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Abstract

Homotopy Continuation is a method from
numerical algebraic geometry for solving
systems of polynomial equations. During
the Homotopy Continuation, the start-
ing system is gradually transformed into
the final problem and the solution to the
system is tracked. When the Homotopy
Continuation is finished, we obtain the
solution to the final problem.

In this thesis, we present two solvers
based on Homotopy Continuation, which
are used for the estimation of the relative
pose of two views from five points and
the relative pose of three views from four
points. Until now, the Homotopy Contin-
uation solvers have been too slow to be
used in RANSAC. The running time of
the solvers proposed in this thesis is com-
parable to the time of the Nistér solver,
which makes them eligible for RANSAC.
We have achieved the low running time by
selecting the starting problem with a Mul-
tilayer Perceptron, by tracking in the real
domain, and by an efficient evaluation of
systems of linear equations which arise in
the Homotopy Continuation method.
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Abstrakt

Homotopické pokrac¢ovani je metoda nu-
merické algebraické geometrie pro reseni
soustav polynomidlnich rovnic. Béhem
homotopického pokracovani se poc¢atecni
soustava postupné transformuje na kon-
covou soustavu, béhem ¢ehoz se sleduje
feSeni transformované soustavy. Kdyz je
homotopické pokracovani ukonceno, zis-
kame Teseni koncové soustavy.

V této praci navrhujeme feSeni tloh
nalezeni relativni polohy dvou kamer z
péti bodu a nalezeni relativni polohy tii
kamer ze ¢ty bodd pomoci homotopic-
kého pokracovani. Doposud bylo reseni
pomoci homotopického pokracovani prilis
pomalé na to, aby se dalo efektivné pouzit
ve schématu RANSAC. Cas potiebny pro
feSeni prezentovana v této praci je srov-
natelny s ¢asem potfebnym pro Nistéruv
pétibodovy algoritmus, tudiz jsou tato re-
seni vhodné pro RANSAC. Takto nizkych
casu jsme dosahli vybérem pocatecéniho
feseni pomoci neuronové sité, sledovanim
feSeni pouze v redlném oboru a efektivnim
reSenim soustav linearnich rovnic, které se
objevuji pri homotopickém pokracovani.

Kli¢ova slova: homotopické metody,
feseni rovnic, polynomialni rovnice,
miniméalni geometrické problémy

Pteklad nazvu: Efektivni vypocet
geometrie kamer s pouzitim
homotopickych metod
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image. If the depths A are correct,
the value ||X; — Xy|| is equal to both
H)\Lix;ﬂ; - )\172'/1';,2'/”, and
| X2,iy:5 — A2.i7y. || Therefore, these
values are equal. ................
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camera to a point with the same
x-coordinate as w. 4, the oriented
distance from w. 4 to the projection is

2.5 The illustration of the depth
formulation of the four point problem.
The upper image depicts the
situation where ¢ < 4, i’ < 4, while
the lower image depicts the situation
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projected onto a line in the third
camera and the oriented distance
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depths A are correct, the equations in
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Chapter 1

Introduction

A system of polynomial equations is called a minimal problem if it has
a finite nonzero number of complex solutions. Minimal problems arise in
numerous problems in computer vision, such as pose estimation or camera
calibration. The solution of minimal problems is often used in the RANSAC
scheme to obtain an exact solution for a sample of points, which is
then verified using the remaining points. Until now, the solvers based on
Homotopy Continuation [SI05] have been too slow to be used in RANSAC.
Therefore, the solvers used in the RANSAC loop have been based on the
symbolical methods in Algebraic Geometry |[CLOOT], while the Homotopy
Continuation Solvers have been used to study the minimal problems In this
thesis, we propose two solvers based on Homotopy Continuation, which are
used to solve two minimal problems arising in the computer vision: the
Five-Point problem and the relaxed version of the Four-Point problem. The
running time of these solvers is comparable to the running time of the Nistér
algorithm, and therefore, they are suitable to be used in RANSAC.

. 1.1 Structure of the Thesis

In Chapter |1 the State of the art is reviewed, the notation used in the thesis
is presented, and the contributions of the thesis are summarized.

In Chapter |2/ the Point-Line problems of five points in two views and four
points in three views are described. The depth formulation, which allows

1 ctuthesis t1606152353



1. Introduction

to convert the problems into systems of parametrized polynomial equations,
is introduced. For both problems, a generator of problem-solution pairs is
given.

In Chapter |3| the Homotopy Continuation method for solving systems of
polynomial equations is described. The predictor and corrector steps of the
homotopy continuation, as well as the concepts of Parametric Homotopy
Continuation and the Real Homotopy Continuation are given.

In Chapter 4] the Homotopy Continuation solver for the problem of five
points in two views is proposed. In Chapter |5/ the Homotopy Continuation
solver for the problem of four points in three views is proposed.

In Chapter |6/ the experiments, whose purpose is to evaluate the solvers
described in Chapters 4] and |5, are described.

. 1.2 Contributions

This work brings the following main contributions.

1. We propose a new solver for the problem of five points in two views (Five-
Point problem) [Nis04] and for the problem of four points in three views
(Four-Point problem) [NS06]. Our solvers are based on Real Homotopy
Continuation [SI05] and their running time is comparable with the state-
of-the-art Nistér solver for the Five-Point problem [Nis04], which makes
them suitable for the use in RANSAC loop.

2. In the solvers, we track only one solution to each input problem from a
starting problem-solution pair which is selected using a Neural Network
classifier. We show that it is possible to learn a very few starting points to
be able to solve realistic real data sets. This, together with the use of Real
Homotopy Continuation instead of Complex Homotopy Continuation
and with an efficient evaluation of the predictor and corrector, allows us
to achieve such low running time in tens of micro seconds.

3. So far, the homotopy continuation solvers have been used predominantly
for an offline study of the minimal problems, as they have been too
slow for the use in the RANSAC loop. In this work, we present Homo-
topy Continuation solvers, which are fast enough for RANSAC. To our

ctuthesis t1606152353 2



1.3. State of the Art

best knowledge, this is the first time a Homotopy Continuation solver
for a minimal problem in Computer Vision achieves times below 100
microseconds.

4. We evaluate our Five-Point Homotopy Continuation solver on a bench-
mark [Mys20]. The experiments show that the Homotopy Continuation
solver is slightly faster than the Nistér solver [Nis04], while its precision
is not much worse.

5. A symbolic solver for the Four-Point problem has been proposed in
[NSO6] but, to our best knowledge, there is no available implementation
of the solver. In this work, we propose a solver to the Four-Point problem
based on the Homotopy Continuation, whose average running time is
below 100 microseconds. We demonstrate this on the proposed Four-
Point Homotopy Continuation solver. The formulation of this problem
is simple but the solution is difficult.

6. We demonstrate that Homotopy Continuation solvers may be generalized
to different minimal problems [DKLP19], [DKLP20], for which a symbolic
solution is difficult to find. Efficient Homotopy Continuation solvers for
other problems may be designed using the principles described in this
work.

. 1.3 State of the Art

Bl 1.3.1 Homotopy continuation

Homotopy Continuation [SI05], [Mor09], [BSHW13] is a method from the
Numerical Algebraic Geometry, which is used for solving systems of polynomial
equations. The principle of Homotopy Continuation is further described in
Chapter 3. Over the time, numerous general-purpose Homotopy Continuation
solvers have been developed, such as Bertini [BHSW], Hom4PS-3 [CLL14],
Numerical Algebraic Geometry for Macaulay2 [Ley09], PHPack [Ver99].

The Homotopy Continuation was used in the 1990s in the Computer
Vision for tracing of curves and surfaces in 3D [KP91], [KP92], computing
aspect graphs [KP89], [Pet99], motion estimation [HNH90], [BHN94], pose
estimation [RJHI7|, [HN94], camera calibration [MF92|, [Luo92|, [FLM92],
[PG99], Markov Random Field models for image restoration [NDP94]. More
recently, Homotopy Continuation has been used for [EJ10] shape from shading,
and for energy minimization [Sall3]. The implementation [Pol] of the solver
[KP91] is available as a part of the library VNL.

3 ctuthesis t1606152353



1. Introduction

B 1.3.2 Minimal Problems Solving

Minimal problems arise in numerous problems of Computer Vision, such as
pose estimation or camera calibration. The State-of-the-art minimal solvers
rely on symbolic methods of Algebraic Geometry [CLO0T7], [LOAT18]. A
solution to the Five-Point problem using Essential matrix has been proposed
in [Nis04].

The problem of estimation of the trifocal tensor has been studied in
[QTAMO1] [QTMO06], [Rod15], [LTDI15], [Marl7], [AO14], [AT10]. Problems
of estimation of relative poses between more than three cameras have been
studied in [Mat16], [Oed15]. In [QTMO6], a depth formulation of the problem
of the problem of four points in three views is described.

A solution to the problem of four points in three views has been proposed
in [NS06]. A solver for the estimation of a trifocal tensor from 10, 11, and
12 lines was proposed in [KQA14]. More recently, a minimal solver [LAQ17]
for estimation of a trifocal tensor from 9 lines was proposed. Solvers for
the estimation of a trifocal pose from a combination of points and lines are
proposed in papers [0ZA04], [QN17]. In [VLZ19] a relative pose between two
stereo pairs is obtained from two points and two lines. In works [AL87], [RF91],
[CGO0], [SZ00] the relative pose between three cameras is obtained from edges
or curves. In works [JOA02], [ZKHM20] the relative pose is computed from
points with one, two, or three lines incident to them. The orientation of
the SIFT features may be used as the line incident to a point [Fabl0]. In
work [FKGI12], the points incident to lines are used for the estimation of the
trifocal tensor in a calibrated setting. To our best knowledge, none of these
three view solvers is used in practice.

The Homotopy Continuation method has been used by the Computer Vision
community as an offline tool to study the structure of the solutions of minimal
problems, such as symmetry, number of real solutions, and decomposition of
varieties into irreducible components [Kor20]. A minimal problem with six
lines in three views was studied with homotopy continuation in [HN94]. In
[Kil17], minimal problems in three views, including the problem described
in Section [2.2.1, have been studied using a Homotopy Continuation system
Bertini [BHSW]. In [KGB19] the general homotopy continuation system
PHPack [Ver99] is compared against a symbolic solver based on resultants.

A more specific Homotopy Continuation procedure [DHJT16] is used in
[EDEF™20] to solve a problem "Chicago" of three points and two incident lines
in three views. In [DKLP19], a catalogue of all minimal problems in full

ctuthesis t1606152353 4



1.4. Notation

visibility is given. Work [DKLP20] shows a similar catalogue of minimal
problems in partial visibility. The numbers of solutions of the problems in
both catalogues have been found using homotopy continuation.

Bl 1.3.3 Real Homotopy Continuation

In most of the applications, only the real solutions to the polynomial systems
are interesting. However, usually a vast majority of the solutions are nonreal.
In [HR18], the homotopy continuation is truncated if it appears to end in
a nonreal solution. In work [HR20] the structure of real solutions in a real
parametric space is studied. In [BHM™20|, the structure of cells in the
parametric space, whose number of solutions is the same, is learned using
a neural network. If the real homotopy continuation tracks within one cell,
the track avoids the singularities between the cells, and therefore, there
hold similar guarantees as in the case of complex homotopy. The process
of determining the cell and tracking the real solutions is used to solve a
Kuramoto model with 3 and 4 oscillators. In [Diel9], the real homotopy
continuation is used to solve the kinematics of a robot.

. 1.4 Notation

Now, we are going to describe the notation used in the thesis. If not stated
otherwise, the elements of matrices are indexed from 1. Sections 4.2 and
5.2, which describe a closed form solution of the sparse linear equations, use
indexing from 0.

A set of n points of dimension d is denoted as a matrix X € R%" whose
columns are the points in the set. i-th coordinate of j-th point is denoted as
X j. The j-th point is denoted as X. ; (like in MATLAB, j-th column of the
matrix) or by enumerating the coordinates like:

The depths are denoted by a matrix A whose i-th row contains the depths

5 ctuthesis t1606152353



1. Introduction

in the i-th view. For the Five-Point problem, A\ € R?5, for the Four-Point
problem \ € R34,

The relative poses are denoted as (R,t), where R € SO(3), t € R3.

The invariantized points (Section 4.4, Section 5.4) are denoted as Z, aligned
points (Section 4.5, Section 5.5) are denoted as #, and the anchors (Section
4.6.1, Section 5.6.1) are denoted as . The corresponding depths are denoted

likewise. Homogeneous points are denoted with the superscript h as z".

ctuthesis t1606152353 6



Chapter 2

Minimal problems in Multi-View Geometry

The Point-Line-Problem [DKLP19| is given by m cameras. The projections
of p points, and [ lines onto the cameras, as wellasaset Z C 1,...,Ix1,...,p of
incidences between the points and the lines, are known. The task is to recover
the position of the p points and [ lines in the 3D space, as well as to obtain the
set of relative poses between the m cameras. In the partial visibility version
of the problem [DKLP20], some of the points or lines may not be visible in
all m cameras. Then, we define for every camera ¢ € {1,...,m} a set O; of
the points and lines observed in the camera ¢. Every Point-Line-Problem
is defined by the numbers m, p, [ and sets £, O. A calibrated setting is
assumed.

The Point-Line-Problem is minimal, if a generic instance of the problem
has a finite positive number of complex solutions.

B 2.1 Problem of five points in two views

The best known calibrated Point-Line Minimal Problem is the Five-Point
problem. The code of the Five-Point problem according to is
50002, the number of complex solutions to this problem is 20. The problem
consists of projections of five points on two cameras. The task is to compute
the relative pose between the cameras and the coordinates of the 3D points
in the coordinate system of the first camera. No lines are assumed in the
problem and the visibility is complete. First, we will give the description of
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2. Minimal problems in Multi-View Geometry

the Five-Point problem. Let us introduce the notation which we will use in
this section.

X € R35 Matrix whose rows represent five points in 3D.
(Rj,t;), j € {1,2} The poses of the cameras.

x € R%% Matrix whose rows are 2D projections of the points onto the first
camera.

y € R%5 Matrix whose rows are 2D projections of the points onto the second
camera.

A € R?® Matrix of the depths of the points from X. Element Aji is the
depth of the i-th point in the camera j. Let Xij be the coordinates of
point X, ; in the coordinate system of camera j, i.e. Xg =R;X.; +t;.
The depth A;; is the third coordinate of Xg .

Let us fix the first pose as Ry = I, t; = 0. We know x, y. The task is to
compute Ry, to, X, A, such that there holds:

T1, X1 X1
)\1#' To;| = Ry Xz,i +t = XQ,i ,Vi € {1, ...,5} (2.1)
1 X3,1 X3,1
Y1,i X1,
Ai2 |y21| = Ro | X | +12,Vi € {1,...,5} (2.2)
1 X3,i

Figure 2.1: An example of the Five-Point problem. Five points X;,i € {1,...,5}
are projected onto two cameras C, Co. The projections of the points are . ;,y. s,
and the depths are A; ; in the first view and Ag ; in the second view.
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2.1. Problem of five points in two views

B 2.1.1 Nistér Solver

Now, we are going to briefly describe the solution to the Five-Point problem
due to Nistér [Nis04]. Let us introduce the notation which we will use in this
section.

x € R?® Five calibrated points in the first camera.
y € R?® Five calibrated points in the second camera.
(R,t) Relative pose between the cameras.

E € R33 Essential matrix consistent with the points in z, y. There holds

The Nistér solver finds the solution to the Five-Point problem by computing
the essential matrix £ which is consistent with the points z, y, i.e.:

T1,i
i Yo 1B |wai| =0,¥i € {1,..,5) (2.3)
1
In addition to that, the essential matrix fulfills the following conditions:
det E =0
2FEETE — trace(EET)E =0

We know the points x,y. The goal is to find the essential matrix E, which
would fulfill the equations (2.3), (2.4). Nistér solver solves this problem in two
steps. First, a four-dimensional linear subspace of matrices fulfilling equation
(2.3) is found. In the second step, the matrix from the linear subspace which
fulfills equations 2.4 is found.

(2.4)

When the essential matrix is obtained by the Nistér solver, the Essential
matrix can be decomposed into the rotation R and translation ¢ according to
[Paj21]. We obtain two possible rotations R, Ry and two possible translations
+t, out of which we select the pair of rotation and translation, for which all
five points are triangulated in front of both cameras.

Il 2.1.2 Depth formulation

There are different ways to convert the Five-Point problem to a set of poly-
nomial equations. One of them is a depth formulation. In this formulation,
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2. Minimal problems in Multi-View Geometry

the parameters are the projections x, y of the points to the cameras and
the unknowns are the depths \;;, i € {1,...,5},j € {1,2}. If the depths are
known, we can easily compute the relative pose of the cameras (Sec. 4.7)).
Now, we are going to formulate the depth formulation of the Five-Point
problem.

If the depths A;; correspond to the correct solution, then the distances
between two points X;, X, are the same in both cameras for every pair
of indices i,i € {1,...,5},7 # i’. The situation is shown in Figure 2.2 The
constraint can be written as the following set of polynomial equations:

2 2
T1, T,y Y, Y14
A [moi| — A (@i ||| = ([ A2 Y2, — A2 |Yo,ir (2.5)
1 1 1 1 )

Vie{l,..,5}i €{l,..,5}i<d

Xy

Figure 2.2: The illustration of the depth formulation of the five point problem.
Two points X; and X together with their projections are depicted in the image. If
the depths A are correct, the value || X; — Xy || is equal to both || A1 ;2. — A1 2. i ||,
and ||A2;y:; — A2,iry..iv||. Therefore, these values are equal.

The problem is scale-invariant, i.e., if we multiply all correct depths A; ; by
the same coefficient & € R, we obtain another solution to the equations (2.5).
Therefore, we have to fix the scale in order to have a set of equations with a
finite number of solutions. This is done by fixing the depth of the first point
in the first camera to unity: A;; = 1. After that, the equations (2.5) have 9
variables.
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2.1. Problem of five points in two views

B 2.1.3 Generator of the instances of Five-Point problem

Now, we will describe the way the instances of the Five-Point problem together
with their solutions are generated. These generated solutions may be used as
the starting points for the Homotopy Continuation Solver (Section 4.1.3) or
for the training and evaluation of the solver (Section 4.6.3).

We generate the problems from the real 3D models from the ETH 3D
dataset |'. We use the datasets "courtyard", "meadow", and "pipes" for the
training and "delivery__area" for the validataion of the solvers. We generate
problems for every pair j,j’ of cameras in the dataset. Now, we will show
how to generate one problem with its solution from one pair of cameras 7, j’.
Let us introduce the notation which we will use in this section.

n Number of points observed by both camera j and camera j'.

(R;,t;)  Ground truth pose of camera j.

(R},t5) Ground truth pose of camera j'.
(R*,t*)  Ground truth relative pose between cameras j, j'. The relative

rotation R* is equal to R* = R, (R;f)T, the relative translation is
equal to t* =t — (R3)Tts.

X* € R A matrix whose columns are n 3D points observed by both cam-
eras.

x* € R>" A matrix whose columns are correct 2D projections of the points
from X* onto the first camera j.

y* € R>™ A matrix whose columns are correct 2D projections of the points
from X* onto the second camera j’.

€® € R>" Measurement errors of the observations z* of points X* by the
first camera j.

€Y € R>™ Measurement errors of the observations y* of points X* by the
second camera 7’.

x€ € R>™ Observations of points from X* by the first camera. There holds
x€=a* 4 €.

y¢ € R>™ Observations of points from X* by the second camera. There holds
Y =y + €Y.

Thttps://www.eth3d.net/datasets
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T e {1,...,n}> A set of five indices of the selected points.
r € R?® A matrix whose columns are the columns from z¢ indexed by 7.

y € R»®> A matrix whose columns are the columns from y¢ indexed by Z.
The points are therefore in correspondence with points from .

X € R*% A matrix whose columns are the 3D points triangulated from the
points x, y in the coordinate system of the first camera.

A € R>5 A matrix of the depths of points from z,y. The depths are such
that the values in A are the solutions to the depth formulation of
the Five-Point problem (2.5) parametrized by x,y, all depths are
positive and the relative pose consistent with the depths is close
to the ground truth relative pose (R*,t*).

We know the observations z¢, y¢, and the ground truth poses (R},t}),
(Rj,, ;‘,) of both cameras. The task is to find the samples z,y of five corre-
sponding points from z€, ¥ and to compute the corresponding depths A, such
that the relative pose consistent with the depths is close to the ground truth
relative pose (R; it j,). This procedure may be repeated to obtain a set of

problem-solution pairs.

First, we sample five elements Z from the set of indices {1, ...,n}. We obtain
the matrix  whose columns are the columns from z€¢ indexed by Z. Likewise,
we obtain the matrix y whose columns are the columns from z€ indexed by Z.
Then, we call the Nistér algorithm (Section [2.1.1)) to obtain a set of k£ < 10
essential matrices F;,i € {1, ..., k} between points x, y. We decompose each
essential matrix E; according to [NS06] to obtain two rotations R}, R} and
two translations ¢, —¢t’.

Out of these four potential combinations of rotation and translation for
a given essential matrix F;, we select the rotation R; and translation ¢;,
for which all five 3D points X are triangulated in front of both cameras.
Then, we select the relative pose (Rj+,t;+),i* € {1,...,k} which minimizes
the distance (6.3) from the ground truth relative pose (R*,t*). Finally, we
obtain the depths Aj 4,a € {1,...,5} in the first view from the last row of
matrix X*" and the depths Ag 4, a € {1,...,5} in the second view from the last
row of matrix R;+ X" + t;+. Then, the depths A are a solution to the depth
formulation (2.5) parametrized by points x, y. The sampling procedure is
described in Algorithm [1l
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2.2. Problem of four points in three views

Algorithm 1: Five-Point Problem Generator
input :2¢ ¥, (R, 1)), (R;f/, ;‘/)
output:z, y, A
Find the ground truth relative pose (R*,t*);
Sample five elements Z from {1,...,n};
x := points from z¢ indexed by Z;
y = points from y°¢ indexed by Z;
Compute k < 10 essential matrices F; between points z, y using
Nistér algorithm (Section 2.1.1);
=1,
dist* := oo;
for i € {1,....k} do
Decompose Ej; into two rotations RY, R} and two translations 4-t¢;
(R, t;) := the relative pose for which all 5 3D points are
triangulated in front of both cameras;
X' := points triangulated from points z,y and pose (R;,t;);
dist := Distance (6.3) between (R;,t;) and (R*,t*);
if dist < dist* then
=1
dist* := dist;
end

end
Set the first row of X as the last row of X*";
Set the second row of \ as the last row of Ry« X* + t;+;

B 2.2 Problem of four points in three views

Now, we are going to describe the problem of four points in three views. As
the name suggests, we know the projections of four points into three cameras
and the task is to compute the relative poses between these cameras. This
problem, however, is overconstrained, i.e., a generic instance of the problem
has no solution.

First, we will describe the problem, then (Section [2.2.1)), we will relax the
problem to a point-line minimal problem, which can be solved by homotopy
continuation. We will describe the depth formulation of the minimal relaxed
problem in Section [2.2.2 Finally, we will describe the generator of the
instances of the relaxed minimal problem together with their solutions in
Section 2.2.3l Let us introduce the notation which we will use in this section.
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X € R3* Matrix whose rows represent four points in 3D.
(Rj,t;), j € {1,3} The poses of the cameras.

x € R>* Matrix whose rows are 2D projections of the points onto the first
camera.

y € R%* Matrix whose rows are 2D projections of the points onto the second
camera.

w € R?* Matrix whose rows are 2D projections of the points onto the third
camera.

A € R¥® Matrix of the depths of the points from X. Element Aji is the
depth of the i-th point in the camera j. Let Xg be the coordinates of
point X.; in the coordinate system of camera j, i.e. Xf = R;X.; +t,.
The depth \;; is the third coordinate of Xij .

0Y:,i

002

Figure 2.3: An example of the Four-Point problem. Four points X;,i € {1,...,4}
are projected onto three cameras Cy, Cs, C3. The projections of the points are
Z.i,Y.i, W: 4, and the depths are A1 ; in the first view, Ay ; in the second view,
and Az ; in the third view.
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2.2. Problem of four points in three views

Let us fix the first pose as Ry = I, t; = 0. We know z, y. The task is to
compute R, to, R3, t3, X, A, such that there holds:

T1 X1,] X1,
)\171' Toi| = R, X2,i +1t = XQ,Z‘ Vi € {1, ,4} (26)
1 X3, X3,
Y1, [ X1,
)\2'72 Y2,1| = Ry XQJ' +t9, Vi € {1, ...,4} (27)
1 _X37i
w1 X1
/\1'73 wo | = R3 XQ’i +t3,Vi € {1, ...,4} (2.8)
1 X3

B 2.2.1 Relaxation to a minimal problem

The system of equations (£2.6)), (2.7), (2.8)) is overconstrained, therefore, its
generic instance does not have any solution. Now, we will describe how this
problem is relaxed to a partial visibility minimal problem from [DKLP20)].
This problem consists of four points and one line incident to one of the points.
The line is observed by one of the cameras, while the point incident to the line
is observed by the other two cameras. The points which are not incident to
the line are observed by all three cameras. This problem is minimal and has
272 complex solutions in a generic case. The problem is depicted in Fig. 2.4l
Let us introduce the notation which we will use in this section.

X € R** Matrix whose rows represent four points in 3D.

(Rj,t;), j € {1,3} The poses of the cameras.

r € R?>* Matrix whose rows are 2D projections of X onto the first camera.
y € R%* Matrix whose rows are 2D projections of X onto the second camera.
w € R>* Matrix whose rows are 2D projections of X onto the third camera.

A € R3® Matrix of the depths of the pts. from X. Aji is the depth of the
i-th point in cam. j. Let X/ = R;X.; +t; be the coordinates of pt.
X.; in the coord. system of cam. j. Then, \;; is the third coord of X7.

l € R The oriented distance from the point w. 4 to the true projection of the
last point onto the last camera.
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s >\3,iw:,z

o iy

002

Figure 2.4: Relaxation of the Four-Point problem to a minimal problem. Four
points X;,i € {1,...,4} are projected onto three cameras Cy, Co, C5. The
projections of the points are x.;,¥.;,w.;, and the depths are A;; in the first
view, Az ; in the second view, and As; in the third view. The last point X. ;
projects in the third camera to a point with the same x-coordinate as w. 4, the
oriented distance from w. 4 to the projection is .

The principle of the relaxation of the Four-Point problem to the minimal
problem is that the last observation w. 4 in the last view is relaxed to a vertical
line passing through the point w. 4. The last point X. 4 is then projected to a
point on this line. Apart from the variables A, we introduce another variable
[, which is the oriented distance from the point w. 4 to the true projection of
the last point X. 4 to the last camera. The task is to compute Rg, t2, R3, t3,
A, I € R, such that there holds:

T1, X1 X1
M | 22| = R | Xoi| +t1 = | Xo;|,Vie {1, ...,4} (2.9)
1 Xg,i X3,i
Yi,i Xl,z
)\271' Yo,i| = Ry X271' + to, Vi € {1, ...,4} (2.10)
1 X3,z
Wy, Xl,z
)\371' ei| = Rs3 X2,i + tg,Vi S {1, cees 3} (211)
1 X3,
wW1,4 0 X1,4
3.4 wos| + |1 =Rz | Xog| +13 (2.12)
1 0 X34
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Bl 2.2.2 Depth formulation

Similarly to the Five-Point problem (Section 2.1.2)), we convert the relaxed
Four-Point problem (2.9), (2.10), (2.11), (2.12) to a set of polynomial equa-
tions using a depth formulation. In this formulation, the unknowns are the
depths X\ and the oriented distance [, the rotations and translations are elimi-
nated. If the depths and the oriented distance are known, we can compute
the relative poses according to Section |5.7.

If the depths A and the oriented distance [ correspond to the correct
solution, then the distances between two points X.;, X.; are the same in all
three cameras for every pair of indices i,i" € {1,...,4},7 # . The situation,
including the relaxed point w. 4, is shown in Figure 2.5. The constraint can
be written as the following system of polynomial equations:

2 2
T1,4 Ty, Y1, Y1,
Ay [ T2 | — Ay [mor ||| = [ A2y |Y2,i| — Ao Y2,
1 1 1 1
Vie{1,..,4},i € {1,...,4},i < i
2 2
L1, Ty, W14 wy 4
Ay (T2 — A [Toi ||| = ([A3,i |wa,i| — Azar [wa
1 1 1 1
Vie{l,..,3}i €{1,..,3}i<?
. 2 . 2
X1 14 w1 (W 0
Ay |20 — Mg |T24 = |3, |wai| —A3a | |woa| + |1
1 1 1 1 0 (2.13)
Viedl,..,3}
2 2
Y, Y14 W15 Wy 4!
A2 |y2,i| — Ao | Y2, = ||A3,i |wai| — Agir |wai
1 1 1 1
Vie{l,..3}i e{l,..,3}i<d
2 2
Y1,i Y1,4 w1 w14 0
A2 |y2,i| — A2 |y2all|] = || A3 |wai| — X34 | |woal| + |1
1 1 1 1 0
Vie{l,..,3}

17
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Xy

A3,45W: 4

A2, it it

.02

Figure 2.5: The illustration of the depth formulation of the four point problem.
The upper image depicts the situation where i < 4, i’ < 4, while the lower image
depicts the situation with the fourth point, which is projected onto a line in the
third camera and the oriented distance from w. 4 to the projection is [. If the
depths A are correct, the equations in hold.

The problem is scale-invariant, i.e., if we multiply all correct depths A by
the same coefficient & € R, we obtain another solution to the equations .
Therefore, we fix the scale in order to obtain a system of equations with a
finite number of solutions. Like in the case of the Five-Point problem, this is
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done by fixing the depth of the first point in the first camera to one: Ay = 1.
After that, the equations (2.13) have 12 variables and a finite number of
solutions.

B 2.2.3 Generator of problem-solution pairs of Four-Point
problem

Now, we will describe how the instances of the relaxed Four-Point problem
(Section [2.2.1)) together with their solutions are generated. These generated
solutions are supposed to be used as the starting points for the Homotopy
Continuation Solver (Section 5). Therefore, we need to have the problems
paired with the exact solution. The homotopy continuation is tracked after
both the start and the final problems are invariantized (Sec|5.4)). The rotation
of the views, which is performed during the invariantization may change the
solution to the equations (2.13)). Therefore, we first invariantize the sampled
points and then compute the depths of the invariantized points.

Like in the case of the Five-Point problem generator, we generate the prob-
lems from the real 3D models from the ETH 3D dataset |°. We generates
problems from every triplet ji, jo, j3 of cameras in the model for which a set
of 3D points observed by all three cameras exists. Now, we will show how
to generate one instance of the relaxed problem described in Section [2.2.1
together with its solution. Let us introduce the notation which we will use in
this section.

n Number of points observed by both camera j and camera j’.

7)  Ground truth pose of camera jj.

(R, 11

(R%,t5)  Ground truth pose of camera jo.
(R%,t3)  Ground truth pose of camera js.
(

R} 5,17 5) Ground truth relative pose between cameras ji, j2. The relative
rotation R 5 is equal to R 5 = R3(R})T, the relative translation
is equal to ] 5 = t5 — Ry(R})Tt].

(Ri3,t13) Ground truth relative pose between cameras ji, j3. The relative
rotation R 3 is equal to R} 3 = R3(Rf)”, the relative translation
is equal to t] 5 = t5 — R5(R})Tt.

2https://www.eth3d.net/datasets
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(R5 3,15 3) Ground truth relative pose between cameras ja, j3. The relative
rotation Rj 5 is equal to Rj 53 = Rj (R3)T, the relative translation
is equal to t3 5 = t5 — R5(R3)Tt5.

X € R®” A matrix whose columns are n 3D points observed by all three
cameras.

x* € R®™ A matrix whose columns are correct 2D projections of the points
from X onto the first camera j;.

y* € R*™ A matrix whose columns are correct 2D projections of the points
from X onto the second camera js.

w* € R*™ A matrix whose columns are correct 2D projections of the points
from X onto the third camera js.

€® € R?>"™ Measurement errors of the observations z* of points X by the first
camera ji.

€V € R%" Measurement errors of the observations y* of points X by the first
camera ja.

€¥ € R?" Measurement errors of the observations w* of points X by the first
camera js.

x€ € R?™ Observations of points from X by the first camera. There holds
€ =1x* + €%,

y¢ € R®™ Observations of points from X by the second camera. There holds
Yy =yt

w® € R?>"™ Observations of points from X by the third camera. There holds
w = w* 4 €v.

T e {1,...,n}> A set of five indices of the sampled points.
2% € R?>® A matrix whose columns are the columns from z¢ indexed by 7.

y? € R*® A matrix whose columns are the columns from 3¢ indexed by Z.

The points are therefore in correspondence with points from 2.

w? € R?>® A matrix whose columns are the columns from w® indexed by 7.

The points are therefore in correspondence with points from 2.

zL € R?>® Invariantized representation of five sampled points in the first view
obtained by Section [5.4]

g% € R*® Invariantized representation of five sampled points in the second
view obtained by Section |5.4.

w? € R*® Invariantized representation of five sampled points in the third
view obtained by Section [5.4)
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2.2. Problem of four points in three views

s € Sym({1,2,3}) The permutation of the views induced by the invarianti-
zation according to Section [5.4l

RL € SO(3) 3D Rotation matrix induced by the invariantization, which
transforms the homogeneous coordinates of the first view to the
homogeneous coordinates of .

R} € SO(3) 3D Rotation matrix induced by the invariantization, which
transforms the homogeneous coordinates of the second view to the
homogeneous coordinates of 4.

R! € SO(3) 3D Rotation matrix induced by the invariantization, which
transforms the homogeneous coordinates of the third view to the
homogeneous coordinates of w.

( _’{72, t15) Ground truth relative pose between invariantized views jg(1), jg(2)-

(R>i3, 71‘73 Ground truth relative pose between invariantized views jg(1), js(3)-

)
(]?172, 51,2) Obtained relative pose between invariantized points zZ, QI .
)

(R13,t13) Obtained relative pose between invariantized points #7, w?”.
X € R*> Matrix whose columns are 3D points triangulated using the points
zT, ' and the relative pose (R 2,%12) between the views.

z € R>*  The output of the generator, the invariantized sample of four points
in the first view.

y € R>*  The output of the generator, the invariantized sample of four points
in the second view.

w € R**  The output of the generator, the invariantized sample of four points
in the third view.

XY The coordinates of the last point X .4 in the coordinate system of
the third camera.

A € R*»® A matrix of the depths of points from Z, i, w. The depths are such,
that the values in A are the solutions to the depth formulation of
the Four-Point problem (2.13) parametrized by z,y, w, all depths
are positive and the relatives pose consistent with the depths is

close to the ground truth relative poses (R} 9,11 5), (R7 3,7 3).

leR The output of the generator, oriented distance from the observation
w. 4 to the exact projection of the last point X., onto the last
invariantized camera jg3).

There is no exact solver available for the relaxed Four-Point problem. There-
fore, we are going to show how the problem-solution pairs of the relaxed
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Four-Point problem are generated without an access to the solver. We know
the observations z¢, y¢, w*, and the ground truth poses (R7,t]), (R3,t3),
(R3,t3) of all three cameras. The task is to find the invariantized samples
z, Yy, w of four corresponding points from z¢, y¢, w® and to compute the
corresponding depths A and the oriented distance .

First, we sample five elements Z from the set of indices {1, ...,n} and obtain
matrices 27, y, w? whose columns are the columns of matrices z¢, ¢, w®
indexed by Z. Then, we invariantize the points in 2%, y*, w? according to
Section 5.4 to obtain zZ, 4%, w’. This invariantization moves the center of
mass of the first four points to zero, permutes the views according to the
distance to the furthest point, orders the first four points counterclockwise in
the last view, and rotates the fourth view to the x-axis. During the invari-
antization, we also obtain the permutation s of the views and the rotation
matrices R, Ré, RI which transform the homogeneous coordinates of points

2T, yT, w? to the homogeneous coordinates of points zZ, ¢%, w.

We obtain the ground truth relative poses (R} o, ] ), (Rj 3%} 3) between
the invariantized views in the following way. If the index of the new first view
5(1) is smaller than the index of the new second view s(2), then the relative
pose (1] o, f“f’z) between the views 27, i is obtained as:

D*x  _ pl px INT

R1,2 - RyRs(l),s(Q) (Rac) (2 14)
t,=Rlt: '
1,2 = “lys(1),s(2)

If, on the other hand, the index s(1) of the new first view is larger than
the index s5(2) of the new second view, then the relative pose (Rj o1} ) is
obtained as:

RT,Q = Ré(R:(z),s(n)T(Ri)T (2.15)
t12 = =Ry (Rl «1) ts@),s)

Likewise, if the index s(1) of the new first view is smaller than the index s(3)
of the new third view, then the relative pose (Rj 3,17 3) between the views

7L, wl is obtained as:

Ri3 = RLRY) s (RD)T
) (2.16)
t1,3 - ths(l),s(?))

And if the index index s(1) of the new first view is larger than the index s(3),
then relative pose (Rf 3,1t} 3) is computed as:

RT,z = R{U(R:(g),su))T(Ri)T (2.17)
f1s = —RyL(Ris) o) ts@).s1)

The relative pose (R§73, 2?;73) between the new second and the new third view
is obtained analogously.
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Then, we compute the set of k& < 10 essential matrices E;,i € {1,....k}
between views z!, 4! using Nistér algorithm 2.1.1. We decompose each es-
sential matrix E; according to [Paj21] to obtain two rotation matrices R,
R} and two translations ', —t;. Out of these four potential combinations of
a rotation and a translation we select the rotation R; and the translation
t;, for which all five 3D points X* are triangulated in front of both cameras.
Out of all relative poses (R;,t;),i € {1,...,k}, we select the relative pose
(R12,t1,2) which minimizes the distance (6.3) from the ground truth relative
pose ( 7’{72, f’iz). 3D points X are the points in the coordinate system of the
first camera which have been triangulated from the observations z!, !/ with
the relative pose (R} o, ] 5).

After that, we register the first three observations from w! to the first three
3D points from X using PNP [Paj21]. This process gives us up to 3 real
poses. (Ry3,t13) is the pose obtained by PNP which minimizes the distance
(6.3)) from the ground truth pose (Ri?),fig).

We obtain the resulting projections z by taking the first four columns of z/
and the projections ¢ by taking the first four columns of §’. The first three
columns of w are the first three columns of w!. The last column of w is
obtained in the following way. First, the coordinates X of the fourth 3D

point X .4 in the coordinate system of the last camera are obtained as:
_ _ 81,4 B
Xiy=Rig | Xoa| + R (2.18)
X34

Then, the fourth column of the observations w in the last view is obtained as:
Xt
Weoq = | X84 (2.19)

And the oriented distance [ from the projection of X .4 to the last observation
in w is obtained as:

X5,
3,4

Then, the fourth point X:A is projected to the third camera s(3) to the point

Xw _

2] TR 0

ol Il Rl N B R (2.21)
_2,4 O X'w

X;”f4 3.4

which corresponds to the equations (2.13|) which define the depth formulation
of the relaxed Four-Point problem. The depths A1 4,a € {1,...,4} of the first
4 points from X in the first view are obtained from the last row of X. The
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2. Minimal problems in Multi-View Geometry

depths Ao q,a € {1,...,4} of the first 4 points from X in the second view are
obtained from the last row of RLQX + 1?172 and the depths A3 4,a € {1,...,4}
of the first 4 points from X in the third view are obtained from the last row
of RLgX + t1,3. The whole procedure of generating problem-solution pairs of
the Four-Point problem is described in Algorithm 2|
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2.2. Problem of four points in three views

Algorithm 2: Four-Point Problem-Solution Pair Generator

input :Sets of matched observations z¢, y¢, z¢, Relative poses
( >{,27 T,Z)v ( T,3ﬂ T,?))? (R§,37t§,3)
output : Four invariantized sampled points in three views: z, ¥, z,
Depths A, Oriented distance [
Find ground truth relative poses (Rj 5,7 5), (R] 3,11 3), (R53,t53);
Sample five corresponding points zZ, yZ, w? from z¢, ¥, w¢;
(z,y,w) := Points x, y, w invariantized according to Section [5.4;
Ré, Ri, R{U := Rotations transforming z,y, w to (z,y,w);
s := permutation of views induced by the invariantization;
Find the invariantized poses ( _iz, t1 ), (Rig, t1,3) according to
(2.14)), (2.15), (2.16), (2.17);
Compute k < 10 essential matrices E; between points 27, 7 using
Nistér algorithm (Section 2.1.1);
"= —1, dist* := o0;
forie {l,....k} do
Decompose E; into two rotations RY, R} and two translations 4-t¢;
(R, t;) := the relative pose for which all 5 3D points are
triangulated in front of both cameras;
X' := 3D points triangulated from points zZ, 5~ and pose (R;,t;);
dist := Distance (6.3) between (R;, t;) and (R} 5,1 5);
if dist < dist* then
| i =i, dist* = dist;
end

end
(Ri2,t12) = (Ri=,ti), X = X
Find £’ < 3 relative poses (R/, ;) of first three points from w
towards X using PNP;

i* = =1, dist* := o0;
forie {1,...,k'} do

dist := Distance (6.3) between (R/, ) and (7T73, £} 3);

if dist < dist* then

‘ i =1, dist® := dist;

end

A

end

(Ri3,t1,3) == (Rix, t}s);

Set Z, ¥, w as the first 3 columnss of zZ, yZ, w?;

Set the first row of X as the first 4 entries in the last row of X;
Set the second row of A as the last row of RLQX + 1?1,2;

Set the third row of A as the last row of Ry 3X + 11 3;
Set the last column of w and [ according to (2.18]), (2.19), (2.20);
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2. Minimal problems in Multi-View Geometry

B 2.2.4 Generator of testing and training problems of
Four-Point problem

Now, we will describe how to generate the instances of the Four-Point which
are used for the training and testing of the Four-Point solver (Chapter 5).
The training and validation data should arise from a real distribution. The
problems obtained in Section [2.2.3| are modified by reprojection of the last
point into the last camera. Therefore, they do not reflect the distribution
of the real data exactly. In order to obtain the labels used in the training
of the classifier (Section |5.6.3), we compare the poses instead of the depths.
Therefore, we do not need to know the correct depths of the training problems.
Because of these reasons, we pair the points together with the ground truth
relative poses. Let us introduce the notation which we will use in this section.

n Number of points observed by both camera 7 and camera j’.
(R3,t7)  Ground truth pose of camera jj.
(R3,t5)  Ground truth pose of camera jo.
(R3,t5)  Ground truth pose of camera js.

(R7 2,11 2) Ground truth relative pose between cameras ji, jo. The relative
rotation Rj , is equal to R} , = R3(R;)”, the relative translation
is equal to t] o = 15 — R3 (R})Tt.

(R} 3,11 3) Ground truth relative pose between cameras ji, j3. The relative
rotation Rj 5 is equal to R 3 = R} (R})T, the relative translation
is equal to ] 5 = t5 — R5(R})Tt.

(R5 3,15 3) Ground truth relative pose between cameras ja, j3. The relative
rotation Rj 5 is equal to Rj 3 = R3(R5)”, the relative translation
is equal to t5 3 = 15 — Ri(R3)Tts.

X € R®” A matrix whose columns are n 3D points observed by all three
cameras.

z* € R®™ A matrix whose columns are correct 2D projections of the points
from X onto the first camera jj.

y* € R*™ A matrix whose columns are correct 2D projections of the points
from X onto the second camera js.

w* € R>™ A matrix whose columns are correct 2D projections of the points
from X onto the third camera js.
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2.2. Problem of four points in three views

€® € R>" Measurement errors of the observations x* of points X by the first
camera ji.

€ € R>™ Measurement errors of the observations y* of points X by the first
camera ja.

€¥ € R?>" Measurement errors of the observations w* of points X by the first
camera js.

z¢ € R>™ Observations of points from X by the first camera. There holds
€ =a* +€°.

y¢ € R>™ Observations of points from X by the second camera. There holds
Y=y +eé.

w® € R>™ Observations of points from X by the third camera. There holds
w = w* + €v.

T e{1,..,n}* A set of four indices of the sampled points.

xz? € R>* A matrix whose columns are the columns from z¢ indexed by Z.

y* € R>* A matrix whose columns are the columns from y¢ indexed by Z.

The points are therefore in correspondence with points from z7.

w? € R»* A matrix whose columns are the columns from w® indexed by 7.

The points are therefore in correspondence with points from L.

z € R?>*  Invariantized representation of four sampled points in the first view
obtained by Section [5.4l

y € R>*  Invariantized representation of four sampled points in the second
view obtained by Section 5.4l

z € R*»*  Invariantized representation of four sampled points in the third
view obtained by Section (5.4l

s € Sym({1,2,3}) The permutation of the views induced by the invarianti-
zation according to Section [5.4l

RL € SO(3) 3D Rotation matrix induced by the invariantization, which
transforms the homogeneous coordinates of the first view to the
homogeneous coordinates of .

Ré € SO(3) 3D Rotation matrix induced by the invariantization, which
transforms the homogeneous coordinates of the second view to the
homogeneous coordinates of .

R! € SO(3) 3D Rotation matrix induced by the invariantization, which
transforms the homogeneous coordinates of the third view to the
homogeneous coordinates of w.

(]?’{’2, 5{72) Ground truth relative pose between invariantized views jg(1y, js(2)-
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2. Minimal problems in Multi-View Geometry

(RT,:’,? ET’3) Ground truth relative pose between invariantized views jg(1), Js(3)-

(RE,S’ 5373) Ground truth relative pose between invariantized views jg(2), Js(3)-

We know the observations z¢, y¢, w¢, and the ground truth poses (R, t}),
(R3,t5), (R5,t3) of all three cameras. The task is to find the invariantized
samples Z, y, w of four corresponding points from z¢, y¢, w® and the ground
truth poses (R 5,17 2), (R 3,11 3), (R3 3,15 3) between the invariantized views.

First, we sample four elements Z from the set of indices {1,...,n} and
obtain matrices 2%, 4%, w? whose columns are the columns of matrices z€, €,
w€ indexed by Z. Then, we invariantize the points in zZ, y%, w’ according to
Section |5.4] to obtain zZ, y%, w?. We also obtain the permutation s of the
views and the rotation matrices RZ, Ré, RE which transform the homogeneous
coordinates of points zZ, yZ, w? to the homogeneous coordinates of points
e, gy, w.

Then, we obtain the ground truth relative poses (Rj o, 5), (R 3,1} 3),
(R§73,f§73) between the invariantized views according to equations (2.14]),
(2.15), (2.16), (2.17). The generator of the training and testing problems is
described in Algorithm [3|

Algorithm 3: Four-Point Training Problem Generator

input :Sets of matched observations z¢, y¢, z¢, Relative poses
(RT,27tT,2)7 ( T,SvtT,:S)? (R§,37t§,3)

output : Four invariantized sampled points in three views: z, y, z,
Ground truth poses (RT,Zv F{,Q)? ( T,B) E{,S)v (R§,3a E;,S)
between the invariantized points

Find ground truth relative poses (RT,zatT,z), ( 135 1*73), (R§73,t§’3);

Sample four corresponding points zZ, yZ, w? from z¢, y¢, w*;

(Z,y,w) := Points x, y, w invariantized according to Section |5.4;

Ri, Ri, R{U := Rotations transforming x,y,w to , y, w;

s := permutation of views induced by the invariantization;

Find the invariantized poses (R} 5,15 5), (R} 3.1} 3), (R53,%53)

according to (2.14), (2.15), (2.16), (2.17);
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Chapter 3

Homotopy continuation

In this section, we will describe the homotopy continuation [SI05], [Mor09),
[BSHW13|. It is a method from numerical algebraic geometry which can
solve sets of polynomial equations by transforming the start problem with a
known solution to the final problem whose solutions we want to obtain. Let
us introduce the notation which we will use in this section.

f(2) A starting system of s polynomials in s variables.

s The size of the system.

g(z) A final system of s polynomials in s variables.

25 € C A solution of the starting set of polynomials, f(z5) = 0.

H(z,t) A homotopy which transforms the starting set f(z) to the final set

9(2).
t € (0,1) A "time" parameter of the homotopy.
z(t)*,t € (0,1) A path of solutions for which there holds H(z(t)*,t) = 0.
H,(z,t) € C>* Jacobian matrix of homotopy H(z,t) w.r.t. parameters z.

Hy(z,t) € C5! Jacobian matrix of homotopy H(z,t) w.r.t. parameter t.

We know the starting square set of polynomials f(z) with its solutions z{
and the final square set of polynomials g(z). We assume that the Jacobian
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z(t) correct
L

predict

| At l

0 4 1

Figure 3.1: The illustration of the prediction and correction step of the homotopy
continuation. The image is taken from [SI05].

matrix H,(z(t)*,t) is invertible for every ¢ € (0,1). The task is to find a path
of solutions z(¢)* such that z(0)* = zj. Then, 2z(1) is a solution to the final
set of polynomials g(z).

Let us set a homotopy:

H(z,t)=(1—-1t)f(z) + tg(2) (3.1)

If the parameter ¢ is equal to zero, there holds H(z,0) = f(z). If t = 1, then
H(z,1) = g(2).

Because there holds H(z(t)*,t) = 0 for every t € (0, 1), the values of the
homotopy over the track z(¢)* are constant and the derivative of H(z(t)*,t) =
0 with respect to t is equal to zero, as well. We can use the chain rule to
write:

dH (z(t)*,t)
dt

dz(t)*
dt

= H.(2(t)*, ) + H(2(6)*,t) =0 (3.2)

Differential equation (3.2)) is called Davidenko equation [SI05].

The goal is to find a track z(¢)* which satisfies the Davidenko equation
(3.2). This is accomplished by alternating two steps, the prediction and the
correction. In the prediction step, the correct value of z(¢)* in time ¢ is known
and the task is to find the approximate value of z(t + At) in time ¢ + At. In
the prediction step, we know the approximate value of z(¢) in time ¢t and the
task is to find the corrected value of z(¢)* in the same time ¢. The homotopy
continuation is summarized in Algorithm [4.
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3. Homotopy continuation

Algorithm 4: Homotopy Continuation

input

: Starting polynomial system f(z), Final polynomial system
g(z), Starting solution z{, Initial step size Aty, Maximal
number of corrector steps kp,qz, Corrector tolerance e,
Number of successful steps for increase step succmaz,
Increase step factor 8, Ain Minimal step size

output : Final solution 2}
Z* =z, t := 0, At := Atg, succ := 0;

while ¢ < 1 do
Predict the solution z at time ¢t + At according to Section 3.1}
k= 0;
while ||H(z,t + At)|| > € and k < kpag do
Correct the solution z according to Section |3.2;
k:=k+1;
end
if [|[H(z,t+ At)]| < € then
¥ =z, t =t + At, succ := succ+1 ; // Update
if succ == succyq, then
At := BAL // Increase step size
succ := 0;
end
else
At = %At, succ := 0 ; // Decrease step size
if At < A,in then
return (;
end
end
end
return z*;

The parameters of the homotopy continuation are as follows:

Atg € R
kmaz € N
ecR

Initial step size of the homotopy continuation.
Maximal number of corrector steps.

Corrector tolerance. If z is the output of the corrector and
|H(z,t+ At)|| < ¢, the output of the corrector is accepted.

sucCmar € N Number of consecutive successful steps after which the step size

b eR

is increased.

Increase step factor. Step size At is increased to SAt after
SUCCmaz consecutive successful steps, step size At is decreased to
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%At after one unsuccessful step.

Anin Minimal step size.

B 3.1 Predictor step

Now, we will describe the predictor step of the homotopy continuation. We
know the correct value of z(¢)* in time ¢. The task is to find an approximation
z(t + At) of the value z(t + At)*. The value z(t + At)* is the solution of
the differential equation (3.2)). Therefore, we will obtain its approximation
z(t+ At) with one step of a numerical method for solving differential equations.

One of the possibilities is to set up a Taylor polynomial of order 1 for the
homotopy H(z,t) as:

H(2(t)* + Az, t+ At) = H(2()*, 1) + Ha(2(t)*, t) Az + Hy(2(t)*, ) At (3.3)

We search for such a value of Az that the Taylor polynomial for the time
t + At is equal to zero. Because we know that H(z(t)*,t) = 0, we can set up
the equation as:

Ha(2(8)" ) Az + Hy(2(t)*, ) At = 0 (3.4)

This is a simple linear equation, whose solution is:
Az = —H, (2(t)*,t) L Hy(2(t)*, 1) At = 0 (3.5)

This is a step of the Euler method. The approximation of z(t+ At) is obtained

| St 4 AL) = 2(8)" + Az (3.6)

Another possibility is to use a step of the Runge-Kutta method instead of
the Euler method. Then, the change of variables Az is obtained as:

dzy = —H.(2(t)*,t) " Hy (2(t)*, t) At

1 1 1 1
dzp = —HL(2(t)" + 5da1,t + S AT Hy(2(1)" + 5dz,t + AL AL

2 2 2
1 1 1 1
dzg = —H.(z(t)* + §d22,t + §At)_1Ht(z(t)* + 5d22,t + iAt)At (3.7)

deg = —H,(2(t)* + dzs, t + At) T Hy(2(t)* + dzs, t + At)At

1
Az = B(dzl 4+ dzo + dzg + dZ4)
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The prediction z(t + At) is then obtained with Equation (3.6).

One step of the Runge-Kutta method is typically slower then one step of
the Euler method because Runge-Kutta method requires to solve 4 linear
equations while Euler method requires only one. However, Runge-Kutta
method is more precise than Euler, and therefore allows to use a larger step
size At and computes the value of z(1)* using fewer steps than the Euler
method. In practice, the Runge-Kutta method is faster and produces more
accurate results.

B 3.2 Corrector step

Now, we will describe the corrector step of the homotopy continuation. We
know an approximate value of z(¢) in time ¢ which has been obtained during
the predictor step. The task is to compute the corrected value z(t)* such that
H(z(t)*,t) = 0. We assume that the approximate value z(¢) is close to the
correct value z(t)*.

One step of the solution is again based on the Taylor polynomial of order 1
for the homotopy H(z,t):

H(z(t) + Az, t+ At) ~ H(2(t),t) + Ha(2(t), ) Az + Hy(2(), )AL (3.8)

This time, the parameter t is fixed, therefore the value At is equal to zero.
The goal is to compute a value of Az such that the value of the Taylor
polynomial is equal to zero. The equation can be set up as:

Az = —H,(2(t),t) " H(2(t),1) (3.9)

This is a step of a Newton method. The value z(t) is updated according to
equation [3.6 The corrector steps are repeated until the norm of H(z(t),t) is
smaller than a threshold e. If the threshold is not reached in k steps (typically
k = 3), the corrector fails and the prediction is performed again with a smaller
step size At.
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3. Homotopy continuation

. 3.3 Parametric homotopy continuation

If both the start and the final problems are parametrized sets of polynomial
equations with the same shape, the method is called a parametric homo-
topy continuation. The parametric homotopy continuation has several
desirable properties, such that for the generic case, the number of complex
solutions of the start and final problems are the same. Let us introduce the
notation which we will use in this section.

S The size of the system.
h(z,p) A parametric system of s polynomials in s variables.
ps  Parameters of the start system. There holds f(z) = h(z,ps).

py  Parameters of the final system. There holds g(z) = h(z, py).

In this case, we can set up the homotopy as:
H(z,p,t) = (1 = t)h(z,ps) + th(z, py) (3.10)
This can be simplified as:

H(z,p,t) = h(z,(1 —t)ps + tpy) (3.11)

B 3.4 Real homotopy continuation

The homotopy continuation is typically performed in the complex space even
if only real solutions are required because even the tracks from a real solution
to another real solution may pass through complex values [SI05]. However,
in some cases, the track between two real solutions may lie entirely in real
numbers. In these cases, tracking in real space may lead to an acceleration
of the solver because the complex solutions are not tracked and because the
computations in real numbers are faster than the computations in complex
numbers.

The real homotopy H (z,t) is set up according to Equation (3.1)), just as the
complex homotopy. In the case of the real homotopy continuation, however,
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the coefficients of the sets of polynomials f(z), g(z), as well as the starting
solution z(0)* are real. The derivatives of the homotopy H.(z,t), H¢(z,t) are
also real. Therefore, the computed steps Az, predicted solutions z(t) and
corrected solutions z(t)* are real as well.

The complex homotopy continuation is guaranteed to successfully finish for
a generic triplet of start system f(z), start solution z(0)*, and final system
g(z). No such guarantee exists for the real homotopy continuation, if no real
track z(t)* starting zo in exists between the sets of polynomials f(z), g(z),
the real homotopy continuation fails.

Bl 3.4.1 Possible results of the real homotopy continuation

For the start set of polynomials f(z), final set of polynomials g(z), starting
solution zg to the system f(z) and expected solution z; to the system zq,
there are three different possible results of the real homotopy continuation:

® Correct result The track finishes successfully and the result z(1)* is
equal to the expected result z;.

® Incorrect result The track finishes successfully, but the result z(1)* is
different from the expected result zy.

® Failed track The track fails and does not finish.
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Chapter 4

Efficient Homotopy Continuation Solver
for the Five-Point Problem

B a1 Description of the solver

In this section, we will propose a new solver for the Five-Point calibrated
problem based on the real homotopy continuation. The solver is meant to be
used in the RANSAC loop, therefore, it should be fast but it does not have
to finish correctly for all inputs. Moreover, it is desirable not to track the
inputs which consist of mismatched points. Therefore, we have decided to
use the real homotopy continuation (Section in the solver. We use the
depth formulation of the Five-Point problem (Section .

The parametrization of the problem and the solution is described in Section
The homotopy continuation used in the solver is described in Section
4.1.2 and the solver itself is described in Section [4.1.3. Let us introduce the
notation which we will use in this section.

x € R?>® Five calibrated 2D points in the first camera of the final problem.
y € R%5 Five calibrated 2D points in the second camera of the final problem.

\* € R%5 The depths of the points in both cameras. )\* is the depth of point
1 in camera j. A* are the solutions to the depth formulation of the
Five-Point problem (Equation E parametrized by z,y.
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4. Efficient Homotopy Continuation Solver for the Five-Point Problem

(R*,t*) A relative pose between the first and the second camera.
m The number of starting problem-solution pairs.

A= (a“:a,ﬂa,xa), a€{l,..,m}, &, € R g, € R, Ao € R2P A sequence of
anchors, i.e. starting problem-solution pairs. For every a, the values
in j\a are the solutions to the depth formulation of the Five-Point
problem (Equation 2.5) parametrized by &g, ¥q.

We know the calibrated points z,y in the first and the second cameras, as
well as the number of anchors m and the anchors (problem-solution pairs) .A.
The task is to find the depths A* and the relative pose (R*,t*), such that:

T Y,
Li |T2i| = A5 R |yei| +1° (4.1)
1 1

B 4.1.1 Parametrization of the problem and the solution

Now, we are going to describe the parametrizations of the problem and of
the solution vector. Let us introduce the notation which we will use in this
section.

ps € R20 The parametrization of the initial problem.
JRS R?0 The parametrization of the final problem.

h(z,p) A square parametric system of polynomials from the depth formulation
of the Five-Point problem.

29 € R The solution to the initial problem parametrized by p,. There holds
h(zo,ps) = 0.

The parametrization of the instance of a Five-Point problem is a twenty-
dimensional vector p. This vector contains flattened points x, y which define
the instance, i.e., the first five elements are the x-coordinates of the points in
the first camera, the next five elements are the y-coordinates of the points in
the first camera. The last ten elements are the coordinates of the points in the
second camera in the same order. Let us have an instance € R?%,y € R?5.
The parametrization p of the instance is:

Vie {1,....,5} 1 pi = X14, Dits = T24, Pit10 = Y1,i> Di+15 = Y2.i (4.2)
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The depth formulation (2.5) of the Five-Point problem is scale-invariant,
therefore, the scale of the depths A has to be fixed in order for the system of
equations (2.5)) to have a finite number of solutions. We fix the depths by
setting the first depth in the first image A1 to 1. The solution vector z € R?
is therefore:

Vie{l,..4}: z = L+l ;Vie {1,..5}: zi4q = 2
AL1 ALl

) )

(4.3)

The depths A € R?® of the problem may be recovered from the solution
vector z € R? up to scale by setting A1 to one and by copying the values
from the solution vector as:

Vi € {1, 4} : )\171'_;,_1 = Zi;Vi S {1, 5} : Ag,i = Zit4 (4.4)

B 4.1.2 Homotopy continuation used in the solver

Now, we are going to describe the parametric homotopy H(z,p,t) used to
track the solution z of the depth formulation (2.5) of the Five-Point problem.
The solution vector z has 9 elements but there are 10 equations in the depth
formulation (2.5). Therefore, one of the equations from (2.5) has to be
dropped in order to obtain a square system of independent equations. The
square system has the following form:

2 2
L1, Ty, Yi,i Y14
Al [@2i| — A |2 = Ai2 [Y2,i| — Air2 |20 ||| >
1 1 1 1 (4.5)

(1) € {(1,2),(1,3),(1,4),(1,5),(2,3),(2,4),(2,5), (3,4), (3,5)}

If the values of matrices x, y, A are replaced by the corresponding values of the
parametrization p and solution vector z according to (4.2)) and (4.3), we obtain
the square parametrized system of polynomial equations h(z,p). Because the
parametrization of the start problem is ps; and the parametrization of the
final problem is ps, we can set the parametric homotopy H(z,p,t) according
to:

H(z,p.) = h(z, (1~ t)ps + tpy) (4.6)

The tracking of the homotopy H(z,p,t) with the start parametrization
2o is performed according to Algorithm |4 The derivatives H,(z(t),p,t) and
H,(z(t),p,t) of the homotopy are obtained with a Straight-Line Program
(SLP) generated in Macaulay2.
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The largest amount of time on the solver is spent on the solution of the
linear equations (3.9)), (3.7)), (3.5) which are solved as part of the predictor
and the corrector. The left side of the equations is always the Jacobian matrix
H,(z(t),p,t) of the value of the homotopy w.r.t. the variables z. Because the
matrix H,(z(t),p,t) is relatively sparse, the closed form of the solution can
be obtained, which can significantly reduce the time spent on one track. This
closed-form solution is described in Section 4.2

B 4.1.3 Overview of the solver

Let us introduce the notation which we will use in this section.

x € R?>® Five calibrated 2D points in the first camera of the final problem.
y € R%5 Five calibrated 2D points in the second camera of the final problem.

\* € R%5 The depths of the points in both cameras. /\jZ is the depth of point
7 in camera j. A* are the solutions to the depth formulation of the
Five-Point problem (Equation 2.5) parametrized by x,y.

(R*,t*) A relative pose between the first and the second camera.
m The number of starting problem-solution pairs.

A= (:ﬁa,yja,j\a), ac{l,.. m}, i, € R g, € R*>, Ao € RZ5 A sequence of
anchors, i.e. starting problem-solution pairs. For every a, the values
in \, are the solutions to the depth formulation of the Five-Point
problem (Equation 2.5) parametrized by Z, ¥q.

7 € R?® Points in the first view invariantized according to Section 4.4l
y € R% Points in the second view invariantized according to Section 4.4.

D € R Low-dimensional representation of the problem defined by (Z, 7).
The low-dimensional representation is obtained according to Section
4.6.2.

L € A%20 A transformation matrix which transforms a 20-dimensional (in-
variantized or aligned) representation p to a 14-dimensional represen-
tation D.

a* € {0,...,m} Index of the selected anchor. If a* = 0, the problem is not
tracked, otherwise, it is tracked from anchor a*.

c:R% —{0,...,m} The classifier which for a low-dimensional representation
D of a problem gives the index a* of the selected anchor. The classifier
is described in Section [4.6.4.
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# € R?>® Points in the first view aligned to the selected anchor a* according
to Section 4.5

) € R%® Points in the second view aligned to the selected anchor a* according
to Section 4.5

RL € SO(3), Rl € 5O(3) := Rotation matrices induced by the invariantiza-
tion according to Section 4.5,

s € Sym{1,2} Permutation of the views induced by the invariantization
(Section [4.5]).

H(z,p,t) Parametric homotopy (4.6)) for the square system (4.5)). z € R is
the parametrization of the solution, p € R?° is the parametrization of
the problem and ¢t €< 0,1 > is the time parameter.

ps € R? A parametrization (4.2) of the starting problem Z,x, ¥
20 € R? A parametrization (4.3) of the starting solution Ag+
pf € R?0 A parametrization (4.2) of the aligned final problem %,

A The depths of the aligned problem defined by Z, 3.

Now, we are going to describe the solver. The structure of the homotopy
continuation procedure used in the solver is inspired by the MINUS solver
[FDF™20], however, our solver is much faster because it operates in real
numbers only, because it tracks only one solution per problem and because
the LU-decomposition is replaced by a closed-form solution of the linear
equations, which is described in Section 4.2l Before the solver can be used,
the set of anchors A (starting problem-solution pairs) has to be generated and
the classifier ¢ has to be trained. The generating of the anchors is described
in Section [4.6.1], the training of the classifier ¢ is described in Section 4.6.4.

First, the invariantized representation , 3 of points x, y is obtained (Section
4.4) in order to have a unified representation of the problems, which can
simplify the training of the anchor selector and the alignment. Then, one
anchor a* € {1,...,m} is selected (Section |4.6). The aligned points &, are
obtained by permutation and rotation of the invariantized points Z, i in order
to minimize the Euclidean distance from the selected anchor Z,«, 74+ (Section
4.5), and therefore, to increase the probability of the successful track from
the selected anchor.

After that, the parametrizations p, of the start problem Z,«, 9+ and ps of
the aligned final problem Z, § are obtained by (4.2)) and the parametrization zg
of the start solution Ay« is obtained by (4.3). Then, the parametric homotopy
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H(z,p,t) from Equation (4.6)) is set up and tracked from z( using Algorithm |4
with parameters from Section [4.3. If the track is successful, the solution M s
obtained from the final solution z(1)* by (4.4) and the relative pose (R*,t*)
is obtained by the procedure described in Section 4.7, The solver is described
in Algorithm 5|

Algorithm 5: Five-Point solver

input :Five points z, y in two views, Anchors A obtained according
to Section 4.6.1, Transformation matrix L (Section 4.6.2),
classifier ¢ trained by Section 4.6.4

output : Relative pose (R*,t*) between x, y

/* Invariantize the problem x/

Z,%y := Invariantized representation of x,y obtained by Section |4.4;

RL, Ré := Rotation matrices induced by the invariantization;

s := Permutation of the views induced by the invariantization;

/* Select the starting anchor x/
D := Low dimensional representation of x,y (by Section 4.6.2, use L);
a* = ¢(D); // Select the starting point
if a* =0 then

| return ()

end

/* Align the problem x/

Z,1 := Points from x,y aligned to anchor Z,, 9, by Section 4.5}
R, R, := Rotation matrices induced by the alignment;

/* Parametrize the problems and the starting solution */
ps = parametrization of Zgx, Js+ by (4.2);

py := parametrization of &,y by (4.2);

20 := parametrization of Ag+ by (4.3);

/* TRACK the solution */
z1 := Track homotopy (4.6) from 2y by Algorithm 4| (Chapter 3);

/* Extract the depths and the relative pose */
if 21 # () then

M* := Extract depths from z; by (4.4);

(R*,t*) := Get relative pose from 21, Ry, Ry, RI, Ré by Sec. 4.7}
end
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B 4.2 Efficient evaluation of the predictor and the
corrector

We have noticed that the largest amount of time of the MINUS solver
[FDE*20] is spent on the LU-decomposition, which is used to solve linear
equations , which arise in the predictor and the corrector steps of the
homotopy continuation. We have therefore replaced the LU-decomposition
with the closed-form solution of the linear equations, which exploits the
sparsity of the linear equations in the Multi-View Geometry problems. The
average time for one track is 26.6us if the method proposed in this section is
used. If the LU decomposition in real domain is used, the average time for
one track is 124.1us. If the LU decomposition in complex domain is used,
the average time for one track is around 400us. The number of successful
tracks is the same for both methods.

B 4.2.1 Structure of the Linear Equations in the Two-View
Problem

The linear equations , are computed in order to perform the predic-
tor and corrector steps of the homotopy continuation. The linear equations
have the form Az = b where the matrix A is always the derivative H,(z,p,t)
of the homotopy H(z,p,t) (4.6) w.r.t. the solution parameters z. Irrespective
of the parameters z, p, t, the matrix H,(z,p,t) has the following form:

Apo 0 0 0 A074 Ags 0 0

A4,0 0 A472 0 0 A475 0 A477 (47)
0 A5,1 A5’2 0 0 0 A5’6 A577 0
0 0 0 Ag3 Asa O 0 0 Agg
A7p O 0 A3 0 A7s 0 0 Arg
L 0 Agi1 0 Agz 0 0 Agg 0 Agg]
The vector x of the variables can be written as:
T
g X1 X2 X3 X4 X5 g 7 $8} (4.8)
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The vector b of the right side can be written as:

T
bo by by by by bs bg by bs (4.9)

B 4.2.2 Closed-Form Solution of the Linear Equations in the
Two-View Problem

Let us have a system of linear equations Az = b whose matrix A has the form

of (4.7), vector x has the form of (4.8) and vector b has the form of (4.9).
Now, we are going to show the closed-form solution to this system.

First, we have noticed that the rows 0,1, 3,6 of matrix have only
three nonzero entries. We can easily obtain the variables x1, x2, x3, x5 from
these equations and substitute them to the rest of the equations to obtain a
square system with 5 variables. The variables x1, x2, x3, x5 are obtained as:

by — Ay — Ar e
B A1

by — A3 44 — Az 727
Az

s = be — Ag 414 — Ag T8
Ag 3

s = bo — Ao ozo — Ao,aT4
Aps

I

Tr9 —

(4.10)

After substituting of these into the rest of the equations, we obtain:

2,5

A A
Az oz + Ai’i(bl — Aygzrs — A1 pT6) + 1 (bo — Agoro — Apaxa) + Az ex6 = bo

1, 0,5
A A
Aygozo + #(b:a — Az axq — Az 7)) + #(bo — Ap,0xo — Aoazs) + Agrzr = by

3,2 0,5
As 1
A

A
(b1 — Arawy — A1 e6) + ﬁ(b:& — Az s — Az 7w7) + As 66 + As 707 = bs

)

A A
A7 00 + ﬁ(b6 — Agaxq — Aggrg) + ﬁ(bo — Ao oro — Apazra) + A7 grs = by
Ag.3 Aps

’ )

A
—(by — Ay 4z4 — Aj 676) + 283 (hg — Agaxy — Aggxs) + Ag g6 + Aggrs = by
Arq Ao 3

(4.11)
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These five equations can be rewritten as:

A A A A
(AQ,O — 225 Ao,o) xo — ( 2’1141,4 4 120 Ao,4> x4 + <A2,6 — 2’1141,6) T

Aos A Ao s Ay,
=by — j?jbl - jz:zbo
<A4,0 — j?)i: Ao,o) xo — (jii Az a+ jﬁi Ao,4> x4 + <A4,7 — ZEA?,,?) x7
A A
=by — ﬁ:zbs - ﬁbo
<— i?i Ay — ﬁzz A3,4> T4 + <A5,6 - j?iz‘h,a) x6 + <A5,7 — jizfls,?) x7
As1 As 2
=b5 — I:lbl — Ebg
<A7,0 - j;:g) Ao,o) xo — (j;j Aga + j;i Ao,4> x4 + <A7,8 — j;:zz‘le,és) g
=b; — jg:zbg — Z’Zbg
<_ ﬁilA a— jgj A6,4> T4 + (Ag,g — j?iALG) T + (A&g — jZ::)’AQg) s
=bg — jfjbl - jz:ibﬁ
(4.12)

We can simplify these equations by replacing the coefficients by C; ; and the
right sides by d;, where Cj ; is the coefficient in equation i at z; and d; is the
right side of equation i. We obtain:

Co,0xo — Coaxs + Copre = do
Crowo — Crarg + Crrzr = dy
Coa14 + Co g6 + Co 7 = da (4.13)
C30r9 — C3 414 + C3 828 = d3
Cyary + Cypxe + Cagrs = dy

Notice that every equation in this system has only three variables. We can
express the variables xg, x7, xg from the equations 0, 1, 3 and substitute the
results to the remaining two equations to obtain a system of two equations
with two variables, which can be easily solved. The variables xg, x7, g are
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obtained as:

_do — Copzo + Coary

6= Cos
dy — Croz0 + Crazy
7 = ’ . 4.14
! Ciyr (4.14)
. d3 — C3 019 + C3 414
s C3g

After substituting these into the two remaining equations, we obtain:

C C:
Co 14 + ﬂ(do — Co0xo + Coaza) + ﬂ(ch — Chozo + Crazs) = do
Coe Ci7
Cys Cys B
Cyars + == (do — Copxo + Coaxs) + = (d3 — C3 90 + C3474) = dy4
Coe C38
(4.15)
These equations can be rewritten as:
C C C C
- <C'z:2 Co, + 1’277 Cl,o> xo + (CQA + ﬁCOA + Ci:C1,4> T4
—dy 22’6610 B 22,7d1
C C C 0760 \ (4.16)
- <ij2 Co,0 + 3’45 Cs,o) xo + <C4,4 + ﬁcm + C§§C3,4> Ty
Cagp Cy8
—dy A6, T8y
! Co6 0 C38 s

We can simplify these two equations by replacing the coefficients by F; ; and
the right sides with f;, such, that E; ; is the coefficient in equation 7 at x;
and f; is the right side of equation i. We obtain:

—Eo0x0 + Eoazs = fo

(4.17)
—Eq1oz0 + Eyaza = f1
We can express the variable x4 from the first equation of (4.17) as:
E
g = J0+ Footo (4.18)

Eo4
Finally, we can substitute this to the second equation from (4.17) to obtain:

Eq4
Eo.4

= Eiowo + (fo+ Eoozo) = fo (4.19)

Now, we can easily obtain the variable z¢ from (4.19) as:
E
o= g5 fo

Ey4
Toq o0 — E1o

ro —

(4.20)
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The full evaluation of the vector x goes as follows: first, the coefficients
C; ; and right sides d; of the 5 x 5 system are evaluated. Then, the
coefficients E; ; and right sides f; of the 2 x 2 system are evaluated.
After that, the variable xg is obtained according to (4.20). When the value
of xg is known, we can gradually evaluate the variables x4 from , Tg,

x7, xg from (4.14) and z1, x9, x3, x5 from (4.10).

B a3 Optimization of the homotopy continuation
parameters

Now, we are going to show the parameters of the homotopy continuation
described in Chapter |3l We have set the parameters empirically in order to
increase the number of correct tracks and decrease the time for one track.
The parameters are set as follows:

Aty = 0.05

kmaz = 3
Be=1e—-5

B SUCChmar = 4
=3
Apin = le —4

B 4.4 Invariantization of the problems

Now, we are going to describe the invariantization of the problems. The
purpose of the invariantization is to obtain a unified representation of the
problem and to prepare the problem for the alignment which may contain
fewer steps and take a shorter time if the problem is properly invariantized
before the alignment. If the depths A € R?® are known, the invariantization
changes them as well. Let us introduce the notation which we will use in this
section.

xr € R?P Five calibrated 2D points in the first camera.
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y € R%S Five calibrated 2D points in the second camera.

A€ RS The depths of the points in both cameras.

z € R% Invariantized representation of points .

7 € R?? Invariantized representation of points y.

A € R?5 Depths consistent with the invariantized points z, ¥.

RL € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates of x to the homogeneous coordinates of .

RZI/ € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates of y to the homogeneous coordinates of 7.

s € Sym({1,2}) The permutation of the views. s = {2,1} if the views have
been swapped, s = {1,2} otherwise.

We know the points z, y, and optionally also the depths A. The task is to
obtain invariantized points Z, ¥, such that the center of mass of the points
in every view is in zero, the point farthest from the center of mass lies on
y-axis, and the rest of the points are ordered counterclockwise in the first
view. The point farthest from the center of mass should be more distant
from the center in the first view. Further, the task is to obtain the rotation
matrices R., R?I;, and the permutation s of the views. If the depths \ are
known (such as during the invariantization of an anchor), the part of the
task is also to find new depths A consistent with the invariantized points z, §.
The invariantization is described in Algorithm |6/ and depicted in Figure |4.1.
The transformation of the depths is described in Section [4.4.4.

Algorithm 6: Invariantize Five-Point problem

input :Five points x, y in two views
output : Invariantized representation z,¥y of x, y, Rotation matrices
Ri, Ri, Permutations s, r

x# yMt .= Rotate z, y such that the center of mass of the points is
in zero (Section [4.4.1));

RE, Rl} := Rotation matrices which rotate the center of mass to zero;

x# yPH .= Permute the points, views and rotation matrices Ri, Ri
according to Section |4.4.2;

s := permutation of the views, r := permutation of the points;

Z,y := Rotate the first point to y-axis (Section 4.4.3);

Rg, R} := Rotation matrices which rotate the first point to y-axis;

I ._ pa I ._ pa .
RL := RSRY, R := RIR!;
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Figure 4.1: An illustration of the invariantization procedure. (a) The input
points z, y. (b) The points rotated such, that their center of mass is zero. (Section
4.4.1) (c) The points permuted according to Section 4.4.2] (d) The invariantized
points z,y. The red and blue points symbolize the zero point.
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Bl 4.4.1 Moving the center of mass to zero

Let us introduce the notation which we will use in this section.

x € R?®  Five calibrated 2D points in the first camera.
y € R%%  Five calibrated 2D points in the second camera.
z" € R*»® Homogeneous representation of columns of x.
y" € R35 Homogeneous representation of columns of .

R! € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates z”* of x such that their center of mass is equal to zero.

Rl € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates y" of y such that their center of mass is equal to zero.

x™# € R3S Homogeneous representation of points from x rotated such, that
their point of mass is in zero. There holds z"* ~ REz".

yM* € R3® Homogeneous representation of points from y rotated such, that
their point of mass is in zero. There holds y™* ~ Réjyh.

Now, we are going to describe how to move the center of mass to zero. We
know the points & € R*®, y € R*%. The goal is to find rotation matrices
RE € SO(3), Rlj € SO(3), such that the center of mass of the homogeneous
representative of columns of x multiplied by R is equal to the homoge-
neous representative of zero, and the center of mass of the homogeneous
representative of columns of y multiplied by R/ is equal to the homogeneous
representative of zero.

The procedure is performed iteratively. In every step, the center of mass p
is computed and rotated to zero. This does not guarantee that the center of
mass of the transformed points is zero, however, if after about 3 - 4 iterations,
the distance between the center of mass and the zero vector is acceptable.

This procedure is the same for both views. We are going to describe it for
the first view, where the center of mass of points z is rotated to zero and the
accumulated rotation is stored into RE. The invariantization of points y is
done analogously, while the accumulated rotation is stored into Rj. First,
the homogeneous representation z € R3° of points z is obtained.

T11 T2 T1,3 T4 T15
h
' = |To1 T22 T23 To4 T2 (4.21)
1 1 1 1 1
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The matrix R is initialized to identity R¥ = I, the matrix of transformed

points z* is initialized as z* = z".

At the beginning of every iteration, the center of mass p is computed as:

1|
M:gz ok (4.22)

pr 10
M=|p 01 (4.23)
n3 00

Because psz = 1, matrix M is full-rank. Matrix M is decomposed using
a QR-decomposition into an orthogonal matrix ) and an upper-triangular
matrix R, such as M = QR. Because the entries Ry 1, R31 of matrix R are
equal to zero, the center of mass p, which is the first column of matrix M is
equal to the first column of matrix ) multiplied by a scalar 1 € R. Because
the matrix @ is orthogonal, its second and third columns are orthogonal to
the center of mass p. There holds:

[Qu Q2 Q3,z’} pn=0,i€{2,3} (4.24)

If we multiply the matrix Q7 with the center of mass j, we obtain:

Q11 Q21 Q31 o
Q'n=|Qi2 Q22 Qs2|p=10 (4.25)
Q13 Q23 Q33 0

For some o € R.The goal is, however, to find a rotation matrix R, such
that
0
Reyrpp= 10,0 €R (4.26)

Q
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This can be achieved by multiplying the matrix Q7 by a matrix M, such
as:

010
My=10 0 1 (4.27)
1 00
Then, there holds:
0 1 0] |o 0
Rewrpt =M QTpn=10 0 1| |0| = |0 (4.28)
1 0 0f (0 o

Both matrices M;, QT are orthogonal, therefore, matrix Reyr = M1QT
is orthogonal as well. However, we search for a rotation matrix, which is
an orthogonal matrix with a determinant equal to 1. If the determinant

det Ry = —1, we can multiply R, from left by a matrix M>, such as:
1 0 0
My=10 -1 0 (4.29)
0o 0 -1

After that, we obtain the rotation matrix Ry, as:

Rcur - M2Rcur — MQMIQT (430)

Now, Ry, is a rotation matrix because it is orthogonal and its determinant
is equal to 1.

This process is repeated 4 times, after each step, we update the rotation
matrix RE as R, Rt and the homogeneous representation z" according to
(4.31). The whole procedure is described in Algorithm |7l

h,p h,p
L1, Ly,
hel 1 hop (4.31)
xQ,z ~ hupu 2,1
L3
h,p h,p
L3 T3
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Algorithm 7: Rotate the center of mass to zero

input :Five points x

output : z* Homogeneous representation of points x rotated such,
that their point of mass is zero, RY Rotation matrix which
transforms z to a™*

zh = Homogeneous representation of x;

=l R =T // Initialize the values

M, = Matrix (4.27), My = Matrix (4.29);

for j € {1,...,4} do

p := Point of mass of 2" according to (4.22);

M := Matrix (4.23));

Decompose M into M = QR using QR-Decomposition;

Reyr = MIQT§

if det Ry < 1 then

Reyr = MaReyr;

end

RE := R, RE, Update z* according to (4.31));

end

B 4.4.2 Permutation of the points

Let us introduce the notation which we will use in this section.

x € R?P Five calibrated 2D points in the first camera.
y € R?5 Five calibrated 2D points in the second camera.

RE € SO(3) The output of Section 4.4.1. A 3D rotation matrix which trans-
forms the homogeneous coordinates of x such that their center
of mass is zero.

Rl € SO(3) The output of Section 4.4.1. A 3D rotation matrix which trans-
forms the homogeneous coordinates of y such that their center
of mass is zero.

z# € R3®  The output of Section 4.4.1. Homogeneous representation of
points from z rotated such, that their point of mass is in zero.
There holds z"* ~ R:z".

y"#* € R3®  The output of Section |4.4.1. Homogeneous representation of
points from y rotated such, that their point of mass is in zero.
There holds y"* ~ Réjyh.
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r € Sym({1,...,5}) The permutation of the points.

s € Sym({1,2}) The permutation of the views. s = {2,1} if the views have
been swapped, s = {1,2} otherwise.

™ € R3® If s = {1,2}, then 2™ are the points from z"* permuted by 7,
otherwise 2™ are the points from y™* permuted by 7.

Yy e R3S If s = {1,2}, then 2/»™ are the points from z* permuted by r,
otherwise 2™ are the points from y"* permuted by 7.

Now, we assume that we have found matrices R, R!} (Section 4.4.1) which
transform the points of mass of homogeneous representations of points z, y
to zero. We further assume that we know the homogeneous representations
xht e R3Syl € R3S of the points z, y rotated such that their points of
mass are in zero.

The goal is to permute the points in such a way that the point whose
distance from the center of mass is the largest is the first and the remaining
points are ordered counterclockwise. Furthermore, we swap the views if
the first point is more distant in the second view. We want to find the
permutations r of the points and s of the views, as well as the permuted
points z™, yM,

First, we identify the index i1 of the point in the first view, whose distance
from zero is maximal:
h,p
S
Lo

Analogously, we identify the index iy of the point in the second view, whose
distance from zero is maximal:
h)
Yo'i'

If the point ¢; in the first view is further from zero than the point 79 in the
second view, we set i* = i; and s = {1,2}. Otherwise, we set i* = iy and
s = {2,1}, and we swap the views, such, that the new 2™ is equal to the
original y™* and vice versa, new y™* is equal to the original z™#. In addition
to that, we also swap the rotation matrices Ry and RY.

2

i1 = arg max (4.32)

i€{l,...,5}

(4.33)

19 = arg max
i€{l,...,5}
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Now, we are going to order the remaining points counterclockwise. We
compute the angles «y, i € {1,...,5} of every point in the first view as:

o = atan2(xg7’f,xg’“) (4.34)

i
If a; < 0, add 7 to it to obtain:

o =a;+7 (4.35)

For points i € {1, ...,5}, i # i*, we compute the angle o relative to point

1% as:

a;

b= a; — Q= (436)

If o <0, add 7 to it to obtain:

af=ai+m (4.37)

Now, we find the permutation r € Sym({1,2,3,4,5}), such that the first
element r(1) of the permutation is the index of the most distant point ¢*
and the remaining elements are sorted with an increasing value of o (4.36)),
(4.37). We permute the columns of matrices zlt yll with this permutation
to obtain 27, yh~.

B 4.4.3 Moving the first point to y-axis

Let us introduce the notation which we will use in this section.

xz € R?>®  Five calibrated 2D points in the first camera.
y € R>5  Five calibrated 2D points in the second camera.

R € SO(3) The output of Section 4.4.1L A 3D rotation matrix which trans-
forms the homogeneous coordinates of x such that their center of
mass is zero.

Rl € SO(3) The output of Section 4.4.1, A 3D rotation matrix which trans-
forms the homogeneous coordinates of y such that their center of
mass is zero.

2™ € R%® Points in the first view rotated such that their center of mass is
zero and permuted according to Section [4.4.2]
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y"™ € R3® Points in the second view rotated such that their center of mass
is zero and permuted according to Section 4.4.2,

R% € SO(3) A rotation matrix which rotates the first point of 2™ to the
y-axis.

R}, € SO(3) A rotation matrix which rotates the first point of Y™™ to the
y-axis.

7 € R*® Invariantized representation of points x.
y € R?®  Invariantized representation of points y.

RL € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates of x to the homogeneous coordinates of .

Ré € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates of y to the homogeneous coordinates of .

We know the permuted points 27, y™7 and the rotation matrices RE, RY

which transform the center of mass to zero. The goal is to transform the
permuted points such that the first point lies on the y-axis. The outputs of
this section are the rotation matrices R3, Ry, the invariantized points z, y

and the rotation matrices R, Ré.

Now, we are going to find the matrix R? which would transform the first
row of matrix ™7 to y-axis. This matrix represents a rotation around the
optical axis, therefore, the property that the center of mass of the points is
zero is preserved. Matrix Ry which rotates the first point in the second view
to the y-axis, is found analogously.

Let 0 = \/(:Hf,l)Q + (25 1)? be the norm of the first Euclidean (not homo-

geneous) point in the first view. The rotation matrix R? is constructed as
follows:

$h,71' _Ih,ﬂ'
2,1 1,1
7, 7 0
a e , T
Rx = | %11 To1 0 (4.38)
ag g
0 0 1

Matrix RJ is a rotation matrix because its columns are orthonormal and
because the determinant of R? is equal to 1. The first point is transformed
by the matrix R as follows:

h h,m _ b h
xlf T21 11 0 xlvi" 0
a hom . o hom
R; To'y | = | %1n Ton 0 Toh | = O (4.39)
h,m [ o h,m xhuﬂ—
T31 0 0 1] %31 3,1
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We can see from equation (4.39), that matrix RS rotates the first point to zero.
Because R is an extended 2D matrix, it represents a rotation around the
optical axis which passes through the center of mass of the points. Therefore,
the center of mass of points /™ stays in zero after being transformed by R2.

The rotation matrix R. is obtained as:
R! = RRY (4.40)

The homogeneous representation z" of the invariantized points Z is obtained
as:
" = Razh™ (4.41)

The Cartesian representation  of the invariantized points is then obtained by
taking the first two rows of Z" because the procedures described in Sections
4.4.1land 4.4.2| and the character of matrix R} guarantee that all entries in
the last row of Z are equal to 1.

Matrix Ry which rotates the first point in the second view to the y-axis is
obtained analogously to (4.38). The rotation matrix Ré is obtained as:

R) = RiR: (4.42)

The homogeneous representation g of the invariantized points ¢ is obtained
as:

The Cartesian representation y of the invariantized points is then obtained
by taking the first two rows of y".

B 4.4.4 Obtaining invariantized depths

Let us introduce the notation which we will use in this section.

xr € R?>®  Five calibrated 2D points in the first camera.

y € R>5  Five calibrated 2D points in the second camera.
A € R?®  The depths of the points in both cameras.

z € R*% Invariantized representation of points z.

y € R?>®  Invariantized representation of points 7.
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RL € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates of x to the homogeneous coordinates of x.

Ré € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates of y to the homogeneous coordinates of .

r € Sym({1,...,5}) The permutation of the points, the output of Section
4.4.2.

s € Sym({1,2}) The output of Section 4.4.2. The permutation of the views.
s = {2,1} if the views have been swapped, s = {1, 2} otherwise.

X € R%5  Depths consistent with the invariantized points Z, §.
P € R*S Points in the first view permuted according to r, s.
yMP € R3® Points in the second view permuted according to 7, s.
AP € R?® The depths from A permuted by permutations r and s.

X}’j € R35 Coordinates of the 3D points in the coordinate system of the first
camera.

X&j € R35 Coordinates of the 3D points in the coordinate system of the first
invariantized camera.

XZ»ZJ- € R*® Coordinates of the 3D points in the coordinate system of the
second camera.

Xi%j € R35 Coordinates of the 3D points in the coordinate system of the
second invariantized camera.

We know the points x, y, as well as their invariantized representations z,
and the transformation matrices Ri, Ré. We also assume, that the depths A

are known. The goal is to find the depths A of the invariantized points.

In order to obtain the depths of the invariantized points, we first obtain
the homogeneous representatives 2" and y" according to (4.21). Then, we
permute the columns of z* and y” according to r to obtain 2™, y»F . If
the permutation s of views is equal to s = {2,1}, we swap the values from
P and y™F. Then, we permute the columns of A by r and the rows by s
to obtain permuted depths \F.
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A3(2),7‘(1') Y.r(i) = A2,1‘@:,1‘

C1e°C el

Figure 4.2: An illustration of the change of depths induced by the invariantiza-
tion. Original cameras Cy, Cy are black and the invariantized cameras C’l, Cs
are orange. The rotation of the camera changes the point where the projection
plane of the camera intersects the ray containing the point. Therefore, the depth
of the point changes.

We multiply every column of 2% by the corresponding depth from matrix
AP to obtain the coordinates X' of the 3D points in the coordinate system
of camera 1 as:

X} = Afjxﬁvjp,j e{1,...5},ie{1,2,3} (4.44)

After that, we obtain the coordinates X' of the 3D points in the coordinate
system of the first camera after the invariantization as:

X! =RIx? (4.45)

And we obtain the depths A of the invariantized points from the last row of

matrix X! as: B )
Mj= X305 €{1,..,5} (4.46)

Similarly, we obtain the coordinates X? of the 3D points in the coordinate
system of camera 2 as:

X2 =Xl g ed{1,..,5} i€ {1,2,3} (4.47)
Then, we obtain the coordinates X2 of the 3D points in the coordinate system
of the second camera after the invariantization as:
2 Iy2
X*=R,X (4.48)
And we obtain the depths X of the invariantized points from the last row of

matrix X2 as: B )
hoj= X35 €{l,..,5} (4.49)
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B a5 Alignment of the problems on the anchors

The invariantization step transforms the problems to a uniform shape. How-
ever, we have noticed that the sum of squared distances between two invari-
antized problems can often be suboptimal 4.3 Therefore, we add another
step of the problem preprocessing which would minimize the sum of squared
distances between the anchor and the final problem.

This alignment step increases the number of successful tracks significantly.
We have performed the experiment described in Algorithm |16 (Section 4.6.1))
with 2000 problem-solution pairs and counted the successful tracks. The
number of successful tracks with alignment was equal to 71014 successful
tracks out of 1999000, while the number of successful tracks without alignment
was equal to 13006 successful tracks out of 1999000. Let us introduce the
notation which we will use in this section.

z € R*»® Invariantized representation of five calibrated 2D points in the
first camera.

y € R?®  Invariantized representation of five calibrated 2D points in the
second camera.

X € R%5  Depths consistent with the invariantized points z, 7.

RL € SO(3) The output of Section 4.4. A 3D rotation matrix which trans-
forms the homogeneous coordinates of z to the homogeneous
coordinates of invariantized points z.

R} € SO(3) The output of Section 4.4, A 3D rotation matrix which trans-
forms the homogeneous coordinates of y to the homogeneous
coordinates of invariantized points .

(Zax, Yars ;\a*) Tgr € RED g € R?5, Ao+ € R2® The selected anchor (problem-
solution pair) from which the homotopy continuation should be
tracked. We assume that the points Z,+, .+ have been invari-
antized according to section |4.4.

# € R%5  Points in the first camera aligned to the anchor (&g, #q+, 5\,1*)
¢ € R?®  Points in the second camera aligned to the anchor (Z4x, ¥4+, S\a*)

A € R%5 Depths consistent with the aligned points Z, §.

ra € Sym({1,...,5}) A permutation of the points induced by the alignment.
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R, € SO(3) A 3D rotation matrix which transforms the homogeneous repre-
sentation of invariantized points T to the homogeneous representa-
tion of aligned points Z.

R, € SO(3) A 3D rotation matrix which transforms the homogeneous repre-
sentation of invariantized points ¥ to the homogeneous representa-
tion of aligned points .

. MY
.1 _ Z:1
ol: 1
°
. 7. e
Z. 9 5,2 .o
r:’!} j;: 5 ‘,f: 5
° .7 .’
T.ge
e °L:a f;,3 o °Z:4
7). T3
Z:.3

Figure 4.3: The black points are the anchor . The red points on the left are
the input points . The green points on the right are the points Z aligned to .

v

We know the invariantized points z, y and the selected anchor (Zg+, ¥a*, Mg+ )-
The goal is to find the rotation matrices Rj, R}, the permutation 77 and
the aligned points Z, g, such that the sum of squared distances between
the aligned points and the anchor (Zg«, g, 5\&*) is minimized. This can be
formulated as the following optimization task:

Ca* _ 2 va* _
5 7, L1,r4(1) 5 Ui Y1,ra(0)
* * * . va* —_ v X —
R, Ry, ry = argmin Z 37%1 — R, T, (4) +Z ygl - R, Y2,r4(4)
Ra,Ry,ra j—1 1 1 i=1 1 1

(4.50)

Now, we are going to show how the optimization task (4.50) is solved.
We consider a subset S C Sym({1,...,5}) of all permutations in the group
Sym({1,...,5}). For every permutation r4 € S we fix the permutation and
find the optimal rotations R,, R,, which would minimize the expression
(4.50). Then, we select the permutation 7% whose value of (4.50) is minimal.

In Section |4.5.1| we show, how the task (4.50) is minimized with a fixed
permutation 74. We also show that the optimal rotations R, R, rotate
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around the optical axis. Therefore, the depths do not have to be adjusted
after the alignment, and the depths \ are obtained by permuting the columns
of A by r4. In Section |4.5.2 we discuss the dependence of the result on the
size of the set § of all considered permutations. The alignment is described
in Algorithm 8|

Algorithm 8: Align Five-Point problem
input :Invariantized representation z,y of x, y, Selected anchor

(:éa*,ga*,ﬂa*), Set of permutations S (from Section 4.5.2)
output : Aligned points %, §, Rotation matrices Ry, R} transforming
z,y to &, ¥, Permutation r%
distpest := 00;
for ry € S do
R,, R, := Rotation matrices minimizing (4.50) with fixed
permutation 74 (Section 4.5.1));
dist := Distance (4.50) given by Ry, Ry,74;
if dist < distpes; then
| dist := distpest, Ry == Ra, Ry = Ry, 17 :=724
end
end

z,§ := Rotate the points z,y with R}, Rj and permute them with 77;

B 4.5.1 Minimization of the Squared Distance Between the
Problems

v

We know the invariantized points Z, y and the selected anchor (Zg+, ¥+, Ag=)-
We assume that the permutation r4 is fixed. The goal is to find the rotation
matrices Iy, Ry, which would minimize the value of (4.50) with a fixed r4.

Then, the optimization task (4.50) breaks up into two independent problems,
one for each view:

va* _ 2
5 {21 L1,r4(4)
R = argmin 3“5‘211 — Ry |Z20,0) (4.51)
R,€S0(3) ;=1 1 1
o _ 2
5 3/%,*@' Y1,74(0)
R = argmin Usi| — By | Y2040 (4.52)
R,eS0(3) i=1 1 1
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This is exactly the Orthogonal Procrustes problem [HC62]. Now, we are
going to show how the Orthogonal Procrustes problem is solved. We are
going to use the example of (4.51), problem (4.52) is solved analogously. The
Let #%°" € R®5 be the homogeneous representation of points from #* and
z" be the homogeneous representation of points from . Matrix M is built
as:

M = g%k (z)T (4.53)

Then, the matrix M is decomposed using SVD into M = UXV7T and the
optimal rotation matrix R}, is obtained as:

R:=UVT (4.54)

B Efficient evaluation of SVD

Now, we are going to describe how to obtain the optimal matrix R, efficiently.

Let jigx € R” be the center of mass of points in #¢ and fi be the center of

mass of points in Z. Because the last row of both %" and Z" contain only
ones, matrix M (4.53) can be evaluated as:

2 (2)T Bigs

M = _ 4.55

. * —_ . . . .
Because we assume that both #* and Z are invariantized, their centers of
mass [iq*, i are equal to zero and matrix M is equal to:

M= ["Ea* é”?)T 0] (4.56)

Let M’ = &% (z)T be a top-left 2 x 2 submatrix of M and let U'S/'V'T be
its SVD decomposition. Then, the SVD decomposition of matrix M is equal

u ool [ o] [VT o
_ T _
M=UXV _[0 11 lo 51 [0 11 (4.57)

This means that the rotation R} which minimizes expression (4.51)) repre-
sents a rotation around the optical axis. We can obtain the rotation R} by a
SVD decomposition of matrix M’ and building:

(4.58)

U/v/T 0
* t __
oo [TV
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The SVD decomposition of a 2 x 2 matrix M can be obtained in a closed
form according to [Bli96]. First, the scalar values F, F, G, H, @), R are
computed as:

Mo+ M,
B 2

Moo — M,
2

G Mo+ My, (4.59)

2

Mio— Mg,

=

Q=VE2+H?R=\F?+G?

Then, the singular values s, s, are obtained as:

F:

s =Q+R,sy=Q—R (4.60)

In order to obtain the angles ¢, 6 of the rotation matrices U’, V', we first
compute the values aq, as as:

a1 = atan2(G, F), a2 = atan2(H, E) (4.61)

Then, the angles ¢, 6 are computed as:

as + ap
2

az — aj

¢ = . (4.62)

0 =

The SVD decomposition of matrix M’ goes as follows:

! e T |COs@ —sing| |s; 0] [cosf —sind
M =UXV _[Sin¢ cosqﬁ][O sy] [sin@ cos (4.63)

This procedure can be further simplified. We are only interested in com-
puting the matrix U'V'T, therefore, matrix ¥’ and values s, s, are not
interesting for us. The rotation matrix U'V'T € R2, which is the top-left
submatrix of R, can be obtained as:

Uy — [cos ¢ —sin (;5] [cos 0 —sin 0]

sing cos¢ | [sinf cosd
(4.64)
- [cosgf)cos& —sin¢sinf — cos ¢sinf — sin ¢ cos 0]

sin ¢ cos + cospsinf  cos ¢ cosf — sin ¢psin 6
Using trigonometric identities, the matrix U’V'T can be simplified as:

DT [COS (¢+0) —sin(p+0) (4.65)

sin(¢p+60) cos(¢+96)
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Angle ¢ + 0 can be evaluated as:

a2 +ay a2 —ag
2 2

p+0= = ag = atan2(H, E) (4.66)

Because ag = atan2(H, E') = arctan %, there holds:

sin ag H
t = = — 4.67
A2 os aa b ( )

And the values of sinas and cosas are proportional to values of H, E.
Therefore, we introduce scalar values r1, ro, such that there holds:

E . H
1 = CO0Sag = \/ﬁ, ro = 8SInas — \/ﬁ (468)
Then, we compute the matrix U'V'T as:
VAT L (4.69)
ry T ‘

With the knowledge of matrix U'V'T| we compute matrix R% according to
(4.58).

B 45.2 Selecting the Subset of the Available Permutations

During the alignment, we try all permutations from a set S, which is a subset
of the symmetric group Sym({1,...,5}). Let us introduce the notation which
we will use in this section.

rqa € Sym({1,...,5}) A permutation of the points induced by the alignment.

S C Sym({1,...,5}) The subset of the possible permutations r4 which are
considered in the alignment.

St C Sym({1,...,5}),i € {1,...,120} Set of i most successful permutations
from Sym({1,...,5})

P A set of 2000 problem-solution pairs generated according to
Section [2.1.3l

If we try all permutations (S = Sym({1,...,5})), we can obtain the global
minimum of function (4.50). However, although the procedure described in
4.5.1] is fairly fast, it is not efficient to evaluate it 120 times for every track.
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We have conducted the following experiment to select a meaningful subset &
of permutations which will be considered in the alignment.

First, we have generated a set P of 2000 problems according to Section |2.1.3,
then we have invariantized them (Section 4.4), aligned (Algorithm 8) with a
full symmetric group § = Sym({1,...,5}) and tracked from every problem
p € P to every other problem p’ € P,p # p'. After that, we have recorded
how many successful tracks have been performed after the permutation r4 has
been selected in the alignment step. The result for up to 20 most successful
permutations is shown in Table 4.1

rank rA # successful tracks
1 {0, 1, 2, 3, 4} 11964
2 {0, 4,1, 2, 3} 7813
3 {0, 2, 3,4, 1} 7534
4 {0, 3,4, 1, 2} 6980
5 {0, 2, 1, 3, 4} 2315
6 {0, 1, 2, 4, 3} 2177
7 {0, 1, 3, 2, 4} 1990
8 {0, 4, 3, 1, 2} 1767
9 {0, 2,4, 3,1} 1624
10 | {0,3,4,2 1} 1619
11 |{0,4,1, 3,2} 1602
12 | {0, 4, 2,1, 3} 1578
13 |{0,3,2,4,1} 1561
14 | {4,0,1,2, 3} 1538
15 |{1,2,3,4,0} 1518
16 | {4,1,2,3,0} 1213
17 |40, 3,1, 2, 4} 1179
18 |{2,3,4,0,1} 1113
19 |{1,0,2, 3,4} 1113
20 | {0, 1,4, 2,3} 1112
rest - 29688

total - 88998

Table 4.1: Numbers of successful tracks after selected permutations 4 in the
alignment step

After that, we have ordered the permutations according to the number
of successful tracks in the experiment. For every i € {1,...,20}, we have
considered the set S¢ of the i most successful permutations. We have tracked
from every problem p € P to every other problem p’ € P,p # p/, while the
set S was considered in the alignment. The dependence between the size i
of the set of considered permutations S, the number of successful tracks and
the time needed for the alignment is shown in Table [4.2. We have decided
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to use the first four permutations as the set of permutations considered in
the alignment because the number of successful tracks in Table 4.2 grows fast
until number 4, while it grows much faster after it. Therefore, the set S is
equal to § = {{0,1,2,3,4},{0,4,1,2,3},{0,2,3,4,1},{0,3,4,1,2}}.

# Permutations | Successful Tracks | Alignment Time (us)
1 39554 1.38
2 53456 1.45
3 64755 1.51
4 71014 1.65
5 72090 1.70
6 72981 1.92
7 73062 2.25
8 73711 2.32
9 74358 2.38
10 75102 2.38
11 75660 2.40
12 76325 2.65
13 76978 2.75
14 78199 2.85
15 79097 3.35
16 79912 3.48
17 80411 3.60
18 80416 3.62
19 81289 3.72
20 81587 3.74

Table 4.2: Numbers of successful tracks after the alignment where S contains 4
top permutations from Table 4.1} i € {1, ...,20}.

. 4.6 Selection of the Anchor

Let us introduce the notation which we will use in this section.

(z,7),7 € R¥® § € R?>® The invariantized points in the first and the second
view.

m €N The expected number of anchors.

A= (Zg,Ya, ;\a) ac{l,..m}, &, € R* q, € R25, )\, € R2® A sequence of
anchors, i.e. starting problem-solution pairs. For every a,
the values in A, are the solutions to the depth formulation
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of the Five-Point problem (2.5) parametrized by &g, ,. We
assume that the problem Z,, 9, is invariantized.

D eR" A low-dimensional representation of problem (Z,y)

c(D,0) : R* — R™*+! The classifier which for every low-dimensional represen-
tation D of problem (Z, %) outputs a vector of probabilities
that the problem is successfully tracked from each anchor.
0 is a vector of parameters to the classifier.

We use a real homotopy continuation (Section 3.4) in our solver. In contrast
to the complex homotopy continuation, the real homotopy continuation has
no guarantee that the track will be successful. In addition to that, we perform
only one track and even if we succeed, there is no guarantee that we will end
up in the expected solution.

Therefore, we maintain a set .4 of anchors (problem-solution pairs), which
serve as the starting points for the homotopy continuation. We also train
a classifier ¢, which accepts an invariantized problem (z,y) and outputs a
number a € {0,...,m}. If a = 0, we do not track the problem. Otherwise, we
track the problem from the anchor (2%, y%, 5\“)

In Section [4.6.1] we describe how the set A of the anchors is generated.
In Section 4.6.2| we describe the preprocessing of the problem (z,y), which
generates a low-dimensional representation D € R of the problem. In
Section [4.6.3 we describe how the training data is generated. In Section [4.6.4
we describe the structure of the classifier c.

B 4.6.1 Anchor set generation

Now, we are going to describe how the set of anchors A is generated. Let us
introduce the notation which we will use in this section.

n The number of considered problems.

P = (zi,yi, Ni), i € {1,...,m},z; € RD g, € R?5 \; € R*® A set of n problem-
solution pairs generated by Section [2.1.3|

P = (%, ¥, Ni), i € {1,...,m},z; € R® 4, € R>®, \; € R*>® A set of problem-
solution pairs invariantized according to 4.4l
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m €N The expected number of anchors.

A= (Za,Ya, 5\a), ac{l,..m}, i, € R* g, € R25 )\, € R2% A sequence of
anchors, i.e. starting problem-solution pairs. For every a,
the values in A, are the solutions to the depth formulation
of the Five-Point problem (Equation [2.5) parametrized by
Ta,VYq. We assume that the problem I, 9, is invariantized.

G=0WV,¢) An undirected connectivity graph on the set P. The vertices
of G are equal to the problem-solution pairs in P (V = P).
Two problems p;, p;; € P are connected by an edge in £ if
p; is correctly tracked from p; or vice versa.

We know the set P of n problem-solution pairs. We say that the problem-
solution pair (x;,y;, A;) is correctly tracked from (z,,y,, \,) if the homo-
topy continuation is successfully tracked and the resulting depth is equal to
the expected depth A;. The task is to find a subset of anchors A C P, |A| = m,
such that the number of problem-solution pairs from P which are correctly
tracked at least from one anchor from A is maximized.

We solve this problem in two stages. First, we build a connectivity graph
G = (V,€&), whose vertices are equal to P. Two problems p;,p; € P are
connected by an edge in £ if p; is correctly tracked from p; or vice versa. The
building of the connectivity graph is described in Algorithm 9l The graph
is undirected because, according to theory [SI05], if there is a correct track
from problem p; to p;, then there is also a correct track from p; to p;.

In the second stage, we find a subset A of vertices in G, such that |A| =m
and the number of vertices from G which are covered by the vertices from
A is maximized. This is an NP-hard task, therefore, we use the heuristic
described in Algorithm [10|
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Algorithm 9: Building connectivity graph

input :Set P of n problem-solution pairs, Threshold 6
output : Connectivity graph G = (V, ). Two problem-solution pairs
pi, Py are connected if we can track correctly p; from p;
V:={1,..,n}, & =0
fori e {1,...,n} do
Z;, y; = Invariantize x;,y; (Section |5.4);
\; := Transform depths \; according to Section 4.4.4}
end
fori e {1,...,n} do
for je{i+1,..,n},j #ido
zj,9; = Align x;,y; on Z;, Z; (Section 4.5));
r% := Permutation of the points induced by the alignment;

~

\j := Permute \; according to r¥% and fix scale (Section {4.1.1);
ps := Parametrize (Z;,y;) according to (4.2);
py := Parametrize (Z;,9;) according to (4.2);
2o := Parametrize )\; according to (4.3);
z1 := Track homotopy (4.6) from zy using Algorithm 4;
if 21 # () then
A1 := Depths obtained from z; according to (4.4);
if A1 — \j|| < 0 then
| £:=¢EU({i,j}h
end
end

end
end
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Algorithm 10: Heuristic for finding the anchors

input :Graph G = (V,€) obtained by Algorithm |9, number of

anchors m, Invariantized problems P
output : Sequence A of m anchors
n := number of vertices in G;
for i€ {1,...,n} do

‘ active; ;=1 ; // Set all vertices as active

end
for i € {1,...,m} do

/* Find the node connected to most active nodes */
Jj* =0, N} :=0;
for j € {1,...,n} do
/* Find all active nodes connected with j x/
N ={veV]| (v el // Neighbors of vertex j
Ny = 0; // Active neighbors
for v € N do
if active, == 1 then
| Ny =N U{o};
end
end
if [N4| > |N}| then
| NG = Na, j* =
end
end
(:Ei,gi,ﬁi) = (:f:j*,yjj*,jxj*); // Add a new anchor
for v € N} do
‘ active, := 0; // Deactivate nodes connected with j*
end
end

B 4.6.2 Problem preprocessing for the classifier

In this section, we are going to discuss how to uniquely represent the problem
(z,7) with a vector D € R, which will be used as the input to the classifier
c. We want to design the preprocessing such that the number of problems
correctly classified by the classifier ¢ is as large as possible. Let us introduce

the notation which we will use in this section.

(z,y),z € R»®y € R>® The points in the first and the second view which

define an instance of the five-point problem.
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(z,%),7 € R» y € R®® The invariantized points in the first and the second
view.

p € R A 20-dimensional representation of five-point problem instance
(z,y) obtained by (4.2]).

D cR" A unique 14-dimensional representation of five-point problem
instance (Z,7).

L € A1%20 A transformation matrix which transforms a 20-dimensional
(invariantized or aligned) representation p to a 14-dimensional
representation D.

P = (z5,yi,Ni), i € {1,...,n},2; € R y; € RZ5 \; € R?® A set of n problem-
solution pairs generated by Section [2.1.3|

A A set of anchors obtained by the procedure described in Section
4.6.1l

K € R?920 A covariance matrix of the invariantized points from P.

K € R2:20 A covariance matrix of the points from P aligned to the first
anchor (Z1,71) € A.

We know the problem (z, y), we want to find the its representation D and the
transformation matrix L, which transforms the 20-dimensional representation
p of the problem to a 14-dimensional representation D. We are going to
describe two different low-dimensional representations of the points. One is
based on the invariantized points (Z,y), and the other one is based on the
points (&, %) aligned on the first anchor (&1, 91).

B Low dimensional representation of invariantized points

First, we invariantize the problem (z,y) according to Section 4.4/ to obtain
the invariantized problem (z,y). We are going to show, that all invariantized
instances (z,y) of the Five-Point Problem live in a 14-dimensional linear
subspace of the linear space R2.

Points (Z, y) are invariantized according to Section 4.4, which means, that the
first coordinates of the first point z1 1, ¥1,1 are equal to zero and the centers
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of mass of the points in both views are equal to zero as well. There holds:

71,1 =20
y1,1 =10
5
> 11i=0
i=1
5
Zfz,z‘ =0 (4.70)
i=1
5
> hi=0
i=1
5
Zﬂzi =0
i=1

The invariantized points have to satisfy the equations (4.70). This is a set
of six homogeneous linear equations. The set of solutions to these equations
is a 14-dimensional linear subspace of the 20-dimensional linear space R?°.
For every invariantized problem (z,) there exists a vector D € R that can
represent the invariantized problem uniquely. Now, we are going to describe
how this vector can be obtained.

Let us have a set P of n problem-solution pairs generated according to
Section [2.1.3. First, we invariantize the points in P to obtain P. Then, we
obtain a 20-dimensional parametrization p;,i € {1,...,n} of every problem in
P according to (4.2) and compute the covariance matrix K € R?%20 of the
invariantized points as:

_ 12
K = n ZpiPiT (4.71)
i=1

Because the points p;,i € {1,...,n} live in a 14-dimensional subspace of the
linear space R?°, the covariance matrix K has a rank 14. The matrix K is
symmetric, therefore, there exists a real eigendecomposition of matrix K:

K=VAVT (4.72)

Because the matrix K has rank 14, its first six eigenvalues are equal to zero.
Let V' € R?%!4 he the matrix whose columns are the last 14 eigenvectors
of K, i.e. the last 14 columns of V. Let A’ € R be a diagonal matrix
whose entries are the nonzero eigenvalues of K. Then, the matrix K can be
represented as:

K=V'NV'T (4.73)

Let us have a parametrization p € R?? of an invariantized problem (z, )
according to (4.2)). This parametrization lives in a 14-dimensional subspace
generated by V’. The first six columns of V are orthogonal to p, therefore, the
first six coordinates of vector V' p are equal to zero. Vector d € R™,d =V'Tp
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is therefore a unique representation of an invariantized problem p. We have
found empirically, that we can learn a better classifier if the resulting vector
d is multiplied by matrix A’~2. The transformation matrix L is equal to:

L=A"3y"7T (4.74)

Therefore, the 14-dimensional representation D of a problem (Z, y) is obtained
as:
D=1Lp=AN"2V"Tp (4.75)

B Low dimensional representation of aligned points

Now, we are going to describe the second low-dimensional representation of
the problem (z,y) based on the points aligned on the first anchor (&1, ;).

We invariantize the points in P to obtain P and align the points in P to
the first anchor (#',4') according to (4.5) to obtain P. Then, we obtain
a 20-dimensional parametrization p;,i € {1,...,n} of every problem in P
according to (4.2) and compute the covariance matrix K € R20:20 of the
invariantized points as: invariantized points as:

n
i=1

We have found empirically, that the rank of matrix K is equal to 14, therefore,
the points aligned to the first anchor live in a 14-dimensional subspace of R0,
We can obtain the eigendecomposition of the matrix K =VAVT. Then, we
get the matrix V/ € R?% of the last 14 eigenvectors and the diagonal matrix
A € R with the 14 largest eigenvalues. The transformation matrix L is
equal to:

L=A"zy"7T (4.77)

Therefore, we obtain the 14-dimensional representation D of problem (&, )
as: )
D=Lp=AN"2VTp (4.78)

The explanation of this approach is the same as in the low-dimensional
representation of invariantized points described in the previous subsection.

B Comparison of the approaches

We have found empirically, that if the approach using the low-dimensional
representation of aligned points is used, then the resulting classifier is able
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to classify correctly approximately 5-10 % more problems than if the low-
dimensional representation of the invariantized points.

B 4.6.3 Training data generation

Let us introduce the notation which we will use in this section.

n The number of training data.

Py = (w4, 45, M), 1 € {1,...,n},z; € R?® y; € R?>?, \; € R*S Training data gen-
erated according to Section [2.1.3|

A= (Zg,Ya, 5\(1) a€{l,..,m}, i, € R y, € R25 )\, € R2® A sequence of
anchors, i.e. starting problem-solution pairs. The
anchors are generated using a procedure from Section
4.6.1. For every a, the values in Aa are the solutions
to the depth formulation of the Five-Point problem
(Equation [2.5) parametrized by Z,9,. We assume
that the problem Z,, ¥, is invariantized.

X = Dj,i€{l1,...,n},D; € R The set of input observations for the train-
ing of the classifier. D; is the 14 dimensional rep-
resentation of problem (x;,y;) from P, obtained by
procedure from Section 4.6.2

Y=ua;ic€{l,..,n},a0 € {0,...,m} The set of the labels for the training
of the classifier. The problem (z;,y;, A\;) can be
correctly tracked from the anchor (Z,, ¥a,, 5\(11) e A
If the problem cannot be tracked correctly from any

anchor in A, then a; = 0.

Now, we are going to describe how the training data for the classifier are
generated. We want to find the training observations X and the training
labels ).

We start with empty sequences X, ). First, we generate a set of n problems
P; according to Section [2.1.3. For every problem (z;,y;, \;) € P; we obtain
the 14-dimensional representation D; according to Section (4.6.2). For every

v

anchor (Z4, 4, \a) € A, we invariantize the problem and align it to the anchor

A~

(Zas Yas j\a) according to Section 4.5 to obtain an aligned problem (Z;, g;, A;).
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Then, we track the homotopy (4.6) from the parametrization ps of anchor
(Za, Ya) to the parametrization py of problem (Z, 7). If the homotopy continu-
ation is correctly tracked, i.e. it is successfully tracked and the resulting
depth A\* is equal to the expected depth :\, then we add the 14-dimensional
representation D; of problem (x;,y;, A;) to the end of the sequence X and
the index a of the current anchor to the end of the sequence ). If the
current problem cannot be successfully tracked from any anchor, we add its
14-dimensional representation D; to the end of X and zero to the end of
Y. The procedure of generating the training data is described in Algorithm 11l

Algorithm 11: Generating train data
input :Set P; of n problem-solution pairs, Set A of m anchors,
Threshold 6
output : X Sequence of Low-rank representations of points in P, Y
Sequence of ids of anchors from which the problems from P
can be tracked
V:={1,..,n}, & := 0
for i e {1,...,n} do
Z;,y; := Invariantize x;, y; (Section |5.4);
\; := Transform depths \; according to Section 4.4.4;
D, := Low-dim representation of x;,y; (Sec. 4.6.2));
tracked := 0;
for j € {1,...,m} do
&, 9 := Align x;,y; on Z;,y; (Section [4.5);
r% := Permutation of the points induced by the alignment;

~

\; := Permute ); according to 7% and fix scale (Section [4.1.1));
ps := Parametrize (Z;, ;) according to (4.2);
py := Parametrize (Z;,7;) according to (4.2);
zp := Parametrize 5\j according to (4.3));
z1 := Track homotopy (4.6) from 2y using Algorithm 4;
if z; # () then
A1 := Depths obtained from z; according to (4.4);
if A — Ai]| < 0 then

tracked := 1;

X :=XU{D;};

Y :=YU{jk

end

end

end

if tracked == 0 then
X =X U{D;};

Y :=)YUu{o}

end

end
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B 4.6.4 The Anchor Selection Classifier

Let us introduce the notation which we will use in this section.

(z,7),7 € R¥ y € R?>® The invariantized points in the first and the second
view.

m € N The expected number of anchors.

A= (Zg,Ya, 5\a) ac{l,..m}, &, € R?>® g, € R25 )\, € R2® A sequence of
anchors, i.e. starting problem-solution pairs. For every a, the values in
Ae are the solutions to the depth formulation of the Five-Point problem
(Equation [2.5) parametrized by Z,,¥,. We assume that the problem
Ta,Ya is invariantized.

D € R A low-dimensional representation of problem (Z, )

c(D,0) : R* — R™*! The classifier which for every low-dimensional repre-
sentation D of problem (Z,¥y) outputs a vector of probabilities that
the problem is successfully tracked from each anchor. 6 is a vector of
parameters to the classifier.

s € R™*1 The vector of the outputs of the classifier ¢(D, #). a* is the index
of the largest entry of vector s minus 1. If ¢* = 0, the problem is not
tracked. Otherwise, the problem is tracked from the anchor a*.

X = D;,i € {1,...,n},D; € R The set of input observations for the train-
ing of the classifier obtained according to Section |4.6.3. D; is the 14
dimensional representation of a problem (z;,y;) from P; obtained by
procedure from Section 4.6.2.

Y =a;i€{l,..,n} a9 € {0,...,m} The set of the labels for the training of
the classifier obtained according to Section 4.6.3. The problem (z;, y;, A;)

can be correctly tracked from the anchor (Z4;,¥a,, Aa;) € A. If the
problem cannot be tracked correctly from any anchor in 4, then a; = 0.

In this section, we describe the structure and the training of the classifier
for the selection of the anchor. The input to the classifier is a 14 dimensional
representation D € R of a problem (z,y) obtained according to Section
4.6.2. The output of the classifier is a vector s € R"! of probabilities that
the problem can be successfully tracked from each anchor. When the vector
s is known, we can obtain the index a* € {0,...,m} of the selected anchor as
the index of the largest entry of vector s minus 1. If ¢* = 0, the problem
is not tracked. Otherwise, the problem is tracked from the anchor a*. The
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task is to find such parameters 6 of the classifier ¢(D, 0), that the classifier
maximizes the probability that the correct anchor a* is selected.

Now, we are going to describe the loss of the classifier. We use the cross-
entropy loss. Let s; € R™ be the output of the classifier ¢(D;, 6) on the i-th
element of the training data X. Let s, be a vector with one on the position
a; € Y and zeros on the other positions. The loss is defined as:

n m

LXY,0)==)> s log s; ; (4.79)

i=1j=1

Now, we are going to describe the classifier ¢(D, ). We use a small fully
connected neural network with 7 linear layers as the classifier. The reason for
this is that the typical time for one homotopy continuation track is about 20 to
30 microseconds and the speed of the neural network is expected to be similar
or higher. If the neural network was too slow, it would be advantageous
to try all anchors instead. Another reason for using the fully connected
network is that the entries in the input vector D € R do not form any
spatial sequence, therefore, the use of convolutional neural network does not
make sense. The size of the input layer is 14. The sizes of the hidden layers
are 200,200, 200, 200, 100, 100. The size of the output layer is m + 1. The
nonlinearity used after the linear layers is PReLU. There is a dropout before
the last linear layer to prevent overfitting.

Now, we are going to describe how the classifier ¢ is trained. Let us have
the training data X', ) generated according to Section 4.6.3. The goal is
to find the parameters 0 of the classifier ¢(D, ) which would minimize the
loss (4.79). This is achieved with the Stochastic Gradient Descent (SGD)
optimizer. The classifier is modeled and trained using PyTorch.

B a7 Computation of the Relative Pose

Let us introduce the notation which we will use in this section.

(z,y),r € R y € R*® The points in the first and the second view.

(z,%),z € R,y € R*® The invariantized points in the first and the second
view.
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(#,9),2 € R» § € R%® The aligned points in the first and the second view.

(&P, g"), 2" € R3S, 9" € R®S Homogeneous representation of he aligned points
(Z,9) in the first and the second view.

RL € SO(3) The 3D rotation matrix which transforms the homogeneous
representation of points x in the first view to the homogeneous
representations of the invariantized points z. (Section 4.4)

Ré € SO(3) The 3D rotation matrix which transforms the homogeneous
representation of points y in the second view to the homogeneous
representations of the invariantized points y. (Section 4.4)

R; € SO(3) The 3D rotation matrix which transforms the homogeneous
representation of invariantized points  in the first view to the
homogeneous representations of the aligned points Z. (Section |4.5)

R, € SO(3) The 3D rotation matrix which transforms the homogeneous
representation of invariantized points g in the first view to the
homogeneous representations of the aligned points §. (Section 4.5)

s € Sym({1,2}) The permutation of the views. s = {2, 1} if the views have
been swapped during the invariantization, s = {1, 2} otherwise.

A\* € R25 The depths of the aligned points (£, 7). This is the output of the
homotopy continuation (Algorithm 4)

(R,f)  The relative pose of the cameras of the aligned problem (&, 7).

(R*,t*) The relative pose of the cameras of the original problem (z,y).

X € R3® The coordinates of the 3D points in the coordinate system of the
first aligned camera.

Y € R3® The coordinates of the 3D points in the coordinate system of the
second aligned camera.

In this section, we are going to describe how the relative pose (R*,t*) is
obtained from the depths M*. In Section |4.7.1 we describe how the relative
pose of the aligned problem (&, ) is obtained and in Section 4.7.2 we describe
how the relative pose of the aligned problem is transformed to the relative
pose of the original problem (z,y).

B 4.7.1 Getting the Relative Pose From the Depths

We know the aligned points (2, ) and the depths M\* which are the result
of the depth formulation of the Five-Point problem (4.5 parametrized by
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the aligned points (Z, ). The depths have been obtained by the homotopy
continuation (Chapter |3). The goal is to find the rotation R and translation
t consistent with the points and with the depths, i.e. such (R,t), that the
equations (2.1), (2.2) hold.

This procedure is taken from [Paj21]. First, we obtain the coordinates of
the 3D points X in the coordinate system of the first aligned camera and Y in
the coordinate system of the second camera by multiplying the homogeneous
aligned points 2", " by the depths M* as:

Xij =Nt Yiy=N,9" Vie{1,2,3},V) € {1,..,5} (4.80)

We find such rotation R and translation 7, that:

Yl Xl
YVoi| = B|Xo | +0Vj€{1,..,5) (4.81)
Y3 X3,
Let us denote:
):(1,2 ):(1,1 ):(13 X1 1]
Zp = | Xop| = | Xo1| s Z3= |Xa3| — |X21
X312 X3A,1 XA3,3 ){3,1: (4.82)
Yie Yia Yis Yia
Zy = Yoo| — | Y21/, Zy = Yoz | — | Y21
Y30 Y31 Y33 Y31]
If (4.81) holds, then there holds:
_1:/1,2_ _5:/1,1_ R _):(1,2_ R _):(1,1_ R
Zé = YVQ’Q — Y271 =R X272 +t—R X2’1 —t=RZy
:}53’2: :153’1: :)53’2: :)f3,1: (4.83)
Yis Vi1 RRSE:! o X1 o
Z3 = }/2’3 — Y271 =R X273 +t—R X271 —1= RZé
1 Yss]  [Y3,1] | X33 | X531

We search for a rotation R, such that Zj = RZ, and Z = RZ3. Because R is
a rotation, it transforms the cross-product of two vectors to a cross-product
of the transformed vectors, i.e.:

Zh X Zh = R(Zy x Z3) (4.84)
Therefore, we can find the rotation R as:

R|Z 73 Zyx 2y =2y 2y 2z3x 7 .

A

R= [Zé Zy 7} x Zg] [Zg T T X 23}*1

ctuthesis t1606152353 80



4.7. Computation of the Relative Pose

Then, we can find the translation  according to (4.81) as:

A 1:/1,1 R %’1,1
f=|Ya1| — R | X2 (4.86)
Y31 X31

B 4.7.2 Passing From the Solution of the Aligned Problem

Now, we are going to describe how the relative pose (ﬁ,ﬂ of the aligned
problem (&,7) is transformed to the relative pose (R*,t*) of the original
problem (z,y).

We know the relative pose (]:Z, t) of the aligned problem, the rotation
matrices Ri, Ré transforming the original points to the invariantized points,
the rotation matrices R;, R, transforming the invariantized points to the
aligned points and the permutation s € Sym({1,2}) of the views during the
invariantization.

If the views have not been swapped (s = {1,2}), then the relative rotation
R* of the original problem is obtained as:
R* = (R))"RIRR,R! (4.87)
And the relative translation t* of the original problem is obtained as:

t = (R))"RE (4.88)

If, on the other hand, the views have been swapped, i.e., s = {2,1}, then
the relative rotation R* of the original problem is obtained as:

R* = (RL)"RIR"R,R] (4.89)
And the relative translation ¢* is obtained as:

t* = —(ROTRTRTE (4.90)
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Chapter 5

Efficient Homotopy Continuation Solver
for the Four-Point Problem

B 51 Description of the solver

In this section, we will propose a new solver for the Four-Point calibrated
problem (Section based on the real homotopy continuation. The solver
uses the same principles as the Five-Point solver described in Chapter [4. The
solver is meant to be used in the RANSAC loop, therefore, it should be fast
but it does not have to finish correctly for all inputs. Moreover, it is desirable
not to track the inputs which consist of mismatched points. Therefore, we
have decided to use the real homotopy continuation (Section in the solver.

We use the depth formulation of the relaxed minimal version of the Four-Point
problem (Section [2.2.2).

The parametrization of the problem and the solution is described in Section
The homotopy continuation used in the solver is described in Section
5.1.2l and the solver itself is described in Section 5.1.3. Let us introduce the
notation which we will use in this section.

x € R?>* Four calibrated 2D points in the first camera of the final problem.
y € R?>* Four calibrated 2D points in the second camera of the final problem.

w € R?>* Four calibrated 2D points in the third camera of the final problem.
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\* € R3* The depths of the points in all three. A7 ; is the depth of point i in
camera j. A* are the solutions to the depth formulation of the relaxed
minimal Four-Point problem (Equation 2.13) parametrized by x,y, w.

I* € R The oriented distance between the observation w. 4 of the last point
in the last camera and the actual projection of the last point in the
last camera.

(Ri2,t12) A relative pose between the first and the second camera.
(R7 3,11 3) A relative pose between the first and the third camera.
The Number of starting problem-solution pairs.

m

A= (%4, 70, Was Aas o), a € {1, ...,m}, &g € R24 §j, € R24 w, € R24 X, e R24 [, e R
A sequence of anchors, i.e. starting problem-solution pairs. For every
a, the values in A\, and [, are the solutions to the depth formulation
of the Four-Point problem (Equation [2.13)) parametrized by Zg, ¥4, Wa-

We know the calibrated points x, y, w in all three cameras, as well as the
number of anchors m and the anchors (problem-solution pairs) .A. The task is
to obtain the depths A\*, oriented distance [ and the relative poses (R] 9,17 5),
(Ri 3,11 3), such that:

L1, Y1,
T w2 | = AR |y | HHia,Vie {1, 4}
1 1
L1, W1
ii X2, :A;),’L 13 w2 4 —|—t>{73,V2€{1,2,3} (51)
1 1
14 w1 4 0
Nig|z2a| = NsuR s | |woa| + 1] | +112
1 1 0

I Structure of the set of solutions

The relaxed minimal Four-Point problem (Section 2.2.1) has 272 solutions.
Some of these solutions are often similar but not equal to the expected
solution. In addition to that, if the views or the points are permuted or if the
last view is rotated, then the relative position of the line towards the points
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is changed, which may change the solution, as well. Therefore, the definition
of a correct solution is more relaxed when compared with the Five-Point
problem solver. Namely, the solution is viewed as correct, if the distance
(6.3)) between the expected relative poses (R] ), (] 3) and the relative poses
obtained by the solver is smaller than 5 degrees.

B 5.1.1 Parametrization of the problem and the solution

Now, we are going to describe the parametrizations of the problem and of
the solution vector. Let us introduce the notation which we will use in this
section.

ps € R?* The parametrization of the initial problem.
Df € R?* The parametrization of the final problem.

h(z,p) A square parametric system of polynomials from the depth formulation
of the Four-Point problem (Section [2.2.2).

zp € R'? The solution to the initial problem parametrized by p,. There holds
h(z(]vps) =0.

The parametrization of the instance of a Four-Point problem is a twenty-
four-dimensional vector p. This vector contains flattened projections x, y, w
which define the instance, i.e., the first four elements are the x-coordinates of
the points in the first camera, the next four elements are the y-coordinates of
the points in the first camera. The next eight elements are the coordinates of
the points in the second camera in the same order, and the last eight elements
are the coordinates of the points in the third camera. Let us have an instance
xr € R>* y € R4 w € R>*. The parametrization p of the instance is:

Vie{l,..,4}:

Di = 1,3, Pi+d = T2, Pi+8 = Y15 Pi+12 = Y2,i, Pi+-16 = W1,i, Pi+20 = W24
(5.2)

The depth formulation (2.13)) of the Four-Point problem is scale-invariant,
therefore, the scale of the depths A has to be fixed in order for the system
of equations (2.13) to have a finite number of solutions. We fix the depths
by setting the first depth in the first image A; 1 to 1. The last element of
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the solution vector z is the oriented depth I. The solution vector z € R'? is
therefore:

Al

Vie{1,.3}: 2 =21t

A1

. A2,
Vi € {1, 4} D243 = )\?1 (5.3)

A3,

Vie{1,..4}: 24y = 22

ALl

Z212 =1

The depths A € R3* of the problem may be recovered from the solution
vector z € R!? up to scale by setting A1 ; to one and by copying the values
from the solution vector as:

Vi € {1, 3} : )\17¢+1 =z
Vi € {1, 4} : )\271' = Zi+3 (5.4)
Vi € {1, 4} : )\371' = Zi47

B 5.1.2 Homotopy continuation used in the solver

Now, we are going to describe the parametric homotopy H(z,p,t) used to
track the solution z of the depth formulation of the relaxed Four-Point
problem. The solution vector z has 12 elements but there are 18 equations in
the depth formulation . The last 6 equations, which relate the second
and the third views, may be expressed from the first 12 equations. If we drop
these last 6 equations, we obtain the following square system:
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2 2
L1, Ty, Yi,i Y4
M (T2 — A |2 = (| A2 |y2,i| — A2 | Y2,
1 1 1 1

Vie{l,..,4},i e{1,.. 4}, i<d

2 2
L1, €4 wW1,i w1 4
A [Toi| — A [woir ||| = ([ A3, |wai| — Az |wa
1 1 1 1 (5.5)

Vie{l,..,3}4hi e{l,..,3}Li<i

2 2
14 T1,4 w14 w14 0
M |22 — Mg |@24||| = | A3 |wo,i| —A34 | |w2a| + |1
1 1 1 1 0
Viedl,..,3}

If the values from x, y, w, A, [ are replaced by the corresponding values of the
parametrization p and solution vector z according to (5.2) and (5.3)), we obtain
the square parametrized system of polynomial equations h(z, p). Because the
parametrization of the start problem is ps and the parametrization of the
final problem is ps, we can set the parametric homotopy H(z,p,t) according
to:

H(z,p,t) = h(z, (1 = t)ps + tpy) (5.6)

The tracking of the homotopy H(z,p,t) with the start parametrization zg
is performed according to 4. The derivatives H,(z(t),p,t) and H,(z(t),p,t)
of the homotopy are obtained with a Straight-Line Program (SLP) generated
in Macaulay?2.

The largest amount of time on the solver is spent on the solution of the
linear equations (3.9), (3.7), (3.5) which are solved as a part of the predictor
and the corrector. The left side of the equations is always the Jacobian matrix
H.(z(t),p,t) of the value of the homotopy w.r.t. the variables z. Because the
matrix H,(z(t),p,t) is relatively sparse, the closed form of the solution can
be obtained, which can significantly reduce the time spent on one track. This
closed-form solution is described in Section [5.2
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B 5.1.3 Overview of the solver

Let us introduce the notation which we will use in this section.

x € R?>* Four calibrated 2D points in the first camera of the final problem.
y € R>* Four calibrated 2D points in the second camera of the final problem.
w € R>* Four calibrated 2D points in the third camera of the final problem.

\* € R%® The depths of the points in all three cameras. Aj; 1s the depth of
point 4 in camera j. A* are the solutions to the depth formulation
of the relaxed Four-Point problem (Equation 2.13|) parametrized by
T, w.

[* € R The oriented distance between the observation w. 4 of the last point
in the last camera and the actual projection of the last point in the
last camera. Together with the depths A*, this is the solution to the
relaxed Four-Point problem parametrized by x. y, w.

(R72,t12) A relative pose between the first and the second camera.
(R1 3,11 3) A relative pose between the first and the third camera.
The number of starting problem-solution pairs.

m

A = (%4, 70, Was Aasla), @ € {1, ...,m}, &g € R24 5, € R24 w, € R24 X, e R24 [, e R
A sequence of anchors, i.e. starting problem-solution pairs. For every
a, the values in )\, and [, are the solutions to the depth formulation
of the Four-Point problem (Equation [2.13)) parametrized by Zg, ¥4, Wa-

7 € R?>* Points in the first view invariantized according to Section [5.4
7 € R>* Points in the second view invariantized according to Section |5.4.
w € R>* Points in the third view invariantized according to Section |5.4.

D € R" Low-dimensional representation of the problem defined by (z, ¥, w).
The low-dimensional representation is obtained according to Section
0.0.2l

L € AY2* A transformation matrix which transforms a 24-dimensional in-
variantized representation p to a 15-dimensional representation D.

a* € {0,...,m} Index of the selected anchor. If a* = 0, the problem is not
tracked, otherwise, it is tracked from anchor a*.

c:RY —{0,...,m} The classifier which for a low-dimensional representation
D of a problem gives the index a* of the selected anchor. The classifier
is described in Section [5.6.4.
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# € R%>* Points in the first view aligned to the selected anchor a* according
to Section 4.5

) € R%* Points in the second view aligned to the selected anchor a* according
to Section 4.5

W € R>?* Points in the second view aligned to the selected anchor a* according
to Section [4.5

H(z,p,t) Parametric homotopy (5.6) for the square system (5.5). z € R'? is
the parametrization of the solution, p € R?* is the parametrization of
the problem and ¢t €< 0,1 > is the time parameter.

€ R?* A parametrization (5.2)) of the starting problem &g+, Fq*, Wa*
20 € R'2 A parametrization (5.3) of the starting solution j\a*, L.
D € R?* A parametrization (5.2) of the aligned final problem Z, §, @
A The depths of the aligned problem defined by z, g, @

[* € R The oriented distance between the observation . 4 of the last point
in the last camera and the actual projection of the last point onto the
last camera.

Now, we are going to describe the solver. The solver is based on the same
principles as the solver for the Five-Point problem, which is described in
Chapter [4. The solver operates in real numbers only and tracks only one
solution per problem. The predictor and corrector steps of the homotopy
continuation used in the solver use a closed-form solution of the linear equa-
tions (3.9), (3.7), (3.5), which is described in Section 5.2, Before the solver
can be used, the set of anchors A (starting problem-solution pairs) has to be
generated and the classifier ¢ has to be trained. The generating of the anchors
is described in Section |5.6.1) the training of the classifier ¢ is described in
Section [5.6.4L

First, the invariantized representation , ¢, w of points x,y, w is obtained
(Section |5.4) in order to have a unified representation of the problems, which
can simplify the training of the anchor selector and the alignment. Then,
one anchor a* € {1,...,m} is selected (Section 5.6). The aligned points
Z, 1, W are obtained by permutation of the invariantized points , ¥, w in order
to minimize the Euclidean distance from the selected anchor Zg«, §q*, We*
(Section 5.5)), and therefore, to increase the probability of the successful track
from the selected anchor.

After that, the parametrizations ps of the start problem %+, §jo+, W+ and py
of the aligned final problem & y, w are obtained by (/5.2)) and the parametriza-
tion zg of the start solution /\a*, l « is obtained by (5.3). Then, the parametric
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homotopy H(z,p,t) from Equation (5.6) is set up and tracked from zy. If the
track is successful, the solution \*, [* is obtained from the final solution z(1)*
by (5.4) and the relative pose (R*,t*) is obtained by the procedure described
in Section [5.7. The solver is described in Algorithm [12]

Algorithm 12: Five-Point solver

input :Four points z, y, w in three views, Anchors A obtained
according to Section |5.6.1, Transformation matrix L
(Section 5.6.2)), classifier ¢ trained by Section 5.6.4

output : Relative poses (R} 5,7 9), (R 3,11 3), (153,15 3) between
T, Y, W

/* Invariantize the problem x/

Z, %, w := Invariantized representation of x,y, w obtained by Sec. |5.4;

RL, Ré, R{U := Rotation matrices induced by the invariantization;

s := Permutation of the views induced by the invariantization;

/* Select the starting anchor x/
D := Low-dim representation of x,y,w (by Section 5.6.2, use L);

a* = ¢(D); // Select the starting point
if a* =0 then

| return ()

end

/* Align the problem x/

Z, 1, w := Points from z,y, w aligned to anchor &, ¥4, W, by Sec. |5.5;

/* Parametrize the problems and the starting solution */
ps := parametrization of T+, Pgr, Wa+ by (5.2);

py := parametrization of Z, 9, by (5.2);

zp := parametrization of Xy«,lua* by (5.3));

/* TRACK the solution */
z1 := Track homotopy (5.6) from zy by Algorithm 4| (Chapter 3);

/* Extract the depths and the relative poses x/
if 21 # () then
A* := Extract depths from z; by (5.4);
(R 2,11 2), (R 3,11 3), (135,15 3) := Get relative poses from 21,
Ri,Ré,R{U by Sec. 5.7}
end
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. 5.2 Efficient evaluation of the predictor and the
corrector

We have noticed that the largest amount of time of the MINUS solver
ﬂm is spent on the LU-decomposition, which is used to solve linear
equations , which arise in the predictor and the corrector steps
of the homotopy continuation. We have solved this in the same way as in
the Five-Point problem solved (Chapter |4) and we have replaced the LU-
decomposition with the closed-form solution of the linear equations, which
exploits the sparsity of the linear equations in the relaxed Four-Point problem.
If the method described in this section is used, the average time for one track
is 36.1us. If the LU decomposition is used, the average time for one track is
172.7us.

Bl 5.2.1 Structure of the Linear Equations in the Three-View
Problem

The linear equations , are computed in order to perform the predic-
tor and corrector steps of the homotopy continuation. The linear equations
have the form Az = b where the matrix A is always the derivative H,(z,p,t)
of the homotopy H(z,p,t) (5.6) w.r.t. the solution parameters z. Irrespective
of the parameters z, p, t, the matrix H,(z,p,t) has the following form:

rApo O 0 Aoz Apa O 0 0 0 0 0 0 1
0 A171 0 A1’3 0 A1’5 0 0 0 0 0 0
Ao Az1 0 0 Aygdss O O O 0 0 0
0 0 Az Aszsz 0 0 Ase O 0 0 0 0
As0 0 Asg2 0 Asa 0 Az O 0 0 0 0
0 As1 As2 O 0 Ass5 Ase O 0 0 0 0 5.7
A670 0 0 0 0 0 0 A677 AG,S 0 0 0 ( : )
0 A7 0 0 0 0 0 A77 O A7 0 0
Ago Ag1 0 0 0 0 0 0 Ass Asgo 0 0
0 0 Ag2 O 0 0 0 Ag7 O 0 Ag,10 Ag11
Ao 0 Ap2 0 0 0 0 0 Ajps 0 A0 Ar0,11
0 A11,1 A112 O 0 0 0 0 0 A9 A11,10 A11,11 ]
The vector x of the variables can be written as:
T
[:L’o r1 T2 X3 X4 X5 g X7 g L9 T10 1‘11} (5.8)

The vector b of the right side can be written as:

91 ctuthesis t1606152353



5. Efficient Homotopy Continuation Solver for the Four-Point Problem

T
[bo bi by by by by b by bs by bio b (5.9)

B 5.2.2 Closed-Form Solution of the Linear Equations in the
Three-View Problem

Let us have a system of linear equations Az = b whose matrix A has the form
of (5.7), vector = has the form of (5.8) and vector b has the form of (5.9).
Now, we are going to show the closed-form solution to this system.

First, we have noticed that the rows 0, 1,3, 6,7 of matrix have only
three nonzero entries. We can easily obtain the variables x4, x5, x¢, s, Tg
from these equations and substitute them to the rest of the equations to
obtain a square system with 7 variables. The variables x4, x5, xg, s, x9 are
obtained as:

~ bo — Ao pro — Ao373

x4 Apa
s = by — A1 — Ay 323
Ais
g = bs — A3,2j‘2 — As3z3 (5.10)
3,6
g = be — Agoro — A 727
Ag 8
g — by — A7 121 — A7 727
Azg

Now, we are going to split the remaining equations into two groups. The first
group consists of equations 2, 4, 5, the second one consists of equations 8, 9,
10, 11. After substituting the expressions from into the first group of
equations, we obtain:

A A
As oz + Az 121 + 224 by — Apozo — Ag3z3) + 225 () — Az — Ag323) = bo
A074 A1,5

A A
Ay oxo + Ay om0 + ﬁ(bo — Ao oro — Ao33) + ﬂ(b3 — A3 oz — Az 313) = by
Ao Az

A A
As 121 + As 029 + A575 (b1 — A1z — Arz3) + %(53 — A3 ox9 — Az 313) = bs
15 3,6
(5.11)

)
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These three equations can be rewritten as:

Ao Ats Ao, Ais
Az 4 Az s
= by — 24p, - L2y
2 Ap,a 0 Ats !
Ay4A0,0 Ay6As32 AgaAoz  AspAss
Agg— 24 4 Ay — 2 : :
( +0 Ao 0 +2 A3 Ao, Az °
A A
_ gy Ay 16,
Ao,a Az
A A As A As A
Agi— sedin) Ass 56432 A5 56433 )
A1s Az Ais A3
A A
PSS 5.6,
Avs Az
(5.12)

We can simplify these equations by replacing the coefficients by C; ; and the
right sides by d;, where C; ; is the coefficient in equation ¢ at z; and d; is the
right side of equation i. We obtain:

Co,0xo + Co121 + Co3x3 = do
Croro — Croxa + Cr3w3 = dy (5.13)
Co1x1 + Copxe + Co3w3 = do

Now, we are going to express the variables x1, 2 from the first two equations
from (5.13)):

_do — Cppzo — Cozrs

r1 =
Co,1
’ 5.14
- dy — Croro — C1 323 (5:.14)
2 Cip

If we substitute these expressions to the third equation from (5.13)), we obtain:

Ca1
Co,1

Ca2
Cip2

(do - 0070330 — 0073:E3) + (dl — 01,0930 — 0173133) + 0273l‘3 = dy (5.15)

We can rewrite this equation as:

C C Cy1C C C
—< 2’(1) Coq + =22 01,2> o+ (— 21203 222 Ci2+ 02,3> z3 = dy——Ldy—

Con Ci3

)

And we can simplify it by replacing the coefficients with e3, e3 3 and the
right side with f3 to obtain:

—e30%0 + €3323 = f3 (5.17)
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Now, we can express the variable x3 from the equation as:

7y = STt S5 (5.18)

€3,3

Now, we are going to substitute the expression (5.18) into the expressions
(5.14). Using this, we are able to express the variables x1, x9 using only x
as:

o — do — Cozo  Cos(esozo + f3)

C Coie
0,1 0,1€3,3 (5.19)
_dy—Crozg  Cra(esoro + f3)
Tro = —
Cia Ci2€33
We can rewrite these equations as:
B Coo Cogseso do Cosf3
gy = -2 208880 oy (20
Co1  Coaeszs Con1  Coiess
(5.20)

[ Cio Cigesp dy C1,3f3
rg = [ —=2 — 2120 g [ S —
Ci2  Cipesgs Ci2  Cipess
And we can simplify them by replacing the coefficients by e;, es and the
constant terms by fi, fo to obtain:

x1 =exo+ fi (5.21)
To = eaxo + f2 '

Now, we can return back to the second group of the original equation
Az = b, which consists of the equations number 8, 9, 10, 11. First, we are
going to substitute the expressions from (5.10), (5.21)) into the equation 8 to
obtain:

A A
(A8,0+A8,161)$0+A8,1f1+%’z(bG—A6,0xO_A6,7$7)+AL7’Z (br—A71(e1xo+f1)—A7727) = bg
’ (5.22)

K
We can rewrite this equation as:

A A A A
(- B’zA 7 — %fh 7) X7 = (-As,o — Ager + %AG,O + 8’ZA7,161> xo

Ag Az

Agg ! Agg
. —
Ag g A7

(b7 — A7,1f1)>
(5.23)

+ <bs —Ag1f1 —

And we can simplify it by replacing the coefficients with Cy4, C47 and the
constant term with d4 to obtain:

C477a:7 = C’4,0x0 +dy (5.24)
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We can express the variable x~ as:

~ Capoxo +dy
Cuz
We are going to substitute the expressions (5.10)), (5.21)), (5.25) into the last

remaining equations from Ax = b, i.e. to the equations 9, 10, 11. After that,
we obtain:

Ty (5.25)

C
Ago(eazo + f2) + %(04,01‘0 +dy) + Ag 10710 + Ag 11211 = by

A1o,8
As g

A
(b6 — As 00 — CLJ(CA:,OCUO +dy))
17

+A10,10$10 + AlO,llxll = bl()

Aq0,070 + Aro,2(e2z0 + f2) +

A i(erxo + f1) + An2(e2xo + f2) + Ar,10210 + A1,11211
A9

+
A7

Ay

)

A
<b7 — Arp(ermo + f1) — - (Crozo + d4)> = byy
(5.26)
We group all coefficients belonging to the same variable together to obtain:

Ag 7
Cuz

)

Ag7C4 0
<A9,2€2 + —5—= | w0 + Ag 10710 + Ag, 11711 = bg — Agafo — dy

Cuz

A10846,0  A10846,7C40
(AIO,O + Aqpe2 — A = — A C’ = | 2o + A10,10710 + A10,11711
6,8 6,8C47
Aog A10846,7
= bio — Ar02f2 — Al ~be + 1 ———dy
6,8 6,8C4,7
AngArier  A119A477Ch0
<A11,1€1 + Aj12e2 — 7A7 97 a A7 9é4 - = | o + A11,10710 + A11,11711
A9 A119A71 A119A7 7
=bn —Ana1fi —Angfo— —=br+ ———fi+ —dy
’ ’ A7 A7 A79Cy 7
(5.27)

This is a system of 3 equations with 3 variables. We can simplify it by
replacing the coefficients of the variable z¢ with C; o and the right sides with
d;, where Cj is the coefficient in equation 7 at xo and d; is the right side of
equation i. We obtain:
Co,0mo + Ag 10710 + Ag 11711 = dy
Cho,0T0 + A10,10%10 + Ar0,11211 = dio (5.28)
Ci1070 + A11,1010 + A11,11211 = din

We express the variable x1; from the first equation of (5.28) as:

dg — cg 00 — Ag,10%10
Ag 11

T =

(5.29)
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Then, we substitute the expression (/5.29)) to the second equation of (5.28) to
obtain:

A A A A d
Croo — Aomeo) (o Avudow) L Aondy o
Ag 11 Ag 11

We simplify this equation by replacing the variables with eq 10, €10,10 and the
right side with fio:

€0,1020 + €10,10210 = f10 (5.31)

We express the variable x19 from this equation as:

_ f10 — €o,1070

5.32
€10,10 ( )

Z10

Now, we substitute the expressions (5.29) and (5.32)) to the last equation
from (5.28]) to obtain an equation in one variable z:

A11,10e0,10  A11,11C0,0 . A11,1149,10€0,10
Ci10 — - + xo

€10,10 Ag 11 Ag 11€10,10 (5.33)

Auofio - Anndy . A11,11 49,10 f10

=d11 —
€10,10 Ag 11 Ag 11€10,10

We replace the coefficient in this equation with g and the right side with h
and obtain the variable zg as:

SIS

Lo

(5.34)

The full evaluation of the vector x (5.8) goes as follows: first, the coefficients
C;,; and the right sides d; of the equations (5.13) are evaluated. Then,
the coefficients ez, e33 and the constant f3 are obtained from 5.17 and
the coefficients e1, e and constants fi, fo are obtained from (5.21). The
coefficients Cy, C47 and the constant d4 are obtained from (5.24). After
that, the coefficients C; g and the right sides d; are obtained from (5.28)), the
coefficients eq 10, €10,10 and the right side fjo are obtained from (5.31)) and
the coefficients g, h are obtained from (/5.34)).

After that, the variable xy is obtained from the equation (5.34). The
variable z1g is obtained from (5.32)) and the variable x1; is obtained from
(5.29). Then, the variable x7 is obtained from (/5.25)), variable x3 is obtained
from (5.18)) and variables x1, x2 are obtained from (5.21)). Finally, we evaluate
the equations (/5.10) to obtain the variables x4, 5, z¢, Ts, 9.
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B 53 Optimization of the homotopy continuation
parameters

Now, we are going to show the parameters of the homotopy continuation
described in Chapter |3l We have set the parameters empirically in order to
increase the number of correct tracks and decrease the time for one track.
The parameters are set as follows:

® Aty =0.05
u kmax:9
Bc=4e—2

B SUCCmaz = 4
p=3
Amin =le—14

B 5.4 Invariantization of the problems

Now, we are going to describe the invariantization of the problems. The
purpose of the invariantization is to obtain a unified representation of the
problems, to make the problems "more similar" and to put the last point,
through which the line passes to x-axis, which would increase the probability
of a successful track. If the depths A € R3* and oriented distance I € R
are known, the invariantization changes them as well. Let us introduce the
notation which we will use in this section.

xr € R%4 Four calibrated 2D points in the first camera.

y € R%4 Four calibrated 2D points in the second camera.
w € R>*  Four calibrated 2D points in the third camera.
A € R?P The depths of the points in both cameras.

leR The oriented distance between the observation w. 4 and the pro-
jection of the last point onto the last camera.
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z € R?4 Invariantized representation of points .
y € R?4 Invariantized representation of points y.
w € R?>*  Invariantized representation of points w.

RL € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates of x to the homogeneous coordinates of .

RZI/ € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates of y to the homogeneous coordinates of .

R € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates of w to the homogeneous coordinates of w.

s € Sym({1,2,3}) The permutation of the views. The new view at position
i is equal to the old view at position (7).

We know the points x, y, w. The task is to obtain invariantized points z, ¥y,
w, such that the center of mass of the points in every view is zero, the point
farthest from the center of mass lies on x-axis, and the rest of the points are
ordered counterclockwise in the last view. The views should be ordered in
such a way that the first view contains the point farthest from the center of
mass. The two following views are ordered according to the distance of this
point from the center of mass. Furthermore, the task is to obtain the rotation
matrices RL, RZIJ, RL and the permutation s of the views. The depths A and
the oriented distance [ change if the invariantization is applied. However,
when the problem-solution pairs are generated (Section [2.2.3), the values
A, | are determined after the invariantization and therefore, we do not need
to know the way the change of A, [ induced by the invariantization. The
invariantization is described in Algorithm [13|

Algorithm 13: Invariantize Five-Point problem
input :Four points z, y, w in three views
output : Invariantized representation z,y,w of z, y, w, Rotation
matrices Ri,, R{}, R{U, Permutations s, r

xlr yht wht .= Rotate , y such that the center of mass of the
points is in zero (Section 5.4.1));

RECRERH = Rotation matrices which rotate the center of mass to
ZEro;

xlt yht wh P .= Permute the points, views and rotation matrices
RL, RZII, R! according to Section [5.4.2;

s := permutation of the views, r := permutation of the points;

Z,y,w := Rotate the first point to z-axis (Section |5.4.3));

Rg, Ry, R, := Rotation matrices which rotate the first point to y-axis;

RL:= RYRY, R!:= RIRV, Rl := R4Rl;
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Z:, Y4 w:, 3
. b o o W: 4
l’;,4 Y:.3 ’
Z: 2 < Y2 W: )2 o
« Y-
Y1
T:1 e o W1

.3 Y:.4 w:,3 w
*e T: 4 Y:3 e o o Wiia
. Z:2 e Y2 " w: 2
Z:1 e Y1 . W: 1
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. T:1 e Y1 ..11):71
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.30 ot e Tia Yz 0 Y w.ge o W
,

Figure 5.1: An illustration of the invariantization procedure. (a) The input
points z,y. (b) The points rotated such, that their center of mass is zero. (Section
5.4.1) (c) The points permuted according to Section (d) The invariantized
points z,y. The red, green, and blue dots depict the zero point.

B 5.4.1 Moving the center of mass to zero

Let us introduce the notation which we will use in this section.

z € R%*  Four calibrated 2D points in the first camera.

y € R>*  Four calibrated 2D points in the second camera.
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w € R*>*  Four calibrated 2D points in the third camera.
z" € R Homogeneous representation of columns of x.
y" € R3* Homogeneous representation of columns of .
wh € R*>* Homogeneous representation of columns of w.

RE € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates 2" of  such that their center of mass is equal to zero.

Rl € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates y" of y such that their center of mass is equal to zero.

RE € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates w” of w such that their center of mass is equal to zero.

xM# € R3* Homogeneous representation of points from x rotated such, that
their point of mass is in zero. There holds z"* ~ REz".

y"#* € R3* Homogeneous representation of points from y rotated such, that
their point of mass is in zero. There holds 3" ~ Réjyh.

wh* € R3* Homogeneous representation of points from w rotated such, that
their point of mass is in zero. There holds w/* ~ R w".

Now, we are going to describe how to move the center of mass to zero. We
know the points z € R>?4, y € R*4, w € R>%. The goal is to find rotation
matrices Ry € SO(3), Ry € SO(3), Rl € SO(3), such that the center of
mass of the homogeneous representative of columns of x multiplied by RY, the
center of mass of the homogeneous representative of columns of y multiplied
by RI, and the center of mass of the homogeneous representative of columns
of w multiplied by R, are all equal to the homogeneous representative of
Zero.

This procedure is the same as the procedure described in Section [4.4.1],
which is part of the invariantization of the Five-Point problem. The only
difference is that the procedure in Section [4.4.1| operates with 5 points, while
this procedure operates with 4 points. The procedure is performed iteratively.
In every step, the center of mass u is computed and rotated to zero. After
about 3 - 4 iterations, the distance between the center of mass and the zero
vector is acceptable.

This procedure is the same for all three views. We are going to describe it
for the first view, where the center of mass of points x is rotated to zero and
the accumulated rotation is stored into R%. The invariantization of points y
and w is done analogously, while the accumulated rotations are stored into
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Rl and into Rf,. First, the homogeneous representation z € R3* of points
x is obtained. The matrix R is initialized to identity RY = I, the matrix of

transformed points z/* is initialized as z* = z".

At the beginning of every iteration, the center of mass p is computed as:

h,u
1A ’llz
n=7 > b (5.35)
— h
=1 T o
3,2
And the matrix M is built as:
pr 10
M= |u 0 1 (5.36)
3 00

Then, the matrix M is decomposed using a QR-decomposition into an or-
thogonal matrix ) and an upper-triangular matrix R, such as M = QR. We
obtain the rotation matrix R, for the current iteration step by multiplying
matrix Q7 by a matrix M, such as:

010
My=10 0 1 (5.37)
1 00
Then, there holds:
Rewr = M1Q7 (5.38)

Both matrices M, QT are orthogonal, therefore, matrix Rey = M1QT
is orthogonal as well. However, we search for a rotation matrix, which is
an orthogonal matrix with a determinant equal to 1. If the determinant

det R.y = —1, we can multiply R, from left by a matrix Ms, such as:
1 0 0
My=1(0 -1 O (5.39)
0o 0 -1

After that, we obtain the rotation matrix Ry, as:

Rcur = M2Rcur = M2M1QT (54O>

Now, Ry is a rotation matrix because it is orthogonal and its determinant
is equal to 1.

This process is repeated 4 times, after each step, we update the rotation
matrix R¥ as R.,rRE and the homogeneous representation xhor according to
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(5.41). The whole procedure is described in Algorithm |14. The reason why
this works is explained in Section 4.4.1l

h,p h,p
L1, Ly,
hal 1 hop (5.41)
xQ,’L — hupu 2,0
L3
h,p h,p
x3,z 563,1

Algorithm 14: Rotate the center of mass to zero

input :Four points x

output : zH Homogeneous representation of points x rotated such,
that their point of mass is zero, R Rotation matrix which
transforms x to x/*

zh = Homogeneous representation of x;

=l RE =T ; // Initialize the values

M; = Matrix (5.37), My = Matrix (5.39);

for j €{1,...,4} do

p := Point of mass of z/"* according to (5.35);

M := Matrix (/5.36]);

Decompose M into M = QR using QR-Decomposition;

Reyr := MlQT;

if det Rqyr < 1 then

Reyr := Mo Reyr;

end

RY := Ry R*, Update 2" according to (5.41));

end

B 5.4.2 Permutation of the points

Let us introduce the notation which we will use in this section.

z € R4 Four calibrated 2D points in the first camera.

y € R4 Four calibrated 2D points in the second camera.
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w e R4 Four calibrated 2D points in the third camera.

R € SO(3) The output of Section 5.4.1L A 3D rotation matrix which trans-
forms the homogeneous coordinates of x such that their center
of mass is zero.

Rl € SO(3) The output of Section 5.4.1. A 3D rotation matrix which trans-
forms the homogeneous coordinates of y such that their center
of mass is zero.

Rl € SO(3) The output of Section 5.4.1. A 3D rotation matrix which trans-
forms the homogeneous coordinates of y such that their center
of mass is zero.

RE € SO(3) The output of Section 5.4.1. A 3D rotation matrix which
transforms the homogeneous coordinates of w such that their
center of mass is zero.

zl# e R3*  The output of Section |5.4.1. Homogeneous representation of
points from zx rotated such, that their point of mass is in zero.
There holds z"* ~ Rizh.

y"* € R3*  The output of Section |5.4.1. Homogeneous representation of
points from y rotated such, that their point of mass is in zero.
There holds y"* ~ Réjyh.

wh* € R3* The output of Section |5.4.1. Homogeneous representation of
points from w rotated such, that their point of mass is in zero.
There holds w"* ~ R w".

r € Sym({1,...,4}) The permutation of the points.

s € Sym({1,2,3}) The new view at the position ¢ is equal to the old view at
the position s(7).

z™™ € R3*  The points from the original view s(1). The points are permuted
by 7.

y"™ € R3*  The points from the original view s(2). The points are permuted
by 7.

wh™ € R3* The points from the original view s(3). The points are permuted
by 7.

Now, we assume that we have found matrices R, R}, R, (Section 5.4.1)
which transform the points of mass of homogeneous representations of points
x, Yy, w to zero. We further assume that we know the homogeneous repre-
sentations z™# € R34, ok e R34, wh#t e R34 of the points z, y, w rotated
such that their points of mass are in zero.
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The goal is to permute the points in such a way, that the point with the
largest distance from the center of mass is the last and the remaining points
are ordered counterclockwise. Further, we permute the views according to
the distance from the first point to zero. We want to find the permutations r

of the points and s of the views, as well as the permuted points 2™, y»7,
h,m
w™T,

First, we identify the index i1 of the point in the first view, whose distance
from zero is maximal:
h,p

Analogously, we identify the index iy of the point in the second view, whose
distance from zero is maximal and the index 73 of the point in the third view,
whose distance from zero is maximal:

2
(5.42)

11 = arg max
ie{1,...,.4}

el
iy = arg max [ }LL] (5.43)
ie{l,...,4} || (Y2,
wh’-“ 2
i3 = argmax [ }1’“] (5.44)
26{1774} w?:’i

If the point 47 in the first view is further from zero than the points 79 in
the second view and i3 in the third view, then we set i* = i1. If the point 9
in the second view is further from zero than the points 7; in the first view
and 43 in the third view, then we set i* = io. Otherwise, we set i* = i3. We
find the permutation s € Sym({1,2, 3}, such that the permuted views are
ordered according to the descending distance of the point indexed by ¢* from
zero. We permute the rotation matrices R, Rl and R}, according to s.

Now, we find the permutation r € Sym({1,2,3,4}), such that the last
element r(4) of the permutation is the index of the most distant point ¢*
and the remaining elements are sorted counterclockwise in the new third
view. For further details on how the permutation r is obtained, please see
Section 4.4.2. We permute the columns of matrices z#, y™# wh* with this
permutation to obtain ™7, yh’”, wh,

B 5.4.3 Moving the last point to x-axis

Let us introduce the notation which we will use in this section.
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z € R>*  Four calibrated 2D points in the first camera.
y € R>*  Four calibrated 2D points in the second camera.
w € R?* Four calibrated 2D points in the third camera.

RE € SO(3) The output of Section 5.4.1. A 3D rotation matrix which trans-
forms the homogeneous coordinates of x such that their center of
mass is zero.

Rl € SO(3) The output of Section 5.4.1, A 3D rotation matrix which trans-
forms the homogeneous coordinates of y such that their center of
mass is zero.

RE € SO(3) The output of Section [5.4.1L A 3D rotation matrix which
transforms the homogeneous coordinates of w such that their
center of mass is zero.

2™ € R%* Points in the first view rotated such that their center of mass is
zero and permuted according to Section [5.4.2]

y"™ € R3* Points in the second view rotated such that their center of mass
is zero and permuted according to Section |5.4.2,

w™ € R34 Points in the third view rotated such that their center of mass is
zero and permuted according to Section [5.4.2]

R® € SO(3) A rotation matrix which rotates the last point of "™ to the
X-axis.

R® € SO(3) A rotation matrix which rotates last point of y™™ to the x-axis.
R® € SO(3) A rotation matrix which rotates last point of w™™ to the x-axis.
r € R?>® Invariantized representation of points .
y € R?>5  Invariantized representation of points y.
w € R* Invariantized representation of points w.

RI € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates of x to the homogeneous coordinates of Z.

Ré € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates of y to the homogeneous coordinates of 7.

RI € SO(3) A 3D rotation matrix which transforms the homogeneous coor-
dinates of w to the homogeneous coordinates of w.

We know the permuted points =™, y™™, w"™ and the rotation matrices RE

Rf}, R}, which transform the center of mass to zero. The goal is to transform
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the permuted points such that the last point lies on the x-axis. The outputs
of this section are the rotation matrices R7, Ry, Ry, the invariantized points
Z, ¥, w and the rotation matrices RL, Ré, RI.

Now, we are going to find the matrix R} which would transform the last
row of matrix 2™ to x-axis. This matrix represents a rotation around the
optical axis, therefore, the property that the center of mass of the points is
zero is preserved. Matrices Ry and Rj, which rotate the last point in the
second view to the x-axis, are found analogously.

Let 0 = \/ (27 4)? + (25 4)* be the norm of the last Euclidean (not homo-

geneous) point in the first view. The rotation matrix RS is constructed as
follows:

xh,ﬂ xh,ﬂ'
1.4 2.4
a g 0
Ra _ h,m h,m 5 45
v = | TP Tia (5.45)
g lea
0 0 1

Matrix RZ is a rotation matrix because its columns are orthonormal and
because the determinant of RY is equal to 1. Matrix RY rotates the last
point to zero. Because RJ is an extended 2D matrix, it represents a rotation
around the optical axis which passes through the center of mass of the
points. Therefore, the center of mass of points ™™ stays in zero after being
transformed by RS.

The rotation matrix R. is obtained as:
Rl = RARF (5.46)

The homogeneous representation Z" of the invariantized points # is obtained
as:
h = ReghT (5.47)

The Cartesian representation z of the invariantized points is then obtained by
taking the first two rows of " because the procedures described in Sections
5.4.1] and 5.4.2| and the character of matrix RJ guarantee that all entries in
the last row of " are equal to 1.

B 55 Alignment of the problem on the anchors

The invariantization step transforms the problems to a uniform shape. How-
ever, the sum of squared distances between two invariantized problems may
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sometimes be improved. Therefore, we add another step of the problem
preprocessing, after which the sum of squared distances between the anchor
and the final problem decreases, which may improve the probability of a
successful track from the anchor to the final problem.

The alignment for the Five-Point problem described in Section 4.5/ minimizes
the distance between two views by rotation and permutation of the views. In
the case of the Four-Point problem, the rotation of the views decreases the
probability of a successful track, probably because the last point, through
which the line passes, is displaced. Therefore, we introduce here a simplified
version of the alignment, which only selects a permutation of the points
for which the sum of squared distances between the corresponding points
in the anchor and in the final problem is minimal. Although the effect of
the alignment is smaller than in the case of the Five-Point problem, it still
increases the number of successful tracks from 32456 out of 1398306 to 36615
out of 1398306. Let us introduce the notation which we will use in this
section.

z € R>*  Invariantized representation of four calibrated 2D points in the
first camera.

y € R>*  Invariantized representation of four calibrated 2D points in the
second camera.

w € R>*  Invariantized representation of four calibrated 2D points in the
second camera.

RL € SO(3) The output of Section |5.4. A 3D rotation matrix which trans-
forms the homogeneous coordinates of x to the homogeneous
coordinates of invariantized points .

Ré € SO(3) The output of Section [5.4. A 3D rotation matrix which trans-
forms the homogeneous coordinates of y to the homogeneous
coordinates of invariantized points ¥.

R! € SO(3) The output of Section [5.4. A 3D rotation matrix which trans-
forms the homogeneous coordinates of w to the homogeneous
coordinates of invariantized points y.

(Za*, Yar» War s Aaws lg+ ), Far € REA e € R24 by € R24 X € R34, [» € R
The selected anchor (problem-solution pair) from which the homo-
topy continuation should be tracked. We assume that the points
Ta*, Ya*, We+ have been invariantized according to section |5.4.

# € R>*  Points in the first camera aligned to the anchor (Zqx, ¥a*, S\a*)

7 € R>*  Points in the second camera aligned to the anchor (:ia*,gja*,j\a*)
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w € R>*  Points in the third camera aligned to the anchor (&g, Ja+, :\a*)

raq € Sym({1,...,4}) A permutation of the points induced by the alignment.

We know the invariantized points x, ¢, w and the selected anchor

(Zax, Yar , War py lua*) The goal is to find the permutation 7% and the aligned
points Z, g, W, such that the sum of squared distances between the aligned
points and the anchor (Zg», ¥a*, Wax, Xa*,ia*) is minimized. We consider a
subset S C Sym({1, ...,4}) of permutations in the group Sym({1, ...,4}) which
keep the last point on its original position, i.e. S = {{1,2,3,4},{1,3,2,4},
{2,1,3,4},{2,3,1,4},{3,1,2,4},{3,2,1,4}}. This task can be formulated as
the following optimization problem:

va* 2 ~a* m 111

4 ':Ul;j x17rA(Z') 4 yllz ylﬂ“A(i)

7’y = arg min Z 5, T2 4 (4) + Z Usi| = |Y2,ra0)
rpAES i=1 1 1 =1 1 1

- Ty (5.48)

4 (11,*1 W1,r (i)

=+ Z 03| = | W2,r40)
i=1 1 1

For every permutation r4 € S we evaluate the expression (4.50)). Then,
we select the permutation 7% whose value of (4.50) is minimal. Because the
last point, through which the vertical line passes, remains in its place, the
oriented distance [ does not change and the depths A are only permuted by
the optimal permutation r%. The alignment is summarized in Algorithm (15

Algorithm 15: Align Four-Point problem

input :Invariantized representation z,y, w of z, y, w, Selected
anchor (Zgx, Yg=, War, j\a*,lva*), Set of permutations S

output : Aligned points Z, 9, §, Permutation 7%
distpest := 00;
for ry € S do

dist := Distance (/5.48)) given by r4;

if dist < distpes; then

| dist := distpest, 7 =74

end
end
Z,9,w := Permute the points z,y,w with 77%;
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. 5.6 Selection of the Anchor

Let us introduce the notation which we will use in this section.

(z,y,w),z € R** i € R?>* w € R?* The invariantized points in the first, the
second and the third view.

m €N The expected number of anchors.

A = (%4, 0 Was Aas la, a € {1,...,m}, %4 € R §j, € R24 v, € R24 N\, e R34 [, e R
A sequence of anchors, i.e. starting problem-solution pairs.
For every a, the values in A\, and [ are the solutions to
the depth formulation of the Four-Point problem (2.13)
parametrized by Zg,Yq, We. We assume that the problem
ZTa, Ya, We is invariantized.

D e RP A low-dimensional representation of problem (z,y,w)

c(D, ) : RY — R™ The classifier which for every low-dimensional representa-
tion D of problem (Z,y,w) outputs a vector of probabilities
that the problem is successfully tracked from each anchor.
0 is a vector of parameters to the classifier.

We use a real homotopy continuation (Section 3.4)) in our solver. The real
homotopy continuation does not guarantee that the track will be successful.
In addition to that, we perform only one track and even if we succeed, there
is no guarantee that we will end up in the expected solution.

Like in the Five-Point solver, we maintain a set A of anchors (problem-
solution pairs), which serve as the starting points for the homotopy continu-
ation. We also train a classifier ¢, which accepts an invariantized problem
(Z,y,w) and outputs a number a € {1,...,m}. Then, we track the problem
from the anchor (2%, %, 5\‘1)

In Section [5.6.1] we describe how the set A of the anchors is generated. In
Section |5.6.2 we describe the preprocessing of the problem (z,y,w), which
generates a low-dimensional representation D € R of the problem. In
Section [5.6.3 we describe how the training data is generated. In Section |5.6.4
we describe the structure of the classifier c.
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B 5.6.1 Anchor set generation

Let us introduce the notation which we will use in this section.

n The number of considered problems.

75 = (fhgi)u_}ia 5‘2'7 l_’L)' i€ {17 ey m}vjl € R2’47gi € R2’4,’U_)i € RQA, 5\2 € R3’47l_i €ER
A set of n problem-solution pairs generated by Section [2.2.3|
These problem-solution pairs are invariantized according to
0.4l

m €N The expected number of anchors.

A= (%4, 70 War Aa)yla), a € {1,...,m}, %4 € R4 g, € R24 4, € R24 N, e R34, [, e R
A sequence of anchors, i.e. starting problem-solution pairs.
For every a, the values in )\a, [, are the solutions to the
depth formulation of the Four-Point problem (Equation [2.13)
parametrized by Z,,Jq, W,. We assume that the problem
Ta,Ya, Wy is invariantized.

G=MW¢&) A directed connectivity graph on the set P. The vertices
of G are equal to the problem-solution pairs in P (V = P).
There is an edge in £ from a problem p; € P to a problem
pir € P py is correctly tracked from p;.

Now, we are going to describe how the set of anchors A is generated. The
procedure is similar to the procedure of anchor generation for the Five-Point
problem solver, which is described in Section [4.6.1l

We know the set P of n invariantized problem-solution pairs. We say
that the problem-solution pair (x;,y;, w;, Ai, ;) is correctly tracked from
(Za, Yas Wa, Aa, la) if the homotopy continuation is successfully tracked and the
distance (6.3) between the relative poses obtained from the resulting depths
and the relative poses obtained from the ground truth depth A; is < 5°. Both
relative poses are obtained according to Sec. [5.7. We want to find a subset of
anchors A C P, |A| = m, such that the number of problem-solution pairs from
P which are correctly tracked at least from one anchor from A is maximized.

Like in Section [4.6.1], we solve this problem in two stages. First, we build a
directed connectivity graph G = (V, ) according to Algorithm |16, In the
case of the Four-Point problem, the graph is directed because the relaxed
definition of the correct track allows the existence of a correct track in one
direction but not in another. In the second stage, we find a subset A of
vertices in G, such that |A| = m and the number of vertices from G which are
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covered by the vertices from A is maximized. This is an NP-hard task, for
which we use the same heuristic as in the Five-Point Solver (Section [4.6.1)).
The heuristic is described in Algorithm [10L

Algorithm 16: Building connectivity graph

input :Set P of n invariantized problem-solution pairs
output : Connectivity graph G = (V, £). Two problem-solution pairs
pi, py are connected if we can track correctly p; from p;

V:={1l,..,n}, € :=0;

for i € {1,...,n} do

for j € {1,...,n},j #ido

&, 95, W; = Align x;,y;,w; on Z;, Zj,w; (Section 5.5));

ps := Parametrize (z;, y;, w;) according to (5.2);

py := Parametrize (Z;,9;,W;) according to (5.2);

2o := Parametrize \;,[; according to (5.3);

z1 := Track homotopy (5.6) from zy using Algorithm /4;

if 21 # () then

A1 := Depths obtained from z; according to (5.4);

(RLQ, tLQ), <R173, t173), <R273, t273) := Relative poses
obtained from depths A1 according to Section [5.7;

(R 2,11 2), (R 3,11 3), (R3 3,15 3) := Ground Truth relative
poses obtained from depths 5\]- according to Section 5.7}

dy := Distance (6.3) between (Ri2,t12), (R} 2,11 2);

dg := Distance (6.3) between (R13,%13), (R} 3,1 3);

ds := Distance (6.3) between (Ra3,t23), (15 3,153);

if %(dl +ds + dg) < 5° then
‘ E:=EU(i,7);

end

end
end

end

B 5.6.2 Problem preprocessing for the classifier

In this section, we are going to discuss how to uniquely represent the problem
(x,y) with a vector D € R'®, which will be used as the input to the classifier
c. We want to design the preprocessing such that the number of problems
correctly classified by the classifier ¢ is as large as possible. Let us introduce
the notation which we will use in this section.
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(z,y,w),z € R¥* y € R>* w € R>* The points in the first, the second and
the third view which define an instance of the Four-Point
problem.

(z,y,w),z € R** i € R>* & € R>* The invariantized points in all three
views

D cRP A unique 15-dimensional representation of Four-Point problem
instance (z,y, w).

p € R* A 20-dimensional representation of Four-Point problem instance
(z,y,w) obtained by (5.2]).

L e A15:24 A transformation matrix which transforms a 24-dimensional in-
variantized representation p to a 15-dimensional representation

D.

P = (mi,yi,wi, A, ll), 1€ {1, cee n},l‘i S R2’4, Y; € R2’4, w; € R2’4, Ai € R2’4,l eR
A set of n problem-solution pairs generated by Section [2.2.3.
These problem-solution pairs are invariantized according to
Section 5.4l

A A set of anchors obtained by the procedure described in Section
0.6.11

K e R?*2% A covariance matrix of the invariantized points from P.

We know the problem (z,y,w), we want to find its representation D. We
are going to describe a low-dimensional representation of the points based on
the invariantized points (z,y, w).

First, we invariantize the problem (z,y) according to Section 4.4/ to obtain
the invariantized problem (z,y). We are going to show, that all invariantized
instances (z,y) of the Five-Point Problem live in a 14-dimensional linear
subspace of the linear space R2.

Points (z,y,w) are invariantized according to Section 5.4, which means,
that the second coordinates of the last point Z 4, ¥2.4, W24 are equal to zero
and the centers of mass of the points in both views are equal to zero, as well.
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There holds:

To4 =0
Y24 =10
woy =0

4
> Z1i=0
=1

4
D i =0
=1

4

> =0
=1

4

> =0
=1

4
> w1 =0
=1

4
> ;=0
=1

(5.49)

The invariantized points have to satisfy the equations (5.49)). This is a set of
nine homogeneous linear equations. The set of solutions to these equations is
a 15-dimensional linear subspace of the 24-dimensional linear space R?*. For
every invariantized problem (Z,,w) there exists a vector D € R!® that can
represent the invariantized problem uniquely. Now, we are going to describe
how this vector can be obtained.

Let us have a set P of n problem-solution pairs generated according to
Section [2.2.3] These problems are invariantized according to Section 5.4, We
obtain a 24-dimensional parametrization p;,i € {1,...,n} of every problem in
P according to (5.2)) and compute the covariance matrix K € R?*2* of the
invariantized points as:

n
K=Y pp (5.50)
i=1

Matrix I:( is symmetric and has rank 15. There exists a real eigendecomposi-
tion of K: B
K=VAVT (5.51)

Because the matrix K has rank 15, its first 9 eigenvalues are equal to zero.
Let V' € R?%15 be the matrix whose columns are the last 15 eigenvectors
of K, i.e. the last 15 columns of V. Let A’ € R'%! be a diagonal matrix
whose entries are the nonzero eigenvalues of K. Then, the matrix K can be

represented as: B
K=V'ANV'T (5.52)
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The transformation matrix L is equal to:
L=AN"2y7 (5.53)

The 15-dimensional representation D of a problem (z,y,w) is then obtained
as:
D=1Lp=A"2VTp (5.54)

The reason this gives the desired result is the same as in Section 4.6.2.

B 5.6.3 Training data generation

Let us introduce the notation which we will use in this section.

n The number of training data.

7575 = (jiv Yi, W, (RT,Qv tT,2)i7 ( T,B? T,3)i7 (R§,37 t;,{&)i)' i € {17 2 n}a T € R2’47 Yi € R4
Invariantized training data generated together with
their ground truth poses according to Section [2.2.4]

A = (%4, 70, Wa Aasla), @ € {1,...,m}, &q € R24 §j, € R24 W, € R24 X, e R34 [, e R
A sequence of anchors, i.e. starting problem-solution
pairs. The anchors are generated using a procedure
from Section |5.6.1L For every a, the values in 5\“,
[, are the solutions to the depth formulation of the
Four-Point problem (Equation 2.13) parametrized by
Za,Ya, We. The problem I, Yq, W, is invariantized.

X =D;,i € {l,..,n},D; € R¥® The set of input observations for the training
of the classifier. D; is the 15 dimensional represen-
tation of problem (x;,y;,w;) from P; obtained by
procedure from Section [5.6.2.

Y =aji€{l,..,n} a0 € {1,..,m} The set of the labels for the training of
the classifier. The problem (Z;, y;, w, \;,l;) can be
correctly tracked from the anchor

v

(i‘aia ﬂai, wai? )‘tlw Zai) € ‘A

Now, we are going to describe how the training data for the classifier are
generated. We want to find the training observations X and the training
labels Y. The principle of the training data generation is the same as in the
case of the Five-Point problem (Section [4.6.3).
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We start with empty sequences X', ). First, we generate a set of n problems
P, according to Section [2.2.4. For every problem (z;,y;, A\;) € P, we obtain
the 15-dimensional representation D; according to Section (5.6.2). For every
anchor (Z4, Uq, Wa, 5\@, lua) € A, we align the problem to the anchor according
to Section 5.5 to obtain an aligned problem (&;, §;, w;, S\Jz)

Then, we track the homotopy (5.6) from the parametrization ps of anchor
(%4, Ya, Wa) to the parametrization p; of problem (Z,,w). If the homotopy
continuation is correctly tracked, i.e. it is successfully tracked and the
distance (6.3) between the obtained pose and the ground truth pose is smaller
than 5 degrees, then we insert the 15-dimensional representation D; of prob-
lem (Z;, %, Wi, M\i, ;) to the end of the sequence X and the index a of the
current anchor to the end of the sequence ). The procedure of generating
the training data is described in Algorithm |17

Algorithm 17: Generating training data

input :Set P; of n invariantized problems with Ground Truth
relative poses, Set A of m anchors

output : X Sequence of Low-rank representations of points in Py, )
Sequence of ids of anchors from which the problems from P;
can be tracked

V:={1,..,n}, & := 0

for i € {1,...,n} do

D, := Low-dim representation of z;, y;, w; (Sec. 5.6.2);

for j € {1,...,m} do

24, Uiy W = Align T;, y;, w; on &y, ¥, w; (Section |5.5));

ps = Parametrize (Z;,7;,w;) according to (5.2);

py := Parametrize (Z;, §;, ;) according to (5.2));

zp := Parametrize S\j, luj according to (5.3);

z1 := Track homotopy (5.6) from zy using Algorithm /4;

if 21 # () then

A1 := Depths obtained from z; according to (4.4);

(RLQ, tLg), <R173, t173), <R273, t273) := Relative poses

obtained from depths A1 according to Section [5.7;

dy := Distance (6.3) between (R12,%1.2), (R7 2,7 2)i;

dg := Distance (6.3) between (R13,t1,3), (R} 3,1 3)i;

ds := Distance (6.3) between (Ra3,t23), (133,15 3)i;

if %(dl + do + d3) < 5° then

X =X U{D;};
Y :=YU{jk
end
end
end

end
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B 5.6.4 The Anchor Selection Classifier

Let us introduce the notation which we will use in this section.

(z,y,w),z € R** i € R** & € R?>* The invariantized points in all three
views.

m € N The expected number of anchors.

A = (fa,7asWas Aasla), a € {1, ...,m}, #q € R24 §j, € R24 i, e R24 A, e R34 [, e R
A sequence of anchors, i.e. starting problem-solution pairs. The an-
chors are generated using a procedure from Section [5.6.1. For every a,
the values in S\a, ia are the solutions to the depth formulation of the
Four-Point problem (Equation [2.13) parametrized by &g, ¥4, Ws. The
problem I, ¥q, W, is invariantized.

D € R A low-dimensional representation of problem (Z, ¥, w)

c(D,0) : R — R™ The classifier which for every low-dimensional represen-
tation D of problem (Z,y,w) outputs a vector of probabilities that the
problem is successfully tracked from each anchor. 6 is a vector of param-
eters to the classifier.

s € R™ The vector of the outputs of the classifier ¢(D, 0). a* is the index of
the largest entry of vector s. The problem is tracked from anchor a*.

X = D;,i € {1,..,n},D; € R The set of input observations for the train-
ing of the classifier obtained according to Section [5.6.3l D; is the 15
dimensional representation of a problem (x;, y;, w;) from P, obtained by
procedure from Section [5.6.2,

Y=ajie€{l,..,n}tap € {l,....,m} The set of the labels for the training
of the classifier obtained according to Section [5.6.3. The problem
(4, Yi, Wi, Ai, 1;) can be correctly tracked from the anchor (24, 94, Wa, A, la) €

A.

In this section, we describe the structure and the training of the classifier
for the selection of the anchor. The input to the classifier is a 15 dimensional
representation D € R'® of a problem (z,y) obtained according to Section
5.6.2. The output of the classifier is a vector s € R™ of probabilities that the
problem can be successfully tracked from each anchor. When the vector s
is known, we obtain the index a* € {0, ...,m} of the selected anchor as the
index of the largest entry of vector s. The problem is then tracked from the
anchor a*. The task is to find such parameters 6 of the classifier ¢(D, 6), that
the classifier maximizes the probability that the correct anchor a* is selected.
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5.7. Computation of the relative poses

Like in the Five-Point problem case (Section |4.6.4)), we use the cross-
entropy loss (4.79). The classifier ¢(D, 0) itself is a fully connected network
with a similar architecture as in the Five-Point problem case. The size of the
input layer is 15. The neural network has six hidden layers, whose sizes are
200, 200, 200, 200, 100, 100. The size of the output layer is m. We use PReLLU
as the nonlinearity. There is a dropout layer before the last linear layer in
order to prevent overfitting.

Now, we are going to describe how the classifier ¢ is trained. Let us have
the training data X', ) generated according to Section 5.6.3. The goal is
to find the parameters 0 of the classifier ¢(D, ) which would minimize the
loss (4.79). This is achieved with the Stochastic Gradient Descent (SGD)
optimizer. The classifier is modeled and trained in PyTorch.

B 57 Computation of the relative poses

Let us introduce the notation which we will use in this section.

(z,y,w),z € R** y € R?** w € R>* The points in all three views.

z,y,w),z € R>* i € R>* w € R>* The invariantized points in all three

—~

views.
(#,9,%),2 € R>* § € R>* 1) € R>* The aligned points in all three views.

(&h, g" wh), 2" € R34 gh € R34 " € R3* Homogeneous representation of
he aligned points (&, g, ).

RI € SO(3) The 3D rotation matrix which transforms the homogeneous
representation of points x in the first view to the homogeneous
representations of the invariantized points z. (Section |5.4)

Ré € SO(3) The 3D rotation matrix which transforms the homogeneous
representation of points y in the second view to the homogeneous
representations of the invariantized points y. (Section |5.4)

R! € SO(3) The 3D rotation matrix which transforms the homogeneous
representation of points w in the third view to the homogeneous
representations of the invariantized points w. (Section [5.4)

s € Sym({1,2,3}) The permutation of the views induced by the invariantiza-
tion. The new view at position ¢ is equal to the old view at position

(7).
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5. Efficient Homotopy Continuation Solver for the Four-Point Problem

M\* € R3* The depths of the aligned points (Z,9,w). This is the output of
the homotopy continuation (4.6)).

(}?172,1?1,2) The relative pose of the cameras between the first two aligned
views I, 9.

(}?173, 1?173) The relative pose of the cameras between the first aligned view 2
and the third aligned view .

(]?273, t2.3) The relative pose of the cameras between the second aligned view
7 and the third aligned view w.

(R7 2,11 2) The relative pose of the cameras between the first two original
views x, .

(R7 3,11 3) The relative pose of the cameras between the first orignal view z
and the third original view w.

(R33,t53) The relative pose of the cameras between the second original view
y and the third original view w.

X € R¥* The coordinates of the 3D points in the coordinate system of the
first aligned camera.

Y € R34 The coordinates of the 3D points in the coordinate system of the
second aligned camera.

W € R3* The coordinates of the 3D points in the coordinate system of the
third aligned camera.

In this section, we are going to describe how the relative poses (Rj 5,17 1),
(Rj9,t] 3) are obtained from the depths A*. In Section [5.7.1| we describe
how the relative poses of the aligned problem (Z,, ) is obtained and in
Section |5.7.2| we describe how the relative poses of the aligned problem are
transformed to the relative pose of the original problem (z,y,w).

Bl 5.7.1 Getting the Relative Pose From the Depths

We know the aligned points (£, §, @) and the depths \* which are the result
of the depth formulation of the Four-Point problem (2.13) parametrized by
the aligned points (2, §, ). The depths have been obtained by the homotopy
continuation (/5.6)). The goal is to find the relative poses (]%1,2, fl,g), (]%173, tALg),
(]:22,3, 52,3) consistent with the points and with the depths, i.e. such relative
poses that the equations (2.6)), (2.7), (2.8)) hold.
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5.7. Computation of the relative poses

This procedure is taken from [Paj21]. First, we obtain the coordinates of
the 3D points X in the coordinate system of the first aligned camera, Y in
the coordinate system of the second camera and W in the coordinate system
of the third camera by multiplying the homogeneous aligned points z", 4",
w" by the depths M* as:

Xij = 5\* -i‘h, }A/i’j = 5\;7]@}1 W@'J = 5\5]-12)}1 Vi € {1,2,3},Vj S {1, ...,4}
(5.55)

Then, we find the relative pose (}?172,7?172) according to Section [4.7.1. The
relative poses (Ry3,%13) and (Ra3,%2,3) are obtained analogously.

Bl 5.7.2 Passing From the Solution of the Aligned Problem

Now, we are going to describe how the relative poses of the aligned problem
(Z,9,w) are transformed to the relative poses of the original problem (x,y, w).

We know the relative poses (]:2172,7?1,2), (}?173,1?173) and (]:2273,7?273) of the
aligned problem, the rotation matrices Ri, R{/, R{U transforming the original
points to the invariantized points and the permutation s € Sym({1,2,3}) of
the views during the invariantization. The task is to find the relative poses

( T,Q’ >{,2)7( T,Sv T,Z’))’ (R§,37t§,3)'

In this section, we utilize a permutation s~! € Sym({1,2,3}), which is an
inverse to the permutation s. First, we are going to show how the relative
pose (R 5,17 o) is obtained. If the index 57Y(1) is smaller than s~1(2), then
the relative pose (Rj 5,17 5) is obtained as:

R}y = (RDTRy-1(1y s-1(2)RE

) ) (5.56)
t* = (R) ts-101),5-1(2)

If, on the other hand, the index s~!(1) is greater than s~1(2), then the relative
pose (R 5,17 o) is obtained as:

RT,Q = (Ralc)TﬁsTfl(l),sfl(z)Ré (5 57)

A~

t* = —(Ri)T]%Z—l(1)75—1(2)?53*1(1),3*1(2)

The relative poses (Rj 3,17 3), (153,15 3) are computed analogously.
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Chapter 6

Experiments

. 6.1 Evaluation metrics

B 6.1.1 Distance between two relative poses

Now, we are going to describe the distance between two relative poses. The
distance is taken from [Mys20]. Let us have two relative poses (Ry.t1), (Ra,t2).
We want to find a distance dist € R which would measure the dissimilarity
of the poses. The rotation distance distgr is an angle of a rotation matrix
R1RT. We obtain the rotation distance as follows:

Ry = RaRY
trace(Raiff) — 1) (6.1)
2

distp = arccos (

The translation distance distp is the angle between two translation vectors.
It is obtained as follows:

dist ( fito ) (6.2)
1St = arcCos | w—————— .
][t

Then, the distance dist between two poses is obtained as the maximum of
these two distances:

dist = max{distg,distr} (6.3)
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B 6.1.2 Mean Average Accuracy

Now, we are going to describe the Mean Average Accuracy score, which is
used for the evaluation of the Five-Point Solver in the benchmark described
in Section 6.3, The input is a sequence of N errors (6.3) dist;,i € {1,...,N}.
The task is to compute one aggregated score from the set of errors. The
larger the mAA is, the more acurate the results are. The computation of
mAA is shown in Algorithm

Algorithm 18: Mean Average Accuracy, (mAA)
input :A sequence dist;,i € {1,..., N} of N errors (in degrees).
output : Mean Average Accuracy «
a = 0;
forie{l1,...N} do
‘ a = a + max(0, ceil(
end

10—dist; )
10

)

Q;

2|~

o =

B 6.1.3 Sampson Error

Now, we are going to describe the Sampson Error. This error is used in the
RANSAC scheme to approximate the reprojection error without having to
actually reproject the points. Let us have a Fundamental matrix F € R33
and two tentatively matched points z,y in two views, which are related by
the Fundamental matrix F. Let 2 € R? be the homogeneous representation
of a point in the first view, and y € R3 be the homogeneous representation of
a point in the second view. The task is to compute the Sampson error of the
match x,y with respect to Fundamental matrix F.

Let us define a matrix S as follows:

1 00
S=10 1 0 (6.4)
0 00
Then, the Sampson error is computed as:
T
F
y T (6.5)

VISFz|2 + | SFTy]?
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6.2. Training and evaluation of the Five-Point problem

B 6.2 Training and evaluation of the Five-Point
problem

In this section, we are going to describe the results obtained during the
training and evaluation of the Five-Point solver. The training of the classifier
consists of the generation of the set of anchors according to and the
training of the classifier according to[4.6.4. In the evaluation part, we describe
the success rate of the solver.

B 6.2.1 Generation of the anchors

We have generated the anchors according to Section from a set of 10000
points generated according to Section A problem is covered by a
set of anchors, if there is an anchor in the set, from which the problem is
correctly tracked. In Table we show the dependence between the number
of considered anchors m and the portion of problems covered by the anchors.
For further experiments, we have considered 26 anchors.

#Anchors | 1 | 8 | 26 | 72 | 130 | 465 |
Problems covered | 14.0 % | 51.2 % | 75.4 % | 90.0 % | 95.0 % | 100 % |

Table 6.1: Percentage of problems from the generated dataset which are covered
by different numbers of anchors.

We would like to know how do these anchors generalize to different sets of
problem-solution pairs. Therefore, we have generated another set of points
according to Section The set consists of 37700 problems. In Table
we show how many problems are covered by anchor sets of different sizes. We
can see from the table that the anchors generalize well to different problems.

#Anchors | 1 | 8 | 26 | 72 | 130 | 465
Covered | 12.86% | 50.30% | 73.81% | 87.36% | 91.67% | 95.91% |

Table 6.2: Percentage of problems from a different dataset which are covered by
anchor sets of various sizes.
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B 6.2.2 Training of the classifier

For training of the classifier, we have generated 1015870 training problems
and 32589 validation problems according to Section 2.1.3. Then, we have
transformed the problems into the training and testing data according to
Section 4.6.3 and we have trained the classifier using this data according to
Section [4.6.4L We have trained the neural network using SGD optimizer with
learning rate 0.001, momentum 0.9 and batch size 32. We have trained the
network for 110 epochs and, eventually, we have selected the intermediate
result which classifies correctly the highest number of problems from the
validation dataset. The final neural network is able to classify correctly 6958
out of 32589 validation problems.

B 6.2.3 Evaluation of the solver

We have trained the solver described in Chapter 5| according to Sections
6.2.1/and [6.2.2. Then, we have generated a set of 195464 testing problems
according to Section [2.1.3| from the ETH dataset "Facade". We have used
the trained solver to solve every problem from the testing dataset. Then,
we have measured the average running time of the solver and the number of
successfully solved problems. The number of problems successfully solved
with the solver is 43050, which is about 22% of all problems.

. 6.3 Benchmark of the Five-Point Solver

Now, we are going to describe how the Five-Point solver (Chapter 4) is
evaluated. We use a benchmark described in [Mys20] for the evaluation of our
solver. The input to the benchmark is a sequence of camera pairs. For every
camera pair, we know a set of tentative matches between the cameras, the
camera calibration matrix, and the ground truth relative pose between the
cameras. For every camera pair, we want to compute the relative pose from
the tentative matches and to evaluate the distance between the computed
relative pose and the ground truth pose. Let us introduce the notation which
we will use in this section.

T ={(=V,yY, K1, Ko, R} t7)}Yien,n) The sequence of N testing camera

1971
pairs, each of which consists of M; tentative correspondences.
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6.3. Benchmark of the Five-Point Solver

x5, Y5 € R2M: are tentatively matched uncalibrated points, K1, Ko; €
R33 are the calibration cameras, and R}, t} is the ground truth
relative pose.

z¢ y¢ € R?" Calibrated matched points obtained from the uncalibrated

points CE?, yZU

(R;, t;) Relative pose obtained from the matches xic, yZC using a RANSAC
procedure.

dist; Distance (6.3) between the obtained relative pose (R;,t;) and the
ground truth pose (R}, ) from T.

1771

7 €ER Time needed for the RANSAC procedure to computate (R;,t;).

aeR mAA score (Section 6.1.2) obtained from the sequence of errors
dist;, i€ {1,..,N}

pweN The number of samples considered in the RANSAC loop.

feR The threshold used in the RANSAC loop. If the Sampson error
measured on the uncalibrated pair of matched points is < 7, the
match is considered an inlier.

:Ezcj € R?5 A sample of five points from azlc obtained in the j-th step of
RANSAC.

yZC] € R%% A sample of five points from y¢ obtained in the j-th step of
RANSAC. The points are matched with points in ylcj

E;;ie€ R33 k-th essential matrix obtained in the j-th step of the RANSAC
loop solving the i-th problem from T'.

Fijr € R33 Fundamental matrix obtained from the essential matrix E; k.
There holds Fj ;; = Ky T F; jx Ky T

Eij Set of n essential matrices E; ; ;, obtained by the Five-Point solver.
For our solver n € {0, 1}, for the Nistér solver n < 10.

In the benchmark, the tentative correspondences are calibrated using
Ky, Ky; as follows:

(6.6)

Where 17 is a row vector of ones. Then, the relative pose between the cameras
is obtained using the RANSAC scheme. Then, the quality of the obtained
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relative pose is evaluated using the distance (6.3). Finally, the Mean Average
Accuracy (mAA) score is obtained according to Section |6.1.2,

In order to evaluate our solver, we plug it into the RANSAC scheme in-
stead of the Nistér solver. The generic benchmark is described in Algorithm
19. The original RANSAC Scheme using the Nistér solver is described in Al-
gorithm 20. The RANSAC scheme using our solver is described in Algorithm
21 The results of the benchmark are shown in Section [6.3.1l

Algorithm 19: Benchmark
input :Sequence T = {(2V,yY, Ky;, Ko;, R}, t5)} of N testing

1771
camera pairs, the number of samples i, threshold 6.
output : Sequence dist; of distances (6.1.1) between the obtained
poses, sequence of processing times 7; and the mAA score «
forie{1,...,N} do
z¢,y¢ 1= Calibrate the points in 2V, Y according to (6.6);
E; := Essential matrix computed from ¢, y¢ using the RANSAC
procedure with parameters p, 6;
7; := Time spent on the RANSAC procedure;
(R;,t;) := Relative pose consistent with E; which reconstructs all
points in front of both cameras;
dist; := Distance (6.3) between (R;,t;) and (R}, t});

1771

end
a = mAA score obtained from sequence dist; (Section [6.1.2);

In the RANSAC procedure using the Nistér solver, u iterations are per-
formed. In every iteration j € {1,...,u}, five matched points :cgj,ygj are
sampled from the calibrated points xic, yic . Then, we obtain a set of n < 10
essential matrices & ; = E; j i, k € {1,...,n} using the Nistér solver (Section
2.1.1). We build the fundamental matrix Fj j; from the essential matrix F; ;
as:

Fin =Ky Fijo K" (6.7)
After that, we compute the Sampson error (6.5) for every pair of matched
uncalibrated points from z{,yY. The match is considered as the inlier, if the
Sampson error on the point is smaller than or equal to threshold 6. At the end,
we output the essential matrix Ej; ; which has the highest number of inliers.

The RANSAC procedure for the Nistér solver is described in Algorithm [20L

For the evaluation of our solver, we replace the Nistér solver with it. In this
case, the set &; ; of the essential matrices obtained by the solver contains at
most one essential matrix E; ; or is empty, if the homotopy continuation has
failed. We do not have to decompose the final essential matrix into rotation
and translation, as these are obtained directly by the solver. RANSAC proce-
dure for our solver is described in Alg. 211
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Algorithm 20: RANSAC Nistér

input :Tentatively matched calibrated points a:l-c, yic , Camera
calibration matrices K1;, Ko;, Tentatively matched
uncalibrated points a:iU, le , the number of samples u,
threshold 6.

output : F; the essential matrix relating the points in acic, yic

scorepest = 0;

for j € {1,...,u} do

x%, yZC] := Sample five points from z¢, yic;

(2

&i; = Find a set of Essential matrices consistent with xgj, ylcj
using Nistér algorithm (Section 2.1.1));

for Ei,j,k: S 51'73' do

Fijn = Ky EijpKy'

score := Number of matches from z¥,y¥ whose Sampson
error (6.5) with Fundamental matrix Fj j is < 6 ;

if score < scorepes; then
‘ E; := E; j 1, SCOT€pest 1= ScoOTE;

end

end
end

Algorithm 21: RANSAC Homotopy

input :Tentatively matched calibrated points xic, yzc , Camera
calibration matrices Ki;, Ko;, Tentatively matched
uncalibrated points z¥,y¥, the number of samples p,
threshold 6.
output : E; the essential matrix relating the points in l‘ic, yzc
scorepest = 0;
for j € {1,...,u} do
xgj, yzcj := Sample five points from xic, yic ;
E; j := Find an Essential matrix consistent with xgj, yzcj using our
homotopy continuation solver (Section [4));
if E;; # 0 then
Fij = Ky EijKy;
score := Number of matches from z¥, y¥ whose Sampson
error (6.5) with Fundamental matrix F; ; is <6 ;
if score < scorep.s; then
‘ E; == FEj; j, scOT€pest 1= SCOTE;
end

end
end
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B 6.3.1 Evaluation of the benchmark

We have evaluated the benchmark described in Algorithm [19/on the data from
[Mys20]. We have evaluated the benchmark for both the Nistér algorithm and
our solver and we have compared the resulting errors, mAA and running times.

First, we are going to describe the data. The benchmark contains two valida-
tion datasets "St. Peter’s Square" and "Sacre Coeur" and 11 test datasets,
which are described in Table 6.3. Most of the datasets consist of 4950 camera
pairs.

ID Name # Camera Pairs Type
Vo1 St. Peter’s Square 4950 Validation
V02 Sacre Coeur 4950 Validation
T01 British Museum 4950 Test
T02 | Florence Cathedral Side 4950 Test
T03 | Lincoln Memorial Statue 4950 Test
T04 London Bridge 4950 Test
T05 Milan Cathedral 4950 Test
TO06 Mount Rushmore 4950 Test
TO07 Piazza San Marco 4950 Test
TO08 Reichstag 2701 Test
TO8 Sagrada Familia 4950 Test
T10 St. Pauls Cathedral 4950 Test
T11 United States Capitol 4950 Test

Table 6.3: Overview of the datasets used in the benchmark

We have evaluated the benchmark on all datasets in Table 6.3 for both the
Nistér algorithm and our solver. In the case of our solver, we distinguish two
cases. In the first case (LHC single), only one anchor is considered, i.e., the
problems are always tracked from the same starting problem. In the second
case (LHC NN), we consider 26 anchors, and the starting point is selected
according to Section [4.6.4. We use parameters pu = 1000, 6 = 3 for all three
methods. The resulting mAA scores are shown in Table [6.4] and average
running times in Table 6.5 More detailed evaluation of the rotation errors
is shown in Figures 6.1}, 6.2, |6.3. The evaluation of the translation errors is
shown in Figures 6.4}, 6.9) 6.6l The Figures show that the Nistér solver is
able to output poses with higher precision than the homotopy continuation
solver, which could be expected, as the Nistér solver succeeds in almost all
cases and outputs all solutions to the problem. The experiments also show
that the Homotopy Continuation solver with the Neural Network is faster
and its precision is not much worse than the precision of the Nistér solver.
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The Homotopy Continuation solver may be generalized to different minimal
problems, for which a symbolic solution is difficult to find.

ID | LHC single | LHC NN | Nistér
V01 | 0.420727 0.47703 | 0.547232
V02 | 0.567919 | 0.670525 | 0.760465
TO1 | 0.490465 | 0.520828 | 0.527495
T02 | 0.631333 | 0.688909 | 0.712465
T03 | 0.506909 | 0.600384 | 0.709596
T04 | 0.224222 0.30099 | 0.354384
TO5 | 0.628606 | 0.646505 | 0.656242
TO06 | 0.294101 | 0.339556 | 0.372061
TO7 | 0.321374 | 0.357051 | 0.377192
TO8 | 0.612181 | 0.640133 | 0.717623
T09 | 0.554364 | 0.593253 | 0.644566
T10 | 0.556182 | 0.592889 | 0.658505
T11 0.10503 0.162162 | 0.277495

Table 6.4: Table of Mean Average Accuracy of the methods LHC single, LHC
NN, and Nistér on every dataset from |6.3|

ID | LHC single | LHC NN | Nistér

V01| 31.68 ms | 31.56 ms | 41.95 ms
V02 | 31.89 ms 32.84 ms | 46.41 ms
TO01 31.34 ms 33.32 ms | 51.36 ms
T02 | 31.03ms | 34.89 ms | 51.94 ms
T03 | 30.54 ms 32.61 ms | 46.73 ms
T04 32.54 ms 32.62 ms | 44.50 ms
TO05 31.06 ms 34.22 ms | 50.75 ms
T06 | 31.08 ms 31.76 ms | 51.00 ms
TO7 | 33.68 ms 34.40 ms | 42.80 ms
T08 32.27 ms 33.69 ms | 49.22 ms
T09 | 32.06 ms 36.98 ms | 52.94 ms
T10 32.24 ms 35.52 ms | 48.90 ms
T11 | 31.68 ms | 31.56 ms | 41.95 ms

Table 6.5: Table of Average running time of RANSAC using the methods LHC
single, LHC NN, and Nistér on every dataset from [6.3]
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Figure 6.1: Histogram of the rotation errors of the problems in dataset V01
(a), V02 (b), TO1 (c), TO2 (d), TO3 (e). The results of Nistér solver are red,
the results of our solver with Neural network are green, and the results of our
method with a single anchor are blue.
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6.3. Benchmark of the Five-Point Solver
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Figure 6.2: Histogram of the rotation errors of the problems in dataset T04
(a), TO5 (b), T06 (c), TO7 (d), TO8 (e). The results of Nistér solver are red,
the results of our solver with Neural network are green, and the results of our

method with a single anchor are blue.
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Figure 6.3: Histogram of the rotation errors of the problems in dataset T09
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solver with Neural network are green, and the results of our method with a single

(a), T10 (b), T11 (c).

anchor are blue.
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Figure 6.4: Histogram of the translation errors of the problems in dataset V01
(a), V02 (b), TO1 (c), T02 (d), TO3 (e). The results of Nistér solver are red,
the results of our solver with Neural network are green, and the results of our
method with a single anchor are blue.
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Figure 6.5: Histogram of the translation errors of the problems in dataset T04
(a), TO5 (b), T06 (c), TO7 (d), TO8 (e). The results of Nistér solver are red,
the results of our solver with Neural network are green, and the results of our
method with a single anchor are blue.
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Figure 6.6: Histogram of the translation errors of the problems in dataset T09
(a), T10 (b), T11 (c). The results of Nistér solver are red, the results of our
solver with Neural network are green, and the results of our method with a single
anchor are blue.

B 64 Training and evaluation of the Four-Point
problem

In this section, we are going to describe the results obtained during the
training and evaluation of the Four-Point solver. The training of the classifier
consists of the generation of the set of anchors according to and the
training of the classifier according to[5.6.4. In the evaluation part, we describe
the success rate of the solver, as well as its running time.
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B 6.4.1 Generation of the anchors

We have generated the anchors according to Section [5.6.1] from a set of
10773 points generated according to Section [2.2.3L We say that a problem
is covered by a set of anchors, if there exists an anchor in the set, from
which the problem is correctly tracked. In Table |6.6| we show the dependence
between the number of considered anchors m and the portion of problems
covered by the anchors. For further experiments, we have considered 62
anchors.

# Anchors | 1 | 17 | 43 | 62 | 93 | 134 | 400
Problems covered | 5.4 % [ 50 % | 75 % | 83 % | 90 % | 95 % | 100 %

Table 6.6: Percentage of problems from the generated dataset which are covered
by different numbers of anchors.

We would like to know how do these anchors generalize to real problems.
Therefore, we have also generated two sets of points according to Section |2.2.4.
The first set (Real) consists of the points generated with measurement errors
just according to Section 2.2.4. The second set (Exact) consists of the same
points reprojected to the ground truth cameras, therefore, the measurement
error is zero. Both sets consist of 6054 problems. In Table [6.7] we show how
many problems have been covered by anchor sets of different sizes. In most of
experiments, the resulting pose is considered correct if the distance from the
ground truth is < 5°. Here, we have considered multiple different thresholds
for the result to be considered correct: 1°, 5°, 10°, 20°.

# Anchors 1 17 43 62 93 134 400
Real 1° 0.23% | 3.35% | 5.80% | 6.99% | 8.37% | 9.60% | 13.58%
Real 5° 2.15% | 23.13% | 35.15% | 40.27% | 44.91% | 48.94% | 58.46%
Real 10° 5.32% | 42.24% | 58.80% | 64.06% | 69.24% | 73.06% | 82.04%
Real 20° 11.78% | 66.52% | 83.02% | 87.03% | 90.01% | 92.17% | 95.99%
Exact 1° 2.08% | 24.33% | 41.91% | 50.20% | 58.61% | 64.90% | 80.46%
Exact 5° 4.87% | 44.91% | 66.91% | 74.64% | 81.95% | 86.64% | 95.18%
Exact 10° | 7.66% | 58.03% | 79.86% | 86.42% | 91.15% | 94.20% | 98.46%

Exact 20° | 13.68% | 74.81% | 91.67% | 95.00% | 97.44% | 98.45% | 99.39%

Table 6.7: Percentage of problems from the real datasets which are covered by
different numbers of anchors.

We can see from Table 6.7, that the anchors generalize well in the case of
the exact problems. In the case of the real problems, the small change of
projected points may cause a significant change of depths in the obtained
solution, which may then cause a significant change of the relative pose.
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Therefore, the results on the real dataset have bigger errors than the results
on the exact dataset. Still, the number of problems covered by the anchors
with the tolerance of 10° and 20° is similar to the coverage of the original
dataset in Table [6.6, We believe that with errors of this magnitude we are
able to obtain a better solution using local optimization.

B 6.4.2 Training of the classifier

For training of the classifier, we have generated 772054 training problems
and 32028 validation problems according to Section [2.2.4. Then, we have
transformed the problems into training and testing data according to Section
5.6.3/ and we have trained the classifier using this data according to Section
5.6.4L We have trained the neural network using SGD optimizer with learning
rate 0.001, momentum 0.9 and batch size 32. We have trained the network
for 40 epochs and, eventually, we have selected the intermediate result which
classifies correctly the highest number of problems from the validation dataset.
The final neural network is able to classify correctly 3019 out of 32028
validation problems.

B 6.4.3 Evaluation of the solver

We have trained the solver described in Chapter [5| according to Sections [6.4.1
and [6.4.2 Then, we have generated a set of 16752 testing problems according
to Section [2.2.4] from the ETH dataset "Facade'. We have used the solver to
solve every problem from the testing dataset. Then, we have measured the
average running time of the solver and the percentage of successfully solved
problems. We have considered different variants of the solver: NNI1 is the
solver described in Section [5, NN2 selects for each input problem two anchors
with the highest score given by the neural network and tracks each problem
from two anchors, NN4 tracks each problem from four top anchors. Like in
Section [6.4.1], we have considered multiple thresholds for accepting the result:
5°, 10°, 20°. The results are given in Table |6.8|.

Method || 5° | 10° | 20° | Time
NN1 || 13.34% | 17.57% | 22.92% || 56.7pus
NN2 || 19.77% | 25.88% | 33.83% || 82.8us
NN4 || 27.50% | 36.26% | 47.29% | 139.2us

Table 6.8: Evaluation of the trained Four-Point solver.
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Table 6.8 shows that the success rate of the solver is about 13% with
threshold of 5° and a single track for every problem. If the results are
evaluated with a more relaxed threshold or multiple tracks are performed for
each problem, we can achieve the same or even better success rate than in
the case of the Five-Point problem.
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Chapter 7

Conclusion

In the thesis, we have studied the problem of estimation of the relative pose
from five points in two views, and the problem of estimation of the relative
pose from four points in three views. We have designed generators of problem-
solution pairs for the problems. Then, we have proposed two solvers for the
considered problems based on Homotopy Continuation. We have performed
several experiments to evaluate the proposed solvers.

Instead of tracking all solutions to the problem, we track only one solution
for every input problem from one starting problem, which has been selected
using a neural network. This, together with the tracking in the real domain
only and with an efficient evaluation of the linear equations arising in the
Homotopy Continuation, allows us to achieve the high speed of the solvers.
Therefore, the solvers are eligible for use in the RANSAC scheme, which has
been shown in the experiments.

In the future, we would like to design better classifiers, which would allow
us to select the starting solutions with a higher success rate.
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