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To my parents






Die menschliche Vernunft hat das besondere Schicksal
in einer Gattung ihrer Erkenntnisse: daf$ sie durch Fra-
gen belastigt wird, die sie nicht abweisen kann, denn sie
sind thr durch die Natur der Vernunft selbst aufgegeben,
die sie aber auch mnicht beantworten kann, denn sie
tbersteigen alles Vermogen der menschlichen Vernunft.

“Kritik der reinen Vernunft”,
Immanuel Kant.

... well, let’s scratch the surface ...






Abstract

There are four main areas discussed in this thesis: Geometric
Algebra, Projective Geometry, Multiple View Tensors and 3D-
Reconstruction. Our discussion of Geometric Algebra is similar to
that of Hestenes and Sobczyk [30]. Our construction differs mainly
in how we define the inner and outer product, and how we work
with the geometric product. The geometric algebra we construct
here is finite dimensional, non-degenerate and universal.

Our discussion of projective geometry in terms of GA differs some-
what from Hestenes and Ziegler [31], in that we embed Euclidean
space in projective space in a different way. Instead of using the
projective split we employ reciprocal vectors to the same effect.
Our approach is independent of the signature of an underlying or-
thonormal frame. We also use reciprocal frames to give concise
descriptions of projections and intersections.

We discuss multiple view tensors from a geometric point of view.
We show that in this way multiple view tensors can be expressed
in a unified way, and that constraints on them can be found from
simple geometric considerations. In the last part of this chapter
we discuss projective reconstructions from trifocal tensors. We find
that the consistency of a trifocal tensor has no particular influence
on the quality of reconstruction.

We build upon our analysis of multiple view tensors in the last chap-
ter where we discuss 3D-reconstruction. The algorithm we present
uses point matches and vanishing points in order to create an affine
3D-reconstruction of a world scene from two static images taken
with unknown cameras, from unknown positions. The algorithm
we obtain is fast and robust. Its derivation shows how geometric
constraints can be implemented in a straight forward manner using

GA.
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Chapter 1

Introduction

For once the disease of reading has laid upon the system it weakens
it so that it falls an easy prey to that other scourge which dwells in
the inkpot and festers in the quill. The wretch takes to writing®.

“Orlando”, Virginia Woolf.

%The scourge seems to have migrated to computers these days, but
the effect is the same.

1.1 Structure of the thesis

Chapters 2, 3, 4 and 5 all have an introduction discussing the relevant literature
and setting the context in which the respective chapter is to be read. At the
end of each of these chapters some conclusions are also given. Therefore,
each of these chapters can be read on its own, although results and concepts
from previous chapters may be needed. Chapter 6 again summarises the most
important results obtained from chapters 2 to 5, and adds some final thoughts.
In the following we will give some more details about each of the chapters 2
to 5, separately.

Chapter 2: A Construction of Geometric Algebra.

Here we present a construction of geometric algebra (GA), which
is similar to that of Hestenes and Sobczyk in [30]. However, we
start with different definitions for the inner and outer product,
and we treat the geometric product in a different way. In [30] the
properties of the geometric, inner and outer product are initially
given with respect to vectors. How these products act on blades
then has to be derived by reducing them to products on vectors,
which can be quite cumbersome.
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Chapter 1: Introduction

We choose a slightly different path. Initially we show that the geo-
metric product is the sum of the commutator and anti-commutator
product, which is purely notational. However, this is true for any
two objects in the GA. We then find general identities for the com-
mutator and anti-commutator products of three arbitrary elements
of the GA. Later we show how the inner and outer product can
be written in terms of commutator and anti-commutator products.
This allows us to find the properties of the inner and outer product
with respect to blades more easily than in [30].

Also note that we define what we mean by “vector” in GA in an
algebraic way, which encodes the geometric meaning of a vector.
This definition excludes degenerate vector spaces. We also assume
that the vector space on which we build GA is finite dimensional.
These properties lead to a universal, non-degenerate GA.

Chapter 3: Projective Geometry.

This chapter deals with the description of projective geometry in
terms of GA. The use of GA in this field was introduced by Hestenes
and Ziegler in 1991 [31]. We differ somewhat from their description,
in that we do not use the projective split to go from projective to
Euclidean space (see e.g. [37, 49, 48]). The embedding we present
here does not assume any particlar signature for an underlying
orthonormal basis of projective space.

The first part of this chapter gives an intuitive introduction to
projective geometry. Then many formulae and concepts which are
essential tools in chapters 4 and 5 are introduced. In particular,
we use reciprocal frames to give concise descriptions of camera ma-
trices, epipoles and projections. We also introduce a dual bracket
which simplifies the notation of many equations, especially when
used in conjunction with the meet operation.

Chapter 4: The Geometry of Multiple View Tensors.

In this chapter we apply the tools we have developed in the previous
chapters. Multiple View tensors simply relate the images taken by
a number of cameras of the same scene. These tensors are usually
defined through the image point coordinates of image points in
the different images which are projections of the same point in
the world. Using matrix and tensor methods the geometry that
is encoded in multiple view tensors, and the constraints on the
tensors that follow from this, are difficult to find. With GA, on the
other hand, we start directly with the underlying geometry of which
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the respective multiple view tensors are only one of many possible
expressions. We are therefore able to express all multiple view
tensors in a unified way and find their constraints comparatively
easily. We end the chapter by showing that multiple view tensors
cannot encode any information about the Euclidean space of the
world scene. Therefore, in order to perform a 3D-reconstruction we
need more information than just a single multiple view tensor for
a particular camera setup. This leads directly to our next chapter
where we use some additional information to create an affine 3D-
reconstruction. This chapter is to be published in the forthcoming
book edited by Prof. G. Sommer “Geometric Computing with
Clifford Algebra” [51]. A more detailed discussion of a special
set of constraints on the trifocal tensor was published previously

[49, 48].

Chapter 5: 3D-Reconstruction.

Here we present a 3D-reconstruction algorithm which gives an affine
reconstruction of a scene from two static images if a set of image
point matches and some parallel world lines are known. The al-
gorithm exploits the fact that we can express the collineation of
the plane at infinity in terms of a camera matrix. The algorithm
we find is fast and robust and is investigated with synthetic and
real data. There is also a program available on the enclosed CD
which shows some reconstructions and discusses parts of the recon-
struction algorithm in more detail (see appendix A). This chapter
is also to be published in the book “Geometric Computing with
Clifford Algebra” [50].

1.2 Geometric Algebra

Since GA is the essential tool for most of our calculations, we will discuss GA
in two parts. The first part is meant to be an intuitive exposé of the most
basic features of GA. In particular, we will concentrate on those concepts and
formulae which are important to the analysis in later chapters. Therefore, we
completely neglect rotors, for example. For a more complete introduction see
[29, 30] and for other brief summaries see [37, 39, 22]. A good introduction
geared towards the use in the computer sciences can be found in [11].

The second part of our introduction to GA is chapter 2, where we put GA
on a mathematically more rigorous footing. If the reader is only interested in
the Computer Vision aspects of this thesis, chapter 2 can be safely ignored.
However, it will give the reader a much deeper understanding of GA.
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The easiest way to understand GA is to show how it extends the functional-
ity of standard vector algebra (SVA), which we assume all readers are familiar
with. In SVA the starting point is to define a frame. Here all calculations are
performed in a cartesian frame, so we can start by defining an orthonormal
basis of £3, {ey, €2, e3} with signature {+ + +}. A vector a in this basis may
then be defined as

a = d'e;

Here, as throughout the rest of the text, greek indices will be assumed to count
from 1 to 4 and latin indices to count from 1 to 3. Also, a superscript index
repeated as a subscript (or vice versa) implies a summation over the range of
that index, unless specifically stated otherwise.

Now, SVA defines a scalar product of two vectors which results in a scalar.
For example, the scalar product of two vectors a and b is written as s = a-b,
where s is a scalar. The scalar s gives some information about the relative
orientation of vectors a and b. That is, the scalar product is a metric operation,
since it is only defined in relation to a frame.

GA extends the scalar product to an inner product. The inner product of
two vectors a and b is still written as a-b and it has the same metric meaning.
However, the inner product can also be applied in a non-metric sense. In order
to see this, we will first have to introduce the outer product.

The outer product of two vectors @ and b is written as a/Ab and is called
a 2-blade. A 2-blade may be regarded as an oriented area. Analogously, the
outer product of three vectors, a 3-blade, a AbAc can be interpreted as an
oriented volume. However, in projective geometry, which will be treated later
on, the geometric meaning of 2-blades and 3-blades is quite different. A more
general interpretation of k-blades will be given at the end of this section.

The outer and inner product are also defined in the absence of a basis frame.
This is where the power of GA lies. Let a,b,c € £", then the inner product
has the following properties:

1. If a-b = 0 then a and b are said to be orthogonal.
2. a-b=b-a = s where s is a scalar. The inner product is commutative.

3. a-(b+c) = a-b+ a-c. Distributive law.
For the outer product we have

1. If aAb = 0 then a and b are said to be parallel or linearly dependent.
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2. aAb = —bAa. The outer product is anti-commutative.
3. an(b+ ¢) = aNb+ aAc. Distributive law.

4. aN(bAe) = (aAb)Ace. Associative law.

From the first rule for the outer product it follows directly that the highest
grade object in £" is of grade n, simply because in £" at most n mutually
linearly independent vectors can be formed. The object of highest grade is
called the pseudoscalar of that space. Obviously the pseudoscalars of some
vector space can only differ by a scalar factor.

A 1-vector, or simply vector, in GA is the same as a vector in SVA. In that
sense it is also equivalent to a 1-blade. However, in GA we can have vectors
of higher grade, as well. A k-vector is defined to be a linear combination of
k-blades. Note that a k-vector cannot necessarily be expressed as a k-blade,
but every k-blade is also a k-vector. Some examples may help to clarify this
idea. A 2-vector, or bivector, w € £ may be given by

w = 2(e1Neg) + 3(er1A\es)
This particular bivector can also be written as a 2-blade;
w = e; A\(2eq + 3es)

In fact, in £ any 2-vector can be expressed as a 2-blade. However, in higher
dimensional spaces this is not necessarily the case. Consider the following
bivector in £ with basis {e1, e, €3, €4}

w = a(e;Neg) + [ (esNey)

where a and (8 are some scalar factors. This bivector cannot be written as a
2-blade.

Just as a k-vector is a linear combination of k-blades, GA also defines a
multivector which is the linear combination of blades that are not necessarily of
the same grade!. Working with multivectors is considerably more complicated
than working with k-vectors. Since they are also not needed in the following
chapters, multivectors will not be discussed here. We refer the interested reader
to [30].

LA k-vector as defined here is also called a homogeneous multivector of grade k. This
should not be confused with a “homogeneous vector” in projective geometry which is some-
thing quite different.
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There is also a distributive law for the inner product with respect to the
outer product. This can be described by two general formulas. Let Agy =
a;N...N\ay be a k-blade and By = by A...Ab; be an [-blade. We also define
[Auy\a;] to be the blade Ay with the element a, taken out. Then it can be
shown that for k <[ we have

Aw-Byy = ([Aw\ar]Aay) By

1.1
= [Aw\ax]-(ar Byy) (1.1)

With this equation we can reduce the inner product between two general blades
to a number of inner product operations between a blade and a vector. The
inner product between a blade and a vector can then be expanded using the
following formula.

)

It may not be immediately clear how to use equations (1.1) and (1.2). A few
examples, however, should clarify the situation. The following two equations
employ equation (1.2).

a'(bl/\bg) = (a'bl)bg — (a'bg)bl (13&)
a'(bl/\bg/\bg) = (abl)(bg/\bg) - (abQ)(bl/\bg) (13b)
+(a~b3)(b1/\b2)

For the next expansion we first use equation (1.1) and then equation (1.2).

(a1Aaz)-(biAby) = al-(a2~(b1/\b2))

(1.4)
= ag'bl a1'b2 — ag'bg al-bl
As a slight extension of equation (1.1) it can be shown that for k <1,
A<k>-B<l> = (15)
Z €12+ [A(k>'<bj1/\bj2/\' : '/\bjk)} bjk+1/\' : '/\ij
{7}
where €;,;,...;, is +1 if the {j;} form an even permutation of {1,2,...,1}, —1if

they form an odd permutation and 0 if any two indices are equal. For example,
(al/\ag)'(bl/\bg/\b3> = [(al/\ag)'(bl/\bg)}b:g
~ (@1 7a2)- (b1 Abs)| by (1.6)
-+ [(al /\ag) . (b2/\b3):| b1
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Equations (1.3), (1.4) and (1.6) clearly show the non-metric side of the
inner product. For example, in equation (1.3a) the inner product of a vector
with a bivector results in a vector. In equation (1.3b) the inner product of a
vector with a trivector? gives a 2-vector. Similarly for equations (1.4).

That is, the inner product reduces the grade of a k-vector whereas the outer
product increases it.

Following this interpretation of inner and outer product consequently leads
to the notion that a scalar is a 0-vector, because the inner product of two
vectors results in a scalar. We also define that the inner product of a scalar
with a k-vector is identically zero.

In chapter 3 it will be shown that intersections as well as the dual operation
can be expressed in terms of the inner product. The Grassmann-Cayley (GC)
algebra lacks such a universal operator and instead defines a number of different
inner-product-like structures.

Now we are in a position to see what the algebraic meaning of a bivector
is. Let vector € £ be defined as

r=a- (b1 /\bQ)
We can get some information about the orientation of & by calculating

a-r =— a-[a-(bl/\bg)]
= (aAa)-(bjAby) from equation (1.4) (1.7)
=0

This shows that & and a are orthogonal. Furthermore, we have

r = a-(bl/\bz)

= (a'bi)by — (a-by)b, (1.8)

and hence x lies in the plane given by by and by. Therefore, we can interpret
the bivector b; Aby as the combination of the linear spaces given by b; and
b,. Taking the inner product of @ with this bivector then “takes out” the
linear dependence represented by a. What we are left with therefore has to be
orthogonal to a.

2A “trivector” is a 3-vector. Note that for vectors higher than grade 3 there are no special
names.
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By definition the inner product of two vectors is commutative and the outer
product anti-commutative. GA defines another product which combines these
two properties and is accordingly called the geometric product. In fact, it is
the most fundamental operation in GA, as will be shown in chapter 2. The
geometric product of two vectors is written as ab and given by

ab= a-b + aNd



Chapter 2

A Construction of Geometric
Algebra

Horatio: O day and night, but this is wonderous strange!
Hamlet: And therefore as a stranger give it welcome.
There are more things in heaven and earth, Horatio,
Than are dreamt of in your philosophy.

“Hamlet”, William Shakespeare.

William K. Clifford (1845-1879) did a lot of work on applications of Her-
mann G. Grassmann’s (1809-1877) extensive algebra and William R. Hamil-
ton’s (1805-1865) quaternions [6]. Clifford realized that these two “geometric
algebras” share some fundamental geometric concepts. Consequently he devel-
oped a more general geometric algebra in which extensive (or exterior) algebra
and quaternions are contained [7].

In [5] Clifford develops a nice geometric link between Grassmann’s extensive
algebra and Hamilton’s quaternions, which we will present here. His critique
of quaternions is that they play two roles at the same time: they are operator
but also subject of operation. This differs from the view “Ausdehnungslehre”
(extensive algebra) is founded on, where both objects of a product play similar
parts. In Grassmann’s extensive algebra the product of two vectors a, b, written
ab, represents the line through them. This product has the properties a? = 0
and ab = —ba.

Consider a system of 4 elements {eg, e1, €3, €3} on which a polar product is
defined, i.e. e;e; = —eje;, for i # j. Let the {e;} represent points in 3D-space,
whereby e is the origin and ey, e9, e3 are three points an infinite distance from
eop in three mutually orthogonal directions. The three objects egeq, eges, eges
therefore represent three mutually orthogonal lines.
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Now define three operators 2, j,k where ¢ turns the line eges into eges, 3
turns eges into ege; and k turns epge; into eges. Since the product operation
considered here is associative, we can write

(6263)(6062) = €2€3€0€2
) (2.1)
= —e; eges.
Hence, if we take €3 = —1 (and not 0 as in extensive algebra) we can write

© = ege3. The geometric interpretation of this is that the turning of eges into
epes is equivalent to a translation along the line at infinity eses. Similarly, if
we take e = e% = —1 we have 3 = eze; and k = ejes.

1,3,k are just the quaternions, whose properties can now be derived from
the more fundamental product between the elements {e;}. We will call this
product the geometric product. Furthermore, the operators 2,7,k are now
distinct from the objects they operate on.

It seems that we have lost Grassmann’s extensive algebra now, though.
Quite the opposite: extensive algebra is now embedded in this more general
geometric algebra. If we define a scalar product as

[0, ifi#j

and an exterior product as

' o €i€j , lfl#j
eilNe; = { 0, ifi— (2.3)

the geometric product can be written as
€i€j = €€ + 61'/\6]'. (24)

If we only use the exterior product we return to Grassmann’s extensive algebra.
If we only use the scalar product we obtain J. Willard Gibbs’s (1839-1903)
vector algebra (appart from the cross product). In fact, the cross product is
a first hint at the need of an exterior product, since the cross product of two
vectors (in 3D) is nothing else but the dual of their exterior product (see e.g.

[41, 30]).

We will call the algebra introduced by Clifford “geometric algebra” (GA),
if it is not degenerate and vectors in the algebra are n-tuples in R", i.e. Gibbs
vectors. Today the ideas behind GA have been generalized and put into a
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more rigorous mathematical form. A general “Clifford algebra” is defined® as
follows.

Let (V, Q) denote an arbitrary quadratic space, where V is a finite-dimensional
vector space over some field F. Let A be an associative algebra over F with
identity 1 and v : V — A an F-linear embedding of V' into A. Then the pair
(A, v) is said to be a Clifford algebra for (V, Q) when

1. A is generated as an algebra by {v(v) : v € V} and {A\l : X € F},

2. (v(v))? =—-Qv)1, forallv eV,

What we called geometric algebra above is therefore a Clifford algebra on a non-
degenerate quadratic space (V, @), where V' is a “Gibbs vector space” and @ is
the geometric product. Grassmann’s extensive algebra can be reproduced by
setting ) = 0. That is, the square of any vector is zero. General discussions of
Clifford algebras can be found in [21, 23, 52]. Applications of Clifford algebras
to Physics and Engineering are usually given in the framework of geometric
algebra [41, 54, 30, 38, 11].

A different approach to geometric or Clifford algebra is discussed by Som-
men in [64, 65]. He does not start off with a general geometric algebra in
which vectors are defined. Instead he defines what he calls a “radial algebra”
in which vector—variables are defined as general objects. There is no particular
meaning given to these vector—variables (hence “variables”) appart from their
algebraic behaviour. In the same way bivector—variables, etc. are defined.

For example, vector—variables are defined through the property that their
anti-commutator is a scalar (in some field). Bivector—variables are defined by
saying that the commutator of a bivector—variable with a vector—variable gives
a “new” vector variable. In this way an infinite dimensional vector space can
be created from a single vector— and bivector—variable. It can then be shown
that there is an algebra isomorphism between this radial algebra and a Clifford
algebra.

2.1 Introduction

The construction of GA we give here is probably most similar to that of
Hestenes and Sobcezyk [30]. Our construction differs mainly in how we define
the inner and outer product, and how we work with the geometric product.
Our strategy is as follows. We start with the geometric product, which we

'We follow here the notation of [21].



12 Chapter 2: A Construction of Geometric Algebra

assume is associative. We then define the commutator and anti-commutator
product, and show that the geometric product can be written as their sum.
This is, of course, purely notational. However, this may be a better description
of the true nature of the geometric product than to define it only through its
properties on vectors.

Next we define what we mean by vectors in an algebraic sense. This also
defines the bilinear (and quadratic) form on vectors to be the anti-commutator
product. We can then choose an orthonormal basis of such a vector space and
show that the generated GA is universal. Universality means that the GA
stays unchanged under a change of basis. Hence, we can define inner and
outer product in general on some orthonormal basis. This allows us to show
the relation between inner and outer product, and the commutator and anti-
commutator product, which will be very helpful when we discuss the properties
of blades.

2.2 The Foundations

2.2.1 The Fundamental Axioms

We will denote a geometric algebra by G. G is a finite-dimensional vector space
over the scalar field R, where R denotes the reals. Elements of G are called
multivectors and elements of R scalars. Furthermore, a product is defined on
G, the “geometric product”, which is associative and distributive, also with
respect to scalars. In particular note that the geometric product of a scalar
with a multivector commutes. The identity of G with respect to the geometric
product is 1 € R. We also assume that G is closed under the geometric
product. G is therefore a vector space and an associative algebra with identity.

The geometric product is written by juxtaposition of two multivectors. For
example, the geometric product of two multivectors A and B is written AB.
The afore mentioned axioms of G are summarized in the following.
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Axiom 2.2.1 Vector Space Axioms. Let A, B € G and o, § € R, then

A+Beg GA is closed under addition
A+B=B+ A Commutativity

A+ (B+C)=(A+ B)+ C Associativity

A4+0=A Unique additive identity 0

A+ (-A)=0 Unique additive inverse element (2.5)
1A=A1=A Unique scalar identity 1 '
aA = Ax Commutativity with scalars

a(fA) = (af)A Associativity with scalars

a(A+ B) = (aA) + (8B)
(a+B)A = (ad) + (BA)

Distributivity with scalars

Axiom 2.2.2 Geometric Product Axioms. Let A,B,C € G and o, € R,
then

(AB) € G G is closed under geometric product
(AB)C = A(BC) Associativity

A(B+C)=(AB)+ (AC)
(B+ C)A = (BA) + (CA)
(0¢A)B = A(aB) = a(AB) Associativity with scalars

e (2.6)
Distributivity

Conventionally the geometric product takes precedence over addition. That
is

AB+C=(AB)+C (2.7)

Note that the geometric product is nmot commutative. That is, in general

AB + BA.

2.2.2 The Commutator and Anti-Commutator Products

Definition 2.2.1 Let A, B € G, then the commutator product of A and
B is defined as

AXB

$(AB — BA) (2.8)
From this definition it follows directly that

AXB = — BxA (2.9)
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Definition 2.2.2 Let A, B € G, then the anti-commutator product of A
and B is defined as

AXB = i(AB + BA) (2.10)

Therefore, we have
AXB = BXA (2.11)

The geometric product can thus be expressed in terms of the commutator
product and the anti-commutator product. Let A, B € G, then

AB = AXB + AXB
= 1(AB - BA)+ 3(AB + BA)
= 3AB+ {AB+ ;BA - ;BA
= AB

(2.12)

The geometric product combines the commuting and anti-commuting parts
of two multivectors. We will see that the commutator and anti-commutator
products are very useful when working with vectors.

We will now derive some identities for objects of the type (AXB)xC'. These
will be very useful later on. For example,

(AXB)xC =

ABC — BAC — CAB + CBA}

| (ABC — ACB) + (CBA — BCA)
+(ACB — CAB) + (BCA — BAC)| (2.13)
(add and subtract AC'B and BC'A)
= 1A(BC - CB) - (BC - CB)A]
+ 1[(AC = CA)B - B(AC - CA)]
= AX(BxC)+ (AxC)xB

(
(AB — BA)C' — C(AB — BA)]
{

In step 4 of the above calculation the terms could have also been arranged as
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1
4

| (ABC + ACB) + (CBA+ BCA)
+(~ACB — CAB) + (-BCA — BAC)|
= LA(BC +CB) + (BC + CB)A] (2.14)
— 1[(AC+CA)B+ B(AC + CA)]
= AX(BXC) - (AXC)XB

That is, there are two possible expansions for (Ax B)XC'. Being able to choose
one or the other will turn out to be quite useful. In the following we will list
the expansions for all possible combinations of three multivectors.

(AxB)xC = Ax(BxC)+ (AxC)xB (2.15a)
(AXB)xC = AX(BXC) - (AXC)XB (2.15Db)

(AXB)XC = AX(BxC)+ (AXC)XB (2.16a)
(AXB)XC' = AX(BX(C)—(AXC)XB (2.16Db)
(AXB)xC = AX(BX(C)— (AXC)xB (2.17a)
(AXB)xC = AX(BxC)+ (AxC)XB (2.17b)
(AXB)XC = AX(BXC) - (AxC)XB (2.18a)
(AXB)XC = Ax(BxC)+ (AXC)XB (2.18b)

Note that equation (2.15a) is just the Jacobi identity,

AX(BXC) + BX(CxA) + Cx(AXB) =0

2.2.3 Vectors

Now that we have given the fundamental axioms and some definitions, we can
structure G. We will do this by defining what we mean by a vector in an
algebraic sense.
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Definition 2.2.3 Define a subspace V" C G of finite dimension n. Elements of
V" will be called vectors and they obey the following conditions. Let x,y € V"
be linearly independent, then

Xy € R (2.19a)
Xy € R (2.19Db)
rXy ¢ V" (2.19¢)

Furthermore, let x,x’ € V" be linearly dependent, then
Xz’ € R and xXx' #0 (2.20)

Properties (2.19a) and (2.20) together define a bilinear form on V". The
properties X’ # 0 (from (2.20)) and (2.19b) ensure that V" is not degenerate.
Finally, (2.19¢) gives elements of V" the right properties for our purposes.
Note that we also have zxXx’ = 0. This follows from the definition of linear
dependence and the axioms of G.

There are at most n linearly independent vectors in V™. A set of n linearly
independent vectors {z1,xs,...,2,} € V" generates V" and is called a basis
of V. That a basis for V" exists is a standard proof, see e.g. [35, 9].

Two vectors z,y € V" are called orthogonal if xXy = 0. They are called
parallel if xXy = 0. We will call a basis of V" orthogonal if all vectors in the
basis are mutually orthogonal. If furthermore the elements of an orthogonal
basis square to +1, the basis will be called orthonormal. We can construct an
orthonormal basis out of an arbitrary basis of V" by using the Gram-Schmidt
method. Since this is always possible we can always find an orthonormal basis
for some finite dimensional V".

Let Bg := {ej,es,...,e,} be an orthonormal basis of V", then
61'?6]' = )\z 5@']’ (221)

where 9;; is the Kronecker delta function and A\; = +1. Note that A\; = 0 is
not possible by definition 2.2.3.

Definition 2.2.4 With regard to equation (2.21), the set A = {\1, Ao, ..., Ay}
is called the signature of V™.

If we want to emphasize the signature of a vector space we write V™* to
denote a vector space of dimension r + s whose signature has r entries +1 and
s entries —1.
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From equation (2.21) and equation (2.12) it follows directly that if i # j

ee; = e;Xe; + e;Xe; = e;Xe;y,

(2.22)

€€ = erei + 6j76i = 6]‘X6i.

Since e;Xe; = —e;Xe;, it follows that
€i€j = —€5€; (223)

2.2.4 Basis Blades

Definition 2.2.5 Let B = {ei,...,e,} be an orthonormal basis of V", and
let Nyn = {1,2,...,n}. For each non-empty subset . of Ny» a basis blade
is defined as

€ = €€y €y 0= {p1, fo, .o, ) (2.24)

If the set p is also ordered as p1; < po < ... < p, < n we call e, a reduced
basis blade. By convention, ey is the identity 1 in G, where () is the empty
subset of Nyn. ey is also called the empty blade. We write || to denote the
number of elements in . The grade of e, is defined as |f|.

Let Pyn be the set of all reduced subsets of Nyn. Note that |Pyn| = 2".
Then the set of reduced basis blades corresponding to Py forms a basis of a
2" dimensional GA. Such a GA will be denoted by G". That the dimension of
G™ is indeed 2™ follows from the definition of V", 2.2.3 (in particular equation
(2.19¢)).

The importance of equation (2.19¢) becomes clear in the following example.
Let {eg, €1, €2, e3} be the associated Pauli matrices defined as

J10 Ti o0 To 1 I
Ol 1T o wpPeeT ol T oo

Clearly eq is isomorph to the scalar identity 1, and {e;,eq,e3} span a three
dimensional vector space. It is easy to verify that

2
1

ce=e~l, e§=es =3~ —1, eie;=—eje;,i £ (2.25)
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where 7,5 € {1,2,3}. However, we also have
€3,€iy = €4, €169€3 =~ —1, (226)

where {i1,172,i3} form an even permutation of {1,2,3}. Therefore, the {e;}
only satisfy properties (2.19a), (2.19b) and (2.20), but not property (2.19¢).
From equation (2.26) it also follows that the reduced basis blades that can be
formed with {ey, e, e3} only span a 26~ dimensional GA. Thus, this GA is
not universal [21].

The advantage of using a universal GA is that it stays unchanged under a
change of basis. This is clearly very important for the applications we want to
discuss in later chapters. It can be shown (e.g. [21]) that a Clifford algebra is
universal if and only if it is of maximum dimension. Thus, since G", as defined
above, is of maximum dimension (2"), it is universal.

Definition 2.2.6 The reduced basis blade of highest grade in some G" is called
a pseudoscalar and is denoted by Iyn = ejes...e,. If it is clear with which
vector space we work, we will also simply write I.

A general multivector A € G" can be expressed as a linear combination of
a set of reduced basis blades. That is,

A= Zo/eui . '€ Py, (2.27)

where o € R, and 4 is the i*" element in Py». Recall that Py» is the set of all
reduced subsets of Ny». That is, e, = e e i . Hence, equation (2.27)
is a sum over a basis of G".

,ué...eu

It will be necessary later on to move the position of a reduced basis blade
within a geometric product. For example, we need to know how e,e, is related
to e,e,. We know that if ¢ # j, e;e; = —eje;. Using the associativity of
the geometric product we can quite easily find the following equations. Let
W€ Pyn and r € Nyn, then

—1)Hl ee ifrepu
euen = (1) ! (2.28)
(=1)H=Y ee, ifrep
In general, if u,v € Pyn have r elements in common we have
e e, = (=DHW=r) (—1)ul=Dr ¢ o
e = (=M (1) ; 220

= (_1)(‘#HV|_T) elleu
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The following definitions will introduce some more nomenclature regarding

basis blades.

Definition 2.2.7 Define P}, := {1t € Pyn : || is even}, the set of all reduced
subsets of Nyn» with an even number of elements. Similarly, P, = {u € Pyn :
|| is odd}. For a reduced basis blade of even or odd grade we also write e+
or e, -, respectively.

Definition 2.2.8 An even multivector is a linear combination of even re-
duced basis blades. An odd multivector is a linear combination of odd
reduced basis blades.

Definition 2.2.9 A homogeneous multivector is a linear combination of
reduced basis blades of equal grade. If we define P}, := {i € Pyn : || = r},
the set of all reduced subsets of Ny» with r elements, then a homogeneous
multivector A of grade r can be written as

|PV ‘ . .
A= > de,, p'€ P
i

Note that a scalar behaves like a reduced basis blade of grade zero because
1 ~ ey and the grade of ey is |(})] = 0. This allows us to formulate the following
lemma.

Lemma 2.2.1 Let p,v,0 € Pyn and ey, e, € G". Also let p = p/ U o and
v = V' Uo, where ¢/ Nv' = 0. That is, e, and e, have e, in common.
Then e,e, = ae,, where T = p' U V' and « is a scalar factor. Note that
7| = |pl + [v] = 2|o].

Proof.

CuCv = (=1)° (6,/60) (=1)Y (evres)

o 2.30
= (=)@ Ne, e, (e e,) -

where (—1)0#1') is the sign introduced by interchanging e, and e, and (—1)*

and (—1)¥ are the signs introduced by untangling e, and e, respectively. From
the associativity of the geometric product and with the help of equation (2.28)
it can be seen quite easily that (e, )? is a scalar. Therefore, we get the proposed
result. m
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Theorem 2.2.1 The set of all even multivectors of some G" forms a subal-
gebra of G". That is, it is a vector space and is closed under the geometric
product. This is not the case for the set of all odd multivectors.

Proof. We have to show that the geometric product and the sum of any two
even multivectors is also an even multivector. This is obviously the case for
the sum, since it does not change the grade of a reduced basis blade. From
lemma 2.2.1 it follows that the geometric product of any two even reduced
basis blades will give an even reduced basis blade, or the empty blade. Hence,
the set of even multivectors of some G" forms a subalgebra of G".

Lemma 2.2.1 also shows that the geometric product of two odd reduced
basis blades gives an even reduced basis blade. Therefore, the set of odd
multivectors of some G" is not a subalgebra of G". =

2.3 Inner and Outer Products

2.3.1 The Outer Product
Definition 2.3.1 Let u,v € Pyn, then the outer product of reduced basis

blades e, e, € G" is written e,A\e, and defined as

o Ne. =4 Cutv ifunv=1>0
V10 otherwise

That is, the outer product reduces to the geometric product if the two reduced
basis blades have no e-components in common, otherwise it results in zero.
The outer product is extended to general multivectors through the following
two definitions.

Definition 2.3.2 Let p1,v € Pyn and accordingly e, e, € G". Also let o € R.
Then

(ae,)Ne, = e, N(ae,) = ale,Ney)

The outer product of a scalar o with a reduced basis blade e, is therefore
given by

ale, = (aep)Ne, = alegNe,) = ae,, (2.31)
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Definition 2.3.3 Let A, B,C € G", then

AN(B+C) = (AAB) + (ANC)
(B+C)NA = (BANA) + (CAA)

Corollary 2.3.1 The outer product is associative. That is, if A,B,C € G"
are general multivectors, then (AANB)AC = AN(BAC).

Proof. We first show the associativity of the outer product for reduced basis
blades. Let p,v,7 € Pyn and ey, ¢e,,e, € G*. AlsopnNv =10, e, N7 =0 and
v 1 =1{. Then,

(euNey)Ner = (eue,)Ner
= (euen)er =e,(ever)
= e, N(e,Ner)
Because of the distributivity of the outer product, associativity also holds for

general multivectors. m
Therefore, we may write a reduced basis blade as the outer product of its
constituent elements. That is,

€ = €1 Cpuy - - = €y Nep, N ACy,

Thus the outer product may also be regarded as a step-up operator which
either increases the grade of a reduced basis blade or gives zero. That is,

e Ne, =e€,  iffrép (2.32)

where |p/| = |p| + 1.

The outer product between a reduced basis blade and some element e, €
g™ can also be expressed in terms of the commutator and anti-commutator
products. This will become very useful later on when we discuss vectors.

Theorem 2.3.1 Let pt € Pyn, r € Nyn and hence e, e, € G". Then the outer
product between e, and e, can be written as

e Xe, if |p| is even or zero
euNer =

eyxXe, if |p| is odd
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Proof. We will split the proof into two parts: for even and odd reduced basis
blades. Let u™ € Pj., u= € Py, and r € Ny» with corresponding reduced
basis blades e+, e,-, e, € G".

eu+7@T = % ew—er + €T€M+>
B e,ﬁer epep) ifrept
(eyprer +eyrey) ifr & p® (2.33)
ifrept
a epre, ifrgpt
Furthermore,
e-xXe, = ;(e—e, —ere,-)

1
2
B { %(eu—eT—eu—er) if rept

tlep—er+e-e) ifrgpt (2.34)
0 ifrepup”
B ep-er ifr g p”

This shows that the proposed result satisfies the conditions of the definition of
the outer product. m

Corollary 2.3.2 Let up € Pyn and r € Nyn with r € . Then
euNe, = (—1)He, Ae,

Proof. The proof follows directly from the definition of the outer product.
Since r € 1 we have e, Ae, = e e,. Now, moving e, to the other side of e,
involves |x| number of switches of e’s. Hence, we get a factor of (—1)/. m

Corollary 2.3.3 Let pu,v € Pyn and pNv = () then
euhe, = (—1)1HDe Ae,

Proof. The proof follows directly from the associativity of the outer product
and corollary 2.3.2.
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2.3.2 The Inner Product

Definition 2.3.4 Let u,v € Py, then the inner product of reduced basis
blade e,,e, € G" is written e, -e, and defined as
epe, ifpnNuv# 0 and

anv={# OIS

R
Y v 0<y| <|pl

0  otherwise

The condition uNv # () simply says that the inner product is not the outer
product. This ensures that u # () and v # (. The other condition ensures
that the inner product is only non-zero if all the es of one reduced basis blade
are also contained in the other simple blade.

The inner product is extended to general multivectors through the following
two definitions.

Definition 2.3.5 Let i, v € Pyn and accordingly e, e, € G". Also let a € R.
Then

(ae,)-e, =e,-(ae,) = ale,-e,)

The inner product of a scalar o with a reduced basis blade e, is therefore
given by

a-e, = (aep)-e, = aleg-e,) =0 (2.35)
Definition 2.3.6 Let A, B,C € G", then

A (B4+C)=(A-B)+ (A-C)
(B+C)-A=(B-A)+(C-A)
As for the outer product, the inner product between a reduced basis blade

and some element e, € G" can also be expressed in terms of the commutator
and anti-commutator products.

Theorem 2.3.2 Let u € Pyn, 7 € Nyn and hence e,,, e, € G". Then the inner
product between e, and e, can be written as

e xXe, if |u| is even or zero
euer =

e, Xe, if |p| is odd
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Proof. Again we will split the proof into two parts: for even and odd reduced
basis blades. Let u* € P, u~ € Py, and r € Nyn. Also e,+,€,-, €, € G".

eprXe, = z(eyrer —epe,r)

(eprer —eyrey) ifregpt (2.36)

€#+€r ifrept

L
2
{ sleprer +eyre,) ifrept

if r e pt

Furthermore,

|
—

ey-Xe, = 3 e# e + ere,-)
eu er +ey-e) ifrep”
tle—er —ey-e.) ifrgp (2.37)
- ep-er ifrep”
0 ifré&u”

This shows that the proposed result satisfies the conditions of the definition of
the inner product. m

Corollary 2.3.4 Let p € Pyn and r € Nyn with r € pu. Then

eu.er o (_1)(“""_1) 61”'6/14

Proof. The proof follows directly from the definition of the inner product.
Since e, € e, we have ¢, - e, = ¢, e,. Now, moving e, to the other side of ¢,
involves |p| — 1 switches of €’s (because e, is already contained in e,). Hence,
we get a factor of (—1)(H=D  m

Lemma 2.3.1 Let u € Pyn andr € Nyn withr € p. Also, let r be at position
¢ in . Denote the corresponding element in e, by e,,. Then

ep-ep = (=1 (e)2 e,

where i/ contains all elements of u apart from r.
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Proof. The proof is straightforward. Since we assume that r is contained
in 4 the inner product e,-e, reduces to the geometric product by definition.
Furthermore, we assume that the element in e, identical to e, is at position i.
Hence, if we move this element (e,,) to the right end of the reduced basis blade
we have to make |u| — i switches, which introduces the same number of (—1)
factors. Since e, is identical to e, by definition, they form a scalar object and
we are left with the proposed equation. m

This lemma shows that the inner product can be regarded as a step-down
operator, which either decreases the grade of a reduced basis blade or gives
Zero.

2.4 Further Development

2.4.1 The Grade-Projection Operator

In this section we will introduce the grade-projection operator which will allow
us to derive some useful identities.

Definition 2.4.1 Let p,v € Py» and accordingly e,,e, € G". Then the
grade-projection bracket is defined as

(o0} epey if (eye,) is of grade r
e ey)r =
g 0  otherwise

If r is zero, there may be no index given, i.e. (e e,)o = (e ey).

The definition of the grade-projection bracket is extended to general multi-
vectors through the following two definitions.

Definition 2.4.2 Let A € G" and a« € R. Then
(aA), = a(A),
Definition 2.4.3 Let A, B € G". Then

(A+ B)r = (A)r + (B)r
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A general multivector is a linear combination of reduced basis blades. There-
fore, a grade-projection bracket applied to a general multivector will only retain
the linear combination of those reduced basis blades contained in the multi-
vector, which are of the specified grade.

Using the grade-projection bracket we can expand the geometric product
between two multivectors A, B € G" as

AB = 3 (AB), (2.38)

k=0

Let p' € P, and 17 € P3,, then

|Pvn‘ ) ‘P\;n‘ )
A= > dei, B=)> [e,, (2.39)

are two homogeneous multivectors of grade r and s, respectively. From lemma
2.2.1 it follows that their geometric product can be expanded as

AB = <AB>‘T,S| + <AB>|T,S‘+2 + -+ <AB>T+5. (240)
This becomes clear if we substitute equation (2.39) into equation (2.40).

AB =) o'} e e, (2.41)

i,J

If i C 7 or v’/ C p', then we get an element of grade |r — s| in the above sum.
On the other hand, if u* N7 = () then the corresponding element in the sum
is of grade r + s. For |u' Nv7| =4, i.e. p and v have ¢ elements in common,
we obtain elements of grade r + s — 2i.

Theorem 2.4.1 The inner and outer product between two reduced basis
blades e,,e, € G" can also be expressed in bracket notation.

€uCy = <6M6,,>| lwl—|v] | ifu 7& @ and v 75 @ (2.42&)
euNe, = <6M€V>|M|+|V| (2.42b)

Proof. To see that the expressions for the inner and outer product are true,
recall the definition of the grade projection bracket. Let e, e, € G" with
p# 0 and v # 0. Then (eye,) ||y is only non-zero if the grade of (e, e, ) is
| 4] = |v| |. This can only be the case if either reduced basis blade is completely
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contained within the other. However, this is just the definition of the inner
product. Similarly for the outer product. Here (e e, )k is only non-zero if
the grade of (e,e,) is k+1. This is only possible if e, and e, have no elements
in common. =

The bracket notation can also be used to find some general identities. We
will derive two important identities here. Let u € Pj., v € P, and 7 € P},
such that e,, e,, e, € G" are of grade r, s and ¢, respectively.

(eu-ev)-er = (euev)r—s|-er

(2.43)

= (euever)jr—s|—t|

Assume that s > r+t. Then ||r —s|—t| = (s—r—t) = |r —|s—t||. Therefore,

(e,u,'el/)'eT = <€,u€l/€7'>|7"—|s—t||
= ep{ever)is—y (2.44)

= e,-(ev-er)
This is a kind of restricted associative law of the inner product.

e, Ney)-er = (€,ly)(rirs) Cr
(u ) <u >(+) (2.45)

= (euever)i(rs)—]
Assume that ¢t > r+s. Then |(r+s) —t| = (t —r —s) = |r — |s — t||. Hence,
(e,u/\eu)'e‘r = <e,ueue‘r>|r7|sftH

= eu{ever)|s—y (2.46)

= eu'(QV'eT)

To summarise, we have found the following two identities using the bracket
notation:

(ep-en)-e; = eyu-(e,re) if [v| > ||+ |7 (2.47a)
(euNey)-er = e,-(ey-er) if || > |pul +|v| (2.47D)

Lemma 2.4.1 Let u € Py and let {v'} and {7'} be two partitions of yi. That
is,

p=vturru---urF=rturru. U (2.48)
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Note that the subsets {v'} do not necessarily contain the same number of
elements. The same is true for the {7'}. e, € G" can therefore be written as

ey =enNeaN. . Nep =ele2N. . Aep (2.49)

Let these two parameterisations of e, be mixed arbitrarily within a scalar
projection bracket. For example, we might have the following mixing.

<€V’i1 ele ... ele el/ik>

This bracket has to be non-zero because it contains twice e, and (e,)? is a
scalar. Now we can move the reduced basis blade at the very right all the way
to the beginning of the bracket without changing the result of the bracket.
That is,

<€Vi1 €ri1 - .. €13y eyik> = <€Vik € i1€ri1 - - - 67j1>

Proof. We know that e, is included twice within the bracket. Therefore,
when moving e, i, all the way through the bracket, it will move twice through
all those e’s it does not contain and once through those €’s it contains. Hence,
an even number of (—1) factors is introduced and thus the overall sign of the
bracket is not changed. m

We can extend this lemma to general multivectors.

Theorem 2.4.2 The cyclic reordering property. Let A, B,C' € G™ be three
general multivectors. Then

(ABC) = (CAB)

Proof. The proof can be found quite easily by using the distributivity of
the grade-projection bracket, and then applying lemma 2.4.1. In general the
geometric product ABC' can be written as a linear combination of reduced
basis blades. Let u?, v, 7" € Pyn, o, 3%, p' € R and

A=) a'e,i; B=> fei; C=> pen,
then

ABC = Z ot B pk €141 €yiCrk.

i?ij:
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Also let S be the set of those sets of indices {7, j, k} for which (e, ie,ie,r) is of
grade zero, i.e. a scalar. Then

(ABC) = > o'BpFesie e

{igkres

Each term in the above sum can be expressed as some (e,)? of which the
respective e, e je.r are just a parameterisation. Hence, it follows from lemma
2.4.1 that in this case we have

€uiCpiCrk = €rk€yiCyj | {i,j, k‘} €Ss.

Therefore,
(ABC) = > o'BFlpieneen
{i,5,k}eS
= Z pralp €rk€yi€yi
{i,5,k}eS
= (CAB)

2.4.2 The Reversion Operator

Definition 2.4.4 Let y € Pyn and write the corresponding reduced basis
blade e, € G" as e, = ey, €y, ...¢,,. Then the reverse of e,, written €,, is
defined as

€n = CupCppr -+ CpaCpn

The reversion operation is extended to general multivectors by the following
two definitions.

Definition 2.4.5 Let e, € G" and o € R. Then
(ae,) = ag,
Definition 2.4.6 Let A, B € G", then

(A+ BY=A+B
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It follows that the reverse of a general multivector is the sum of the reverses
of its constituent reduced basis blades.

Lemma 2.4.2 Let u € P{}’n and e, € G". Then,
é# — (_1)k(k71)/2 e

Proof.

ey = ey Ney N NeaNey

= (CDMEDEE (DD

B (2.50)
(_l)k(k 1)/2 e,

Lemma 2.4.3 Let u € P}, and v € P, such that e, e, € G" can be written
as €, = €,,€y, ... ¢y, and e, = e, e,,...¢e, . Then,

(eﬂelf>~ = ((euleuz ce 6#k)<€1/1 €uy - - el’l))

(€r1€us - - € i Cun - - - €1)"
(2.51)

= €y €yl Cpy v €€y

= €€,

Definition 2.4.7 The inverse of a reduced basis blade e, € G", written e;l,

is defined such that

-1
eue, = 1

Therefore, we can write the inverse of a reduced basis blade e, explicitly as

e (2.52)

€ty

Since G" is not degenerate and thus e,é, € R and e €, # 0, the inverse is
well defined. The definition of the inverse allows us to define division of two
reduced basis blades.
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Definition 2.4.8 Let p,v € Pyn and ey, e, € G". Then the division of ¢,
by e, is defined as

eu 1 Cuby

e, Y ee,

2.5 More on Vectors in G"

In 2.2.3 we defined vectors in an algebraic way to obtain a GA which is ap-
propriate for our purposes. In this section we want to generalize the concept
of vectors in G" by introducing r-vectors: homogeneous multivectors of grade
r. Each complete set of r-vectors in some G" forms a vector space, however,
not one of the type as defined in 2.2.3 for r > 1.

In the second part of this section we will introduce blades. A blade is the
outer product of a number of vectors of V. We will then discuss some essential
properties of blades. In particular, the expansion of the inner product of two
blades is very important.

Definition 2.5.1 An r-vector is a homogeneous multivector of grade r. A
1-vector will also simply be called a vector.

Definition 2.5.2 Two r-vectors A and B are called orthogonal if A-B = 0.
Furthermore, a set of r-vectors is called orthogonal if every r-vector in the set
is orthogonal to all other r-vectors in the set.

Definition 2.5.3 An r-vector A is called linearly dependent on a set of
r-vectors {B;} if there is a set of scalars {a'} such that A = Y, a'B;. If no
such set of scalars exists then A is said to be linearly independent of the
set {B;}.

Definition 2.5.4 A set of r-vectors {A;} is called mutually linearly in-
dependent if no r-vector from the set is linearly dependent on the other
r-vectors of the set.

Definition 2.5.5 A set of n mutually linearly independent r-vectors is called
the basis of an r-vector space V' of dimension n. If the set of r-vectors
is also orthogonal, the basis is called an orthogonal basis. V' is a subset of
g™, containing all linear combinations of the basis r-vectors, but not their
geometric or outer products. Note that an n-dimensional 1-vector space will
still be written V".
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In G" there are C,,” r-vectors, where C),” stands for the number of possible
combinations of n objects into groups of . Each complete set of r-vectors in
some G" forms a basis of a d = C},” dimensional r-vector space VTd.

Note that, for example, the geometric product of a 1-vector and a 2-vector
will give a multivector with grade 1 and grade 3 components. This gives the
motivation for the name “multivector” of general objects in G™: a multivector
is a sum of vectors of different grade.

We will now consider 1-vectors in more detail. Let the {a’} be a set of
scalars and let Bg = {ej, €9, ...,€,} be an orthonormal basis of V", as before.
Then a (1-)vector @ may be written as

a=> de (2.53)
i=1

Note that we will write vectors as lower case bold letters from now on. Fur-
thermore, we will use the convention that if a superscript index is repeated
as a subscript a summation over the range of the index is implied. That is,

" a'e; = a'e;. Because of the distributivity of the geometric, commutator
and anti-commutator products they can be extended immediately to vectors.

ab=axb+ aXb (2.54)

Theorems 2.3.1 and 2.3.2 also extend immediately to vectors. Therefore, we
can write equation (2.54) as

ab=aNb+a-b (2.55)

This is sometimes taken as the definition of the geometric product. How-
ever, using this definition as the starting point, makes the derivation of many
properties of the inner and outer product more difficult.

Note that the inner product of two vectors is equivalent to the standard
scalar product of vectors.

a-b = aXb
= ()X (Fe;) (2.56)
= a'fi(e)* €R

since e;Xe; = 0 if @ # 7.
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Definition 2.5.6 Let the {a;} € V" be some set of vectors. Then a blade of
grade k will be denoted Ay and is defined by

A<k> = a;, /\a,-2/\. . ./\aik (257)

From the definition of vectors and the distributivity of the outer product
it follows that every k-blade is also a k-vector. However, a general k-vector
cannot necessarily be expressed as a k-blade. Also note that every reduced
basis blade is a blade, but the reverse does not hold in general.

Lemma 2.5.1 Leta,b € V", then a Ab = 0 if and only if a and b are linearly
dependent.

Proof. First we show the “if” part.
aNb=aN(aa)=alara) =0 (2.58)

For the “only if” part we assume a/Ab = 0, and a and b are linearly independent.
Therefore, a has to have at least one element e, € £" that is not contained
in b, or vice versa. But the outer product of that e, with b (or a) will be
non-zero. This contradicts the assumptions. m

Corollary 2.5.1 Let the {a;} € V" be a set of k vectors. Then, if a;, Na;, \
...Aa;, #0, the set {a;} forms a basis of a vector space V*.

Proof. The proof follows immediately from lemma 2.5.1.

Definition 2.5.7 Let the {a;} form a basis of V". Then the blade
I, = aiNas /... Na,

is called the characteristic pseudoscalar of G" for basis {a;}. If it is clear
that we are working within a specific geometric algebra, the characteristic
pseudoscalar for basis {a;} will simply be written as I,.

Corollary 2.5.2 Let I, be a characteristic pseudoscalar of G", and let b € V™.
Then I,Ab = 0.
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Proof. From definition 2.5.7 we know that I, = a;AasA. .. \a, where the
{a;} form a basis of V™. Since b € V" it has to be linearly dependent on the
{a;}. Hence, from lemma 2.5.1 it follows that [,Ab=0. =

This tells us that a characteristic pseudoscalar of G™ spans the whole space.
Note that the pseudoscalars of some G™ can only differ by a scalar factor.
In fact, it is not too difficult to show the following relation. Let B, =
{ai,as,...,a,} be an arbitrary basis of V", and let By = {ej,es,...,e,}
be an orthonormal basis of the same V™. The vectors of basis B, may there-
fore be expressed in terms of By as a; = Oz{ ej, where we sum implicitly over

j. ol is a matrix giving the linear mapping between Bg and B,. Then it can

be shown that
aiAagA. .. Aa, = det(ad) Iyn. (2.59)

In the following we will always relate a characteristic pseudoscalar to the stan-
dard pseudoscalar I = ejes...e,, once we have chosen an orthonormal basis
Bg. In particular, we will write

I, = pal, (2.60)

where p, is the determinant of the linear mapping matrix, as given above.

The grade-projection operator extends directly to general blades, due to
its distributivity. Therefore, identities (2.47) can also be extended to blades.
That is,

(A(r> -B(S>)-C(t) = A<T) -(B<S> ~C<t>) if s Z T+t (2.61&)
(AnAB)-Coy = Ap)(Bisy-Crpy) it =7+ (2.61b)

In the following we will derive some vector identites. Equations (2.15) to
(2.18) are very useful for this purpose, as we know from theorems 2.3.1 and
2.3.2 how to translate the inner and outer products into commutator and anti-
commutator products.

Lemma 2.5.2 Let a,b € V" and A,y € G". Furthermore, assume that AgyA
a # 0 and Ayy-b # 0. Then

(A<k>/\a)-b = A(@(&’b) — (A(@’b)/\&

Proof. We will perform the proof by translating the inner and outer prod-
ucts into commutator and anti-commutator products according to theorems
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2.3.1 and 2.3.2, and then using equations (2.15b) and (2.18a) to expand the
expressions. We have to consider two cases: for k even and odd. First assume
k is odd.

(A<k> /\a) b = (A(@Xa)ﬁb

I
AN
z
X
S
X
=
|
AN
=
X
=
X
S|

from (2.15b) (2.62)

I
AN
=
X
S
X
=
|
AN
z
X
No»
X
S|

from (2.18a) (2.63)

That is, independent of whether k is even or odd we always obtain the proposed
result. m

In a similar way we can prove the following identities.

A<k>ﬁ(a/\b) = (A<k>/\a,)-b — (A<k>/\b)-a, (2.64&)
A<k>7(a/\b) = (A<k>-a)-b + (A<k>/\a)/\b (2.64b)

(A<k>-a)-b = —(A<k>-b)-a (2.65&)
(A<k>/\a)/\b = —(A<k>/\b)/\a (265b)

Note that equation (2.65b) simply reflects the associativity of the outer product
and equation (2.65a) can also be derived using equation (2.61b). Equations
(2.64), on the other hand, are most easily derived in the way presented here.
They give the two parts of the geometric product of some blade Ay with a
bivector (aAb). That is,

Ay (@nb) = ApyX(anb) + Ay X(aNb)
= (A<k>/\a)-b—(A<k>/\b)-a (2.66)
+(Aw-a) b+ (AgAa) b

We will now turn our attention to a very important formula in GA: the
distributivity of the inner product with respect to the outer product. That is,
we want to know how to expand an expression like (a1Aas)-b. To simplify the
notation we will need the following definition.
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Definition 2.5.8 Let the {a;} be a basis of V", and let a blade A be defined
as Agy = a;, Na;,\...Na;,. Then the expression [Auy\a;,] refers to the blade
Ay with the element a;, taken out. All other elements stay in the same order.
Furthermore, the expression [Agy\{a;, ..., a;, }] refers to the blade A,y with
the set of elements {a,,,...,a;,} taken out.

We can now state the relevant theorem.

Theorem 2.5.1 Let the {a;} be a basis of V", and let a blade Ay € G" be
defined as Agy = a1 AagA. .. ANay. Also let b € V". Then,

Agyb =23 (=1)'(ar-i-b) [Ap)\ari]

|
—

~
I
o

Proof. The proof is straightforward, using lemma 2.5.2.

Apy-b

([Aw\ar]Aay)-b
= [Ag\ax] (ar-b) — ([Ap\ax]-b) Aay
= [Aw)\ax] (ar-b)
([A \{ak, ar_1}] (ap_1- b))/\ak
+( K\{ar, ar—1}]- )/\ak_l/\ak
= [Aw\ax] (ay-b) — [Ap)\ak-1] (@r-1-b)
+([Aw\{ax, ar_1}]-b) Aax_1 Aay

(2.67)

N

- (—1)"(@r—i-b) [Ap) \ar_i]

=0

.

Now we can expand the inner product of two blades using equation (2.61b).
For example, let Ay, Byy € G" with Ay = ayAazA...Aay, and k < 1.

Awy-Byy = ([Aw\ar]Aay) By

2.68
= [Aw\ar|-(ax By) (2.68)

We can also apply equation (2.61b) in a different way. If k£ <, then

Ay By = (2.69)

Z €j152+41 [ (bjl/\bJQ/\ /\b]k)} bjk+1 AT '/\bjm
{Ji}
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where €;,;,...;, is +1 if the {j;} form an even permutation of {1,2,...,1}, —1if
they form an odd permutation and 0 if any two indices are equal.

It is helpful to see some examples of such expansions, since they are among
the most frequently used manipulations in GA.

a'(bl/\bg) = (a'b1>b2—(a'b2)b1 (270&)
a-(biAbsAD) =  (a-b)(baAbs) — (a-by)(biAbs) (2.70b)
+(a-b3)(b1/\b2)

Furthermore,

(al/\ag)‘<b1/\b2) = al'(a2‘<b1/\b2)) (271a)
= U,Q'bl al'bg — (lQ'bQ al-bl

(al/\a2>'(b1Ab2/\b3) = [(al/\ag)'(bl/\bgﬂbg
~|(@17a2)- (b1 Abs)| by (2.71D)
+ {(al /\CLQ) . (bg/\bg)} bl

Because reversion is distributive, it can be extended immediately to blades.
That is, if Agy = a1A...Aay, then

A<k> =air/N...\Na, (2.72)

It is not so clear that the inverse operation can also be extended to blades. In
order to show that it can be extended to blades we need to show that for any
Ay € G" with Ay = a1A. .. Aay, A%k> = Ay Ay is a scalar.

Lemma 2.5.3 Let Ayy € G" with Ay = a1 A...ANay, where the {a;} are
mutually linearly independent. Then A%M = Auy Ay is a scalar.

Proof. If Ay, was of grade 1, the proof would be trivial, because then we
would have

AmApy = Ay NAqy + Apy- Ay = Apy-Aqy

which is a scalar. However, since k£ can be chosen arbitrarily we only know
that

Ay Ay = Ay XAy + Ay XAy = Ay X Ay
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For brevity we define
Ap—iy = [Apy\ar, ap—1, ..., @p—ip1}].

Assuming k is even, we can now expand A X Ay as follows with the help of
equation (2.16b).

A<k,‘>YA<k> = (A<k,1>Xak)7A<k>
= Ap-1X (arXAw)) —(Ag-1) XAw)) Xay
ak/\A<k>=0

= —(Ap-nxAw)Xay

The term in brackets may be expanded further using equation (2.17a).

Ap—y XAy = (Ap—oyXag_1) XAy
= Ap_ayX (@p—1XApy) —(App—2) XAy Xap—1
W1 7w (2.74)
a;k_l/\A<k>:0

= —(Ap—2XAp)) Xay_

A<k)A<k> = (—1)2 <<A<k—2>YA(k>)Xak—1)?ak
= (—1)’671((‘ - ((arxAgy)Xaz) - ‘)Xak—l)Yak (2.75)
— (-“((A<k>~a1)‘az)~~)-ak

The last expression is obviously a scalar. This may be shown in a similar way
when k is odd. =

Therefore, the inverse of a blade Ay € G" is given by

Al = L (2.76)

A
By,

_ - <
= AwBj = BB (2.77)
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2.6 Conclusions

There are many more features to be found in GA than we have presented here.
However, we have derived the most fundamental parts of GA. Developing GA

further from where we have stopped would be identical to other works (e.g.
(30, 41]).

We have shown here how GA can be developed from a vector space on which
we define a geometric product. In particular, we have defined what we mean
by vector in an algebraic sense, rather than starting of with n-tuples in R"
on which we define a scalar product. The geometric product is also given in
its most general form and we only show later that it becomes the sum of the
inner and outer product in the case of vectors.

The commutator and anti-commutator identites (2.15) to (2.18) are also
shown to be of great use in finding vector identites. In particular, they are
helpful in deriving the formula for the distributivity of the inner product with
respect to the outer product (theorem 2.5.1). Finding this expansion is much
harder work in [30]. Some further vector identities were also presented (equa-
tions (2.64)) that are very useful when working with bivectors.

We believe we have shown here an interesting and novel way to construct
GA which does not obscure its simple fundamental structure.
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Chapter 3

Projective Geometry

‘The sky is blue,” he said, ‘the grass is green.’ Looking up, he saw
that, on the contrary, the sky is like the veils which a thousand
Madonnas have let fall from their hair; and the grass fleets and
darkens like a flight of girls fleeing the embraces of hairy satyrs
from enchanted woods.

“Orlando”, Virginia Woolf.

The structure of this chapter is as follows. First we give an intuitive moti-
vation for projective geometry. Then we look at projective geometry in more
detail and derive concepts and formulae which will be needed in later chapters.

Our approach to projective, affine and Euclidean geometry is from an ap-
plied point of view, because we will use projective geometry chiefly to describe
lines and planes, and find their intersections. Very good general introductions
to projective geometry can be found in [2, 58]. A more purely mathematical
approach is taken in [1].

Our tool to describe geometry is GA. Nevertheless, our approach differs
somewhat from that of Hestenes and Ziegler [31], in that we embed Euclidean
space (£3) into projective space (P?) in a different way. Hestenes introduced
the projective split which transforms a vector that lies in projective space into
a bivector. This bivector is then taken to lie in Euclidean space. In order to
make this work the orthonormal basis for P2 needs to have a special metric
49, 51].

Historically, Grassmann introduced his exterior algebra to describe geomet-
ric objects like points, lines and planes, in projective space. Exterior algebra
is still widely used in Physics (see e.g. [20, 8]). An extension of Grassmann al-
gebra, called Grassmann—Cayley or double algebra is used in Computer Vision
[16, 18] and Robotics [69, 70]. To see the differences between Grassmann al-
gebra, Grassmann—Cayley algebra and geometric algebra, we will give a short

41
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introduction to the former two.

Let V" be an n-dimensional vector space over R. The p!" exterior power
of V", denoted APV", is a real vector space, whose elements are referred to as
“p—vectors”, where p = 0,1,...,n. We have A’WV" = R and A'V* = V", In
general APV" is the set of formal sums

S au (T A Azy,), (3.1)

where po = {p1, ..., p1p} and the {z;} € V". The “generators” {x,, A...Az,, }
are called extensors of step p. The exterior product has the same properties
as the outer product in GA: associativity, distributivity and for x,y € V",
zAr =0, xANy = —yAx.

There is also an inner product defined on APV" as a bilinear mapping from
APY™ x APY™ to R. This is the same inner product as defined in GA. However,
in Grassmann algebra there is no general bilinear mapping from APY" x AY"
to AlP=dVY" as in GA.

GC algebra is basically Grassmann algebra together with a “meet” oper-
ation. The meet operation is dual to the exterior product. Note that the
exterior product is also called “join” in GC algebral. Duality here means that
if we interchange V" and its dual space V"*, then we also interchange join and
meet.

The meet operation in GC algebra is only defined for two extensors A, B
if step(A) + step(B) > n. In this case it has the same meaning as the meet
in GA. However, GA offers a more general definition of the meet through its
particular definition of a join. Nevertheless, in GC algebra the meet has much
of the functionality of the inner product in GA. This is not too surprising since
in GA the meet is defined through the inner product.

In conclusion we can say that GC algebra offers much of the same function-
ality as GA. However, operations like the meet, dual and the particular inner
product of Grassmann algebra can all be expressed as (GA-)inner product
operations in geometric algebra.

3.1 Why Projective Geometry?

Three dimensional Euclidean space (£?) is the space in which the largest part
of classical Physics is set, and standard vector algebra is the tool used to work

IThe “join” in GC algebra is not to be confused with the join in GA.
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in this space. In the following chapters we want to analyse static camera
configurations, which means that we also have to work in £2. One operation
we need to perform quite often is to find the intersection between lines and
planes or two planes, and such an operation is not defined directly in Euclidean
space.

This is due to the fact that a vector in £3 has a double meaning: it can
be interpreted to define a point in space but also a direction. If we interpret
a vector as a direction, it defines a line that passes through the origin. The
points on this line can simply be found by scaling the vector.

This might not seem to be a big problem until we realise that points and
lines are really different things. A point defines a zero dimensional space,
whereas a line defines a one dimensional space. However, in Euclidean space a
vector is supposed to define both at the same time. As we know from Physics
this problem can be circumvented quite successfully.

Still, in certain areas it shows its teeth. The intersection point of a line and
a plane, for example, is simply the intersection of the linear spaces each define.
Therefore, we should be able to find an intersection point directly if we could
express a line as a one dimensional space and a plane as a two dimensional
space, and then intersect the two spaces. This can be done in projective space,
whereas in Euclidean space intersection calculations are not so simple.

We cannot use a vector in £ to define a point, because a vector can always
be scaled and thus represents a line through the origin. However, we can
add a “dummy” dimension to £% which keeps track of the scale of a vector.
This extended space is called projective space P3, and the added “dummy”
dimension will be called projective dimension. We can return from P3 to &3
simply by dividing through by the respective scale. A vector in P3 still defines
a line in P? through the origin. However, it represents a point in £2, since it
always projects to the same vector in £2 independent of its scale.

Implementing Projective Space. Let {e1, e, e3} be an orthonormal frame
of £3 with signature {+++}, and let {e!, €%, €3} be the corresponding reciprocal
frame. In general, the reciprocal frame {A’} of an arbitrary frame {A;} is
defined through

A AV = 6] (3.2)

where 5{ is the Kronecker delta. A reciprocal frame can also be expressed in
terms of the frame vectors, as will be shown later. In the following we will use
latin indices to count from 1 to 3, and greek indices to count from 1 to 4. Also
lower case letters in bold face are vectors in £2 and upper case letters vectors

in P3.
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Let © = a'e; be a vector in £2. Then

wﬁX:aiei—i—&;:a“ew (3.3)

where a! = 1 and 2 means embedding into P3. We use here the Einstein
summation convention, ie. aofe, = Y, are,. The {e1, ey, e3,e4} form an
orthonormal basis of P? with signature {+ + ++}. X can be projected back
into £3 via

£3 X e
X —x= €;
X-et

(3.4)

In this way an overall scale of X is cancelled out. Therefore, scaling a vector
in P3 does not change its projection into £2. Thus we have achieved what we

set out to do: a vector in P? represents a zero dimensional space, i.e. a point,
€3
in £°.

Equation (3.4) is only valid though, as long as X -e* # 0. However, we can
turn this to our advantage. Vectors in P3 for which X-e* = 0 are called points
at infinity, because they would project to infinity in £3. They are also called
directions, because they do not correspond to a real point in £3. That is, in
P3 we can distinguish between direction and position vectors.

This will turn out to have many advantages. Omne of them is that the
intersection of two parallel lines, which is a point at infinity, is just a normal
point in P3, albeit one which projects to infinity in £3.

Another bonus we get from working in P? is that the origin of £2 is not a
special point anymore. It is simply e4. Therefore, vectors in P? are also called
homogeneous vectors.

Visualising Projective Space. Figure 3.1 visualises the projection from
projective to Euclidean space for a two dimensional Euclidean space. In this
case equation (3.4) becomes

g2 X-e .
X_)w:ﬁei; ie{1,2}. (3.5)

That is, £2 is a plane embedded in P?. When we work in P? we use the whole
3D-space. Projecting back into £2 means projecting points or lines onto the

embedded Euclidean plane, as indicated in figure 3.1. If we then only want to
work in £2 we can neglect the projective dimension, i.e. es in this example.

This is formalised in equation (3.5). First we divide X through by X -e3,
which projects X onto the Euclidean plane, and then we neglect the projective
dimension.
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€

Figure 3.1: Projection of a point X and a line L from P? into
&2

Why GA?. So far everything we have discussed can be expressed with
standard vector algebra. So why GA? Well, points are easy enough to express,
but lines or planes are a different matter.

As was shown above, a vector in P? defines a 1D-space, but represents a 0D-
space in £3. As will be shown later, a 2D-space in P? represents a 1D-space,
i.e. a line, in £3. Also a 3D-space in P? represents a 2D-space, i.e. a plane, in
&3. In other words, in P? the dimensionality of all geometric entities (points,
lines, planes) is increased by one. This is necessary because zero-dimensional
spaces cannot be expressed directly algebraically.

In matrix algebra, points are represented by vectors, and lines and planes
through the appropriate Pliicker coordinates. Intersections can then be cal-
culated directly. GA offers a coordinate free way to express points, lines and
planes through the use of the outer product. The outer product combines two
linear spaces in just the right way for our purposes, as will be shown later.
That is, the outer product of two vectors in P? defines a 2D-space which rep-
resents a line in £2. Similarly, the outer product of three vectors in P? defines
a 3D-space which represents a plane in £2. Writing these outer products in co-
ordinate form, gives again the appropriate Pliicker coordinates. Intersections
between lines and planes can then be found with the “meet” operation, which
will be defined later.

Note that GA is not the only algebra which can be used to express points,
lines and planes in this way. For example, Grassmann—Cayley algebra is used
for this purpose in [14, 17, 47].
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3.2 Fundamentals

When we work with P? we have to decide once and for all on a standard
orthonormal basis. This standard frame of P? is here defined to be the or-
thonormal set {ey, es, €3, €4}. That is?, eu-€y, = 0,,. Which orthonormal basis
we choose is arbitrary, but we have to choose one to define the projective
dimension, e, in this case, uniquely.

The standard pseudoscalar of P?3 is defined as,
I = e; NegNesNey. (3.6)
The inverse pseudoscalar I~ is defined such that 77=' = 1. Hence,
It =e nesNesNey (3.7)
From the definition of the standard pseudoscalar it follows that
II=I1'1"=1, I=1" (3.8)

A vector in P? will be called a homogeneous vector®. As before, homoge-
neous vectors in P? will be written as capital letters, and their corresponding
3D-vectors in £3 as lower case letters in bold face.

Recall that an overall scalar factor of a homogeneous vector A cancels when
A is projected down to £3. Since we are ultimately only interested in &3
vectors, equality up to a scalar factor is often sufficient. For that purpose we
use the symbol ~. For example, A ~ pA, where p is a scalar constant.

A set {A,} of four homogeneous vectors forms a basis or frame of P? if and
only if (AyANAsNA3NAy) # 0. The characteristic pseudoscalar of this frame
for 4 such vectors is defined as

I, = AANAINA3NAY (3.9)

Since I, and I are both pseudoscalars of the same space, they can only differ
by a scalar factor. That is,

I, = pal (3.10)

2Recall that we use greek indices when counting from 1 to 4, and latin indices when
counting from 1 to 3.

3This definition of homogeneous differs from its previous use in GA but is here chosen to
tie in with the Computer Vision convention.
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where p, is the scale of the A-frame. If A; = o e;, then p, is given by
pa = (AL ANAGANASAAL) T = det(ad).
The inverses of these two pseudoscalars are related by

IIV=p 1! (3.11)

a

From equations (3.8), (3.10) and (3.11) it follows that

IV =p.%1, (3.12)

The outer product of a vector with a pseudoscalar is always zero. Hence, the
geometric product of a vector with a pseudoscalar reduces to the inner product
of the two. From this fact and with help of equation (2.68) the following
important result follows;

AuIa - Au‘ (Al /\Az/\Ag/\A4)

= 24: (Au- Ay (A, NALAA). (3.13)

vi=1

Here, and throughout the rest of the text the {vy, s, v3, 14} are assumed to
be an even permutation of {1,2, 3,4}, unless otherwise stated. Since the inner
product of two vectors is a scalar, the result of this calculation is a multivector
of grade 3. Similarly, the geometric product of a bivector with a pseudoscalar
gives a bivector and the geometric product of a trivector with a pseudoscalar
gives a vector. This introduces the concept of the dual.

The dual of a multivector X, written X*, is defined as
X =XI1"

Therefore, if X is of grade r < 4 then X* is of grade 4 —r. It will be extremely
useful to introduce the dual bracket. To a certain extent it is related to the
bracket notation as used in Grassmann—Cayley algebra and GA [37]. There
the bracket of a pseudoscalar P, say, is a scalar, defined as the dual of P in
GA. That is, [P] = PI™'; here however the dual bracket concept can produce
something other than a scalar.

The dual bracket is defined as
[ALAL ALl = (AL ANALN . ANA )T (3.14a)
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with n € {0,1,2,3,4}. The range given here for n means that in P3 none, one,
two, three or four homogeneous vectors can be bracketed with a dual bracket.
For example, if P = AjAAsAA3A Ay, then [A1 A2 A3 ALl = [P] = [P] = pa.
Note that [[X]] = X.

A very useful identity is the following.

[[Am Auz AM3AM4]] = (Am /\Auz /\Aus /\Au4) I
= Au1'((Au2/\Aus/\Au4)'I_1) (3.15)
Ay [[Auz Aus AM4]]

K1

Similarly it may be shown that

[[Am Am Aua Au4 ]] = (Am N Aug ) ’ [[Au:z Amﬂ
= (Am AA#2/\AH3)'[[AH4H (3-16)
= (Am /\Auz/\Aus/\AM)‘Hl]]

Note that [[1] = I~!. Put simply, vectors may be “pulled” out of a dual bracket
by taking the inner product of them with the remainder of the bracket.

3.3 Points, Lines and Planes

In this section we will show that points, lines and planes in £ are represented
by lines, planes and 3D-hyperplanes in P2, respectively. Recall that this in-
crease in dimensionality is necessary to distinguish points and lines, because
zero dimensional spaces, i.e. points, cannot be expressed directly algebraically.
In the following it is therefore important to distinguish between the meaning
of an algebraic object in P3, and what it represents in £3.

First we have to give a definition which relates projective and Euclidean
space. The rest of this section will then investigate the effects this relation
has.

Definition 3.3.1 FEuclidean space £™ is a subspace of projective space P".
Projective space extends the orthonormal basis of E" {ey, e, ..., e,} by one
basis vector e,y such that {ej,es, ..., en, eni1} is also an orthonormal set.
However, P" does not contain the origin of this (n + 1)—dimensional space. A
vector a € £™ is said to be embedded in P™ through the operation

7)77.
a— A=a+e,.
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A vector A € P" is said to be projected into £" through the operation
J

A gn A-ei
GT A1 O

ie{l,2,...,n}.

If Ae™ = 0, then A is said to lie on the plane at infinity in P, and it projects
to inifinity in £".

3.3.1 Points

Definition 3.3.2 Projective line. Let A € P3, then the projective line rep-
resented by A is given by the set of points {X = 1,A : 7, € R\{0}}, where
R\{0} denotes the set of real numbers without zero.

Therefore, any homogeneous vector in P? represents a projective line, and
if two homogeneous vectors are linearly dependent, they represent the same
projective line.

Lemma 3.3.1 Let A € P3, then a vector X € P? lies on the projective line
represented by A if and only if it satisfies

XNA=0

Proof. We have to show that XANA = 0 iff X = 7, A, where 7, € R\{0}.
This follows directly from lemma 2.5.1 on page 33. =

Theorem 3.3.1 Every projective line in P? given by some A € P? which does
not lie on the plane at infinity, represents a unique point in £ and vice versa.

Proof. Let A € P3 represent a projective line and A does not lie on the
plane at infinity. The set of points that lie on this projective line is {X =
T.A 7, € R\{0}}. First we have to show that the {X} project to the same

point in £% as A. Let A 2, a, then

X & . X~eie': Ta (A-€Y) ': A~ei6'
Xeoet " o (Aet) Tt At

=a (3.17)

This shows that all points on a projective line project to the same point in £3.
It is also clear that this relation is unique. That the reverse is also true follows
directly from the definition 3.3.1. =
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This theorem shows that there is a one to one correspondence between
points in £ and projective lines in P3. Therefore, we will call vectors in P3
“points”.

There is also a dual representation of points in P3. From theorem 3.3.1 we
know that all homogeneous vectors X € P? which represent the same point in
&3 as some A € P? are given by

XNA=0

= [XA] =0
(3.18)

= X-[A] =0

— X-N,=0

where N, = [4] is called the normal of A. Therefore, a point can be given in
two different ways: either directly (e.g. A) or as its normal (e.g. N,). Thus,
there are also two ways to define the set of vectors X € P3 that represent the
point a € £3.

XAA=X-N,=0. (3.19)

3.3.2 Lines

In the following we show that the outer product of two homogeneous vectors,

also called a bivector, defines a projective plane in P?, which represents a line
in £3.

Definition 3.3.3 Projective plane. Let A, B € P3 be linearly independent.
Then the projective plane represented by A and B is given by the set of points
{X = 1,A+ 1B : (1,,7) € R*\{0}}. That is, 7, and 7, cannot be zero
simultaneously.

Lemma 3.3.2 Let A, B € P? represent a projective plane, then a vector
X € P3 lies on this projective plane if and only if it satisfies

XNAAB) =0

Proof. We have to show that XA(AAB) =0 iff X = 7,A+ 7,B. The “only
if” part is clearly true, since (1,A + ,B)A(AAB) = 0. To prove the “if”



3. Points, Lines and Planes 51

part we assume that X = 7,4 + 7,B 4 7.C where A, B,C € P? are mutually
linearly independent and (74, 73, 7.) € R*\{0}. Then

XA(AAB) = (r.C)A(AAB) # 0 (3.20)

Therefore, the most general expression for X to satisfy X A(AAB) = 0 is
X = T(ZA + TbB. |

Theorem 3.3.2 Let A, B € P? be linearly independent and let at least one
of {A, B} not lie on the plane at infinity. Then the projective plane AN B
represents a unique line in £* and vice versa.

Proof. Let A, B € P? represent a projective plane, whereby at least one of
{A, B} does not lie on the plane at infinity. The set of points that lie on this
plane is {X = 7,A + 7B : (74,7) € R*\{0}}. First we have to show that

the {X} project to points on the same line in £3. Let a P A=a+e; and
b i B = b+ e4. Projecting X = 7,A + 7B down to &3 gives

X-et
XSw = o
_ T,a+T7b
Tt Ty (3.21)
B T.(a—b)+ (1,+7)b
n Ta + Tp

= -(a—b)+b

That is, every point on the projective plane represented by A and B projects to
the line passing through a and b in £3. It is also quite clear that this mapping
is unique and that the reverse is also true. However, this part of the proof will
be omitted here for brevity. u

Therefore, we have a one to one correspondence between lines in £ and
projective planes in P3. We will therefore call bivectors in P? “lines”.

There is also a dual representation of a line. Let L,, = AAB, then the
points X that lie on L, are given by

XALgyp =0
— [XLa] =0
= X [La]=0
<— X-Nuy=0

(3.22)
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where Ny, = [Lap] is called the normal of Ly, To summarise, we can say that
a line may be represented in two ways: either directly (e.g. L, = AAB) or via
its normal (e.g. Ny = [Lap])). The points X that lie on a line are then defined
by

XALgp =X Ny =0 (3.23)

3.3.3 Planes

The last fundamental geometric entities we discuss are planes. We will show
that 3D-hyperplanes in P? are defined by the outer product of three homo-
geneous vectors, also called trivectors, and that these hyperplanes represent
2D-planes in £3.

Definition 3.3.4 Projective hyperplane. Let A, B,C € P? be linearly inde-
pendent. Then the projective hyperplane represented by A, B and C' is given
by the set of points {X = 1,A+ 1B + 7.C : (74,7, 7.) € R3\{0}}. That is,
Ta, Tp and 7, cannot be zero simultaneously.

Lemma 3.3.3 Let A, B,C € P3 represent a projective hyperplane, then a
vector X € P? lies on the projective hyperplane passing through A, B and C
if and only if it satisfies

XANAANBANC) =0

Proof. We have to show that X A(AABAC) =0 iff X = 1,A+ 7,B + 7.C.
The proof is analogous to the one given for lines (theorem 3.20) and will be
omitted here for brevity. |

Theorem 3.3.3 Let A, B,C € P? be linearly independent and let at least one
of {A, B,C} not lie on the plane at infinity. Then the projective hyperplane
ANBAC represents a unique plane in £* and vice versa.

Proof. The proof is analogous to the one given for lines (theorem 3.3.2) and
will be omitted here for brevity. m

Again we see that there is a one to one correspondence between planes in
&3 and projective hyperplanes in P3. We will therefore call trivectors in P3
“planes”.
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As for points and lines, there is a dual representation of planes. For example,
the dual representation of plane P,,. = AABAC' is given by Ny = [AABAC].
Then those vectors X that lie on plane P, satisfy

XAPue =X Ny =0 (3.24)

3.4 Intersections

We will now disuss how intersections between lines and planes can be calculated
in projective space using GA. To see how this may be done, we will start in
P2. We know that in the corresponding 2D-Space £2, two lines intersect in a
point if they are not parallel. The basis of P? is defined as {ey, s, e3} with
signature {+ + +}.

3.4.1 Intersection of Lines in P2
Theorem 3.4.1 Let A,B,C,D € P? and let Ly, = AANB and Lo,; = CAD,

with dual representations Ny, = [[Lap]] and Neg = [Leq]]. Then the intersection
point X of lines L, and L.q4 is given by

X = Nab'Lcd = Lab'ch

Proof. If we can show that X lies on line L., and on line L., then X has
to be the intersection point of the two lines. Note that since we work in P?,
Nap = [Lap)) and Neg = [Leq] are vectors.

Nab'X = Nab'(Nab'Lcd)
= (Nab/\Nab) 'Lcd (325)
= 0

Therefore, X lies on line L,,. Furthermore,

X/\Lcd - (Nab'Lcd)/\Lcd
— (Nuy-C) DALeg — (Nap-D) CALea (3.26)
=0

Thus, X also lies on line L.;. =
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3.4.2 Intersection of Parallel Lines in P2

For interest consider two parallel lines Lo, = AAB and L., = CAD. First
we will show that the direction of a line L € P? is given by V ~ L-e3. Let
a,bec & and A =r1,(a+e3), B=7(b+e3). Then Ly, = AAB represents
the line through a and b in £2. The direction of this line is therefore given by
Vab =a—0>b.

Ly-e® = A(B-e?)— B(A-e?)

Q)

12

(3.27)

Vb is indeed a direction because A/(A-e?) and B/(B-e?) have both a unit e3
component, and thus V,;-e® = 0. L, can now also be written as

Loy =~ ANV, ~ BAVig. (3.28)

That is, V; can also be regarded as a point lying on line L,. In fact, it is
the intersection point of line L,, with the plane at infinity (Ps). The plane
at infinity contains all direction vectors.

If lines L4, and L4 are parallel, they point in the same direction. Therefore,
we can also write L.; o~ CAV,,. The intersection point X, of lines Ly, and L4
is therefore given by

Xp = Nab'Lcd
= [AB)-(CAVa)
- [ABC] o - [4BA]
- 3.29
~ [ABC] s — [ABB] 7 o
- 180 ({5~ 5)
~ Vab-

Note that because we work in P?, [ABC] is a scalar. This equation shows that
two parallel lines intersect in P, their intersection point giving their direction.
Now we return to P3, which gives us the added complexity of planes.
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3.4.3 Intersections with Planes in P?

Theorem 3.4.2 Let P,, Py, L € P? with P, = A{ANAyANA3, Py = By ABy/B;
and L = CyN\NCs. Then the intersection line Ly, of planes P, and P, is given

by
Loy = Pa'[[Pb]] = [[Pa]]'Pb
Furthermore, the intersection point X between plane P, and line L is

X =L[P]=[L]-F

Proof. The proof may be found in a similar way as for theorem 3.4.1. m

3.4.4 Intersection of Lines in P?

The intersection of two lines in P? cannot be found in an analogous way. This
is due to the fact that in P3 two lines might not intersect at all. From an
algebraic point of view the dual of a line also gives a bivector. Therefore, the
inner product of a line with the dual of another gives a scalar and not a point
as needed. In order to use the formula for the intersection of two lines as given
in P2, we would have to know the plane in which the two lines lie, if they are
co-planar* that is. An easier way to find the intersection point between two
lines in P3 is through the following construction.

Let Lay, Leg € P? be two co-planar lines. As in the previous section it can
be shown that the direction of line Lg; is given by V,, ~ Ly, -€*. Recall that
Vi is actually a point that lies on the line L,,. Therefore, L.q4AV,, gives the
plane in which Ly, and L4 lie. Of course, if L.; and L, are parallel then this
expression gives zero. Now we can find the intersection point between lines
Lgy, and L4 simply by intersecting line L., with plane L.gAVy.

3.5 Reciprocal Vector Frames

In equation (3.2) we defined the reciprocal frame { A"} of a frame {4, } through

A AT =6 (3.30)

4If two lines are not co-planar they also do not intersect.
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It is now straightforward to give reciprocal frame vectors in terms of their
respective frame vectors. From equation (3.15) it follows that

[[A1A2A3A4]] = Pa
— Aul : [[AMAMSAM]] = Pa (331)
= Ay AR =

with no implicit summation over the range of 1;. This defines the reciprocal
A-frame, written {A*}, as

A= [ Ay Aps A ] (3.32)

From these definitions of reciprocal frame vectors it follows directly that they
satisfy the condition from equation (3.30). Equation (3.32) shows that a recip-
rocal frame vector is nothing other than the dual of a plane. It may therefore
also be regarded as the normal of the plane that is its dual.

In Grassman-Cayley (GC) algebra these reciprocal vectors would be defined
as elements of a dual space, which is indeed what is done in [14]. However, to
the knowledge of the authors reciprocal frames have not been used to describe
projections in GC algebra, as will be done here.

A reciprocal frame can be used to transform a vector from one frame into
another. For example, let X = o#A4,,. Then X can be written in another frame
{B,} with reciprocal frame {B*} as

X=(X-B")B,=ao"(A,-B")B,=p"B, (3.33)
where A,,-B" is the matrix giving the linear mapping between frames A and

B, and ¥ = a* A,-B".

Note that the {A”} also form a basis of P? since A'AAZANA3NA* #£ 0.
Therefore, X can also be given as X = a, A", where the {o,} differ from the

{at}.

3.6 Line Frames

It will be important later not only to consider vector frames but also line
frames. A line frame consists of the set of unique bivectors that can be created
from a corresponding vector frame. In P? at most 6 unique bivectors can be
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formed. Hence, a full line frame has 6 components. We define a full line frame
{L!} based on the vector frame {A,} as

Lt = {AsNAs, AsNAy, AjNAg, AsANAy, AgNAq, AsNAyl. (3.34)

Note that greek indices used with line frames are assumed to count from 1 to
6. Latin indices, however, still count from 1 to 3. Later on we will need to
use planar line frames, i.e. line frames that define a plane. We will see that
the planar line frames we need are just of the form {L'}, i.e. the first three
components of a full line frame. Therefore, we can write the A-line frame {L'}
as L't = A;,AA,,, where the {iy,i,13} are assumed to be an even permutation
of {1,2,3}.

A reciprocal line frame can then be defined as follows, again by using the
identities from equation (3.16)

[A1A2A3A4] = pa
— (Aul /\Auz)'[[AusAm]] = Pa (3.35)
— Ly-LY =1

with no implicit summation over v. This® defines the reciprocal A-line frame
{L%} as

Lo = p;t { [ALAL], [A2Ad], [AsAd], (3.36)
[AsA1]], [A243], [[AlAz]]}
Hence,
Ly Ly, =9, (3.37)

Again, this shows the universality of the inner product: bivectors can be
treated in the same fashion as vectors.

3.7 Plane Frames

Although we do not need them later on, it is interesting to look at plane
frames, if only for completeness. The plane frame based on the A-vector frame
is defined as

P;Z' = {A4/\A2/\A3, A4/\A3/\A1, A4/\A1/\A2, AQ/\Ag/\Al} (338)

®Note how similar this derivation is to that of reciprocal vector frames (equation (3.31)).
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Note that with respect to plane frames, greek indices are again assumed to
count in the range of 1 to 4. Following an analogous procedure as in equation
(3.35) it is easy to show that the corresponding reciprocal plane frame {P"}
is given by

P! = p" {TA], [A2], [4s], [Adl}- (3.39)
Therefore,

3.8 Determinants

We will restrict our description of determinants to determinants of 3 x 3 matri-
ces, because that is what we will need later on. However, the formalism given
in the following may easily be extended to incorporate any type of determinant.

The determinant of a 3 x 3 matrix can be written in terms of the ¢
operator, which is defined as

+1 if the {ijk} form an even permutation of {123}
€ijr = ¢ 0 if any two indices of {ijk} are equal (3.41)
—1 if the {ijk} form an odd permutation of {123}

Let a*, af and of give the three rows of a 3 x 3 matrix M. Then the
determinant of M is

det(M) = ;5. o als (3.42)

Note that there is an implicit summation over all indices. To simplify the
notation we define

det(af", af , % )igiyi o b i
e et b =€ i atar oy = det(M 3.43
det(a;)lj Talplc 1 2 -3 ( ) ( )
Furthermore, if the rows of the matrix M are written as vectors a; = Oz;'-el-,
then we may also write

det(ar, a2, as) } — det(M) (3.44)

|a1a2a3‘
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Let the {A,} form a frame of P?, with reciprocal frame {A4#}. Then from
the definition of the dual bracket it follows that

Cinigic = Pa [Aig Aiy Ai Ad] (3.45)
Therefore, we may express a determinant for example as

det(aé)ij = OéziaOéébOééc p;ll]:AiaA’[:bAiCA4]] (346)

3.9 Meet and Join

The meet defines a generalised intersection operation. It is usually defined in
terms of the join. In general terms the join is the union and the meet is the
intersection of two spaces. In GA any blade can be treated as a pseudoscalar
of a particular subspace.

The join of two blades A and B, written as AAB can be defined in general
as the pseudoscalar of the space given by the sum of the spaces spanned by A
and B. For example, if A = e; Aey and B = ey Aes then AAB = e AeyAes.
Also the join of two co-planar lines is the plane in which they are contained.

The meet of A and B, written as AV B, is defined to give the space that A
and B have in common. Using the definitions of A and B from the previous
example AV B >~ e,.

Definition 3.9.1 Let A and B be two arbitrary blades, and let J = AAB,
then

AV B = [(AJHYABI ]I

If we take the meet of two planes or a plane and a line in P2, the join will
always be the pseudoscalar I, unless the line lies on the plane or the two planes
are the same. In the following we will assume that this is not the case. Then,
for the meet between two planes or a plane and a line we can write

AvB = [[A][BI]
= [A]-[[B]] from equation (3.16)
= [A]-B

(3.47)
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Comparing this result with theorems 3.4.1 and 3.4.2, we see that the meet op-
eration can indeed be used to calculate the intersection between two geometric
objects.

From equation (3.47) follows another identity which will become very useful
later on.

[A]vIB] = [IANIIBI]

(3.48)
= [AB]

where A and B are some arbitrary object. More details about meet and join

may be found in [31] and [37].

3.10 Cameras and Projections

A pinhole camera can be defined by 4 homogeneous vectors in P3: one vector
gives the optical centre and the other three define the image plane [37, 39].
Thus, the vectors needed to define a pinhole camera also define a frame for
P3. Conventionally the fourth vector of a frame, eg. A4, defines the optical
centre, and the outer product of the other three ({A;, As, As}) defines the
image plane.

Projection of some point X onto the image plane is done by intersecting the
line connecting the optical centre with X, with the image plane. Intersections
are calculated with the meet operation. As an example, consider a camera
defined by the A-frame as shown in figure 3.2. The line connecting some point
X with the optical centre is then given by X A A4, and the image plane of the
camera is given by (A;AA2AA;3). Therefore, the projection of X onto the image
plane is given using equations (3.16) and (3.47) by

(XANAL) V (AINANA3) = (AINANA3)- {(X/\A4)I—1}

= [X A2 A3 AL Ay (3.49)
+ [[XA:zAl A4]] Ay
+ [XA1AAL)As

Recall that we defined {i, 3,73} as an even permutation of {1,2, 3}, and that
[XABC] = X-[ABC]. Then equation (3.49) becomes

(XAAD)V (AAAAAs) = D7 X [Ai, A Ad] | Ay,
(3.50)
= pa(XAl)AZ
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X

A n X

O

Figure 3.2: Example of the representation of a pinhole camera
in P3. A4 is the optical centre and A; AAsAAs defines the image
plane.

Suppose that X is given in some frame {Z,} as X = (*Z,. Then the
projection X, of X onto the A-image plane can be written as

Xa ~ (XA’L )Az
= (¢"Z, A4 (3.51)

The matrix K iu is the camera matriz of camera A, for projecting points given
in the Z-frame onto the A-image plane.

In [14] the derivations begin with the camera matrices by noting that the
row vectors refer to planes. As was shown here, the row vectors of a camera
matrix are the reciprocal frame vectors {A'}, whose duals are planes.

With the same method, lines can be projected onto an image plane. For
example, let L be some line in P3. Then its projection onto the A-image plane
is

(LAAY)V (AINAQANA) ~ (L-L¢)LE (3.52)
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3.11 Dual Representations of Lines and Points

Dual representations of lines and point will turn out to be quite useful ana-
lytically and also improve our understanding of the geometry. We will first
derive the dual representation of the planar line basis {L’}. Note that I, ! =
ANAPNAPNAY, since then [,I;1 = 1. Also recall that A,-A” = 67

L = A;,NA;,
= (A, AL, since 1M, =1
= [(Ai,AAy) - (ATAAPAAZAA| I,
= —(A"AAYI, see equation (1.6), page 6
= o An ]
~ (AT

(3.53)

From equation (3.48) it follows that
[A™AT] = [A"] v [AT]

That is, the line element L can either be descibed by the outer product of
two points along the line, i.e. A;, AA;,, or by two planes® intersecting in L1,
ie. [A"]V [A']. The latter will be called the dual representation of a line.
Obviously, there are not only two planes that intersect in line L. In fact, all
pairs of planes that intersect in L are a dual representation of that line. This
set of planes will also be called a pencil of planes.

Another set of lines whose dual representation will be needed later on are
the {A;AA4}. Just as in equation (3.53)

A Ny = [(AnAY) I,
= (A AAY)- (AN APAANAY) ],
= —pa [A=A"]
~ [A=A"]

(3.54)

®Note that [A*] ~ A;AA3AAs, the image plane of camera A. Also [A"] ~ A;, AA;;AAy.
Since the meet operation picks out those elements that two objects have in common, it is
clear that [A“] Vv [A%] ~ A;, AA;, = L.



13. Camera Matrices 63

Similarly, the dual representation of points can be found as follows

Ay = A 171
= [Au (AN AANAY)] I,
= —pa [ArARAT]
~ [Ar2 AR AT

(3.55)

That is, the dual representation of a point is the intersection of three planes
which intersect at just that point.

3.12 Epipoles

An epipole is the projection of the optical centre of one camera onto the image
plane of another. Therefore epipoles contain important information about the
relative placements of cameras.

As an example consider two cameras A and B represented by frames {A;}
and {B;}, respectively. The projection of the optical centre of camera B onto
image plane A will be denoted E,,. From equation (3.50) it follows that

Eab = B4AZAZ = 8;1)141' (356)

with €/, = By-A'. The only other epipole in this two camera set-up is Ep,

given by
By, = Ay-B'B; = ¢, B; (3.57)

with e}, = A4-B’. If there are three cameras then each image plane contains
two epipoles. With four cameras each image plane contains three epipoles. In
general the total number of epipoles is N(N — 1) where N is the number of
cameras present.

3.13 Camera Matrices

As was shown in equation (3.51) a camera matrix is defined by

Kib=A, B (3.58)
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where the {A,} are a frame of P? and the {B7} are a subset of the reciprocal
frame of {B,}. Note that the raised, first index of K" indexes the row and
the lowered, second index refers to the column of K ijb. A point X = o*A4,, in
P3 given in the A-frame is projected onto the B-image plane (BjABsABs) via,

X, = X-BIB,
| (3.59)
= &MK]Nij

In general the projection of some vector X onto image plane P will be written
as

x5 x, (3.60)
In this notation equation (3.59) becomes

X 2 X, =a'KIP B, (3.61)
There is also a dual representation of the A-frame.

A, ~ [AF2 AR AF] (3.62)

where the {1, pa, i3, 14} are an even permutation of {1,2,3,4}. Therefore,
the camera matrix KP® can also be written as

N .
KIb = [At2 A A BI] (3.63)

The optical centre of camera A is given by Ay. The projection of A4 onto the
B-image plane therefore gives the epipole Ey, = ],B; by definition. Hence,

By, = Ay-B’ B; = K’ B; (3.64)

That is, the fourth column of K b gives the coordinates of the epipole Ej,. The
remaining 3 X 3 minor K- Jib defines a plane collineation or plane homography
between image planes A and B.

Let {B,} define a camera in P® and {A,} be some other frame of the same
projective space. Also, define A, to be the origin of P3. Then Ej, contains
some information about the placement of camera B relative to the origin.
Therefore, A,-B’ may be regarded as a unifocal tensor Uj,.

Ul =A,;B' =K' ~ [A'A2A%B'] (3.65)

Obviously the unifocal tensor is of rank 1. The definition of a unifocal tensor
is only done for completeness and is not strictly necessary since every unifocal
tensor is also an epipole vector.
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3.14 Conclusions

In this chapter we hope to have shown that GA is a very effective tool to
describe geometry. In particular, GA seems to be a natural mathematical
formalism for projective geometry. This is because in projective geometry
points, lines and planes are represented by 1D, 2D and 3D-spaces, respectively,
and GA allows us to express these spaces directly as algebraic objects through
the outer product operation. Therefore, we are indeed not calculating with
numbers but with points, lines and planes. Clearly, Grassmann algebra and
Grassmann—Cayley algebra can also be used for this purpose. However, the
existence of a general inner product in GA allows us to define a meet operation,
which does not exist in Grassmann algebra. In GC algebra the meet is defined

directly and not through a more fundamental operation like the inner product
in GA.

As we have seen in this chapter, reciprocal frames are a powerful tool to
express projections and intersections. In particular, we are able not only to
work with vector frames but also with, line and plane frames. This allows us,
for example, to project a line onto an image plane using directly a reciprocal
line frame.

We also presented a novel way of relating projective, affine and Euclidean ge-
ometry in GA, which we believe is more intuitive and powerful than the method
presented by Hestenes and Ziegler [31]. The advantage of our approach is that
we do not need to assume any particular signature of an underlying orthonor-
mal frame. Indeed, we do not need to assume an underlying orthonormal frame
at all for our projection between projective and affine spaces to work.
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Chapter 4

The geometry of multiple view
tensors

Virtue itself turns vice, being misapplied,
And vice sometime’s by action dignified.

“Romeo and Juliet”, William Shakespeare.

4.1 Introduction

Multiple view tensors play a central role in many areas of Computer Vision.
The Fundamental Matriz, Trifocal Tensor and Quadfocal Tensor have been
investigated by many researchers using a number of different formalisms. For
example, standard matrix analysis has been used in [26, 27, 59, 60, 33]. An
analysis of multiple view tensors in terms of Grassmann-Cayley (GC) algebra
can be found in [18, 47, 14, 15]. GA has also been applied to the problem
48, 49, 39, 37].

The importance of multiple view tensors is due to the geometric informa-
tion they encode of a camera system. As the names suggest, for a two camera
system we can find a bifocal tensor or fundamental matrix, for three cameras
a trifocal tensor and for four cameras a quadfocal tensor. Finding the multiple
view tensor of a camera system is also called “weak calibration”. Weak cali-
bration because a multiple view tensor allows us to find projective (not metric)
reconstructions of point or line matches.

In order to calculate a mutliple view tensor, we need to know a minimum
number of point or line matches. The minimum number of matches necessary
depends on the tensor and whether lines or points are used. In general, point
matches encode more information than line matches, and thus less point than
line matches are needed.

67
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The basic idea behind the definition of a multiple view tensor is very simple.
In each case we consider the projections { X, X% ... X1 of some objects { X"}
onto image planes {1,2,...,n}. Then we define some multilinear multiple view
function M such that the set of image sets { X}, X3, ..., X"} forms the kernel
of M, i.e.

M(Xi X3, Xiy=0, Vi

n

In the case of two, three and four cameras, the function M can be represented
by the contraction of image point coordinate vectors with a tensor.

The problem to which a lot of research has been dedicated, is then to find
the appropriate tensor given a set of point or line matches [26, 24, 28, 42, 39,
48, 14, 17, 32]. Since in real applications such matches may contain numerical
errors, an optimized tensor has to be found for the given data. As it turns
out, multiple view tensors are an overparameterization of the actual multiple
view functions. Therefore, constraints have to be found on the tensors to
make them true representation of the corresponding multiple view functions.
These constraints are usually of geometric nature. It makes therefore sense to
investigate multiple view tensors with a geometric algebra, to understand the
geometry they encode.

The advantage we have in using a geometric algebra as GA (or GC alge-
bra), is that we can work with the underlying basis frames of the cameras
and not just with the coordinates of projections of points and lines. This
enables us to work directly with the geometry underlying the multiple view
functions, of which the multiple view tensors are only an (overparameterized)
“manifestation”.

In this chapter we will show how GA can be used to give a unified geometric
picture of multiple view tensors. It will be seen that with the GA approach
multiple view tensors can be derived from simple geometric considerations. In
particular, constraints on the internal structure of multiple view tensors will
all be derived from the trivial fact that the intersection points of a line with
three planes, all lie along a line. Our analysis will also show how closely linked
the numerous different expressions for multiple view tensors are.

The structure of this chapter will be as follows. First we describe the fun-
damental matrix (bifocal tensor), the trifocal tensor and the quadfocal ten-
sor in detail, investigating their derivations, inter-relations and other prop-
erties. Following on from these analytical investigations, we show how the
self-consistency of a trifocal tensor influences its reconstruction quality. We
end this chapter with some conclusions and a table summarising the main
properties of the three multiple view tensors described here.
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4.2 The Fundamental Matrix

4.2.1 Derivation

X
P
X, X
P "
E Eb
Afi,ﬂ e,

Figure 4.1: Point X projected onto two cameras producing im-
ages X, and X;. Ep, and E,; are the respective epipoles of the
cameras.

Let {A,} and {B,} define two cameras in P? (see figure 4.1). A point X
in P2 may be transformed into the A and B frames via

X =X-A"A, = X-B/B, (4.1)

Recall that there is an implicit summation over p and v. From that follows
that the line A4AX can also be written as

ANX = XA ANA;

O (4.2)
= Pa A4/\Xa

where X, = X-A"A;. Let X, and X, be the images of some point X € P3
taken by cameras A and B, respectively. Then, since the lines from A and B
to X intersect at X

0 = (AUANX ABAX)T!
~ (A4/\Xa A ByA Xy )[_1 (43)
Oéiﬂj [[A4AZB4BJ]]

where o' = X A" and 3 = X-B’ are the image point coordinates of X, and
Xy, respectively. Therefore, for a Fundamental Matriz defined as

Fy = [AA BB (4.4)
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we have
Q' BF; =0 (4.5)

if the image points given by {a'} and {37} are images of the same point in
space. Note, however, that equation (4.5) holds as long as X, is the image of
any point along A4A X, and X, is the image of any point along B4A X,. In
other words, the condition in equation (4.5) only ensures that lines A4 A X,
and B4A X, are co-planar.

In the following let any set of indices of the type {i1,is,73} be an even
permutation of {1,2,3}. From equation (3.54), p.62, it follows that

[B4Bj,]| ~ B™AB*. (4.6)

Thus, with the help of equation (3.16), p.48, equation (4.4) can also be written
as

Fij, ~ (A;NAy)- (B AB%®) (4.7)
This may be expanded to

Fyj, = (A4-B”)(A;-B#) — (Ay-B%)(A;-B?)

o o 4.8
— ngK]f b UgsK—jf b ( )

That is, the Fundamental Matrix is just the standard cross product between
the epipole! U? and the column vectors K%P.

Fio~Up x K%° (4.9)

In order to have a unified naming convention the Fundamental Matrix will also
be refered to as the bifocal tensor.

4.2.2 Rank of F

Note that we use the term “rank” in relation to tensors in order to generalize
the notion of rank as used for matrices. That is, we describe a rank 2 matrix
as a rank 2, 2-valence tensor.

IRecall that Uy, = Ep,.
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The different meanings of “rank” both in use today maybe somewhat con-
fusing. The root of this confusion is described in [55]. The tensor calcu-
lus already used by Einstein and Grossmann in 1913, had been invented by
the Italian geometer Gregorio Ricci-Curbastro (1853-1925) in 1884. However,
Ricci did not use the name “tensor”. This term was introduced by Einstein
and Grossmann. They also called the “order” of a tensor rank. The dutch ge-
ometer Jan Arnoldus Schouten (1883-1971) on the other hand, called Ricci’s
objects affinors and called their “orders” walences, borrowing this term from
chemistry. We will use the term tensor in the sense of Einstein, valence in the
sense of Schouten and rank as it is used for matrices. This terminology is also
used in [61, 62] to discuss rank constraints on multiple view tensors.

In general a tensor may be decomposed into a linear combination of rank
1 tensors. The minimum number of terms necessary for such a decomposition
gives the rank of the tensor. For example, a rank 1, 2-valence tensor M is
created by combining the components {a'}, {3'} of two vectors as M¥ = a'(3.

A4snBanBo

A4nBanBq A4nBan B3

Ag

Figure 4.2: Geometric derivation of the rank of the fundamental
matrix.

The rank of F' can be found quite easily from geometric considerations.
Equation (4.4) can also be written as

F;; ~ A;-[A4B4Bj] (4.10)

The expression [A4B,B;] gives the normal to the plane (A4AByABj). This
defines three planes, one for each value of j, all of which contain the line AjABy
(see figure 4.2). Hence, all three normals lie in a plane. Furthermore, no two
normals are identical since the {B,} are linearly independent by definition. It

follows directly that at most two columns of F;; can be linearly independent.
Therefore, F' is of rank 2.
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A

2
A4.é/“<3\A 1

Figure 4.3: Change of image plane frame which leaves the fun-
damental matrix unchanged up to an overall scale.

The rank of the bifocal tensor F' can also be arrived at through a minimal
decomposition of F' into rank 1 tensors. To achieve this we first define a new
A-image plane frame {A’;} as

where s and the {t;} are some scalar components. Thus we have

A4/\A,i == SA4/\<AZ+tZA4>

(4.12)
= SA4/\A¢

Hence, I is left unchanged up to an overall scale factor under the transforma-
tion A; — A’;. In other words, the image plane bases {A;} and {B;} can be
changed along the projective rays { A4AA;} and { B4AB; }, respectively, without
changing the bifocal tensor relating the two cameras (see figure 4.3). This fact
limits the use of the bifocal tensor, since it cannot give any information about
the actual placement of the image planes.

Define two bifocal tensors F' and F” as

F,ij = [[A4A/Z‘B4Bj]] (413b)
From equation (4.12) it follows directly that F; ~ F”;;. Since the {A’;} can
be chosen arbitrarily along the line A4A A; we may write
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where P is some plane in P3. P = (B4A By A Bsy) seems a good choice, since
then the {A’;} all lie in a plane together with B,. The effect of this is that
the projections of the {A’;} on image plane B will all lie along a line. The
matrix A’;- B’ therefore only has two linearly independent columns because
the column vectors are the projections of the { A’;} onto image plane B. That
is, A’;-B7, which is the 3 x 3 minor of KP®, is of rank 2.

This matrix could only be of rank 1, if the {A’;} were to project to a single
point on image plane B, which is only possible if they lie along a line in P3.
However, then they could not form a basis for image plane A which they were
defined to be.

Thus A’;- B’ can minimally be of rank 2. Such a minimal form is what we
need to find a minimal decomposition of F' into rank 1 tensors using equation
(4.8). Substituting P = (B4s/AB;ABs) into equation (4.14) gives

Ay = (A4NA) V (B4ABIADBs)
= [A4A]-(BsAB1ABs)
= [A4A;ByB1] By — [A4A; ByBs]| By + [A4A; By B3] By
= FuBy— FoBy + [A4A;B1By] By

(4.15)

Expanding F’ in the same way as F' in equation (4.8) and substituting the
above expressions for the {A';} gives

F'yy, = (A4-B72)(A;-B#) — (Ay-B#)(A';- B72)
_ (A4.Bj2){—F}Q(Bl-Bh)—FFil(Bz'BB)}
- (A4'Bj3){_ Fip(B,-B?) +Fi1(B2'Bj2)}

- &2 = Fia po0f + Fia po03] (4.16)

- 5ba[ Fio py072 + Fy bewﬂ
= [gba b5]3 - d{:} Pb5%2}
Fio [gba 175]3 - gi?z plﬁﬂ

where we used By - BY = 0 and B; - Bl = p,6!. Clearly, F};, Fjy and the
expressions in the square brackets all represent vectors. Therefore, equation
(4.16) expresses F' as a linear combination of two rank 1 tensors (matrices).
This shows again that the bifocal tensor is of rank 2.

But why should we do all this work of finding a minimal decomposition of
Fif its rank can be found so much more easily from geometric considerations?
There are two good reasons:
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1. for the trifocal and quadfocal tensor, a minimal decomposition will be
the easiest way to find the rank, and

2. such a decomposition is useful for evaluating F' with a non-linear al-
gorithm, since the self-consistency constraints on F' are automatically
satisfied.

4.2.3 Degrees of Freedom of F

Equation (4.16) is in fact a minimal parameterisation of the bifocal tensor.
This can be seen by writing out the columns of F”.

F/il = —5ga po Fin; F/z'2 = —51?;a Py Fia F/iS = Po (551,GF7;1 + 5£an‘2) (4-17)

As expected, the third column (Fj3) is a linear combination of the first two.
Since an overall scale is not important we can also write

F'au=Fy; Flio=Fy; Fi= —5zl,an'1 - 5gan'2 (4.18)

where &, = e} /e3 . This is the most general form of a rank 2, 3 x 3 matrix.
Furthermore, since there are no more constraints on Fj; and Fj, this is also a
minimal parameterisation of the bifocal tensor. That is, eight parameters are
minimally necessary to form the bifocal tensor. It follows that since an overall
scale is not important the bifocal tensor has seven degrees of freedom (DOF).

This DOF count can also be arrived at from more general considerations:
each camera matrix has 12 components. However, since an overall scale is not
important, each camera matrix adds only 11 DOF. Furthermore, the bifocal
tensor is independent of the choice of basis. Therefore, it is invariant under
a projective transformation, which has 16 components. But again, an overall
scale is not important. Thus only 15 DOF can be subtracted from the DOF
count due to the camera matrices. For two cameras we therefore have 2 x 11 —
15 =7 DOF.

4.2.4 Transferring Points with F

The bifocal tensor can also be used to transfer a point in one image to a line in
the other. Starting again from equation (4.4) the bifocal tensor can be written
as

F; = [AiA4B;B4]
= (AiNAy)-[B;jB4] (4.19)
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This shows that F}; gives the components of the projection of line (A; A\ Ay)
onto image plane B. Therefore,

(A;NAy) 2 FyL (4.20)

Since A; 25 B, (the epipole on image plane B), Fing defines an epipolar
line.

Thus, contracting F' with the coordinates of a point on image plane A,
results in the homogeneous line coordinates of a line passing through the cor-
responding point on image plane B and the epipole Ej,.

where the {a'} are some point coordinates and the {A\}} are the homogeneous
line coordinates of an epipolar line.

4.2.5 Epipoles of F

Recall that if there are two cameras then two epipoles are defined;

Eg = By A'A; =&, A; (4.22a)
E, = Ay B'B;=¢,,B; (4.22b)

Contracting F;; with £/, gives

ewFij = ell[AsAiB.B)]
= paAs( By- AL A;)ByB;
Pa[As( By )B1Bj] 4.23)
= pu[A4BsB4B;] ; from equation (4.2)
=0
Similarly,
el Fij =0 (4.24)

Therefore, vectors {e’,} and {e} } can be regarded respectively as the left
and right null spaces of matrix F. Given a bifocal tensor F', its epipoles can
therefore easily be found using, for example, a singular value decomposition
(SVD).
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A, Ca
Eca
\ |
Es =

Eba Lb Ebc

T~ _—
W

Ba

Figure 4.4: Line projected onto three image planes.

4.3 The Trifocal Tensor

4.3.1 Derivation

Let the frames {A,}, {B,} and {C,} define three distinct cameras. Also, let
L = XAY be some line in P3. The plane LA By is then the same as the plane
N LiA By, up to a scalar factor, where \2 = L-L?. But,

L' AB, = B, ABi;ABy = [B"]

Intersecting planes LABy and LACy has to give L. Therefore, (AZ[B'])V(AS[C7])
has to give L up to a scalar factor. Now, if two lines intersect, their outer
product is zero. Thus, the outer product of lines X AA, (or YAA,) and L has
to be zero. Note that XAA, defines the same line as (o’ A;)AAq4, up to a scalar
factor, where o = X-A’. Figure 4.4 shows this construction. Combining all
these expressions gives

0 = (XANANL)T!
= o N [(AA AN ([BT] v [CH])] (4.25)
= o XN [(AnAY[BICH]]
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where the identity from equation (3.48) was used. If the trifocal tensor T}’ "is
defined as

17 = [(AinA)[BICH]] (4.26)

)

then, from equation (4.25) it follows that it has to satisfy ai)\gx\zTij ¥ = 0. This
expression for the trifocal tensor can be expanded in a number of different ways.
One of them is,

70 = (AAAL)-[[BICH]
— (AAAY)-(BIACK)
| | (4.27)
= (A BY)(Ai-CF) — (Ag-CF) (A BY)
= UJK}, - ULK),
where K! = A;-B’ and K{ = A;-C* are the camera matrix minors for

cameras B and C, respectivelly, relative to camera A. This is the expression
for the trifocal tensor given by Hartley in [26]. Note that the camera matrix
for camera A would be written as K¢ = A,-A7 ~ §/. That is, K¢ = [I|0]
in standard matrix notation. In many other derivations of the trifocal tensor
(eg. [26]) this form of the camera matrices is assumed at the beginning. Here,
however, the trifocal tensor is defined first geometrically and we then find that
it implies this particular form for the camera matrices.

4.3.2 Transferring Lines

The trifocal tensor can be used to transfer lines from two images to the third.
That is, if the image of a line in P? is known on two image planes, then its
image on the third image plane can be found. This can be seen by expanding
equation (4.26) in the following way,

Y = [AA][BCY]

' 4.28
= Li-[BICY] 2

This shows that the trifocal tensor gives the homogeneous line components of
the projection of line [B/C*] onto image plane A. That is,

[BiCY] - TF L (4.29)
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It will be helpful later on to define the following two lines.
T* [B7CH] (4.30a)
Tk = TFLE (4.30b)
such that 77 -4, Ti%. Let the {A\5} and {A;} be the homogeneous line
coordinates of the projection of some line L € P3? onto image planes B and

C, respectively. Then recall that A?Af[BC*] gives L up to an overall scalar
factor, i.e.

L~ XNMN[BCH; MN=L-L) and A\, = L-L (4.31)
The image of L on image plane A, L,, can therefore be found via
L, = L-LYL!
~ N [BICH]-LeL} (4.32)
= NXTL,
Thus, we have

A XTI (4.33)

4.3.3 Transferring Points

It is also possible to find the image of a point on one image plane if its image
is known on the other two. To see this, the expression for the trifocal tensor
needs to be expanded in yet another way. Substituting the dual representation
of line A, AAy, ie. [A2A®] into equation (4.26) gives
T = (4, A [BCH]

~  [[A= AR [BICH]]

= [[A2A%®].(BIACF)

= [A2ABBICH]

(4.34)

It can be shown that this form of the trifocal tensor is equivalent to the de-
terminant form given by Heyden in [32]. Now only one more step is needed to
see how the trifocal tensor may be used to transfer points.
T“]k” ~ [[A®2A%BICH]
[A% A BI]-C* (4.35)
X/T.Cky X7 T = [A2AB BT
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Note that the points {XifT} are defined through their dual representation as
the set of intersection points of lines {A; A A4} (~ {[AA*]}) and planes
{[B]} (= {LiAB4}). Let L = XAY be a line in P3. Then

X 4 X, =d4 (4.36a)
L 2 Lyp=XI] (4.36b)
Hence

X =~ (o Ay AAY) V(N LIABy)

[Ai2 Ais] [B]
~ %, o\ ([AR ARV [BY]) (4.37)

= >, a" )\g? [A% A% BT

iiyb v I T
a Ay X

Now, the projection of X onto image plane C' is simply

X, = X:CFGy
~ o\ XJT-CF O, (4.38)
~ N TR
That is,
"~ o'\ T (4.39)
with * = X-C*k. Similarly we also have,
gt~ aixg T (4.40)
Therefore, if the image of a point and a line through that point are known on
two image planes, respectively, then the image of the point on the third image
plane can be calculated. Note that the line defined by the {)\?} can be any
line that passes through the image of X on image plane B. That is, we may
choose the point (0,0, 1) as the other point the line passes through. Then we
have
M= == =0 (4.41)

Hence, equation (4.39) becomes
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and equation (4.40) becomes

Bh = o' (P T = ' T (4.43)

4.3.4 Rank of T

By

Figure 4.5: Change of image plane frame which leaves the trifo-
cal tensor unchanged but gives minimum rank for camera matrices
K? and K°.

Finding the rank of T" is somewhat harder than for the bifocal tensor, mainly
because there is no simple geometric construction which yields its rank. As
was mentioned before the rank of a tensor is given by the minimum number of
terms necessary for a linear decomposition of it in terms of rank 1 tensors®. As
for the bifocal tensor, the transformation A; — A’; = s(A; + t;A4) leaves the
trifocal tensor unchanged up to an overall scale. A good choice for the {4’;}
seems to be

since then all the {A’;} lie in a plane together with B, and C} (see figure 4.5).
Therefore, the camera matrix minors Kﬂb = A’;-BJ and Kk< = A';-C* are of
rank 2. As was shown before, this is the minimal rank camera matrix minors
can have. To see how this may help to find a minimal decomposition of T’
recall equation (4.27);

A
T,* = U} Kf, - UK,

2For example, a rank 1 3-valence tensor is created by combining the components {a'},
{B%}, {n'} of three vectors as T¥* = a?Bink.
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This decomposition of T" shows that its rank is at most 6, since U, and U, are
vectors, and K¢ and K° cannot be of rank higher than 3. Using the above
choice for K and K¢ however shows that the rank of 7" is 4, since then the
rank of the camera matrices is minimal, and we thus have a minimal linear
decomposition of 7.

The rank of T was also derived by Shashua and Avidan [61] where it is used
to relate sets of trifocal tensors. The rank result is also used in [62] to show
that there are no configurations of world points whose matching projections
produce an ambiguous solution for the trifocal tensor.

4.3.5 Degrees of Freedom of T’

As for the bifocal tensor we can also write down an explicit parameterisation
for the trifocal tensor. Starting with equation (4.44) we get

Ay = (A;NAY) V (BsAByNCY)
= [A;A4]-(BsABsACY)
= [AiAsBiCu]Bs — [AiAuBsCy] By + [A:;AuBs BJ]Cy
= alBs+a?B,+aCy

(4.45)

where o}, a? and o} are defined appropriately. The trifocal tensor may be

expressed in terms of the {A’;} as follows (see equation (4.27)).

T% = (Ay-BI)(A-CF) — (Ag-CM)(A-BY)

= (Ag-B7) |l Bs-C* + 02 B;-C*|

— (A4-C")|a}Bs B + a}Cy- BY] (4.46)
= el [Q}Bg'ok + oz?s’jb}

k| 1, 57 3.7
— & {ai pb53 + Qa5 Ebc}

This decomposition of 7" has 5 x 3+ 3 x 3 —1 = 23 DOF'. The general formula
for finding the DOF of T gives 3 x 11 — 15 = 18 DOF. Therefore, equation
(4.46) is an overdetermined parameterisation of T'. However, it will still satisfy
the self-consistency constraints of 7T'.

Note that the decomposition of T into rank 1 tensors in equation (4.46)
only implements the rank 2 constraints of the camera matrix minors. Since
equation (4.46) does not yield a minimal parameterisation of 7', there have to
be additional constraints on 7.
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Recall that a decomposition of F' into rank 1 tensors does give a minimal
parameterisation of F'. Hence, the rank 2 constraint on the camera matrix
minor in equation (4.8) is the only constraint that exists for F.

4.3.6 Constraints on 7'

To understand the structure of T' further, we will derive self-consistency con-
straints for 7. Heyden derives the constraints on 7" using the “quadratic p-
relations” [32]. In GA these relations can easily be established from geometric
considerations.

The simplest constraint on 7" may be found as follows. Recall equation
(4.35), where the trifocal tensor was expressed in terms of the projection of
points XifT = [[A2 A’ B7]] onto image plane C, i.e.

T ljk _ XiZT'Ck
Now consider the following trivector.

X TAXTAXTT
= ([4zAz1 v [B57])

A([AzAE] v [BP])A([AAR] v [B*])
=0

(4.47)

The first step follows from equation (3.48). It is clear that this expression
is zero because we take the outer product of the intersection points of line
[A%2 A%] with the planes [B7'], [B?] and [B’*]. In other words, this equation
says that the intersection points of a line with three planes all lie along a line
(see figure 4.6).

When projecting the three intersection points onto image plane C' they still
have to lie along a line. That is,

0 = (X7 T-Ch) (X T-O")(X; T CF) O, ANCi, A,

= 0 = T/hqiRritCy Cy,Cr.Cul.
(4.48)

— ekak‘bk‘cn‘ja aj';;]b bj';]c c

= det(T;"")
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Figure 4.6: This demonstrates the constraint from equation (4.47) for ip = 1, i3 = 2 and
Jo =1, jb = 2, jo = 3. The figure also visualises the use of the dual bracket to describe
planes and lines.

4.3.7 Relation between T and F

We mentioned before that the quadratic p-relations can be used to find con-
straints on 7" [32]. The equivalent expressions in GA are of the form

[B'B*|A[A*A2AYA[B'B*C'] = 0 (4.49)

This expression is zero because [ B! B?] A[[B! B2C'']| = 0. This becomes obvious
immediately from a geometric point of view: the intersection point of line
[B!B?]] with plane [C'], i.e. [B'B2*C"'], clearly lies on line [B'B?], and thus
their outer product is zero.

In the following we will write Tlf FXYZ t6 denote the trifocal tensor
T'ijYZ — [[XlZXZSY]Zk]]
i1
We will similarly write FXY to denote the bifocal tensor

1171

EXY = [XPXBY”YH]

1171
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If no superscripts are given then Tijk and Fj; take on the same meaning as
before. That is,

% = TIRABC (4.50a)
F; = FS° (4.50b)

We can obtain a constraint on 7' by expanding equation (4.49).

0 = [B'BYAJA'A2AS|A[B'B2CY
— [[AlA2BlB2]] [[BIB2A301]]
+ HA?)AIBIBQ]] [[BIBQA2CI]]
+ [[A2A3BlB2]] [[BIB2A101]]
— F33T331 BAC + F23T321 BAC + F13T311 BAC

_ i1 BAC
- E3T3Z

(4.51)

Note that there is an implicit summation over ¢, because it is repeated as a
(relative) superscript. Of course, we could have chosen different indices for the
reciprocal B vectors and the reciprocal C' vector. Therefore, we can obtain the
following relation between the trifocal tensor and the bifocal tensor.

Again there is an implicit summation over the 7 index but not over the j
index. From this equation it follows that the three column vectors of the
bifocal tensor give the three “left” null vectors of the three matrices 7°°,
respectively. Equation (4.52) has two main uses: it can be used to find some
epipoles of the trifocal tensor via equations (4.23) and (4.24), but it also serves
to give more constraints on 7' since det ' = 0.

The columns of F' may be found from equation (4.52) using, for example, an
SVD. However, since the columns are found separately they will not in general
be scaled consistently. Therefore, F' found from equation (4.52) has only a
limited use. Nonetheless, we can still find the correct left null vector of F, i.e.
el,, because each column is consistent in itself. Note also that, the determinant
of F'is still zero, since the rank of F' cannot be changed by scaling its columns
separately. We cannot use this F', though, to find the right null vector, i.e.
el , or to check whether image points on planes A and B are images of the
same world point. Finding a consistent F' is not necessary to find the right
null vector of F', as will be shown later on. Therefore, unless we need to find a
bifocal tensor from T" which we can use to check image point pair matches, a
consistent F' is not necessary. A consistent F' can, however, be found as shown
in the following.
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We can find the bifocal tensor row-wise in the following way.

0 = [A2AB]A[B'B>B*A[A=ABCH]
= E,T"

i1]

(4.53)

Knowing F' row-wise and column-wise we can find a consistently scaled bifocal
tensor. What remains is to find TBA¢ fror'n‘T. To do s0 we define the following
intersection points in terms of the lines 7"+ = [B'*(C7+] (see equation (4.30a)).
Pliafarivgy) = (AgAT'e0e) v T
[[415-c][isc]]
- [asfcranc]
[ (A4 (B nCo)) Bio | (4.54)
| (Ay-Bi)CI= B
—(Ay4-Ci*) Bl B Ch|
= &2 [CIa B O] + gla[ Bl C% BY]

Two useful special cases are
p(irg,iag) = €l,[B"C? B?] (4.552)
p(ij1,ij2) = €4, [C7* B'C*]] (4.55b)
The projection of p(i1j,i2j) onto image plane A, denoted by p,(i17,2)) gives

Palich,isk) = ek, (AJ-[B2CE B ])A,
— ok [ATBECEBR] A,
= —ck [B2Bi AICY] A,
o kTngACA

€ea i1

(4.56)

We can also calculate p,(j.kaq, joks) by immediately using the projections of
the T9% onto image plane A (see equation (4.30b)). That is,
pa(jakaajbkb) = (A4/\T;aja)\/Tébjb
= TINTIM(ANLE) v L
= TN (AdA[AR AL v [Al A7l (4.57)
= TR (A (Al nAL)) Al Al
~ TR A APAL]
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From the definition of the dual bracket we have

Ay = A A AL
Therefore, from equation (4.57) we find

Paliik, jok) = (LT — TR Ay, (4.58)
Equating this with equation (4.56) gives

T-iSk BAC ~ (€§a>—l(ﬂf1kn2j2k . TZ-2jlkTZ-1ij) (459)

J3

Since £ can be found from T (as will be shown later) we can find TP4¢ from

T up to an overall scale. Equation (4.59) may also be written in terms of the
standard cross product.

Tj;kBAC ~ (R )Y (T x T2 (4.60)

Had we used equation (4.55b) instead of equation (4.55a) in the previous
calculation, we would have obtained the following relation.

TP R = (e ) (TN T — T TR (4.61)
Or, in terms of the standard cross product
Tt M o (e,) (TN x TJ*) (4.62)

Hence, we can also obtain T°B” from T up to an overall scale. Note that since

T;jkABC _ [[Angngjck]]
— _[A=ABCBI] (4.63)

kj ACB
-1,

we have found all possible trifocal tensors for a particular camera setup from
T.

Equations (4.60) and (4.62) simply express that the projections of the in-
tersection points between some lines onto image plane A are the same as the
intersection points between the projections of the same lines onto image plane
A. This implies that independent of the intersection points, i.e. the com-
ponents of T, equations (4.60) and (4.62) will always give a self-consistent
tensor, albeit not necessarily one that expresses the correct camera geometry.
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4.3.8 Second Order Constraints

There are more constraints on 7" which we will call “second order” because
they are products of determinants of components of 7. Their derivation is
more involved and can be found in [48] and [49]. Here we will only state the
results. These constraints may be used to check the self-consistency of 7" when
it is calculated via a non-linear method.

0= [TgRe Tt Tk [Th Tk Tk (1.61)
_ |Tgaka Tgbka T({bkb | ’Tgakagachgbkc

0= TR TERTR [THTET (469
_ |TgakaTgakagbkb| ’TgbkaTgckaTgckb|

0= |TéajaTébjaT(’liajb| |Tébij;aijébjc| (4.66)
_ ‘TéajaT;bjaT;bjb’ |T;aij;achébjb|

Where the determinants are to be interpreted as

ke iskaaks | jaka rivka o jaks
| Tdere TR e | = det (T, T3, T.)"™ )igiyic

) p Y 1lc

4.3.9 Epipoles

The epipoles of T can be found indirectly via the relation of bifocal tensors to
T (e.g. equation (4.52)). Also recall that the right null vector of some F}5"
is €/, whereas the left null vector is €, (equations (4.23) and (4.24)). From
equation (4.53) we know that

Fy T, =0

When calculating F' from this equation, we cannot guarantee that the rows
are scaled consistently. Nevertheless, this does not affect the right null space
of F. Hence, we can find &), from this F. In the following we will list the
necessary relations to find all epipoles of T

0 = [A2AB]A[B'B?B3|A[A2ABCH]
= E1j T‘u] ’ - gia
0 = [ARAB]A[CTC?C3|A[A2 A" B]

AC ik k
Eiw T — ¢

1 ca

(4.67a)

(4.67b)
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0 = [B2BH]|A[A'A2AP|A[B2B:CH|

. . 4.68a)
kBAC (
= FE? Thj _>5ng
0 = [BEBE]A[C'C?CPA[B2BsAT]
_ pbc qukeaC L (4.68b)
= Lk L4 €eb
0 = [ClCB]AJA'A2AP]A[C2CsBI]
_ pCA qikCBA o (4.69a)
- i1k *i1 6ac
0 = [C=CB|A[B' BB A[C2Cis AF]
— B ik CBA el (4.69b)
- i1] i1 be

By — 5fcy we denote the epipole that can be found from the respective relation.
Note that since

sz)l(;q — [[XiQXisyjzyjs]]
= [viyiXiXi] (4.70)

YX

juia

we have also found all fundamental matrices.

4.4 The Quadfocal Tensor

4.4.1 Derivation

Let L be a line in P? and let {A,}, {B,}, {C,} and {D,} define four cameras
A, B, C and D, respectively (see figure 4.7). The projection of L onto the
image planes of these four cameras is

L5 L, = LA L =X\ L} (4.71a)
L5 Ly = L-DPL=XN1L} (4.71b)
LS Le = L-LSLL=X L (4.71c)
L2 Ly, = L-LAL, =M1} (4.71d)

The intial line L can be recovered from these projections by intersecting any
two of the planes (LaAAy4), (LgABy), (LcACy) and (LpADy). For example,

L~ (LA/\A4) V (LB/\B4) ~ (Lc/\C4) V (LD/\D4) (472)
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Figure 4.7: Line projected onto four image planes.

Therefore,

0 = [((LanA) vV (LsAB))((LeAC) V (LpADy))]
= APADACN] [{ ((LZ/\A4)\/( b/\B4))
((Lk/\C4) Vv (LdAD4))] (4.73)
B7])

= o [(147 v 1B7D) (14 v 1D1)]
= ATADNN [ATBICHDI]

Therefore, a quadfocal tensor may be defined as
QUM = [A'BIC*D'] (4.74)

If the quadfocal tensor is contracted with the homogeneous line coordinates
of the projections of one line onto the four camera image planes, the result
is zero. In this way the quadfocal tensor encodes the relative orientation of
the four camera image planes. However, note that contracting the quadfocal
tensor with the line coordinates of the projection of one line onto only three
image planes gives a zero vector. This follows directly from the following
considerations. Let L = A; A Ay be a line and P = A; AA; A A3 be a plane in
P3. That is, line L lies in plane P. Then we find

L-[P] = Ar [A42P] — As [4:P] =0, (4.75)
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For the quadfocal tensor we have, for example,

/\f)\g)\ZQ”kl = )\f)\?)\zﬂAiBjC’k]]-Dl
(L-(AC%)-D', L~ NN[ABY] (4.76)
= 0.

12

L is the line whose images on image planes A, B and C have coordinates
{A¢}, {\2} and {A;}, respectively. Hence, L lies on plane [AC*], and thus
it follows from equation (4.75) that L- (A{C*) = 0. This also shows that the
quadfocal tensor does not add any new information to what can be known
from the trifocal tensor, since the quadfocal tensor simply relates any three
image planes out of a group of four.

The form for @ given in equation (4.74) can be shown to be equivalent to
the form given by Heyden in [32]. From equation (4.74) it is also immediately
clear that changing the order of the reciprocal vectors at most changes the
overall sign of Q).

4.4.2 Transferring Lines

If the image of a line is known on two image planes, then the quadfocal tensor
can be used to find its image on the other two image planes. This can be
achieved through a somewhat indirect route. Let L be a line projected onto
image planes A and B with coordinates {\{} and {\’}, respectively. Then we
know that

~ \a\b[[ At PRI
L~ NN [A'BY] (4.77)
Therefore, we can define three points { X%} that lie on L as

Xp = XAN(AB]v[CH)

s (4.78)
— AX[ATBICH

The projections of the {X}} onto image plane D, denoted by {X7} } are given
by

Xt = Xp-D'D,
= MNX[ABICH-D' D,
= AN[A'BICkD'D,

= AALQUM D,

(4.79)
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From the points {X fd} the projection of line L onto image plane D can be
recovered.

4.4.3 Rank of @)

The form for the quadfocal tensor as given in equation (4.74) may be expanded
in a number of ways. For example,

Qiljkl _ (Ai2/\Ai3/\A4)'(Bj/\C'k/\Dl)
= gia [K]§3CKZ1'S o Klig Klz ’

2

ek [KRY KK %

2

i b i b
+ Efia |:Kj’l3 Klzzc - KlgscK]iz }

(4.80)

In terms of the standard cross product this may be written as
QM = U (K x K%)= US(KS x KJ) + U(BP < K9) - (4.81)

From equation (4.80) it becomes clear that, as for the trifocal tensor, the
transformation A; — s(A; + t;A4) leaves (Q unchanged up to an overall scale.

Let P = B4AC4ADy. As for the trifocal tensor case, define a basis {A’;}
for image plane A by

Ay = (ANA) VP (4.82)

All the {A’;} lie on plane P, that is they lie on the plane formed by By, Cj
and Dy. Therefore, Kjb’ =A,;-B, K?=A";-C¥ and K¥ = A';-D' are of rank
2. As was shown prevliously, this is the minimum rank the camera matrices
can have. Hence, forming () with the {A’;} should yield its rank. However, it
is not immediately obvious from equation (4.80) what the rank of @ is when
substituting the {A’;} for the {A;}. A more yielding decomposition of @ is
achieved by expanding equation (4.82).

Ay = (AANA) VP
~ [[A1A4]] . (B4/\C4/\D4) (4 83)
= [A;A4ByCy] Dy — [AiAyByD4]|Cy + [A:ACyD4] By '

= 062-134 + 062204 + CY?D4
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where the {a’} are defined accordingly. Furthermore,
Ay NA'y, = N, CuADy + X, DyABy + X}, ByACy (4.84)

with )\zg = aﬁ a‘gj - af; aff. Equation (4.80) may also be written as

Qiljk:l — (AZ,Q/\AZ.3/\A4).(BJ‘/\CI~:/\DZ)
- UL (A, AA')-(CRADY)]

— UE[(AA%)-(BIADY)] (4.85)
+ UL[(A5AA) - (BIACH)]
From equation (4.84) it then follows
(A, ANA'L)-(CRADY = AL Dy-C* Cy- D (4.86a)

— A Dy-C* By-D'
— A}, By Ck Cy-D!

(A, NAL)-(BIADY = M Dy-B? Cy-D! (4.86b)
— A Dy-B’ By-D!
+ N CyB By D!

(A AA)-(B'ACE) = — N Cy- B Dy-C* (4.86¢)
— A Dy-B’ By-C*
+ M Cy-BI By CF

Each of these three equations has a linear combination of three rank 1, 3-
valence tensors on its right hand side. Furthermore, none of the rank 1, 3-
valence tensors from one equation is repeated in any of the others. Therefore,
substituting equations (4.86) into equation (4.85) gives a decomposition of @)
in terms of 9 rank 1 tensors. Since this is a minimal decomposition, @) is of
rank 9.

4.4.4 Degrees of Freedom of ()

Substituting equations (4.86) back into equation (4.85) gives

ikt _ JoI\I ok L N2k 3k Al
Qv = €ba P‘i Ecafde — Ni€edCap T AP Ecbgdc} (4.87)
[\ A 2. 3.0 Al
€ca |:>‘i €paCde — Ai€palap + A 5bc5db}

l 1.9 -k 2.7 -k 3. -k
t Cda [)‘i €bcEed — Ai€hafep + A 5bcgcb}
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This decomposition of ) has 9x34+3x3—1 = 35 DOF. The general formula for
the DOF of @) gives 4 x 11 —15 = 29 DOF. Therefore the parameterisation of ¢)
in equation (4.87) is overdetermined. However, it will still give a self-consistent

Q.

4.4.5 Constraints on ()

The constraints on () can again be found very easily through geometric con-
siderations. Let the points {ng} be defined as

Xg" = [A'BIC*] (4.88)

A point ng can be interpreted as the intersection of line [A’B’] with plane
[C¥]. Therefore,

XgFnXxgAXE =0 (4.89)

because the three intersection points ng“, ngb and ngc lie along line

[A*B’]. Hence, also their projections onto an image plane have to lie along a
line. Thus, projecting the intersection points onto an image plane D we have

0 = (Xgr-Dh) (Xgh-Db) (XF*-D")
(Dla/\le/\ch)
= 0 = Qkde QUkh QU [Dy, Dy, Dy, Dala (4.90)
= €l Qijkala Qijkblb Qijk:clc

= det(Qijkl>kl

Similarly, this type of constraint may be shown for every pair of indices. We
therefore get the following constraints on Q).

det(Qijkl)ij =0; det(QU*)y = 0; det(Q¥*); =0

. g . 4.91
det(Q”kl)jk = O; det(QZ]kl)jl = O; det<QZ]kl)kl =0 ( ) )
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4.4.6 Relation between () and T

We can find the relation between ) and 7" via the method employed to find
the relation between 7" and F'. For example,

0 = [A*AZA3A[B/C*DA[BC*]
= %, ([A" BIC*D|[A% A% BICH) (4.92)
QijleAjk
Similarly, equations for the other possible trifocal tensors can be found. Be-

cause of the trifocal tensor symmetry detailed in equation (4.63) all trifocal
tensors may be evaluated from the following set of equations.

ij ik ABC i il ABD i
Qz]kl ﬂ] — 0; Qz]kl Tz] — O; szkl jﬂiklACD =0
Qijkl sz‘kBAC — O; Qijkl Tjil BAD _ O; Qijkl Tjkl BCD _ 0
i ij CAB ii ; ii il CBD
Qz]kl TkZJC _ 07 ngkl Tkzl CAD _ 07 szkl Tkj C -0
Qz‘jkl le‘j DAB _ 0; Qijkl lek DAC _ 0; Qijkl lek: DBC _

(4.93)

Note that the trifocal tensors found in this way will not be of consistent scale.
To fix the scale we start by defining intersection points

X, = [AAIBICH] v [CHDY]

A (4.94)
~ e, [BICFD]
Projecting these points onto image plane A gives
XJjBkCl‘Da = Xpop A4
~ ¢k [BICkDY-A'A; (4.95)
~ &k [AIBIC* DY) A; '
= ckQiklA,
But we could have also arrived at an expression for X ffé p, Via
Xhep, = ([BCH-L,) ([C*D'-Lg, ) [AsnLip ] v L
(4.96)

~ Jjk ABCr kI ACD Jjk ABCr kI ACD
- (1—;1 ,I’ig _Ez 1—11'1 A’iS
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Equating this with equation (4.95) gives
7, ABCTizkl ACD _ ik ABCTilkl ACD ok (yiaih (4.97)

This equation may be expressed more concisely in terms of the standard cross
product.

T JRABC o T HIACD o k (yeikl (4.98)
Furthermore, from the intersection points

Xepp = [An[C*B]) v [B/D']
and their projections onto image plane A we get

TJkABC o TIIABD o f ()eikl (4.99)
We can now find the correct scales for T8¢ by demanding that

JkABCr kI ACD Jk ABCrp kI ACD
LML A — TR

Q’igjkl

= ¢ (4.100)
for all 7 while keeping i1, k and [ constant, where ¢ is some scalar. Furthermore,
we know that

jk ABC— j1ABD jk ABC~ jIABD
LM — 1S

Qigjkl

=¢ (4.101)

for all £ while keeping 71, k and [ constant, where ¢ is some different scalar.
Equations (4.100) and (4.101) together fix the scales of T*B¢ completely. Note
that we do not have to know the epipoles ¥ and &/,

Similarly, all the other trifocal tensors can be found. These in turn can be
used to find the fundamental matrices and the epipoles.

4.5 Reconstruction and the Trifocal Tensor

In the following we will investigate a computational aspect of the trifocal ten-
sor. In particular we are interested in the effect the determinant constraints
have on the “quality” of a trifocal tensor. That is, a trifocal tensor calculated
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only from point matches has to be compared with a trifocal tensor calculated
form point matches while enforcing the determinant constraints.

For the calculation of the former a simple linear algorithm is used that
employs the trilinearity relationships, as, for example, given by Hartley in
[26]. In the following this algorithm will be called the “7pt algorithm”.

To enforce all the determinant constraints, an estimate of the trifocal ten-
sor is first found using the 7pt algorithm. From this tensor the epipoles are
estimated. Using these epipoles the image points are transformed into the
epipolar frame. With these transformed point matches the trifocal tensor can
then be found in the epipolar basis.

It can be shown [39] that the trifocal tensor in the epipolar basis has only 7
non-zero components®. Using the image point matches in the epipolar frame
these 7 components can be found linearly. The trifocal tensor in the “normal”
basis is then recovered by tranforming the trifocal tensor in the epipolar basis
back with the initial estimates of the epipoles. The trifocal tensor found in
this way has to be fully self-consistent since it was calculated from the minimal
number of parameters. That also means that the determinant constraints have
to be fully satisfied. This algorithm will be called the “MinFact” algorithm.

The main problem with the MinFact algorithm is that it depends crucially
on the quality of the initial epipole estimates. If these are bad, the trifocal ten-
sor will still be perfectly self-consistent but will not represent the true camera
structure particularly well. This is reflected in the fact that typically a trifocal
tensor calculated with the MinFact algorithm does not satisfy the trilinearity
relationships as well as a trifocal tensor calculated with the 7pt algorithm,
which is of course calculated to satisfy these relationships as well as possible.

Unfortunately, there does not seem to be a way to find the epipoles and the
trifocal tensor in the epipolar basis simultaneously with a linear method. In
fact, the trifocal tensor in a “normal” basis is a non-linear combination of the
epipoles and the 7 non-zero components of the trifocal tensor in the epipolar
basis.

Nevertheless, since the MinFact algorithm produces a fully self-consistent
tensor, the camera matrices extracted from it also have to form a self-consistent
set. Reconstruction using such a set of camera matrices may be expected to
be better than reconstruction using an inconsistent set of camera matrices, as
typically found from an inconsistent trifocal tensor. The fact that the trifocal
tensor found with the MinFact algorithm may not resemble the true camera
structure very closely, might not matter too much, since reconstruction is only

3From this it follows directly that the trifocal tensor has 18 DOF: 12 epipolar components
plus 7 non-zero components of the trifocal tensor in the epipolar basis minus 1 for an overall
scale.
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exact up to a projective transformation. The question is, of course, how to
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Figure 4.8: Mean distance between original points and re-
constructed points in arbitrary units as a function of mean
Gaussian error in pixels introduced by the cameras. The
solid line shows the values using the MinFact algorithm,
and the dashed line the values for the 7pt algorithm.

measure the quality of the trifocal tensor. Here the quality is measured by how
good a reconstruction can be achieved with the trifocal tensor in a geometric
sense. This is done as follows:

1. A 3D-object is projected onto the image planes of the three cameras,
which subsequently introduce some Gaussian noise into the projected
point coordinates. These coordinates are then quantised according to
the simulated camera resolution. The magnitude of the applied noise is
measured in terms of the mean Gaussian deviation in pixels.

2. The trifocal tensor is calculated in one of two ways from the available
point matches:

(a) using the 7pt algorithm, or
(b) using the MinFact algorithm.

3. The epipoles and the camera matrices are extracted from the trifocal

tensor. The camera matrices are evaluated using Hartleys recomputation
method [26].
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Figure 4.9: Mean difference between elements of calcu-
lated and true tensors in percent. Tensors are scaled pre-
viously, so that they are equal in one element. Solid line
shows values for trifocal tensor calculated with 7pt algo-
rithm, and dashed line shows values for trifocal tensor cal-
culated with MinFact algorithm.

4. The points are reconstructed using a version of what is called “Method
3”7 in [56] and [57] adapted for three views. This uses a SVD to solve for
the homogeneous reconstructed point algebraically using a set of camera
matrices. In [56] and [57] this algorithm was found to perform best of a
number of reconstruction algorithms.

5. This reconstruction still contains an unknown projective transformation.
Therefore it cannot be compared directly with the original object. How-
ever, since only synthetic data is used here, the 3D-points of the original
object are known exactly. Therefore, a projective transformation matrix
that best transforms the reconstructed points into the true points can be
calculated. Then the reconstruction can be compared with the original
3D-object geometrically.

6. The final measure of “quality” is arrived at by calculating the mean
distance in 3D-space between the reconstructed and the true points.

These quality values are evaluated for a number of different noise magnitudes.
For each particular noise magnitude the above procedure is performed 100
times. The final quality value for a particular noise magnitude is then taken
as the average of the 100 trials.

Figure 4.8 shows the mean distance between the original points and the
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Figure 4.10: Mean difference between elements of true
trifocal tensor and trifocal tensor calculated with 7pt al-
gorithm in percent. Tensors are scaled previously, so that
they are equal in one element. (This figure shows the solid
line of figure 4.9 enlarged.)

reconstructed points in 3D-space in some arbitrary units?, as a function of the
noise magnitude. The camera resolution was 600 by 600 pixels.

This figure shows that for a noise magnitude of up to approximately 10 pixels
both trifocal tensors seem to produce equally good reconstructions. Note that
for zero added noise the reconstruction quality is not perfect. This is due to
the quantisation noise of the cameras. The small increase in quality for low
added noise compared to zero added noise is probably due to the cancellation
of the quantisation and the added noise.

Apart from looking at the reconstruction quality it is also interesting to
see how close the components of the calculated trifocal tensors are to those
of the true trifocal tensor. Figures 4.9 and 4.10 both show the mean of the
percentage differences between the components of the true and the calculated
trifocal tensors as a function of added noise in pixels. Figure 4.9 compares the
trifocal tensors found with the 7pt and the MinFact algorithms. This shows
that the trifocal tensor calculated with the MinFact algorithm is indeed very
different to the true trifocal tensor, much more so than the trifocal tensor
calculated with the 7pt algorithm (shown enlarged in figure 4.10).

The data presented here seems to indicate that a tensor that obeys the deter-

4The particular object used was 2 units wide, 1 unit deep and 1.5 units high in 3D-space.
The Y-axis measures in the same units.
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minant constraints, i.e. is self-consistent, but does not satisfies the trilinearity
relationships particularly well is equally as good, in terms of reconstruction
ability, as an inconsistent trifocal tensor that satisfies the trilinearity relation-
ships quite well. In particular the fact that the trifocal tensor calculated with
the MinFact algorithm is so very much different to the true trifocal tensor
(see figure 4.9) does not seem to have a big impact on the final recomputation
quality.

4.6 Conclusions

Table 4.1 summarises the expressions for the different tensors, their degrees
of freedom, their rank and their main constraints. In particular note the
similarities between the expressions for the tensors.

We have demonstrated in this chapter how Geometric Algebra can be used
to give a unified formalism for multiple view tensors. Almost all properties of
the tensors could be arrived at from geometric considerations alone. In this
way the Geometric Algebra approach is much more intuitive than traditional
tensor methods. We have gained this additional insight into the workings
of multiple view tensors because Projective Geometry in terms of Geometric
Algebra allows us to describe directly the geometry on which multiple view
tensors are based. Therefore, we can understand their “inner workings” and
inter-relations. The best examples of this are probably the derivations of the
constraints on 7" and () which followed from the fact that the intersection
points of a line with three planes all have to lie along a line. It is hard to
imagine a more trivial fact.

A similar analysis of multiple view tensors was presented by Heyden in [32].
However, we believe our treatment of the subject is more intuitive due to its
geometric nature. In particular the “quadratic p-relations” used by Heyden
were here replaced by the geometric fact that the intersection point of a line
with a plane lies on that line.

We hope that our unified treatment of multiple view tensors has not just
demonstrated the power of Geometric Algebra, but will also give a useful new
tool to researchers in the field of Computer Vision.
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Fundamental Matrix

Trifocal Tensor
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rank 9

Table 4.1: Comparison of Multiple View Tensors
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Chapter 5

3D-Reconstruction

Now is the winter of our discontent

Made glorious summer by this son of York;
And all the clouds that loured upon our house
In the deep bosom of the ocean burried.

”Richard II1”, William Shakespeare.

Although I am no son of York, I hope that this chapter will bury any doubt
the reader may have about the usefulness of GA (or the previous chapters),
and bring this thesis to a “glorious” conclusion.

In the following we will consider a system of two pinhole cameras looking
at a scene in the world. Our goal is to create a 3D-reconstruction of the world
scene from the images taken by the pinhole cameras. We will show that a
(affine) 3D-reconstruction is possible if we know a number of point matches
between the images and also some parallel world lines.

5.1 Introduction

3D-reconstruction is currently an active field in Computer Vision, not least
because of its many applications. It is applicable wherever the “real world”
has to be understood by a computer. This may be with regard to control
movement (robots), to survey a scene for later interpretation (medicine), or to
create and mix artifical with real environments (special effects).

Research on 3D-reconstruction can roughly be separated into three areas:

1. Reconstruction with calibrated cameras. [40, 38, 37, 34, 19, 46, 63] In
this case, a set of images is taken of a scene with one or more calibrated
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cameras. However, the camera positions are unknown. To perform a 3D-
reconstruction we therefore first have to reconstruct the camera positions.
To do this it is assumed that point matches between all the points are
known.

2. Reconstruction from sequences of images. [66, 68, 67, 71, 12, 10, 43] Here
a series of monocular, binocular or trinocular images is taken. To perform
a reconstruction it is then assumed that point matches between the views
in space and over time are known, and that the relative camera geometry
and their internal parameters do not change. A popular method in this
area is the use of the Kruppa equations [36, 13].

3. Reconstruction from static views. [3, 4] A set of images of a scene taken
with unknown cameras, from unknown positions is given. We still assume
that we have point matches over the images. However, note that we
cannot assume anymore that the internal parameters of the cameras that
took the images are the same.

The least information about a scene is given in point 3. In fact, there is so
little information that a correct 3D-reconstruction is impossible, as we have
shown in chapter 3. Therefore, some additional information is needed. Such
information could be the knowledge of lengths, angles or parallel lines.

Our approach to 3D-reconstruction falls into the area of Reconstruction from
static views. We have two images taken with unknown cameras from unknown
positions and assume that apart from the point matches we also know the
projections of a number of sets of parallel world lines. The latter are used to
find vanishing points but also to constrain the reconstruction. This information
allows us to perform an affine reconstruction of the scene. That is, we find the
rotation, translation and the internal parameters of the second camera relative
to the first. If we assume furthermore, that we have three mutually orthogonal
sets of parallel lines, we can also find the internal calibration of the first camera
and thus obtain a Euclidean 3D-reconstruction.

In the following discussion of our reconstruction algorithm we use the same
notation as in chapter 3. We will also assume that the reader is familiar with
our description of reciprocal frames, pinhole cameras, camera matrices and
the basic form of the fundamental matrix. Of course, all this assumes some
familiarity with Geometric Algebra (GA).

5.2 Image Plane Bases

Our general setup is that we have two pinhole cameras described by frames
{A,} and {B,}, respectively. The frame {A4,} is also regarded as the world
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frame which we use for our reconstruction. Hence, we obtain an affine recon-
struction.

The basic form of our calculation is as follows. We start with the image
points obtained from real cameras, i.e. in £3. These image points are then
embedded in P3. All our calculations are then performed in P? and the resul-
tant reconstruction is projected back into £2. This method forces us to take
note of two important concepts.

1. Correct Basis. The power of GA in this field derives from the fact that
we are not working purely with coordinates, but with the wunderlying
geometric basis. Therefore, we have to make sure that the basis we are
working with is actually appropriate for our problem.

2. Scale Invariance. The projection of homogeneous vectors into &2 is
independent of the overall scale of the homogeneous vector. Calculations
in P3 may depend on such an overall scale, though. We have to make sure
that all our calculations are invariant under a scaling of the homogeneous
vectors, because such a scaling cannot and should not have any influence
on our final result. Furthermore, since we are initially embedding vectors
from £3 in P3, we are not given any particular scale. Any expression that
is invariant under a scaling of its component homogeneous vectors will
be called scale invariant.

As mentioned above, the frames {A,} and {B,,} define two pinhole cameras.
Since {A,} also serves as our world frame in P? we can choose that A, the
optical centre of camera A, sits at the origin. A;, As and Aj define the image
plane of camera A. If we want to be true to our previously stated concepts,
we need to give some thought as to how we should choose the {A4;}.

Note here that we use latin indices to count from 1 to 3 and greek indices to
count from 1 to 4. We also make use of the Einstein summation convention, i.e.
if a superscript index is repeated as a subscript within a product, a summation
over the range of the index is implied. Hence, o’A; = 3% | o' A;.

The images we obtain from real cameras are 2-dimensional. Therefore,
the image point coordinates we get are of the form {z,y}, which give the
displacement in a horizontal and vertical direction® in the image coordinate
frame. However, in P3 an image plane is defined by three vectors. Therefore,
a point on a plane in P? is defined by three coordinates. A standard way given
in the literature to extend the 2D image point coordinates obtained from a
real camera to P? is by writing the vector {z,y} as {z,y,1}. This is a well

'Note that although we call these directions horizontal and vertical, they may not be at
a 90 degree angle to each other in general.
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founded and very practical choice, and if we just worked with matrices and
tensors we would not need to do anything else. However, since we want to tap
into the power of GA, we need to understand what kind of basis is implicitly
assumed when we write our image point coordinates in the form {x,y, 1}.

The best way to proceed, is first to describe a 2D-image point in a 3D basis
and then to embed this point in P3. An image point {x,y} gives the horizontal
and vertical displacements in the 2D-image plane coordinate frame. Let the
basis corresponding to this 2D frame in £* be {a;,as}. If we define a third
vecor as to point to the origin of the 2D frame in £3, then an image point with
coordinates {z,y} can be expressed as follows in £3.

T, =za,+yas+las=d'a,, (5.1)

with {&‘} = {x,y,1}. The {4’} are the image point coordinates corresponding
to image point {z,y} in £2. Now we embed the point x, in P3.

T, 2, X, =x, + e, = a'A,, (5.2)

where we defined A; = a1, Ay = a, and A3 = a3+ ¢e4. That is, A; and A, are
direction vectors, or points at infinity, because they have no e, component?.
However, they still lie on image plane A. More precisely, they lie on the
intersection line of image plane A with the plane at infinity. Note that A; and
As do not project back to a; and as, respectively. For example,

&3 Al-ei a
A1—>A1‘e4eizﬁﬁoo (5.3)

Nevertheless, {A;} is still the projective image plane basis we are looking for,
as can be seen when we project X, down to Euclidean space.

X £3 . — Xa-eze . OAéZCLi
a ? a — T ~
X, et a3

:a:a1+ya2+1a3 (54)

What is important here is that neither &' nor &* appear in the denominator.
This shows that by writing our image point coordinates in the form {z,y, 1}
we have implicitly assumed this type of basis. We will call this type of frame a
normalised homogeneous camera frame. The camera frames we will use
in the following are all normalised homogeneous camera frames.

2This shows very nicely that a Euclidean vector interpreted as a homogeneous vector is
a direction.
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o 0

Figure 5.1: Transformation from general basis to a particular
basis in which image points have coordinates of the type {x,y, 1}.

It might seem a bit odd that we have devoted so much space to the de-
velopment of normalised homogeneous camera frames. However, this has far
reaching implication later on and is essential to understand our derivation.

In P? a point on the image plane of camera A can be written as X, = o' A;
in general. We can normalise the coordinates without changing the projection
of X, into £3. That is, X, ~ a' A; with @’ = a’/a3. The symbol ~ means
equality up to a scalar factor. In this case we clearly have {a'} = {a'}.

A general point in P? can be written as X = a* A, in the A-frame. We can
normalise the coordinates of X, in the same way as before to obtain X ~ a* A,
with a# = o /a3. If we project this point down to £3 we get?

£3 X e (atA,)-€"
X r = —e=—""¢
7 X et (arA,)-et
al al
- ——  a4=—a: (5.5)
a3+0z4aZ 1+644az
. . a’
= dz a; | dZ = —
1+at

Therefore, if @* = 0, then X is a point on the image plane of camera A. Also,
if @* = —1 then X is a point at infinity. We will call a* the projective depth
of a point in P3.

In P? a general plane is defined by three homogeneous vectors that give
points on that plane. We will now show how we can transform such a general
basis into a normalised homogeneous camera frame. Figure 5.1 shows this
transformation.

3Recall that Ay = ey (the origin of P?) and that the {A;} are a normalised homogeneous
camera frame.
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Let the {A’;} be normalised homogeneous vectors, i.e. A’; - e, = 1. This
can be assumed without loss of generality, because any homogeneous vector
can be normalised without changing the point it corresponds to in £3. A point
X', on plane P, = A’y AA'3AA’3 may then be given by

X/a _ éélAll + d2A/2 + d3A/3

— QLA — Aly) + G2(A — Aly) + (61 4 62 + &%) Al
(5.6)
lelAl -+ C¥2A2 + a3A3

- X,

where we identified A; = A’y — A'3, Ay = Ay — A3 and A3 = A'3. Also
a' =d' a? = 4% and o = (&' + 42 + d3). A; and Ay are directions now, i.e.
A1'€4 = A2'64 = 0, but we still have Pla = Al /\AQ/\A3 That iS, the {Az}7
which are a normalised homogeneous camera frame, are also a valid basis for

plane P’,. As before we now have {a'} = {a'}.

5.3 Plane Collineation

Before we can get started on the actual reconstruction algorithm, we need
to derive some more mathematical objects which we will need as tools. The
problem we want to solve first is the following. Let us assume we have three
image point matches in cameras A and B. That is, if three points in space,
{X;}, are projected onto image planes A and B to give images {X?} and
{X?} respectively, then we know that the pairs {X@, X!} are images of the
same point in space. If the three points in space do not lie along a line, they
define a plane. This plane induces a collineation, which means that we can
transfer image points from camera A to camera B through that plane. For
example, let X be the image point on image plane A which we want to transfer
to camera B through the plane. First we have to find the intersection point of
line AyAX¢ with the plane?, and then we project this intersection point onto
image plane B (see figure 5.2). This transformation can also be represented
by a 3 x 3 matrix, which is called a collineation matrix. Our goal is to find the
collineation induced by the plane P = X;AX>A X3 by knowing the projections
of the points { X;} onto image planes A and B, and the fundamental matrix for
the two cameras. Since we know the fundamental matrix we can also calculate
the epipoles. The epipoles on the two image planes are always projections of

4Recall that A4 is the optical centre of camera A.
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—

Aq .

Figure 5.2: Schematic representation of a plane collineation.
Image point X§ is projected to X? under the P-collineation.

a single point in space and thus give us the projections of a fourth point from
any plane in space. That is, we have in fact the projections of four points
that lie on some plane P. Hence, we can find the collineation matrix directly
through a matrix diagonalisation.

However, it is interesting to see what this means geometrically. Faugeras
gives a geometrical interpretation® in [13]. We will follow his construction
method to obtain a 3 x 3 x 3 collineation tensor.

5.3.1 Calculating the Collineation Tensor M

We start by defining three points X; = o/'A,. The projections of these three
points onto image planes A and B are X! = ol Ajand X! = G Bj, respectively.
We know the coordinates {&]} and {7}, and we know that the pairs {a’, ¥}
are images of the same point in space. Furthermore, we have the fundamental
matrix for the two cameras. We find the collineation induced by the plane
P = X ANXo/N X3 geometrically, through a two step construction.

°In [13] this method is called the Point-Plane procedure.
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Step 1:

Step 2:

Ag "By,

Let X{ = o} A; be the image point we want to project
onto image plane B under the P-collineation. Now con-
sider the intersection point X of lines X3AX{ and X{AX3.
The intersection point of line L, = A4A X) with an arbi-
trary plane in P? obviously lies on L,. Denote the projec-
tion of L, onto image plane B by Lg. Obviously X can
only be projected to some point on Lg, independent of the
collineation. We also know that X7 has to project to some
point on the line X?AXY% under the specific P-collineation.
Hence, Xg is the intersection point of lines Lg and XPAXS.
We can also write this as

X0 = (XSAAABY) V (X]AXY) (5.7)

XGAn A AB,

Ay By

Now that we have calculated the point X;j , We can project
X§ under the P-collineation in an analogous way. We form
a line Ly = A4AX§ which we project onto image plane B.
X! the projection of X{ under the P-collineation, is then
the intersection point of L and line X3AX?. This can also
be expressed as

X = (X{ANALABy) V (XIAXD) (5.8)
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Now we will perform this two step calculation, starting with X7.
Xy = (AAXGAXE) V (XTAXY)
= [AXEXPXE)XS + [A XS XX X0 (5.9)
— XY+ NS
with ¢}, = [A4X5X5X{] and ¢2, = [A4X§X7X{]. X} is then found by
X, = (XINAWNBy) V (XIAXD)

= —[[XSX{’A4B4]]X§ + ﬂX;X§A4B4]]Xf

(5.10)
= —0p (XS XPALBA X3 + ¢ [ X X5 AL B XY
= O Xi + X5
with ¢, = ¢}, [X{X3A,B,] and ¢2, = —¢2,[X$XPA4B,s]. The step from

line 2 to line 3 in the previous calculation follows because [X?X?A,B,] = 0.
(Recall that the pairs {X®, X!} are projections of the same point in space.)
We are now in a position to calculate X?.

X = (X§ANAWNBy) V (XEAXD)

= _HXZX§A4B4]]X£+[[XZX;ZA4B4]]X§

(5.11)
= —p [X§XEAB) XY — 2 [ X§ X5 A, By X3
+ o [XEXTABXE + 6 [ X5 X3 A By X3
If we write X% = BBy, then the {85} are given by
BY = —oplXEXFABUGY — o[ X{ X3 AL BA] 5Y (512)

+(o5[XeXPALBA] + 62, [X§ X3 A4BA] ) 35

At this point we should think about whether we can use the normalised image
point coordinates {a%}, {4} and {@}}, instead of their unnormalised counter-
parts. If this is not the case, we cannot use equation (5.12). Let the {¢},}
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be the {gb;a} calculated from normalised coordinates. They are related in the
following way.

]1)(1 = a2a3a4¢;a (5.13a)
2. = aaajaiel, (5.13b)

Therefore, the relation between the {¢!,} and {¢.,} is

;;b = 0420‘30‘404152 (5.14a)
f;b = 04304104404351 (5.14b)

Hence, the {¢?,} have the term (aa2a2a3) in common. Therefore, we can
) pb 12%3%4 )

write equation (5.12) as

BE = —B30, (a4BIFy) BY — 5302, (aliBiFy) B

+(B30% (ahBIFy) + B362, (a43Fy)) b
(5.15)

12

b (G43E) B + opy (G453 F ) BS
— (04 (@B Fy) + 62, (aiBFy)) B
where Fj; = [A;BjA4B4] is the fundamental matrix relating cameras A and

B. That is, we can find the {3}} up to an overall constant from the {07{},_ {51Y
and {@}}. To obtain our final equation we will expand the {¢;,} and {¢},}.

&ﬁz = [[A4X2Xf2)_(ﬁ>,]]
= aj (aralp — aPal?) [AsAiAw, Ar,] (5.16)
~ & /_\ili
with
Ny, = (ajzaly — ajal?). (5.17)

To simplify the final equation we make the following definitions.

F(r,s) = a.p Fy (5.18a)
=3 Fy (5.18b)
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Now we can write the {¢},} as

@b:@EJ@% (5.19a)
By = —a X F(21) (5.19b)

Therefore, equation (5.15) becomes
By =~ ayal My, (5.20)
with

ME=[ (F(L2)AL, B = F2,1) X2, 35) fhy (5.21)

iy
- (FL2)Nfh— FRD R fh) B

Note that since Mz’j can be calculated from the normalised image point coor-
dinates, it is scale invariant.

To our knowledge a collineation tensor which can be used instead of the
collineation matrix has not been derived before. Faugeras describes the method
which we followed to find M} [13], but he does not obtain a simple tensor to
perform the collineation projection. The advantage of calculating a collineation
tensor is that we do not have to perform any diagonalisations. The price we
pay is the higher computational cost of equation (5.20) compared to using a
collineation matrix.

5.3.2 Rank of M

Equation (5.20) seems to indicate that a collineation is a quadratic relation.
However, we know that 3% = a{ ¥ where U¥ is the collineation matrix. If we
take a closer look at the components of equation (5.21) we see that M is not
of full rank. Reordering the terms of equation (5.21) gives

MiIE = (F(1,2) ;3 7f - F(172) ]l‘)l i!;) ;\ClLZ

(5.22)
—(F(2,1) 5 3% — F(2,1) 5 55) X2,
Now, )’ ; is a linear combination of A7, and A7,. The relation is
\T 5[7% \T dz \7
)\a13 - _@32 )\all - 0_4732 )\ 12. (523)

T2 T2
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Therefore, the three matrices in indices %, j of MZ’; are of rank 2. Furthermore,
we can write equation (5.20) as

g~ ata' MF +a?a? ME, + ata? (ME, + ME)
(5.24)
+a' (Mfy+ M3)) + a® (MJ; + M5,) + a® M,

since @® = 1 by definition. Thus, if we perform a set of similarity transforms
on MZ such that the components MF,, MY,  MF, My, are zero, we can read off
the components of the collineation matrix from the transformed M. Such a
similarity transformation on MZ’; is possible because the matrices in indices 7, j
of Mi’; are of rank 2.

5.4 The Plane at Infinity

It will be very useful to see what the collineation of the plane at infinity looks
like. Without loss of generality we can set Ay = e4. Also recall that A; and
Ag are direction vectors, i.e. have no e4 component, by definition. Therefore,
the plane at infinity P,, may be given by

Py =A1NAN(As — Ay) (5.25)

Now that we have the plane at infinity we can also find an expression for the
collineation matrix associated with it. We want to project a point X* = oA,
on image plane A to image plane B under the P, -collineation. First we have
to find the intersection point X, of line L = A4;AX® with P...

X, = (A4NX*)V Py
= [AX] ((ALAA2AA5) — (A A AR AAy))
= Z([[A4X“A2-2A2-3]]Ail)—[[A4X“A1A2]]A4 (5.26)

= o Y [AsA;j AL AL Ay — o [ALAL AR A Ay

12

OéiAZ' — Oé3A4
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Now we need to find the projection le; of X, onto image plane B.

Xt = X,-B’ B,

~ (a' Ai-B7 —o® Ay-BY) B (5.27)
= (O/Kﬂb — a?’sia) B,
where K];b = A;- B/ is the 3 x 3 camera matrix minor of camera B, and

1, = Ay-B7 is the epipole of camera B and also the fourth column of the full
camera matrix®. That is,

K7P = [K%° €] ] (5.28)
From equation (5.27) it follows that we can write the collineation of P, as

W% = [K5° K KS° — <] ] (5.29)
where ¢ counts the columns. Then we can write, as before

F o~ al W (5.30)

for the projection of image point X* under the P..-collineation.

What does the P,-collineation describe geometrically? If X® is an image
point in camera A and X° is its projection under the P..-collineation, then
from the construction of the collineation it follows that the lines L, = A;AX*
and L, = B,A X" meet in a point on Ps. If two lines meet in a point on
the plane at infinity, they are parallel. Therefore, the P.-collineation tells us
which two image points X¢ and X° on image planes A and B, repectively,
correspond such that the lines A4,AX? and B4AX? are parallel. Obviously, this
tells us something about the relative orientation of the two cameras.

We can use our knowledge of the relation between W and the camera
matrix to find the depths of a set of world points whose projections are known
in both cameras, if we also know the projections of at least three pairs of
parallel lines. We will assume for the moment that for each point pair {a’, 37}
we also know (37, which is the projection of &’ under the Py-collineation. We

6The full camera matrix is given by K. jub = A,BJ. See [51] for details on camera matrices
and epipoles.
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will show later how the {32 } may be calculated. From the definition of the
camera matrix we know that

F =o' K'® + ate],. (5.31)
Furthermore, equation (5.30) may be rewritten as
BF o~ KP — alel (5.32)

First of all note the ~ symbol, which means that we cannot use this equation
directly. Secondly, we do not actually know the {a'}, {3'} and {e},} but only
the normalised coordinates” {&'}, {3’} and {&}_}, because in practical applica-
tions we find all our image point coordinates in the form {x,y,1}. Therefore,
we have to rewrite equations 5.31 and 5.32 so that they are independent of the
unknown scales. Equation 5.31 becomes

i (5.33)

P ami  —ipdb . —ad
— WK+ atp =al K + atey,
and equation (5.32) becomes

G _ B _a'K° -4,
o0 T o3 T Zifr3b _
P @RGP -1 (5.34)

—inj 73b _ 2j _ ~ifrib

Note that K%° = K9°/e3 . Subtracting equation (5.34) from equation (5.33)
gives

R3NP — BL) +a'F + B, = a'el, + &,
= aK(F - BL) P, = atE, — ) (5.35)
3b B’Z.O_Bj _Bgo_gia .

— — — — ;
’ 6]_8{)11 B]_gia

— a*=a'K je{1,2}.

The last equation may be written more succinctly as

at=a k- je{L2. (5.36)

"Recall that &' = a'/a? and similarly for the other coordinates.
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with

3
C{:ﬁoo p

3 g
Sl P Sk (5.37)

6J - 5{)& ﬁj - ggza
Since equation (?.36) has to give the same result for both j = 1 and j = 2
independent of K3P it follows® that ¢} = ¢? and ¢} = (3. Therefore, we will

discard the superscript of the (s in the following.

Equation 5.36 by itself is still not useful, since we neither know a* nor K3,
However, if we had some constraints on the depth components &* for a number
of points we could find K3P. Once K3 is known for a particular camera setup,
we can use it to calculate the (affine) depths for any point matches. Before we
show how K*P can be evaluated, we will take a closer look at how to find the

{5}

5.5 Vanishing Points and P,

Vanishing Point

Figure 5.3: The figure demonstrates that the projections of two parallel world
lines onto an image plane, are only parallel if the image plane is parallel to the
world lines. The intersection point of the projections of two parallel world lines
is called a vanishing point.

We mentioned earlier that the {37 } are the projections of the {a’} onto
image plane B under the P.-collineation. We can find the P.-collineation
matrix ¥ >, or tensor M *°, from the projection pairs of three points on P,
and the fundamental matrix.

8The (s are only equal for different j if the image points they are calculated from are
perfect. For real data they are not.
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If two parallel world lines are projected onto an image plane, their projec-
tions are only parallel if the image plane is parallel to the world lines. The
intersection point of the projections of two parallel world lines is called a van-
ishing point (see figure 5.3).

Two parallel world lines meet at infinity. In projective space P? this may
be expressed by saying that the intersection point of two parallel world lines
lies on P,,. Points on P, may also be interpreted as directions. Therefore,
intersecting a line with Py, gives its direction. In this light, a vanishing point
is the projection of the intersection point of two parallel lines. Or, in other
words, it is the projection of a direction.

If we knew three vanishing points which are projections of three mutually
orthogonal directions, we would know how a basis for the underlying Euclidean
space £ projects onto the camera used. This information can be used to
find the internal camera calibration [4]. Here our initial goal is to find the
relative camera calibration of the two cameras. We can then find an affine
reconstruction. To achieve this, we do not require the vanishing points to
relate to orthogonal directions. However, the more mutually orthogonal the
directions related to the vanishing points are, the better the reconstruction
will work.

5.5.1 Calculating Vanishing Points

Before we go any further with the actual reconstruction algorithm, let us take
a look at how to calculate the vanishing points.

Vanishing Points from Parallel Line Pairs. Suppose we have two image
point pairs {a',a’,} and {a’;,a’,}, defining two lines on image plane A,
which are projections of two parallel world lines. The vanishing point is the

intersection of lines L, and L, where

__\uTt . _\uTi
Lo= ML 5 L,=M\IL (5.38)
and
U — =13 =13 __ =13 =12 . vV o =12 =13 _ =13 =12
Aiy = @AQHL — a0en 5 AL = d00% — 0 A0 (5.39)

are the homogeneous line coordinates. Also note that Lt = A;, A A;, (see
chapter 3). Since lines L, and L, lie on image plane A we know that their join
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is simply J = A; AAyAAs. Therefore, J-! = ASAA?2AA'. The intersection
point X¢ of lines L, and L, is then given by

X2 = L,V L,

= (Lu (APAA27AY))-L

= 3 AN (A AAy)-(APAAPAAY))-(A;,AA;)
1,J1
(5.40)
= 3 ALY AT (A, AA)

11,J1

= Z (Ag, Aiy — A, Al Ay

_ 7 . A — vo\uU U U
- o A’L 9 auv - ()\22 Aig )\’ig )\’Lg)

uv

First of all note that the {a’, } give a point in P2 Since we defined A; and
As to be directions, the image point coordinates {z,y} in &% corresponding
to the {a } are found to be {a! a2 } through the projective split, where
al, =al, /a3 . Note that points Wthh lie at infinity in €% can be expressed

in P? by points which have a zero third component. Such points will also be
called directions.

The fact that points at infinity in £? are nothing special in P? shows an
immediate advantage of using homogeneous coordinates for the intersection
points over using 2D-coordinates. Since we are looking for the intersection
point of the projections of two parallel world lines, it may so happen, that
the projections are also parallel, or nearly parallel. In that case, the 2D image
point coordinates of the vanishing point would be very large or tend to infinity.
This, however, makes them badly suited for numerical calculations. When
using homogeneous coordinates, on the other hand, we do not run into any
such problems.

A Closer Look at Vanishing Points. It will be instructive to see what the
homogeneous intersection point coordinates look like for certain sets of lines.
We rewrite the {a’ } from above as

al, = AN AN = ’ild}]Qdi”dl—’if;Qdel (5.41a)

uv

uv d2 d2
b = AN - AN = dld) (dl dl) (5.41c)

u
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with
—9 —9
a a
1 =1 _1 2 _ =2 —9 3 _ Qo ul
dy =0 — Qo dy =0y —apy; dy = == — == (5.42a)
au? aul
a? a?
1 -1 _1 2 _ -9 ~9 3 _ Qo vl
dy =0y —Qu; di=07 —aly; dy=— — = (5.42b)
Qo ]

d! and d? define the direction of the line L, in £2. Hence, d., = 0 if L, is
parallel to Ay, and d2 = 0 if L, is parallel to A;.

a? /al, gives the gradient of the line from the origin of £* to the point
{al,,a%,}. Therefore, d® gives the difference in gradients between the lines
passing through the origin of £* and {al,,a2,} or {al,,a2,}, respectively.
Hence, d3 = 0 if the line L, passes through the origin of £2.

Now we can see the effect of some special cases of line sets {L,, L, } on the
homogeneous coordinates of their intersection points.

1. If L, and L, are parallel then o2 = 0. That is, the homogeneous
coordinates of their intersection point are of the form {z,y,0}.

2. If L, and L, are both parallel to the A; direction, i.e. a?; = a2, and
a?, = a2, then d2 = d> = 0. Thus, the intersection point of L, and L,
in homogeneous coordinates is of the form {x,0,0}.

3. If L, and L, are both parallel to the A, direction, i.e. al;, = al, and
al, = aly, then d) = d! = 0. Then the intersection point of L, and L,

in homogeneous coordinates is of the form {0,y,0}.

4. If L, and L, both pass through the origin of £2, i.e. the principal point of
the image plane, then the homogeneous coordinates of their intersection
point are of the form {0, 0, w}.

From these special cases it becomes clear that if we knew three vanishing points
on image plane A of the types 2, 3 and 4 from above, and also knew how these
vanishing points project onto image plane B, we would know the 3 x 3 camera
matrix minor K7 ° of camera B. This may be seen as follows.

A Special Set of Vanishing Points. Let {a’, 37} be three sets of matching
vanishing points in cameras A and B. That is, the direction that projects
to ol A; on camera A, projects to 32 B; on camera B. Now suppose that
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o ={a},0,0}, o = {0,03,0} and o} = {0,0,a3}. Then we can write

Bl = al A-B

ﬁ]

<~ =A,-B
an

Note that this calculation does not give the internal calibration of the cameras.
It only tells us how the two camera frames are related. However, if we take
the {A4,} frame as the world frame and if we furthermore knew the correct
scale of the epipole on camera B, we could use it in conjunction with K];b
to find the depths of image point matches in the A-frame. The problem with
this approach, apart from the unknown scale of the epipole, is that vanishing
points of the form needed are hard to obtain in real life situations.

Vanishing Points from Multiple Parallel Lines. Above we described
how to find a vanishing point from the projections of two parallel world lines.
In practical applications the lines will only be known with a finite precision
and will also be subject to a measurment error. Therefore, we could improve
on the quality of a vanishing point if sets of more than two parallel lines are
known. In particular, the vanishing point quality is improved if these parallel
lines are taken from varying depths within in world scene.

How can we find the vanishing point of more than two projections of parallel
lines? Let the {L,} be a set of N projections of parallel world lines onto image
plane A. We are looking for the point X, that is closest to the intersection
points of all lines. X, is an intersection point of all lines {L,,} if L,AX, = 0 for
all n. That is, finding the best vanishing point means minimising a measure ¢
which is given by

2= ((Ln/\Xv)-Pa‘l)2 (5.44)

n

where P, 1 = (A;]AA3AA3)7L. Note that if L,AX, is not zero, it gives a scalar
multiple of P, = A;ANAyAAs. That is, in general we have L,AX, = 7, P,,
where 7, is a scalar. The closer X, is to line L,, the smaller is 7,,. Since
we are interested in minimising 7,,, we take the inner product of L,AX, with
P!, which cancels the P, and leaves us with 7,,. We then take the sum of the
squares of 7, for all n to obtain an overall quality measure.
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Let L, = \; L\ and X, = o' A;, then

(Ln/\XU)P(;l = Z)\mlaf) ((A,Q/\Am)/\A])Pa_l
i1,]

= A ah (A AANAZ)- (AN AP NAY)) (5.45)

_ i
= )\ni «,,

The above expression is equivalent to taking the inner product of vectors® I, =

Doty A2y Ans] and @ = [a, a2, 03], If we define a matrix A = [I1, 1, . . . ,TZLN],
then ¢ has to minimise the length of the vector £ given by

E=Av"T (5.46)
£€is related to the measure €2, which we try to minimise, via

e2=e%=7 (ATA) 7T (5.47)

To find the best v we can now simply perform a Singular Value Decomposition
(SVD) on the matrix A> = ATA. This will give us the ¥ that minimises A? 7"
and thus minimises £2. That is, we found the best fitting vanishing point in
homogeneous coordinates, in the least squares sense.

Note that in [3] vanishing points are found as 2D-image point coordinates,
which means that only parallel world lines can be used that are not parallel in
the image. In [4] the projections of at least three parallel world lines have to be
known to calculate a vanishing point. The implementation of our algorithm
switches automatically between finding a vanishing point from two parallel
lines, and calculating it from multiple parallel lines, depending on how much
information is available.

5.5.2 U or M from Vanishing Points

Now we return to our reconstruction algorithm. We discussed vanishing points
since they are projections of points on P,,. If we know three vanishing point
matches over cameras A and B and the epipoles, we can calculate the P.-
collineation matrix ¥ >, or tensor M *°. Once we have ¥ > or M *° we can

9We use here the notation with the arrow above a letter to describe a vector in some
orthonormal frame. This notation is used to distinguish these vectors from vectors in £3.
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find the projections of some image points {a’} on image plane A, onto image
plane B under the P,.-collineation. That is,

2k —1 k oo k ~i =j k oo
Yoy, Uheo or B oo = Oy, 0 M3 (5.48)

We can now use the {3} to find the {¢,} for equation (5.36). It is worth
repeating this equation.

di - 5‘; K% b Cln - CQn (549)
with
37 _ BJ' 35 _ gg
=B Gy = e (5.50)
n — Epa n T Sha

where j is either 1 or 2.

5.6 The Reconstruction Algorithm

Now that we have found M > and thus can calculate the {¢,} from equation
(5.49), we can think about how to find the correct depth values for the image
point matches {a’, 37}

We will perform an affine reconstruction. That is, we reconstruct in the
frame of camera A. When we plot our final reconstructed points we will as-
sume that the A-frame forms an orthonormal frame of £3, though. However,
we do not need to assume anything about the frame of camera B, since we will
find the translation, rotation and internal calibration of camera B relative to
camera A. To find the internal calibration of camera A relative to an orthonor-
mal frame of £, we would need to know the projection of this orthonormal
set of directions onto camera A [4].

We have already found sets of parallel lines to calculate vanishing points. We
can reuse these sets of lines to constrain the depth values found with equation
(5.49). In particular, we will regard the { K3®} as free parameters. If we now
take the image point matches that define the projections of two parallel world
lines, we can use this extra information to constrain the {K3P}. That is, we
vary the free parameters until the reconstructed points define a pair of parallel
world lines again.
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Figure 5.4: This figure shows the geometry behind equation (5.49). A point
X is projected onto cameras A and B, giving images X, and Xj, respectively.
Projecting X, onto image plane B under the P.-collineation gives Xp°. We
choose Ay to be the origin of £3. K3P gives the components of A;, Ay and A3
along Bjs.

5.6.1 The Geometry

Before we start developing an algorithm to find the best {K3®} we should
understand what varying the free parameters means geometrically. In figure
5.4 we have drawn the geometry underlying our reconstruction algorithm.

Ay and By are the optical centres of cameras A and B, respectively. We
have also chosen A4 to lie at the origin of £3. Recall that A;, Ay and By, B,
are direction vectors in P3. We have drawn these vectors here as lying on the
image planes to indicate this.

A world point X is projected onto image planes A and B giving projections
X, and X, respectively. X;* is the projection of X, onto image plane B under
the P.-collineation. Also, Ej, is the epipole of camera B.

Now we can see what the {(in, (2} components from equation (5.49) ex-
press.

o = 3 — 3 gives the ratio of the distance (in x or y direction)
In = B — 5Za between X and X3, and X, and Ej,.

Con = 3 — 5"{;& gives the ratio of the distance (in x or y direction)
n = B — gia between X;° and Ey,, and X, and Ej,.

Some Special Cases.

1. If X = Xp° then X is a point on P, for example a vanishing point. In
this case ({, = 0 and (J,, = 1. Hence, equation (5.49) gives a} = —1.
From equation (5.5) it follows that this does indeed give a point on P...
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Suppose we move a world point
X along a line towards Ay (see
figure). In that case, X, and
X;° will stay constant, but X,
will move towards Fp,. There-
fore, ¢/ — oo and ¢, — oo,

7/

. and thus a* — oo (from equa-
X [Xb tion (5.49)) and & — 0. That
£ 5 is, in the limit that X = A4, X

4

will be reconstructed to lie at
the origin, which is Ay.

3. Now suppose we move a world
point X along a line towards
By (see figure). Now X, will
stay constant, whereas X, —
Eq. and X;° — Ep,. There-
fore, ¢, — —1 and ¢, —
0. In the limit that X = B,
we have X, = E, and thus
equation (5.49) gives &l =
—&', K3P. That is, we have
found the position of B, in the
A-frame.

The equation for the projective depth of the {&!,} given above can also be
derived as follows.

B4 = B4'Au AN = 551) AM

= By-Bi=¢" A, B

(5.51)
= 0=y Kib; KiP=A, B
4 K5
= €w = Ca b
K)°

What we have done here is first to express B, in the A-frame. Then we project
By onto image plane B. In the third line we use the fact that B,-B’ = 0 by
definition. The resultant equation has to be valid for each j € {1,2,3}. If we
choose 7 = 3 we can write

gl =&, K3 (5.52)
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The Meaning of the Free Parameters. Let us return to figure 5.4.
Recall that K3° = A;-B?, that is, it gives the components of the {A;} along
Bs. Therefore, varying the {K3P} means that we are moving Bs, which is
the principal point on image plane B. Since X;° cannot change when we
vary K3P the relation between Bz and By is fixed. Thus, changing Bz means
changing B,. In this respect, finding the correct {K?3P} means finding the
correct translation of camera B relative to camera A. The relative rotation
has already been fixed through finding P,..

However, it is the relative sizes of the {K3®} that are really important.
An overall scale factor will only change the depths of all reconstructed points
simultaneously. Therefore, we can fix the depth of one image point, to fix the
scale of K3P.

5.6.2 The Minimisation Function

We mentioned before that we will use our knowledge of parallel lines once
again to constrain the {K%P} from equation (5.49). Let L% = X% A X%, and
Lj = X3 AX7, be the projections of two parallel world lines onto image plane
A. In general we define world points and their corresponding images on image
plane A as

XUT‘ = dgrAM ) Xgr = @ZrAi
red{l,...,n}. (5.53)
XUT = dgrAM ) Xgr = @irAZ

Furthermore, if we know the image points on image plane B corresponding
to X%, X%, X% and X7, and we have found M *°, then we can calculate
the corresponding (s from equation (5.50). Equation (5.49) will now allow us
to find the projective depths for X9, X2, X9, and X,. Therefore, we can

ul» u2) v

calculate the world lines L, = X, 1 AX 2 and L, = X ;1 A X 2.

Now, we know that L, and L, are supposed to be parallel, which means
that they have to intersect Py in the same point. This will be the constraint
which we will use to find the correct {K3P}. Let X° and X be defined as

X =L,VPy; X =L,V P. (5.54)
Lines L, and L, are parallel iff

XPAXP =0 (5.55)
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Instead of using this condition we could also project L, and L, into £, and
then check that they are parallel. However, projecting into £2 means dividing
through by the projective depth, which means that our free parameters are
now in the denominator of a minimisation function. Apart from creating a
minimisation surface with singularities, the derivatives of such a minimisation
function will be more complicated and thus cost more computing time.

Finding the minimisation parameters. We will now derive an expression
00 ~1 ~1
for X2° in terms of the {a!,, ay}.

X>* = L,V Py=(aal, AyuNA,)) V Py

= (A, A AAL) VY (AAARN (A5 — Ay))

12

= Y ( [A,, Ay AL Ag] As + [Au, Ay AsAr] Ay

M2

+[ A Apn A2 As]] Al)

(5.56)
= X ([An A AL As] Ay + [A, Ay, AsA] Ay
+[ A A A Ad] Ay)
o (A + Y Ar 4 (Vg + AY) Ao + Ny (A — Ay)
= X, A®
where
Xo = (N + A s Au L, = ahtan — alals, (5.57)
and
AR =A; 0 AP =Ay; AP = As— Ay (5.58)

The free parameters we have are the {K%°}. To make future equations
somewhat clearer we will define ¢; = K3P. Hence, equation (5.49) will be
written as

= Q5 Cin i = Con- (5.59)
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Substituting equation (5.59) into equation (5.57) gives

i o .

X = Quy Qyy — Qi Qg + Gy — G
= aly (@ Gz ) — Coun)
o (@1 G ©; — Coul) + Qlyy — Oy (5.60)
= <C1u2 aly Oy — Clut iy O_Cil) P
Fai (1= Guz) — a4n (1 — Gour)
This equation may be written more succinctly as
Xu = Dy ¢; +p, (5.61)

with

D = (up @l &y — (11 Ly O
(5.62)
pz = @21 (1 - <2u2) - 6['22 (1 - CZul)

The reason for defining the { D%} and {p’,} is, that they can be calculated for
every parallel line pair available before we minimise over the {¢;}. In this way
we reduce the calculation time at each minimisation step.

Recall that lines L, and L, are parallel iff X;°AX2° = 0. We can now write
this expression in terms of the {x'}.

XPAXZ = (X, AZ)A (X AY)
= D (X2 XX AR NAY (5.63)
11
= AWLL; L =APNAY

with

A;le = X;Lf X;s _ X:LILS X? (564)
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Each of the {A}} has to be zero if X;°AX° = 0. Therefore, from an analytical
point of view, the expression we should try to minimise for each parallel line
pair { L, L,} is

3
A" o — 3 (AW, (5.65)

=0

Improving computational accuracy. However, for a computer with finite
floating point precision, this equation poses a problem. The culprits in this
case are the {x'}. Recall that they give the direction of a line in homogeneous
coordinates. Before they are used in equation (5.64) they should be normalised
to improve the precision of the equation on a computer. We normalise the {x’ }
in the following way.

)

Xu

Ry .
Therefore, the minimisation function we will use is
3 ~
AW gy 3 (A (5.67)
=0
where
Asr =i X — R (5.68)

Since the {x’} are normalised it might seem possible on first sight to use
as minimisation function

3

A" — Y (N, — X)) (5.69)

=0

This would be faster to calculate and also have much simpler derivatives. How-
ever, this equation is sensitive to an overall sign change of the {{'}, but we are
only interested in whether two lines are parallel, not in whether the vectors
that define them point in the same or in opposite directions.

The derivatives. The derivative of A"’ is computationally not a particu-
larly expensive expression. Therefore, we can use a minimisation routine that
also uses the derivatives of the minimisation function. This will make the
minimisation process more efficient and robust.
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The partial derivatives of the {{} are

) Dir ) k Dkr
Do, X = o X 2k O D) (5.70)
>k (X))’ vk (X5)?
and the partial derivatives of the {A*} are
O ALY = (0, X)X+ X2 (O, 1) = (9, X)X — R (B, 12)- (5.71)

Now we can calculate the partial derivatives of the minimisation function A",
3
Dpy A" =23 ( A“” Oy A“” (5.72)
=0

Implementing the depth constraint. At the moment the minimisation
function A" depends on three parameters: the {¢;}. However, we mentioned
earlier that we can fix the depth of one point. This will reduce the number of
free parameters to two.

If we choose to fix the depth of point X, it follows from equation (5.59)
that the following condition must hold.

0 = Gu dil ©i — Coul — Qi
(5.73)
= &1 Wi — Wul
with
gil = Cl ul 5[,21 ) Wyl = C2u1 + O_éil (574)

With regard to equation (5.5) a good choice for a2, is —0.5, which means that
&3 = 2. However, if the point we chose to fix has a much larger depth value
than the other points we are trying to reconstruct, then some points may be
reconstructed to lie behind the optical centre. In this case, we will invariably
get a bad reconstruction.

We can rewrite equation (5.73) as

)

gzin v =1; 5431 = ~ul (5.75)

ul
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Of course, we have to make sure that w,; # 0, which means we have to be
somewhat careful with the choice of a?;.

Our minimisation routine should only search over that parameter space
where equation (5.75) is satisfied. We can achieve this by reparameterising the
equation.

E (M +nd+rnd)=1; =1 (5.76)
with

I 5.17)
and

Ea®i=0; §07=0; &0/ =1 (5.78)

We have replaced the {¢;} with the {r;}. Therefore, {7, 72} are now the free
parameters, while 73 is fixed at unity.

The question now is how we can find the appropriate @i matrix. First of
all we can set the vector ®3 to be the inverse of the vector &;.

wo_E SN

) 3 _
ul (I)z -

: 1 u (5.79)
> (E)? > (Gn)?

We find the remaining first two rows of ® with the help of an SVD. We do
this by creating a 3 x 3 matrix H whose three rows are all given by ®?. That
is, H = [®3, &3, ®3]. Therefore, H is of rank 1 and has a nullity of 2. Applying
an SVD to H will find a set of three orthogonal vectors, two of which span
the null space of H, while the remaining one is just a scaled version of ®3. We
first should find that scale and apply it to H. The null space of H is exactly
the space we want our minimisation routine to search over. Hence, we set ®;
and ®? to be the correctly scaled null space vectors found with the SVD. This
satisfies equation (5.78), and therefore equation (5.76) will stay unchanged
when varying 7, and 7.

Image Point Normalisation. Before we can calculate the collineation
tensor for the P..-collineation we have to find the fundamental matrix (F) for
the two views (see equation (5.21)). For the calculation of the F' we cannot use
the pixel coordinates directly, because they are typically too large to obtain
good accuracy in our numerical calculations. This is also true for all other
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calculations performed here. Therefore, we need to scale the image point
coordinates so that they are of order 1.

In [26] Hartley suggests that the scales and skews applied to the image
point coordinates are found in the following way. The skew is given by the
coordinates of the centroid of all image points. Then the average distance of
the skewed image points from the origin is calculated. The inverse of that
distance gives the scale.

This is a good method if we just wanted to calculate F'. However, it turns
out that for our purposes such a scaling is not suitable. In fact, we found it
is important to conserve the aspect ratio of the images (separately), and to
ensure that the origin of the image plane is chosen in the same way in both
images.

We choose the image plane origin to be in the centre of each image plane
and then scale the image points by dividing their x and y coordinate by the
image resolution in the z-direction. This preserves the aspect ratio.

Calculating the Fundamental Matrix. In recent times a lot of effort has
gone into the analysis of the fundamental matrix (F') and the trifocal tensor
(T'), in order to find constraints so that they may be calculated as accurately
as possible [26, 24, 39, 48, 14, 17, 32]. However, as our experimental results will
show, calculating an optimal F' does not seem to be of high importance for our
reconstruction algorithm. In retrospect this will justify the simple calculation
method we use for F.

We calculate F' with a simple SVD method by writing the components of
F as a column vector f. If we have N point matches {&’, 3"} then the F' we
look for has to satisfy

ol B Fy =0, (5.80)
for all n. In matrix notation this can written as

Af = (5.81)

aift e ai B aif ... aify

~17 ~122 =133 =27 ~3 23
a221 O‘é 5 Qg 3 042621 e @y By

S
Il

(5.82)

ay By anBy anBy ok By .. ak By
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For real data there will typically not be an F' that satisfies equation (5.80)
perfectly. Therefore, what we try to calculate is the F' that satisfies these
conditions as well as possible. This is equivalent to finding the vector that has
the least influence on the range of A. This can be achieved by performing an

SVD on A.
A=UDVT, (5.83)

where U and V' are orthogonal matrices and D is a diagonal matrix [53]. The
column vector in V' that corresponds to the smallest diagonal value in D is the
f that we are looking for. Note that at least nine point matches have to be
known to find F' in this way.

As was shown in chapter 3, F' is of rank 2. An F found with the above
method from real image point matches, usually does not satisfy this constraint.
An indication that the image point matches are particularly bad is that there
are two or more diagonal values in D of the same order of magnitude.

A linear method to enforce the rank of F' is to project the initial F' to the
nearest F' that satisfies the rank constraint. This may be done by performing
an SVD on F,i.e. F'=UDVT, then setting the smallest diagonal value in D
to zero, and recalculating F' = UDV7T with the changed D. However, this did
not have any significant effect on our reconstructions.

5.6.3 The Minimisation Routine

We used a modified version of the conjugate gradient method to perform the
minimisation. This modified version is called MacOpt and was developed by
David MacKay [45]. It makes a number of improvements over the conjugate
gradient method as given in [53]. We will list the most important modifications
in the following.

e The initial step size in the line minimisation as given in [53] may be
too big, which can result in a lot of wasted computing power. MacOpt
rectifies this in two ways:

1. the initial step size of any line minimization is inversely proportional
to the gradient,
2. the constant of proportionality is adopted during the minimisation.

e MacOpt uses the gradient information also for the line search. In this way
the line minimum can be bracketed with only two gradient evaluations.
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e MacOpt does not evaluate the function at all, but only uses the gradient
information.

e The general purpose minimiser in [53] gives very high precision in the line
minimisations, which is actually not necessary. MacOpt only brackets
the minimum and then guesses where it is by linear interpolation.

To optimise the minimisation process we calculate the { D%} and {p'} from
equation (5.62) for each parallel line pair, before we start MacOpt. During
the minimisation process we can then calculate the {x'} quickly with equation
(5.61). Unfortunately, we cannot precalculate anything else because of the
normalisation of the {x‘} which we need to perform.

MacOpt assumes that the minimisation surface is fundamentally convex
with no local minima. However, our surface is not of that shape. It turns out
that the success rate of finding the absolute minimum can be improved if we
first use the unnormalised ys to step towards the minimum, and then use the
normalised ys to find the minimum with high accuracy. This is because the
minimisation surface for the unnormalised ys is of a convex shape, whereas
the minimisation surface for the normalised xs has a number of local minima.

The problems that may occur with MacOpt and a general discussion of
the minimisation surface, in particular with relation to the reconstruction,
is demonstrated by the program MVT. This program can be found on the
enclosed CD or can be downloaded from C.Perwass’ home page. For more
details see appendix A.
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5.7 Experimental Results
We can now outline the structure of our reconstruction algorithm.

Step 1: We find point matches and sets of projections of parallel
lines over the two images.

Step 2: We calculate three vanishing points and the fundamental
matrix. This allows us to find the P, -collineation matrix
W > or tensor M *°.

Step 3:  We select a set of parallel lines that we want to use to
constrain our minimisation. Note that one pair of parallel
lines may be enough. More pairs do not necessarily im-
prove the result, since they may not be consistent due to
erTors.

Step 4: The image points on image plane A which define the cho-
sen parallel lines are projected onto image plane B under
the P,.-collineation with W > or M *°.

Step 5: We can now find the { X3P} by minimising equation (5.65)
or equation (5.67).

Step 6: Once we have found K?2® we can use it in conjunction with
U > or M *° in equation (5.59) to reconstruct any other
image point matches for this camera setup. Note that this
method of finding the image point depths saves us from
performing an additional triangulation [25], which would
be necessary if we first calculated the camera calibrations
explicitly and then tried to find the image point depths.

Note that we have used M *° instead of ¥ > for our calculations. This
was done to avoid the problem of numerical instability when calculating ¥ *°
through a matrix diagonalisation.

Figure 5.5 shows the data that has to be known and calculated as input
to our minimisation routine. The image points and parallel line indices are
the source data. The latter index which image point pairs form parallel lines.
The inputs to the minimisation routine are the image points, the parallel line
indices, the epipoles and the image points projected through the plane at in-
finity. The fundamental matrix and the vanishing points are only intermediate
calculations to find M *°. M *° is also only needed once to project the image
points on image plane A onto image plane B under the P,.-collineation.

There are quite a number of factors that influence the reconstruction. These
are shown in figure 5.6. We can distinguish between two types of influences:
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Figure 5.5: Data needed for calculation of K
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Figure 5.6: Influences on the reconstruction. Red, rounded boxes show those

influences on which we have no influence whereas green, square boxes indicate

choices that can be made.
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those on which we have no influence once we are given our source data (i.e.
image points and parallel lines), and those which depend on how we deal with
the source data. The former are indicated by red, rounded boxes and the latter
by green, square ones. The pointed boxes indicate the calculations which we
need to perform before we can start the minimisation routine.

If we have real data we can only try to improve the reconstruction by varying
the choice of parallel lines, the choice of vanishing points and the method of
calculation of the fundamental matrix and the epipoles. However, if we use
synthetic data, we have a handle on all influences shown.

5.7.1 Synthetic Data

IS

Figure 5.7: The synthetic data was created from projections of the
house onto the cameras.

To test the quality of the reconstruction algorithm we use synthetic data.
One big advantage of using synthetic data is that we can get a geometric
quality measure of the reconstruction. Also if an algorithm fails with perfect
synthetic data, it is clearly unlikely to work with real data.
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The lower picture in figure 5.7 shows a house with three cameras. The three
smaller pictures on top show the projections of the house onto the three image
planes. The house consists of 18 vertices, which were all used in our calcu-
lations. We performed two trials: trial 1 uses an orthogonal set of vanishing
points. Trial 2 uses two orthogonal vanishing points but the third vanishing
point is found from the two lines on the roof which are vertically sloping and
closest to the camera. In each trial we also tested two camera configurations:
the camera to the very left and the very right, and the two cameras which are
close together. The former will be called the far cameras and the latter the
close cameras configuration.

Recall that we can and, in fact, have to fix the depth of one point. Since we
know the true points we can set this depth to its true value. Also remember
that we perform our reconstruction in the frame of one of the cameras. But
we also know this frame and can therefore transform our reconstructed points
to lie in the appropriate frame. The reconstruction obtained in this way can
then be compared directly with the true object.

In our experiments we added a Gaussian error with a mean deviation be-
tween 0 and 12 pixels to the image points. The camera resolutions were
600 x 600 pixels. For each setting of the mean deviation of the induced error
we calculated the {K3°} 100 times, each time with different errors, to obtain
a statistically meaningful result. Each calculation of the { K?3"} can be used
to reconstruct any image point matches in the two images. Therefore, we pro-
jected the house again onto the two image planes, again introducing an error
of the same mean deviation. These image points are then reconstructed and
compared with the true points. This was done 20 times for each calculation
of the {K3P}. This way we obtained a separation of the calibration and the
reconstruction.

The quality measure of a reconstruction is given by the root mean squared
error between the locations of the reconstructed points and the true points.
That is, we take the root of the mean of the sum of the distances squared
between the true and the reconstructed points. We evaluated the RMS error
over the 20 reconstructions for each calibration (i.e. calculation of the { K3®}),
and also over all calculations of the {K?%"} for each mean deviation of the
induced error. The former will be called the “RMS/Trial” and the latter the
“Total RMS”.

Figure 5.8 shows the results when using an orthogonal set of vanishing points
and figure 5.9 when using a non-orthogonal set, as described above. Note that
the y-axis has a log;, scale. The length of the house is 2 units, its total height
1.5 units and its depth 1 unit. The results for the close cameras configuration
are slighty displaced to the right, so that they can be distinguished from the
far cameras setup.
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Figure 5.9: Comparison of reconstruction quality for second trial.
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The first thing we can see from the graphs is that as the induced error
increases over 6 pixels we start to get error configurations where the algorithm
breaks down. This can be either due to the minimisation getting stuck in local
minima or because the absolute minimum is at a wrong position. The latter
is possible since the minimisation surface depends on M *° and F.

Furthermore, it can be seen that the far cameras configuration is more
immune to induced errors than the close cameras configuration. Also the
non-orthogonal set of vanishing points fares worse than the orthogonal one.
Curiously, in trial 2 the far cameras configuration is worse than the close
cameras configuration.

In general it can be seen, though, that an error with a mean deviation of up
to 5 pixels still gives acceptable reconstructions. It might seem odd, though,
that if some error is introduced into the image points, the reconstruction can
actually be better than with no noise at all. This is because even if no ad-
ditional error is applied, there is still an error due to the digitisation in the
cameras. Particular configurations of induced error can compensate for that
by chance. However, the figures also show that the probability of the added
error improving the reconstruction is about as high as making the reconstruc-
tion worse (relative to the total RMS). Nevertheless, this fact supplies us with
an interesting idea: we might be able to improve our reconstructions from real
data by adding noise to the image points. Since our calibration algorithm
is very fast it seems feasible to employ maximum entropy methods. We will
discuss this in future work.

Recall that we have calculated F' with a simple method which does not
enforce the rank 2 constraint on F. Nevertheless, the reconstruction quality is
quite good, which seems to indicate that a highly accurate F' is not very im-
portant for our algorithm. Of course, using a fully contraint /' might improve
the results.
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Figure 5.10: Initial images with parallel lines used for the calculation of the
vanishing points and minimisation function indicated.

EﬂMamWaw - SchachZz B... H=1F3

Figure 5.11: Reconstruction of the chessboard (Schachbrett).
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5.7.2 Real Data

The real test for any reconstruction algorithm is the reconstruction of a real
world scene. Figure 5.10 shows two views of a chessboard which we used for
reconstruction'’. The original images had a resolution of 1280 x 960 pixels.
The lines indicate the parallel lines used to calculate the vanishing points.
The two sets of parallel lines on the front of the chessbox were used in the
minimisation routine. The fundamental matrix used was calculated from 13
point matches. The resultant reconstruction!! can be seen in figure 5.11.

The different views of the reconstruction show that the chessbox was recon-
structed quite well. However, the chessboard is not really square. Remember,
though, that this is only an affine reconstruction drawn in an orthonormal
frame. That is, we assume that the camera frame is orthonormal. Further-
more, we have only used two line pairs and one line triplet to find three van-
ishing points, of which only two relate to orthogonal directions in £3. The
reconstruction might be improved by exploiting all the parallel lines available,
of which there are many on a chessboard.

Also note that the front side of the chessboard is reconstructed very nicely,
at a proper right angle to its top side. The chess figure, which can be seen best
in the bottom left hand view of figure 5.11, is not reconstructed particularly
well. This is because it is very difficult to find matching point sets for round
objects.

5.8 Conclusions

We have presented here an algorithm for the affine reconstruction of 3D scenes
from two static images. The information we need is firstly point matches over
the two images, and secondly at least three sets of parallel lines. From this
information alone we implicitly'? find the internal calibration, rotation and
translation of the second camera relative to the first one. This allows us to
perform an affine reconstruction of the scene. Assuming that the three sets of
parallel lines are mutually orthogonal we could also find the internal calibration
of the first camera.

Our algorithm is clearly not automatic. This is because apart from the point

10These pictures were actually taken by C.Perwass’ father, in a different country, with
equipment unknown to the authors. They were then sent via email to the authors. That is,
the only thing known about the pictures to the authors, are the pictures themselves.

"' This and other reconstructions, as well as some more analysis of the reconstruction
algorithm are demonstrated by the program MVT. See appendix A.

12Future work will look at how these entities can be found explicitly.
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matches, combinations of vanishing points and parallel lines can be chosen
freely. Also the information that certain lines in an image are actually parallel
in the world, is a knowledge-based decision that humans are easily capable of,
but not computers.

Advantages of our algorithm are that it is fast and that the reconstruction is
robust for a particular calibration. On a PentiumlII/233MHz under Windows
98 it took on average 160ms for a calibration (10000 trials). This time includes
updating of dialog boxes. In an optimised program this time could probably
be reduced to less than half. Robustness of the calibration depends mostly on
the set of vanishing points used. The more similar the directions the vanishing
points describe are, the less robust the calibration is.

We believe that apart from presenting an interesting affine reconstruction
algorithm we have also shown that GA is a useful tool which allows us to gain
geometric insight into a problem.
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Conclusions

I give you now Professor Twist,

A conscientious scientist.

Trustees exclaimed, “He never bungles!”
And sent him off to distant jungles.
Camped on a tropic riverside,

One day he missed his loving bride.

She had, the guide informed him later,
Been eaten by an alligator.

Professor Twist could not but smile.
“You mean,” he said, “a crocodile.”

“The Purist”, Ogden Nash, 1938.

We have presented here not only some new results but have also shown how
the GA approach to Computer Vision can simplify and unify the mathematical
expressions and concepts. This was possible because GA gives us a “behind
the scenes” look. That is, we do not just work with coordinates, as in the
standard tensor method approach, but with the underlying geometry. The
best example of this is probably that the complicated “p-relations” [32] follow
from the geometric fact that the intersection point of a line with a plane, lies
on that line (see equation (4.49), page 83).

Using GA to work in projective space is intuitive to us because we can in-
terpret all algebraic objects as points, lines or planes and intersections thereof.
However, points, lines and planes are just convenient interpretations of linear
spaces, which is what GA is really all about. The power of GA is derived from
the outer product and the extension of the scalar to the inner product. The
outer product basically adds two linear spaces if they are linearly independent.
The inner product, on the other hand, subtracts two linear spaces, if one is
contained in the other. That is, apart from adding and subtracting linear de-
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pendences, as in standard vector algebra, we can also add and subtract linear
spaces in GA.

A geometry is generally defined through a set of elements and an intersection
operation which acts on them. In this respect, GA does not immediately seem
to be a good candidate to describe a geometry. However, an intersection
operation can be defined in terms of the inner and outer product, and is called
the meet (see definition 3.9.1, page 59). Therefore, we have all the necessary
prerequisites to describe projective, affine and Euclidean geometry with GA.

A particular feature of our description of projective geometry is that we use
frames and reciprocal frames throughout. We showed that a reciprocal vector
is the dual of a plane. Reciprocal vectors therefore enabled us to express
intersections between planes very concisely (see equations (3.54) and (3.55),
page 62).

This particular use of reciprocal vectors formed the basis of our unified
treatment of multiple view tensors. In chapter 4 we showed that the funda-
mental matrix can be understood as the projection matrix of a line onto an
image plane (see equation (4.20), page 75).

The affine 3D-reconstruction algorithm we presented in chapter 5 is a direct
result of the additional geometric insight we gained on the collineation of the
plane at infinity (W °°) by using GA. There we expressed ¥ *° in terms of a
camera matrix (see equation (5.29), page 115). Together with the collineation
matrix or tensor this enabled us to obtain a reconstruction equation with just
two free parameters. The result of this analysis was a fast and robust affine
reconstruction algorithm.

In conclusion we can say that we have presented new results in geometric
algebra, in projective geometry, in the analysis of multiple view tensors and in
the field of (affine) 3D-reconstruction. We believe that this thesis has shown
clearly the advantages gained when using GA, but apart from that has also
provided new insights and tools for Computer Vision research.
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6.1 Summary of Important Results

In the following we will summarise the most important or useful results.

6.1.1 Geometric Algebra

Definition 2.3.1 (p.20) Let p,v € Pyn, then the outer product of reduced
basis blades e, e, € G" is written e, Ae, and defined as

epe, fpnv=>0
epNey, =

0 otherwise

Definition 2.3.4 (p.23) Let u,v € Pyn, then the inner product of reduced
basis blade e,,e, € G" is written e, -e, and defined as

ey, ifpNuv#0and

po0<|pl <y
€u-ey = nunNv =

v 0< v <yl

0  otherwise

Theorem 2.3.1 (p.21) Let y € Pyn, 7 € Nyn and hence e,,e, € G". Then
the outer product between e, and e, can be written as

e Xe, if |p| is even or zero
euNe, =

e xe, if |p| is odd

Theorem 2.3.2 (p.23) Let p € Pyn, r € Nyn and hence e, e, € G". Then
the inner product between e, and e, can be written as

e xe, if |p| is even or zero
eu-er =

e, Xe, if |u| is odd
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Theorem 2.4.2 (p.28) The cyclic reordering property. Let A, B,C € G" be
three general multivectors. Then

(ABC)) = (CAB)

Lemma 2.5.2 (p.34) Let a,b € V" and Ay € G". Furthermore, assume that
A<k>/\a # 0 and A<k>‘b # 0. Then

(AwAa)-b= Ap(a-b) — (Aw)-b)ra

Equations 2.64 (p.35)

A<k>ﬁ(a/\b) = (A<k>/\a)-b — (A<k>/\b)-a
(A<k>«a)-b+ (A<k>/\a)/\b

=

=
X
o
>

=
Il

Theorem 2.5.1 (p.36) Let the {a;} be a basis of V", and let a blade Ay € G"
be defined as Agy = a1 NaxA. .. Nay,. Also let b € V". Then,

Agyb= (1) (ar—i-b) [Aw \ar—;]

|
—

I
o

6.1.2 Projective Geometry
Embedding a vector from &% in P3. Equation (3.3) (p.44)

P3 i
rT— X =ae+e =a'e,

Projecting from P? into £2. Equation (3.4) (p.44)

&3 X-é
X —x= €;
X-et

The dual bracket. Equation (3.14) (p.47)
[An Az - Al = (A A A AA )T
Reciprocal A-frame. Equation (3.32) (p.56)

Al = Pa ! [[AuzAusAmx]]
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Reciprocal A-line frame. Equation (3.36) (p.57)

Ly = p { [AAL, [A A, [AsAd],
[4s A1, [A2As], [A1Ao] |

The meet operation. Equation (3.47) (p.59)

Av B = [[A][B]] = [A]-B = A"-B
Equation (3.48) (p.60)

[A] v [B] = [AB]
Equation (3.50) (p.60)

X 4 X' = (XAAL) V(A AASAA3) ~ (XA A
Equation (3.52) (p.61)

L I = (LAAL)V (A AAsANA3) ~ (L-LE)LE
Camera matrix. Equation (3.58) (p.63)

KiP = A,-B
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6.1.3 Multiple View Tensors

Fundamental Matrix Trifocal Tensor

Fy,;, = [A® A% Bi2 Bi] T,* = [A® A BICH]

Fijl = gi‘:;KJ; b 8£aK]%3 i 71ijk = giaKlzc - 8I§aKj%b
Fyj = L} (BjABy) 7% = Lg-[BICY]
—_——— ————
line line
det FF =0 det(Tijk)jk = 0 for each i
7 DOF 18 DOF
rank 2 rank 4

Quadfocal Tensor

Qz’jkl — [[Angckle]]

i1jkl _ J kcpld _ prld ke
Q = 5ba{Ki3Ki2 KigKi2:|
k j byl d ldyp-ib

- gca[KigKiQ_KigKig]

b b
+ eha | KRR — KR

Qz’jkl _ Ai.[[BjCle]]
N————

point

det(Q¥*),, =0
where x and y are any pair of {ijkl}

29 DOF

rank 9
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6.1.4 3D-Reconstruction

Collineation Tensor. Equation (5.21) (p.113)

ME=[ (F(L2)AL B — F2,1) N2, B5) fh

j
— (FOL2) A, 4 = F(2,1) 52, f%) BY]
with

Ni1 — (=ka=ks _ =k3=k>
>‘ak1 - <aj2 Qs gy ajs)'

F(r,s) = alpl Fy
o =Dl F,
P..-collineation. Equation (5.29) (p.115)
W = (K" K K — <)
Reconstruction equation. Equation (5.36) (p.116)

at=a'K3°d - je{1,2}
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Appendix A

The MVT Program

Enclosed with this thesis is a CD which contains the MVT program. The
program runs under Windows 95/98 /NT4/5. It demonstrates some aspects
of the reconstruction algorithm. In particular it shows the relation between
the minimisation surface and the reconstruction. However, some examples of
how the reconstruction quality changes when using different sets of vanishing
points and parallel lines, are also given.

The program allows the user to rotate and move all objects freely in 3D-
space. Furthermore, the objects can be viewed in a real 3D-mode with red /green
or red/blue 3D-glasses.

Before starting the program please make sure that your graphics card and
monitor can display 16Bit colour and are set appropriately. Also, help and
the demonstrations are only available if the Internet Explorer is installed!.
When the program is started it should come up with a help screen which gives
detailed information about everything else you need to know.

Should you not be in posession of the enclosed CD, you can also download
the program from my webpage. At the time of writing this is:

http://www.perwass.de/
If you have any questions or comments please contact me under:

christian@perwass.de

! Apologies to all those who have uninstalled Internet Explorer out of protest.
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Wenn er [der Mensch] sein Finssein mit den anderen
fuhlt, sieht er wielleicht zum ersten Mal, daf$ es eine
Lllusion 1ist, sein isoliertes, individuelles Ich fur etwas
zu halten, das er festhalten, kultivieren und bewahren
soll; er wird empfinden, wie nutzlos es ist, die Antwort
auf das Leben darin zu suchen, sich zu haben, anstatt er
selbst zu sein und zu werden.

“Haben oder Sein”, Erich Fromm.



