14. A Unified Description of Multiple
View Geometry

Christian B.U. Perwass' and Joan Lasenby?

1 Cavendish Laboratory, Cambridge
2 (. U. Engineering Department, Cambridge

14.1 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 [106] and [215]. An
analysis of multiple view tensors in terms of Grassmann-Cayley (GC) algebra
can be found in [82], [184], [80]. Geometric Algebra (GA) has also been applied
to the problem [189], [190], [147], [146].

In this article we will show how Geometric Algebra 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 article will be as follows. First we give a short intro-
duction to projective geometry, mainly to introduce our notation. We then
describe the Fundamental Matrix, the Trifocal Tensor and the Quadfocal Ten-
sor in detail, investigating their derivations, inter-relations and other prop-
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erties. Following on from these analytical investigations, we show how the
self-consistency of a trifocal tensor influences its reconstruction quality. We
end this article with some conclusions and a table summarising the main
properties of the three multiple view tensors described here.

14.2 Projective Geometry

In this section we will outline the GA framework for projective geometry. We
assume that the reader is familiar with the basic ideas of GA and is able to
manipulate GA expressions.

We define a set of 4 orthonormal basis vectors {eq, ez, e3, €4} with signa-
ture {— — —+}. The pseudoscalar of this space is defined as I = e1AeaNesAey.
A vector in this 4D-space (P?), which will be called a homogeneous vector,
can then be regarded as a projective line which describes a point in the
corresponding 3D-space (E3). Also, a line in E? is represented in P? by the
outer product of two homogeneous vectors, and a plane in E3 is given by the
outer product of three homogeneous vectors in P3. In the following, homoge-
neous vectors in P? will be written as capital letters, and their corresponding
3D-vectors in [E? as lower case letters in bold face.

Note that the set of points {X} that lie on a line (AAB) are those that
satisfy X A(AAB) = 0. Similarly, a plane is defined through the set of points
{X} that satisfy X A(AABAC) = 0. Therefore, it is clear that if two lines,
or a line and a plane intersect, their outer product is zero.

The projection of a 4D vector A into E? is given by,

ANey
a = ——
A'64

This is called the projective split. Note that a homogeneous vector with no
e4 component will be projected onto the plane at infinity.

A set {A,} of four homogeneous vectors forms a basis or frame of P3
if and only if (A3 AAs AAsANAy) # 0. The characteristic pseudoscalar of
this frame for 4 such vectors is defined as I, = A1 AAs ANA3AAy. Note that
I, = poI, where p, is a scalar. This and results relating the inner products
of multivectors with the pseudoscalars of the space are given in [190].

Another concept which is very important in the analysis to be presented
is that of the dual of a multivector X. This is written as X* and is defined as
X*=XI"'. It will be extremely useful to introduce the dual bracket and
the inverse dual bracket. They are related to the bracket notation as used
in GC algebra and GA, [146]. The bracket of a pseudoscalar P is a scalar,
defined as the dual of P in GA. That is, [P] = PI~!. The dual and inverse
dual brackets are defined as

(A A Ta= (A A AAL )T (14.1a)
(A ALl = (A A AA )T (14.1b)
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(A Ay Yo = (A A AAL ) (14.2a)
(A, Ap) = (Ap A AAL)T (14.2)

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 or
inverse dual bracket. For example, if P = A1AA2AA3NAy, then [A1 As AsAs] =
[P] = [P] = pa.

Using this bracket notation the normalized reciprocal A-frame, written
{A#}, is defined as AKX = [A,,, A}, Ay, lla- It s also useful to define a standard
reciprocal A-frame: A" = [A,, Ay Ay,]- Then, A, - Ay = 6; and A,- AV =
pad,,, where 5/’: is the Kronecker delta. That is, a reciprocal frame vector is
nothing else but the dual of a plane. In the GC algebra these reciprocal vectors
would be defined as elements of a dual space, which is indeed what is done in
[80]. However, because GC algebra does not have an explicit inner product,
elements of this dual space cannot operate on elements of the “normal” space.
Hence, the concept of reciprocal frames cannot be defined in the GC algebra.

A reciprocal frame can be used to transform a vector from one frame into
another. That is, X = (X -A#)A, = (X A, )A,. Note that in general we
will use greek indices to count from 1 to 4 and latin indices to count from 1
to 3. We also adopt the convention that if a subscript index is repeated as a
superscript, or vice versa, it is summed over its implicit range, unless stated
otherwise. That is, Zizl(X-Ag VA, = (X-AL)A,.

It will be important later not only to consider vector frames but also line
frames. The A-line frame {L!} is defined as L% = A;, AA;;. The {i1,i2,i3}
are assumed to be an even permutation of {1, 2, 3}. The normalised reciprocal
A-line frame {L¢} and the standard reciprocal A-line frame {L%} are given by
L% = [[A;A4], and LE = [A; A4], respectively. Hence, Lflff; = (5;- and LQL? =
padj-. Again, this shows the universality of the inner product: bivectors can
be treated in the same fashion as vectors.

The meet and join are the two operations needed to calculate intersections
between two lines, two planes or a line and a plane — these are discussed in
more detail in [190], [146] and [118]; here we will give just the most relevant
expression for the meet. If A and B represent two planes or a plane and a
line in P3 their meet may be written as

AV B = ([A][B]) = [A]-B= (AI"")-B (14.3)
From this equation it also follows that
(A) v (B) = (AB) (14.4)

Later on we will need the dual representations of points and lines. For
lines they are given by,
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Lizl = Aiz/\Ai3 = <<Aizl Ai>> and Ail NAy ~ <<A22AZ«3>> (145)

The symbol ~ denotes equality up to a scalar factor. This shows that a
line can either be expressed as the outer product of two vectors or by the
intersection of two planes, since (A% A%) = (A4) Vv (A%). Similarly, for points
we have

Ay, = (AF2 AR ALY (14.6)

That is, a point can also be described as the intersection of three planes.

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
[147], [146]. 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 defines the image
plane.

Suppose that X is given in some frame {Z,} as X = ¢*Z,, it can be
shown [190] that the projection of some point X onto image plane A can be
written as

Xo=(X-ANA; = (¢ Z,-A)A; = (“KiuAi; Kiu = 7, A (14.7)

The matrix Ki; is the camera matriz of camera A, for projecting points given
"

in the Z-frame onto image plane! A. In general we will write the projection

of some point X onto image plane P as X £, Xp.

In [80] 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 dual is a plane.

With the same method as before, lines can be projected onto an image
plane. For example, let L be some line in P3, then its projection onto image
plane A is: (LAA4)V (A1ANANA3) = (L-L¢)LE.

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 Fq,. That is, E,, = By-A'A; or
simply Eq, = €'y A;, with ¢?, = By-A". Note, that we adopted the general
GA convention that the inner product takes precedence over the geometric
product?.The only other epipole in this two camera set-up is Ej, given by

! Note that the indices of K are not given as super- and subscripts of K but are
raised (or lowered) relative to each other. This notation was adopted since it
leaves the superscript position of K free for other usages.

2 Also, the outer product has precedence over the inner product. That is, A-BAC =
A-(BAC).
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Ey, = A4 B'B;. This may also be written as Ey, = ¢}, B;, 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 number of cameras present.

Let {B,,} define a camera in P? and {4,,} be some other frame of the same
projective space. Also, define A4 to be the origin of P3. Then Fj, contains
some information about the placement of camera B relative to the origin.
Therefore, A4-B’ may be regarded as a unifocal tensor Up.

Ul =¢ej, = Ay B = Kf4 ~ (A'A2A3BY) (14.8)

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.

Later on we will have to deal with determinants of various 3 x 3 matrices.
Such a determinant can be written in terms of the €, operator, which is
defined as

+1 if the {ijk} form an even permutation of {123}
€5 = 4 0 if any two indices of {ijk} are equal (14.9)
—1if the {ijk} form an odd permutation of {123}

Let al*, ol and ok give the three rows of a 3 x 3 matrix M. Then the
determinant of M is det(M) = €;,4,i, @1" a3 a . Note that there is an implicit
summation over all indices. It will simplify the notation later on if we define

det(o/f,agb, Oégc)’ia’ib’ic = det(aé)ij = eiaibica’faébaéc =det(M) (14.10)

)

Furthermore, if the rows of the matrix M are written as vectors a; = o

then we can also adopt the notation

€i,

det(al, as, (Lg) = |a1a2a3| = det(M) (14.11)

As an example, let the {4,} form a frame of P3, with reciprocal frame
{A#}. Then from the definition of the square and angle brackets, it follows
that

€igipic = [[AiaAibAicA4]]a and Ei“ibic = «Ai"’AibAiCA4>>a (1412)

" 3 . % —
Therefore, we may, for example, express a determinant as det(aj),-j =
ia b - fc . . .
ot ag oy [Ai, Aiy Ai, Ad]la-

14.3 The Fundamental Matrix

14.3.1 Derivation

Let {A,} and {B,} define two cameras in P3. A point X in P® may be
transformed into the A and B frames via
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X =X-A'A, = X-B!B, (14.13)

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

ANX = X-AL AGNA;
= p;l AsNX,

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= (A4NX ANBAX)I!
~ (A4AN Xy A ByiAXy )I‘l (14.15)
= Oéiﬂj [[A4AZB4BJ]]

(14.14)

where o' = X-A" and 37 = X-B’ are the image point coordinates of X,
and Xy, respectively. Therefore, for a Fundamental Matriz defined as

we have
Q'BF; =0 (14.17)

if the image points given by {a‘} and {37} are images of the same point in
space. Note, however, that equation (14.17) holds as long as X, is the image
of any point along A4AX, and X} is the image of any point along B4AX}. In
other words, the condition in equation (14.17) only ensures that lines A4AX,
and B4A X} are co-planar.

In the following let any set of indices of the type {i1,i2,i3} be an even
permutation of {1,2,3}. It may be shown that

[BiBj,] ~ B2 ABs (14.18)
Thus, equation (14.16) can also be written as
Fij, ~ (A;ANAy)- (B2 AB7) (14.19)
This may be expanded to
Fij, = (Ag-B%)(A;-B%) — (Ag-B")(A;-B%)
=U*K®, — U K?

KU Jat

(14.20)

That is, the Fundamental Matrix is just the standard cross product between
the epipole? Uy and the column vectors Kb
K3

Fie = Up x K3, (14.21)

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

3 Recall that Uy = Ep,.
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14.3.2 Rank of F

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

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 =
alF.

The rank of F' can be found quite easily from geometric considerations.
Equation (14.16) can also be written as

The expression [A4B4B,] gives the normal to the plane (A4ABsAB;). This
defines three planes, one for each value of j, all of which contain the line
A4 N By. Hence, all three normals lie in a plane. Furthermore, no two nor-
mals 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.

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 {¢;} are some scalar components. Thus we have

A4NA; = SA4/\(A7; + t¢A4)

(14.24)
= sA4NA;

Hence, F' is left unchanged up to an overall scale factor under the transfor-
mation A; — A’;. In other words, the image plane bases {4;} and {B;} can
be changed along the projective rays {A4AA;} and {B4AB;}, respectively,
without changing the bifocal tensor relating the two cameras. 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

Fij = [A4A; B4 Bj] (14.25a)
F'ij = [A4A'iB4Bj] (14.25Db)

From equation (14.24) it follows directly that F;; ~ F”;;. Since the {A4’;} can
be chosen arbitrarily along the line A4AA; we may write

Ay = (A4NA) vV P (14.26)
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where P is some plane in P3. P = (B4AB1ABz) seems a good choice, since
then the {A’;} all lie in a plane together with By. The effect of this is that
the projections of the {A’;} on image plane B will all lie along a line. The
matrix A’;-B7 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 K, 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
(14.20). Substituting P = (BsA By ABs) into equation (14.26) gives

A’y = (A4nA;) V (B4AB1ABo)
= [A4A;]-(BsAB1ABs)
= [A4A;B4B1]Bs — [A4A;B4Bs] By + [A4A;B1 B3] By
= Fi1Bys — Fyo By + [A4A;B1Bs] By

(14.27)

Expanding F' in the same way as F' in equation (14.20) and substituting the
above expressions for the {A’;} gives

F'ijy = (Ag-BR)(A'-BIs) — (Ay-BIs)(A;-B?)
- (A4.Bj2){_Fi2(Bl.Bj3)_|_FZ.1(BQ.Bj3)]
_ (A4~Bj3)[— Fin(B;-B7) +FZ.1(BQ.BJ‘2)]

Fndl® + Filéés] (14.28)
Findf* + Fu(g?}

5b

a
a

-
bl -
Fi[ef268 - sbaaﬂ]
- paliist - st]

where we used the fact that B, - B7 = 0. Clearly, F;, Fjs and the expres-
sions in the square brackets all represent vectors. Therefore, equation (14.28)
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
F if its rank can be found so much more easily from geometric considerations?
There are two good reasons:

1. for the trifocal and quadfocal tensor, a minimal decomposition will be
the easiest way to find the rank, and
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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.

14.3.3 Degrees of Freedom of F

Equation (14.28) is in fact a minimal parameterisation of the bifocal tensor.
This can be seen by writing out the columns of F”.

Fly=—€Fn; Flig=—cp Fin; Fliz=cp,Fa+etFio (14.29)

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

Fly=Fn; Fliyo=Fs; Flig=-&,Fn—¢,Fn (14.30)

where &}, = £} /e ,. This is the most general form of a rank 2, 3 x 3 matrix.
Furthermore, since there are no more constraints on F;; and Fjo 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.

14.3.4 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 (14.16) the bifocal tensor can be
written as

Fij = [[A1A4BJB4]]
= (AiANA4)-[B;Bi] (14.31)
= (Ai/\A4)-L§?

This shows that F;; gives the components of the projection of line (A; AA4)
onto image plane B. Therefore,

(AinAy) 25 FyL. (14.32)
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Since Ay 2, Ey,, (the epipole on image plane B), FZ-]-L{; 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
corresponding point on image plane B and the epipole Fy,.

o'Fyy =\ (14.33)

where the {a'} are some point coordinates and the {)\é’-} are the homogeneous
line coordinates of an epipolar line.

14.3.5 Epipoles of F
Recall that if there are two cameras then two epipoles are defined;
Eu = By-A'A; = €'y A, (14.34a)
Ey, = Ay-B'B; = ¢, B; (14.34b)
Contracting F;; with &%, gives
eapFij = euy[A1AiBaB;]
= pa[As( By Al Ai) BaBj]

(14.35)
= pa[A1B4BaB;] ; from equation (14.14)
=0
Similarly,
el Fij =0 (14.36)

Therefore, vectors {e!,} and {ega} 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).

14.4 The Trifocal Tensor

14.4.1 Derivation

Let the frames {A,}, {B,} and {C,} define three distinct cameras. Also, let
L = XAY be some line in P3. The plane LABy is then the same as the plane
/\fLé/\B4, up to a scalar factor, where )\g = L~Li-’. But,

Li*ABy = By, AB;, ABy = (B™)

Intersecting planes LA By and LACy has to give L. Therefore, (\¢(B%)) Vv
(A§ (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 XAA, (or YAA,) and
L has to be zero. Note that X A A4 defines the same line as (a’A;)A Ay, up
to a scalar factor, where o = X-A*. Figure 14.1 shows this construction.
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Le
Ay \ \ E., C4
Eab Ecb
Eba Lb Ebc
S\ _
W
B,

Fig. 14.1. Line projected onto three image planes. Note that although the figure
is drawn in 2, lines and points are denoted by their corresponding vectors in P?

Combining all these expressions gives

0= (XANA4AL)!
= @' ADA [[(AmAéx)(((Bj )V <<C’“>>)ﬂ (14.37)
= a0 [(Ain A (BICh)]

where the identity from equation (14.4) was used. If the trifocal tensor T ;i
v
is defined as

T = [(Andn(Bich)] (14.38)
then, from equation (14.37) it follows that it has to satisfy aiAg)\zTijk =

0. This expression for the trifocal tensor can be expanded in a number of
different ways. One of them is,

Tk = (AinAa)-[(BICF)]
= (AiNAy)-(BIACF)
= (A4-BI)(A;-C*) — (A4-C*)(A;-BY)
= UJKj —UIK]

(14.39)
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where K? = A;-B7 and Kf = A;-C* are the camera matrix minors for

cameras B and C, respectivefy, relative to camera A. This is the expression
for the trifocal tensor given by Hartley in [106]. Note that the camera matrix
for camera A would be written as K = A,-A’ ~ ¢]. That is, K* = [I/|0]

in standard matrix notation. In many other derivations of the trifocal tensor
(eg. [106]) 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.

14.4.2 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 (14.38) in the following way,

T i = [A;A4]-(BIC*)
; | (14.40)
= L¢-(BIC*)

This shows that the trifocal tensor gives the homogeneous line components
of the projection of line {(B’C*) onto image plane A. That is,

(BIC*) 25 T, LY (14.41)

It will be helpful later on to define the following two lines.
T7% = (BIC*) (14.42a)
Ti% =T ;L (14.42b)

i
such that T9% 2, TJ*. Let the {5} and {A{} be the homogeneous line
coordinates of the projection of some line L € P? onto image planes B and

C, respectively. Then recall that )\?)\g (BIC*) gives L up to an overall scalar
factor, i.e.

L~ XNA(BIC*) s X =L-LY and X = L-Lj, (14.43)
The image of L on image plane A, L,, can therefore be found via
L,=L-L¢L
~ NA(BICF)- LIy, (14.44)
= NXT kL,
Thus, we have

A2 NINCT i (14.45)
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14.4.3 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;, NAy, i.e. (A2 A%} into equation (14.38) gives
T = [[(AmA@«Bjck»}]
’Lz 13 ] k

(AzAg) (B C >>ﬂ (14.46)

(A AZ)- (B ACP)

— (A2 Al BiCF)

a

It can be shown that this form of the trifocal tensor is equivalent to the
determinant form given by Heyden in [120]. Now only one more step is needed
to see how the trifocal tensor may be used to transfer points.

T jx = (A AR B'C*)
= (AzApBT)-C* (14.47)
=X",.C%; X', =(AzABBY)

il‘] 21

Note that the points {X T]} are defined through their dual representation as
11

the set of intersection points of lines {A;, AAs} (=~ {{A2A%)}) and planes
{{B7)} (=~ {L]ABa}). Let L = X AY be a line in P3. Then

X 4 X, =alA; (14.48a)
L2 Ly =21 (14.48D)
Hence

X ~ (aft A, ANAg) V (A LI ABy)
N—_—— N—_——

(A2 A%3) (B7)
- ail)\?«A”Aif’Bj)) (14.49)
= a“/\?ij
Now, the projection of X onto image plane C is simply
X. = X-CkCy,
~ ai/\?XZj-C’“Ok (14.50)
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That is,

0" = o' NI i (14.51)
with n* = X.C*. Similarly we also have,

B° = o' X[ T jn (14.52)

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% AM=-0% N=0 (14.53)
Hence, equation (14.51) becomes

0"~ o' (B°T 1y, — 5T ar) (14.54)
and equation (14.52) becomes

BF =~ o' (PT 0 —0'T j2) (14.55)

14.4.4 Rank of T

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

{A’;} seems to be

A/i = (Al/\A4) V (Bg /\B4/\C4) (1456)
since then all the {A’;} lie in a plane together with B4 and Cy. Therefore, the
camera matrix minors KJ}-" =A';-BY and K{ = A’;-C* are of rank 2. As was
shown before, this is the minimal rank camlera matrix minors can have. To

see how this may help to find a minimal decomposition of T recall equation
(14.39);

Tk = UgK,S:i - UC’“KZ

4 For example, a rank 1 3-valence tensor is created by combining the components
{a'}, {B%}, {n'} of three vectors as TY* = o' 3In".
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This decomposition of 1" 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 T'.

14.4.5 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 (14.56) we get

Ay = (A4;AA4) V (BsAB4ACY)
= [A;A4]-(BsAB4NCly)
= [A;A4B4C4]Bs — [A; Ay BsCy] By + [Ai A1 B3 B4 Cy
=alBs+ a?Bs+ a3C0y

(14.57)

1

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

expressed in terms of the {A’;} as follows (see equation (14.39)).

Tje = (As-BI)(A'-C*) - (Ag-CH)(A';-BY)

%

(As-B) [agBS-ck + a$B4-ck]
~ (A4-CY)[al By-BI + a¥Cy- B (14.58)

J 1 k 2 _k
€ha {aiBg-C +aiscb}
k 157 3.7
— €ca [ai 63 + a; 5bc}

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 (14.58) is an overdetermined parameterisation of T'. However, it will
still satisfy the self-consistency constraints of 7.

14.4.6 Constraints on T

To understand the structure of T" further, we will derive self-consistency con-
straints for T. Heyden derives the constraints on T using the “quadratic
p-relations” [120]. In GA these relations can easily be established from geo-
metric considerations.

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

i1

_ T .k
T jr=X ;C
1 i1
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Now consider the following trivector.

XT /\XT /\XT

1

( (Aiz Ais) B3a>>)

A((Aiz Aizy v (B ) A ((AzAZ) v (B))
=0

(14.59)

The first step follows from equation (14.4). It is clear that this expression
is zero because we take the outer product of the intersection points of line
(A2 A with the planes (B71), (B72) and (B’*). In other words, this equa-
tion says that the intersection points of a line with three planes all lie along
a line (see figure 14.2).

< A'AZ>

Fig. 14.2. This demonstrates the constraint from equation (14.59) for ix = 1,
i3 = 2 and jo = 1, j = 2, jo = 3. The figure also visualises the use of the inverse
dual bracket to describe planes and lines

When projecting the three intersection points onto image plane C' they
still have to lie along a line. That is,
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0= (X7, -Ck)(XT, -C™) (X7, -CF)Clr, ACi, NC,

= 0=T,.k.Tj,i,T jok.[CrioCliCr.Calec
(A (14.60)
= ehakpke L jaka T gk T jek.

= det(T ) jn

14.4.7 Relation between T and F

We mentioned before that the quadratic p-relations can be used to find con-
straints on T [120]. The equivalent expressions in GA are of the form

(B'B*)A (AT A2 A3 A(B'B*C*) =0 (14.61)

This expression is zero because (B!B2%) A (B'B?C') = 0. This becomes
obvious immediately from a geometric point of view: the intersection point
of line (B! B?) with plane (C') clearly lies on line ( B*B?).

In the following we will write T_Xj},zz to denote the trifocal tensor
11

TXN7 = (X2 XBYIZF)
1

We will similarly write Flf}; to denote the bifocal tensor

FXY — (X2 X3yd2ys)

1171

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

T, = Tﬁ,fc (14.62a)

F; = F}P (14.62b)
We can obtain a constraint on 7' by expanding equation (14.61).
0= (B'B2)A (AT A2A3) N(BB2C?Y)
— «141142131132><131132143(71>
+ (A2A'B'B?)(B'B%A%CY)
+ (A2A3B'B?)(B'B2A'CY) (14.63)
= FggTﬁi“C + F23T332‘1“C + FlgTﬁ‘l“C
= z‘sTﬁ{qC

Note that there is an implicit summation over 7, because it is repeated as a
(relative) superscript. Of course, we could have chosen different indices for
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the reciprocal B vectors and the reciprocal C' vector. Therefore, we can obtain
the following relation between the trifocal tensor and the bifocal tensor.

E]TBAC 0 (14.64)

Again there is an implicit summation over the i 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 T ee,
respectively. Equation (14.64) has two main uses: it can be used to find some
epipoles of the trifocal tensor via equations (14.35) and (14.36), but it also
serves to give more constraints on T since det F' = 0.

The columns of F may be found from equation (14.64) 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 (14.64) has
only a limited use. Nonetheless, we can still find the correct left null vector
of F, i.e. €1, because each column is consistent in itself. Note also that, the
determinant of F' is still zero, since the rank F' cannot be changed by scaling
its columns separately. We cannot use this F, though, to find the right null
vector, i.e. €}, 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 fully consistent F' is not necessary. A consistent F' can,
however, be found as shown in the following.

We can find the bifocal tensor row-wise in the following way.

0 = (A2 AB) A(BB2B3) A (A2 Ais C'F)
(14.65)
= FijT, jr

Knowing F' row-wise and column-wise we can find a consistently scaled bifocal
tensor. What remains is to find 754€ from T'. To do so we define the following
intersection points in terms of the lines T/« = (B (%) (see equation
(14.42a)).

P(iaja,ivgy) = (AgATiada)\ T
([ricl ool

(st
(2 [{ imecm])sren)
(A

<< Ay-(Bie ACJa))Bibcjb>> (14.66)

< (Ay-Bie)(CJe Biv b
—(A4-C]”')BiaBiijb>>
= &‘Z‘:l <<Cj"' B Cjb>> + gg«a <<Bia, CIv Bib>>
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Two useful special cases are
p(irj,inj) = el,(B" C?' B™) (14.67a)
p(ijr, ij2) = o (C7* B*C7?) (14.67b)
The projection of p(i17,i2j) onto image plane A, denoted by p,(i17,i27) gives

Palish,isk) = ek, (A7-(B=C*B") ) A,

ek (ATB"2CkB®) A;
= —ek (B2B%"AIC*) A;

= —<L TP A

(14.68)

We can also calculate p,(joka, joks) by immediately using the projections of
the T7% onto image plane A (see equation (14.42b)). That is,

Pa(Jaka, joke) = (AgATieda) v/ Tivdb
=T, jukaT, ok (AaALg) V Lyt
= jlajakaj—;bjbkb(A4/\<<AZaA4>>) V (Air A1)
=T, jaka T, joks <( (Als AA4))A§;A3>>
2T Guka T, ok (A A AG)

(14.69)

From the definition of the inverse dual bracket we have
Ay = (A AR AG)a
Therefore, from equation (14.69) we find
Paliik: jok) = (T, juixT, jok =T kT, jk) s (14.70)
Equating this with equation (14.68) gives
Ti;‘;g ~ (e6) (T, ik T, jok =T kT k) (14.71)

Since £, can be found from T (as will be shown later) we can find T54¢

from T up to an overall scale. Equation (14.71) may also be written in terms
of the standard cross product.
Tf.AkC ~ (eta) " (T gk X T k) (14.72)
3

Had we used equation (14.67b) instead of equation (14.67a) in the previ-
ous calculation, we would have obtained the following relation.
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CBA i \—1
T i = (ea) (L i T ke = T, i T, jka) (14.73)
Or, in terms of the standard cross product

TeR = (ha) " (T gna X T i) (14.74)

Hence, we can also obtain T¢B4 from T up to an overall scale. Note that
since

TABC — (Al Ais BiCF)

— (A2 ABsC* B (14.75)

ACB
-1
11

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

Equations (14.72) and (14.74) simply express that the projections of the
intersection 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
components of T ;,, equations (14.72) and (14.74) will always give a self-
consistent tensor,zalbeit not necessarily one that expresses the correct camera
geometry.

14.4.8 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 [189] and [190]. Here we will only state
the results. These constraints may be used to check the self-consistency of T
when it is calculated via a non-linear method.

0= |TgakaTgbkaTgakb| |Tgbkl>Tgachgl>kc| (14.76)
— |Td7akaTd7bkaT[l7bkb| |Tgn,kadyn,chajbkc

0= |TgakaTgaka[{bka| |TgbkagckaTgckb| (14.77)
_ |Tgn,kaTgn,kagbkb| |TgbkaTgckn,Tgckb|

0= |T;n,jaT;bjaT;n,jb| |T;bij;aijébje| (14.78)
[T T T | e o T3
Where the determinants are to be be interpreted as

| Tk TR TR | = det(T, gk, T, gk T, duksiaivic
a

b . .
R 78 e
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14.4.9 Epipoles

The epipoles of T can be found indirectly via the relation of bifocal tensors to

T (e.g. equation (14.64)). Also recall that the right null vector of some Fg v
is €], whereas the left null vector is e}, (equations (14.35) and (14.36)).

From equation (14.65) we know that
FyTje =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 = (A2 ABYA(BIB2B3) A (A2 Al CF)

. (14.79a)

= Fiy T ji = Elq

i1

0= (A2 ARYA(CLC2C3) A (A2 A% BT

14.
=F{{T jk — &g (14-79)
11 i1

0 = (B2 Bis)A (A A2A3) A (B2 BsC*)

_ 'BAmBAC
- ‘Filj T jk

(14.80a)

0= (B2BB)YA(C'C?C3) N(B™ Bz A7)
_ FinCTBﬁCC ek (14.80Db)
0= (C2CBYN(ALAZA3) A(C2C% BT

_ ;7CATCBA
=0T

14.81
ek, (4810)

0 = (C2Cis) A (B B2 B3) A(C2C AF)

_ CBpCBA
= Fyj Tiljk

(14.81b)

= &g,

By — sgcy we denote the epipole that can be found from the respective rela-
tion® . Note that since
FXY — <<Xi2Xi3Yj2Yj3>>

2171
= (Yi2yds X2 X)) (14.82)
_ pYX
- Fjlil
we have also found all fundamental matrices.

5 Initial computations evaluating the quality of the epipoles found via this method
indicate that this may not be the best way to calculate the epipoles. It seems

thjxt better results can be obtained when the epipoles are found directly from
TABC,
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14.5 The Quadfocal Tensor

14.5.1 Derivation

Let L be aline in P and let {A,}, {B,.}, {C,} and {D,,} define four cameras
A, B, C' and D, respectively. The projection of L onto the image planes of
these four cameras is

L2 Ly=L-LoL =\ L} (14.83a)
L2 Lp=L-LLi=\L} (14.83Db)
L-% Le=LLSLE = XL (14.83¢)
L2 Lp=L-LiL} = ML} (14.83d)

The intial line L can be recovered from these projections by intersecting any
two of the planes (LaAA4), (LpABy), (LcACy) and (LpADy). For example,

L~ (LaNAy)V (LpABy) ~ (LcANCy)V (LpADy) (14.84)

Therefore,
0= [((Eanan) v (LsnB))A((LenCi) v (LoAD)]
= AEALACNS [[ ( (LenAq) V(L AB4))
(Lk/\C4 (Lt /\D4))]l (14.85)

= xexnext [(aiy v (B7y) (1) v (Dh)]
= MAAEN(ATBICR DY)
Therefore, a quadfocal tensor may be defined as
QM = (A'B’C*k DY) (14.86)

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 quadfo-
cal tensor with the line coordinates of the projection of one line onto only
three image planes gives a zero vector. This follows directly from geometric
considerations. For example,

ATNEAC QUKL = XINUAG (ATBIC*)- D! , )
14.87
~ (Lv (xch)) D!

where L is the line whose images on image planes A, B and C have coordinates
{\¢}, {)\b} and {\¢}, respectively. Hence, L lies on plane A{C*, and thus
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their meet is zero. 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 (14.86) can be shown to be equivalent
to the form given by Heyden in [120]. In this form it is also immediately clear
that changing the order of the reciprocal vectors in equation (14.86) at most
changes the overall sign of Q.

14.5.2 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

L= NA(A'BY) (14.88)
Therefore, we can define three points {X¥} that lie on L as

X[ = MNX(A'B) v (CF)) (14.59)

= AN (AP BICH) '

The projections of the {XF} onto image plane D, denoted by {X,’-jd} are
given by

Xk =xt.D
= M (A'BICF) . D!
= MANE(A'BICk DY)
_ /\?)\?Qijkl

(14.90)

From the points {de} the projection of line L onto image plane D can be
recovered.

14.5.3 Rank of Q

The form for the quadfocal tensor as given in equation (14.86) may be ex-
panded in a number of ways. For example,

Qiljkl (Aiz/\Aig/\A4)'(Bj/\Ck/\Dl)

T
oo m (14.91)

- UF[K} K - K K]
13 12 13 12

+ US| Ky - Kp KD
13 12 13 12



360 Christian B.U. Perwass, Joan Lasenby

In terms of the standard cross product this may be written as

Q¥M = U](Kk X Kl ) — Uf(K;?. X Kld. )+ Ufi(K]l?. x K ) (14.92)
This decomposition of ) shows that the quadfocal tensor can be at most of
rank 9. From equation (14.91) it becomes clear that, as for the trifocal tensor,
the transformation A; — s(A; + t;A4) leaves @ 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 = (A;NAy) VP (14.93)
All the {A’;} lie on plane P, that is they lie on the plane formed by By, C4
and Dy. Therefore, Kb' A';Bi, K¢ = A';-C* and K% = A’;-D' are of rank

2. As was shown prev1ously, this is the minimum rank the camera matrices
can have. Hence, forming @) with the {A4’;} should yield its rank. However,
it is not immediately obvious from equation (14.91) what the rank of @ is
when substituting the {A’;} for the {A;}. A more yielding decomposition of
@ is achieved by expanding equation (14.93).

A = (Al/\A4) VvV P
~ [[AiA4]]-(B4/\C4/\D4)

(14.94)
= [[AiA4B4C4]]D4 — HAZ'A4B4D4]]C4 + [[AiA4C4D4]]B4
= 041134 + a?C4 + a?D4
where the {a{ } are defined accordingly. Furthermore,
A/i1 /\A/i2 = /\113 CyNDy + )\123 DysANBy + )\5’3 BsNCy (1495)

with )\73 = aﬁa” - aizl o??. Equation (14.91) may also be written as

Qiljkl _ (Aiz/\Aig/\Az;)'(Bj/\Ck/\Dl)

Uj [(A’iz AA'L)-(CFADY

- Uk [(A'izAA’Zg (BIAD! } (14.96)
)]

+ Ul [(A’iz AA';)-(BINCH)

From equation (14.95) it then follows
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(A, NA)-(CRADY) = AL Dy-C* Cy-D (14.97a)

— )\?1 D,-C* By-D!

-2 By-C* Cy-D!
(A, NA,) - (BPADY) = Al Dy-B? Cy-D (14.97b)

— )\121 DB’ By D!

+ )\fl Cy-B’ By D!
(AT, NAY,) - (BPACK) = — AL Cy-B7 Dy-C* (14.97c)

— )\fl Dy B By-C*

+ )\?1 Cy-BJ By-C*
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 (14.97) into equation (14.96) gives a decomposition of

@ in terms of 9 rank 1 tensors. Since this is a minimal decomposition, @ is
of rank 9.

14.5.4 Degrees of Freedom of Q
Substituting equations (14.97) back into equation (14.96) gives
QM= ¢, [/\1 ca€uc — Mecacy T A€ b‘gdc} (14.98)
—ed [/\15bd5dc Nebacly + X Ebcfdb]
+ € P‘lfbc ek — Alelacty + Nl e lgb]
This decomposition of @ has 9 x 343 x 3—1 = 35 DOF. The general formula
for the DOF of @ gives 4 x 11 —15 = 29 DOF. Therefore the parameterisation

of @ in equation (14.98) is overdetermined. However, it will still give a self-
consistent Q.

14.5.5 Constraints on Q

The constraints on () can again be found very easily through geometric con-
siderations. Let the points { X "1 be defined as

X4t = (A'B/C*) (14.99)

A point X g * can be interpreted as the intersection of line (A?B7) with plane
(C*). Therefore,

nga /\lekb /\ngc =0 (14.100)



362 Christian B.U. Perwass, Joan Lasenby

because the three intersection points ng“, ng” and ngc lie along line
(A?B7). 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

ijka ijk ijke
0= (XQ] -Dla) (XQ] v.Dl) (Xcg -D'e)
(D1, ADy, ADy,)
= 0= Qikale QUkle Qikele[Dy Dy, Dy, Dy (14.101)
= ¢ Iyl Q'L]kala kablb Q/L]kclc
= det(Q* )k
Similarly, this type of constraint may be shown for every pair of indices. We
therefore get the following constraints on Q.
det(QVk);; = 0; det(Q¥*);, = 0; det(Q¥*);; =0

. . g 14.102
det(QU) ;1. = 0; det(QM) ;1 = 0; det(Q7H )y = 0 (14.102)

14.5.6 Relation between Q and T

We can find the relation between @ and T via the method employed to find
the relation between T and F'. For example,

0= (A'A2A3YAN(BIC*D) AN(BIC*)
=2, ((an BICk DY) (Al A BICH) ) (14.103)
— Qijle.jk
Similarly, equations for the other possible trifocal tensors can be found. Be-
cause of the trifocal tensor symmetry detailed in equation (14.75) all trifocal
tensors may be evaluated from the following set of equations.
Qiikt Tﬁ}fc —0; QM T;;_xlBD — 0; QUK Ti,leD -0
QUK TBAC _ (). ikl BAD _ ). idkl BCD _ )
" 7 " ’ i (14.104)

ijkl mCAB _ (. ijkl mCAD _ . ijkl mCBD __
QUF TGP = 0; QUM TGP = 0 QUM TGPP =0

ijkl mDAB _ (. (ijkl mDAC _ (. (yijkl mDBC _
QUM TAE = 0; QUH THAC = 0; QUM TDBC =

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

el _ ik kpt
Xbep = |AsN(BIC >>} V{CED7) (14.105)
~ e, (B/CRDY)
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Projecting these points onto image plane A gives
ikl _ ikl i
X]BCDa = Xpop A'Ai
ek (BICFD!)- Al A,
~ ek (A'BIC*D'Y) A,
= ek Qiikl A,

1

(14.106)

. . ikl .
But we could have also arrived at an expression for X7, via
a

XPep, = ((BIC¥)-L2 ) ((C D)L, ) [AsnLie] v Lk
(14.107)
~ (TARCTAGP — TARCTAGP) A,
71 12 2 11
Equating this with equation (14.106) gives
TABCTAGP — TARCTAGP ~ gk QisiM (14.108)
i1 i i2 11
This equation may be expressed more concisely in terms of the standard cross
product.
Tj}}fc X Tj}c?D ~ ek Qeik (14.109)
Furthermore, from the intersection points
kil , ,
X&hp = [Asn(C*BY)| v (B/D')
and their projections onto image plane A we get
A A j ojk
TIRC x T57P ~ &, Q*M (14.110)
We can now find the correct scales for T4B¢ by demanding that
ABCACD ABCACD
Crz'ljk Tizkl B ,Z;ij Tilkl
Qi:;jkl

for all j while keeping 71, k and [ constant, where ¢ is some scalar. Further-
more, we know that

=6 (14.111)

ABCmTABD ABCmABD
T, ik T gl _T. ik T, 5l
11 2 22

for all k while keeping i1, k£ and [ constant, where ¢ is some different scalar.
Equations (14.111) and (14.112) together fix the scales of T45¢ completely.
Note that we do not have to know the epipoles £¥, and €1,

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

=¢ (14.112)
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14.6 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
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
[106]. In the following this algorithm will be called the “7pt algorithm”.

To enforce all the determinant constraints, an estimate of the trifocal
tensor 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 [147] 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 determi-
nant 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
tensor 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

% From 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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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 recon-
struction is only exact up to a projective transformation. The question is,
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Fig. 14.3. Mean distance between original points and recon-
structed points in arbitrary units as a function of mean Gaus-

sian 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

of course, how to 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.
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Fig. 14.4. Mean difference between elements of calculated and
true tensors in percent. Solid line shows values for trifocal tensor
calculated with 7pt algorithm, and dashed line shows values for
trifocal tensor calculated with MinFact algorithm

. 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.

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

tensor. The camera matrices are evaluated using Hartley “s recomputation
method [106].

The points are reconstructed using a version of what is called “Method
3” in [199] and [200] adapted for three views. This uses a SVD to solve for
the homogeneous reconstructed point algebraically using a set of camera
matrices. In [199] and [200] this algorithm was found to perform best of
a number of reconstruction algorithms.

. 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.

. The final measure of “quality” is arrived at by calculating the mean

distance in 3D-space between the reconstructed and the true points.
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Fig. 14.5. Mean difference between elements of true trifocal

tensor and trifocal tensor calculated with 7pt algorithm in per-
cent

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 14.3 shows the mean distance between the original points and the
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 14.4 and 14.5 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 14.4 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

7 The 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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different to the true trifocal tensor, much more so than the trifocal tensor
calculated with the 7pt algorithm (shown enlarged in figure 14.5).

Table 14.1. Comparison of Multiple View Tensors

‘ Fundamental Matrix ‘ Trifocal Tensor ‘
Fy 5, = (A2 A% Biz pis) T ax = (A2 A BICF)
Fij, = SiZK;';i - SiaKj?si Tijk = €gaK£i - 6ICCCII(JZ?.

Fij = L¢-(BjABu) Tk = LE-(B’CY)
——— @ ———rv
line line
det F =0 det(j—;jk;)jk; = 0 for each %
7 DOF 18 DOF
rank 2 rank 4

Quadfocal Tensor ‘

Qijkl — <<AzB]Cle>>
QM = o [kt Kl - K K; ]
13 12 13 12

— ek Kl K - KK
i3 io

+ eh|[ K G - K,ng;?iJ

Qijkl — Az<<B]Cle>>
point

det(Q*),, =0
where z and y are any pair of {ijkl}

29 DOF
rank 9

The data presented here seems to indicate that a tensor that obeys the
determinant constraints, i.e. is self-consistent, but does not satisfies the tri-
linearity relationships particularly well is equally as good, in terms of recon-
struction ability, as an inconsistent trifocal tensor that satisfies the trilin-
earity relationships 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 14.4) does not seem to have a big impact on the
final recomputation quality.
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14.7 Conclusion

Table 14.1 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 paper 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 the geometry on which multiple view tensors
are based, directly. Therefore, we can understand their “inner workings” and
inter-relations. The best examples of this are probably the derivations of the
constraints on T 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
[120]. 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.



