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1 Notation

orthogonal vectors
orthonormal vectors

empty set [1]

the set of all subset of set U [1]

whole numbers [1]

rational numbers [2]

real numbers [2]

imaginary unit

space of geometric scalars

affine space (space of geometric vectors)

space of geometric vectors bound to point o

space of free vectors

vector

matrix

17 element of A

transpose of A

determinant of A

identity matrix

rotation matrix

basis (an ordered triple of independent generator vectors)
column matrix of coordinates of & w.r.t. the basis (3
Euclidean scalar product of ¥ and 7 (¥ - § = fg Y3 in an
orthonormal basis 3)

cross (vector) product of Z and ¢/

Cartesian product of sets U and V'

Euclidean norm of Z (|Z|| = VZ - ¥)

mutually perpendicular and all of equal length

unit orthogonal vectors



2 Change of coordinates induced by the change
of basis

Let us discuss the relationship between the coordinates of a vector in a linear space,
which is induced by passing from one basis to another. We shall derive the rela-
tionship between the coordinates in a three-dimensional linear space R? over real
numbers, which is the most important when modeling the geometry around us. The
formulas for all other n-dimensional spaces are obtained by passing from 3 to n.

81 Coordinates Let us consider an ordered basis § = [51 by 53] of V3. A

vector & € V3 is uniquely expressed as a hnear comblnatlon of the basic vectors by
its real coordinates x,y,z, i.e. T = x bl +y bg + z bg, and can be represented as an

ordered triple of coordinates, as a coordinate vector g = [:v Y z]T

82 Two bases Having two ordered bases 3 = [51 by 53] and 3 = [5{ I;é l;é]

leads to expressing one vector Z in two ways as & = = b + Y by + 2 53 and ¥ =
z' b] +y' by + 2’ bs. The vectors of the basis 3 can also be expressed in the basis
using their coordinates. Let us introduce

61 = a1 g{ + a21 l_)é + aszy l_;é
by = ais b{ + a9 bé + aszo bé (2.1)
bs = a3 b{ + as3 bé + ass bé

§3 Change of coordinates We will next use the above equations to relate the
coordinates of Z w.r.t. the basis 3 to the coordinates of # w.r.t. the basis 3’

r = x51+y52 +253
! ! ! ! ! ! ! ! !
= (au bl + a21 b2 + aszy b3) +vy (a12 bl + a9 b2 + aszs b3) +z (a13 bl + a3 b2 + ass b3)
= (a11x+a12y+a132)b{ + (a21x+a22y+a232)b§ + (a31x+a32y+a332)b§
= 2'b] +y'b) + 204
Since coordinates are unique, we get
r = a1 +apyt+azz
= 91T+ agy + a3z

Z = a31T*+azy+aszz

Coordinate vectors g and Z'3/ are thus related by the following matrix multiplication

T ailp a2 a3 T
/

Yy = a21 Qag2 @a23 Yy
!

z a3; a3z ass z
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which we concisely write as
Zy = Ay (2:2)

The columns of matrix A can be viewed as coordinate vectors representing basic
vectors, by, by, b3 of 3 in the basis 3

L
A = Tlﬁ, TZg/ T35/

and the matrix multiplication can be interpreted as the linear combination of columns
of A by coordinates of ¥ w.r.t. 3

f/@/ = 1'5151 + yggﬁ, + Zggﬁ,
Matrix A plays such an important role here that it deserves its own name. Matrix
A is very often called the change of basis matriz from basis 3 to (3 or the transition
matriz from basis 3 to basis (' [3, 4] since it can be used to pass from coordinates
w.r.t. 8 to coordinates w.r.t. 3 by Equation 2.2.

However, literature [5, 6] calls A the change of basis matrixz from basis ' to 3, i.e.
it (seemingly illogically) swaps the bases. This choice is motivated by the fact that
A can also be used to obtain the vectors of 3 from vectors of 3 using Equation 2.1
as

[51 52 53] = [au g{ + a9 gé + aszy l;é a12 g{ + a9 gé + aszs l;é
a3 g{ + a93 (_)é + ass gé] (23)

- 2] a1r a2 a3
= bl b2 b3 asy a2 as3
azy asz2 ass

= |b] by bh|A (2.4)

| 55 B = B B By a (2.5)

where the multiplication of a row of column vectors by a matrix from the right in
Equation 2.5 has the meaning given by Equation 2.3 above. Yet another variation
of the naming appeared in [7, 8] where A~! was named the change of basis matriz
from basis 3 to (3.

We have to conclude that the meaning associated with the change of basis matrix
varies in the literature and hence we will avoid this confusing name and talk about
A as about the matriz transforming coordinates of a vector from basis 3 to basis [3'.

There is the following interesting variation of Equation 2.5

b by
byl = AT | by (2.6)
b} b3

where the basic vectors of 8 and (3 are understood as elements of column vectors.
For instance, vector b{ is obtained as

l;{ = aj1 51 + a9 52 + a13 53 (27)

where [ay, @o, as] is the first row of A~ T.
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84 Example We demonstrate the relationship between vectors and bases on a
concrete example. Consider two bases o and 3 represented by coordinate vectors,
which we write into matrices

OO oo -

1
1
0
1
0
1

i SN

g = [51 by 53]2

and a vector ¥ with coordinates w.r.t. the basis «

We see that basic vectors of o can be obtained as the following linear combinations

of basic vectors of 3

a, = +151+052+053
> +1by — 1by + 1bg
a3 = —151-1-0524—153
1 —1
(@ @ a] = B B Bs|[0 -1 0| =|b B Bs|a
0 1 1

Coordinates of £ w.r.t. 3 are hence obtained as

1 1 -1
fﬁ = Al’a, A=(0 -1 0
0 1 1
1 1 -1 1
-1 = 0 — 0 1
2 0 1
We see that
a = (A
1 1 0 1 1 1 1 1 -1
011 = 001 0 -1 0
001 011 0 1 1



3 Affine space

Let us study affine space, an important structure underlying geometry and its alge-
braic representation. Affine space is closely connected to linear space. The connec-
tion is so intimate that they are sometimes not even distinguished. Consider, for
instance, function f: R — R with non-zero a,b € R

fx)=axz+b (3.1)

It is often called “linear” but it is not a linear function [5, 9, 3] since for every o € R
there holds
flax) =aax+b#a(ax +b) =af(x) (3.2)

In fact, f is an affine function, which becomes linear function only for b = 0.

In geometry, we need to be very precise and we have to clearly distinguish affine
from linear. Let us therefore first review the very basics of linear spaces, and in
particular their relationship to geometry, and then move to the notion of affine
space.

3.1 Vectors

Let us start with geometric vectors and study rules of their manipulation.

Figure 3.1(a) shows space of points P, which we live in and intuitively under-
stand. We know what is an oriented line segment, which we also call a marked ruler
(or just a ruler). A marked ruler is oriented from its origin towards its end, which is
actually a mark (represented by an arrow) on a thought infinite ruler, Figure 3.1(b).
We assume that we are able to align the ruler with any pair of points x, y, so that

(a) (b) (c)

Figure 3.1: (a) Space consists of points. Rulers (marked oriented line segments)
can be aligned (b) and translated (c) and thus used to transfer, but not
measure, distances.
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Figure 3.2: Scalars are represented by oriented rulers. They can be added (a) and
multiplied (b) purely geometrically by translating and aligning rulers.
Notice that we need to single out unit scalar “1” to perform geometric
multiplication.

the ruler begins in z and a mark is made at the point y. We also know how to align
a marked ruler with any pair of distinct points u, v such that the ruler begins in u
and aligns with the line connecting u and v in the direction towards point v. The
mark on so aligned ruler determines point z, which is collinear with points u, v. We
know how to translate, Figure 3.1(c), a ruler in this space.

To define geometric vectors, we need to define geometric scalars.

3.1.1 Geometric scalars

Geometric scalars S are horizontal oriented rulers. The ruler, which has its origin
identical with its end is called 0. Geometric scalars are equipped with two geometric
operations, addition a 4+ b and multiplication a b, defined for every two elements
a,be sS.

Figure 3.2(a) shows addition a + b. We translate ruler b to align origin of b with
the end of a and obtain ruler a + b.

Figure 3.2(b) shows multiplication ab. To perform multiplication, we choose
a unit ruler “1” and construct its additive inverse —1 using 1 + (—1) = 0. This
introduces orientation to scalars. Scalars aiming to the same side as 1 are positive
and scalars aiming to the same side as —1 are negative. Scalar 0 is neither positive,
nor negative. Next we define multiplication by —1 such that —1a = —a, i.e. —1
times a equals the additive inverse of a. Finally, we define multiplication of non-
negative (i.e. positive and zero) rulers a, b as follows. We align a with 1 such that
origins of 1 and a coincide and they contain an acute non-zero angle. We align b
with 1 and construct ruler a b by translation as shown in the figure.

All constructions were purely geometrical and were performed with real rulers.
We can verify that so defined addition and multiplication of geometric scalars satisfy
all rules of addition and multiplication of real numbers. Geometric scalars form
field [6, 10] w.r.t. to a + b and ab.
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i b T

(a)

/ %ﬂ/j/

Figure 3.3: Bound vectors are (ordered) pairs of points (o, x), i.e. arrows & = (o, z).
Addition of the bound vectors &, ¥/ is realized by parallel transport (using
a ruler). We see that the result is the same whether we add Z to ¢ or ¥
to Z. The addition is commutative.

3.1.2 Geometric vectors

Ordered pairs of points, such as (x,y) in Figure 3.3(a), are called geometric vectors
and denoted as 7y, i.e. Ty = (x,y). Symbol 7 is often replaced by a simpler one,
e.g. by d. The set of all geometric vectors is denoted by A.

3.1.3 Bound vectors

Let us now choose one point o and consider all pairs (o, z), where x can be any
point, Figure 3.3(a). We obtain a subset A, of A, which we call geometric vectors
bound to o, or just bound vectors when it is clear to which point they are bound. We
will write & = (o0, z). Figure 3.3(f) shows another bound vector 3. The pair (o, 0) is
special. It will be called the zero bound vector and denoted by 0. We will introduce
two operations @, ® with bound vectors.

First we define addition of bound vectors ®: A, x A, = A,. Let us add vector &
to ¥ as shown on Figure 3.3(b). We take a ruler and align it with &, Figure 3.3(c).
Then we translate the ruler to align its begin with point y, Figure 3.3(d). The end
of the ruler determines point z. We define a new bound vector, which we denote
Z @Y to correspond to the pair (o, z), Figure 3.3(e). Figures 3.3(f-j) demonstrate
that addition gives the same result when we exchange (commute) vectors Z and ¥,
ie. 7@ Y = ¥ @® ¥. We notice that for every point z, there is exactly one point x’
such that (0,2) @ (0,2') = (0,0), i.e. Z®Z = 0. Bound vector &’ is the inverse to
Z and is denoted as —%. Bound vectors are invertible w.r.t. operation @. Finally,
we see that (0,z) @ (0,0) = (0,z), i.e. Z®0 = Z. Vector 0 is the identity element of
the operation @. Clearly, operation @ behaves exactly as addition of scalars — it is
a commutative group [6, 10].

Secondly, we define the multiplication of bound wvector by a geometric scalar
®: 8 x A, > A,, where S are geometric scalars and A, are bound vectors. Oper-
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ation ® is a mapping which takes a geometric scalar (a ruler) and a bound vector
and delivers another bound vector.

Figure 3.4 shows that to multiply a bound vector Z = (o, z) by a geometric scalar
a, we consider the ruler b whose origin can be aligned with o and end with z. We
multiply scalars a and b to obtain scalar a b and align a b with & such that the origin
of ab coincides with o and a b extends along the line passing through #. We obtain
end point y of so placed ab and construct the resulting vector ¥ = a ® & = (0, y).

We notice that addition @ and multiplication ® of horizontal bound vectors
coincides exactly with addition and multiplication of scalars.

3.2 Linear space

We can verify that for every two geometric scalars a,b € S and every three bound
vectors T, 7/, 2 € A, with their respective operations, there holds the following eight
rules

ey 7eT
Z@®0 z
I®-7 0
107 z
(ab)OZ a®(bOT)
a® (Z@Y) (a®©Z)®(a®Y)
(a+0)OT = (aOIH®DLOI)

These rules are known as axioms of linear space [5, 9, 11]. Bound vectors are one
particular model of linear space. There are many other very useful models, e.g.
n-tuples of real or rational numbers for any natural n, polynomials, series of real
numbers and real functions. We will give some particularly simple examples useful
in geometry later.

The next concept we will introduce are coordinates of bound vectors. To illustrate
this concept, we will work in a plane. Figure 3.5 shows two non-collinear bound
vectors 51, 52, which we call basis, and another bound vector #. We see that there is
only one way how to choose scalars x1 and x9 such that vectors z1 ® 51 and o ® 52

Figure 3.4: Multiplication of the bound vector & by a geometric scalar a is realized
by aligning rulers to vectors and multiplication of geometric scalars.
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Figure 3.5: Coordinates are the unique scalars that combine independent basic vec-
tors by, by into .

add to 7, i.e. B B
T=210bi @x2Obo

3.3 Free vectors

We can choose any point from P to construct bound vectors and all such choices
will lead to the same manipulation of bound vector and to the same axioms of linear
space. Figure 3.6 shows two such choices for points o and o'.

We take bound vectors by = (0,b1), by = (0,b3), & = (0,z) at o and construct
bound vectors b] = (o, b)), by = (o, b}), & = (o,a') at o by translating = to z/,
by to by and by to bl, by the same translation. Coordinates of & w.r.t. [51, 52] equal
coordinates of Z’ w.r.t. [_‘{,55] This interesting property allows us to construct
another model of linear space, whic plays an important role in geometry.

Let us now consider the set of all geometric vectors A. Figure 3.7(a) shows an
example of a few points and a few geometric vectors. Let us partition the set A of
geometric vectors into disjoint subsets A, ;) such that we choose one bound vector
(0,z) and put to Aoy all geometric vectors that can be obtained by translation
of (0,z). Figure 3.7(b) shows two such partitions A, .y, A(oy). It is clear that

Figure 3.6: Two sets of bound vectors A, and A,. Coordinates of ¥ w.r.t. [51, 52]
equal coordinates of Z’' w.r.t. [b], b}].

10
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- N

(a) (b)

Figure 3.7: The set A of all geometric vectors (a) can be partitioned into subsets
which are called free vectors. Two free vectors A, ) and Ay, ie.
subsets of A, are shown in (b).

~ N 7 /Z/

- N o fooe /

- v qw\];Q/

Figure 3.8: Free vector A, ;) is added to free vector A,y by translating (o, ) to
(¢,2") and (p,y) to (q,y'), adding bound vectors (¢,z) = (¢,2") @ (¢, ¥)

and setting A(o,x) A(p,y) = A(%Z)

Aoe) N Aoy = & for z # x' and that every geometric vector is in some (and in
exactly one) subset A, ).

Two geometric vectors (o,r) and (o',2') form two subsets A, ), A(y ) Which
are equal if and only if (0,x) and (o', ) are related by a translation.

“To be related by a translation” is an equivalence relation [1]. All geometric
vectors in A, ;) are equivalent to (o, z).

There are as many sets in the partition as there are bound vectors at a point.
We can define the partition by geometric vectors bound to any point o because if
we choose another point o/, then for every point x, there is exactly one point 2’ such
that (0,x) can be translated to (o, z").

We denote the set of subsets A, ,) by V. Let us see that we can equip set V
with meaningful addition H: V x V' — V and multiplication [-]: S x V — V by
geometric scalars S such that it will become a model of linear space. Elements of V'
will be called free vectors.

We define sum of ' = A(,,) and § = A, ), i.e. 7= THY as the set A, 1)@ (0,)-
Multiplication of ¥ = A, ;) by geometrical scalar a is defined analogically, i.e. a[1Z
equals the set A,(0,,). We see that the result of H and [] does not depend on the
choice of 0. We have constructed linear space V' of free vectors.

11
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<L

£

g

Figure 3.9: Free vectors u, v and w defined by three points x, y and z satisfy triangle
identity 4 H v = .

3.4 Affine space

We saw that bound vectors and free vectors were (models of) linear space. On the
other hand, we see that the set of geometric vectors A is not (a model of) linear
space because we do not know how to meaningfully add (by translation) geometric
vectors which are not bound to the same point. The set of geometric vectors is affine
space.

Affine space connects points, geometric scalars, bound geometric vectors and free
vectors in a natural way.

Two points x and y, in this order, give one geometric vector (x,y), which deter-
mines exactly one free vector 7 = A, ,). We define function ¢: P x P — V, which
assigns to two points z,y € P their corresponding free vector ¢(x,y) = Alzy)-

Consider a point o € P and a free vector & € V. There is exactly one geometric
vector (o,z), with o at the first position, in the free vector Z. Therefore, point o
and free vector ¥ uniquely define point . We define function #: P x V' — P, which
takes a point and a free vector and delivers another point. We write o#Z = x and
see that & = ¢(o, ).

Consider three points z,y, z € P, Figure 3.9. We can produce three free vectors
U= ¢(r,y) = Ay, T=¢Y,2) = Ay, W= ¢(r,2) = A, ). Let us investigate
the sum #Hy. Chose representatives of the free vectors, such that they are all bound
to z, i.e. bound vectors (v,y) € Ay y, (z,t) € A,y and (z,2) € A(, ). Notice that
we could choose pairs of the original points to represent the first and the third free
vector but we had to introduce a new pair of points (z,t) to represent the second
free vector. Clearly, there holds (z,y) ® (x,t) = (x, 2). We now see, Figure 3.9, that
(y, z) is related to (x,t) by a translation and therefore

UHT = Ay B Ay = A@y) BA@y = A@e) =0

The above rules are known as azxioms of affine space and can be used to define
more general affine spaces.

Triple (P, L, ) with a set of points P, linear space (L,H,[:]) (over some field of
scalars) and surjective (onto) [1] function ¢: P x P — L, is affine space when there

12
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Figure 3.10: Point x is represented in two affine coordinate systems.

holds for every three points x,y,z € P

oz, y) =p(z,2) = y=2
o(r,2) = p(z,y) He(y,2) (3.4)

Function # is defined by ¢(a,a#%) = & for all a € A and Z' € L.
In our geometrical model of A discussed above, function ¢ assigned to pairs of
points z, y their corresponding free vector A, ).

3.5 Coordinate system in affine space

We see that function ¢ assigns the same vector from L to many different pairs of
points from P. To represent uniquely points by vectors, we select a point o, called
origin of affine coordinate system and represent point x € P by & = ¢(o,x). In our
geometric model of A discussed above, we thus represent point x by bound vector
(0,x) or by point o and free vector A, ;).

To be able to compute with points, we now pass to the representation of points
in A by coordinate vectors. We choose a basis § = (51, ba, . . .) in L. That allow us
to represent point x € P by a coordinate vector

I
g = | ¥2 |, such that F=ax1b +a2by+ -

The pair (o, 3), where o € P and 3 a basis of L is called affine coordinate system
(often shortly called just coordinate system) of affine space (P, L, ¢).

Let us now study what happens when we choose another point o' and another
basis ' = (l;{, 55, ...) to represent z € P by coordinate vectors, Figure 3.10. Point x
is represented twice: by coordinate vector g = ¢(0,x)g = A(o.x)p and by coordinate
vector &g, = @(0',2)gr = Aot 2)p7-

To get the relationship between the coordinate vectors g and f/IB’v we employ
the triangle equality

90(071‘) = ()0(070/)30(0/71‘)
Z = d@ET

13
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Figure 3.11: Affine space (P, V, ¢) of solutions to a linear system is the set of vectors
representing points on line p. In coordinate system (0,), vector
has coordinate 1. The subspace V of solutions to the accompanied
homogeneous system is the associate linear space. Function ¢ assigns
to two points 0, & the vector 4 = i — Z.

which we can write in basis  as (notice that we replace [ by + to emphasize that
we are adding coordinate vectors)

:L_"g = :L_";j + 5:27;
and use the matrix A transforming coordinates of vectors from basis 3’ to 3 to get
the desired relationship

Columns of A correspond to coordinate vectors I;{ 3 _’éﬁ, .... When presented with
a situation in real affine space, we can measure those coordinates by a ruler on a
particular representation of L by geometrical vectors bound to, e.g. point o.

§5 Remark on notation We were carefully distinguishing operations with (4, )
with scalars, (@®,®) bound vectors, (H,[:]) free vectors, and function # combining
points and free vectors. This is very correct but rarely used. Often, only the symbols
introduced for geometric scalars are used of all operations, i.e.

+ = +?<—D??:H:
7®7B

3.6 Examples of affine spaces

Let us present a few important examples of affine spaces.

3.6.1 Affine space of solutions of a system of linear equations

We look at at the following system of linear equations in R?

[_} _1]5: [_g] (3.6)

14
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we immediately see that there is an infinite number of solutions. They can be written

L |2 1
ZL’—|:O:|+7'|:_1:|, TeR

or as a sum of a particular solution [2,0]" and the set of solutions ¥ = 7 [—1, 1] "of
accompanied homogeneous system

e[

Figure 3.11 shows that the affine space (P, V, ¢) of solutions to the linear system (3.6)
is the set of vectors representing points on line p. The subspace V' of solutions to
the accompanied homogeneous system (3.7) is the linear space associated to A by
function ¢, which assigns to two points &,y € A the vector & = §y —F¥ € V. If we
choose & = [2,0]T as the origin in A and vector b = ¢(3,7) = & — & as the basis of
V', vector & has coordinate 1.

We see that in this example, points of A are actually vectors of R?, which are
the solution to the system (3.6). The vectors of V are the vectors of R?, which are
solutions to the associated homogeneous linear system (3.7).

3.6.2 Small affine spaces

Let us now look at small affine spaces. These are structures that satisfy axioms of
affine space and has very small number of points. They do not represent geometry
of normal space around us but satisfy axioms, which we have distilled out from the
properties of the geometric affine space studied above. They illuminate the structure
of space we live in.

§6 One-point affine space The one-point affine space with P = {z} has associated
trivial linear space L = {0}, which has only zero vector and function ¢(z,z) = 0.
This is trivial affine space.

§7 Two-point affine space Let us construct two-point affine space. If there was
an affine space with P = {z,y}, then there would be a linear space L associated
with P such that ¢ would exhaust all vectors in L and the axioms 3.3, 3.4 would
hold. There are four ordered pairs (z,z), (y,v), (z,vy), (y,z). Due to triangle
equality p(z,2) = ¢(y,y) = 0 (consider, e.g., ¢(x,z) + ¢(z,z) = @(x,z)) and
o(x,y) = —p(y,z) (consider p(z,y) + ¢(y,x) = ¢(z,z)). Now, ¢ must exhaust
all vectors in L. We have already seen that the p(x,2) = ¢(y,y) = 0. Assigning
@(x,y) = 0 is not possible since p(z,y) = ¢(z,z) but 2 # y. The same holds true
for ¢(y,x). Therefore, p(z,y) = @(y,z) = @ for some 0 # @ € L. This calls for a
linear space with exactly two vectors. Let us consider linear space L = {0,1} with
addition defined by 0+0=0,04+1=14+0=1and 1 4+ 1 = 0 and multiplication
defined by 0-0=0,0-1=1-0=0and 1-1 =1 (Check that all axioms of linear
space hols true). We know this linear space also as binary numbers with modulo-two
arithmetic. Define ¢ as p(z,z) = ¢(y,y) = 0, (z,y) = ¢(y,x) = 1. We see that
 is onto. There are no two pairs that would agree on the first component and
would be mapped by ¢ to the same vector. Hence axiom 3.3 holds true. Finally,
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p(z,z) + p(z,2) =0+0 =0 = p(z,2), p(z,2) + p(z,y) = 0+1 =1 = p(z,y),
y) +o(y,z) =1+1=0=9(z), o(@,y) +e(y,y) =14+0 =1 = ¢(,y),
o(y,y) +o(y,y) =040 =0 = p(y,y) verify that axiom 3.4 holds true as well.

§8 Three-point affine space If there was affine space with P = {x,y, 2z}, then
there would be a linear L space associated with P such that ¢(x,y) would exhaust
all vectors in L. There are nine ordered pairs (z,z), (v,v), (z,2), (z,y), (y,z),
(y,2), (2,9), (x,2), (z,2). Due to triangle equality p(z,z) = ¢(y,y) = @(2,2) = 0
and o(z,y) = —py,z), o(y,2) = —p(z,9), ¢(r,z) = —p(z,x). Clearly function
@ can’t assign a pair of different points to 0. Hence 0 # o(z,y) = @ € L and
0 # ¢(x,2) = 7€ L and T # @ since  # 2z Let us try ¢(y,z) = @. Then
i+ = o(x,y) + o(y,z) = o(y,z) = i implies @ = 0, which is not possible. Let
us try o(y,z) = 0. Then 0 = 0 — 7 = ¢(y,2) + p(z,2) = @(y,z) = — implies
@ = 0, which is also not possible. Hence, oy, z) = W with @ # 0, @ # @ and @ # .
Consider the linear space L = {0,1}?, i.e. ordered pairs of binary numbers with
coordinate-wise addition and multiplication in modulo-two arithmetic (Verify that
it indeed is a linear space). Now, make z = [1,0]", y = [0,1]" and z = [1,1]" and
o(u,v) = v —u for u,v € A. We see that ¢(u,u) = u—u = [0,0]" for every u € A,
p(u,v) =v—u=—(u—v) = —p(v,u). Weget p(z,z) = p(y,y) = ¢(z,2) = [OvO]Tv
ela,y) = oy, ) = [L1]T, @(y,2) = ¢(z,9) = [1,0]7, ¢(z,2) = ¢(z,2) = [0,1]".
We see that ¢ is onto. There are no two pairs that would agree on the first component
and would be mapped by ¢ to the same vector. Hence axiom 3.3 holds true. Finally,
o(u,v) + (v,w) =v—u+w—v =w—u = @(u,w) verifies that axiom 3.4 holds
true as well.

89 Four-point affine space To construct the four-point affine space, we extend
the previous example of the three-point affine space. Let us set P = {x,y, z,w},
with = [1,0]", vy = [0,1]7, z = [1,1]T, w = [0,0]" and ¢(u,v) = v — u for
u,v € A. We see that ¢(u,u) = u —u = [0,0]" for every u € A, p(u,v) =v—u =
—(u —v) = —p(v,u) and p(u,v) + p(v,w) =v—-—u+w—v =w—u = P(u,w).
Clearly ¢ is onto and the triangle equality, axiom 3.4, holds true. We only need
to verify axiom 3.3. Let us consider sets of point pairs that map to the same
vector. On pairs from x, y, 2z, the ¢ coincides with three-point affine plane and hence
for them axiom 3.3 holds true. We need to check assignments ¢(x,w) = [1,0]",
o(y,w) = [0,1]7, ¢(z,w) = [1,1]" and p(w,w) = [0,0]". We see that pre-image
of [1,0]", »=([1,0]") = {(y,2), (2,¥), (x,w), (w, )} has no repetition of the first
component of its elements. The same can be verified for preimages of [0,1]" and
[1,1]". Axiom 3.3 holds true.

The above linear space is not the only linear space with four vectors. The set
L' = {0,1,t,t+1} of polynomials in ¢ with addition modulo polynomial ¢2+¢+1 forms
a linear space over itself. It is a finite field with four elements (Verify the axioms).
Set P = L' and ¢(u,v) = v — u. Clearly ¢ is onto and axiom 3.4 holds true. Sets
e H0) = {(@,2), (1), (5,2, (w,w0)}, 91 (1) = {(3,2), (21, (@, w), (w,2)}, ete,
demonstrate that axiom 3.3 holds true.

The above two examples are interesting because they represent two quite different
affine spaces. Consider that the first example clearly represents a two-dimensional
linear space since vectors [0,1]" and [1,0]" are linearly independent. The second
example, on the other hand, represents only one-dimensional space since all vectors
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Figure 3.12: Four-point affine plane models. (a) Incidence table. (b) Geometrical
incidence model. (c) Linear algebraic model.

in the space can be generates as multiples of 1 as 0 = 01 , 1 = 11, t = t1,
t+1=(t+1)1L

We also see that the first example of the four-point affine space is actually the
smallest affine plane, i.e. the smallest affine space that is based on a two dimensional
linear space. It is clear that two dimensional linear space has to have at least four
vectors. Since it has to have the zero vector, two basic vectors and the sum of the
two basic vectors must give yet another non-zero vector.

3.7 Incidence axioms of affine spaces

We saw that affine space with the same number of points can be represented by
linear spaces of different dimensions. This suggests that models of affine spaces can
be quite different. Indeed there are some very interesting affine spaces which can’t
even be represented by a linear space. To get such spaces, however, we have to
pass to a different set of axioms that will not be incorporating linear space into the
foundations of affine space.

We can verify that all affine spaces according to the definition in Section 3.4
satisfy the following rules that we shall adopt as axioms to arrive at more cases of
affine spaces. Let us first define a few new concepts. Then we will formulate axioms
of synthetic affine spaces and show interesting examples.

Let P be a set. We define triple (P, L, E) of points P < exp P, lines L < exp P
and planes £ < exp P. Points, lines and planes are subsets of P. In particular,
points are singleton sets, i.e. the sets containing exactly one element. We say that
point p € P is incident [12] with (lies in, is on, belongs to, is contained in) line [ € L,
and write pol when p N[ # &, Similarly, p is incident with 7 € £ when p n 7 # .
Line [ € L intersects (meets) line m € £, when | nm # ¢J, line [ € L intersects plane
m € & when | n 7w # J and plane o € £ intersects w € £ when o n 7w # J. We say
that line [ is parallel to line m if they do not intersect and are contained in a plane.
We say that points are collinear (coplanar) if they are contained in a line (plane).

We say that (P, L, &) is synthetic affine space when the following incidence ax-
ioms of affine space [13] hold for the triple.

AS1 Every two distinct points are contained in exactly one line.

AS2 Every three distinct non-collinear points are contained in exactly one plane.
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Figure 3.13: Moulton plane

AS3 1If p is a point not contained in a line [, then there is a unique line m such that
p is contained in m and m is parallel to [.

AS4 If k, [, m are distinct lines with k parallel to [ and [ parallel to m, then k is
parallel to m.

This new definition encompasses all case defined above but also some other affine
spaces that can’t be represented by linear space with ¢ given by vector subtraction.

Figure 3.7 shows three models of the four-point affine plane. In Figure 3.7(a), the
plane is defined by an incidence table. Another model is purely set-theoretical. We
set P = {{P1}, {2}, {Ps}, {Fs1}} and line segments connecting points are lines £ =
{{Pl, PQ}, {Pl, Pg}, {Pl, P4}, {PQ, Pg}, {PQ, P4}, {Pg, P4}} There is only one plane
E =P = {P, P, P;,P;}. We can verify that axioms AS1-AS4 are satisfied but
it is clear that axioms AS2 and AS4 wre met trivially in this case.

Figure 3.7(b) shows a geometrical model in which the four-point affine plane is
represented by a tetrahedron. Vertices of the tetrahedron represent points. The
edges of the tetrahedron represent lines. This model is actually just another visual-
ization of the corresponding incidence table.

Figure 3.7(c) shows four-point affine space represented by two dimensional linear
space over binary numbers. Notice that every point is represented by a vector and
o can be defined as difference of vectors representing points. This is a linear model
of affine space.

Interestingly, it is possible to drop AS2 and AS4, simplify AS3, and to add
enaothe axiom to arrive at a set of axioms of synthetic affine planes which are
satisfied by all affine spaces represented by two dimensional linear spaces with ¢
equal to the difference of vectors representing points

AP1 Every two distinct points are contained in exactly one line.

AP2 There are three non-collinear points.
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AP3 If p is a point not contained in a line [, then there is a unique line m such that
m does not intersect [.

Synthetic affine planes represent an important class of affine spaces, some of
which do not have a linear model. Consider, for instance, the Moulton plane [13].
Set

P = R?
L = {[z,y]" eR*|a,b,ceR, a® +b*> #0,
ar+t(y)by =c, t(y)=1fory >0 and t(y) =2 for y <0}
[z,y]" ole L iff [z,y]" c1

See Figure 3.13 for examples of a few lines of the Moulton plane. We can check
that Moulton plane satisfies axioms of synthetic affine space as well as axioms of
synthetic affine plane. Its points are represented by vectors of R? but lines are
not one-dimensional subspaces of R? and ¢ is not obtained by subtracting vectors
representing the points.
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4 Image coordinate system

Digital image Im is a matrix of pixels. We assume that Im is obtained by measuring
intensity of light by sensors (pixels) arranged in a grid, Figure 4.1.

We will work with images in two ways. First, we will work with intensity values,
which are stored in the memory as a three-dimensional array of bytes indexed by
the row index i, the column index j and the color index k, Figure 4(a). Color index
attains three values 1,2,3, with 1 corresponding to red, 2 corresponding to green
and 3 corresponding to blue.

In Matlab, image Im is accessed using the row index i, the column index j and
color index k as >>Im(i,j,k). The most top left pixel has row as well as column
index equal to 1. The red channel of the pixel with row index 2 and column index
3 is accessed as >>Im(2,3,1).

6§10 Image coordinate system For geometrical computation, we introduce an im-
age coordinate system as in Figure 4(b). The origin of the coordinate system is
chosen to assign coordinates 1,1 to the center of the most top left pixel. Horizontal
axis by goes from left to right. The vertical axis by goes from top down. Pixel, which
is accessed as >>Im(i,j,k) is in the image coordinate system represented by the
vector # = [j,i]". Digital image with H rows and W columns will in Matlab be
indexed as >>Im(1:H,1:W,1:3) and >>size(Im) will return [H W 3]. In the image
coordinate system the center of the most bottom right pixel will have coordinates
(W, H].

The image coordinate system coincides with the Matlab coordinate system image,
i.e. commands

>> axis 1ij
>> axis equal
>> plot(j,i,’.b’)

plot a blue dot on the pixel accessed as Im(i,j,k);

The image coordinate system is non-standard in two dimensions since it is a
left-handed system. The reason for such a unnatural choice is that this system will
be next augmented into a three-dimensional right-handed coordinate system in such
a way that the 53 axis will be pointing towards the scene.
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Figure 4.1: Image is digitized by a rectangular array of pixels

(a) Image Im is a matrix of pixels.
In Matlab, it is accessed using the
row index i, the column index j and
color index k as >>Im(i,j,k). The
most top left pixel has row as well
as column index equal to 1. The red
channel of the pixel with row index
2 and column index 3 is accessed as
>>Im(2,3,1).

(b) The image coordinate system is
defined with horizontal axis 51 and
vertical axis 52. The origin of the co-
ordinate system is chosen to to assign
coordinates 1,1 to the most top left
pixel. Notice that pixel, which is ac-
cessed as >>Im(2,3,1), is represented
in the image coordinate system by the
vector @ = [3,2]".

Figure 4.2: Image coordinate system.
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5 Perspective camera

Modern photographic camera, Figure 5.1, is an interesting and advanced device.
We shall abstract from all physical and technical details of image formation and will
concentrate solely on its geometry. From the point of view of geometry, a perspective
camera projects point X from space into an image point x by intersecting the line
connecting X with the projection center (red) and a planar image plane (green),
Figure 5.1(b).

5.1 Perspective camera model

Let us now develop a mathematical model of the perspective camera. The model
will allow us to project space point X into image point z and to find the ray p in
space along the which point x has been projected.

§11 Camera coordinate system Figure 5.2 shows the geometry of the perspective
camera. Point X is projected along ray p from three-dimensional space to point z in
two-dimensional image. Point x is obtained as the intersection of ray p with planar
projection plane w. Ray p is constructed by joining point X with the projection
center C.

The image plane is equipped with an image coordinate system (§10), (o, ),
where o is the origin and o = [bl, bg] is the basis of the image coordinate system.
Notice that the basis « is shown as non-orthogonal. We want to develop a general
camera model, which will be applicable even in the situation when image coordinate
system is not rectangular. Point x is represented by vector 4 in (o, cv)

ﬁ=u51+v52 ie. Uy = [Z] (5.1)

Three-dimensional space is equipped with a world coordinate system (O, §), where
O is the origin and § = [d_i, d}, d_;z,] is a three-dimensional orthonormal basis. Point
X is represented by vector X in (0,9). The camera projection center is represented
by vector C in (O, §).

Let us next define the camera coordinate system. The system will be derived
from the image coordinate system to make the construction of coordinates of the
direction vector Z of p extremely simple.

Camera coordinate system (C, 3) has the origin in the projection center C' and
its basis § = [bl,bg,bg] is constructed by re-using the two ba81s vectors of a and
adding the third basic vector bg, which corresponds to vector Co. We see that
vectors in § form a basis when point C is not in 7, which is satisfied for every
meaningful perspective camera. Notice also that the camera coordinate system, is
three-dimensional.

Image points o and x are in plane mw, which is in three-dimensional space, and
hence, we can consider them points of the space. Point z is in (C, 3) represented by
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(a) (b)

Figure 5.1: Perspective camera (a) is geometrically a point (red) and a projection
pane (green) (b).

vector Z, which is the direction vector of the projection ray p along which point X
has been projected into x. We see that vectors u, &, b3 form a triangle such that

T = d+bs (5.2)
= ul;1+vl;2+1l;3

and therefore

= e g

: =z U
T8 = (b1 babs] — - [ 1 :| ) (5.4)

Notice that basis § has been constructed in a very special way to facilitate con-
struction of Z3. We can use u, v directly since 3 re-uses vectors of o and the third
coordinate is always 1 by the construction of 53. Although we do not know exact
position of C' w.r.t. the image plane, we know that it is not in the plane 7 and hence
a meaningful camera coordinate system constructed this way exists.

Notice next that the camera coordinate system is right-handed. This is because
when looking at a scene from a point C' through the projection plane, the image
is constructed by intersecting projection rays with the projection plane, which is in
front and hence the vector 53 points towards the scene. We see that vectors of
form a right-handed system.

Let us mention that we have used deeper properties of linear and affine spaces.
In particular, we were making use of the concept of free vector in the following way.
We look at vectors l;l, 52 and @ as on a free vectors. Therefore, coordinates of the
representative of ¢ beginning in o with respect to representatives of 51, 52 beginning
in o equal the Coordlnates of the representative of 4 beginning in C' with respect
to representatives of bl, b2 beginning in C. Hence u, v reappear as the first two
coordinates of Z.

For usual consumer cameras, vector 53 is often much longer than vectors l;l, by and
often not orthogonal to them. Therefore, basis § is in general neither orthonormal
nor orthogonal! This has severe consequences since we can’t measure angles and
distances in the space using [, unless we find out what are the lengths of its vectors
and what are the angles between them.
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Va,

Figure 5.2: Coordinate systems of perspective camera.
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§12 Perspective projection Point X has been projected along p into x. Since &
is a direction vector of p, point X can be represented in (C, 3) by

na (5.5)

for some real n. Value of 1 corresponds to scaled depth of X, i.e. the distance of
X from the plane passing through C' and generated by 51, 52 in units equal to the
distance of C' from 7. Value 7 is not known since it “has been lost” in the process
of projection! but will serve us to parametrize the projection ray in order to get
coordinates of all possible points in space that could project into z.

Let us now relate the coordinates ., which are measured in the image, to the
coordinates Xg, which are measured in the world coordinate system. First consider
vectors X , Cand Z. T hey are all coplanar and hence

nt = X-C (5.6)

To pass to coordinates, we will use the camera coordinate system, in which we can
write

nis = X5-Cs (5.7)
g = =
o] - %6 (53)
Next we shall pass to the coordinates w.r.t. basis 0 on the right hand side of Equa-

tion 5.8 by introducing a matrix A, which transforms coordinates of a general vector
y/ from basis 0 to basis 3, i.e.

Ys = AYs (5.9)

We know from linear algebra (§3) that such matrix exists

U ;a = A(X5—Cy)
[5] - sfeal[f]
n ﬁla = P Xf] (5.10)
nisg = P Xﬂ (5.11)
with 3 x 4 camera (projection) matrix
P= [A |—Ad;] (5.12)

5§13 Projection equation Equation 5.10 describes the relationship between mea-
surement 1, in the image and measurement X in space. It says that X5 is projected
into 1w, since there exists 17 such that Equation 5.10 holds. Notice that n multiple of
the vector on the left of Equation 5.10 is obtained by a linear mapping represented
by matrix P from vector Xi; on the right.

Tt can be recovered when a point X is observed by two cameras with different projection centers.
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When computing 4, from X5, we actually eliminate 7 using the last row of the
(matricidal) equation (5.10)
1 X
b1
=
ps X
T = i (5.13)
pe X
p3 X

where we introduced rows of p1, p2, p3 of P and a 4 x 1 vector X as follows

3 ;
P=|py and X = [X‘s] (5.14)
2 1
P3

Notice that the projection equation is not linear. It is a rational function of the first
order polynomials on elements of X.

6§14 Projection ray Having an image point i, we can construct its projection ray
p in space. The ray consists of all points Y that can project to i,. In (C, ), the
ray is emanating from the zero vector. We parametrize it by real n and express it
in (O, 6) by vector Xs

- U .
o[
X(; = UA_lf/@ + C_"(s (5.15)

Notice that Xa (5.15) can also be obtained for a given 1 by solving the system
of linear equations

nT5 =P [*’ﬂ (5.16)

for Xs.

5.2 Computing camera projection matrix from image of six
points

Let us now consider the task of finding the P from measurements. We shall consider

the situation when we can measure points in space as well as their projection in the
image. Consider a pair of such measurements [z, y, 2] T “%" [u,v]". There holds

QX (5.17)

>~
4
Il
=)
—= N e R
Il

for some real A\, 3 x 4 matrix Q and 4 x 1 coordinate vector X. Notice that we intro-
duced new symbols A and Q to emphasize that they are determined by Equation 5.17
up to a non-zero scale

Q=¢P (5.18)
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We will see that this will have further consequences.
Introduce symbols for rows of Q

al

Q=|ay (5.19)
a3
and rewrite the above matrix equation as
Au = qX
Av = qiX
A a3 X

Eliminate A from the first two equations using the third one
(@X)u = qiX
(asX)v = gX
move all to the left hand side and reshape it using x'y = y'x
Xqu — (u XT) g3 = 0
XTqQ - (’U XT) g3 = 0
Introduce vector of parameters (which are elements of Q)
T
a=[al a ai]

and express the above two equations in matrix form

xyleOOO—ua:—uy—uz—u]_O

000O0=zwvy 21 —vxr —vy —vz —v
M qg =0 (5.20)

Every correspondence [z,y,2]" " [u,v]" brings two rows into the matrix
M (5.20). We need therefore at least 6 correspondences in general position to obtain
11 linearly independent rows in Equation 5.20 to obtain a one-dimensional space of
solutions.

If Q is a solution to Equation 5.20, then 7 Q is also a solution and both determine
the same projection since

(7Q) X =7(QX) = 7(ATp) = (TA) 7

Assuming P = 7Q leads to A = n/7. We see that we can’t recover P but only
its non-zero multiple. Therefore, when solving Equation 5.20, we are looking for
one-dimensional subspace of 3 x 4 matrices of rank 3. Such a subspace determines
one projection. Also note that the zero matrix does not represent any interesting
projection.

Notice that when considering more correspondences, M becomes

r1r Y1 2 1 0 0 0 0 —Ul1r1y —U1Yir —Ulz1 —Ul
T2 Y2 22 1 0 0 0 O —UXT2 —UQY2 —UQZY —U2

0 0 0 O r1 Y1 2 1 —U1r1 —V1Y1 —U1z1 —U1
Ty Y2 22 1 —wvaxrg —voys —v222 —V2

[an)}
[es}
[es}
[an}
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which can be more concisely rewritten as

[X] 0" —upX{]
Xg 0" —upXg

: 21
of X/ —wx{ (5.21)

0" XJ —wxj

with 0T = [0,0,0,0].

5.3 Camera pose

The projection formula 5.10 reveals that the perspective projection depends on ma-
trix A and vector 65. The vector C_;g represents the position of the camera projection
center w.r.t. the world coordinate system. Columns of matrix A are coordinates of
the basic vectors of ¢ in the basis 3

A= |y, oy dy,

To recover the orientation of the camera, we will introduce the focal length f
(in world units) and replace the product f A by the product of two 3 x 3 matrices K
and R

fA=KR (5.22)

We will see that this seemingly artificial construction is indeed justified.

Rotation matrix R determines the orientation of the camera in space and alto-
gether with Cs defines the camera pose. The camera calibration matriz matrix K
does not change when moving its camera in the space.

To obtain K and R, we define the camera cartesian coordinate system (C,~y) with
center (again) in the camera projection center C' and with basis v = [¢1, €2, €3] such
that

& = knb
Co = ki2by +kabo (5.23)
53 = k‘13 51 + ]{23 52 +1 53

Parameters k;; are determined to make the basis v orthogonal. Notice that vector

c3 is orthogonal to 7 since it is orthogonal to ¢i, G, which span 7, by construction.

Also notice that « is (in general) not an orthonormal basis since the length of its

vectors equals the distance of C' from 7, i.e. the focal length f in the world units.
Equations 5.23 define matrix K as

ki1 ki ks
K = [é &y ;] =] 0 koo kos (5.24)
0 0 1
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The world cartesian coordinate system has basic vectors of unit length. The
camera cartesian coordinate system (C,~) has basic vectors of length equal to f.
Therefore,

[dL do, d37]= R=|r]/f (5.25)

for some 3 x 3 orthonormal matrix R with rows r{, rJ, rj.

Consider that

— - - - - - 1
A=|dy, by, &, |=x|d, b |- KR (5.26)
We can view the matrices %R and K as coordinate transformation matrices, which

transform a general vector ¥ from the coordinates w.r.t. § to v and then to 3, i.e.
. N D
Ys =Kyy = ?KRya (5.27)

The basis v is orthogonal and all basic vectors have the same length, which is equal
to f. It follows from the orthogonality of the basis v that & - & = f2, & - & = 0
and ¢ - & = f? and hence using Equation 5.23 leads to

ke |by] — f
kiy koo (b1 - ba) + kg f2 = 0 (5.28)
k%l kgz HbZHQ - (k%Q + k%l) 2=

Let us solve Equations 5.28 for k11, k12 and koo. The first Equation in (5.28) provides
k11. Substitution the square of the first equation into the second one an dividing it
by k?, provides the second equation of (5.29). To get koo from the third equation
of (5.29), we express k1 from the first equation of (5.28) and ksy from the second
equation of (5.28) and substitute them into the third equation of (5.28). Altogether,
we get

Fulbl—f = 0
Frg b1 + oz (b - B2) = 0 (5.29)
Koo (B [B2]* = (b1 - B2)*) = f2Ba)* = 0
Looking at the third equation of (5.28) we see that
RS i | R — (5.30)
[b1]2]|b2]? — (b1 - b2)%  |b2]? — ||b2]? cos? £ (b1, ba)
koo = ! (5.31)

2] sin £ (b1, ba)

since v was constructed to make koo positive. The second equation of (5.28) now
gives

by - by b2 || cos £ (by, bo)
kig = —kop—=—— = —kao - (5.32)
012 1]
o f cos Z(b1,b2) (5.33)
|b1] sin Z(b1, b2)
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Figure 5.3: Camera internal parameters are related to the geometry of basis 3.
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Finally k1, follows from (5.29)

f

ki = ——
161

Considering Figure 5.3 and Equation 5.23, we see that the coordinates of the
vector g, corresponding to the principal point, which is the perpendicular projection
of C onto m, are in 3

k

L le ) . k?13

Uop = 23 | » 1.€. Upn = k (5.34)
0 23

The horizontal pixel size corresponds to [b1]. Quantity k;; thus transforms the
world units into the horizontal image units. It can be understood as f expressed in
the horizontal i image units. The angle between the image axes bl, by is obtained from
]{711/]312 = —tan L(bl, bg). The ratio of the lengths of the image axes is determined
by [b2]/[b1] = A/k11 (k11 + k12)/ka2.

Let us now return to Equation 5.10 and substitute there the above results to
arrive at the final projection equation

nig = P [%?] (5.35)
77_§f_ = A(Xs—Cy) (5.36)
fn _ﬁf_ = fA(Xs-Cs) (5.37)
fn %%_ = KR(X; —Cs) (5.38)
¢ E%_ = KR(X; —Cs) (5.39)
¢ _ﬁf_ = [ | — ] [%?} (5.40)

We have introduced a new parameter ( = fn, which is the depth of X in world
units. We conclude that
P:[%KR |—%KRC(;] (5.41)

Notice that the last row aJ of A provides f since

aj 1 ki1 ki ki3 r] 1 k111 + k1oro + k1313
A= a; = ? 0 koo kos I‘;— = ? kooro + kosrs
aq 0o 0 1 Ty T3

and hence |a] || = % Therefore ||P(3,1: 3)| = %

§15 Coordinate systems generated by applying KR to 45 and R"'K~! to 75 We
have seen that the decomposition of A to K and R introduced the camera cartesian
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() B = [by, b2, bs], & = [dy,da, ds): G5 = Adis (b) v = [&1, 6, &]: 7y = $Rijs

(c) € = [é1,6,8]: . = RT5, (d) & = [k1, ko, k3]s 7, = K~ 73,
Vv = [ﬁ17ﬁ27ﬁ3]: gV = ng gli = Yy

Figure 5.4: Coordinate systems gener%%ed by applying %R, K, R, R~ and K~1.
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coordinate system (C,~), Figure 5.4(b)

_ 1.
¥y = —Rys (5.42)
Yys = Ky, (5.43)

There are three more coordinate system to consider when looking at how matrices
R, K, and their inverses R™!, K1, apply to vectors ¢5 and ys, Figure 5.4.

Let us first consider coordinates of a vector i/ w.r.t. basis § and apply successively
R and K. Coordinate vector R {5 can be interpreted as coordinates of § w.r.t. a new
basis € = [€], €2, €3], Figure 5.4(c). Applying further K to . gives the coordinate vec-
tor K g, which can be interpreted as ¥ w.r.t. yet another new basis v = [7i1, fia, 7i3].
We get from v to 8 by using % I

Ye = RYs (5.44)
Y = Kye (5.45)
. 1.

Ys = ?Iyu (5.46)

We have introduced two new coordinate systems (O, v), v = [7i1,Tia, 73] and (O, ¢€),
€ = [51, 52, 53]

Next we consider coordinates of a vector ¢ w.r.t. basis 0 and apply successively
K! and R~!. Coordinate vector K ! Y gives ijy. Coordinate vector R ! 1 can be
interpreted as coordinates of § w.r.t. a new basis xk = [El, ko, Eg], Figure 5.4(d). To
get from ¢, to ¥s we need to employ fI

7 o= K 'Js (5.47)
g. = R'g, (5.48)
gs = [T (5.49)

We have thus introduced a new coordinate system (O, k), € = [El, ko, Eg]
Figure 5.5 summarizes the relationship between coordinates of a vector and be-
tween bases associated with a perspective cameras.

§16 Recovering camera pose from its projection matrix Let us next consider
that we have already computed the camera projection matrix

Q= ¢P = ¢ LKR[T| G}
consisting of a 3 x 3 matrix M and 3 x 1 vector m
Q= [M|m] (5.50)
To recover camera pose from Q, we need to get C_”(; from m and to decompose Q into

the product of K in the form of (5.24) and R such that R'R = I and |R| = 1. Consider
M in the form

M = |mg (5.51)
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Uy — L = g 6 — f—= K
I -1

e 1 -t Ifl
Y. 7R € fR
|E\l %7 R I \%7 R
K f\%/ Kt 7/
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ij\ K v K
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-
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Figure 5.5: Relationships between (a) coordinates in different bases. e.g. 43 = K/,
and (b) bases themselves, e.g. 3 = YK~ !, associated with a perspective
camera.

Next we notice that the last row of KR has unit norm since it is equal to the last row of
rotation R. Therefore, we need to divide M by the norm of its last row to get a matrix
decomposable into a product of KR. Moreover, it follows from the construction of
0 that k13 > 0 and k9o > 0. Thus, determinant [KR| = [K||R| = ki1 koo > 0.
Therefore, we also need to multiply M by the sign of its determinant to get a matrix
decomposable into a product of KR.

. . m{ ki ki k| [r]
sign|M| ~ signM| | L[ L
ms 0 0 1 Ty
which provides the following set of equations
mlm
ﬁ = ]{22 I‘grg + k‘23 r3Tr3 = ]{23 (5.53)
B
i (5.54)
m3
T
my M2 2 2
= I{?QQ + k23 (555)
m3 2
m; m
L 22 = k1o koo + k13 ko3 (556)
ms
m; m

from which ki1, k12, k13, koo, kog can be easily computed considering that the most
of consumer digital cameras have k11 > 0, koo > 0, ki3 > 0, ka3 > 0.
Having k;; computed, we recover R from M as

1 sign |M]

M (5.58)
Jms|

R=K"
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Camera projection center can be computed in two ways. Either we get
Cs=—M'm (5.59)

or we obtain it by finding a basis ¢ of the one-dimensional right null space of matrix
Q, i.e. solving

Qc=0 (5.60)
and then computing
61 1
= — .61
[ ) ] C4c (5.61)

where cy4 is the fourth coordinate of vector c.

5.4 Camera calibration and angle between projection rays

We have introduced matrices P, R and K, which determine the projection from space
to images. However, since K is introduced with Ks3 = 1, the pair (K, R) does not
contain all information about the camera, which can be obtained by direct mea-
surement of its physical components in a world coordinate system equipped with a
known world unit length 1y,. The missing element is the scale of K, which is equiv-
alent to knowing the value of focal length or the size of pixel, i.e. f, [by] or |ba], in
1.

Knowing K and f allows to recover |by| from Equations 5.23 as |b1] = f/k.
Knowing K and |[by |, on the other hand, gives f = |by/k11.

Therefore, full calibration of the camera is encoded, e.g., in one of the following
triplets: (K, R, f), (K, R, k11) or (K, R, ko2).

We defined the camera calibration matrix K with K33 = 1 because we often do
not have access to world units when working with images without knowing anything
about the camera which was used to make them. Moreover, a number of important
tasks can be done without knowing the world unit.

§17 Angle between projection rays Consider two image points ;g and 3. The
direction vectors of the rays are in § given by

" u " U
F1p = { ﬂ, Tap = { ﬂ (5.62)

To obtain the angle between the direction vectors by evaluating the scalar product
of the vectors, we need to pass to an orthogonal basis. The “closest” orthogonal
basis is v. Hence

=T = =T p—Tp—1=z
T L2y :UwK K™ Zap
cos £(T1,72) = 2 == —= (5.63)
|71, Z2, ] K= @10 K2 225]

5.5 Calibrated camera pose computation

We have seen how to find (uncalibrated) perspective camera pose from projections
of known six points. In fact, we have recovered the calibration of the camera. Next
we shall show that when the calibration is known, we are able to find the pose of
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Figure 5.6: A calibrated camera pose can be computed from projections of three
known points.

the camera from projections of three points. This is one of very classical problem.
Its solution is known since ... when it has been solved by Grunert.

Figure 5.6 shows a camera with center C', which projects three points X1, X5 and
X3, represented by vectors X 16, ng and X 35 in (0O, 9), into image points represented
by flg, fgg and fgg.

§18 Classical formulation of the calibrated camera pose computation We in-
troduce distances between pairs of points as

dig = || Xos — X15]], doz = || X5 — Xos||, da1 = || X15 — Xss]] (5.64)

Since we see three different points, we know that all distances are non-zero.
Points X, X9 and X3 are in (C, ) represented by vectors

. 1=
Tiry K™ %53 .
77' — = 77 1= ) 1= 17273 (565)
ClEl T (Kl

with 7; representing the distance from C to X;. Distances 7; are non-zero since
otherwise we could not see the points.

5§19 Computing distances to camera center Calibrated perspective camera mea-
sures angles between projection rays

T K™K

= R i=1,2,3, j=(i—1) mod3+1 (5.66)

Cij = COS L(SL_'}, ZL_"j)

Hence we have all quantities 7;, cos Z(&;, ;) and d;j, which we need to construct
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a set of equations using the rule of cosines d%j =n? +n7 —2n;n; cos L(F;, Tj), ie.
diy = mi 45 —2mmen (5.67)
dyy = m5 45 —2mm3co3 (5.68)
A3 = 5+ —2mmen (5.69)

with Cjj = COS L(f“fj)

We have three quadratic equations in three variables. We shall solve this system
by manipulating the three equations to generate one equation in one variable, solving
it and then substituting back to get other variables.

§20 A classical (tedious) solution Let us first get two equations in two variables.
Let us generate new equations by multiplying the left side of (5.67) and (5.69) right
side of (5.68) and right side of (5.67) and (5.69) by left side of (5.68)

diy (3 + 15 —2menzcas) = dis (0 +1m5 —2m 2 ci2) (5.70)
A3 (3 + 15 —2menzces) = dis(m3 +0f —2n3m c31) (5.71)

We could have made three different choices which equation to use twice but since all
d;; # 0, and hence all sides of the equations are nonzero, all the choices are equally
valid.

We have now two equations with three variables but since the equations are
homogeneous, we will be able to reduce the number of variables to two by dividing
equations by (e.g.) n? (which is non-zero) to get

dty (nfy + i3 — 2mamscas) = dis (1+ni —2maciz) (5.72)
d3y (nfy +nis — 2mamscas) = dis (1+ni5 —2msca) (5.73)
with 719 = Z—f and 113 = Z—f Notice that we have a simpler situation than before
with only two quadratic equations in two variables. Let us proceed further towards
a one equation in one variable.
We rearrange the terms to get homogeneous polynomials in 713 on the left and
the rest on the right

d%z 77%3 + (=2 d%z M2C23) M3 = d%:a (1 + 77%2 —2m2 C12) - d%?”%?
(d5) — d33) nis + (2d33 31 — 2d3, macas) M3 = d3s —d3y 0ty

to get two quadratic equations

minis Fpims = @ (5.74)

manis +p2ms = @

in 713 with

mi = di (5.75)
p1 = —2d%moca (5.76)
g = d (1+ Mo — 212 c12) — d3ynis (5.77)
me = d3 —da (5.78)
py = 2dygez —2d3 maca (5.79)
¢ = dyy —d3 i (5.80)
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We have “hidden” the variable 712 in the new coefficients. We can now look upon
Equations 5.74 as on a linear system

mz P23 42
The matrix of the system (5.81) either is or is not singular.

§21 Case A If it is not singular, we can solve the system by Cramer’s rule [5, 9, 3]

2 mi1 p1 q1 P1
= 5.82
3 {mg pQH qu 102” (5-82)

mip p1 mi qi
= 5.83
e 2l = s %) 550

giving

Mg (Mips —map1) = qips— @ (5.84)
m3(mipz —map1) = miqe—moq (5.85)

Eliminating 713 (by squaring the second equation, multiplying the first one by
mq po — mg p1, which is non-zero, and comparing the left hand sides) yields

(m1p2 —map1) (@1 p2 — @2p1) = (M1 g2 —maq1)? (5.86)
Substituting Formulas 5.75-5.80 into Equation 5.86 yields
0 = ag 17112 + as 17;’2 + as 17%2 + a1 mo + ag (5.87)
with coefficients
a1 = —dyz —djydyy — dygd3y — 2diy dyyd3y + 2d55d3) + 2di; dyg (5.88)
+4.d3, ¢33 dys di)
az = 4 dzllz d%?) Cc31 C23 — 4 d%z dg?) Cc1o — 4 d%z 23 dg3 c31 + 4 d§3 C19 d%l (589)

+4d3y c19 — 4d3y diyy c31 A3y oz — 8 dio 3y dis 3y 12 — 8 d55 12 d5;
+4d2y dyg c12 d3y

ay = 8dS iy diy +4dSyd3y —2dys dyy + 2diy day — 4diy dyy 3y (5.90)
—ddys Gy — 4 diy chy diyy — 2 d5y + 8diy coz Sy c31 c1a
+4diy ey dys d3y — A dyy o dyy + 4 diy diy 3y + 8diy day 31 dy coz cro

a1 = 4ddsgciadsy +4diydSscra +4dSs cra — 4diy oz dSs e (5.91)
—8 d%Q dga 031 c12 — 4 d%z d%?) €31 d§1 co3 — 4 d%Q dga €12 d%l
+4.djy dis c31 co3 — 8dS3 10 d2y

ap = 2d33d3; +2dty dyy 5y — daz dyy — dip das + 4diy dS; 5 (5.92)
—d3y — 2diy i

We will use computation of eigenvalues to find a numerical solution to Equa-

tion 5.87. Construct the companion matrix

0 0
Cw (5.93)

o O =

—_ o O O
Q
=

0
1
0
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and observe that
|m2I—C| = 7712"‘ 7712+ 7712+—7712+—4 (5.94)

Therefore, a numerical approximation of 772 can be obtained by computing, e.g.,
>>eig(C) in Matlab. Complex solutions are artifacts of the method and should
not be further considered. For every real solution, we can then substitute back to
Equation 5.85 to obtain the corresponding

mi1q2 —M24q1
My = — 2 (5.95)
mip2 —Mmap1

d%? (d%:a - d%l 77%2) + (d%:a - d§1) (dgs (1+ 77%2 —2n12C12) — d%z 77%2)
2d3, (33 c31 — d3y cazmiz) + 2 (d3) — d34) d3y caz Mo

To get 11, 2 and 73, we consider Equation 5.67, which can be rearranged as

diy = n7 (141775 — 22 c12) (5.96)
and hence yields positive
d
mo= — (5.97)
V140l —2maci
N2 = MmN (5.98)
N3 = MMms3 (5.99)

§22 Case B Let us now look at what happens when the matrix of the system (5.81)
is singular. Then we have

mip2 —mapr = 0 (5.100)
—2d3y d3y (macos — c31) = 0 (5.101)
Mm2C23 = €31 (5.102)

§23 Case B1 When cp3 # 0, then we get

c
M2 = —= (5.103)
€23
Substituting it to Equations 5.72 we get

31 €31 C31
di, <( )%+ nis — 2 — 7713 Cza) = di <1 + (=) —2—= 012> (5.104)

93 C23 €23
dis (31 + 33miz — 231 ¢G33ms) = diy (B3 + c31 — 2¢31 3 ci2) (5.105)

and after some more manipulation obtain a quadratic equation
2 24,2 2 2 2 2 2 2 2 2 2
(diy c33) mis + (—=2diy co3 c31) M3 + dip c51 — dog co3 — dag 3y + 2dj3 cra oz 31 = 0

in m13. We get 11, 12 and 73 from Equations 5.97, 5.98, 5.99.
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§24 Case B2 When cy3 = 0, then it follows from Equation 5.102 that ¢33 = 0 as
well. Returning back to equations 5.72, 5.73 provides

diy (s +17i5) = das (1+ 772 — 2macr2) (5.106)
3y (nia +1mis) = daz (1+nis) (5.107)

Expressing 713 from Equation 5.107 gives

(d3s — diy) nis = diy nis — d3g (5.108)
§25 Case B2.1 When d3; # d3,, then we can write

d2 772 _ d2
My = 73;2 12 = 2 (5.109)
23 7 Y31

to substitute it into Equation 5.106

2 2 d%l 77%2 - d%:a 2 2
dip | M2 + el d3s (1 + 15 — 2m2 c12) (5.110)
23 31

which we further manipulate to get quadratic equation in 799

d3s (dty — s + d31) 1t (5.111)
+(2¢12 ds (d35 — d3;)) 2 + d35 (d3; — diy — d33) = 0 (5.112)

We get n1, m2 and n3 from Equations 5.97, 5.98, 5.99.

§26 Case B2.2 Finally, when d3; = d3,, then we get from Equation 5.108

mz =1 (5.113)
and from Equation 5.106
2 d
My = S (2-2c) -1 (5.114)
dty

We get 11, 72 and 73 from Equations 5.97, 5.98, 5.99.

§27 A modern (more elegant) solution The classical solution is perfectly valid
but it was quite tedious to derive it. Let us now present another, somewhat more
elegant, solution, which exploits some of more recent results of algebraic geome-
try [14, 15].

Let us consider Equations 5.67, 5.68, 5.69 and proceed to Equations 5.72, 5.73,
but this time with use all three pairs to get three equations in 712, 113

fi = o (nio + iy — 2mams cas) — dig (1407, —2maciz) = 0 (5.115)
fo = d3 (nia +nis — 2mamscas) —dsz (1+n73 —2mscs1) =0 (5.116)
fs = d%Q (1 + 77%3 —2ms 631) — d%l (1 + 7]%2 — 2112 612) =0 (5.117)

It is known [14, 15] that the solution to a set of k algebraic equations

filwy,...,2,) =0, i=1...,k
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in n variables, can (provided it exists) be always obtained by deriving a polynomial
g(z,) = 0 in the last variable by the following procedure. If the system, does not
have any solution, g, = 1, i.e. a non-zero constant, leading to contradiction 1 = 0.

First generate additional equations by multiplying all f; by all possible monomi-
als up to degree m

2 2,3 .2 m
L1y y Ty T, L1T2y .3 Ly L1, L] L2y, Ty

to get equations
fl :07‘”7fn :07 xlfl :07”‘7$nfn :07 $%f1 :07 .T1$2f1 :Ovvxqufn =0

The degree m needs to be chosen such that the next step yields the desired results.
It is always possible to choose such m but it may sometimes be found only by
using more and more monomials until the Gaussian elimination of the matrix of
coefficients, which combine monomials, does not produce a row corresponding to an
equation in x, only. Let us demonstrate this process by solving our problem.

We use the following four monomials of maximal degree two

M2, M3, M2713, 77%2

Notice that we did not include the second degree monomial n?; since it turns out
that equations generated by that monomial are not necessary. We obtain 15 = 3+43
equations

N1 - 3
2773
2 3
fs /1%
M2 713
2 i3 M2
1
T2 f2 32
M3
M2 f3 3
M2 713
ms f1 M3 772
3 f2 =M 12 =Mm =0 (5118)
M3 12
M3 f3 s
mz2ms f1 !
12
mz2ms fa 173
12
mams f3 2
2 2
77%2 bit N2
M2 f2 1
2 | A
N2 I3 ]
with
[ 0 0 0 0 my 0 0 —mry 0 0 0 my mg —mag |
0 0 0 0 ms 0 0 mg —mig 0 0 —m3 0 mo
0 0 0 0 —mq 0 0 0 miq 0 0 ms —mi2 me
0 0 0 my 0 0 —mry 0 0 0 my mg —myo 0
0 0 0 ms 0 0 mg —mig 0 0 —m3 0 mo 0
0 0 0 —mq 0 0 0 miq 0 0 m3 —mi2 me 0
0 my 0 —mry 0 0 my mg —mso 0 0 0 0 0
M= 0 ms 0 mg —mig 0 —ms3 0 mo 0 0 0 0 0
0 —mq 0 0 mi1 0 ms —mi2 me 0 0 0 0 0
mq 0 —mr 0 0 my mg —mo 0 0 0 0 0 0
ms 0 mg  —mig 0 —-m3 0 mo 0 0 0 0 0 0
—mq 0 0 mi1 0 ms3 —mi2 me 0 0 0 0 0 0
0 0 my 0 0 —mry 0 0 0 my mg —mg 0 0
0 0 ms 0 0 mg —mio 0 0 —m3 0 mo 0 0
| 0 0 —mq 0 0 0 miq 0 0 ms3 —mi2 meg 0 0
and
_ 2 _ 2 2 _ 2 _ 2
m; = d12 my = d12 — d23 mr = 2 d12 C23 mip = 2 d23 C31
— 2 _ 2 2 _ 2 _ 2
_ 2 _ 2 2 _ 2 _ 2

(5.119)
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Matrix M holds coefficients and vector m holds monomials.

Notice that in the last five monomials on the right in Equation 5.118, there
appears only 712. We have deliberately ordered monomials in this way. Next, we
perform Gaussian elimination (with pivoting) of matrix M and get new matrix M.

One can verify that that the 102 row of M has the first nine elements equal to
zero. Therefore
MIlO,: m=0

is a polynomial only in n12. In fact, it is exactly a non-zero multiple of polynomials
obtained in cases A, B1, B2.1 and B2.2 above.

Discussion of the cases happens in the Gaussian elimination with pivoting, which
avoids dividing by elements close to zero. The resulting polynomial may be of degree
four (case A) but will come out of a lower degree in other cases.

§28 Computing camera center coordinates To compute the coordinates of the
camera center, we shall use the fact that the center must lie on the intersection of
three spheres with radii 71, 72, n3 and with centers X, Xo, X3.

To simplify the computation, we will choose a special coordinate system, in which
the computation will be easier. We place the origin of the new coordinate system
to point X7 and construct new basis 7, in which vectors }717, 1727, }737, representing
X1, X2, X3 in the new coordinates system (X7, 7) will be particularly simple. We
require

Vie=|0|, Yor=|0]|, Yir=|r (5.120)
0 0 0

To fully specify 7, we will require it to be orthonormal. We shall see that this
requirement, altogether with Equation 5.120, fix 7 uniquely.
Vectors Y;, are related to vectors X;5 as

V=8 (X5 - %), i=1,23 (5.121)

where S is the the matrix transforming coordinates of a vector from basis § to basis
T.

Since both § and 7 are orthonormal, there holds S'S = I, |S| = 1. We see
that Y;; becomes automatically zero vector by the choice of the origin. Let us now
construct S and determine p, ¢ and r.

Exploiting the required coordinates we get

[5717 Yor 1737] = 3[0 Xos — X15 X35—X15] (5.122)
[0 p q] ) o )
sTloo r| = [o X5 — X5 X35—X15] (5.123)
0 0 0
[0 p q] ) o )
[s1 s2 ss] |0 0 r| = [o X5 — X5 X35—X15] (5.124)
00 0

where column matrices s, so, s3 denote columns of . Passing to vector equations
delivers
ps1 = Xos — X15, qs1+7s2= X35 — X35 (5.125)
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Since we require |[s1] = 1, we get
> Xas — X15
p=[Xes— Xis], s1= - (5.126)
| X5 — X6
Next we use s{ s2 = 0 and |s1] = |s2| = 1 to get ¢ and r
s{ (qs1+7sy) = s (X35 — X15) (5.127)
q = s| (X35 — Xis) (5.128)
rsy = Xss—Xi5—qs (5.129)
ro= | Xs — X15) —gsi (5.130)
and we get so as
Xas — X15 —
so 435 415 qa81 (5.131)
1 X35 — X1s — g 51|
Finally, we compute
S3 = 81 X S2 (5.132)

Matrix S has been determined and hence we can get 1717, ?277 }737, in the form
prescribed by (5.120).

Let us now compute vector ET, which represents the camera center C in (X1, 7).
Introduce coordinates of

D, = (5.133)

ISEI SO

to formulate that C' is the intersection of three spheres with radii n;, 12, n3 and with
centers X1, X9, X3 represented by Yi,, Yo,, Y3,

4yt = g (5.134)
(x—p)+y>+22 = 1 (5.135)
(x — q)2 + (y — 7“)2 +22 = 17% (5.136)

Subtracting Equation 5.134 from Equation 5.135 yields

= (@-p)?—2+0i -3 (5.137)
= 2px+p’+ni—ns (5.138)

2 2 2

P
- PEThT 5.139
x o (5.139)

Subtracting Equation 5.135 from Equation 5.136 yields

0 = @=r)’ =y —m+m+@—9q°—(z—p)? (5.140)
= 2ry+r’—mAm+2(p—qz+q —p° (5.141)
2 2 2 2 2
—p2_ 2(p —
y = ra-p 7732+772+ (p—q= (5.142)
T

Finally, we get z from Equation 5.134

z = tq/n} — 22 —y? (5.143)
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which finally gives us D,. To get vector Cs representing camera center C in the

world coordinate system (O, J), we use Equation 5.121 to arrive at

ég = STDT + Xlg

(5.144)

§29 Computing camera orientation Camera orientation can be now recovered by
relating direction vectors of rays, which we recover in (C,¢), to the same direction
vectors measured in (C,9). We know from Equation 5.44 that in general

Ye = Rys

We construct unit ray direction vectors in ¢ as follows

—

Xis — Cys

— = Z: 1,2,3
1 Xis — Cis|

To get unit 7;, we use the relationship between bases 3, v, and €

i = Tie _ f iy _ Tivy _ K_lfi/g
B N TN N N e
Therefore, we get
K17, X5 - C.
T g BT 9,3
K=t Zigll | X5 — Gy

which leads to the final equation determining R

R — [ K1, K1 K1 #gp ] [ 3515*@5 )E%*Cja )ggafcjé
[X16=Csll  1X20=Cs]| [ X55—Cs]

K=t &1 [R-TZap] KT Tsa]
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6 Homography

We shall next investigate the relationship between projections of 3D points by two
perspective cameras into two images.

In general, the projections depend on the shape of the scene and camera poses
and this relationship may be very difficult to describe. However, there are two very
important situations when the relationship can be given in a form of a special image
transform, the homography.

Let us first consider the situation when two (different) cameras share a common
projection center. That means, the cameras may have different coordinate systems,
different orientations but must have the same projection center. This situation often
arises when photographing with a camera rotating around its projection center, e.g.,
when taking images for constructing a panorama capturing wide view angle. We
shall see that the corresponding projections will be related by a homography.

Next, we shall look at a different situation when the cameras are unconstrained,
i.e. they can be anywhere in the space and with completely different poses and
coordinate systems, but 3D points are forced to lie in a single plane not containing
the camera centers. This situation arises, e.g., when photographing a flat screen, a
poster or a board from different viewpoints. Again, the corresponding projections
of the points in the plane (but not the projections of the points out of the plane)
will be related by a homography.

6.1 Homography between images with the same center

Let us consider two perspective cameras with identical projection centers C' = C’,
which project point X from space to their respective projection planes m and 7/,
Figure 6.1. We introduce image coordinate systems (o, a) with o = [51,52] inmw
and (o,¢/) with o/ = [b],b}] in 7' and use them to construct the corresponding
camera coordinate systems (C,3) with g = [51,52,53 = 55] and (C, ") with g’ =
[51. 55,8 = Col].

Point X is projected to image points along the projection ray, which is intersected
with 7 and 7. The projection of X in 7 is represented by vector i, = [u,v]". The
1"

projection of X in 7’ is represented by vector @, = [u/, v’
Vectors 7 and &’ are two direction vectors of the same ray and hence are linearly
dependent. Since they are both non-zero for X # ', their linear dependence is

equivalent with
NeR: N\ = &

To arrive at the relationship between the available coordinates of vectors # and
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P

8

Figure 6.1: Cameras share a projections center. Image projections are related by a
homography.

Z', we shall now pass from vectors to their coordinates. There holds

AT = T
A f/l@[ = fﬁl
A f/IB/ = H fﬁ/

for some 3 x 3 real matrix H with rankH = 3, which transforms coordinates of a
vector from basis 3 to basis 3.
Considering the choices of camera coordinate systems, we see that

)\flﬂl == Hfﬂl

u U
AV = H|wv
1 1

We obtained an interesting relationship. The above equations tell us that the
image projections are related by a transformation, which is (up to C) independent
of the position of points X in space. This is the consequence of having C' = C’.

6.2 Homography between images of a plane

6.2.1 Image of a plane

Let study the relationship between the coordinates of 3D points X, which all lie in
a plane 0. Coordinates of points X are measured in a coordinate system (O, J) with
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<y

Figure 6.2: All 3D points are in a single plane. Coordinates in the plane and in the
image are related by a homography.

0= [cii, Jz,d}] Vectors d_i, ds span plane ¢ and therefore

—

X5 =

ow 8

for some real z, y.

The points X are projected by a perspective camera with projection matrix P into
image coordinates i, = [u,v]", w.r.t. an image coordinate system (o, ) with a =
[51, 52] The corresponding camera coordinate system is (C, 5) with 5 = (517 52, 53)

To find the relationship between the coordinates of X5 and Uy, We project points
X by P into projections Zg as

u X X x
nlv|=nig =P [ 15] =[p1 P2 p3 P4 g =[p1 p2 P4l |y |=HE
1 1
1

where p1, p2, p3, p4 are columns of P.

Notice that 3 x 1 matrix ¢, = [z,y,1]" represents point X in the coordinate
system (C,7) with the basis 7 = (dy,da,dy), where the dy = CO is the vector
assigned to the pair of points (C,O). If point C' is not in o, then vectors d}, cfg, dy
are independent and hence form a basis. Therefore, matrix

H=[p1 p2 p4

represents a change of coordinates and has rank 3.

When we think about pair (C, o) as about a camera that shares projection center
with camera (C,7) and imagine that points X are all (accidentally) in the image
plane o, we see that we recovered relationship between cameras sharing projection
center.
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Figure 6.3: All 3D points are in a single plane. T'wo images of the points are related
by a homography.

6.2.2 Two images of a plane

We shall now consider the situation when all points in the scene are in a single plane.
Then, as we shall see, the projections of the 3D points which are in the plane are
again related by a homography even when the camera centers are located at possibly
different points in the space.

Let us consider a plane o and two perspective cameras with (in general different)
projection centers C' and C’, which do not lie in o and corresponding projection
matrices P and P’

= [p1 P2 pP3 P4
= [pi Py P; Pi]

where p; € R? and p/ € R?, i = 1,...,4 stand for the columns of P, P'.
We establish coordinates systems (O, d), (C, 3) and (C’, #’) in the standard way,
see Figure 6.3 to get

—

X5 =

ow 8

for some real z, y.
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Point X € o is projected to the cameras as

[p1 P2 P3 paf

=

8

=

I

o
| —
= gﬁ'l
—_

|

=[p1 p2 pa] |y | =63
1

—_—ow 8 R OwW 8
1
|

! =/

Ny = P’{1]=[P{ P, P53 P4 =[pl p5 pi] |y | =0¥
1

T
L

for some A, X' € R\{0} and two new coordinate systems (C,7) with 7 = (dy, da, dy),
= S o o N —
where the dy = CO and (C',7) with 7/ = (d, da, dy), where the dj = CO'.
We see that there are two different vectors i and ¢, which appear on the right

hand side of the equations but they are in different bases, i.e. as ¢ and ¥,

775/6 = G:qu—
! =/

nlfzg/ = G Yrr

with G = [P17P2ap4] and G’ = [pivpévpzi]
Coordinate systems (C,7) and (C’,7") are so special that

- —/
’

yT = y7-
for all points in o and therefore, considering that C ¢ o and C’ ¢ o, we get
17':5’;5, =G¢'cpy 3

which we can write

for £ = %, and H = ¢’ G~!. Clearly, H e R®*3, rankH = 3.

We could interpret this situation also in such a way that two images of a (flat)
image are related by the homography, which is a combination of the homographies
relating the image to its images.

6.3 Spherical image

Consider a camera rotating around a center C' and collecting n images all around
such that every ray from C'is captured in some image. We can choose one camera,
e.g. the first one, and relate all other cameras to it as

)\ifﬁl = Hifgi, 1=1,....n

Since all vectors & were captured, there inevitably will appear a vector with coordi-
nates

LB, =

ow &
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Such vector does not represent any point in the affine projection plane 7y of the first
camera because it does not have the third coordinate equal to one. To be able to
represent rays in all directions, we have to introduce spherical image, which is the
set of all unit vectors in R? (also called omnidirectional image). We sometimes use
only a subset of the sphere, typically a cylinder, to capture panoramic image. In
such a case, we can remap pixels onto such cylinder and then unwarp the cylinder
into a plane. Notice however, that in such a representation, straight lines in space
do not project to straight lines in images.

All equations we have developed so far work also for vectors with last zero coor-
dinate. We shall see later that there is yet another important representation, which
is somewhere between the affine projection plane and full a spherical image, called
projective plane.

6.4 Homography

Let us summarize the findings related to homography to see where it appears.
Let us encounter one of the following situations

1. Two images with one projection center Let [u,v]" and [u/,v'] be co-
ordinates of the projections of 3D points into two images by two perspective
cameras with identical projection centers;

2. Image of a plane. Let [u,v]" be coordinates of 3D points all in one plane
7, w.r.t. a coordinate system in o and [u/,v]" coordinates of their projections
by a perspective cameras with projection center not in the plane o;

3. Two images of a plane Let [u,v]" and [«/,v'] be coordinates of the pro-
jections of 3D points all in one plane o, into two images by two perspective
cameras with projection centers not in o;

then there holds

u u
JH e R¥*3, rankH = 3, so that V[u,v]" & [u/,0']T INeR: A | o | =H | v
w' w

(6.2)
where w = w’ = 1 for perspective images and may be general for spherical images.
In all three cases, coordinates of points are related by a homography.
We have used linear algebra to derive the relationship between the coordinates
of image points in the above form. The homography can be also represented in a
different way.
To see that, we shall eliminate A as follows

u' u hi1 hiz hiz u
A = H|v | =] hot hoy hog v
1 1 h31 hzz  hssz 1
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M = hiypu+ hipv+his
M = hoiu+ hoov + hos
Al = hgru+ hsv+ hss
o - hii1u + hisv + hig
hsiuw + hss v + has

o - hotw + hog v + hog

hs1u + hgov + hss

We see that mapping h obtained as

, hi1uthigvthis
[U } —h ([u]> _ [h31U+h32v+h33 ]
v v hoyuthoy vthos
h31 u+hs2 v+hss
is a mapping from a subset of R? to R? but it is not linear! It contains fractions of
affine functions.

On the other hand, we can understand the homography as a linear mapping in
certain sense. However, it is not a linear mapping in the natural sense in which we
really use it.

Matrix H is a matrix and in this sense it represents a linear mapping from R? to
R3 . However, we are not interested in the individual vectors in R? but in complete
one-dimensional subspaces, which correspond to the direction vectors representing
projection rays.

Notice that A\ can accommodate for any change of the length of [u v 1]T
(except for making it zero) since it can be split into &, &’ and used as

U U
gl | = HE|w
1 1

¥ = Hx

We can now think about x and x’ as about one-dimensional subspaces of R3
generated by Z and Z’. The “equation”

x =Hx
then actually means
3% € x and 37" € x’ such that &’ = HZ

Thus the homography can be seen as a mapping between one-dimensional subspaces
of R3. While R3 itself is a linear space, the set of its one-dimensional subspaces, in
the way we use them, is not a linear space and therefore the homography is not a
linear mapping although it is represented by a matrix H, which is used to multiply
vectors.

It is also important to notice the true relationship between homographies and
3 x 3 real matrices. Any 3 x 3 real matrix of rank 3 represents a homography but
many different matrices represent the same homography. Let’s see why.
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Let us consider H € R3*3 and G € R3*3 such that H = 7G for some 7 # 0. We
can write

¢y = HT
7T = EHT
8y = GF
N# = 67

We see that H and G represent the same homography. Indeed, two matrices related
by a non-zero multiple represent the same homography. Hence, it suggests itself to
associate homographies with one-dimensional subspaces of 3 x 3 matrices.

6.5 Image of image of image

Let us now consider an interesting and classical question. What happens when we
take a photograph of a photograph of a planar painting? What is the realtionship
of the second photograph to the original planar painting?

6.6 Computing homography from image matches

Let us turn to the computational aspect of the homography relationship between
images. Our goal is to find the homograph mapping from a few pairs of corresponding
image points. We shall see that this problem leads to solving a system of linear
equations.

6.6.1 General perspective cameras

Our goal is to find matrix H in Equation 6.2 without assuming any knowledge about
cameras. Let us introduce symbols for rows of homography H

.
h;
T
H=|h]
-

h3

and rewrite the above matrix Equation 6.2 as

M/ = hix
A/ = hgx
A = hix

Eliminate A from the first two equations using the third one

(h3x)u’ = hix
(h3x)v’ = hex

52



T. Pajdla. Geometry of Computer Vision 2011-3-25 (pajdla@cmp.felk.cvut.cz)

move all to the left hand side and reshape it using x'y = y'x

XThl — (UIXT) hy =
XThQ — (’UIXT) hy =

Introduce notation .
h—[s] 5 ]

and express the above two equations in a matrix form
0 0 0 —du —uv —u

, , h=0
v v 1 —v'u —vv —v

corr . .
Every correspondence [u,v]" " [u’,v']" brings two rows to a matrix

00 0 —vwu —uv —u
u v !

/ !/
1 —v'u —v'v =0 |p

|
o

A h = 0

If £€G = H, £ # 0 then both G,H represent the same homography. We are therefore
looking for one-dimensional subspaces of 3 x 3 matrices of rank 3. Each such subspace
determines one homography. Also note that the zero matrix, 0, does not represent
an interesting mapping.

We need therefore at least 4 correspondences in general position to obtain rank

8 matrix
00 0 —vu —uv —u
uw v 1 —=vu —v'v =V |q

Il
o

A h = 0

By general position we mean that the matrix A must have rank 8 to provide a
single one-dimensional subspace of its solutions. This happens when no 3 out of the
4 points are on the same line.

Notice that A can be written in the form

[wp vy 1 0 0 0 —wjuy —ujvy —uj]
ug va 1 0 0 0 —whug —uhve —uf

0 0 0 w v 1 —vjug —vjvy —v)
0 0 wug we 1 —vhuy —vhvy —}
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which can be rewritten more concisely as

| 1]

X 0 —ujx

T I o1

X9 0 —u5xg

A =

0 x —vixf

T o1

0 xy —V5Xy

6.6.2 Calibrated cameras
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