := (a — b)~!. We therefore obtain t,, = v; — vo. Since
v1,v2 € ImH we have v; = ﬁ and vy = |bb_;a“|2 which are reflections of ¢ — a and b — a in the
unit sphere S? (cf. Figure 2). Consequently, the reflection in the unit sphere with center a maps
btoa+ vy and ¢ to a + v1.

The reflection in the sphere a + S? maps the circumcircle k through a, b, ¢ to a line k' since a
is mapped to co. By symmetry reasons k' is parallel to the tangent of k in a. Furthermore, this
line &’ is parallel to ., which proves the lemma. [l

Note that the proof above implies that t., can be written in the form
ty=(a—c) '+ (b—a)"?,
which immediately implies
(2) teb = —Tpe-
Furthermore, note that the expression of t., with reversed inversions in the product, i.e.,
tep = (a —b)(b—c) " (c—a)

is parallel to top, since f_;' = —(a—c) "1 (c=b)(b—a)~! = —(a—b) "' —(c—a)~! = ty. Consequently,

(3) tcb -
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Throughout the paper, we will heavily use this notation also in connection with other points
but always rooted at a, for example,

tge = (a—c) e —d)(d—a) .

Lemma 5. For a,b,c,d € ImH the vector Imcr(a,b,c,d) represents the normal vector to the
circumsphere through a,b,c,d at point a.

Proof. Using Lemma 4 and Equation (3) we get
cr(a,b,e,d) = (a—b)(b—c) ' -1-(c—d)(d—a)' =

(4) =—(a=b)b—c) " -(c—a)la—c) - (c—d)(d—a)' =
= _gcbtdc = ﬁtcbtdc = %[_ <tcb7tdc>7tcb X tdc]~
cb‘ |t6b|

Therefore, Im cr(a, b, ¢, d) = ht.%ﬁ(td’ X tqc). Lemma 4 implies that ¢, is a tangent vector to the

circumcircle of a,b, ¢ at point a, and analogously, t4. is a tangent vector to the circumcircle of
a,c,d at point a, they both lie in the tangent plane to the circumsphere of a,b, ¢, d in a. Hence,
their cross product is parallel to the normal vector at point a. O

With Lemma 5 we obtain an alternative proof of Theorem 3: Let ki, ks be the circumcircles
of a,b,c and a, ¢, d, respectively. Both lie on the circumsphere of a, b, ¢,d. Equation (4) implies
that the cross-ratio cr(a,b,c,d) is real if and only if the cross product t, X t4. of the tangent
vectors in a to k1 and ko vanishes. Consequently, the cross-ratio is real if and only if ¢., and tg4.
are parallel which means that k; and ks coincide.

With the following definition we “generalize” the cross-ratio of four points to five points by
including the diagonals of the pentagon.

Definition 6. Let a,b,c,d,e € ImH be five distinct points. We call the following ratio of edges
and diagonals

dr(a,b,c,d,e) == (a—b)(b—e) He—a)(a—d) (d—e)(e—c) (c—d)(d—b) " (b-c)(c—a)™?
the diagonal-ratio of a,b,c,d,e (cf. Figure 3).

c d

FIGURE 3. Illustration of the vectors involved in the diagonal-ratio.

Lemma 7. Let a,b,c,d,e € ImH be five distinct points. Then the diagonal-ratio factorizes into
cross-ratios

(5) dr(a,b,c,d,e) = cr(a,b,e,d) - cr(a, e, ¢, d) - cr(a,d, b, c).
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FIGURE 4. Left: The five points a, b, ¢, d, e do not lie on a common sphere. The quadruplet a, b, ¢, d defines sphere
k1 and the quadruplet a,c,d, e defines sphere k2. The two spheres intersect along the circle through a,c,d and
their normal vectors are linearly independent. Right: All five points are co-spherical.

Proof. In analogy to Lemma 5, we express the diagonal-ratio in terms of tangent vectors at a
dr(a,b,c,d,e) =(a—b)(b—e) *(e—a)(a—d) " (d—e)
(e=o) He—d)(d=b)7 (b—c)(c—a)!
— (= b= ) e —a)) ((a— ) (d—e)(e —a))
(6) ((a—e)e—c) " He—a)
((a-

= iebted{cetdcgbdtcb =

b |2 tebted . |2 tcetdc d|2 tbdtcb-

- |te |tc |tb
Using Equations (4) and (2) concludes the proof. O

The following theorem characterizes five points lying on a sphere in terms of this diagonal-
ratio. We assume the elementary geometric fact that two spheres passing through the same circle
are identical if and only if the two normal vectors of the spheres in a common point of the circle
are parallel.

Theorem 8. Five points a,b,c,d,e € ImH lie on a common sphere if and only if
dr(a,b,c,d,e) = dr(a,e,d,c,b).

Then both Imdr(a,b,c,d,e) and Imdr(a, e, d, c,b), respectively, represent a normal vector of the
circumsphere at point a.

Proof. In general the two quadruples of points a, b, c,d and a, ¢, d, e lie on two different spheres
k1 and ko, both containing a, ¢, and d, and therefore their circumcircle (see Figure 4).

We have to show that k1 and ks coincide if and only if dr(a,b,¢c,d,e) = dr(a,e,d,c,b). We
first express both diagonal-ratios in terms of tangent vectors at point a via (6)

1
dr(a,b,c,d,e) = tpet tect tapt
( ) ) |tbe|2 be 6d|t60‘2 ec dc|tdb|2 dbleb,
1
dr(a,e,d,c,b) = tept tpat teetde-
( s &, Uy 6, ) |teb|2 eb bc|tbd|2 bd Cd|tce|2 celde
Since tp. = —tep etc. and by setting o := 1/|tpetectas|? we obtain

dr(av ba c, d7 6) - dr(a, €, d, C, b) - atbetedtectdctdbtcb - CVtebtbctbdtcdtcetde

= atbe (tedtectdctdbtcb - tcbtdbtdctected)-
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Expanding yields

Oétbe([* <ted7 tec)a ted X tec} . tdc : [* <tdb7 tcb)a tdb X tcb]
_[_<tcba tdb>7 tcb X tdb] : tdc : [_<teca ted>; tec X ted])'

After setting 1 := —(tap, tep), 72 := —(ted, tec), N1 = tep X tap, N2 = teq X tee, and t := tg4., the
term simplifies to
atpe ([r2,mo) - t - [r1, —ma] — [r1,ma] - ¢ - [ra, —ng)).
Inserting the identity
() t-[r,—mg] -t = [{t,n), rt — (t x ng)] -t = [—ry{t, 1), (&, )t — (t x ng) x t] = —|t|*[ry, )
in the above we get
dr(a,b,c,d, e) — dr(a, e,d, ¢,b) = —atye|t|* ([r2, n2][r1, na] = [r1,m1][r2,ma]) -t~

We see that dr(a, b, ¢, d, e) —dr(a,e,d, c,b) = 0 if and only if the term in the bracket is zero. This
is the case if and only if the product of the quaternions [r1,n1] and [re, ns] commutes, i.e., if
and only if their imaginary parts n; and ngy are linearly dependent. Since ny and ny are normal
vectors at point a to the spheres k; and ks, respectively, it means that k; and ko coincide if and
only if n1 and ny are linearly dependent which proves the first part of the theorem.

To prove the second part we recall Equation (6) and expand it

dI‘(a, b,c,d, 6) = atpeledtectdctablen
= Ck[— <tbea ted>a tbe X ted] [_ <teC7 tdc>a tec X tdc] [_ <tdba tcb>a tdb X tcb]~

The three quaternions in this latter product all have vector-parts parallel to the normal vector
of the sphere ky = ko at point a. Since the product of quaternions with linearly dependent
imaginary parts yields a quaternion with an imaginary part linearely dependent to the previous
ones, Imdr(a, b, ¢, d, e) must also be parallel to the normal vector of k1 = ko at point a. O

Corollary 9. If five points a,b,c,d,e in R? lie on a common circle then dr(a,b,c,d,e) € R.

Proof. If the points a, b, ¢, d, e lie on the same circle then each four of them are also concyclic.
Therefore the cross-ratios in Equation (5) are real, hence so is dr(a, b, ¢, d, €). O

Remark 10. A real diagonal-ratio however does not imply that the five points lie on a circle as
the following example shows. Choosing

a=(1,0,0), b=(0,1,0), e¢=(-%,%0), d=(-1,0,0),
e=(2(v3-2),—£V/100v3 - 159,0),
yields
dr(a,b,c,d, €) = [525(60 + 85v/3 — V/36228v/3 — 38349),0] € R
however

)] ¢ R.

cr(a, b, e,d) = 1o (539 — 100v/3 + 51/12076+/3 — 12783), (0,0,

3
2(5 + v/100v/3 — 159))

Consequently, a, b, d, e are not concyclic.
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3. SPHERICITY IN LAGUERRE GEOMETRY

The algebraic structure often used to describe elements and transformations in (planar) La-
guerre geometry is the ring of dual numbers D defined as (see, e.g., [10])

D={z+ey|zyecR}

where ¢ # 0 is a symbol satisfying €2 = 0 and where = and y are called real and dual part,
respectively. Adding dual numbers works componentwise (a + €b) + (¢ + ed) = (a + ¢) + e(b+ d)
and the product of dual numbers reads (a + €b) - (¢ + ed) = ac + e(ad + be).

The conjugate of z = a + €b is Z = a — eb and its modulus is defined as the square root of
2z = a? and therefore equals |a|. Consequently, a dual number has an inverse if and only if its
modulus does not vanish in which case it is 271 =1 = i = “a;b = é — eab2

An oriented straight lines in the plane which is not parallel to the z-axis can be identified
by its polar coordinates (¢,s), where ¢ denotes the oriented angle with the z-axis and where s
denotes the oriented distance of its intersection point with the z-axis to the origin. Consequently,

oriented straight lines can be identified with dual numbers in the following way

(¢,5) € ((0,27) \ ) x R +— tan (g)(l +es) € D.

For lines parallel to the z-axis this identification does not work and it is necessary to assign
adapted dual numbers to them (for details, see [10, p. 81-83]).

Theorem 11 ([10, p. 93-94]). Four oriented lines in R? touch a common oriented circle if and
only if the corresponding dual numbers a,b,c,d € D satisfy cr(a,b, c,d) € R where the cross-ratio
definition has the same algebraic composition as for complex numbers in Equation (1).

Remark 12. For the generic case, ¢ = cr(a,b,c,d) ¢ R the triplets of oriented lines a,b, ¢ and
a,c,d determine two different circles kq, ko. In this case the imaginary part of the normalized
cross-ratio ¢/|q| is the tangent distance between k; and ko [10, p. 162].

To describe oriented planes in space, we choose a subset of the dual quaternions
DH = {aq |a €D,q € H} = {q+ep | p,q € H},

which form a skew ring. Dual quaternions are often used to describe motions in kinematic
geometry. For a dual quaternion d = q + ep € DH, we call ¢q its quaternion-part and p its dual
part. We will also sometimes refer to Im ¢ as vector-part.

In analogy to dual numbers, a dual quaternion d = ¢ + ep with ¢ # 0 has an inverse

d™t=q ' (1—epg )

since dd~' = (¢ +ep)(¢ ' (1 —epg™")) = q¢~ " + epg" —eqq'pg™! — pg'pg~" = 1. The

inverse of the product of dual quaternions d;,ds € DH is the reversed product of their inverses
(didy) ™' = dy'dy!

For our purpose, we will need dual quaternions with a purely imaginary unit quaternion-part
and real dual part which we denote by

S:={q+erecDH|qgeImH,|¢g| =1 and r € R}

and which we call special unit dual quaternions. Clearly, special unit dual quaternions are
invertible.

Each oriented plane in R? can be represented by an affine equation (n,z) +d = 0 with unit
normal vector n and oriented distance to the origin d. The two equations

(n,zy+d=0 and (—n,z)—d=0
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FIGURE 5. The end points of the three vectors n4,np,nc lie on the unit sphere S2. The tangent vector t., of
their circumcircle k can be computed via quaternion product (Lemma 13).

represent the same Euclidean plane but they are oriented differently. Two parallel planes are
similarly oriented parallel if their unit normal vectors are the same. We identify each oriented
plane with a special unit dual quaternion by

(n,xz) +d=0<—[0,n]+ed € S.

From here on we will frequently omit the word “oriented” for oriented spheres, oriented planes
or oriented contact, since in Laguerre geometry we always deal with oriented objects and make
it a general assumption.

Lemma 13. Let
a=[0,n4]+eds, b=[0,np]l+edp, c=1[0,nc]+edceS

represent three planes A, B,C which are pairwise not similarly oriented parallel. Furthermore,
let the circle through the three points na,ng,nc on the unit sphere S% be denoted by k. Then
the vector-part of the dual quaternion

sep i = (a—b) " Hb—c)(c—a)?
represents the tangent vector te, to the circle k at point na (see Figure 5).

Proof. Since A and B are not similarly oriented parallel planes, the dual number a — b has a
non-vanishing quaternion-part and is therefore an invertible dual quaternion. The computation
starts the same way as in the proof of Lemma 4 (applied at (x)) until we insert the corresponding
dual quaternions:

sep=(a—b)"1(b—c)(c—a)? @ (a—c) P+ (b—a)!
= ([O,TLA — nc] + E(dA — dc))71 + ([O,nB — nA] + €(dB —dy )71
=10,na—nc] (1 —e(da—dc)[0,na—nc] 1) +[0,ng—na] t(1—e(dp —da)[0,ng—na]t)

1 1
Ina —ncl? Inp —nal?

([0, —na + nc] + €(da — de)) + ([0, —np + na] + €(dp — da))

[ ng —nNa na —np ]+ ( dA—dC dB—dA )

"lng —nal?  Ina —npl? Ina—ncl>  |np —nal?

Setting vy := ‘7?0_"“ and vy := |”B_"A yields tg, := v1 —v9 as vector-part of s.,. Following

c—nal? npg—nal?
the arguments in the proof of Lemma 4 and Figure 2, the vector-part of s, which is t., = v1 —va,
is parallel to the tangent line of k at point n 4. (I
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Note that from the proof above we obtain that s., can be expressed as

Sch = [Oatcb} + 6)\cba

. _da—dc dp—da
cb -— [na—nc|? [ng—mal?
note that the expression of s., with reversed inversions in the product, i.e.,

Gep = (a—b)(b—c)"Hc—a)

where A

€ R. It also immediately implies s., = —Sp.. Furthermore,

has a parallel vector-part to the one of s, since
5571 =—(a—c) He=b)(b—a)"' = —spc = [0, —tpe] — €Npes

Consequently,

_ _ _ -1
(9) Sep = [0, —tpe] 7L 4+ eNpe[0, —tp] ) = W([O,tcb] + eApe).

The following lemma is the Laguerre geometric analogue to Lemma 5.

Lemma 14. Let a,b,c,d € S represent four planes A, B,C, D which are not similarly oriented
parallel. Then the vector-part of their cross-ratio cr(a,b,c,d) is parallel to the normal vector na
of plane A.

Proof. Using Lemma 13 and Equation (9) we get
cr(a,b,e,d) = (a—b)(b—c) *(c—d)(d—a)!
= —(a= b)) e—a)a—) e —d)(d—a)!

(10) - ﬁ([o,tcb} M) ([0, tac] + eAae)

1

1
= W[_<tcb; td6>7 tcb X tdc] + 67[07 Adctcb + )‘bctdc]~

[tep|?

Since t.;, and t4. are both tangents in n 4 to the circles through n4,ng,nc € S? and nas,nc,np €
52, respectively, their cross product points in the direction of the normal to the unit sphere in
n 4 which is parallel to the vector n 4 itself, i.e., the normal vector of the plane A. (I

Unlike in M&bius geometry, where four points determine a unique sphere (unless they lie on
a common circle), in Laguerre geometry four planes are not necessarily in oriented contact with
a common sphere. For example if two planes are similarly oriented parallel, there is no oriented
sphere in oriented contact with both planes. Another example exists of three planes enveloping
a rotational cone and a fourth plane being similarly oriented parallel to a tangent plane of that
cone. See Figure 6 (Case (iii)) for illustrations of that setting.

Three planes A, B,C which are pairwise not similarly oriented parallel always envelope a
rotational cone k (or cylinder which is the same in Laguerre geometry). There are three essentially
different possible arrangements of an additional fourth distinct plane D in relation to the three
given planes, which are illustrated schematically in Figure 6.

Theorem 15. Let A, B,C, D be four planes which are pairwise not similarly oriented parallel.
Their arrangement in space determines the structure of their cross-ratio. For somer € Ryn,v €
ImH we have

(i) cr(a,b,c,d)=r & A, B,C,D touch a rotational cone,
(ii) cr(a,b,c,d) =[r,n]+e€-[0,v] withn#0 < A B,C,D touch a unique sphere,
(iii) cr(a,b,c,d) =[r,0]+€-[0,v] withv#0 < A B,C,D touch no common sphere.

)
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Case (i) Case (ii) Case (iii)

FIGURE 6. Any three planes A, B, C' which are pairwise not similarly oriented parallel envelope a rotational cone
or cylinder k. There are three essential different positions of a fourth plane D with respect to k. Case (i): D is
another tangent plane of that cone k in which case there are infinitely many spheres in oriented contact with the
four planes. Case (ii): D is not similarly parallel to any tangent plane in which case there is exactly one sphere
in oriented contact with the four planes. Case (iii): D is similarly parallel but distinct to a tangent plane of k
in which case there is no sphere in oriented contact with the four planes.

Proof. Before we go through the individual cases we make some general preparations. From
Equation (10) we obtain the cross-ratio of four planes in the following form:

1 1
CI‘((Z, b7 c, d) - [* <tcba tdc>7 tcb X tdc] +e€ [07 )\dctcb + )\bctdc]~
[ten|? [ten|?
By setting
-1
|tcb|2

the cross-ratio becomes

1
T <tcba 7fdc>a n:= Wtcb X tdca v 7(Adctcb + Abctdc)7
c

B |tcb|2

cr(a,b,c,d) = [r,n] + €- [0, v].

Since three planes always envelope a rotational cone (or cylinder), we denote the cone en-
veloped by A, B,C by ki, and the cone enveloped by A,C, D by ks. Let s; and sy be arbitrary
spheres which are in oriented contact with k1 and ks, respectively. We denote their centers by
my and me, and their radii by r; and ro. Then the distances of the planes from the origin can
be expressed as (see Figure 7):

(m1,na) +7r1 = (m2,na) +r2 = —da,
(mi,np) +1m1 = —dp,
(m1,nc) +1r1 = (ma,nc) +r2 = —dc,

(ma,np) +re =—dp.

Consequently,
(11)  (my,na) — (ma,na) = (m1,nc) — (M2, nc) =ro —ry and (mg —ma,n4a —ne) = 0.

For the coefficients Apc, A\ge in the dual part of the cross-ratio we obtain
da —dp doc —da

)\ =
" Jna—ngP " Jnc —nal?
(12) _ —(mi,na) —r1+ (mi,ng)+r1 . —(mi,ne) —ri+ (mi,na) +1m
[na —npl? Inc —nal?
mi,np —Na mi,ng —ng np —nNna nag — ngc
:< > - 2>+< > - 2>:<m1, — 3 — 2>:<m1,tbc>,
Inp —nal Ina —nc| Ing —nal?>  |na —ncl

and analogously Ag. = (ma,tq.). Hence the imaginary part v of the dual part can always be
expressed as

1

13 V=
( ) ‘tcb‘Q

(<m27 tdc>tcb + <m17 7(f'bc>tdc)-
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A

m

FIGURE 7. Illustration of an oriented sphere with center m and radius r in oriented contact with an oriented plane
given by the equation (n,z) + da = 0. We can read off the elementary relation (m,n4) +r = —d4.

To prove (i) we first assume that A, B, C, D touch the common rotational cone k; = ko. Then
the four normal vectors na,ng,nc,np represent four points on a common circle on S2. Since
the two vectors t., and t4. are tangent vectors to this circle at point n4 (as learned at the end
of the proof of Lemma 13), these vectors must be parallel, i.e., t4o = ptep for some p € R\ 0.
Consequently, we obtain n = 0.

Furthermore, since the cones conincide ki = ko, we can choose the two spheres s1, so to be
equal s; = s (every sphere which touches the cone also touches all four planes). Denoting its
center by m := mj = my and using t4. = ute, we obtain for v

1

V=
[ten|?

1
((ma, tac)tes + (M, toe)tae) = 5 ((m, ptep)tes + (M, toe) piten) = 0,

‘tcb‘
since tp. = —tep. Therefore cr(a,b, e, d) =r.
For the other direction of (i) we assume cr(a,b,c,d) = r. Consequently, v = 0 and n = 0
which immediately implies t4. = ptep, for some g € R\ 0 and furthermore
0=v ‘tcb‘Q = <m27 tdc>tcb + <m17 tbc>tdc = <m27 ,Utcb>tcb - <m17 tcb>,utcb = ,u<m2 —may, tcb>tcba
which yields
(ma —my,te) = (ma —mi,tae) = 0.

We therefore have

naA —nc np —NA >(E)< np —NA

0 = (mz —my,tac) = (m2 — U lnp —nal?
(ma —ma,tac) = (ma m1’|n,4—nc|2 Inp —nal? 2 T, np —nal?”’

which further implies

(ma,np) — (Ma2,n4) = (M1,np) — (M1,n4).
Again using Equation (11) we obtain

(mi,np) =rg —r1 —1r2 —dp = —711 —dp,

which implies that the sphere s; is also in oriented contact with plane D. Analogously, it follows
from 0 = (my—myq,tep) that the sphere ss is also in oriented contact with plane B. Consequently,
all four planes are in oriented contact with two different spheres which implies that they are in
tangential contact with a rotational cone.

As for (ii) we first note that n # 0 is equivalent to t., and t4. not being parallel. Since ¢
is a tangent vector to S? touching the circumcircle of n4,ng,nc and tq. is a tangent vector to
52 touching the circumcircle of n4,nc,np, both at point n4, we conclude that this is further
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equivalent to the four points na,ng,nc,np not lying in a plane. Consequently, any linear system
of the form (vectors are notated as columns)

n;[l da

T

ne 1 m d

g +{ ] =0
ng 1 r dc

ngl b

has a unique solution for m and r representing the unique sphere in oriented contact with the
four planes given by equations (n4,z) +d4 = 0, etc.
Property (iii) follows by eliminating cases (i) and (ii). O

Remark 16. Property (i) of Theorem 15 states that the cross-ratio of four oriented planes is real
if and only if they touch a rotational cone (i.e., they touch a one parameter family of spheres).
This is the analogue of Theorem 3 of M&bius geometry, stating that the cross-ratio of four points
is real if and only if they lie on a common circle, i.e., on a one parameter family of spheres.

The following lemma is the Laguerre analogue to Lemma 7 where the diagonal-ratio definition
has the same algebraic composition as for quaternions in Definition 6.

Lemma 17. Let a,b,c,d,e € S denote five distinct planes. Then the diagonal-ratio factorizes
into cross-ratios

(14) dr(a,b,c,d,e) = cr(a, b, e,d) - cr(a, e, c,d) - cr(a,d, b, c).

Proof. Following the proof of the analogous Lemma 7 for Mobius geometry, we express the
diagonal-ratio in terms of tangent vectors:

dr(a,b,c,d,e) = ((a=b)(b—e)"*(e—a))((a—d) " (d—e)(e—a)™t)
((a —e)le—c) " He— a)) ((a —c) He—d)(d— a)_l)
((a —d)(d—b)~1(b— a)) ((a —b)7Yb—c)(c— a)_l)

-1
= W([Q ten] + €Xpe) ([0, ted] + €Xea)
-1

‘t |2 ([Oa tce] + EAec)([Oy tdc] + 6)\dc)

-1
W([O, toa] + €Xap) ([0, tep] + €Aep).

With the representation (10) for the cross-ratio we easily find the claimed cross-ratios in the
expression of the diagonal-ratio. ([

Lemma 17 also implies the Laguerre analogue of Corollary 9.

Corollary 18. Let a,b,c,d,e € S be five oriented planes that touch a rotational cone. Then
dr(a,b,c,d,e) € R.

Proof. If all the planes a, b, ¢, d, e touch a rotational cone, then each four of them also touch the
same rotational cone. Therefore all three cross-ratios in Lemma 17 are real, hence dr(a, b, ¢, d, e)
is real. [l

Lemma 19. Let a,b,c,d,e € S and let q be the quaternion-part of dr(a,b,c,d,e). Then Imgq
represents the normal vector na of plane A.
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Proof. By partially expanding the last term of the proof of Lemma 17 we get
-1
dr a, ba & da €)= —( - teb; ted 7teb X ted +e€ 0, )\edteb + )\beted
( ) ‘teb‘2‘tce|2|tbd|2 ([ < > ] [ ])

([_<tce7 tdc>; tce X tdc] + 6[07 Adctce + )\ectch
([= (toas teb)s toa X tep] + €[0, Aeptpa + /\dbtcb])>-

By the same argument as in the proof of Lemma 14, the dual quaternions in the three parentheses
all have quaternion-parts whose vector-parts are parallel to n4. Since the product of dual
quaternions with linearly dependent vector-parts yields again a dual quaternion with a vector-
part parallel to the ones of its factors, dr(a,b,c,d,e) must also have a vector-part parallel to
nAa. O

Lemma 20. Let a,b,c,d,e € S and let g1 and g2 be the quaternion-parts of dr(a,b,c,d,e) and
dr(a,e,d,c,b), respectively. Then q1 = go.

Proof. The proof of Lemma 17 yields the representation of dr(a,b,c,d,e) in terms of tangent
vectors in n4 (as point of the unit sphere). We set a = —1/(|tpe|?|tan]?|tec|?) and use the
notation O(e) = e-* € eH for a purely dual quaternion, i.e., with vanishing quaternion-part. We
get

dr(av ba c, da 6) = a(teb + 6)\be)(ted + 6)\ed)(tce + GAEC)(tdC + 6)\dc)(tbd + 6)\db)(tcb + 6>\cb)
= a(teb + GAbe)([_@ed; tce>a ted X tce] + O(E))(tdc + EAdC)([_<tbd7 tcb>7 tbd X tcb] + O(E))

Setting 71 1= —(tpd, tev), T2 = —(ted,tee), N1 = —lpg X tep, No 1= teq X tee, and t + €\ :=
tqe + €Age we obtain for the above expression

alter + €Xve)([ra, n2] + O(€)) (t + eX)([r1, —n1] + O(€))(t + €X) (t + eX) ™1

D tes + Ao (2, ma] + O(E)) [H2([r1, ma] + O(€)) (¢ + X)L

By substituting indices we also get the corresponding expression for
dr(a,e,d, c,b) = —a(tpe + eep) ([r1,11] + O(€)) [t1? ([r2, n2] + O(€)) (=1)(t + eX)
and therefore
dr(a,b,c,d,e) —dr(a, e, d,c,b) = —a(tey + €Xpe)|t]?
[([r2,n2] + O())([r1, 1] + O(€)) = (Ir1,na] + O(€))([r2, na2] + O(€))] - (¢ +eX) 7.
Since ni and no are both parallel to n 4, the quaternion-parts of the dual quaternions
([r2,n2] + O(€))([r1,m1] + O(e)) and  ([r1,ma] + O(e))([r2, n2] + O(e))
are equal. Therefore
dr(a,b,c,d,e) — dr(a, e,d, c,b) = —a(te, + eXpe) [t (0 + O(€))(t + €X) ™ = Oe),

i.e., the quaternion-parts of dr(a, b, ¢,d, e) and dr(a,e,d, c,b) are equal. O

Theorem 21. Let A, B,C, D, E be five oriented planes in R which touch a common oriented
sphere. Then the corresponding dual quaternions a,b,c,d,e € S satisfy

dr(a,b,c,d,e) = dr(a,e,d,c,b).
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Proof. Lemma 20 implies that the quaternion-parts of dr(a, b, ¢, d, €) and dr(a, e, d, ¢, b) are equal.
Therefore, it remains to prove that here their dual parts coincide as well.

Let us first bring the cross-ratio into a form which we can better deal with. Using Equa-
tion (10), the first cross-ratio in Equation (14) equals

cr(a,b,e,d) =

|te|? ([ (teb, tde)s teb X tae] + €[0, Adeten + Avelae])-

We set (similar to the proof of Theorem 15 without the denominators):
e = —(tevs tae), Mg =teb Xtaes Vg i= (Adeteb + Apetde)-
Lemma 14 and its proof imply that n{ is parallel to n4 which yields
ne = ptna

for some pu¢ € R\ {0}. Let us denote by m the center of the common sphere which is in contact
with all planes and that exists by assumption. Then for m; = mg = m, Equation (12) implies

(15) Uﬁ = <m27 tde>teb + <m17 tbe>tde = <m7 tde>teb - <m7 teb>tde =mX (teb X tde) =mX ni = uiva
where we define v := m x n4. Note that n¢ L v¢ and also n4 L v. The cross-ratio can now be
written as

1 e e e
CI‘(a7 ba €, d) = W ([Tw p’an] + E[LCU) .

By setting o := (|tep|?|tee|?|tpal?) the diagonal-ratio becomes (after carefully expanding)
adr(a,b,c,d,e) = acr(a,b,e,d) - cr(a, e, c,d) - cr(a,d, b, c)
= ([ré, ugnal + eplv) - ([r5, gnal + epsv) - (2, pbnal + eulo)
= o= e(rerpul + riropy + rirous — pippne)v.
From n¢ = ptna we obtain (the symbol £(-,-) denotes the non-oriented angle)
e .

it = {0 ) = (s % ) = (el e sin Lt ) o ) =l i,
c
ne

[ngl

where ¢¢ := (%, n4)L(the, tde) is a signed angle. On the other hand the angle satisfies
(16) cos ¢ tep|[tae| = (tep, tac) = =7,
which implies

pé = —rftan@?, and analogously uf = —rftane§, and p’ = —r’tan®.
Therefore,

adr(a,b,c,d,e) = x — errird (tan @ + tan @f + tan ¢ — tan ¢ tan ¢f tan gog)v.
Lemma 23 (from the appendix) implies

: b c e
sin + @ +
adr(a,b,c,d,e) = % — erﬁrgrg (‘ie ‘Pbc @c)ev
cos b cos ¢f cos ¢

(16) .
=%+ eltep|[tael[teelltac|[toal [ten| Sm(‘ﬂg + ©p + pe)v.

Analogously, the other diagonal-ratio takes the form

adr(a, e, d,e,b) =+ eltvel[te||tas| |tealltec| [tac| sin(pf + 2 + h)v.
Consequently,
(17) dr(a,b,c,d,e) = dr(a,e,d,c,b) <= sin(e? + o§ + ¢°) = sin(@f + ¢ + ©Y4).
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VE B

FIGURE 8. Left: Stereographic projection of the circumcircles of na,np,ng, na,ng,np, na,np,nc. The angle
@S between tpe and tge is measured in the projection between the edges vg — vg and vp — vg. Right: A
quadrilateral with diagonals and oriented angles which fulfill the angle condition stated in Lemma 24.

The angles on the right-hand side are oriented angles of tangent vectors tp,. .. of circumcircles
through na,ng,np,... on the unit sphere (see Figure 8 left). A stereographic projection with
na as center maps the circles to the edges of a polygon with vertices vg,vco,vp,vE. Since angles
are preserved under steregraphic projection we have ¢ = Z(vp — vg,vp — vg) measured with
orientation.

Now equality on the right-hand side of (17) follows from Lemma 24 in the appendix which
concludes the proof. O

Corollary 22. Let A, B,C, D be four planes in oriented contact with a unique sphere with center
m. Then the dual part of cr(a,b,c,d) is parallel to the cross product

mXmna,
where ny is the normal vector of plane A.

Proof. Equation (15) implies that the dual part is parallel to m X (. X t4.) and Lemma 14 and
its proof imply that t., X tg. is parallel to n4. O

APPENDIX

Lemma 23. For three angles «, 3, we have the identity

sin(a + 8 +7)

tana 4+ tan 8 + tany — tanatan S tany = .
COS (v €OS 3 oS 7y

Proof. Using standard trigonometric identities yields

(tana + tan 8 + tany — tan atan S tan+y) - (cos o cos § cosy)
= sin a cos 5 cos-y + sin B cos a cos y + sin -y cos acos § — sin asin 3 sin 7y
= sin a(cos B cosy — sin Ssiny) 4 cos a(sin 5 cosy + cos B siny)
= sinacos(f + ) + cosasin(f + v) = sin(a + 5+ 7),
which concludes the proof. O
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Lemma 24. Let vg,vo,vp,vEg € C be a quadrilateral and let its oriented angles be denoted by

S = Z(vp — Vg, VD — VE) @Y = Z(vg — vp,ve — vB)
vy = Z(vg —ve,vp — Vo) <pg:4(vB—vD,vc—vD)
b = ZL(vp —vp,ve — vB) ¢y = £(ve —vE,vp — VE)

(see Figure 8 right). Then

sin(f + ¢f + ¢b) = sin(h + ©? + ¢f).

Proof. For an oriented angle Z(a,b) between two complex numbers a,b € C the exponential

e4(a:h) is equal to \%I / ﬁ Consequently,
i(pet+ei+el Vp=—Vp Yp=Vc Ve =Up
ere ) — UB—VE VE—UC UD—VB _ |
et +edtes) VC—VUB V¢ —VUD YD —VE ’
VE—UVB VB—VUD VO —VE
which concludes the proof. (I
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