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Chapter 1

Introduction

Given a sequence of 2D images, such as a video or a set of unorganized pictures, what can
be inferred about the 3D scene? Where was the camera at each picture? What were the
camera settings such as zoom level or focal length? These are fundamental problems in 3D
Computer Vision and Photogrammetry, and have found a wide range of applications such
as match-moving in cinematography (e.g., the effects in The Matrix), the organization of
a collection of photographs with respect to a scene (e.g., Phototourism [I] and the Look
Around feature in Google Panoramio), robotic manipulation, metrology from cameras in
the automobile industry, and 3D modeling from photographs for architecture, electronic
gaming, archaeology, and urban modeling (e.g., Google Streetview).

In this thesis, we develop the multiple view geometry of arbitrary, piecewise differentiable
curves, and the beginnings of the local theory on general surfaces. Curves occur everywhere
around us as outlines of objects, markings on surfaces, ridges and valleys, shadow bound-
aries, and thin objects such as branches and wires. Figure(l.1/shows different types of image
curves arising as contrast edges, which are primary types of curves we will be concerned
with. Other curves that benefit from the theory in this thesis are trajectories of moving
particles or markers observed by a system of cameras.

Curves are important on their own, as argued later in this chapter, but, most impor-
tantly, they are key as the initial part of a broader effort to reconstruct and parse general,
complex 3D scenes. We envision a large system where curves are used to bootstrap camera
pose for each image of a given sequence, and to generate an initial curve-based reconstruc-
tion of the scene which we call a 8D curve sketch. The reconstructed curves form the
foundations on top of which detailed 3D surfaces may be constructed for a general scene. In

this thesis we concentrate on curves, although we give preliminary results on local surfaces



# Edge Type
1 Occluding edge arising
from a smooth surface

2 | Occluding edge arising from a
surface normal discontinuity

3 | Surface normal discontinuity
(sharp ridge)

4 Albedo/reflectance
discontinuity edge

Texture edge
Shadows
Shade curves
Highlights
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Figure 1.1: Image curves arising from a range of physical sources.

and shading in multiple views.

In previous work, there has been very little treatment of general curves. The state of the
art in structure from motion, which solves for camera models in each view and generates
a preliminary 3D reconstruction, is based on sparse point features and, to a much lesser
extent, on straight lines and other algebraic curves such as conics. On the other extreme,
state-of-the-art multiview stereo methods, which reconstruct detailed 3D surfaces of simple
objects given precise camera models, operate on a pixel intensity level. These approaches
have been successful for select domains of application, resulting in autocalibration and
useful 3D reconstructions. However, as described later in this chapter, these methods and
their representations have drawbacks. General curves provide an intermediate, rich, and
meaningful representation being more succint and structured than pixels or voxels, while
more descriptive and representative of scene content than isolated feature points.

The study of general piecewise smooth curves and surfaces represents a branch of math-
ematics known as differential geometry. Our approach advocates the use of differential
geometry to model general curves and surfaces instead of plain projective geometry, which
is well-suited to model only points and globally algebraic curves such as lines and conics,

and algebraic surfaces such as planes and quadrics. In a sense, our approach proposes to



augment multiple view geometry with differential methods in much the same way that ana-
lytical geometry is traditionally augmented with calculus in order to model general curved
phenomena through local analysis. Differential geometry allows to create local models for
integrating local information with information in a neighborhood, the basis of geometric
consistency. Our initial inspiration for this approach was partly drawn from the work of Li
and Zucker on curve-based binocular stereo [91].

We now analyze the drawbacks of state-of-the-art approaches, and the advantages of

curves.

1.1 Drawbacks of Isolated Point Features

The application of interest-point-based methods have been successful in scenes with
texture-rich images [[,[120]. Despite their success, these methods are not applicable in

general settings for reasons detailed below.

e They assume an abundance of interest points per independently moving object, pos-
sibly only with a fair degree of texture in projected images. Such a rich texture is
not always available in scenes with homogeneous regions, as in some man-made en-
vironments, as illustrated in Figures 1.2/ and [1.3, or when objects project to a small
number of pixels, relative to the basis of computation of interest points. Even for
objects that are overall well-textured, having enough point features to recover low-
parametric motion parameters, there are often parts which lack texture and cannot be
reconstructed, as shown in Figure(1.4. In all these cases, there may be sufficient image
curve geometry, however, to reconstruct the scene and recover the cameras. Moreover,
when modeling non-rigid objects, point features are not dense enough, since there is

not enough of them per local patch.

e The stability of interest points is significantly reduced as the baseline exceeds 30° [113],
so these methods are fundamentally restricted to a limited range of baselines. Fig-
ure 1.5 illustrates this point. In contrast, certain curve features, such as sharp ridges

on a building, persist over a much greater range of views.

e Reconstruction using interest points results in an unorganized cloud of 3D points
where the geometric structure of the underlying curves and surfaces is not explicit,
as shown in Figure [1.6. This is not much of a problem if the focus is on calibrating

the viewpoints as in Phototourism [I]. However, when the 3D object geometry is



Figure 1.2: A smooth scene for which the use of feature points breaks down. Row (a) shows
two views of a Mazda concept car. In (b), interest points (SIFT features) were detected on
each image, where the center of each circle denotes the position of the feature point. Notice
how many regions of the car lack feature points. In (c) barely any features were properly
matched, so that no camera estimation or reconstruction can be done. In contrast, the edge
curves shown in (d) are much more dense, structural and representative of the car.



(a) (c)

Figure 1.3: Another example of a smooth object for which the use of feature points breaks
down. Column (a) shows a sculptural object in different views. Column (b) shows the
detected feature points (SIFT). Notice how there are very few features detected in this
object. In contrast, column (c) shows curves obtained from an edge detector and linker,
which are capable of better representing the object.

Areas not reconstructed by current algorithms

Figure 1.4: Feature points are sparse: even for a textured object such as the picture on
the left, there are regions with low texture which will not appear in the reconstruction.



Figure 1.5: The matching of point features such as SIFT breaks down with wide baseline.
(a) shows the feature correspondence for small baseline. Notice how a considerable number
of correct matches were found. However, when we increase the separation between the views
(b), the matching breaks down. Other examples of failure are given in (c-d).

Sample of Input Images State-of-the-art results

Figure 1.6: State-of-the-art methods based on interest points have been useful to deter-
mine camera models for each view, but result in a sparse and unorganized point cloud
reconstruction (right). These results are from [I].



required, such as in registration of new views, modeling for architecture, archaeology,
entertainement, object recognition, and robotic manipulation, it would be useful to
augment the output with an explicit geometric structure of curves. It is worth not-
ing that it is common to mesh a 3D point cloud, particularly using Poisson surface
reconstruction [57] when normals are computed at each 3D point using patch-based
multiview stereo techniques [58]. This approach suffers from oversmoothing artifacts,

specially in regions where the 3D points are sparse.

e Matching of interest points breaks down at regions with considerable surface curvature
and foreshortening, such as parts of surfaces curving away from the viewer. This is
due to the fact that the change from one view to the other can no longer be modeled
by a simple transformation as assumed by point features (in the case of SIFT, this is a
rotation and scaling), but the transformation needs to account for surface curvature.

Therefore, these regions cannot be reconstructed, as shown in Figure [1.7.

1.2 Drawbacks of Intensity-Based Multiview Stereo

Another category of 3D reconstruction techniques, multi-view stereo methods, produce
detailed 3D reconstructions of objects imaged under controlled conditions by a large number
of precisely calibrated cameras [SOLCTLGA71] (see [[31] for a review). However, they cannot
handle general scenes, since most approaches are restricted to a single object or to a specific
type of object, such as buildings. In addition, they often require accurate camera calibration,
operate under controlled acquisition, and are often initialized by the visual hull of the object
or a bounded 3D voxel volume. Figure [1.8 shows an example.

A large body of literature in two-view short-baseline stereo are based on correlat-
ing unorganized and sparse feature points by matching some aspects of the local region
surrounding the feature to disambiguate correspondences, and other methods find a dense
depth map by correlating a local neighborhood of each pixel. A number of criteria such as
smoothness, uniqueness, ordering, limited disparity, and limited orientation disparity, have
been used to deal with the inherent ambiguity. However, these can break down, especially
with wide baseline, with multiple nearby structures, or when discontinuities and branching
structures exist [J1]. Moreover, most dense binocular stereo approaches assume the surfaces
are locally fronto-parallel, which can generate spurious reconstructions for curved surfaces.
This was remedied by Li and Zucker [J0] through the use of surface differential geometry,

as advocated in this thesis in a more general setting.



Figure 1.7: Example of the failure of interest point matching near high surface curvature
with foreshortening. The top row shows two views of an indigenous bird sculpture, which
is highly textured and curved. The bottom row shows feature points detected in each view,
and the feature points that were properly matched between the two views are shown in
green. Matching did not occur near regions curving away from the viewer.



Figure 1.8: From [71]: the typical output of multiview stereo methods give detailed tex-
tured 3D reconstruction of objects (right), but operate under controlled conditions (e.g.,
homogeneous background), and are often initialized by the visual hull of the object (left),
which requires well-segmentable silhouettes in each view and presumes a well-defined work-
ing volume.

1.3 Advantages of Curves

“By reporting only the lines of contrast, the retina avoids having to prepare endless, uninteresting

and massively redundant reports about plain surfaces”— Simon Ings in A Natural History of Seeing

The goal of this thesis is to augment current multiview reconstruction and camera calibration
technology by developing a generally applicable approach based on curves, which is attractive be-

cause:

e Curves arising from edge discontinuities are denser and more structured than interest points,
while efficiently representing the image or 3D scene. They provide a useful middle ground
between a costly and redundant pixel/voxel array representation and a very sparse, unstruc-
tured point cloud representation. This allows the fast production of reconstructions that,
although not meshed, are still recognizable, structured and cheap to manipulate and store.
For instance, it is impossible to register new cameras given just a 3D point cloud, but given
a 3D curve representation of the scene this task becomes possible due to the added structure.
It is well-known that edge-based representations can efficiently represent most of the image

content [39], and this motivates an efficient 3D curve-based reconstruction.
e Curves have greater invariance than interest points to changes in illumination.
e Curves are stable over a greater range of baselines as compared to interest points.

e Curves have good localization in the orthogonal direction at each point, and their long extent
allows for more accurate detection and localization under a wider variety of viewpoint changes

than point features.
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e Fdge curve structure is correlated with surface properties. The reflectance or ridge curves
provide boundary condition for surface reconstruction, while occluding contour variations

across views indicate surface properties [27].

e Long and complex enough curves are less ambiguous to match and track since they are richer

and more structured primitives than points and lines.

1.3.1 Perceptual Motivation

The notion that image curves contain much of the image information can be supported by a recent
study [29] which found that generally subjects are able to judge 3D surface normals of an object
depicted by a line-drawing almost as accurately as for objects depicted by a shaded image, Figure1.9.

Furthermore, some indication of the importance of curves in human stereo vision comes from the

Composite of several artists' drawings of Gauges showing peoples' interpretation of
the flange model. a drawing of the rockerarm model.

Figure 1.9: From [29]: subjects are able to judge 3D surface normals of an object depicted
by a line-drawing almost as accurately as for objects depicted by a shaded image, indicating
that image curves depict much of the image information.

line drawing stereograms of Wheatstone and his successors [[50], where it seems that the shapes of

the curves are crucial in determining the stereo correspondences, Figure [1.10.

1.4 Main Contributions

The contributions of this thesis are as follows.

On the theoretical side (Chapters 3l and [4)), our main contribution is the development of a
complete study of the local geometry of curves in multiple views, as well as the beginnings of a
similar study for surfaces. We provided a unified framework for modeling curvilinear structure in
multiple views, covering fixed, occluding, and nonrigid curves, for the cases of a discrete set of views
and differentiable camera motion. This framework unifies and corrects previously scattered results

in the literature, and also provides new results. We also developed a preliminary study on the case
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Figure 1.10: From [I7]: Wheatstone-influenced curved line drawing stereogram.

of curved surfaces, their local shading and the local behavior of surface markings. The theory is of
fundamental importance to any application requiring relationships between images and 3D structure
of curves, such as stereo matching, curve tracking, and camera estimation.

We devised formulas for obtaining the differential-geometric quantities of tangent, curvature,
and curvature derivative of an image curve in terms of the tangent, curvature, curvature derivative,
and torsion of the underlying space curve (Chapter [3). We also showed how tangent, curvature,
curvature derivative, and torsion of a fixed space curve can be reconstructed from two views. Torsion
is essential in the modeling of non-planar curves, and to the best of our knowledge, this is the first
time torsion reconstruction from multiple views appears in the literature. Moreover, we showed how
to relate the parametrization of a projected curve to the parametrization of the space curve, and the
parametrizations of two perspective projections of the same space cuve. Our approach provides new
derivations for previous lower-order results [50,971] using a simpler method that easily generalizes to
the higher order results involving curvature derivative and torsion.

Another contribution concerns the unified study of how contour image velocities and their spatio-
temporal derivatives behave in terms of differentiable camera motion parameters and 3D motion
parameters, for the cases of rigid /stationary curves, occluding contours, and general non-rigid curves
(Chapter [3). Among the most important results, we provide an extension and correction of a result
from [120,[122] regarding a polynomial equation that relates observed normal contour velocities
to differentiable camera motion. The original equation was corrected for a missing term, and we
extended it to handle occluding contours.

We also devised a method for extrinsic camera calibration (also known as camera pose esti-
mation or camera resectioning) from edgel correspondences. In other words, given enough 3D-2D
correspondences between points having attributed tangents, the method solves for the camera pose.
This is an important step toward camera calibration from the local geometry of curves, and the
method is intended for use as a minimal engine within a RANSAC framework.

On the practical side (Chapter 5), we developed an approach, called the 3D curve sketch, to
match and reconstruct curves from multiple views of general scenes. The method is able to efficiently
integrate information across a very large number of views. It requires initial camera models which

are usually imprecise, and refines the cameras using curve fragments and edge information. The
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approach augments existing interest point based and stereo approaches in providing explicit curve
geometry as well as in extending applications where the assumption of these methods fail but image
curve content is significant. The work is expected to form the initial building block in a broader
effort to use image evidence of the explicit geometry of curves and surfaces and reconstruct these by
integrating information across many views in a flexible way. The 3D curve sketch will be the initial

structure on which surfaces may be hypothesized and constructed.

1.5 Organization of the Thesis

In Chapter [3.2] we lay down the basic notation and definitions regarding the classic differential
geometry of curves, how we model perspective projection, and how we model the cases of a discrete
set of views observing a scene and the kinematics of continuous camera motion (as in video). In
Chapter [2l we review the literature on the use of curves in multiple view geometry, rewriting some
important results using our notation.

Chapter 3| covers the main results of this thesis, namely the study of projection and reconstruc-
tion of curve differential geometry. In Section 3.3/ we study how differential geometry of a space curve
relates to the differential geometry of its perspective projection. The way these differential-geometric
quantities are affected by the intrinsic parameter transformation is studied in Section 3.3.1. In Sec-
tion[3.4/we show how the differential-geometric quantities of tangent, curvature, curvature derivative,
and torsion of a fixed space curve can be reconstructed from two views. We also show how to relate
the parametrization of projected curves in two views to each other.

Chapter 3] also studies the differential geometry of curves under differentiable motion. It covers
how the image velocities and their spatio-temporal derivatives behave in terms of camera motion
parameters and 3D motion parameters, for the cases of rigid/stationary curves, occluding contours,
and general non-rigid curves. Appendix Bl covers preliminary material on differential-geometric
relationships for surfaces, features lying on surfaces, and shading. The purpose of this appendix is
mainly for future work. In Chapter [4l we give the theory for extrinsic camera calibration (camera
resectioning) given 3D-2D correspondences between points with attributed tangents. In Chapter 5
we describe a practical method for curve-based reconstruction and camera calibration, called the 3D

curve sketch.



Chapter 2

Previous Work

This chapter reviews previous work on the use of curves in multiple view geometry. The literature
can be divided into curve-based camera calibration and curve-based stereo reconstruction. The
calibration category can subdivided into methods that make use of epipolar tangencies, and methods
that calibrate from tracked curves in video. The stereo category can be subdivided into multiview
stereo (which uses many views), binocular and trinocular stereo, and occluding contours for surface
reconstruction in video. Papers that don’t fit neatly into the above categorization (e.g., papers
that cover many aspects of them) are put in an ‘other works using curves’ category. We now delve
into each of these in detail. For each sub-category of approaches, we provide an overview of the
literature and the underlying concepts, summarize key selected papers in further detail, and list the

main drawbacks. For details on the notation used in this chapter, see Chapter (3l

2.1 Curves for Calibration

2.1.1 Epipolar Tangencies

The problem attacked by these papers is: given corresponding image curves across two or more views,
but not their alignment (i.e., point-wise correspondence), obtain the multiview epipolar geometry
(or camera pose if the intrinsic parameters are known).

Very little work has been done to tackle this problem, which boils down to finding the epipolar
geometry consistent with the given curve correspondences. All previous work in this category are
restricted to closed curves, which can be either images of fixed curves or of occluding contours. It
can be shown that in this case the constraints on calibration occur at so-called epipolar tangencies:
if an epipolar line is tangent to a curve in one image, its corresponding epipolar line must also be
tangent to the same curve in the other image, Figure 2.1.

Porrill and Pollard [120] started the concepts of how epipolar tangencies constrain epipolar geom-

etry, and devised an iterative method to refine the epipolar geometry once the solution is sufficiently

13
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Figure 2.1: Correspondence of epipolar tangencies used in curve-based camera calibration.
An epipolar line on the left, whose tangency at a curve is marked in a certain color, must
correspond to the epipolar line on the right having tangency on the corresponding curve,
marked with the same color. This concept works for both static curves and occluding
contours.

close to the true one. They make use of curvature in order to obtain a local osculating circle ap-
proximation to the curve at epipolar tangencies in order to efficiently update the tangency position
after each iteration. This method is described in more detail in Section 2.1.1l Kahl and Heyden [37]
attempted to find a closed-form solution to epipolar geometry given curve correspondences, and they
succeded for the case where the curves are conics. Kaminski and Shashua [30] provided closed-form
solutions to the case of general algebraic curves. Berthilsson et. al. [I3] provided an iterative method
and a non-optimal way of finding an initial solution, but no closed form is given.

The same ideas are also valid in the case of occluding contours such as object silhouettes |5}
0,26, 59,173, [T09L T30, [TA0LT57,T58]. In this context, epipolar tangencies are also known as frontier
points. Silhouettes are attractive in contolled conditions with a large number of cameras observing
an object (e.g., a human figure) where the background can be suitably chosen to make silhouette
extraction easy. In these situations the silhouettes are visible from any direction and their epipolar
tangencies are useful for calibrating the views.

The main drawbacks of previous work on curve-based camera calibration using epipolar tangen-

cies are:
e All methods assume closed curves
e Global algebraic curve models are unrealistic for general scenes
e [terative methods require initialization
e Silhouette methods require controlled aquisition.

We now review selected papers in further detail.
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Figure 2.2: Illustrating the differential update of epipolar tangencies through the use of
the osculating circle or curvature information.

Summary of Porill and Pollard IVC 1991

This section summarizes [120]. They start with edge detection and linking in two views. An initial
epipolar geometry is given, but is imprecise. The goal is to optimize the epipolar geometry, which
is a representation of the two-view calibration (relative pose).

The epipolar geometry is represented by the essential matrix E. First, detect edges tangent to
the epipolar line (points with epipolar tangency) using the initial E. Edges with epipolar tangency
are sparse since they are localized along epipolar line. The orientation of the edges is used to obtain
a sparse feature set and thus reduce the correspondence ambiguity. The epipolar tangent edges are
then matched in pairs, which is done by hand in this paper. The same is done for intersections of
corners with epipolar lines.

If the epipolar geometry is not known, the authors provide an idea to test all possible epipolar
line correspondences and positions for the epipoles to show that curve tangencies can never cor-
respond under any epipolar geometry. In order to perform such tests efficiently, the images can
be divided, using the aspect graph concept, into regions of epipole positions for which curves have
stable descriptions (in this case, stable number and type of corresponding epipolar tangencies). This
concept of aspect graphs for configurations of epipolar geometry with respect to curves helps justify
that the iterative optimization method works if the epipoles are initialized in a correct stable region.
As described below, the optimization clearly requires the initial solution to be already inside the
correct stable region. In Appendix D, we explore a similar aspect graph approach to delineate valid
epipolar regions. Note however, that although the aspect graph idea for this problem was proposed
in this paper, it was not used in practice by the authors.

If we represent the epipolar geometry by an epipole, the distance along the curve between the
new (i.e., after one iteration of the optimization) and old epipolar tangent edges can be computed
to the first order from the curvature of the curve, as illustrated in Figure 2.2l

The goal is to refine the calibration and the matching point coordinates so as to improve their
quality as reflected in the essential constraint residual ||z Eyl|. The free variables are the six param-

eters in E and the two arclength changes, one for each matching edge. An overview of the algorithm
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is as follows.

e Start with a sparse correspondence of edges at epipolar tangencies (or corners) and coarse

epipolar geometry

e Fix the arclengths and change F using closed form solutions for both the increments and the

differential of ||z Ey| with respect to F

e Fix F and change the arclengths using closed form solutions for the increments based on

curvature of the curves
e [terate on the above two steps.

At least 8 corresponding epipolar tangency points in total between two views are first computed
using the coarse epipolar geometry. This number of points is necessary for using Longuett-Higgins’
simple 8-point algorithm for computing the essential matrix, although 5 points would be sufficient
for this task. The method refines the epipolar geometry and the initial corresponding feature points

by optimizing the epipolar constraint equation 'yfTE'y} = 0 for all corresponding points:

min 37 2T B (2.1.1)

vhio iy

E

The minimization is performed by an iterative scheme, alternating updates of E keeping the points
fixed, and updating the points given the new essential matrix.

Given a current solution of E, the authors derived a pair of linear equations for the changes
in position of the matching feature points along their respective curves. In order to obtain those
equations, we first note that when two curves have corresponding epipolar tangencies at v} and 2,
the tangent vectors at the tangencies t} and ¢ must lie along the epipolar lines. At tangencies we

thus have two extra linear conditions on E:
2T Byl =42TEt! =0, (2.1.2)

which we call the epipolar tangency constraints. In order to derive them, recall (see Appendix [D)
that B~} represents the three coefficients of the equation of the epipolar line of v} in the second
image. The first two coefficients on the equation of a line ax 4 by + ¢ = 0 represent a vector along the
normal to the line. The third coefficient is irrelevant for the above equations, since the tangent t was
obtained by differentiating v = (¢,1,1)T and has third coordinate equal to zero. Hence, the above
equations are saying that, at an epipolar tangency, the tangent to the curve has to be perpendicular
to the normal of the epipolar line.

At each iteration, let Ep, vX represent the initial values of the essential matrix and corresponding
points. Given the updated essential matrix FE, we want updated points 'yf satisfying the essential
constraint and the epipolar tangency constraints. The updated points can be written with respect

to the initial ones by a first-order Taylor approximation of the underlying curves:

Vi =~k +avk, k=12, (2.1.3)
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ignoring second and higher-order terms. Plugging this into the essential constraint, we have:
(vi +dv}) T B(vi +dvi) =0, (2.1.4)

to first-order. From now on, we will drop the point subscript ¢« wherever it is clearly understood that

the equations are valid for all i. Using dvy* = ds*t*, with s being the arclength, we have:

(v2 + ds*t>) TE(y' + ds'tt) =0, (2.1.5)

that is, the increments ds* are found by looking at what happens when we treat the curves as
straight lines, locally. However, since epipolar tangencies do not change along a straight line, this
equation does not constrain the increments. To see this, let us multiply-out the terms in the above

equation, ignoring second-order terms:
~2TE~Nt +ds*t?T Byt + 42T Eds't! = 0. (2.1.6)

The last two terms are zero, by the epipolar tangency equations. Therefore, we end up with no
constraint at all on the point increments (at least to first-order). What we really need is to go one
order higher, that is, use the epipolar tangency equations in order to constrain these increments.
In effect, we will be differentiating the epipolar tangency equations (keeping the essential matrix

constant). To first-order, we can write the second epipolar tangency equation as:
VAT Et! = (2 + dv*) TE(t) + dt') = 0. (2.1.7)
Using dv* = ds*t* and dt! = dsk{n,
(Y2 + ds*t?) T E(t) + dskind) = 0. (2.1.8)
Distributing the terms and ignoring high-order quantities we have
v Et} + ds*y3 " Exgng + ds't' Ety = 0, (2.1.9)

where we dropped the point sub-indices for simplicity. This is an equation constraining the in-
crements ds' and ds?. There is another such equation derived from the other epipolar tangency
condition t2T E4' = 0. Hence, we have a pair of linear equations for the changes in position along

the curve, to be solved after every update of the essential matrix.

Summary of Kahl and Heyden ICCV 1998

The paper [85] proposes an analogous of the fundamental matrix to conics, in a purely algebraic
approach. Given a set of conics in two views known to be in correspondence, but unknown alignment
(i.e., pointwise correspondence), the goal is to compute the epipolar geometry consistent with them.
The basic geometric intuition is that epipolar tangencies have to correspond, thus each conic corre-

spondence gives 2 independent constraints (2 tangencies per conic). A basic challenge is due to an
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apparent chicken-and-egg problem: we need the epipolar geometry to obtain the epipolar tangencies;
but the epipolar geometry must be computed from the epipolar tangencies. However, note that the
paper is fully algebraic and never mentions epipolar tangencies, perhaps due to this chicken-and-egg
ambiguity in defining them.

The corresponding conics can be either images of planar conics or silhouettes of quadrics. Four
conics are needed to estimate the fundamental matrix, since each pair of conics gives 2 constraints,
and 4 conics give 8 constraints, enough to constrain the 7 DOF in F'. The problem of estimating the
fundamental matrix from 5 point correspondences and 1 conic in general has 10 different solutions,
obtained as the roots of a tenth degree polynomial. This is a result analogous to the 7 point
correspondence case, which yields 3 different solutions in general. The link with the absolute conic
is a motivator, and is integrated into the approach. If the cameras are (intrinsically) calibrated, then
absolute conic is known, which gives 2 constraints on epipolar geometry just like any other conic.
Thus, in the (intrinsically) calibrated situation the essential matrix can be recovered from 3 conic
correspondences.

A new fundamental equation for conics is presented, in which 6 matrices appear, called the
conic fundamental matrices. We now transcribe the basic equations. The book [69] reviews basic
material on conics. If [ is a dual representation of a 2D image conic, and L is a dual representation

of a 3D space quadric that projects into [, we can write
M=PLP", X+#0, (2.1.10)

where ) is a scale factor. We can also express the symmetric matrix [ as a 6-vector [,and L as a
10-vector L, and write
A = PL, (2.1.11)

where P is a 6 x 10 matrix, whose entries are quadratic expressions in the entries of P.
Let I; and l5 denote corresponding conics. Then the constraints imposed by the correspondence
can be written
IIFl,=0, i=1,...,6, (2.1.12)

where the matrices F; are called fundamental matrices for conics, and all have rank < 2. There
are three shuch linearly independent matrices (in the entries of F;), something that could probably
be expressed in tensor notation. However, there are only two algebraic independent constraints, in
the sense that the algebraic variety defined by the 6 equations above has dimesion 4. The proof of
this involves using techniques for analyzing polynomial equations and Maple [31].

The numeric experiments in the paper are all synthetic, and use Equation 2.1.12/ only as a
residual within an iterative optimization framework. The optimization was initialized randomly,
and the percentage of runs that converged was measured, for varying numbers of conics. The
experiments showed this method to be extremely sensitive to the initialization, even when a large

number of conics (50) is used.
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Summary of Kaminski and Shashua I1JCV 2004

The paper [30] extends multiple view geometry techniques to work with algebraic curves. From
corresponding algebraic curves in multiple uncalibrated views, the purpose is to recover the epipolar
geometry, the camera poses, and the 3D reconstruction. The problem of how to obtain the curve
correspondences is not dealt with in this paper — this is done by hand in some experiments.

The main results of the paper are as follows:

e Provides the minimum number of corresponding algebraic curves required to solve for the
epipolar geometry. This Extends Kruppa’s equations to describe the epipolar constraint of

two projections of a general algebraic curve, beyond just conics.

e Studies the recovery of the homography induced by a planar space curve, given corresponding
projections of this curve. This homography gives point-to-point correspondence information

between views, thus being more constraining than the epipolar geometry.

e Addresses the problem of reconstructing an algebraic space curve, given corresponding pro-
jected curves. The epipolar geometry between the views is assumed known, but no alignment
is given between the projected curves. If the degree of the curve is greater than 2, the recon-
struction is unambiguous — just intersect the reprojection cones in 3D. If the degree is less

than or equal to 2, more than two views are necessary for an unambiguous reconstruction.

e Other forms of reconstruction are shown. The dual space representation (tangent lines), and
the Grassmanian-based representation. The latter requires no fitting in the image domain
(although many images are required), and allows the 3D polynomial to be found from the

image-based point representation of 2D curves.

Many of the proposed problems are reduced to solving systems of polynomial equations. Recent

computational algebraic geometry algorithms apply [31].

Summary of Sinha et. al. CVPR 2004

In [[10], multiple video cameras are looking at the same object. The cameras are static, and the
background is controlled, so that the object silhouettes are easily segmentable. At a snapshot at
t = tg, we have two outer epipolar tangents at a silhouette for a given hypothesized epipole. We can
use a snapshot at t = ¢; to get two other outer epipolar tangents for the same epipoles, therefore
constraining the geometry, since three corresponding epipolar lines suffice for determining all others
(see Appendix [D). Figure [2.3] illustrates the idea.

However, the epipoles are unknown. Therefore, a RANSAC-like search in this 4D space is per-
formed. The epipoles can be found by intersecting two epipolar tangency lines. Therefore, hypothe-
sizing an epipole is the same as hypothesizing two epipolar tangency lines. The authors implement
this search by first computing the convex hull of the 2D object, then computing its dual — for each
point in the boundary of the convex hull, there will be a tangent line. Random sampling is done

by picking two tangent lines at random, intersecting them to find a hypothetical epipole, then using
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Figure 2.3: From [[10]: given hypothesized epipoles, three corresponding epipolar lines are
needed to solve for the complete epipolar geometry. The authors easily obtain two such
correspondences at an instant ¢ = ¢ (silhouette in gray) though the outermost epipolar
tangencies, and a third correspondence is obtained by keeping the camera fixed but taking
a snapshot at ¢ = t; and using an outer epipolar tangency (at the white silhouette).

another video frame to get a third epipolar tangency. Now all other tangencies are predetermined
(since three corresponding epipolar lines determine all others), and consensus is measured by how
many frames have epipolar tangencies predicted by the hypothetical epipolar geometry. Repeat
picking two tangents until maximum consensus is met, or until the probability of picking the right
tangents is higher than a tolerance.

The calibration is extended for more than two views by doing every view to a central view,
then finalizing with a bundle adjustment. The original paper actually does all this without know-
ing intrinsic parameters, obtaining a projective reconstruction, then it performs projective bundle
adjustment, and it finally goes on to an auto-calibration procedure, and finally a metric bundle

adjustment.

2.1.2 Infinitesimal Motion

If we measure image velocity in n pixels, v,(1),...,v,(n), can we recover a first order differential
motion model for the camera motion? Maybank was the first to show that the number of solutions, in
this case, is at most 10, similar to the essential matrix situation for discrete motion [100]. In the case
of curves, however, one cannot measure the image velocities at each point of the curve, since there
is no epipolar geometry and the curve is localized in only one dimension. We can, however, measure
the velocity at each point by tracking along the normal direction at each point of the curve. So the
question arises: can a camera motion model be recovered from these measured normal velocities?
The answer is, in theory, yes [18,[12(], by means of a polynomial equation relating these velocities
to the differential camera motion model. This is reviewed in more detail in the next section. Note,
however, that this polynomial equation is corrected in the present thesis in Chapter [3, as well as
extended to the case of occluding contours.

The main drawbacks of previous work on curve-based camera calibration from tracked curves in
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differentiable motion are:
e Impractical implementations
e Erroneous formulas
e Occluding contours are not treated

We now review the paper [18] and related publications in further detail.

Summary of Faugeras and Papadopoulo IJCV 1993

The paper [15] is the main reference for the study of infinitesimal structure and motion recovery for
curves (except occluding contours). Experience with implementing the theory in [18] appeared as a
technical report [I21], where one can find stability experiments on real data, and also in [1227]. The
latter paper also proposes and explores visibility constraints for curves. There is a version of [15]
that appeared in Mundy’s geometric invariance book [I174) ch.16]. The definitive reference, however,
is Papadopoulos’ PhD thesis [I20], which contains the most up to date formulas and the explicit
polynomial equations not shown in the original papers.

Faugeras and Papadopoulo showed that for non-rigid 3D curves seen from an uncalibrated
monocular video, reconstruction is dependent on tangential velocity, which is not observable from
the geometry. Multiple views are needed in this case, as explored in more recent work [22[37].
For rigid 3D curves, the reconstruction is in principle possible: the normal velocity at each curve
point allows for the recovery of a 2"¢ order motion model of the curve (or, alternatively, the camera
motion model assuming camera is moving and the curve is fixed), as well as the curve shape. Specif-
ically, each point’s second order spatio-temporal derivative gives a polynomial equation, referred
to as the L1 equation, in the motion model parameters (rotation velocity, translation velocity, and
their derivatives). Although the original paper [18] claims there are two polynomial equations per
point, in [I21], they realize that the two polynomial equations are redundant — one of them can be
expressed as a linear combination of the other and its first time derivative. The final polynomial
equation can be found in [120], but we found out it also has an error due to a missing term which
we provide in Chapter 3 of this thesis.

Even though most of the paper considers a monocular sequence of views of a moving curve,
there is a section towards the end regarding a binocular stereo rig observing a rigidly moving curve
(or, similarly, a moving stereo rig observing a fixed curve). The case of a stereo rig assumes both
cameras fully calibrated both intrinsically and extrinsically relative to each other, and the goal is
to disambiguate matches along epipolar lines. Let there be a curve in the left image for which we
wish to find a matching curve among many candidates in the right image. The proposed contraint
is basically that the wrong correspondences cannot be modeled by a 3D curve moving rigidly.

The authors derive motion constraints from curve tangents. At each time instant, a 3D tangent
can be hypothesized /reconstructed from two putatively corresponding image tangents by a formula

we review in Chapter [3. Across different time instants, for each view there is another formula to
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hypothesize/reconstruct a 3D tangent given tracked tangent in at least two frames. We review this
formula in the end of Chapter [3. Combining the equations for the 3D tangent, they obtain two
equations describing the projection of the angular velocity in the plane the plane normal to the 3D
tangent (equation 70 of the paper). The authors give an idea on how to use these constraints in
practice, although no experiments are performed in the paper.

The main contributions of the paper are: (i) the relation between 3D motion and curve geometry
to spatio-temporal measurable geometry of the image curves; (ii) the recovery of 3D motion and
depth from observed image curve geometry; and (iii) the use of a rigidity constraint to disambiguate
stereo correspondence when the scene is moving.

The main drawback of the paper, according to other authors, is that the high-order derivatives

are difficult to compute.

2.2 Curves in Stereo

2.2.1 Multiview Stereo Using Curves

These papers are concerned with the following problem: given a system of cameras that are well-
calibrated both intrinsically and extrinsically relative to each other, reconstruct the scene. The most
common class of methods in this category are those making use of silhouette curves [I1[71LOT,92].
Typically there is only a single object per scene, and the acquisition is controlled so that the outer
silhouette curves can be easily extracted. Once the silhouettes are extracted in each view, they
are backprojected in space forming a 3D visual hull. This reconstruction provides a rough surface
model for the object. The visual hull is then used as a starting point for a surface-based evolution
that optimizes photometric constraints while keeping the surface constrained to have the observed
silhouettes. Figure 1.8 illustrates this process. Although these methods make good use of curves in

specific domains, their main drawbacks are:

e Controlled acquisition: require well-segmentable silhouettes, and usually require precisely

calibrated cameras.
e Can’t handle multiple objects, limiting their applicability to general scenes.

Another type of work was developed by Wu and Yu [[09], where a multiview reconstruction
using curves is performed manually in a CAD fashion. We review this paper next, as it forms a main

previous work for our own reconstruction system described in Chapter 5.

Summary of Wu and Yu VC 2005

The paper [I59] describes an interactive system for multiview 3D reconstruction using curves. For
each view, the user marks vertices, curves connecting vertices, and surface patches bound by a chain

of curves, as well as their correspondences across the views. The intrinsic parameters for each view



23

are known. The output of the system is a 3D texturized surface model with important curves and
the camera poses for each view.

From the point correspondences that the user provides, the cameras are found by stitching
together views and solving for the essential matrix, followed by bundle adjustment of the 3D points
and cameras. Once the system is fully calibrated, the curves are reconstructed using dynamic
programming followed by a bundle adjustment. This generates a 3D curved wireframe model. The
surface patches bounded by chains of curves are then reconstructed by two possible methods: (i)
dense stereo in case there is enough texture in the region, or (ii) thin-plate spline interpolation of the
wireframe and point reconstruction, in case there is little texture in the region. For display purposes,
a triangular mesh is generated from the continuous model, and image-based texture-mapping is
performed.

The reasons for using curves are that: (i) Man-made scenes do not have much texture, but have
many curves (e.g., a car, a printer, or a sofa). For these types of scenes, the curves can describe the
object fairly well; and (ii) curves can be easily specified by the user.

No smooth occluding contours are supported. All occluding contours are approximated by a
hard dihedral edge. Curves are mainly used within the reconstruction problem: given corresponding
curves with known corresponding endpoints and no linking problems, find the alignment between
them (i.e., the pointwise correspondence) and the 3D reconstruction. The input curves are repre-
sented by linearly interpolated pixel samples connecting the endpoints.

Because of the epipolar constraint, solving the point mapping function between two image curves
seems trivial at first. For every point on the first curve, the intersection between its epipolar line
and the second curve is the corresponding point in the second curve. However, this is true only when
there is exactly one such intersection — no more, no less. In reality, there might be zero or multiple
such intersections, due to the shape of the curves and uncertainty in the camera poses. In the worst
case, the image curve is almost straight but parallel to the epipolar line to cause huge amount of
uncertainty in the location of the intersection.

The multiple view curve reconstruction is formulated as follows. Let an image curve ~(s) be
parametrized by s € [a,b]. When there are m corresponding image curves, one for each view, we have
~,;(8i), ¢ =0,...,m — 1, each of which with a distinct parameter s; € [a;,b;]. The correspondence
between the endpoints of these m curves are known. Pick =, as the base curve and assume that
the endpoint «,(ag) corresponds to v,(a;), i = 1,...,m — 1. Thus, obtaining point correspondences
among these m curves is equivalent to solving m — 1 mappings o;(sg), ¢ = 1, ..., m—1, each of which
is a continuous and monotonically increasing function that maps [ag, bo] to [as, b;]. For closed curves,
as long as there are at least two point features on each of them corresponding to one another, each
closed curve can be broken into two or more open curves.

The relative rotations and translations between the ith and the jth camera frames are respec-
tively denoted by R;j, 75, 4,5 = 0,...,m—1. The epipolar constraint between corresponding points

on the ith and jth curves requires that

v;(05(50)) " [Tis] Rijvi(oi(s0)) = 0, so € [ag, bo)- (2.2.1)
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Thus, the desired mappings should minimize some kind of geometric distance between correspond-
ing epipolar lines. Furthermore, to guarantee that o(s) is a monotonically increasing one-to-one
mapping, o(s) < o(s’) must be held for arbitrary s € [a,b] and s’ € [a,b] such that s < s’. To

incorporate these considerations, the minimization problem should be formulated as

bo
i3 [ 0,09, el (o )]+ i (o9, el 6] ds

ij,i<j
bo  rbo
+ A Z/ max{c;(s) — o4(s"),0}? ds'ds,
— Jao Js
(2.2.2)
where el;;(p) denotes the epipolar line on view j of point p on view 7. The first term enforces the
epipolar constraint, and the second term enforces that o;(s) is a 1-1 mapping. The parameter A
indicates the relative importance of the two terms, and is set to a large value such as 103.

In practice, the implementation considers curves with subpixel accuracy defined as the piecewise
linear interpolation of a discrete set of pixels. The longest image curve serves as the 2D parametriza-
tion of the 3D curve, and is denoted as 7,(sp).

Both the quasi-Newton and conjugate gradient descent methods can effectively minimize the
discretized cost function. However, a reasonable initialization is required before the nonlinear op-
timization. The proposed method initializes the mappings using dynamic programming, which is
suitable for order-preserving one-dimensional mappings. Each o;(s) is initialized independently us-
ing only two curves (v, and «;) and adopt the discrete version of the first term in (2.2.2) as the cost
function for dynamic programming. The one-to-one mapping is enforced as a hard constraint, since
only order-preserving mappings are admissible.

More specifically, the authors represent each curve v, as a discrete set of pixels p¥, k =0, ..,n;,
where n; is the nunber of pixels in the on the curve. Dynamic programming recursively computes
the overall mapping cost. The cumulative cost between a pair of pixels on the two curves is defined

as:
Cap(p§,p}) = D(pf, P} in Cap(py~ ", Py 223
ap(Po,Ps) = D(po, pi) + 1in Cap(po™,p7), (2:2.3)
where
.2 42
D(pg,p}) = dist*[pg, elio(p})] + dist?[p} eloi (p5)]
and Sy; contains all admissible values of 7 under the condition that pf matches pﬁ».

Once the alignment functions are obtained, then one can triangulate discrete set of corresponding
points sg € [ag, bo|, followed by bundle adjustment to refine the 3D positions. The reconstructed 3D
points are essentially discrete ordered vertices. If a parametrized smooth 3D curve reconstruction is
required by the user, the authors use subdivision curves, optimizing their control points such that a

discrete set of samples project as closely as possible to the image curves.
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2.2.2 Binocular and Trinocular Stereo Using Curves

The goal of these papers is to find edge or curve correspondences across two or three well-calibrated
views, and reconstruct the curves based on these correspondences. The key bottleneck is the disam-
biguation of correspondences.

Initial work in this area consists in binocular stereo of curves [39,[17A21[TOS/[TTOLT23]). However,
in the case of two views, real geometric constraints cannot be applied, due to the nature of curves
being localized in only one direction. Accordingly, all these methods are based on some sort of
heuristic similarity between the two views. This limits these methods to short baseline, a tight
depth range, and to scenes without too many depth discontinuities or branching structures. The
method by Arnold and Binford [3], for example, proposed the use of curve tangents to disambiguate
correspondences. The idea is that the tangents tend to be similar at corresponding points of two
matching curves. This, however, is only true for very short baseline and limited depth range. In
reality, any two tangent directions are possible, as we show in Chapter 3.

The idea that the differential geometry of curves can be used to correlate structure in three
images was presented in the work of Ayache and Lustman [], who proposed a trinocular constraint
for matching line segments arising from edge linking. The main idea is that a 3D point and its
tangent reconstructed from a pair of potentially corresponding points and tangents in two views
determine a point and tangent in a third view, which can be compared to observations; see also [70

JT4T]. Robert and Faugeras [131] extended Ayache’s method of transferring points and tangents
from two views to a third to include curvature: 3D curvature and normal can be reconstructed
from 2D curvatures at two views, which in turn determine the curvature in a third view. This
leads to improved precision and density in the reconstruction since curvature provides an additional
constraint and reinforces figural continuity in propagating strong hypotheses to neighboring curve
samples. This allows then to discard the aforementioned use of heuristics such as binocular similarity
or the ordering constraint [I17]. Schmid and Zisserman [I33] also derived a formula for transferring
curvatures from two views to a third, using a projective geometry formalism in which the osculating
circle is transfered as a conic. The advantage of their approach is that the cameras don’t have to be
metrically calibrated — only the projective aspects of epipolar geometry are required.

Li and Zucker [07/05] derived formulas for the curvature of a projected curve from the curvature of
a 3D space curve. They also derived a system of linear equations for reconstructing 3D curvature from
2D, as previously done by Faugeras [[31], but with a different proof. Their stereo method assesses
the compatibility of two neighboring point-tangent-curvature matches according to a cost, which is
then minimized through relaxation labeling. While tangents and curvatures can be reconstructed,
torsion cannot be constrained. Therefore their process minimizes the torsion of the resulting 3D
curve, assuming real-world curves tend to have low variation.

Another class of papers deals with stereo reconstruction using parametric models [ITLB0L37L37,

2] Y 2 ) 9y ) 9 ]'

The main drawbacks of previous work on curve-based binocular and trinocular stereo are:

e The use of biased heuristics in binocular stereo
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e The requirement of very precise calibration

Summary of Schmid and Zisserman 2000

This section reviews [I33]. The paper deals with the problem of finding correspondence between
curve segments when 2 or 3 images from unknown cameras are available. The Fundamental matrix
or trifocal tensor is easily computable from interest points + RANSAC, but the intrinsic parameters
are not necessarily known. The classic approach is to discard these interest points and only use the
camera geometry in a subsequent stereo matching stage to disambiguate point correspondences along
epipolar lines. For 2 views, the standard method of computing point correspondences is using the
epipolar constraint, which limits the candidates to be in a narrow region, and the use of photometric
normalized cross correlation to further constrain the choice.

A central question answered here is: are there any additional constraints when not points but
point-tangents (edges) or in general curve geometry is available? Let us analyze the binocular and

the trinocular cases.

The binocular case. The correspondence search from photometric correlation can be signifi-
cantly reduced by using curve geometry (not arising from occluding contours) in a small neighbor-
hood. Consider a first-order (planar) approximation to the surface of the object on which the 3D
curve lies. The correspondence between the projections of this plane in two views is governed by
a homography of 8 free parameters. It is known that the fundamental matrix, which captures the
epipolar geometry, gives 5 constraints, reducing the homography to 3DOF. Thus, the fact that a
point is matched unto a point on the epipolar line is already taken into account. Given the candidate
matches of a curve fragment along the epipolar line, each pair of matches gives 2 constraints on the
unknown variables: as the curves have to map to each other, (i) the position along the epipolar lines
defines one variable, since the 3D plane is constrained to pass through a 3D point reconstructed
from this information (up to 3D homography); and (ii) the matching tangents provide an additional
constraint, since the 3D plane also has to pass through the 3D tangent reconstructed from this
information (up to 3D homography). This leaves a 1-parameter family of solutions which can be
optimized by the degree of photometric correlation.

Among the remaining 1-parameter family of solutions, the authors propose that, instead of
optimizing photometric correlation, one can just pick the plane that coincides with the osculating
plane of the curve, which can be determined by using curvatures of the matching points. This is
just a heuristic — there is no guarantee that this is the tangent plane to the underlying surface, even
if the curve is planar. However, empirically the authors state that this solution was good enough to
rank-order the matches even in the above cases.

The question of how to get the osculating plane (and its associated homography) motivated
a result which is of more general interest. It is known that from the position and curvature of
corresponding edgels in two views, it is possible to estimate the osculating plane of the curve uniquely,

if the imaging calibration was fully known [10], as shown in Chapter 3. If only the fundamental
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matrix is known, the osculating plane can only be recovered up to a projective ambiguity, but its

associated homography can be fully recovered, and this is studied in this paper.

The trinocular case. The authors also propose a method for transferring the curvature from
two views onto a third, given the trifocal tensor (the full calibration is not needed). The inter-
pretation of the given formula is to use the reconstructed plane from two views (known up to 3D
projective ambiguity), and use that to get a homography relating the first two views to the third
one (this homography being independent of the intrinsic parameters). This homography then de-
fines a pointwise correspondence between any of the first two views to the third one. Faugeras and
Robert [19] were the first to propose the transfer of curvature from two uncalibrated views to a
third one, but they used pairwise fundamental matrices. The improvement over Faugeras’ method
proposed by Schmid and Zisserman is numerical stability and immunity to errors in intersecting
epipolar lines that are collinear or nearly collinear. The trifocal tensor handles these cases without

any imprecision.

Steps of practical system.

e Start with edge detection and linking in two or three views, and attempt to match whole

fragments of curves

e At a first stage, consider only curves that lie in the beam of epipolar lines of each other and

have consistent epipolar tangencies.

e At a second stage, attempt to find corresponding fragments of putative corresponding curves

by integrating edgel-to-edgel costs within possibly matching fragments.

e Using only the differential geometry of the curves provides constraints by transferring putative
edgel matches to a third view. This works even when the intrinsic parameters are unknown,

but ambiguity remains
e Further constraint can be found using appearance.

e For each putative match, find a correlation score by searching on a 1-parameter space if the
curvatures of the matches are low (only tangents are used), or using no search at all (osculating

plane) if the curvatures are above a threshold.

e A winner-take-all scheme picks the final matches

2.3 Occluding Contours for Surface Reconstruction in Video

As a matter of terminology, occluding contours in 3D are also called contour generators, while
projected contour generators are called apparent contours. The papers in this category have the
goal of reconstructing a local surface model (typically second-order) given the camera models for

each frame of a video sequence, together with observed apparent contours. The way an apparent
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contour deforms in the video as the camera moves can provide a local surface model as long as at
least three frames are used. Usually, a pointwise correspondence between the apparent contours
in each frame is established by intersecting corresponding epipolar lines with the curves. There
are other possible parametrizations, such as going along the normal to the curve to obtain the
corresponding curve point in another frame, although these are much less common than the epipolar
parametrization.

The main drawbacks of the literature in differential surface reconstruction from occluding con-

tours in calibrated video is are:

e Highly controlled acquisition, requiring the curves to be easy to segment and track in the

frames

o Lack of unified theory with other types of contours. Most papers deal only with occluding

contours, disregarding fixed curves, with exception of a single paper [05].

We now summarize the main papers in the literature.

Summary of Koenderink Occluding Perception 1984

This section reviews [88]. The main result of this paper is that the sign of the curvature of the
apparent contour equals the sign of the Gaussian curvature at the corresponding point of the contour
generator. Thus, parabolic points on the a surface correspond to inflections in the apparent contour.
This result is also valid for perspective projection. The conclusions of the paper come from two
mathematical results which will be derived below. For a brief overview, the reader can skip the

proofs.

Theorem 2.3.1. The Gaussian curvature K of the surface M, the curvature K of the apparent
contour under orthographic projection, and the radial curvature K", the normal curvature of M
along line of sight, are related by:

K=K -&. (2.3.1)

Proof. Consider local object coordinates (Z, 7, z) defined as:

along visual ray,

8l

IS

along normal to surface M,

y: normal to both z and g directions.

Since we have orthographic projection, the § — Z plane is parallel to image plane. We can write the

surface as z(Z, 7), expanding to second order:
1
Z= 5(a:f? +2b77 + ¢y?) + h.o.t. (2.3.2)

The contour generator is defined by the condition that the normal N (written in local coordi-

nates) is orthogonal to the viewing direction e; along Z:

er - N=0 (2.3.3)



29

or
€] - (_Zj7 _2ﬂ7 1) = —Zz = 0. (234)
Thus, the equation
2——@—azi+b_+ h.o.t. =0 (2.3.5)
e g 0.t = .3.

defines the contour generator. The solution of this equation is a set of (Z,¥) such that (Z,7, z) is in
the contour generator.

It follows that the contour generator is not orthogonal to the Z direction, but is conjugated to

it. The angle between these directions is given by tan=!(—a/b). From (2.3.5), we have az = —by, so
by
r=——. 2.3.6
7= (2:3.6)

Plugging into (2.3.2),
-2 F’"’wy -2 2.3'7

which is the equation of the apparent contour to second order, giving the curvature K7 of the

apparent contour under orthographic projection as:

I ac — b?

2.3.8
- (2:38)
The radial plane is the Z — Z plane (§ = 0), so that, neglecting third and higher order terms:
1.
zZ= §K’, (2.3.9)

where

K, =a. (2.3.10)

Using a formula for the Gaussian curvature of surface as a function z(z, ) (Equation (A.3.39))), and

computing the required derivatives from (2.3.2)), we obtain:
K=ac—b*=K"-k". (2.3.11)
|
The following theorem gives a similar result for perspective projection.

Theorem 2.3.2. The Gaussian curvature IC, the radial curvature K" at a point T' of a contour

generator, and the geodesic image curvature KPP are related by:

R = (2.3.12)
or
app . [T
K="= (2.3.13)
p

assuming perspective projection, and where p is the depth of the contour generator T' along the visual

direction .
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Proof. The geodesic image curvature kPP is defined as follows. Consider a unit sphere around
the camera center, i.e., the manifold of visual directions. The contour generator projects to an
apparent contour on such a sphere. The geodesic image curvature is the curvature of the orthogonal
projection of such a contour onto the tangent plane to the viewing sphere at the considered point.
This is not the same as curvature of teh apparent contour for a planar image. However, according
to Koenderink, inferences of curvature sign from such formulas should apply to all cases.

Let us consider the osculating cone of visual rays, defined as the second-order cone that must
approximate the real cone of tangent rays to the surface M emanating from c. All osculating cones
envelop a sphere, called the Mannheim sphere [S8,[80]. For p — oo, the osculating cone degenerates
to a cylinder with radius K7, which is also the radius of the Mannheim sphere. The cone also cuts
the unit image sphere in a circle of visual directions whose geodesic curvature is k*PP. From simple

trigonometry, we have

KPP = cot « (2.3.14)
= pR7. (2.3.15)
Now, using Theorem 2.3.1, we can substitute K" to get the desired result. |

The curvature K" always has the same sign along a contour generator because the visual ray
can not run through the material of the surface, which is assumed to be opaque. Hence, from the
formula for K in (2.3.12), we conclude that the sign of the Gaussian curvature equals the sign of
the curvature at the apparent contour. Inflexions on the apparent contour correspond to parabolic
points in the surface. Also, if the apparent contour is convex, then the 3D point is elliptic, and if

the apparent contour is concave, the 3D surface point is hyperbolic.

Summary of Giblin and Weiss ICCV 1987

This section reviews [00]. This is the pioneering paper of silhouette-based reconstruction from
continuous viewer motion. Even though the paper was surpassed by later works, it has a strong
historical value.

The method exploited multiple silhouettes to reconstruct shape under continuous camera motion.
The camera motion is restricted to be planar, and the projection is orthographic. Throughout the
paper, only synthetic examples are given, with no real-life application. A pioneering idea was that
a smooth surface is the envelope of its tangent planes obtained from the apparent contours. They
reduced this problem to one of computing the envelope of tangent lines in a plane. The authors also

reconstucted depth, Gaussian and mean curvatures along occluding contours.

Summary of Cipolla Blake IJCV 1992

This section reviews [24]. This paper is the main source of basic results of occluding contours
under continuous viewer movement. Cipolla’s PhD thesis [25] covers this paper and contains addi-

tional details, while most of Cipolla and Giblin’s book [27] presents these results as well, with some
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complementary theoretical details, but with less experiments than the thesis and the paper.

The main contributions of the paper are outlined below:

e Extended the preliminary work of [60] (which we outlined in Section 2.3)) to perspective pro-

jection, a real-world application, and detailed implementation.
e Introduced the epipolar parametrization.

e Studied Parallax-based measurements that can be more robustly computed than direct mea-
surements of position and its first and second-order spatio-temporal derivatives. The idea is to
take spatial derivatives of measurements instead of isolated ones, so that errors due to global

effects tend to cancel-out.
e Provided error and sensitivity analysis for the proposed formulas

e Devised a simple application to discriminate viewpoint-dependent and viewpoint-independent

contours

The paper uses spherical images instead of planar images, arguing that this is a powerful analytical
tool that simplified the process of extending the theory of [00] to perspective projection. In this
thesis, we translate the results to planar perspective.

The authors derived a depth formula for differential motion and showed it to be independent of

the surface curvature.

Conjugacy of Contour Generator and View Direction

The viewline in the direction of « is tangent to the surface M at the contour generator T'; this is
what defines the contour generator. On the other hand, the tangent Ty to the the contour generator
at the point I', being a curve of M, has to be tangent to the surface as well. Thus, both the vectors
are in the tangent plane. An interesting discussion comes from the following question. Given the
viewing direction v € Tr(M) (i.e., in the tangent plane to M at I'), what is the direction I'
along the contour generator? These directions are shown in the paper not to be orthogonal, but
are instead said to be conjugate. Conjugacy is a type of generalized orhogonality and is invariant
to projective transformations, as reviewed in Section [A.3.1. These results are summarized in the

following theorem.

Theorem 2.3.3. Consider a point I' of the surface M lying on a contour generator relative to a
camera center c. The visual direction 4 and the tangent direction to the contour generator T are
conjugate directions, i.e.,

dN(T)-4=T-dN(%) =0. (2.3.16)

Proof. Using the epipolar parametrization I'(s,t), the vector I'Y is along the contour generator
tangent, and I'} is along the visual direction, as introduced in Section [3.2l The condition for

conjugacy using dN(T') = N translates to

(T" —¢) - N¥ =0, (2.3.17)
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where N¥ = %Nw o I'(s,t). Differentiating (T — ¢) - N* = 0 with respect to s, we get
'Y N+ (T —¢)-N;=0. (2.3.18)

Since I'Y is in the tangent plane, we have N - I'Y = 0, so that
(T —¢) - N¥ = 0. (2.3.19)
|

Corollary 2.3.4. For the epipolar parametrization, the tangent vectors {T'y , 'Y’} are conjugate.

Therefore, the matrices of the first and second fundamental forms in the unit basis along these

1 cosf K® 0
I= R §
cos 1 0 Kt

where: 0 is the angle between T'Y (along the visual direction) and T}’ (along the contour generator

vectors are given by:

(2.3.20)

)

tangential direction); K* is the normal curvature of the t-parameter curve T (t) = T (so,t), which
is the curvature of the mormal section at the point I' in the visual direction; and K® is the normal

curvature of the contour generator T (s) = T (s, to).

Proof.
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where f‘;u =TIY/|ITY] and 12‘7:} = I'Y/|ITY ]|, since we are taking a unit basis along I'Y and T'}’.
Therefore, I'Y - TV =T} -TyY =1 and IT'Y - T') = cos¥.

The second fundamental form, in the same basis, can be written as:

ef]:
[ g

Since we know that f‘:} and f‘zv are along conjugate directions, then f = IA‘;U . dN(IA‘;U) = 0 by

A W
S

LdN(P) Ty -dN(D))
I, . aN@T,) T, aNT))|

S

II= (2.3.22)

definition. Since we are taking unit basis vectors, the off-diagonal elements can be written as
e=II(T, I.)=K®and f =II(T, T}) = K", |

From the previous corolary, the first and second fundamental forms are fully determined by the
unknowns 6, K* and K'. These can be computed from viewer motion up to second-order. The
formulas for these entities become simpler if we use spherical image projection, i.e., 4 = v/||v| as
our image point, and I' = 4 as the projection equation. The following proposition is useful to
convert expressions for #, K*, and K from spherical image projection to planar image projection.

It is given in this thesis but not in the original papers by Cipolla and Giblin.



33

Proposition 2.3.5. (Relating planar and spherical image measurements) The depths p and p are

related by:
5=l (2.3.23)

and their derivatives ps and ps are related by:

ps = psllvll + pﬁvs (2.3.24)

Given a measurement of v, in planar image projection, the corresponding measurement 4 in spher-

ical image projection is given by:

2 _ .
4 = el “/5”7637 V)Y (2.3.25)

S

Proof. The first equation comes from I' = p%4 = py. The second comes from differentiating the first

one with respect to s:

. d
ps = pslvll + oI, (2.3.26)
S
where J J
_ 12 _
—Ilvl == = Y. 2.3.27
Hhl= g = (23.27)
The third equation of the proposition is obtained from
N d ~ ) 1 ( d )
Ys= 7\ ) T Y Y — Y 1Y 2.3.28
i (1) = e (et =g (2:3:25)
and using (2.3.27). [ ]

We can now translate any formula that is based on spherical image projection, to one based on

planar image projection.

Theorem 2.3.6. The angle 0 between the viewing direction ~ and the tangent to the contour gen-

erator T's is given by:

tan g = 2] (2.3.29)

~ 3

Ps
where 7, p, and their derivatives are given by Proposition [2.5.5.

Proof. Differentiating I' = p4 with respect to s
L = psY + 05 (2.3.30)
and taking the dot product with the viewing direction 4, we have:
Ts-4=ps, (2.3.31)

where we used 4, -4 = 0 since %4 - 4 = 1. We then have

(Fs '3’)2 _ pf
ITs[1> %+ 271,17

cos® ) = (2.3.32)
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This is related to the tangent of 6 by
1—cos?6 1 22 A204 |12
tan2f = — = 7 — Ly IR
cos2 6 cos? 6 P2

1, (2.3.33)

which gives the desired formula. |

The required derivative of depth in Theorem [2.3.0 ps, is obtained in [25] by numerically differ-

entiating the reconstructed p for neighboring points.

Theorem 2.3.7. The curvature K° of the surface M in the direction of the contour generator T'
and the transverse curvature K, which is the sectional curvature in the direction of the visual ray

¥, are given by:

N
Kt = — o _ (t =0) (2.3.34)
plee -y + pr)
app gip? g
ge= Y (2.3.35)
p
where kKPP s the curvature of the apparent contour:
Sw N
KPP = ’YSSAW (2336)
ol

From 0, Kt, K%, we can write the formulas for the usual curvatures of the surface:

appKt
K=" (2.3.37)
p
1 [ garp
H= 3 [ — + K'csc? 9] (2.3.38)
kle=HtVvHZ-K (2.3.39)
The paper [27, p. 92] also provides a very big formula giving p; in terms of v}, ¢i, and €.

Parallax-based measurements (outline). The idea is that formulas involving spatial deriva-
tives of measurements are more rubust than formulas for pointwise measurements, since they tend
to cancel-out common uncertainties. If we write the velocity formula [3.5.14 for two nearby points

and subtract them, we get:

. . . L1 1
Yo — Ve — [(ee X 4) x 4] (A - A> (2.3.40)
P2 P
This idea is due to [[00], and Cipolla and Blake extended it to the rate of parallax. Thus, the

Radial curvature becomes insensitive to €2, €y, and ¢4, but it can only be determined relative to a
neighboring one. If the neighboring point is viewpoint-independent, then the absolute curvature at

an occluding point can be robustly measured.
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Implementation of Theory (outline). The system was implemented as a robot arm with
a camera, all the imaging parameters being known. The trajectory was approximately linear.
Snakes/active contours were initialized by hand on the first hand and tracked. The epipolar ge-
ometry is then used for matching (the details of this were not given). Parabola fitting is used to
compute temporal derivatives. Reconstruction errors were only given for the radius of tranversal

curvature.

Summary of Vaillant Faugeras PAMI 1992

This section reviews [I50]. We first give the outline of the method, and then explain some important
details.

Outline of the method: A static scene is observed by three static cameras very close to each
other, and the goal is to obtain second-order reconstruction of points around contour generators. The
edges are detected using Canny, linked and approximated as polylines. Epipolar geometry is used to
match edges. All candidate correspondences are considered at first, and each one corresponds to a
putative 3D point. The authors devise criteria for identifying putative contours that are ‘occluding’,
based on rough estimate of normal curvature K" along the visual ray. At occluding contours, they
refine depth using rough estimate of K”. The surface curvatures are re-estimated by computing
derivatives, which are obtained by performing surface fitting in the Gauss map orientation space.
The Gauss map is a field of normals on the surface (see Appendix [Al for a review). First, the

authors parametrize the Gauss Map using spherical coordinates:
N(0, ¢) = (cosf cos ¢, sin 0 cos ¢, sin gb)T (2.3.41)

One can, then, parametrize the surface by its normals: T'(6, ¢) is the surface point whose normal
is N(6, ¢). This is in a neighborhood of all surface points, except at parabolic points, for which an

arbitrarily close neighboring point can have the same normal.

The space of measurements: Each image point with attributed tangent gives a tangent
plane. The equation of this tangent plane is defined by:

N* (97 ¢) . I‘w(ea é) - p(e, (b) =0, (2'3'42)

where p is the distance from the plane to the world origin. The derivatives of p are shown to be
related to the derivatives of I'¥ and, ultimately, to the first and second fundamental forms of the
surface M.

The authors devised a numerical method to compute the derivatives of p, thus enabling the
computation of the first and second fundamental forms. For each view, each image curve traces a
measurement curve in (0, ¢, p) parameter space. A surface fitting is then performed in this parameter

space. Since the parameters 6, ¢ are periodic, Fourier interpolation is used.
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Contour Classification: The problem with applying the aforementioned ideas is that we don’t
know if a given image curve is the projection of a contour generator. Therefore, we have to find a
method for identifying edges that are apparent contours.

The authors devised a rough method to identify potential occluding contours. Only one normal
curvature K" is used, which is along the visual direction. To estimate it, three matching viewing
rays are projected onto the radial plane being considered (the radial plane is the plane that contains
the viewing ray and the surface normal). The normal curvature at a radial plane is then obtained
by constructing an osculating circle tangent to the three rays. The contour classification then boils
down to testing the probability of a putative 3D point having non-zero K”. The uncertainty is
approximately modeled from image localization noise, and no camera uncertainties are considered.

If a point is classified as an apparent contour, the depth is refined as the point of contact of
the rough osculating circle constructed in the classification stage. Now we can obtain measurements
(0, ¢, p) as mentioned above and estimate the surface curvatures. The result is a sparse reconstruction

with small patches of osculating paraboloids (second-order approximations) around 3D positions.

Summary of Zheng PAMI 1994

This section reviews [[03]. We first give the outline of the method without much detail. After that,

we explain only the main points in more detail.

Main contributions:

e Contribution 1: Reconstruction of global 3D models. Previous methods only recovered small
patches. A sequence of images is acquired from turntable motion. Typically, the radius of
rotation is 0.5 meters and full 360 x 1° rotation steps are performed around the object. Only

silhouettes (outermost contour generators) are used in the implementation.

e Contribution 2: The method detects where reconstruction from silhouettes is not possible:
concave regions, normal discontinuities, etc. Spatio-temporal derivatives are computed adap-
tively by first detecting discontinuities, and then computing the final values without crossing
over the discontinuities. The detection of regions where silhouette reconstruction breaks down
is useful, and the authors suggest the use of other cues in those cases, such as surface markings,

shape from shading, and detection of internal occluding contours.

e Contribution 3: “Scanline parametrization”: Instead of epipolar parametrization, Zheng pro-
poses a parametrization where the same raster line (image row) is used to match apparent
contours between multiple views. This makes matching very simple in practice, although it

complicates much of the mathematics.

The reconstructed surface is represented by triangular patches. These are generated by first
reconstructing a point cloud, and then connecting neighboring points with triangles. No curvature
is recovered, only orientation. The practical reason the authors give to this is that the computation

of the required second-order derivatives is unfeasible. However, it seems that there is a theoretical
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reason as well — that the curvature formulas would be too complicated for the proposed parametriza-
tion. We recall that, for the epipolar parametrization, the curvature formulas simplify because the
coordinate curves are in conjugate directions. However, the directions of the coordinate curves pro-
posed by Zheng are more complicated, even though the matching is simpler. The reason Zheng
didn’t use pairwise epipolar geometry is to save computation time, and also because he claimes its
computation is innacurate for a dense image sequence. In my opinion, even though his parametriza-
tion is seemingly practical because there is no need to rectify the images, it may not be the best
option for computing surface curvatures.

It is not clear what reconstruction errors are involved. What would be the reconstructed 3D
point? What is the advantage over using a standard triangulation? This should be more emphasized
in this and other papers. Until now, the only reason for using silhouettes in this method (and many
others) is that they are easy to detect under controlled conditions, and that it is easier to reconstruct
even when there are no surface markings to track.

The surface can be parametrized by I'(s,t). The “s-curve” is the curve obtained by varying s
and fixing t = tg, given by I'(s) = I'(s, tp). The t-curve is the one obtained by varying ¢ and keeping
s = sp fixed, T'(t) = I'(so,t). As explained in Section [3.2.5] the s-curve is generally the contour
generator corresponding to the view at t = ¢3. The choice for the t-curve is arbitrary. Zheng’s paper
picks the t-curve as the space curve on M that projects to the same scanline on different images.
At two different instants ¢t = to, t = to + dt, we have that if I'(s, ) projects to the scanline with
coordinate n = 1o of the image at t = ¢g, then I'(s,t + dt) will project to the scanline 1y of the

image at t =t + dt, for dt — 0. Thus, % = 0 for this parametrization, where (s, t) is the vertical

_ y(sit)

G0 assuming a calibrated camera (so that

coordinate of the projection of I'(s,t), i.e., n(s,t)
focal length is normalized to unit).

The measurement space can be visualized as a sequence of stacked silhouettes through time,
called the spatio-temporal volume. For each fixed 7, the intersection of the t — & plane with the
observed silhouettes is called the “t image curve”. For each fixed ¢, the silhouette observed in each
image at time ¢ is called the “¢ image curve”. The cameras all look into the axis of rotation, so it is
projected as a &-constant plane in the spatio-temporal volume.

The authors derived a depth reconstruction formula for the scanline parametrization, which we
reproduce below using our notation. We start with two basic equations — the occluding contour

condition and the normal equation:

(T¥ —¢) - N =0 (2.3.43)
Nv = RT T X (2.3.44)
v % sl

which are derived in Section [3.2.5. For convenience, we use the vector N% in the same direction of

N but without the normalizing factor:

(T —¢)-N*¥ =0 (2.3.45)
NY =R (y x7,). (2.3.46)
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Differentiate the occluding contour equation with respect to s and ¢:

(T —¢) - N¥ =0 (2.3.47)
(T —¢) NV 4+ (T 4+¢)-N¥ =0 (derivative with respect to t) (2.3.48)
(T¥ —¢) - NY4+T% . N¥ =0 (derivative with respect to s) (2.3.49)

Using T'}" - Nv = ry. N¥ = 0, we have:

(I —¢)-N¥ =0 (2.3.50)
(T —¢) - N¥ 4 ¢;,-N¥ =0 (2.3.51)
(T —¢)-N¥ =0, (2.3.52)

which gives three equations in the unknown I' = (2%, 4™, 2%)". In other words, I'" is determined
as the intersection of 3 planes, whose normals are N“’, N;", and N%”, respectively. We compute N;"
and N by differentiating Equation (2.3.44):

NP =R (v X 7) + RT (7, X v +9 X Va0) (2.3.53)
NY =R (v x7,) (2:3.54)

We can plug the general formulas for N, N¥ and N* into (2.3.50):

(T —¢)- RT(yx~,)=0 (2.3.55)
(T —¢) - [R{ (v x v) + RT(ve X v + v X vs)] + €~ (v x7,) =0 (2.3.56)
(T —¢)- R (v x 7v,,) = 0. (2.3.57)

Since Zheng chooses ¢ to be the rotation angle of the turntable, R has a simple form which can be
trivially differentiated. However, to keep the formulas general, we will indicate the derivative of R
by R:. Furthermore, Zheng models the apparent contour as a function of n," i.e., the parameter
s =, so that

Y(s,t) = (E(s, 1) m(s,1), 1) T = (&(s,1),8,1) " (2.3.58)

Thus, v, = (&,1,0) and v, = (&,0,0). These identities can be used to get a specific reconstruction
formula, which is not reproduced here because it is just an arbitrary specialization of the formulas
above.

In summary, the overall strategy for obtaining the reconstruction formula is: (i) differentiate
the occluding contour condition with respect to ¢ and s, obtaining two more equations dependent
on derivatives of N*; (ii) Compute these derivatives N% and N* from the normal formula and plug
them in the equations we had. We will end up with three equations involving I'” as three unknowns,

all else being observables.

1t is being assumed that image curves as 2D functions of 1. The ¢ image curves are badily sampled when
the tangent to the s curves are nearly horizontal, i.e., for high ||dn/ds||
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Summary of Joshi et. al. IJCV 1999

This section reviews [S0]. A trinocular stereo rig observes a scene. The relative pose of these 3
cameras is known, and the overall motion of the rig plus 3D structure are recovered by the method.
A local paraboloid is used to model the surface around the point of a contour generator. This model
can be estimated using the trinocular rig at a single time instant, using a similar technique to [150].
The method breaks down for points near frontiers. The motion parameters are refined by a downhill
simplex numerical scheme; given the current motion solution, it minimizes the difference between

(i) predicted matches using epipolar geometry, and (ii) paraboloid-induced matches.

Initial solution to camera motion: The initial solution to the motion of the trinocular
rig is obtained by tracking apparent contour inflections. As shown by [88], these inflections are
projections of parabolic points of the surface M. It is shown that a constraint can be imposed on
the rotation. This constraint involves the known asymptotic direction and the known normal. The
initial translation is very coarsely initialized by the following procedure. First, the epipolar plane is
roughly estimated from the current estimate of rotation, as if we had orthographic projection. From
this, epipolar tangencies can be matched, and the translation is solved-for linearly.

The classification of edges is performed before applying the aforementioned reconstruction ap-
proach, and proceeds as follows. First, from two views, reproject into a third; if the predicted

position is too far from the expected one, then mark the edge as an apparent contour edge.

Summary of Szeliski Weiss IJCV 1998

This section reviews [[13]. The method assumes a linear camera motion path. The epipolar plane is
used for the estimation of the radial curvature K”. The main contribution is the robustness of the
method. Tools like Kalman filtering and smoothing are used in order to make optimal use of each

measurement.

Summary of Boyer Berger IJCV 1997

This section reviews [[0]. The authors propose a more careful numerical scheme for computing
the depth at apparent contours. Many methods discretize the depth formula directly, but this is
equivalent to treating the underlying contour generator as fixed in 3D. Therefore, there would be no
advantage of using occluding contours here, as far as precision of depth reconstruction is concerned.
A more precise formula is possible that takes advantage of the occluding contours and the information

they provide about the curvature of the underlying surface.
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2.4 Other Works Using Curves

Summary of Carceroni and Kutulakos CVPR 1999

This section reviews [22]. This paper deals with video sequences of rigid or non-rigid curves observed
by two or more cameras over time. Given a calibrated multi-view video of a non-rigid moving curve,
the goal of the paper is to find its 3D shape and motion (3D velocity). A special case is a multiple
camera rig moving rigidly observing a static curve, where the goal is to estimate the 3D curve and
the motion of the camera rig. The paper explores usual multiview constraints at each time instant,
together with a spatio-temporal constraint which hasn’t been used before.

Similar ideas were later used for local surface patches by the same authors [23]. Material related
to those papers also appeared in [21]. According to the authors, previous work either dealt only
with monocular sequences of contours [13], or used plain multiview stereo at each time instant,
without relating different instants to constrain the problem. Note, however, that this is not strictly
true, since [18] does have a section that deals with a stereo rig observing curves, see a review in
Section 2.1.2.

An outline of the proposed practical system is as follows:

e Pick a reference time ¢ = 0 and a reference viewpoint, and one curve point ~.

e For each curve point, epipolar geometry at ¢ = 0 gets corresponding points across frames
e Linear recosntruction of I' minimizing distance to 3D rays.

e For the next time instant ¢ = dt, look around = in the reference view for candidate curve

points, and for each candidate

— Use epipolar geometry and triangulate I' at ¢t = dt

— Write a spatio-temporal consistency equation for each view:

unknowns: I'(t = 0), I'}’(t = 0)

. _ (2.4.1)
observables: v, 8, n, t, RW T,

where super indices represent view number.

For a fixed time instant, it is obvious that the constraint is the usual stereo / epipolar constraint:
each 3D point of I' must project into the observed ones; or, equivalently, the correspondences must be
along epipolar lines. How do the authors derive a temporal constraint at different time instants? In-
tuitively, this would consist in writing spatio-temporal constraints for each viewpoint’s video stream,
and intersect these equations for all viewpoints. Lets delve one more level of detail and see how the
authors do it.

As we described in Section [2.1.2] only the normal component of ~, is observable, which we
denote v = fn. It can be shown (although not done in the paper) that the 3D component Ny
of the 3D velocity T} is completely determined by the 2D point 4, fn, and the camera. The 3D
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point I' can be obtained through stereo at the given time instant. Knowledge of Ny, constrains the
3D point T'(dt) = Tg + I (0)dt to be on a plane, called the motion constraint plane.

More specifically, in 3D, I'}’ can be decomposed into
'Y =Ty + Ny, (2.4.2)

defined for the camera center ¢(t) (sub-index is needed if more than 1 camera at time t). The
tangential component T'y is defined to lie on the plane defined by « and the 3D tangent T to I'.

The normal component is defined to Ny, lie along v X t.

Observation 1. (no proof in the paper) I'(dt) is contained in a so-called motion constraint

plane completely determined by T, v, and (On.

Observation 2. If we use multiple cameras at the same time instant, then there are multiple
motion constraint planes all intersecting on the same line. This line contains T'(dt) and is parallel
to the curve’s tangent T at I'. It is called the multiview constraint line.

As we said, there are two types of constraints to reconstruct 3D structure and motion at a given

reference time instant ¢ = 0:
1. stereo constraint: I'(0) must project to its images «;(0) in all views, i = 1,...,n,.
2. motion constraint: I'(0) + I';(0)d¢ must lie on I'’s multiview motion contraint line.

The two constraints are coupled, since the motion constraint line depends on the 3D position I'.
In practice: find T, f‘(dt) that minimize their least squares distance from appropriately chosen 3D
lines that represent the stereo and motion constraints at I'. This is a 3D-error minimizing approach,
rather than a maximum likelihood approach that minimizes 2D image-based errors. The advantage
of the proposed approach is the solvability through simple linear systems. In light of this, we can

rephrase the constraints:

1. stereo constraint: Find the 3D point I' that minimizes the perpendicular distance to 3D

rays through its observed projections ~. This is expressed by a linear system in I'.

2. motion constraint: This is also expressed as a linear system in the unknowns I' and f‘(dt),

as demonstrated in the appendix of the paper.

3. stereo + motion constraints: The motion and stereo constraints are combined into a
single linear system, since both share the same unknown I'. The system is over-constrained:

8 constraints on 6 unknowns.

The authors first detect and link edges in each image, and find putative corresponding points
in 3 views using the known epipolar geometry. For each putative point correspondence, the paper
proposes to solve the combined linear system independently, 3D point and motion hypotheses. The
conjectured 3D points are rank-ordered by the residual in the system solution (although image-based

would have been better). In summary: they are using spatio-temporal information to improve 3D
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t=0
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Figure 2.4: Figure illustrating how the stereo and motion constraints are used in [22].

reconstruction and disambiguate matches. It could even be used for tracking. (See the algorithm
description in the paper).
Stereo matching and disambiguation is done both in fixed time, and across time. One way to

interpret the practical implementation of this system is:
1. For t = 0, multiview correspondence gives I'(0) by stereo reconstruction.

2. For t = dt, multiview correspondence gives an approximate f‘(dt) by stereo reconstruction.

Pick I'(dt) minimizing stereo-motion constraints.

Note that the paper does not deal with any ambiguities in stereo for a fixed time instant — it
is assumed one can determine the correspondences unambiguously. The only ambiguity arises when
searching for the corresponding image point in the next frame.

Experiments on synthetic data with added noise show that the method provides slight improve-
ments on the precision of reconstruction when compared to pure stereo approach. This suggests
that a coupled estimation of shape and motion counteracts 3D shape errors due to the localization
of individual projected curve points. More specifically, since errors due to localization are generally
independent aross images, the coupled estimation of shape and motion allows the inclusion of im-
ages from multiple time instants in the shape estimation process, providing additional independent

constraints to counteract localization errors.

Derivation of the motion constraint plane. The motion constraint plane is just a single
temporal equation in the 3 unknowns of I'; that has to be satisfied at a view, with coefficients given
by measurable quantities (normal motion). As usual, let super-indices denote the view number.
Then:
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T = pi)y() (2.4.3)
ROTY 4+ TW = p)~00), (2.4.4)

Differentiating both sides with respect to time,
ROTY 470 = pDay() 4 500, (2.4.5)
Taking the dot product with v® x ¢,
(ROTY + TO)T (1D 5 0) = (605" T (v x 80). (2:4.6)
Expand v, = (fn + at), so that

(ROTY + T T (v x ¢ = (o n) T (v x ¢@), (2.4.7)
T2 ROT (40 x 40} 4 TOT (40) 5 40y = p0) g0 DT (5 ¢ 40 (2.4.8)

and, since p(¥ = egi)T(R(i)l—‘w +7®), we have
TP TROT (40 x @) 4 TOT (40 x ¢y = DT (ROTY 4 T1) 3O (T4 () 5 40) (2.4.9)

The latter expression is an equation involving the unknowns I'” and I'}", whose coefficients are only
measurable quantities in the image (including normal velocity). It is called the “motion constraint
equation” because, if T'™ is given, then it is a single linear equation in the 3 coordinates of I'}’,
which can be interpreted as a plane. Therefore, it seems that three frames would be sufficient to get
the full T'}". Note, however, that we know that I'}’ is ambiguous, and only its normal component
can be unambiguously defined! A more careful inspection of the above equation shows that at
each view, « and ¢ contains the 3D tangent T'. For each view, the component of Ty’ along T is
unconstrained. Thus, we are determining only the component of I'}’ that lies in the plane having
normal T'. Therefore, two views should be enough, as only 2DOF can be determined for I'}’. The
remaining 1DOF ambiguity is the motion constraint line mentioned in the paper. It cannot be

resolved no matter how many views are used.

Summary of Ebrahimnezhad and Ghassemian IVC 2008

The paper [37] proposes a method of reconstructing 3D objects by moving them in front of a
calibrated system of two stereo heads perpendicular to each other. First, curves are detected in each
image, then matched across frames of the same stereo head using curvature and torsion temporal
consistency, generating 3D curves at the current instant. The motion parameters (rotation and
translation) are then iteratively estimated such that the 3D curves project to image edges in the
next time instant. The rotation and translation then allows to generate virtual cameras, from which

the silhouettes are reprojected in 3D and the visual hull of the object is constructed.
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The curves are used in order to obtain a photometrically-robust matching and motion estimation.
Once the motion is estimated, the curves themselves are not reconstructed for the final model, only
the visual hull.

The correspondence of curves between two views is disambiguated using both epipolar geometry
and temporal consistency: at each time instant, any two curves can go together, but only the right
correspondence can be described by a global 3D rigid motion through time. Since curvature and
torsion are rigid motion invariants, they are used in order to compare putative space curves at
each time instant — thus a temporal curvature and torsion consistency is enfoced. For the curves
that match, a bundle adjustment scheme on the rotation matrix and translation vector between the
current frame and the next one is estimated, with the reprojection error being defined as smallest
distance to image curve points.

The perpendicular stereo configuration is designed in a way that minimizes the uncertainty in
the motion estimation. No edge or correspondence information is used across the stereo heads; the
motion is estimated in a global coordinate frame, but reprojection is always being measured within

the same stereo head.



Chapter 3

Multiview Differential (Geometry of

Curves

3.1 Introduction

The 3D reconstruction of scenes from images taken from multiple cameras or a moving camera
is a fundamental problem in Computer Vision. The reconstruction requires a knowledge of the
correspondence of image structures across views, the relative pose of cameras, and their intrinsic
calibration parameters. The latter two problems in turn require the knowledge of correspondence for
a certain number of structures. The question then is: what sort of image structure can be reliably
correlated across images, in the sense that correlated image structures should arise from the same
3D structure? One approach is to consider the correspondence at every point of the image. Another
approach is to extract and correlate isolated keypoints (interest points). Yet another approach relies
on the extraction and correlation of curvilinear structures in the form of curve fragments or complete
silhouettes. These three main approaches can be viewed as correlating 2D, 0D, and 1D structures,
respectively, each of which is summarized below.

1) Keypoint-based methods extract a set of isolated point features which are expected to
be somewhat stable with view variations. These interest points became popular in a paradigm
shift away from full segmentation of the image and toward capturing some essential, quasi-invariant
representation that can be used in multiview geometry and object recognition. Specifically, points
that satisfy certain local conditions in the spatial and scale dimensions, such as Harris corners [67117)
and sIFT [[01], ete., are extracted (see review [I10]), and attributed with a local description of the
image relative to the scale of the interest point (see review of local descriptors [I11]). While many
of these attributed feature points are not stable with view changes in that they disappear/appear or
change in location or description, sufficiently many are stable enough to drive a matching process.
The selection of the right subset to match is handled by trying small groups of features through
RANSAC [51], which can then be validated by enumerating the number and quality of the inliers in
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the remaining features. This set of correspondences is then used to initialize camera models, which
are in turn refined through bundle adjustment [I}G9,125].

A major drawback of using interest points for reconstruction is that they are sparse, resulting

not in a mesh but in an unorganized cloud of 3D points where the geometric structure of the under-
lying curves and surfaces is not explicit, Figure [3.1(a). This is not much of a problem if the focus
is on calibrating the viewpoints as in Phototourism [I]. However, in numerous applications such
as modeling for architecture, archaeology, entertainement, object recognition, and robotic manip-
ulation, the explicit 3D object geometry is required!’ A second major drawback of using interest
points is that the baseline between views is typically limited, according to some estimates no greater
than 30° [I13], Figure 3.1(b). In contrast, certain curve features, such as sharp ridges on a building,
persist over a much greater range of views. A third major drawback is that the approach relies on
an abundance of features so that some of them survive the various variations between views. While
this is true in many scenes, as evidenced by the popularity of this approach, in numerous others
this is not the case, such as (i) Homogeneous regions, e.g., from man-made objects, corridors, etc.,
Figure 3.1(c,d); (#) Multiple moving objects require their own set of features which may not be
sufficiently abundant without sufficient texture, Figure 3.1(e); (7ii) Non-rigid objects require a rich
set of features per roughly non-deforming patch, Figure [3.1(f). In all these cases, however, there is
sufficient image curve structure, motivating augmenting the use of interest points with that of image
curve structure.
2) Pixel-based multiview stereo methods aim to correlate each image pixel in each view so that
a dense and detailed 3D surface can be reconstructed with explicit geometric neighborhood structure
in the form of a mesh (see [[31] for a review). In volumetric approaches [(1,97], visibility and
photometric consistency of the observed image patches are estimated for each voxel of a predefined
3D volume containing the object of interest, and a final surface is then extracted from this volume.
Other techniques iteratively evolve an initial surface for optimizing photo-consistency. The initial
surface is usually a simple shape containing a predefined working volume around the object, or is
obtained using the visual hull as described in the class of curve-based methods below. Surfaces
are evolved either as level-sets, as meshes/snakes, or by carving or adding voxels. Some methods
combine the volumetric and surface evolution approaches with the use of a silhouette consistency
term [1]. Another class of techniques is the image-space methods that compute a set of depth
maps where the intensity pattern around each pixel is used for finding dense correspondence across
multiple views. These depth maps are then merged into a 3D scene [G1}137].

Pixel-based multiview stereo methods have a number of drawbacks. First, all these methods
require a large number of precisely calibrated cameras. Second, they require that the object of
interest be within a working 3D volume/bounding box or within multiple near/far planes, and thus

cannot usually handle general scenes or acquisition scenarios (e.g., a handheld camera acquiring an

!Some approaches mesh a 3D point cloud, particularly using Poisson surface reconstruction [57] where
normals are computed at each 3D point using patch-based multiview stereo techniques [58]. However,
this approach suffers from oversmoothing artifacts, specially in regions where the 3D points are sparse.
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Figure 3.1: (a) Interest point-based approaches give a sparse reconstruction in the form of an
unorganized cloud of points; image taken from [I]. (b) Views with wide baseline separation may not
have any interest points in common, but they often do share common curve structure. There may
not always be sufficient interest points matching across views of homogenous objects such as the car
in (c¢) or the sculpture in (d), but there is sufficient curve structure. (e) each moving object requires
its own set of features, but they may not be sufficient without a rich texture surface. (f) Non-rigid
structures face the same issue.
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outdoor scene). Third, methods making use of silhouette consistency or initializing from the visual
hull assume that the image is easily segmentable, requiring that the scene be artificially acquired
with a homogeneous background, and typically that the scene has a single object. Fourth, volumetric
methods require a large ammount of working memory, specially for high-resolution imagery covering
a large field of view.

3) Curve-based multiview methods typically require an accurate set of camera models and can
be divided into three categories: (i) convex hull construction, (7i) occluding contour reconstruction,
and (i) use of differential geometry in binocular and trinocular stereo. First, when a large of views
is available around the object of interest, an initial visual hull is constructed from silhouette curves
and then evolved to optimize photometric constraints while constraining the surface projection to
the observed silhouettes. The main drawbacks of these methods is that they require controlled
acquisition, such as a homogeneous background for automatic silhouette segmentation, require an
accurately calibrated system of cameras, impose restrictions on the number and type of objects to be
reconstructed, and usually impose a that the object be within predefined 3D boundaries (bounding
volume) and that all cameras observe the same object.

Second, the occluding contours extracted from frames of a video are used to reconstruct a local
surface model given camera models for each frame. These methods work well for certain applications
but require highly controlled acquisition, requiring the image curves to be easy to segment and track
in multiple frames, and require very accurate camera models. In addition, since only the silhouettes
are used, internal surface variations which may not map to apparent contours in any view will not be
captured, e.g., as in certain surface folds of a sculpture. Our approach considers apparent contours
as well as other types of contours.

Third, a class of methods use differential geometry in correlating structure across views. Unfor-
tunately, differential geometry does not provide any constraint for matching two points in binocular
stereo, as known for tangents and curvatures, and shown here for higher order differential geometry.
Heuristics have been used when two views are close to restrict orientation difference [3[62,[135] or
to restrict search based on a locally planar approximation [I33]. Differential geometry, however, be-
comes a powerful tool in trinocular stereo and in multiview stereo in general, as first proposed in [5],
who used the constraint that corresponding pairs of points and tangents from two images uniquely
determine a point and tangent in a third view to match line segments obtained from edge linking [9].
See also [70,[130L[14T]. Robert and Faugeras [I31] extended Ayache’s method of transferring points
and tangents from two views to a third to include curvature: 3D curvature and normal can be re-
constructed from 2D curvatures at two views, which in turn determine the curvature in a third view.
The use of curvature results in improved precision and density in the reconstruction, and replaces
heuristics such as the ordering constraint [I17]. Schmid and Zisserman [133] also derived a formula
for transferring curvatures from two views to a third when only the trifocal tensor is available (i.e.,
when the intrinsic parameters are unknown), using a projective geometry transfer of an osculating
circle as a conic.

It should be noted that more recently the differential geometry of curves in two views was
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used for reconstruction by imposing an additional constraint that the 3D curves of interest have
small torsion [04]. Specifically, the compatibility of two hypothetical pairs of point correspondences
with tangent and curvature measurements is related to the torsion of the 3D reconstructed curve. A
relaxation labeling process is then used to discover an optimal 3D reconstruction minimizing torsion.

The main drawback of this third class of methods is that they require very precise calibration,
and the binocular stereo methods have biased heuristics.

Curves have also been used in the calibration stage using the concept of epipolar tangencies:
if an epipolar line is tangent to a curve in one image, its corresponding epipolar line must also be
tangent to the corresponding curve. This constraint is used to capture the epipolar geometry (or
relative pose if the intrinsic parameters are known). All previous work in this category is restricted
to closed curves, however, which can be either images of stationary curves (reflectance curves, sharp
ridges, etc., that do not change with view) or of silhouettes.

In summary, the very popular methods based on interest points are powerful in calibration and
sparse reconstruction in numerous applications, but are limited in providing explicit 3D geometry,
are limited in the baseline between views, and are not always applicable, e.g., if there is not a
sufficient number of interest points. Pixel-based methods and curve-based methods using either
visual hull or occluding contours require highly controlled acquisition and/or very accurate camera
models. What would be desirable is a generic, generally applicable framework, e.g., a handheld
video acquiring images around the object of interest or a set of cameras simultaneously monitoring
an object, where the image curve structure can be used to calibrate and reconstruct a 3D wireframe
on which a surface can be tautly stretched like a tent on a metallic scaffold.

The use of image curve fragments as the basic structure to be correlated across images and as a
basic path to general scene reconstruction is not without challenges, however. The process of linking
edges into curve fragments is fraught with ambiguities so that there is abundant instability of curve
fragments with view variation. Also, even if it is known that two curve fragments correspond, there
remains an intra-curve correspondence ambiguity. Despite these drawbacks image curve fragments
are attractive because they have good localization, they have greater invariance than interest points
to changes in illumination, are stable over a greater range of baselines, and are much denser than
interest points. Furthermore, stationary curves such as reflectance or ridge curves provide boundary
conditions for surface reconstruction, while occluding contour variation across views directly leads
to surface reconstruction [27]. The notion that image curves contain much of the image information
is supported by a recent study [29] which found that generally subjects are able to judge 3D surface
normals of an object depicted by a line-drawing almost as accurately as for objects depicted by a
shaded image.

The clear advantage of using curve structures in images motivates an intermediate represen-
tation between isolated points and long/closed curve fragments to address the above drawbacks,
namely the use of short portions of curve segments, as fully captured by the differential geome-
try attributes of a point or a curve. This thesis develops the theoretical foundations required in

using the differential geometry for image curve structure as a complementary alternative to using
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interest points. Specifically, calibration and reconstruction using differential geometry include: (i)
How does the differential geometry of a space curve map to the differential geometry of the image
curve it projects to? (%) How can the differential geometry of a space curve be reconstructed from
the differential geometry of two corresponding image curves, each from a different view? (iii) How
does the differential geometry of an image curve evolve under differential camera motion, whether
it arises from an occluding contour or an non-occluding contour? (iw) How does the differential
geometry of a surface map to the differential flow of image points and what does this imply in the
vicinity of or at image curves? Clear answers to these questions under a unifying framework would
undoubtedly pave the road to the use of short image curve segments in multiview problems. Some
of this work has already been done as pointed to earlier, but some has not been done, and some
have been erroneously derived, e.g., the equation relating normal contour velocity of non-occluding
contours under camera motion [I20,[127], which is shown here to have a missing term, and which is
extended here to handle occluding contours. This theoretical chapter has been the required founda-
tion of work already reported on the reconstruction of a 3D curve sketch from image fragments in
numerous views [17] and is the basis of calibration based on differential geometry of curves which is
not published yet [15].

A part of this work appeared in a conference [10]. In this thesis we extend these results to
account for differentiable motion, occluding and nonrigid contours, and intrinsic parameters. In
future work, we plan to develop a differential scene model by relating the differential geometry
of surfaces, differential models of camera motion, and even differential models of illumination to
differential observations in the image as organized into curve fragments and interior points of objects
bounded by these curve fragments.

This chapter is organized along the line of the four questions imposed above. Section 3.2/ reviews
and establishes notation for relevant differential geometry of 2D and 3D curves, camera projection,
camera motion, and discusses an important distinction between stationary and non-stationary 3D
contours as projected onto image curves. Section [3.3| derives formulas for obtaining the differential
geometry of image curves, tangent, curvature, and curvature derivative from the differential geometry
of the space curves they arise from, i.e., tangent and normal, curvature, torsion, and curvature
derivatives. Section [3.4! derives the differential geometry of a space curve at a point from the
differential geometry at two corresponding image curve points by showing the key result that the
ratio of parametrization speeds in the two curves is an intrinsic quantity. It is also notable that
each order of differential geometry (first-order is tangent, second-order is curvature, third-order is
curvature derivative and torsion) requires only differential geometry of that order or less, e.g., a
reconstruction of curvature does not require curvature derivatives of the image curves. The key new
result in this section is the reconstruction of torsion and curvature derivative, given corresponding
differential geometry in two views.

Section 3.5/ relates the differential geometry of a space curve under projection to a camera
under differential motion to the image curve differential geometry and differential motion. Results

are provided concerning the image velocities and accelerations with respect to time, for points



o1

on different types of curves. In order to distinguish apparent contours from stationary contours,
it is necessary to use second-order time derivative. We also study the spatial variation of the
image velocity field along curves, providing results which can be useful for exploiting neighborhood
consistency of velocity fields along curves. The main new theorem of the section corrects a missing
term in the results of [120,127] and generalizes the equation to also represent occluding contours in
addition to stationary contours such as reflectance curves.

Section (3.0 relates the differential geometry of a surface observed from a camera with differential
motion to the observation of the spatial structure of the resulting image velocity map (optical flow).

This chapter integrates the above results under the umbrella of one integrated formulation,
completes missing relationships, and corrects erroneous previous results. As a generalized framework,
this chapter is expected to act as a reference material for research relating local properties of general

curves and surfaces to those of cameras and images.

3.2 Notation and Formulation

3.2.1 Differential Geometry of Curves

A 3D space curve I' is a mapping S — I'(S) from R to R3, where S is an arbitrary parameter, S
is the arc-length parameter, and the superscript w denotes the world coordinates. The local Frenet
frame of T" in world coordinates is defined by tangent T, normal N*, binormal B"; G is speed of
parametrization, curvature K, and torsion 7. Similarly, a 2D curve « is a mapping s — y(s) from
R to R2, where s is an arbitrary parameter, § is arc-length, g = ||4/|| is speed of parametrization,

t = ~'/g is tangent, n = t1 is normal, x is curvature defined by gkn = t', and &’ is curvature

derivative. By classical differential geometry [35], we have:
G=[r|
v’ v’ T 0 K 0 T
T el Nw:m BT =T" xN* NY|=G|-K 0 r N
K HTU/H K B K' B _Bw’ LN BY 0 -7 0 B
-G e TTTa
(3.2.1)

“” and dot “” denote differentiation with respect to the arbitrary

where throughout the paper prime
spatial parameter (S or s) and to arc-length (S or 3), respectively. The matrix equations on the right
are the Frenet equations. Note that both the curvature derivatives K and i = K /g are intrinsic

quantities.

3.2.2 Perspective Projection

The projection of a 3D Space curve I' into a 2D image curve « is illustrated by Figure 3.2(a), where
the world coordinate system is centered at O with basis vectors {e}’, ey, e }. The camera coordinate

system is centered at ¢ = [c*, ¢¥, ¢*]T with basis vectors {e, €2, e3}. When describing coordinates
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Figure 3.2: (a) The perspective projection of a space curve. (b) The projection of a space
curve in n views.
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in the camera coordinate system we drop the w superscript, e.g., ' versus I'”, which are related by:
Fr=RITY—-¢)=RT" 47T, (3.2.2)

where 7 = —Rc denotes the world coordinate origin in the camera coordinate system.
The projection of a 3D point T' = [z, y, 2] |

(€, m, 1]T related by

onto the image plane at z = 1 is the point v =

1" =0 pn, p)", (3.2.3)

where we say that « is in normalized image coordinates (focal point is normalized to 1), and the

depth is p = z = eJ T from the third equation. Observe that image points are treated as 3D points
with z = 1. Thus, we can write

r

—_—. 3.24
e;T ( )

’y =
We note that ed v = 0 and e] TV = p(), where () is the i*" derivative of v with respect to an

arbitrary parameter, for any positive integer i. Specifically,
p=esT, o =Ge;T, p'=Ge;T+G*KesN. (3.2.5)

It is interesting to note that at near/far points of the curve, i.e., p’ =0, e; T = 0.
In practice, normalized image coordinates v = [£, 1, 1]T are described in terms of image pixel

coordinates v,,,, = [Tim, Yim, 1]T through the intrinsic parameter matrix IC;,,:

a0 &
Yim =KimY,  Kim=10 ay 1|, (3.2.6)
0 0 1

where as usual &, and 7), are the principal points, o is skew, and ¢ and o, are given by the focal

length divided by the width and height of a pixel in world units, respectively.

3.2.3 Discrete and Continuous Sets of Views

Two scenarios are considered. The first scenario consists of a discrete set of views where a set of n
pinhole cameras observe a scene as shown in Figure 3.2(b), with the last subscript in the symbols
indentifying the camera, e.g., v; denotes an image point in the i'" camera, and e3; denotes e in
the i*" view. The second scenario consists of a continuous set of views from a continuously moving
camera observing a space curve which may itself be moving, T (S, t) = [z (S, 1), y“(S,t), 2“(S,t)] T,
where S is the parameter along the curve and t is time, described in the camera coordinate system
associated with time ¢ as T'(S,t) = [2(S,1), y(S, 1), z(S, t)]T, Figure 3.3. For simplicity, we often
omit the parameters S or ¢. Let the camera position over time (camera orbit) be described by the
space curve c(t) and the camera orientation by a rotation matrix R(t). For simplicity, and without

loss of generality, we take the camera coordinate system at ¢ = 0 to be the world coordinate system,
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Figure 3.3: Multiview formulation of continuous camera motion and a possibly moving
contour.

i.e., ¢(0) =0, 7(0) =0, and R(0) = I, where I is the identity matrix. Also, a stationary point can
be modeled in this notation by making I'(t) = T'(0) = T'y.
A differential camera motion model using time derivatives of R(¢) and 7 (¢) can be used to relate

frames in a small time interval. Since RR" = I,

dR drR"
ERT +R—- =0, (3.2.7)

which implies that Q, = %’RT is a skew-symmetric matrix, explicitly written as

0o - Q
Q=0 o -, (3.2.8)
—Q, Q9 0

so that % = Q4 R. Denote Q = [Q, Q,, QZ]T as a vector form characterization of Q. Similarly,

the second-derivative of R(t) is represented by only three additional numbers dgtx :
>R dQy dR  d2y
— = R+Qy— = R+ QR 3.2.9
az @ e T @ T (3:2.9)
Thus, a second-order Taylor approximation of the camera rotation matrix using R(0) = I is
1[dQ
R(t) = I+ Qut+ = | —=(0) + Q% (0)| £2. (3.2.10)

2| dt
Similarly, the camera translation can be described by a differential model

V(t) = %(t) = —Qu ()R (t)e(t) — R(t)%, V(0) = —%7 (3.2.11)

and
dV 2T d*R dR , . de d%e
E(t) = W(t) = *W(t)c(t) - 2@@)&@) - R(t)ﬁ(f), (3.2.12)
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[ Symbol [ Description ” Symbol [ Description
rv 3D point in the world coordinate system t Image curve tangent t = ~v'/g
T 3D point in the camera coord. syst. ' = RTY + T n Image curve normal n = t+
R Rotation matrix: world to camera coordinates K Curvature of the image curve gkn =t/
T Translation vector: world to camera coord. 7 = —Re S, S Space curve arbitrary parameter & arclength, resp.
c The camera center G Space curve speed of parametrization G = ||T||
Qyx % =Rx T, T Space curve tangent camera & world coord., resp.
Q Vector form of the 3 entries of Qx N, N¥ Space curve normal: camera & world coord., resp.
Vv V= % =QxT —Reg, also V = [V, V,, VZ}T B, BY Space curve binormal: camera & world coord., resp.
p Depth of image point I' = py ey, e2, e3 | Basis vectors of the camera coordinate system
~ 2D point in normalized image coordinates ey, ey, ey | Basis vectors of the world coordinate system
Yim 2D point in pixel image coordinates ! Diff. with resp. to S or s
S, § Image curve arbitrary parameter & arclength, resp. ’ Diff. with resp. to arclength S or §
g Image curve speed of parametrization g = ||v/|| 0 The angle £(T,~)
(u,v) |Image velocities v, = [u, v, 0] |

Table 3.1:

which at t = 0 gives 2Y(0) = —20,(0)4¢(0) — ¢ (0).

The choice of whether to adopt the Taylor approximation of ¢(t) or 7 (t) as primary is entirely

dependent in which domain the higher derivatives are expective to diminish, giving

T(t)=V(0)t+ 1V,g(()) 240,  e(t)=-V(0)t+ 1[_de

. 5 |~z (0 +20.(0)V(0) 2. (3.2.13)

3.2.4 Relating World and Camera-Centric Derivatives.
Proposition 3.2.1. The velocity of a 8D point T'(t) in camera coordinates, T'1(t), is related to its

velocity in the world coordinates T} by:

T, = QT+ RTY — Rep = QO RTY + RTY +V, (3.2.14)
' = Q4T —Re; = QRLy+V,  for a fized point, TV = Ty. (3.2.15)

Proof. Differentiating Equation [3.2.2] with respect to time,

'y =RIY +RLY + 7, (3.2.16)
= Q,RTY + RTY +V, (3.2.17)
=Q(T-T)+RITY+V (3.2.18)
=QT+RIY +V —-Q,T. (3.2.19)
The result follows from using 7 = —Rc as below
V=T =-Ric—Re; = —QyRe—Re; =0T — Rey. (3.2.20)
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3.2.5 Stationary and Non-Stationary Contours

It is important to differentiate between image contours arising from a space curve that is changing
at most with a rigid transform (stationary contours), e.g., reflectance contours and sharp ridges,
and image curves arising from deforming space curves (non-stationary contours), e.g., occluding
contours, for which the contour generators project to apparent contours. Stationary contours are
characterized by I'}’ = 0 while for occluding contours the viewing direction I'(S, ) is tangent to the
surface M with surface normal N (N¥ = RTN)

I'N=0, o (I"—-¢)'N¥=0. (3.2.21)
For the image curve ~(s,t) arising from the occluding contour, Figure [3.3, the normal N to an
occluding contour [27] is N = ﬁ

The correlation of the parametrization S of I' at time ¢ to that of nearby times is captured by
'}’ (S,t), which is orthogonal to N, but is otherwise arbitrary as a one dimensional choice. It is
common to require that I'}’(.S,t) lay on the (infinitesimal) epipolar plane, spanned by I'(S, t), ¢(t),

and ¢;(t), referred to as the epipolar parametrization [27], requiring

'Y’ x (' —¢) =0, or Ty = AT — ¢) for some . (3.2.22)

3.3 Projecting Differential Geometry Onto a Single View

This section relates the intrinsic differential-geometric attributes of the space curve and those of its
perspective image curves. Specifically, the derivatives IV, T/, and I’ are first expressed in terms of
the differential geometry of ', namely {T',N, B, K, K, 7}, and second, they are expressed in terms
of the differential geometry of ~, namely {t,n,x, %} using T' = py. Note that K and & are both
intrinsic quantities. In equating these two expressions we relate {T,N, B, K, K, 7} to {t,n, s, f}.
Our purpose is to eliminate the dependence on the parametrizations (g, G), and depth p, i.e., final
expressions do not contain these unknowns nor their derivatives (g,¢’, "), (G, G’,G"), or unknown

depth and its derivatives (p, o, p”, p""").
Proposition 3.3.1. {T', N, B, K, K. .7 G &, G"} arerelated to {~, t, n, k, &, g, 9', 9", p, 0/, p”’, p""'}

by
GT = p'y + pgt (3.3.1)
G'T+G’KN = p"y + (209 + pg )t + pg°kn (3.3.2)
(G" —G*K*)T + (3GG'K + G3K)N + G*K7B = (333)
Py +3p"g+3p'g" + plg” — g’ Kt + [30'9°k + p(399'k + g*FR)n.

Proof. First, writing I, T/, and I'"” in the Frenet frame of " as
I'=GT (3.3.4)
I =G'T+G*KN (3.3.5)

= (G// B G3K2)T + (3GG’K + G2K/)N + G3KTB. (3.3.6)
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Note that when expressed with respect to the arc-length of I, i.e., G = 1, simple expressions result:

r=r (3.3.7)
I'=KN (3.3.8)
I'=-K?T+ KN + K7B. (3.3.9)
Second, differentiating T' = py gives:
I'=/p~vy+py (3.3.10)
I =p'y+20v + py’ (3.3.11)
T = p"~+ 30"y + 34" + pv". (3.3.12)

This can be rewritten using expressions for the derivatives of «, which are

~ =gt (3.3.13)
~" = g't + ¢*km (3.3.14)
N = (g — g3l€2)t + (3g9'r _’_92/4)”. (3.3.15)

Thus, IV, T, and T’ can be written in terms of v, t, n, &, &, ¢, ¢', ¢, p, p', p", p"" as

' =p'v +pgt (3.3.16)
I =p'vy +(20'g + pg' )t + pg’rn (3.3.17)
T = p"'y+[3p"g+3p'g + plg” — g°x*)]t
+[30' 9%k + p(3g9'k + g>k)|n. (3.3.18)
Equating (3.3.443.3.0) and (3.3.1643.3.18)) proves the proposition. |

Corollary 3.3.2. Using the arc-length S of the space curve as the common parameter, i.e., when

G =1, we have:

T =pv +pgt (3.3.19)
KN = p"v + (20’9 + pg' )t + pg*kn (3.3.20)
~K*T+ KN+ K7B = p"'v+ 30 g+ 30/ g’ + plg" — ¢*k?)]t
+ 30" g%k + p(399'K + g*F)|n. (3.3.21)
First-Order Differential Geometry. We are now in a position to derive the first-order differential
attributes of the image curve (g, t) from that of the space curve (G, T'). Note from (3.3.1)) or (3.3.19)

that T lies on the plane spanned by t and ~, i.e., T is a linear combination of these vectors. An

exact relationship is expressed bellow.

Theorem 1. Given the tangent T at T’ when T is not aligned with -y, then the corresponding tangent
t and normal n at v are determined by:

T - (e;T)'y L

t=———351_  p=
IT — (e3 T)ll

=t xes. (3.3.22)
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Proof. First recall that p' = e; I'" = Gej T. Using this in Equation [3.3.1] gives:
1 G
t=—[GT —p'v] = —[T — e] TH] (3.3.23)
P9 P9

and the result follows by normalizing. The formula for the normal comes from the fact that it lies

in the image plane, therefore being orthogonal to both t and e3. |

Observe that the depth scale factor p is not needed to find ¢ from T'. Moreover, when ~ and T’
are aligned for a point on ~, Equation (3.3.23)) still holds, but implies that g = 0 and ¢ is undefined,
i.e., that the image curve will have stationary points and possibly corners or cusps. Stationary
points are in principle not detectable from the trace of ~ alone, but by the assumption of general
position these do not concern us.

A crucial quantity in relating differential geometry along the space curve to that of the projected
image curve is the ratio of speeds of parametrizations %(s). The following theorem derives the key
result that this quantity is éntrinsic in that it does not depend on either g(s) or G(s) at each arbitrary

s, thus allowing a relationship between the differential geometry of the space and image curves.

Theorem 3.3.3. The ratio of speeds of the projected 2D curve g and of the 3D curve G at corre-

sponding points is an intrinsic quantity:

g _ T~ (edT)v|| IGT — p'v||
= or = 3.3.24
e oIT g 5 ( )
i.e., it does mot depend on the parametrization of T' or of .
Proof. Follows from a dot product of Equation 3.3.23| with ¢ and dividing by p = eg—l". |

Second-Order Differential Geometry. The curvature of an image curve can be derived from

the curvature of the space curve, as shown by the next theorem.

Theorem 2. The curvature x of a projected image curve is given by:

N — (e N)vy

5 -n| K, when G =1, or ,%:G{
Py

NT (v xt)
pg?nT(vxt)} K,  (3.3.25)

where g is given by Equation|3.3.2/ and p = e T'. The tangential acceleration of a projected curve

with respect to the arc length of the space curve is given by:

N — (eI N)y| Tt K IT KNT IT
dg  IN=(esNpy] ¢K _,esT - dg _ = rxm) o T (3590
ds p P ds pt' (v xn) P

Proof. Using Equation [3.2.5 in Equation [3.3.20] leads to
GKN = (G'es T + G*Ke; N)vy 4 2(G'ej T)gt + pg't + pg*rn. (3.3.27)

First, in the case of G = 1 curvature k can be isolated by taking the dot product of the last equation
with n which gives the curvature projection formula (3.3.25). Alternatively, taking the dot product
with v x ¢ gives the alternative formula. Second, the term ¢’ can be isolated by taking the dot

product with ¢ or with v x n. [ ]
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Note that formulas for the projection of 3D tangent and curvatures onto 2D tangent and geodesic
curvature appear in [28] and [27, pp. 73-75], but an actual image curvature was not determined
there. That the curvature of the space curve is related to the curvature of the projected curve was
derived in previous work [97,T31], but our proof is much simpler and more direct. Moreover, our
proof methodology generalizes to relating higher order derivatives such as curvature derivative and

torsion, as shown below.

Theorem 3. The curvature derivative of a projected image curve vy is derived from the local third-

order differential geometry of the space curve as follows:

KN+ K7B]"(y xt s
_ | + AT I (v x )3,<;<e3 +92>. (3.3.28)
pg*n' (v xt) rg 9
Proof. Taking the scalar product of Equation [3.3.21 with ~ x ¢, and using T'" (v xt)=0,
[KN + K7B]" (v x t) = [3p' g%k + p(399'k + g*k)n" (v x t), (3.3.29)
which using p’ = e T gives
, KN + K7B]" t
3e] T’k + p(3g9'k + g3F) = (KN + K7B] (yxt) (3.3.30)

n'(yxt)

Isolating £ gives the desired result. Since both g and ¢’ are available from Equations(3.3.24and 3.3.26),
the theorem follows. |

3.3.1 Intrinsic Parameters and Differential Geometry

This section derives the relationship between the intrinsic differential geometry {t, n, s, £} of the
curve in normalized image coordinates to those in image pixel coordinates, {t;m, Nim, Kim, Fim }-

Using the intrinsic parameter matrix KC;y, relating =,,, = Kimy, by the linear Equation [3.2.6l

Theorem 4. The Intrinsic quantities {t, n, k, &} and {tim, Wim, Kim, Kim | under linear transfor-

mation 7;,, = Kim~y are related by

Kimt
gim = [|[Kimtll,  tim = o, Mim = tim X €3 (3.3.31)
H]Cith
T T T
, Kkt IKC,, KCimm N, Kimkn
o kg = Dimleam BT 3.3.32
gzm Gim m ngm ( )
1 39 m ki
Foim = g—3niTmlCim(—/f2t + fim) — 2, (3.3.33)
m

where the speed g;m, is relative to unit speed at ~y.

Proof. Differentiating (3.2.0) with respect to the arclength § of v, and using Equation [3.3.16}, v}, =
Kim~ gives

Gimbim = Kimt. (3.3.34)
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Differentiating (3.2.0) a second time with respect to §, and using Equation [3.3.14
Gimbim + G FimMim = Kim#rn. (3.3.35)

Taking the dot product with ¢;,, gives the formula for ¢/, , and taking the dot product with 7, gives
the formula for ;.. Differentiating (3.2.6) a third time with respect to §, and using Equation 3.3.15|

we have:
(i = Gomtiim tim + (3Gim Gt Kim + Gomim)im = Kim (=K + iom). (3.3.36)
Taking the dot product with 72;,:
BGimGimFim + G Fim = Ty Kim (— Kt + i), (3.3.37)
and isolating k., the last result follows. [ |

The above theorem can also be used in its inverse form from =,,, to v by substituting C;,, for
K1, and trivially exchanging the sub-indices. Moreover, the theorem is generally valid for relating

mm)

differential geometry under any linear transformation in place of ;.

3.4 Reconstructing Differential Geometry from Multiple Views

In the previous section we derived the differential geometry of a projected curve from a space curve.
In this section, we derive the differential geometry of a space curve I' from that of its projected image
curves in multiple views, namely =, for camera i, ¢ = 1,..., N. In order to simplify the equations,
in this section all vectors are written in the common world coordinate basis, including ;. Denote
I; .= T' — ¢;, namely T'; represents the vector from the it camera center to the 3D point I' in
the world coordinate system.

The reconstruction of a point on the space curve I' from two corresponding image curve points

~, and 7, can be obtained by equating the two expressions for ', given by Equation 3.2.3

'Y —c =
{ L= = P1Y1 — P2Yy = C2 — Cy. (3.4.1)

T — ¢y = pays
Taking the dot product with v, v,, and v; X v4 gives
PIY1L Y1 = P21 Y2 = (2 =)
P1Y1 Y2 — P22 Y2 = (€2 —€1) 7y (34.2)
0=(c2—c1) (71 x72)

which gives

pL= (02 - Cl)( 71 (72)( ) 502 (— Cl) "))12 (71 72)
71 Yo 2

05 = (ca—c1) v (v ) (c3 — Cl) (v 71) (3.4.3)
(Y1 71 (Y2 - Ya) — (Y1 - ¥2)? )
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provided that (c2 — ¢1) - (77 X ¥5) = 0. This is precisely the well-known fact that this system of
three equations in two unknowns p; and p2 can only be solved if the lines €1, and c27, intersect.
The crucial factor in relating the differential geometry of image curves in distinct views is the

relationship between parametrization in each view:

Proposition 3.4.1. The ratio of parametrization speeds in two views of a space curve at corre-
sponding points is given by:
g1 _ P2 1T — (e;,—,lT)’hH

=£2 . (3.4.4)
92 pm||T - (e;2T)72||
Proof. Follows by dividing expressions for £ and % from Equation [3.3.24. |
Next, note from Equation 3.3.1] that the unit vector T' can be written as

P g
T=—=~v+p=t. 3.4.5
oY trg (3.45)

Since T is a unit vector, it can be written as
T =cosf 1 + sinft, where cosf = ﬂ/||'y||, sinf = pg. (3.4.6)
[l G G

Note that p > 0 implies that sin® > 0 or 6 € [0, 7). Thus the reconstruction of T' from ¢ requires the
discovery of the additional parameter 6 which can be provided from tangents at two corresponding

points:

Theorem 5. Two tangent vectors at a corresponding pair of points, namely t1 at v, and ta at v,

reconstruct the corresponding space tangent T at T

T = cos 91L +sinf;t; = cos GQL + sin O to, (3.4.7)
llv1ll 72|l
and , to( )
: (2 X
p191 = sin0,G, Pl = cos6,G, L e X0
P191 71 ' (72 X t2) (3 4 8)
. P to - (v X 1) o
P2go = sin 05G, 05|72l = cos 82G, = — ,
2l P292 Yoo (1 X )
where ) :
tanf; = — 7 (g 2), 61 € [0,7)
Pl 6 (s x 82) 549
1 . t o
tanfy = — T2 (71 . 1), 0y € [O,TF).
[vall t2 - (1 x t1)

Proof. Equating the two expressions for T from Equation [3.4.6, one for each view, gives Equa-

tion 3.4.7. Solving for #; by taking the dot product with v, X t2 gives

cos 6, ”z—l” (g X to) £ sinbr by - (5 X ) = 0, (3.4.10)
1

which leads to Equation [3.4.9! and similarly for 5. Equation 3.4.4 follows from Equation 3.4.6. W
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Y1 2

C

Figure 3.4: 3D Tangent reconstruction from two views as the intersection of two planes.

Remark: Since T is orthogonal to both v, x 1, and v, X t3 we have

(t1 X v1) X (ta X 7)
[(t1 % v1) X (t2 X 75)|

where ¢ is determined from

eT =

£ = +1, (3.4.11)

e[T—(T-e31)y4]-t1>0

(3.4.12)
g [T — (T . 6372)‘)’2] . t2 > 0.

Remark: This theorem implies that any two tangents at corresponding points can be consistent
with at least one space tangent. Furthermore, the discovery of T does not require the a priori

solution of p; or ps.

Theorem 6. The normal vector N and curvature K of a point on a space curve I' with point-
tangent-curvature at projections in two views (Yq,t1, k1) and (s, t2, k2) are given by solving the
following system in the vector NK :

Gy, x 1) 'NK =n{ (v, X t:1)p1g; #1

Gy X ta) TNK = ny (75 X t2)pags ko (3.4.13)

T'NK =0,

where T is given by Equation|3.4.5, p1 and ps by Equation|5.4.5, and g1 and g2 by Equation|5.5.2/.
Proof. Taking the dot product of (3.3.27) with v x ¢, for each view, we arrive at the first two

equations. The third equation imposes the solution NK to be normal to T'.
|

The next theorem shows how to reconstruct torsion and curvature derivative from a third order

representation of two image curves.
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Theorem 7. The torsion and curvature derivative at a point of a space curve can be obtained from
up to third order differential geometry {7, K, k} at a pair of corresponding points by solving for V in

the following system:

(vy xt1) TV = [39%/‘616;,1T + p1(3g191K1 + g ien) I (41 X 1)
(Yo X ta) TV = [39%/{26;211 + p2(3g2ghka + gaka)ng (4 X t2) (3.4.14)
T'V =0,

with T, N, B, K, g1, g2, g1, 95, p1, and pa determined from previous derivations, and by solving

for the torsion T and curvature derivative K from V.= KN + K7B, i.e.,

.
T = VKB (3.4.15)
K=V'N. (3.4.16)

Proof. Apply Equation (3.3.29)) for two views, and let V := KN+ K7B to get the first two equations
of (3.4.14)). The last equations constrains V to be orthogonal to T'. [ |

3.5 Projecting Differential Geometry Under Differential Mo-
tion

The goal of this section is to relate differential observations in a series of images from a continuous
video sequence to the differential geometry of the space curve. As this relationship is governed by
the differential motion of the camera and its intrinsic parameters, we also aim to recover calibration,
scene geometry, and camera motion/pose from these observations. We explore how differential scene
properties are projected onto differential image properties for points and curves, and expect future
work to apply this to surfaces.
Differential models of camera motion observing a rigid scene were studied in [1,[12[T8,T9,30L76],
00, TOZTO6LTA7LTETLTE2T5ALTE5]. These papers studied how the first and second-order motion
of the image of fixed points relate to a differential camera motion model. They also envisioned
recovering local 3D surface properties from the local behavior of the velocities of projected surface
points in an image neighborhood. Differential models for nonrigid curves observed in a monocular
video sequence were studied in [18] ,[127], where it was established that multiple simultaneous
video sequences would be needed. This led to a practical work in the reconstruction of nonrigid
curves from multiview video [21,[22], exploiting temporal consistency within each video frame, as
well as consistency across the two video sequences. Differential models of occluding contours were
studied mainly in [27,27], relating the deformation of apparent contours under differential camera
motion to scene properties such as occluding contours, and a differential-geometric model of the

underlying 3D surface.
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3.5.1 Differential Relations for a Point

Theorem 3.5.1. (Moving 8D point) Let T (t) be a moving point in space, projected onto a moving
camera as y(t) with depth p(t). Let the differential velocity and rotation of the camera be V and
respectively, and let Vi and €y represent their derivative with respect to time t, respectively. Then,

the depth gradient and second derivative at t =0 are

1 1
pr = peg (v + =T} + V) (3.5.1)
p att=20

pu = pes (B + [l )y +2e3 QT + e T + eg Vo, (3.5.2)

and the velocity and acceleration of the projected point at t = 0 are given by

1. o1

Vi = (27 — (€3 0)y) + = (T} —e3 TP y) + —(V — e V) (3.5.3)
P 1 pr B att=0

Yir = (B + [ ), )7 + QXF“’ + i+ Vt - 7’% - %% (3.5.4)

which can be simplified as

1 1
Yoo = (% + [Q] )y + erw+ F ¢+ Vt

A2 A V V 1 e TY
— 2e5 (QX7++) ( <Y — (e3 Quy)y + Ty — 2L 7)
pp)\p p p P
—ej <(92 (€], )'y+%+2§2 L F“)

(3.5.5)

Proof. The image velocity =, is dependent on the velocity I'y of the 3D structure in camera co-
ordinates, which arises from both the motion of T' and from the moving camera. Differentiating
' = RI'™ + T, we get

I, = RIY + RLY 4+ T; = RO, TY + RTY + V. (3.5.6)

Differentiating I' = pvy we get
Ty = pvy, + pey- (3.5.7)

Equating these two expressions leads to
Y + pry = RQTY + RTY +V for arbitrary t. (3.5.8)
At t =0 we have I'Y =T = pry, leading to
Y+ oy =pQxy+ Ty +V for t = 0. (3.5.9)

The depth gradient p; is then isolated by taking the dot product of both sides of Equation 3.5.9
with es, observing that e v = 1 and ej 7, = 0, resulting in Equation 3.5.1. The expression for p;
is then substituted into Equation [3.5.9 from which =, can be isolated in the form of Equation [3.5.3

The second order expressions v, and p; require another time derivative of Equation [3.5.8:

Vit + 2007 + puy = (RO2 + R[] )T + RQ, T + RTY + RTY + V. (3.5.10)
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Setting t = 0 we have
PYe+ 2007+ puy = (% + [l )y + 20T + T + Ve (3.5.11)

Now the expression for py in the theorem can be obtained by dotting with es, giving Equa-

tion 3.5.2. Isolating ~,, we have
1 w w
Yo = (% + [, )7 + ;(2Q><I‘t + T4 + Vi —2pey, — puy). (3.5.12)
Substituting Equations [3.5.2/ and [3.5.3] into the above, we obtain the final expression for ~,,. |

The Special Case of Fixed Points. The question of how the image of a fixed point moves as

the camera moves was studied by Longuet-Higgins and Prazdny [[00] and later by Waxman and
Ullman [I55], giving the velocity -, for a fixed point. This calculation also leads to the well-known
epipolar constraint, the notion of Essential matriz [99], and the continuous epipolar constraint [107].

Theorem [3.5.1] in the special case of a fixed point gives interesting geometric insight into these

classical results. Specifically, setting I'}’ = 0 in first-order computations of Equations[3.5.1 and 3.5.3

results in
A
Pt el (Quy + —) (3.5.13)
p p _
vV Vv att =0
%=Qx7—(6§Qw)7+;— P (3.5.14)

Essential constraint. To derive the differential epipolar constraint, eliminate p from Equa-
tion [3.5.14] by first writing out the equation in terms of ¢ and n where v, = [¢, 1, 0]T and using
e; Ny = =8+ Qun

u— Qy§2 +Q:8n + Q. —Qy = (Ve = V.8

v+ QJL’UQ - ngn —064+Q, = (Vy - Vzn) (3.5.15)

DI

and then eliminating p, gives
(u — nyz + Quén+ Q.n — Qy) (Vy —nV.) = (v + Qun? — Quén — Q€+ QZ) (Ve —&€V,)

which is the epipolar constraint for differential motion [[04,[I61]. A more direct way of deriving
the epipolar constraint equation is to eliminate p in Equation 3.5.9] with T'}” = 0 by taking the
dot-product with the vector V x v = V ~, where V is a skew-symmetric arrangement of V, and

using Q] = —Q, gives

PV = —p7 D Viey
resulting in the differential epipolar constraint

Y Ve +7T Q0 Vy =0. (3.5.16)
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In comparison, the widely-known essential constraint for relating two views is given by:
¥3 TRy, = 0, (3.5.17)

where the matrix 74«R, the essential matrix, combines the effects of translation and rotation to
relate two points 7, and ~y,. In the differential case the two matrices V« and Q4 V « play a similar

role to 74 R in the discrete motion case to relate a point and its velocity.

Remark 3.5.1. Observe from Equation [3.5.14] that «, can also be written as the sum of two

components, one depending on V, and the other on (, i.e.,

. 10 —¢ =& 1+ -
Ve = ;A(’Y)V +B(v)Q, where A(y)= 10 1 —p| and B(y)=|-(1+n) & ¢
00 O 0 0 0
(3.5.18)
That «, depends linearly on V and Q (since A and B are only dependent on the position ) is the
basis of subspace methods in structure from motion [72], which observe that
0 1 0 0 1 0 —&n 1+¢& —
Q=|-1 0 0|, QAV=([-1 0 0|V=Vxy, @BQ=|—-(1+7n) &n €| Q=vx(yxQ),
& -n O & —-n 0 0 0 0
(3.5.19)
to define transformed velocities ¢
1
q:Q'yt:;Vx'er'yx('ny). (3.5.20)
This equation provides a linear constraint in V and €2, so that observations of image velocities
41,92, --.,9N at points vy,7s, ..., Yy Provides N constraints of the form
1
qi:—_Vx7i+7ix(7ixQ), i1=1,2,...,N. (3.5.21)

K2

3.5.2 Differential Relations for a Curve

Theorem 3.5.2. (Deforming 3D curve) Consider a deforming 3D curve T'(s,t) projecting to a
family of 2D curves (s, t) with depth p(s,t), arising from camera motion with differential velocities
of translation and rotation V and §2, respectively, and let Vi and ; be their respective derivatives

with time. Then, the image velocity v, is determined from {V7 Qv I t},

Y p Tp
A% T Ty
oz:—Q-‘yx('an)—<—QX—FRt)-’yX’n,, (3.5.22)
P p P
v, = at + fn, where v T o
ﬁ:Q-’YX(’YXt)-‘r(p—pr—‘ert)"YXt, (3523)

Proof. From Equation 3.2.14 and using —Re; =V — Q«7 from Equation [3.2.11),

T, =0T +V-—Q,T+RTY. (3.5.24)
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Using I' = py and 'y = piy + pv,
oY + v = pQxy +V — QT +RTY. (3.5.25)
Taking the dot product with v x n and v x ¢

Y (rxm) =p(Qxy) - (Y xn) +(V=QT)- (v xn)+RTY - (v x n),

(3.5.26)
Py (VX)) = p(Qxy) - (v xt) +(V=QxT) - (v xt) + RTY - (v x t).
Now,
Y- (Yxn)=(at+Bn)- (yxn)=at-(yxn)=anxt-v=—ae;y = —« (3.5.27)
Y- (v xt) = (at+Bn)- (y x t) = fn- (v x t) = Bt x (n-~) = fej v = f. -
So that we can write
o= —(07) - (¥ x ) - (V—QXTW””) (v xm)
p p P (3.5.28)

ﬁ=(9x’7)-(7><t)+(Z—QXZ+R1?) (y x t).

Since we can switch the cross and dot products in a triple scalar product, Qxy-(yxn) = Q-4 x(yxn)
and Q@ X v - (y xt) =Q v x (v x t), giving the final result.
|

Corollary 3.5.3. The spatial variation of the velocity vector field vy, along the curve and in time

can be written as
Yo = (=V +V2v) % - %75 + Qs — (€3 Dxv )y — (3 ey,
5(T% = el Tl — ] Ty, = —(TF — e T{ ), (35.29)
and the time acceleration =, is defined by

2 w o1
tTy, =T (Q% + [, )y + ;tTQXI‘t + ;tTrtt + ;tTVt

V ].-‘w V F’UJ I\w
~2e3 (QWJFPJF p > a—e; ((Qi +[ﬂt}x)7+pt+2@x;+;t) 7,

2 1 1
n vy =nT (% + [ Q] )y + ;”TQXF;‘:" + ;"Tfi‘é + E"Tvt

V I‘w V I\’w Fw
—2e3 (Qx7+p+;> B—es ((Qi +[Qt]x)7+pt+mxpt+;t) n'y,

(3.5.30)

Proof. The ~y,, expression in (3.5.29) is derived by differentiating ~, with respect to s in Equa-
tion [3.5.3, but notice that -+, in the moving case decomposes into the same terms as for the fixed
case, Equation 3.5.0, plus terms dependent on I’} given by % (I‘;" — e;I‘;”*y). Differentiating with

respect to s then gives a term equal to v, for the fixed case plus terms dependent on T'}” and its
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spatial derivative, the latter being obtained by differentiating the above expression with respect to
s.

The expressions of «,, in the Frenet frame were obtained by taking the dot product of (3.5.4)
with ¢ and n, noting that v, -t = a and v, - n = 3. We then substitute the expressions for p; and
pet in. |

Special Case: Rigid Stationary Curve.

Corollary 3.5.4. (Rigid stationary 3D curve) Let T'(8) be a 3D curve projecting to a family of 2D
curves y(8,t) with depth p(3,t), arising from camera motion with differential velocity of translation

and rotation 'V and ), respectively. Let t denote the unit tangent to the image curve. Then

—ps (V V. | £
Ny = ;’ (p - p'y) -t Qb= (e] Dut)y — (] Dt (3.5.31)

Proof. Follows by setting I'}” = 0 in Equation[3.5.29 and using the spatial parameter as the arclength

of the image curve. |

Corollary 3.5.5. The tangential and normal velocities of a rigid curve induced by a moving camera

are derived from {v, t, n, L, Q, %} for any t as

’ po
A% T
a=-Q-vx(yxn)-— (—QX> (v xmn) (3.5.32)
Vp Tp for any t,
ﬁQ~’y><(’y><t)+<pQXp>~('yxt) (3.5.33)
or
v
a=—-Q-yX(yxn)—yxn-— (3.5.34)
v fort=0.
H:Q~~yx(~y><t)+~y><t-; (3.5.35)

Corollary 3.5.6. The infinitesimal Essential constraint in the Frenet frame of the image of a rigid

curve is given by:

(Yxt) Via+Q-yx(yxn)]+(yxn) - V[B—-Q-vyx (yxt)]=0 (3.5.36)
Proof. Eliminate p from (3.5.35) and (3.5.34). |
Corollary 3.5.7. (From [I20},[127]) The tangential velocity o can be fully determined from the

normal velocity 3 and v, t, n, Q, and % without the explicit knowledge of p, as

a[ﬂQ"yx('yxt)]mQ"}’x(’)’xn) (3.5.37)

Proof. Follows by eliminating p from Equations [3.5.34' and [3.5.35. |
Special Case: Occluding Contours. A remarkable observation is derived below that the first-

order deformation of an apparent contour under epipolar parametrization does not depend on the

3D surface geometry, since the curvature-dependent terms cancel out for an occluding contour.
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Theorem 3.5.8. (Occluding contours) Let T'(s,t) be the contour generator for apparent contours
Y(s,t). Then the image velocity v, at t = 0 can be determined from ~ by p and the infinitesimal

motion parameters using Equation|5.5.1/) i.e., the same one used for a stationary contour.

Proof. Recall from Equation|3.2.22/that the velocity of an occluding contour under epipolar parametriza-
tion statisfies T'y = A(T'" — ¢) for some A, so that at t =0

TV = \py = es TV = \p, (3.5.38)

so that T} = (e; I'}’)~ and the terms T}’ — (ed I'}")y = 0 so that all appearances of T'}’ cancel-out
altogether in Equation [3.5.3), giving exactly the same formula as for fixed contours, Equation [3.5.14]
when T} = 0. |

We now show exactly how the velocity of the 3D occluding contour, I}, depends on the curvature

of the occluding surface.

Theorem 3.5.9. The velocity of a 3D occluding contour under epipolar parametrization and relative

to a fized world coordinate system (camera att =0) is given by:

¢/NY T"-c¢c

ry=- KT o for arbitrary t. (3.5.39)

¢/ N ¥
ry=—-t_—_. , fort=0, 3.5.40
B T (3:0:40)

or, in terms of T and R, and image measurements:
1 (VT ~yxt ) ~

'Y=—|———— | —5, fort=0, 3.5.41
f= 5 (5 p) A (3041

where Kt is the normal curvature of the occluding surface along the visual direction.
Proof. Differentiating the occluding contour condition in the second form of Equation [3.2.21] gives
(T —¢;) TNY + (T —¢) 'N¥ = 0. (3.5.42)

The Weingarten equations of differential geometry relate sectional curvature in a direction to the

derivative of the normal in that direction, N¥ = —K'T')’, so that using I‘;”TN“’ =0
(T —¢;) 'NY — K'Y(T* —¢)'T¥ = 0. (3.5.43)
—¢/NY - KY(T" —¢)'T¥ =0 (3.5.44)
w w CTNw
(TY —¢)' TV = — th (3.5.45)

Now, for the epipolar parametrization, T'y’ = AT — ¢), so that A can be obtained leading to

_c;rN'“’ ' —c
Kt |1 —cf?’

ry = for arbitrary t. (3.5.46)



70

At t =0, we have N* = N and IT' — ¢ =T = py (but note that I';(0) # I'}’(0)), hence:

I N
v G2 T fort=0. (3.5.47)
Kt pllvll
Using V = —¢; from Equation 3.2.11, and N = ﬁ from Section 13.2.5 instead of N gives the
alternative form of this equation. |

We now present a theorem relating observed quantities to camera motion. A form of this theorem
appears in [120,[122], Equation L1, but this is limited to rigid motion. Furthermore, these results

are incorrect in that they missed a term corresponding to the last term in Equation [3.5.48,

(V) (v x B)[B = Q- x (v x 1)),

perhaps because they differentiated the normal flow equation for ¢t = 0. The theorem below corrects
that and also generalizes the results to include occluding contours. The fact that Equation [3.5.48| in
the theorem is also valid for occluding contours is a new result, to the best of our knowledge. The
term T'}) is zero for fixed contours, and is dependent on surface curvature in the case of occluding
contours. The equation is not valid for arbitrary non-rigid contours because, in order to derive the

normal flow equation, we used I} - (4 x t) = 0, which is only true for occluding and fixed contours.

Theorem 3.5.10. (A corrected and generalized form of the L1 equation of [120,[727]) Given a 8D
occluding contour or fixed curve, and the family of projected curves v(t) observed in a monocular
sequence of images from a moving camera, and given t,k,n, 3, By measurements at one point, then

the first and second order camera motion, 2, V, Q, V, satisfy a polynomial equation:

VoB=Q oy x (yx )P+ Veyxt(B—Q-vx(yxt)—Q-[yx(yxt),)
[V xt=V. - (yxt)][B-Q-yx(yxt)|+ V. -y xt(es Qy)[B—Q v x(yxt)
te3 TY[B—Q yx (¥ x>+ (V) (¥ x t)[B— Qv x (yxt)]=0.

(3.5.48)

Proof. The normal velocity 8 of an image contour follows Equation (3.5.33), which holds for both
stationary curves, Corollary 3.5.5, and for occluding contours, Theorem [3.5.8. Differentiating it with

respect to time,

P+ Bip =peS -y X (v X ) + pQy -y X (v x t) + pQ[y x (v x )] (3.5.49)
=+ (’Y X t)t(V — QXT> + (’)’ X t)(Vt — Qt x T — QXV)

Rearraging the terms,

pelB— Q- < (Y X )]+ p[Br — Qi -y x (v xt) = Q- [y x (v x t)]]
=(yxt)e(V=QxT)+ (v xt) (Vi — Qe x T —Qy V). (3.5.50)
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Setting t = 0,

pelB = Qe X (Y x O]+ p[Be + =Ry X (v x 1) = Q- [y x (v x B)]{]
=(yxt):V+(yxt)(V:—QxV) (3.5.51)
Now, from Equation [3.5.1, we can plug-in an expression for p; at t = 0:
(pes Dy + Ve +eg TY)B = Qv x (v x )] + p(Br = Qe -y x (7 x £) = Q- [y x (v x t)])
= (v x )V + (v xt) (Ve — Qx V), (3.5.52)
which is analogous to Equation 7.28 of [120], p.167], but this time with corrected temporal derivatives

and with occluding contours also being included. Now, eliminating depth p using Equation [3.5.35]

e.g., by multiplying the above by [8 — Q-+ x (v X t)], we obtain:
V(B =Q-yx (v xt)+ (Vv xt)es Qv+
e3 TP (B — Qv x (yx1)][B—Q-vx(yxt)

(3.5.53)
+Voyxt[fi— Q- yx(yxt)—Q- [y x(yxt)] =
[Vi-y xt+V(yxt)e — (L V)(y x )] [B— Q- x (v x t)].
Rearranging the terms, we obtain the desired equation. |

Theorem 3.5.11. The first spatial derivative of image apparent motion of both a fized curve and

an occluding contour under epipolar correspondence is given by:
A% A% Ps A%
v = (e ) 2 e S e, Ry (0T, (3550
P P P P
which is parametrized by rotational and depth-normalized translational velocities (5 parameters),
depth-normalized spatial derivative of depth (1 parameter), a total of 7 parameters. Note that the

derivative of depth ps can be expressed in terms of 3D curve geometry as ps = €5 'y

Proof. Equation 3.5.54! follows by differentiating the fixed flow (3.5.14) with respect to s, observing
that only p and « depend on s. The formula for p, is obtained from the observation that the dot
product of ' = pry with e3 gives ed I' = p. Differentiating this with respect to s gives p, = eJ T'y. B

Theorem [3.5.1/ gives an expression for the image acceleration of a moving 3D point, which
includes points lying on any type of contour (even non-rigid), in terms of the evolution of the 3D
curve. Since the latter is expressed in terms of a fixed world coordinate system, the motion of the
object and the motion of the cameras are written down separately, even though they exert joint

effects on image velocity.

Theorem 3.5.12. The image acceleration of an occluding contour under epipolar parametrization

is given by:
Y V, 2 el TV
Yoo = (B + Q)7 — €3 (% + (], )7 + 20 =4 + —F — Ly + Ly,
. - . P r P (3.5.55)
ez Iy QX7_e3vt7_2e3QXFt - att—0,

P p
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where v, and p: are given by Equations [3.5.1] and [3.5.13, and T is dependent on curvature,
Equation |3.5.4 1.

Proof. The first part of the proof is the same as the proof of Theorem [3.5.1. Substituting Equa-

tion 13.5.2! into Equation [3.5.12) we get:

20, T TV V, 2py esVy 2elQ,TY elTY
Yoo = (B[] )y + =+ = T2 [ (B[] ]y -ty -y ey,
PP P P P P
(3.5.56)
Now, let v be the viewing direction in world coordinates, so that:
v = Rv, (3.5.57)
and let f be the normal to the image plane in world coordinates, so that
es = Rf. (3.5.58)
Thus, we have that
esv=f RTRv="Ff"Tv=1. (3.5.59)

Note also that at t = 0 we have f = e3 and v = v. Now, the condition for epipolar parametrization

of an occluding contour, Equation [3.2.22, can be expressed as:
Ty = v, (3.5.60)

for some constant A. Taking the dot product with f we have:

A=f'Ty, (3.5.61)
and, substituting back we have
Y =f'Tv. (3.5.62)
Differentiating with respect to time gives:
TY = \v 4+ Avy = \v + £ T TVv,. (3.5.63)
Taking the dot product with f:
fT\v=FfTTU\ =f'TY. (3.5.64)
Thus
Y =fTov+f TVvy, (3.5.65)
and at t = 0 we have
TE(0) = esThy + e; T v (0). (3.5.66)

In order to get v4(0) in terms of v we write

Ve = Rev + Rvy, (3.5.67)
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thus

Vi =", — x7. (3.5.68)
Substituting back into (3.5.66)), we have
T =ej iy +e;TY —ej TP Q. (3.5.69)

Plugging this equation onto (3.5.50)), the esy}iv/p terms cancel out, giving the final equation. N

3.6 Projecting Differential Geometry of Surfaces

Previous sections related the differential geometry of moving points and deforming curves with dif-
ferential properties of their projected image onto a moving camera. This section addresses the
relationship between the differential geometry of a surface and the differential geometry of its pro-

jection, namely image velocities optical flow and accelerations.

Theorem 3.6.1. (Spatial variation of the image velocity field in terms of surface). Consider an
image point v arising from T' lying on a twice-differentiable surface with normal N and having
Weingarten map K. in camera coordinates, under differential camera motion 2, V. Then the image

velocity v, = (u,v,1) " has first-order and second-order spatial variation

v V.
Yot = (_ + 7) B e+ Quer + Q7 — (e3 v)e
\pf 1//) ’ 1//) (3.6.1)
Toe = <_ * ny) - e+ Qyer — Dy — (€5 Qx)ez.
pp ) p P
P 27 2
uge = (=Va + sz)p%5 —2(-Vo + wp—g + Vzp—g +29,
P Pep p
ugy = (Vo + Vzé)% —2(-Ve + Vzé)% + Vng +Q,
P o2
Uy = (Vo + ‘/zé)% —2(=Vp + ‘/25)%
’ pz (3.6.2)

P, P,
Veg = (_Vy + Vzn)ﬁ - 2(_Vy + Vzn);g

ven = (Vi + Var) 55— 2=V, + V) 552 + V.52 40

e
p Iz p
Oy = (—V, + Vzn)% —2(=V, + Vzn)p—g + Vzp—g +29Q,

Proof. For the first-order image motion field, use the general Equation 3.5.54] for an image curve
given in Theorem [3.5.11, where here the image curve is taken to be along one of the coordinate axes,
so that the parameter s can be taken as £ or 1. The formula admits the specific form given in this

theorem by observing that v, = e; and =, = ea. |
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Theorem 3.6.2. (relating depth derivatives to differential geometry of the surface) The first order

relation states that the normalized depth gradient is related to the surface normal by

Vo (N, N N - Per+ Tey — (556 + B+ 1es

P N-v _\/(pj>2+<pp")2+(p;§+pp"n+l>2.

when N -+ #£ 0, i.e., when the point does not lie on an occluding contour. For an occluding contour

(3.6.3)

point the depth gradient blows up.

Proof. The surface can be described by I'(£, 1) = py = [p€, pn, p]T. Differentiating I' = py we have

Te = pey + pye = pey + pex
Ly = ppy + 07y = pyy + pez.

The vectors I's and I';, span the tangent plane to the surface. We can isolate p¢ and p, by taking

the scalar product with surface normal N

0=peN-~v+pe - N

(3.6.4)
0=p,N-v+pes N,
which gives
Pe =
N
(3.6.5)
= N,,
p77 N ~ Y
deriving the expression for Y2. Observe that Vp = (p¢, pn) is invariant to the direction of N. The
surface normal N can be obtalned from N = — 2250 Pipgt,
[TexTy]]
e x Ty = (pey + per) x (pyy + pe2)
= ppeY X €2+ ppyer X ¥ + ples
_ 2 (3.6.6)
= ppe(§es — e1) + ppy(nes — e2) + pes
= e = Pley+ (B P+ ey
P P
which after normalizing gives the result. |
Theorem 3.6.3. The Hessian of depth is given by
29 K. p°N2  [4p7 " Keer + 2N, | pN, N 2e] K.e1p?
pee = f
¢ (N-~)? (N-9)? N~
27 "Keyp® N2 [4p7 Kees + 2Ny | pN,  2e] Kegp?
p =
" (N )3 (N-7)? N -~
27 K vp*N, N, N 207 TKcea + Ny | pN, + 207 Keer + N, | pN,, N 2e] K.e1p?
p =
¢ (N3 (N2 N~

(3.6.7)
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_ =T . .. .
where K, = %RKR , K is the principal curvature matriz of the surface,

—RK1 0 0
K=|0 —n 0], (3.6.8)
0 0 0

representing a canonical osculating paraboloid, and R, T transforms from the local Monge surface
patch coordinates T to the camera coordinates T' as T'(t) = R(¢)LT(t) + 7 (t), so that R(t) = R(t)Ro,
and T(t) = R(t)To + T (t).

Proof. The second spatial derivatives of p are computed by considering an explicit osculating
paraboloid equation as in the next section. We can then differentiate Equation (B.2.10) with respect

to &, n and evaluate the result at the center point, to get:

[4p7 T Keer + 2N, ] pe + 27 TKoyp7 + 2e] Keerp?

Pee = (3.6.9)
133 N~
[4p’yTK662 + 2Ny] pn + Q'yTKc'ypf7 +2e9 Keap?
P = N (3.6.10)
e
(207 " Keez + Ny pe + [207 Keer + N py + 27 Keypype + 2e] Keeq p?
Pen = N , (3.6.11)
Y
where K, = %EOKE(—; and pg, p, are given by Equation 3.6.3. Substituting the above values
into (3.6.2)), we get the desired second-order derivatives of flow. u

3.7 Conclusion

In this chapter we presented the differential-geometric theory of projection and reconstruction of
general curves from multiple views. We studied how the differential geometry of curves behaves
under perspective projection, including the effects of intrinsic parameters. For instance, we studied
how the tangent, curvature, and curvature derivative of a space curve projects onto an image, and
how the motion of the camera and of the curve relate to the projections. We also gave formulas for
reconstructing differential geometry, given differential geometry at corresponding points measured
in two views. In particular, this gives a novel result of reconstructing space curve torsion, given
corresponding points, tangents, curvatures, and curvature derivatives measured in two views. We
determined that there are no constraints in two views — any pair of corresponding points with
attributed tangents, curvatures, and curvature derivatives are possible matches, as long as the basic
point epipolar constraint is satisfied. There is, however, a constraint in three views: from two
views one can transfer differential geometry onto a third and enforce measurements to match the
reprojection. This has been used in a recent practical work in curve-based multiview stereo by the
authors [17].

This work is part of a greater effort of augmenting Multiple View Geometry to model curved

structures. Work on practical camera calibration based on curves using the formulas in this chapter
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is underway. We have also been studying the multiview differential geometry of surfaces and their

shading.



Chapter 4

Camera Pose Estimation Using

Curve Differential Geometry

4.1 Introduction

A key problem in the reconstruction of structure from multiple views of it is the determination of
relative pose among cameras as well as the intrinsic parameters for each. The classical method is
to place a “calibration jig”, e.g., a set of checkerboard patterns, in the scene and to determine a
set of corresponding points across views whose relative position is known. This correspondence can
then be used to determine each camera’s intrinsic parameter matrix K;,,, as well as the relative pose
between pairs of cameras. While this is a well-known method, especially in photogrammetry, with
well-crafted tools, e.g., in MATLAB [[3], the process is time consuming and labor intensive. It also
leaves out a large number of images taken without a calibration jig in place.

A paradigm shift in the past couple of decades is the use of interest points or key features in
object recognition and multiview geometry problems, which has led to the formulation of automatic
methodologies to recover intrinsic parameters and relative pose. The paradigm shift came in response
to a perceived failure on the part of segmentation techniques to produce reliable regions or contours
that correspond to parts of objects in the image. Instead, the new paradigm relies on a set of
isolated keypoints such as Harris corners [07] or sIFT/HOG [IU]] features which remain somewhat
stable over view and other variations. As long as there is a sufficient number of keypoints between
two views, a random selection of a few feature correspondences using RANSAC [41[09)] can be verified
by measuring the number of inlier features. These corresponding features then serve the same role
as the keypoints selected from the calibration jig, although relative distances and angles in 3D
are not available. Thus, these methods lead to an equivalence class of non-metric reconstructions.
Constraints on the intrinsic parameters across the views and a single distance in 3D leads to a metric
reconstruction [69].

These methods are currently in popular use through packages such as the Bundler used in

77
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applications such as Phototourism [I]. The core technology underlying these methods are the notions
of the essential matriz E, developed by Longuet-Higgins [09] where intrinsic parameters are available,
and of the fundamental matriz F, devised by Faugeras, Luong and others [52,[T02,T06] which works
directly with image pixel coordinates thus not requiring intrinsic parameters. Typically a set of
seven or eight pairs of corresponding points are used to obtain the fundamental matrix [09]. In
general eight point algorithms work better in isolation, but when used with RANSAC seven point
algorithms are preferred due to decreased probability of outliers and therefore reducing the number
of necessary RANSAC iterations exponentially.

Two major drawbacks limit the applicability of automatic methods based on interest points.
First, it is well-known that in practice the correlation of interest points works for views with a
limited baseline, according to some estimates no greater than 30° [I13], Figure [4.1(a). In contrast,
certain curve fragments in the image, e.g., those corresponding to sharp ridges, reflectance curves,
etc, persist stably over a much larger range of views. Second, the approach relies on an abundance
of features so that some of them survive the various variations between views. While this is true in
many scenes, as evidenced by the popularity of this approach, in numerous others this is not the case,
such as (i) Homogeneous regions, e.g., from man-made objects, corridors, etc., Figure 4.1(b); (i)
Multiple moving objects require their own set of features which may not be sufficiently abundant
without sufficient texture, Figure 4.1(c); (i) Non-rigid objects require a rich set of features per
roughly non-deforming patch, Figure 4.1(d). In all these cases, however, there is sufficient image

curve structure, motivating augmenting the use of interest points with that of image curve structure.

The use of image curve fragments as the basic structure for auto-calibration is faced with two
significant challenges. First, edge linking procedures do not produce curve segments which persist
stably across images. Rather, an image curve fragment in one view may be segmented or grouped
with other curve fragments. Thus, while the underlying curve geometry correlates well across views,
the individual curve fragments do not, Figure [4.2(a-h). Second, even when the image curve frag-
ments correspond exactly, there is an intra-curve correspondence ambiguity, Figure [4.2(i). This
ambiguity prevents the use of corresponding curve points to solve for the unknown pose and intrin-
sic parameters. These challenges both point to the use of small curve fragments, as captured by the
differential geometry of a curve at a point.

Related work: Previous work generally has relied on the concept of matching epipolar tangencies
on closed curves, as reviewed briefly below: Let a 3D point I', which has camera coordinates I'' and
I'? in camera 1 and 2, respectively, have image projections 4 and ~2, respectively, i.e., I'' = play!
and T? = p?42, where p' and p? are the depths of the point I' in each camera, respectively. Let

rotation matrix R and translation vector 7 describe the relative pose relating I'' and I'? as
> =RT'+T (4.1.1)
Taking the cross-product with 7 on both sides, gives

T xT? =T x RT! (4.1.2)
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Figure 4.1: (a) Views with wide baseline separation may not have any interest points in common,
but they often do share common curve structure. There may not always be sufficient interest points
matching across views of homogenous objects such as for the sculpture in (c), but there is sufficient
curve structure. (b) Each moving object requires its own set of features, but they may not be
sufficient without a rich texture surface. (d) Non-rigid structures face the same issue.
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Figure 4.2: Challenges in using curve fragments in multiview geometry: (a) instabilities
with slight changes in viewpoint, as shown for two views in (b) and zoomed in selectively
in (c-h) real examples of edge grouping instabilities, such as a curve in one being broken
into two in another view, a curve being linked onto background, a curve being detected in
one view but absent in another, a curve being fragmented into various pieces at junctions
in one view but fully linked in another view, different parts of a curve being occluded in
different views, and a curve undergoing shape deformation from one view to the other. (i)
Point correspondence ambiguity along the curve.
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" RT=?

Figure 4.3: The problem of finding the camera pose R, 7 given space curves in a world
coordinate system and their projections in an image coordinate system (a), and an approach
to that consisting of (b) finding the camera pose R, 7 given 3D point-tangents (i.e., local
curve models) in a world coordinate system and their projections in an image coordinate
system.

which after scalar product with I'* reduces to,
?. (7T xRTY) =0 (4.1.3)
r*"(T,R)r* =0, (4.1.4)

where 7y is a skew-symmetric matrix formed from the translation vector 7, i.e., 7, I' =7 xI'. The
essential matrix is then given by:

E=TR. (4.1.5)
Using T'! = pt~! and 2= p*~? we get
~*TEN =0, (4.1.6)

where E is the well-known essential matriz [99] which related the coordinates of two points in
two views (with known intrinsic parameters). From a geometric perspective the camera center ¢;
of camera 1 which as the origin of the camera coordinate 1 maps to I'> = 0 + 7 according to

Equation [4.1.1. Thus, 7 is the vector from ¢' to ¢?. Second, the vector E~' can be written as
Ev' =T, Ry' =T x Ry!, (4.1.7)

and interpreted as follows: R~! is the vector from ¢! to 4! in the coordinate of the second camera,
Figure 4.4, The vector 7 x R~! is then orthogonal to the vector 7 = ¢;¢3 and R~', which span the
epipolar plane. The essential constraint of Equation [4.1.6/ implies 4% - (7 x Ry') = 0, i.e., that 42

lies on this epipolar plane. Thus, 42 is on the intersection of the epipolar plane and the second image
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Figure 4.4: Interpretation of the essential matrix equation. All vectors are written with
respect to the 3D coordinate system of camera 2.

plane, namely, the epipolar line. The same argument holds for 4! since the equation is symmetric,
Figure 4.4, The epipolar line itself corresponding to 4! is the intersection of the epipolar plane and
the image plane, i.e.,
2T
Y Ev, =0
(4.1.8)

e;'yz =0.

The epipoles el and e?, the intersections of ¢;¢; with the image 1 and 2, respectively, are the right

and left null vectors of F, respectively, since they lie all on the epipolar planes, i.e.,
Fel=0, e€eE=0. (4.1.9)

Epipolar Tangency Constraint: The previous discussion of relations between two corresponding
points can be extended to the relationship between the differential geometry of two curves v'(s) in

the first view and a curve v2(s) in a second view, i.e.,
~1T(s)E~%(s) = 0. (4.1.10)
The tangents t'(s) and t?(s) are related by differentiating
9" ()8 (B (8) + 7T () Eg(5)8(s) = 0, (4.1.11)

where g1 (s) and g?(s) are the respective speeds of parametrization of the curves v*(s) and v2(s). It is
then clear that when one of the tangents ¢! (s) is along the epipolar plane also, i.e., £ (s)Ev%(s) =0
at a point s, then by necessity v " (s) Et*(s) = 0. Thus, epipolar tangency in image 1 implies epipolar
tangency in image 2 at the corresponding point, Figure [4.5.

Porrill and Pollard 1991: The epipolar tangency constraint was first shown in [120] who use
linked edges and a coarsely specified epipolar geometry in the form of the essential matrix E. This

initial estimate F is used to find a sparse set of epipolar tangencies, including those at corner in
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S

Figure 4.5: Correspondence of epipolar tangencies used in curve-based camera calibration.
An epipolar line on the left, whose tangency at a curve is marked in a certain color, must
correspond to the epipolar line on the right having tangency on the corresponding curve,
marked with the same color. This concept works for both static curves and occluding

contours.
e
updated e updated e
updated vy updated y
using osculating circle
Y

Figure 4.6: Illustrating the differential update of epipolar tangencies through the use of
the osculating circle or curvature information.
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Figure 4.7: From [I10]: given hypothesized epipoles, three corresponding epipolar lines are
needed to solve for the complete epipolar geometry. The authors easily obtain two such
correspondences at an instant ¢ = ¢ (silhouette in gray) though the outermost epipolar
tangencies, and a third correspondence is obtained by keeping the camera fixed but taking
a snapshot at ¢ = t; and using an outer epipolar tangency (at the white silhouette).

each view. They are matched from one view to another manually, which is then used to refine
the estimate E, see Figure 4.6/ , by minimizing the residual v'T (s)E~4%(s) over all matches in an
iterative two-step scheme: the corresponding points are kept fixed and FE is optimized in the first
step in closed form and then F is kept fixed and the points are updated in a second step using a
closed form solution based on an approximation of the curve as the osculating circle. This approach
assumes that closed curves are available and that the order of epipolar tangencies are preserved.

Kahl and Heyden [87] consider the special case when four corresponding conics are available in
two views, where the intrinsic parameters are unknown. In this algebraic approach, each pair of
corresponding conics provide a pair of tangencies and therefore two constraints. Four pairs of conics
are then needed. If the intrinsic parameters are available, then the absolute conic is known giving
two constraints on the epipolar geometry, so that only 3 conic correspondences are required. This
approach is only applied to synthetic data which shows the scheme to be extremely sensitive to even
when a large number of conics (50) is used.

Kaminski and Shashua [30] extended this work to general algebraic curves viewed in multiple
uncalibrated views. Specifically, they extend Kruppa’s equations to describe the epipolar constraint
of two projections of a general algebraic curve. The proposed solution requires solving systems of
polynomial equations where recent computational algebraic geometry algorithms apply [31].

Sinha et. al. [[10] consider a special configuration where multiple static cameras view a moving
object with a controlled background, Figure 4.7. Observe that the epipolar geometry between any
pair of cameras is fixed, each hypothesized pair of epipoles representing a point in 4D is then probed
for a pair of epipolar tangencies across video frames. Specifically, two pairs of tangencies in one
frame in time and a single pair of tangencies in another frame provide a constraint in that they
must all intersect in the same point. This allows for an estimation of epipolar geometry for each
pair of cameras, which are put together for refinement using bundle adjustment, providing intrinsic

parameters and relative pose.
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Overview. The paradigm explored in this chapter is that small curve fragments, or curvelets, can
be used as the basic image structure to correlate across views. The intent is to use curve geometry
as a complementary approach to the use of interest points in cases where these fail. Previous work
in exploring local geometric groupings [[11] has shown that tangent and curvature as well as the
sign of curvature derivative can be reliably estimated. Unfortunately, differential geometry does not
constrain point correspondence in two views and thus does not add any information in two views!
However, it does significantly constrain three views or more. It is shown in [10] that the differential
geometry at two corresponding points in two views reconstruct the differential geometry of the space
curve they arise from. This constrains the differential geometry of corresponding curves in a third
view. In the simplest case only first order differential geometry or tangent is used, and that is what
this chapter explores.

The fundamental questions underlying the use of short curve fragments, essentially points aug-
mented with differential-geometric attributes, is how many such curves are needed, what order of
differential geometry is required, and how many views? This chapter explores the use of first order
differential geometry with the minimum number of views, namely three. It considers two problems
Problem 1: For a camera with known intrinsic parameters, how many corresponding pairs of point-
tangents in space specified in the world coordinates, and point-tangents in 2D specified in the image
coordinates, are required to establish the pose of the camera with respect to the world coordinates,
Figurel4.3(b)? This problem is useful when some reconstruction is already available either from other
views [17] or because a 3D model of the object is available. It is also useful in the case of highly
accurately calibrated moving binocular video to register the pose in one frame to that in another.
In general, this is a basic Problem of interest in pose estimation, camera calibration, triangulation,
etc., in computer vision, robotics, computer graphics, photogrammetry and cartography.

Problem 2: For three cameras with known intrinsic parameters, how many corresponding triplets
of point-tangents are needed to establish the relative pose of the cameras (i.e., the trifocal relative

pose)?

4.2 Determining Camera Pose from a Pair of 3D—-2D Point-

Tangent Correspondences

Our approach to treating Problem 1, in contrast to the global treatment as in algebraic geometry,
is a local differential formulation: Given a local curve model consisting of points and tangents
in 3D projecting to points and tangents in 2D, how many such correspondences are needed to
estimate camera pose, Figure 4.3(b)? The classic result with correspondences of 3D points and
2D projections, is that 3 points are required to estimate camera pose [54]. Consider (2D, 3D)
point correspondences, in the form of 3D points (T'y,T's,...,T';) and 2D points (1, Yoy« Vn)s
respectively. The coordinates of the 3D points are typically known from a calibration jig, or else
from a previous reconstruction. This process is called camera resectioning in the photogrammetry

literature (and by Hartley and Zisserman [09]), and also is known as camera calibration when this
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is used with the purpose of obtaining the intrinsic parameter matrix /C;;,, where the camera pose
relative to the calibration jig is not of interest. This is also related to the perspective n-point problem
(PnP) originally introduced in [54], which can be stated as the recovery of the camera pose from n
corresponding 3D-2D point pairs [77] or alternatively of depths [05].Y. The direct solution to P3P,
also known as the triangle pose problem, is given in 1841 [63]. The direct solution equates the sides

of the triangle with those of the vectors in the camera domain, i.e.,

o171 — p2¥al® = ITY = T3 || = L,
272 — 03'73H2 =Ty -T3| = L§3 (4.2.1)
lp3vs — p1vall? = Ty —TY| = L3,

where pl, po, p3 are depths in the camera coordinates. Expanding this equation gives a system of

three quadratic equations

Y Y197 — 291 Yap1p2 + Y3 Y2p3 = L,
Y3 Y2P3 — 273 Y3p2ps + Y3 Y3ps = L3, (4.2.2)
Y3 ¥3P3 — 273 v1p3p1 + 1 1107 = L3

Following traditional methods going back to the German mathematician Grunert in 1841 [(3] and

later Finsterwalder in 1937 [53], factor out one variable, say p.

P2 P2
P Y1 — 27?%(;) + 95 72 <p1>] =13,

2
P2 p2 p3 P3
P2 Y2 () — 27575 () () + 7373 ()] = L3, (4.2.3)
P1 P1 P1 P1

2
P3 P3
P13 Y3 (m) — 2737, (m> +91{71] =15,

so that the system is reduced to two equations involving only the ratios % and z—f,

B 2
P2 P2
Lis |71 71— 271 72 (pl) +93 7 <p1> =

B 2 2
12 | Y272 o Y2 V3 o o1 Y373 o
B 2
P2 P2
L3y |71 — 291 72 () +9372 <>
L P1 P1
| s\ p
3 3
Ly (7373 <> 273 <> i m
L P1 P1

!The camera resectioning problem does not assume that the camera projection matrix is fixed, while in
the PnP problem the intrinsic parameters and camera pose remains fixed across views [73]

)
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2
P2 P2 P3 P2
(L3 — L33)v3 72 () +2L3571 Vo ( ) 213573 Y3 ( ) ()
1 P1 P1 P1

2
P3
+ L3573 vs <p1> = L3371 71

2
p2 P2 p3 P3
L31’)’2 Y2 () 2L3171 Yo < > - L%Q'Y;,r’m <> + 2L1273 71 <>
1 p1 P1 1

= (L3 — L&) v{ 71-

(4.2.4)

Grunert eliminates (%)2 by a linear combination of these equations, which gives an expression
for % that is quadratic in z—?. After substituting this back into one of the above equations, a 4"
order polynomial in Z—f results. Finsterwalder takes a slightly different approach that leads to a
cubic polynomial by multiplying the second equation with A and adding it to the first equations.
The combined equation is quadratic in % and Z—? and linear in A. He solves for Z—f in terms of 22
and A\ using a standard solution to a quadratic which involves an expression of % and A under a
square root. Since the equations hold for all A\, a A for which this expression is a perfect square is
sought. This involves finding A as a root of a cubic polynomial, leading to an expression for Z—? that
is linear in %, geometrically corresponding to two intersecting lines. This is better than Grunert’s
solution which involves solving a 4" order polynomial.

The camera resectioning problem can be solved using three 3D « 2D point correspondences
when the intrinsic parameters are known, and six points when the intrinsic parameters are not
known. The camera pose can be solved using four point correspondences when only the focal length
is unknown, but all the other intrinsic parameters are known [2(], Table 4.1. We now show that when
intrinsic parameters are known, only a pair of point-tangent correspondences are required

to estimate camera pose.

Case ‘ Unknowns ‘ Min. # Corresp.
Calibrated (/Ci;, known) Camera pose R, 7T 3
Focal length unknown Pose R, 7 and f 4
Uncalibrated (K, unknown) | Camera model C;,, R, 7 6

Table 4.1: The number of 3D-2D point correspondences needed to solve for camera pose
and intrinsic parameters.

Theorem 4.2.1. Given a pair of 8D point tangents {(I'1,T1), (T2, T2)} described in a world co-
ordinate system and their corresponding perspective projections (v1,t1), (va,t2), the pose of the

camera R, T relative to the world coordinate system can be solved up to a finite number of solutions,
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assuming that the intrinsic parameters KC;p, are known, by solving for the system

Y1 Y1 T = 291 Yo prp2 + Y2 Y2 p5 = (TY —T%) (T} —TY),
Q(p1,p2) =0,

(4.2.5)

where
Q(p1,p2) = A*(EH? — FHK + GK?)* + AC*(EJ? — FJL + GL?)?
—2A’C(EH? - FHK + GK?)(EJ? — FJL+ GL*) + [-AB(EH? - FHK + GK?)
+ BC(EJ?* — FJL+GL?)|[AQEHJ — FHL — FJK +2GKL) — B(EJ? — FJL + GL?)]
+C[AQEHJ — FHL — FJK +2GKL) — B(EJ?> — FJL+ GL?*)]* =0

(4.2.6)
is an eight degree polynomial, where the parameters A through L are defined as
A=1-2vyt:B +~{ v, B}
B = [2(71 t) — 2’71 71B1]A1
C= (71 v1) AT —
E=1—2v;t:B; + "/;’7233
F = [2(73 t2) — 273 72 Ba] A2 e
G = (7372)43 — 1
H =~{v,A14; — (TY) ' TY
J=[y3ti — {72 B1]4:
K = [y{t: = v{ 72 B2 A1
L= t2 — ")’;tlBg — ’)’Ithl + YI’YQBlBQ,
where - T
A, = L =T3) T7 B, — (= p2ye)
(P171 — P272) T (171 = P272) ' (4.2.8)
4, = T -T)TTY B, — (P = prry) 't
(P1Y1 = P272) T2 (P11 = P2v2) T2’
and where
g A(EH? - FHK +GK?) - C(EJ?> - FJL+ GL?)
P G1  AQREHJ - FHL-FJK +2GKL)— B(EJ? — FJL + GL?)’ (4.2.9)
92 E(AH? - BHJ + CJ?) — G(AK? — BKL + CL?) o
’02G2  E(AHK — BHL — BKJ +2CJL) — F(AK? — BKL + CL?)’
and o
=A; - B1p1
G1 G1 (4.2.10)

I} = Ay — 32,02

G2 G2 .
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Finally,
—1 !
R=[Tv_-TY) TV T;’} [pm —pve PG ppftat GZﬂJ (4.2.11)

T = p1v, — RTY.

Proof. The proof proceeds by (i) writing all projection equations for each point and their derivatives
in the simplest form involving R, 7, depths p; and ps, depth derivatives p| and pj, and speed of
parametrizations G; and Ga, respectively; (i) eliminating the translation 7" by subtracting point
equations; (4ii) eliminating R using dot products among equations, so that the remaining equations
only have the local unknowns depths, depth derivatives, and parametrization speeds. (iv) eliminate
the unknowns p} and pj, (v) eliminate g; and go, (vi) solve for the remaining unknowns p; and po,
(vii) use these to compute all the unknowns.

The image point 7 is related to the space point I' through I'" = p~, where p is depth. The space
point T in local coordinates is related to T in the world coordinates by a rotation matrix R and

translation 7 through I' = RT'™ + 7. Equating these at each of the two points gives

pivy =RIY +7T
p2Ye = RLG + T,

(4.2.12)

where p; and p are the depth at image points «; and =,, respectively. By differentiating with
respect to the parameters of v, and 4 we have:

git1 + piv, = RGiTY
PO AT e (4.2.13)

p2gats + phys = RG2TY,

where p; and p; are depth derivatives with respect to the curve parameter, g; and g, are speeds
of parametrization of «v; and =,, respectively, and G; and G2 are the speeds of parametrization of
the space curves I'y and I's, respectively. The vector Equations 4.2.12] and 4.2.13| represent 3 scalar
equations for each point, so that there are 12 equations in all. The parametrization speeds g; and
go are arbitrary and can be set to 1 uniformly although we keep them in general form. The given
quantities are v, t, and I'", T at each point. The unknowns are R, 7 (6 unknowns), p, p’ (4
unknowns), and the two speeds of the curve T' at the two points, 12 unknowns in all. Therefore, in
principle, two points should provide enough constraints to solve the problem.

First, 7 is eliminated by subtracting the two Equations (4.2.12])
p171 — pavy = R(TY — TY), (4.2.14)

which together with Equation [4.2.13 give a system of equations

Py = prry = RATY =) (4.2.15)
g1 w
92 w
p2—1ts + 7’72 RTS . (4217)

Ga G2
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’

At this stage, the unknowns are p1, pa, g—ll, é—i, plchllv pgg—i, and R, nine numbers in all, which
can potentially be solved through the three vector equations (nine scalar equations) in (4.2.15)—
(4.2.17). The number of unknowns can be reduced by eliminating R in a second step. The matrix
R rotates three known vectors, (I'Y —T'y), TY, and T to the three unknown vectors on the left
side of these equations, requiring a preservation of vector lengths and mutual angles. The length
and relative angles are obtained from the known dot products, which do not involve R at all. This
provides six equations for the six unknowns {p1, p2, &, &, g—/ll, g—i} Alternatively, we write these

three equations in matrix form composed from the three vector equations (4.2.15)-(4.2.17), i.e.,
[im = vy pEt+ Gy o+ Gy =R[TY-TY) TV TY| (4218

This is a system of six equations using product of the left hand matrix with its transpose which
using RTR = I gives
(1171 = p272) T (0171 = p2ya) = (TF —T%) T (T} — TY)
g1 pl w w w
(71— p272) (P15t + 5-71) = (TF = TY) T T
G1 G,

(171 — pov2) T (p2 2ty + 224 ) = (Ty —TY)TTY

G, 2T g, w29
4.2.19
g1 P T g1 P
Lt + £L Ly +L4)=1
(PlGl 1+ G171) (PlGl 1+ G171)
92 Py \T(. 92 P
2+ 22 Z+ 24y =1
(p2 G2 2 + G2 72) (p2 GQ 2 + G2 72)
g1 PL T, 92 P wy T rprw
22t = ==t —= =(T7)'T%.
(PlGl 1+G1’71) (P2G2 2+G2’72) (TY) Ty
The first equation is a quadratic in p; and ps
Y1V P = 291 Y2 prp2 + ¥ Yo 5 = (DY —T%) (T} —TY), (4.2.20)

which as a conic in the p;—py plane with negative discriminant

(V1 -72)2 = (1 7)) (Y2 ¥2) = —llv X 2P <0 (4.2.21)

is an ellipse. The ellipse is centered at the origin so we can check that it has real points by solving

for p1 when pz = 0, giving 3} | = |T¥ = T4, or real roots py = +ICf-ELL
The remaining five equations involve the additional unknowns {p; Cngl’ pgg—i, %, g—i} The latter
appear in a linear form in the second and third equations, and in quadratic form in the last three

equations. Thus, the terms Cp;—ll and é% can be isolated from the second and third equations and
then used in the last three equations

/

p w w w g

[(Pl’h - 02’72)T71]71 = (Fl o X )TT1 - [(Pl’h - 02’72)Tt1]ﬂlfl
G} G (4.2.22)
p w w w g

[(p1y1 — pﬂz)T%]Gf = (Y —TY)'TY — [(pryy — pwz)th]sz%,
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or

Py _ (Y — ry) Ty (P71 — p2va) Tt g1 _

A - - = =4A1- B1p1

Gi (pvi—p272) v Llevys — p2va) ) T G G1 (4.2.23)
s (Y -T9)'TY [(pm - P272)Tt2] — Ay B ™

G2 (p1v1 —p2v2)Tv2 L(prvs —p2va) T Gz Gy’

noting that A;, As, By, and By depend on only two of the unknowns p; and ps. The last three

equations in (4.2.19)) can be expanded as

( ) (plg ) (211) +(rim) <g11>2 =1
( )2+272t2 ( éi) (gi)ﬂﬂvg) (?;2)2:1
(t ts) <Plg;1> (Pz >+(72 )(mG > (cpi) + (7] t2) (pQG > (é’;l) n

Substituting 11 and g—i from Equations [4.2.23| gives

(o) 2070 ) () 0 (- 2)
) e (o) (o (1)) - o)

(o) (o) (o) (- (02)

o () () 0 (- 0 8)) (15 ()

These three equations can be written in summary form using z; = p1 &~ ~and w2 = p2 G2

Az? + B +C =0 (4.2.24)
Ex3+ Fry+G=0 (4.2.25)
H+ Jxy + Kxg + Lz =0, (4.2.26)

and where A through L are only functions of the two unknowns p; and py. Thus, the three Equa-
tions 4.2.24H4.2.26) after solving for x; and x5 express a relationship between p; and py, which
together with Equation 4.2.20) can lead to a solution for p; and ps.

Equation 4.2.206, with given values for p; and py, represents a rectangular hyperbola in the x1—
o plane, with asymptotes parallel to the axes, Figure 4.8, Moreover, each of the Equations 4.2.24
and [4.2.25] represents a pair of (real) lines in the same plane, parallel respectively to the x5 and x4
axes. We know that there is one mutual intersection of the aforementioned curves, but in general

there should not be more than one.
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T2

T1

N

Figure 4.8: Diagram of the mutual intersection of Equations [4.2.24H4.2.26 in the x1—xo
plane.

Specifically, the variables x7 and x5 can be solved by rewriting Equation 4.2.20| as

(H+ Jx1) + (K 4 Lay)xs =0, (4.2.27)
giving
H + Jl'l
=" 4.2.28
2T TR I (4.2.28)

Using this expression in Equation 4.2.25 gives

(H+J’Il)2 H+JZL’1

E _
(K +Lz,)2 K+ La

+G=0, (4.2.29)

or

E(H + Jx1)?> — F(H 4 Jz1)(K + Lzy) + G(K + Lz,)? = 0. (4.2.30)

Reorganizing as a quadratic in x7, this solves for x; which together with Equation [4.2.24] gives a

constraint on the parameters depending on p; and po,

(EJ?> — FJL+GL?*2? + (2EHJ — FHL — FJK +2GK L)z, (4.2.31)
+(EH? - FHK + GK?*) =0
Az? + Bry + C = 0. (4.2.32)

The quadratic term is eliminated by multiplying the first equation by A and the second equation by
(EJ? — FJL + GL?) and subtracting, giving

[AQEHJ — FHL — FJK +2GKL) — B(EJ? — FJL + GL*)|z1+

, , , ) (4.2.33)
[A(EH? — FHK + GK?) — C(EJ* — FJL + GL?)] =0,
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so that
A(EH? - FHK + GK?) - C(EJ?> - FJL+ GL?)

- . 4.2.34
T T AQEHJ - FHL — FJK + 2GKL) — B(EJ? — FJL + GL?) (42:34)
Substituting back into Equation 4.2.32! gives
) A(EH? — FHK + GK?) — C(EJ? — FJL + GL?) ? .
A(EHJ — FHL — FJK +2GKL) — B(EJ? — FJL + GL?) (4.2.35)
5 A(EH? — FHK + GK?) — C(EJ? — FJL + GL?) LC—0 -
A(EHJ — FHL — FJK +2GKL) — B(EJ? — FJL + GL?) o
or
A*(EH? - FHK + GK?)* + AC*(EJ? — FJL + GL*)?
—2A°C(EH? - FHK + GK?)(EJ* — FJL+ GL*) + [-AB(EH? - FHK + GK?)
+ BC(EJ?> — FJL +GL?)|[AQEHJ — FHL — FJK +2GKL) — B(EJ? — FJL + GL?)]
+C[AQEHJ — FHL — FJK +2GKL) — B(EJ?> — FJL+ GL?*)]* =0
(4.2.36)
The equation, after expressions for A, B, ..., L are substituted in, gives a high order polynomial in

p1 and pa, i.e., Q(p1, p2) = 0% This equation together with Equation 4.2.20) represents a system of

two equations in two unknowns

YY1 P = 291 Yo prp2 + Y2 Yo p3 = (TY —T%) (T} —TY),

4.2.37
Q(p1,p2) =0, ( :

and gives a number of solutions for p;, and ps which in solve for the unknowns p; Z- G , P2 G227 g—ll

and 5—22. Once these unknowns are solved for, the rotation R can be obtained from the matrix

equation (4.2.18). The translation 7 is then solved from Equations 4.2.12) as
7 = p1v, — RTY. (4.2.38)
|

Proposition 4.2.2. The algebraic solutions to the systems (4.2.5) of Theorem|[].2.1 also require to

satisfy imaging and other requirements enforced by the following inequalities

o> 1, pg >1 (4.2.39)
g1
ZL >0, 2 >0 4.2.40
ar G2 ( )
det [pw —pvs pLEt By pa @ty + By }
det R = : 2 mEhtem pth ey (4.2.41)
det [T —TY TV TV

2This is an 8*" order or less polynomial.
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Proof. There are multiple solutions for p; and p, in Equation 4.2.37. Observe first that if p1, po,
R, T are a solution, then so are —p;, —pa, —R, and —7, either by observing Equations 4.2.12
and 4.2.13. Only one of these two solutions are valid, however, as the camera geometry enforces
positive depth, p; > 0 and ps > 0, so that solutions are sought only in the top right quadrant of the
p1—p2 space. In fact, the imaging geometry further restricts the points to lie in front of the camera
so that p; > 1 and p2 > 2.

Second, observe that the matrix R can be a rotation matrix if it has determinant +1 or a
reflection rotation matrix if it has determinant —1. This determinant can be computed for our

solutions from Equations 4.2.18|

det [mvl =22 pEb G pdtat 5—2272]

detR = (4.2.42)

det |TY —T% TV TY
Among the solutions for p; and ps, we seek only those that give det R > 0. ]

The parametrization we have assumed in the space curve projects T to the same half plane
as t in each view so that T and t need to point in the same direction, i.e., T -t > 0, or from
Equations [1.2.16/and 41.2.17, & > 0 and & > 0.

Remark: One can express
1

T, = cost, + sin 01t
Ty = cos Oy 72 + sin O>t,
(72l

in which case the 4" and 5" equations above are automatically satisfied leading to 4 equations in

4 unknowns p1, p2, 01, 05.

(p171 — p2v2) " (P1v1 — p2v2) =Ty - T3

Py . w w w
(b1 = pye) (cos Ot 4 sinfity) = (B = T3) T (4.2.44)

(0171 — p2v2) " (cos by sz” +sinfit) =Ty —TY) TV

This replaces polynomial equations with a trigonometric set of equations.

Practical Approach to Computing a Solution: Equations 4.2.37 can be viewed as the inter-
section of two curves in the p; — p2 space. Since one of the curves to be intersected is an ellipse, it is
possible to parametrize this curve by a bracketed parameter and then look for intersections with the
curve of degree 8. This gives a higher order polynomial in a single unknown which is better than

solving simultaneously the two equations of degree 2 and 8.

Proposition 4.2.3. Solutions p1 and ps to the quadratic Equation |4.2.20, can be parametrized as

_ 2atcosf+ (1 —t?)sind

B 1+

~ —2atsind + 3(1 — t?) cos 0
B 1+ ¢2 '

1 (4.2.45)

-1<t<1

P2 (4.2.46)
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where

Y1
tan(20) = ——2— 0<20<m, (4.2.47)
Y1 Y1~ V272
2T — TV
a= = = _‘rf” ! = 2| — , a>0, (4.2.48)
VT Y1 +73 v2) + (11 Y1 — 73 v2) cos(20) + 2] 7, sin(26)
2T — Y
6= V2T 2| 8> 0. (4.2.49)

VAT +73 72) — (1T 71 — 73 72) cos(20) — 2v] v, sin(260)

Proof. An ellipse centered at the origin with semi-axes of lengths o > 0 and # > 0 and parallel to

(2)2 n (2)2 — 1 (4.2.50)

observing that (2t)% + (1 — #2)2 = (1 + t?)?, the coordinates z and y can be parametrized as

the coordinates satisfies

2t

T = 7o t2a (4.2.51)
1—t2

y= (1 +t2)ﬂ, (4.2.52)

where ¢ € (—o00, 00), with ellipse vertices identified at —1, 0, 1 and oo, as shown in Figure [4.9. For
a general ellipse centered at the origin, the coordinates must be multiplied with the rotation matrix

for angle 0, obtaining

2at cosf + B(1 — t2)sin @

2atsi elj;(l t2) cos 0 Slsrsld

— 20T S1In — COS

_ _ 4.2.54
P2 142 (4.2.54)

Figure 4.9 illustrates this parametrization. Notice that the range of values of ¢ which we need to
consider certainly lies in the interval [—1, 1] and in fact in a smaller interval where p; > 0 and pa > 0.
Note that for ¢ and —% correspond to opposite points on the ellipse.

The above parametrization is for a general ellipse centered at the origin with «, 3, and 0 specified.
The ellipse in Equation 14.2.20] is also centered at the origin. The parameters «, (3, and 6 for it can
be then found by substitution of p; and ps in the parametric form in Equation [4.2.20. Specifically,
writing

Y7

(14-¢2)2

- m[félazﬁ sin @ cos 0 + 2a6t(1 — t?) cos® 6 — 2a6t(1 — t?) sin® 0] + B2(1 — t2)%sin f cos 0
(1+12)2

—293 72

(1+1¢2)?

[4a*t? cos? 0 + (%(1 — t%)?sin” O + 4aBt(1 — t2) sin 0 cos 0]+

[40%t? sin? @ + B%(1 — t2)% cos® O — 4aft(1 — t?)sinf cos 0] = | TY — T'Y|2.
(4.2.55)
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t=0 (Bsind, Bcosb)

t=-1 (—acosf, asind)

pP1

t=1 (acosh, —asinf)

t=00 (—@sinf, —fcosb)

Figure 4.9: Diagram illustrating a parametrization of the ellipse by a parameter t.

Simplifying the equation as

(v 71)40?t* = (7] vo)4aBt(1 — 1) + (5 v2) 87 (1 — £%)*] cos® 6+
(V] ¥1)B%(1 = £2)2 + (7] ¥2)4aBt(1 — 1) (73 v5)4a’t] sin® O+
(7] Y1) 4aBt(1 — 17) + (7] 7280717 — (7] 72)26°(1 — t*)% — (73 ¥2)4aBt(1 — t?)] sin O cos 0
= (1+£)?ry - 13)?
(4.2.56)

1+4cos (20 2 2
% , cos“f —sin“ 0 =

1—sin(20)
2

and using simple trigonometric identities cos? 6 = and sin? @ =

cos(20) and sin(260) = 2sin f cos §, this equation can be better simplified to

(Y 71)40®8 — (y] 72)4aBt(L — %) + (72 ¥2) B2 (1 — £2)](1 + cos(26))+
(Y1 7Y)B (1 = £2)" + (7] v2)4aBt(1 — 12) + (3 72)4”t?)(1 — cos(26))+

(4.2.57)
(Y] Y1) 4aBt(1 — ) + (7] 7¥2)80°* — (71 72)28%(1 — t2)% — (73 Y2)4aBt(1 — t2)] sin(20)
=2(1+*)*|TY — Ty
which is an equation only involving the unknown 6,
(V] Y1 + 72 72) [’ + B2 (1 — %))+
(] 71 — 72 Y2) [’ = B2(1 = 17)%] — (7] v2)8aBt(1 — t*)] cos(20) (4258)

(V1 71 — 72 v2)4aBt(1 — t7) + 2v] v, [40?t? — B%(1 — 2)?]] sin(26)
=2(1+*)*|T}y — Ty ||

This equation holds for all values of t. t =0,

(V{71 + 72 72) B> = (Y1 Y2 — Y2 72) 3% cos(20) — 2y v, 3% sin(20) = 2T} — T,  (4.2.59)
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giving
2|1y — Ty[?
p% = . . (4.2.60)
(Y1 Y1+ 73 Y2) — (Y1 Y1 — Y2 Ya) cos(26) — 2] v, sin(26)

Similarly, at t =1,

(V1 1 + 73 ¥2)40® + (V1 v1 — 3 ¥2)4a® cos(20) + 2] v,40” sin(20) = 8Ty — Y|, (4.2.61)

giving
2 I\UJ _ I\w 2
o = — —~ — (LM —= ” — . (4.2.62)
(Y171 +7272) + (71 71— Y2 ¥2) c08(26) + 2 2 sin(26)
]
Remark: Note that tan6 can be deduced from the value of T := tan(26) by
VI+T?2 -1
% if T >0,
tanf = 4.2.63
—1+T2-1 | ( )
— if T<0

The result of substituting the parametrization of the ellipse into the other equation @ = 0, on
clearing the denominators, appears to be an equation of degree 16 in ¢: The curve @ = 0 (degree 8)
and the conic (degree 2) will meet in at most 16 real points. Note that ¢ and f% give diametrically
opposite points on the ellipse, and the other curve @ = 0 is also symmetric with respect to the
origin. So the polynomial Q(t) which results from substituting for p; and ps in Q will be invariant

to this substitution, and hence have the form:
Q(t) = qo+ qit + @at® + -+ + qr6t'®, (4.2.64)

where ¢; = —q16—; for i odd. At most 8 solutions will lie in the range —1 < ¢ < 1, and indeed we
are only interested in solutions which make p; > 0 and p2 > 0.

Further considerations From careful examination of the polynomial P we find that:

I) P is divisible by pip3. This is proved by multiple applications of the Hadamard lemma, namely
by verifying that the first, second, and third partial derivatives of P with respect to p;, when

substituting p; = 0, are identically zero, and similarly with pa.

II) The residual polynomial

P
- (4.2.65)

Q f—
041102

has total degree 8 in the variables p; and ps.

III) Since the original equations are all invariant when the signs of p1, p2, 1, x2 are all reversed,

which leaves the signs of p; and py unchanged, the polynomial P has this property too:

P(—p1,—p2) = P(p1, p2). (4.2.66)

The same is true of Equation [4.2.37.
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4.3 Calibrating Using Three Point-Tangent Correspondences

Across Three Views

The previous section concerns the case when two 3D point tangents (I';,T) and (T's,Ts) are
available, e.g., after reconstruction from two calibrated views, and addresses how these together with
corresponding image point tangents (vq,%1) and (7,,%2) can be used to estimate camera pose. In
general, when no calibrated views are available, however, the only information is the correspondence
among image point-tangents, written in the form of (v, t) across several views. This case is the focus
of this section.

Table 4.10 shows the number of point correspondences needed in two, three, and four views,
with and without knowledge of intrinsic parameters, and, with and without knowledge of tangents
at each point. In the case of points without knowledge of tangents, correspondence of 7 points in
two views gives both pose and intrinsic parameters, although 8 points give the same though linear
equations. In three or four views, 6 point correspondences are required but 7 points allow for linear
equations. In four views, 6 points are required but these already give linear equations.

When the intrinsic parameters K, are known, a general calculation due to Quan et. al. [129]
gives a formula for the number of points necessary: each image point v gives two constraints, so that
P points in N views give 2N P equations. Each corresponding 3D point introduces 3 unknowns so
that P points give 3P unknowns. Each camera introduces 6 unknowns so that NV views correspond to
6(N — 1) unknowns relative to the first camera, which can be taken as the world coordinate system.
An unknown needs to be subtracted because a scaling of the scene (all spatial distances, including
depths relative to the camera as well as camera distance) does not change the observations. Thus,
the set of observations are consistent with a one-parameter equivalence class of points and camera
defined changes in the “scene scale”, an unknown which cannot be recovered from observed data.
Therefore, the number of unknowns is reduced by one as only the equivalence class of solutions
can be obtained! Thus, the total number of unknowns is 3P 4+ 6(N — 1) — 1. This implies that
the number of constraints must exceed the number of unknowns to have finitely many solutions

2NP > 3P +6N — 17, or
2

2N -3’
For two views, N = 2, P > 5, for three views N =3, P > 2%, for four views N =4, P > 3%, for

P>3+ (4.3.1)

five views P > 3%, etc. In other words, for three views or more at least four points are required, but
these four points cannot be arbitrary as the situation is overconstrained.

The situation for point-tangents is similar: each point provides 2 constraints in position and 1
constraint in tangents, so that there are 3N P equations. But now there are 2 additional unknowns

for each tangent in 3D, or 2P which in total gives 5P unknowns
3NP —-2P >3P+6N —7 (4.3.2)
or

3
P>2 .
- +2N—5

(4.3.3)



99

Number of point

Number of required

Correspondences oriented point Degrees
required correspondences of freedom
Fundamental Matrix 7 points nonlinear 7 points nonlinear ;
(Unknown K) 8 points linear 8 points linear
Essential Matrix 5 points nonlinear 5 points nonlinear 5
(Known K) 6 points linear 6 points linear
Trifocal, unknown K 6 points nonlinear Speculate 4 18
7 points linear
Trifocal, known K 4 overconstrained Speculate 3 o
[Nister 2006] 3 underconstrained '
Quadrifocal, unknown K | 6 linear equations 29
Quadrifocal, known K ?? 27
# of
views N=2 N=3 N=4 N=5 N =100
# of points
Points 5 4 4 4 4
Oriented points 5 3 3 3 3
Oriented point +
curvature 5 3 3 2 2
Oriented point,
curvature, and 3 2 2 2 2
curvature derivative

Figure 4.10: Variants of the multiview camera geometry estimation problem.
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For N = 2 we have 5 points as before; for N = 3, P > 2%, for N=4,P > 2%, for N=5P > 21%, SO
that for three views or more at least three points are required, and the equation is overconstrained.

The situation when points are endowed with both tangent and curvature is similar: points,
tangents, and curvature gives 4 constraints per view for 4 NP total. The unknowns for each 3D
point is points (3), tangents (2), normals (1), and curvature (1), for a total of 7 per point, or 7P,

(N — 2) P equations for curvatures, requiring

ANP > 4P +6N — 17, (4.3.4)
or
6N — 7
P> . 4.3.5
> N7 (4.3.5)
For N=2, P>5for N=3, P> 2%, for N=4, P> 1%, for N=5 P> 1%, etc. Thus, for three

views 3 points are required, but for five views only two points are required!.
When points are endowed with curvature derivative, there is an additional constraint per point
per view, i.e., SNP. This introduces two additional 3D unknowns, i.e., torsion and curvature
derivative, for 9P unknowns, requiring 5NP > 9P + 6N — 7 or

6N —7

P> .

~“ 5N -9

(4.3.6)

For N =2 P>5 for N=3, P> 1%, for N =4, P > 1%, etc., thus requiring only two points in
three views.

Assume that three correspondences are given across three views, i.e., that the point-tangents
(71, 1), (73, t)), (v3,t3) in the first view correspond to the three point-tangents (v2,¢3), (v3,t3),
(v2,t3) in the second view, respectively and to the three points (v3,t3), (v3,t3), (v3,t3) in the
third view, respectively, and to the unknown 3D point-tangents (T'y", T7), (T'y,T% ), and (T35, T% ),

in space, respectively. Assume further that intrinsic parameters KJ,,,, K2, , and K3 are given for all

m) m?

cameras. Our goal is to find the relative pose of cameras with respect to the world using (R4, 77),
(R2,T2), (R3,T3)
' =R\T"+ 7T,

I'? =R, T + T, (4.3.7)
I? =RsI" + T3

as well as relative pose among cameras (Ra1,721), (R31,731), (Raz2, T32)
I? =Rl + Ty
I =Ry + Ty (4.3.8)
I? = Raol? + Too

Note that
I? = Roy (RiTY + T1) + T2y = R RaT" + Ron Ty + Tan, (4.3.9)
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Figure 4.11: Intrinsic coordinate system is in brown, while the view coordinate system is
in green.

so that Ro = Ro1R1 and 73 = Ro177 + 791 and

Ro1 = RoR{ Ty = —RaTi + T
Ra1 = RaR{ T31 = —Ra1Ty + T3 (4.3.10)
Ras = R3Ry T30 = —Rs32T5 + Ts.
We also have
I} = pii I = piri It = pivi
Ty = pivh T = 373 I3 = p3v3 (4.3.11)
T = p3vs I =p3vi I3 = pivi

Intuitively, assuming that (R12, 712) is known, the 3D point-tangents (T'y,T'1), (T2, T2), (T's, T'3)
can be reconstructed from views 1 and 2. Then, applying Problem 1 to a pair of these, say (I'1,T1)
and (T'y, T'5) and the corresponding (v3,¢}) and (3, t3) in the third view, we can determine (R3, 73).
Repeating this with a different pair, say (T'y,T'1) and (T'3, T'3) gives a different estimate for (R3, 73).
Equating these six equations should give R, 7. This reconstruction is then used in determining
(Rs, T3).

Alternatively, the three unknown (pi, pi, p3) from the first view, Figure/4.11), determine (I'y, Ty, T'3),
and the three unknowns (p}, p, p5) determine the tangents (T'1,T2,T'3). These six unknowns, like
the six unknowns in (R,7) above can be constrained and solved. Both these options, however,
favor one view as special and are not symmetric, and also involve difficult nonlinear rotations and

projections. Instead, we choose a more geometric set of unknowns. Specifically, let the lengths of
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I's
H
I’y
Ty a1 T ] Lig—x ©2
Figure 4.12:
the triangle connecting I'y, I's, and I's be

L1z = |1 — Iy
Log = ||y — Ts| (4.3.12)
Lz = [[T3 — T4},

as shown in Figure 4.11. For the tangents we use the two angles T';, T'5, and T'3 make with the
sides T'; with I'1I's and I'1 '3, 012, 613, respectively, and T's5 with I'sq, I'so, 031, 032, respectively.
The conjecture is that these geometric quantities are symmetric with respect to views and involve
simple relations.

First, consider that the intra distance of the three non-collinear points I'1, I's, and I's are given
as Lia, Loz, L3 as in Equation 4.3.12, but not the coordinates of I'y, I's, and I's. Then we can set
a local coordinate system where I'y is the origin, I'1I's defines the first axis, I'y1I's x I'1T'3 defines
the third axis, and T'1T's x (I';T'y x T'1T'3) defines the second axis. We can now use the following
proposition to find R and 7.

We take L1, a1, and aq to fully describe the geometry of the triangle, modulo a rigid transfor-

mation. Then
ry =(0,0,0)"

Ty = (L12,0,0)" (4.3.13)
'Y = (L1zcosa, Lyzsina, O)T7

where L3 can be obtained from solving

tana; = —
t Loy — t L
x aton _Zzm it ARan g 2 (4.3.14)
H tan as x tan ao x
tanag = ——
L12 — X
giving
Lo
Xr = W (4315)

tan ag
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so that
L . X . L12
31 = =
COS (v tan oy
CoS (1 (mna2 + 1)
tan og (4.3.16)
L o L12 -z o tan ap 12
23 = =
0502 cosay (122 1)

The angle ag = ™ — (a1 + a2).

Proposition 4.3.1. Suppose three non-collinear points {I'1, T2, T's} in the camera coordinate system

have world coordinate representation {T'Y, Ty, T'5'}. Then the two coordinate systems are related by
I =R + 7T, (4.3.17)

where

—1
R=|T-T), Ty-T; (Ty-Ty)x(D3-Ty)| [T ~TY T¥ Ty (TF -TY)x (T - TY)]

(4.3.18)

and T =T —RTY. In other words, three corresponding pairs of points fully determine camera pose.

Proof. The translation is easily eliminated from the system of equations

I =RIY+7T
Ty =RTY +7T (4.3.19)
I3 =RIY +7T

by pairwise subtraction giving
' —-Ty =Ry -TY)

I —Ty=RTY-TY).

(4.3.20)

Observe that the vector (I'; —T's) x (T'y —I'3) cannot be written as a linear sum of T'; — T's and
I'; — I's. We have obtained by observing that

(I = T3) x (P2 = T3) =R[(TY —TY) x (I'Y — T (4.3.21)
so that the matrix formed from the three vectors I'y — I'3,I's — T's and (I'y — T'3) x (To — T'3) is R

times that in the world coordinates,

[0~y Ty -Ty (I -Ty)x (T -Ty)| =R[DY -T¥ Y -Ty Iy -T¥)x (Y -TY)),
(4.3.22)
and this matrix equation can be solved to find R. 7 can be found from the first equation in (4.3.19).
]

Corollary 4.3.2. In the case when 1"75[” = (0,0,0), I‘S’T = (L12,0,0), and I‘Z;,”T = (L1zcosay, L1z sinaq, 0)
we have

(T3 —=T7) = (L12,0,0) (4.3.23)

(1—\730 — ]__‘111)) = (L13 cos iy, L13 sin aq, O) (4324)
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and
(TY —TY) x (TY —TY) = (0,0, LizLizsinay) ", (4.3.25)
so that
L12 L13 COS (1 0
[I”Q“ -y Iy -T7Y Ty -TIY)x((T5-TY)|=| 0 Lizsinoy 0 (4.3.26)
0 0 L13L12 sin (651

which from Equation /.5.22 gives

1 —1cosay
L12 L12 sin [e5]
R = [rl ~Ty Tp-T3 (T,-Ty)x([T2-Ts)| | 0 Ll 0 (4.3.27)
1 1
0 0 Li3Lq2 sin oy
or
1 —1cosay
Lo Lo sin oy
R = |np1vi — p3¥s P2Y2 — P33 PLP2Y1 X Yo — P1P3Y1 X V3 — P3Y3 X 72} 0 I—sma
1 1
0 0 L13L12 sinal
(4.3.28)

4.4 Future Directions

The short-term research direction would be to develop a more explicit numerical scheme for im-
plementing Theorem 4.2.1. The ellipse could be parametrized by rational functions in terms of a
parameter in the [—1, 1] range, and we could find roots of the resulting single-variable polynomial
in this finite interval.

We have also been working on the problem of determining trinocular relative pose from corre-
sponding point-tangents across 3 views. This would allow for complete curve-based structure from
motion systems starting from a set of images without any initial calibration. These systems would
start by building an initial solution for 3 views, refine the solution using bundle adjustment, then

use our Theorem 4.2.1/ to add new views to the system one by one.



Chapter 5

3D Curve Sketch: Curve-Based
Stereo Reconstruction and

Calibration

5.1 Introduction

The 3D reconstruction of scenes from images taken from multiple cameras and the calibration of
these cameras are fundamental problems in Computer Vision. The state-of-the-art approaches to
these problems either find correspondences among isolated interest points which give a 3D point
cloud reconstruction of the scene, or are intensity-based multiview stereo methods, which give de-
tailed mesh reconstructions of simple objects but use controlled acquisition. These approaches have
been successful for select domains of application, resulting in autocalibration and useful 3D recon-
structions. However, their requirements/assumptions are not applicable in general, motivating a
novel approach based on image curve content to complement existing approaches.

The application of interest-point-based methods have been successful in scenes with texture-
rich images, such as in Phototourism [I,[T25]. Despite their success, these methods are not applicable
in general settings. First, they assume an abundance of interest points per independently moving
object, possibly only with a fair degree of texture in projected images. Such a rich texture is not
always available in scenes with homogeneous regions, e.g., some man-made environments, or when
objects project to a small number of pixels, relative to the basis of computation of interest points.
In these cases, there may be sufficient image curve geometry, however, to reconstruct the scene and
recover the cameras.

Second, the stability of interest points is significantly reduced as the baseline exceeds 30° [I13],
so these methods are fundamentally restricted to a limited range of baselines. In contrast, certain

curve features, such as sharp ridges on a building, persist over a much greater range of views. Third,
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Figure 5.1: The 3D reconstuction as a 3D curve sketch (left) gives explicit geometry in
contrast to the 3D cloud of point reconstruction (right). In essence, the proposed method
produces a cloud of 3D curve fragments.

reconstruction using interest points results in an unorganized cloud of 3D points where the geometric
structure of the underlying curves and surfaces is not explicit. This is not much of a problem if the
focus is on calibrating the viewpoints as in Phototourism [I]. However, when the 3D object geometry
is required, such as in modeling for architecture, archaeology, entertainement, object recognition,
and robotic manipulation, it would be useful to augment the output with an explicit geometric
structure such as a 3D curve sketch.

The second category of 3D reconstruction techniques, multi-view stereo methods, produce
detailed 3D reconstructions of objects imaged under controlled conditions by a large number of
precisely calibrated cameras [50,[G1L[07,[71] (see [I371] for a review). However, they cannot handle
general scenes, since most approaches are specific to a single object or to a specific type of object, such
as buildings. In addition, they often require accurate camera calibration, operate under controlled
acquisition, and are often initialized by the visual hull of the object or a bounded 3D voxel volume.

The goal of this work is to augment current multiview reconstruction and calibration technology
by developing a generally applicable framework based on image curves when a large number of
views are available, e.g., a video sequence.

Two fundamental obstacles must be surmounted before image curve fragments can be used in
3D reconstruction and camera calibration. First, given a pair of image curve fragments, each from a
different view, there is an ambiguity in intra-curve correspondence, i.e., given a point on one curve,
it is not clear which point on the other curve it corresponds to, Figure [5.2(a). This is in contrast
to matching two isolated feature points which have no inherent within-pair ambiguity. Second, the
linking of edges into curve fragments is not stable across views, even for slight baseline differences,

Figure [5.2(b), resulting in multiple transitions as the view changes [79].
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Figure 5.2: Challenges in using curve fragments in multiview geometry: (a) point cor-
respondence ambiguity along the curve, (b) instabilities with slight changes in viewpoint,
(c-h) real examples of edge grouping instabilities, such as a curve in one being broken into
two in another view, a curve being linked onto background, a curve being detected in one
view but absent in another, a curve being fragmented into various pieces at junctions in one
view but fully linked in another view, different parts of a curve being occluded in different
views, and a curve undergoing shape deformation from one view to the other.
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Previous curve-based methods have circumvented problems in various ways. First, the use of
general but closed curves resolves the curve transition issue [I3,[120], but requires the successful
segmentation of images which is unlikely. Second, the use of algebraic curves resolves the transi-
tion issue with low-order models based on extrinsic polynomial equations such as conics [33}85],
quadrics [I30,162], and higher order algebraic curves [30]. However, algebraic curve geometry is re-
strictive, limiting their application to general scenery. Third, silhouettes and visual hulls have been
successfully used in several aproaches [14321[5773[7AL0F], but require a highly controlled acquisition
for their extraction, and work only for one object per scene. Fourth, straight lines are a simple,
compact and distinctive geometric representation to be used in generating model hypotheses and
detecting objects for man-made environments [38]. However, this approach severely restricts the
application domain by not allowing for curved structures. Finally, current multiview methods based
on general curves require highly accurate calibration, which is not easily available in general.
Overview of our approach: Figure [5.3 illustrates our approach. We assume a large number
of views are available, in practice N > 6 (although 3 views would be the theoretical minimum),
e.g., from video or from multiple cameras monitoring a scene. We also assume that the cameras
have been coarsely calibrated, typically with 2 — 5 pixel error. The goal is to use the collection of
image curves in these views to produce a dense collection of unorganized 3D curve fragments, or
the 3D curve sketch, which reflect the underlying geometry arising from a combination of 3D sur-
face geometry and viewing/illumination arrangements, i.e., occluding contours, reflectance contours
(albedo discontinuity), shadow curves, shade curves, ridges, etc. We also use this reconstruction
to refine the cameras so that a better and denser 3D curve sketch can be obtained, and so that a
better distinction can be made between occluding contours and view-stationary contours such as
reflectance curves and ridges.

Our approach is divided into two stages. In the first stage, where cameras are calibrated coarsely,
the goal is to reconstruct a partial, but reliable core 3D curve sketch to be used in the second
stage for refining calibration and for obtaining a more complete 3D curve sketch. Specifically, pairs
of long curve fragments, each from a different view, with sufficient epipolar overlap form a 3D curve
fragment hypothesis. For each such pair, the two views from which a curve pair hypothesis is formed
are referred to as the hypothesis views. The hypothesis views refer to the views relative to that
particular hypothesis or set of hypotheses. Any two views from the set of available views usually
participate as hypothesis views for some curve pair hypothesis. Each curve pair hypothesis is then
reprojected onto a set of other views, the confirmation views, and rated for consistency with the
image and curve differential geometry. Those hypotheses with sufficient evidence in confirmation
views are then reconstructed to form the initial core 3D curve sketch, as discussed in Section 5.2l

The core 3D curve sketch enables a curve-based measurement of calibration accuracy, i.e., by
summing up the distances between reprojected curves and supporting image curves. This allows
for a refinement of cameras through bundle adjustment, resulting in subpixel calibration errors.
The refined cameras in turn allow for additional sensitivity so that smaller curve fragment pair

hypotheses can be confirmed or discarded. This is discussed in Section 5.3l Section 5.4 discusses the
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Figure 5.3: A schematic overview of our approach: The input to our system is (i) a set of
N images taken of the scene where N is at least 6 but typically larger, and (ii) a set of N
coarsely calibrated camera models, one for each view: the system pairs a curve fragment
from an “anchor view” with one from another view, “hypothesis views”, to form a curve pair
correspondence hypothesis which is verified or discarded based on the edge map of other
views, “confirmation views”. Once a set of reliable curve fragment hypotheses are formed,
curve-based bundle adjustment is used to refine the cameras and the process is repeated.
The output of our system is a set of 3D curve fragments (the 3D curve sketch) and refined
cameras.

details of our implementation and Section 5.5 evaluates the approach on several datasets. Figure/5.1
highlights the results.

A critical distinction in reconstructing image curves is whether they arise from view-stationary
or wview-nonstationary sources. A view-stationary image curve is one arising from the same space
curve regardless of the view.

In practice, except for low-curvature surfaces, the set of occluding contours cluster in 3D, ap-
proximating a single 3D curve. In the first stage of our reconstruction where the calibration errors
are high, view-stationary and some view-nonstationary curves are considered together, but they are

differentiated in the second stage up to the accuracy of the refined calibration.

N\mw M

(a)
Figure 5.4: A putatively corresponding set of image curve fragments can arise from a single 3D
curve.

Additional Bibliography: The present work on the 3D curve sketch lies at the intersection
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of different areas of Computer Vision and proposes a new approach, while discussing the merits
and drawbacks of numerous existing alternatives. As such, there is a number of previous work to
be mentioned. Somewhat related work include Gang Li and Steve Zucker’s work on curves and
diffferential geometry [2,94,[101], together with Brint and Brady’s binocular curve matching system
using heuristic shape similarity constraints [[7]. These systems, however, don’t use a large number
of views nor work under the flexible settings of uncontrolled acquisition with coarsely calibrated
views. Older papers that can be related to our approach are [3,[7}[8]. Our approach can be thought
of as an automated version of the curve-based CAD system from [157].

The insight behind the robustnes of our support function (described in Section [5.2), that of
integrating the number of inliers, can be remotely traced back to the generic robust model fitting
approach of RANSAC [54] that has been the core of many successful approaches to computer vision,
such as automatic structure from motion. The idea, coupled with differential-geometric constraints,
allows our matching method to be extremely robust to missing edgels and to outliers.

It may also be worthwhile mentioning that our approach is still within the tradition of using
features for structure and motion [I45], and bears most of their advantages and motivation; the
novelty lies in bringing the richer curve fragments to practice, instead of corners or SIFT features.

Additional citations include [L0,23].

5.2 Curve-based Multiview Stereo

The approach presented here is based on reasoning with image curve fragments obtained from a large
number of views. We denote image curve fragments by =}, where v indexes into views, v =1,..., N,
and ¢ enumerates the image curves within each view v, i = 1,..., M,. The goal is to produce a set of
3D stationary curve fragments {I'y, T's, ..., T'x }, supported by sufficient evidence from the multitude
of images. Several observations are important. First, a given 3D curve fragment I'y;, may not project
to all views due to occlusion or due to limited field of view. Thus, evidence for I'y, cannot be expected
in all views. Second, in views where I'j is visible it may only be partially visible, or if fully visible,
there may not be sufficient image evidence to produce image curves. Thus, the projected image curve
corresponding to I'y, may be partially visible or it may be broken into segments. Furthermore, the
partitioning of the ideally projected curve into segments can differ substantially from view to view,
Figure 5.2(b). Third, even if Ty, is fully visible as a whole image curve fragment in each view, the
intra-curve correspondence between two projected image curves is not clear, Figure 5.2(a). While
the above problems are generally expected from some image curve projections of a space curve,

there is typically at least a few views where there is partial correspondence.

Assumption 5.2.1. For each stationary 3D curve fragment there exist at least two views v and vg
for which a substational subsegment of the 3D curve fragment I', projects onto portions of extracted

image curve fragments ;! , v,~, Figure 5.5(a).

Since a point in one view can correspond to a point in another view only if they each lie on

corresponding epipolar lines, and since an image curve segment is an ordered collection of points,
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Figure 5.5: (a) Each space curve, or at least a significant subsegment of it, is expected
to have corresponding image curve subsegments in at least two views. (b) An “epipolar
band” for a curve segment is the set of epipolar lines going through points of that curve
segment. The epipolar band of image curve 7;’11 (green and yellow) delineates potential
image curve matches by requiring some overlap in this region, allowing for 'yff and 'y;’; but
not 'yff Conversely, the epipolar band of 7;’22 (green and blue) selects 'yfll, and others.
The correspondence between 7;’11 and 7;}22 is restricted to the subsegments a1b; and agbs,
respectively, i.e., the common (green) epipolar band, required to exceed a minimal epipolar
overlap (7. = b pixels).

(a)

a curve segment in one view corresponds to a curve segment in another view if they lie on a corre-
sponding set of epipolar lines, which can be referred to as an epipolar band, e.g., the green region
in Figure 5.5(b). The common portions of such pairs of curves are potential candidates for having

arisen from a single common 3D curve fragment.

Definition 1. Two image curve fragments ;' and ;> with portions lying on a common epipo-
lar band, '?;Jll, '7322, respectively, form a curve fragment hypothesis whose reconstruction I'y

represents a potentially valid 3D curve hypothesis.

It is clear that not all curve fragment pair hypotheses are valid. In fact, the ratio of valid
hypotheses to spurious ones is roughly on the order of the number of image curve fragments sharing
an epipolar band with each given curve, typically ranging from ten in sparse scenes to dozens or
hundreds in more complex scenes. This ambiguity can be resolved by confirmation of hypotheses in
other views, comparing the projection of I'j, onto another view v, namely %%, by consulting image
evidence. While it may seem natural to demand the presence of an image curve «; that closely
resembles '?k’v, this is not a realistic expectation due to instabilities in the edge linking process,
Figure [5.61

Alternatively, the edge map itself can be interrogated, to avoid exposure to the frailty of the edge
linking process, as is done in object recognition strategies [IT9T39[T719] in curve tracking [79], and in
satellite sensor registration [[2]. However, an edge without proper local context supports numerous
potential curve hypotheses. As such, in the presence of clutter and texture where numerous edges

arise, multiple incorrect hypotheses receive sufficient support. Thus, an edge without additional
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Figure 5.6: Real examples of how instabilities in the edge linking process make it difficult
to evaluate the support of a reprojected curve (light blue) using curve fragments (random
colors).

local support cannot reduce ambiguity and is not significantly selective.

The natural compromise between long image curves, which are inherently unstable and un-
reliable, and short edge elements, which are easy to compute but are inherently not sufficiently
selective of curve hypotheses, is to use short curve segments. The advantage is that short curve
segments are relatively more stable with variations and have sufficient local context to be selective.
Their drawback is that many expected short curve segments may not be produced due to incorrect
grouping.

The above dilemma can be resolved by considering all possible reasonable local groupings of edges
into small curve segments. The use of multiple curve segments hypotheses passing through each edge
introduces clutter, but the use of other views ensures that erroneous groupings are not validated
towards this end. This avoids missing out on groupings due to poor edge linkers while dealing
effectively with clutter. Specifically, Tamrakar and Kimia [[11] developed a geometric validation
scheme to retrieve all feasible local groupings of edges in a small neighborhood, say 7 x 7. They
show that a single edge hypothesizes a vast space of curves, while a pair of edges hypthesize a
reduced space, a triplet of edges represent a more restricted set of curves, etc., Figure [5.7. Such a
combinatorial analysis is feasible and results in a limited set of “discrete curvelets” for each edge. It
is this discrete curvelet that is the natural compromise between unstable long curves and context-less
local edges, Figure 5.8l Figure [5.9 shows the reprojection of a 3D curve hypothesis onto the set of
possible curvelets at one point.

The image support for a given reprojected curve :yk’” is therefore based on summing the support
of edges which sufficiently support this hypothesis. An edge supports a projected curve only if there
exists a discrete curvelet sufficiently supporting it. This means that each edge must be sufficiently

close and be of the right orientation. Specifically,

Definition 2. (Weakly supporting edge) An edge at point py with tangent ty of an edge map M
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Figure 5.7: A single edge hypothesizes a vast space of curves, while a pair of edges hypthesize
a reduced space, a triplet of edges represent a more restricted set of curves, etc.

Figure 5.8: An example of curvelets detected in a real image (a side window of the Capitol
building depicted in Figure 5.2): (a) The original edges; (b) all the curvelets representing
local groupings in a 5 x 5 neighborhood, and (c) all the curvelets representing local groupings
in a 7 x 7 neighborhood.
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Figure 5.9: Among the discrete curvelets (red and light green) at an edge point (yellow
with magenta dot), only one (green) matches the reprojected curve v*v (light blue). The
remaining edges in the edge map are shown in darker blue.

Figure 5.10: We avoid multiple intersections with epipolar lines by breaking curve fragments
at epipolar tangencies.
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(a)

Figure 5.11:  The instability of the edge linking process can be altogether avoided if we use
edges, as done in recent object recognition strategies, e.g., oriented chamfer distance [1T9,[T39,[T719].
However, reprojected contours (blue) can at times get significant support from cluttered or textured
areas (a). This motivates the exclusive use of edges for which there exists a local grouping consistent
with the reprojected curve (b). Two of the edges with a magenta dot in (b) support the reprojected
curve with a curve model (green) while two others do not (red).

supports an an image curve point v(s) with tangent ¢(s) when:

po = al;gerﬁin d(p,~(s)) (5.2.1)
d(po,(s)) < 7a (5.2.2)
L(to,t(s)) < T, (5.2.3)

where d(p,~(s)) is the Euclidean distance between a point p and the curve point ~(s).

This is a minimum requirement, however. It is additionally expected that the curve is supported
for at least one discrete curvelet going through that edge. Specifically, an edge is supportive of a
reprojected curve if it is close to it and of the right orientation, and there is a local grouping where

the majority of the edges are weakly supporting.

Definition 3. (Strongly supporting edge) An edge strongly supports a curve if (a) it is a weakly
supportive edge and (b) it participates in a discrete curvelet where 75 percent (typically 70%) of the

edges are weakly supporting edges.

The use of tangent orientation is significant since a reprojected curve on clutter would otherwise
receive high support. This is confirmed by our experiments since performance drops when 7y is
increased. The total support for a reprojected curve is the sum of support from all supporting

edges.
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Let the number of strongly supporting edges of a curve point «(s) in view v be denoted ¢(v(s)).

Then, the total support S a hypothesis wy has from view v is

S (wx) = / :Z (" (s))ds, (5.2.4)

where Lj is the length of ~Fv. A view is considered a supporting view when support for a view v
that a curve is above 7.

Considering the potential for occlusion, failure of edge linking, etc, evidence is solicited from
more than one confirmation view for each curve fragment pair hypotheses by summing support over

supporting views
N

S(wy) = Z [Sy(wg) > 7] Sy(wy). (5.2.5)
VFV1,V2

A space curve hypothesis I'y, is considered validated if the extent of this support exceeds threshold
Ty

A two-stage process. The process first considers reliable curves, which reduces ambiguity, and
then in a second stage, after a calibration refinement, considers a larger set of curves to produce a
denser 3D curve sketch.

In the first stage, only sufficiently long curve fragments (typically of length [ > 7, = 40 pixels
for HD video) are considered, since they are reliable indicators of image structure. The goal in
the initial stage is to produce a core set of reliable curves I'y, which can be used to bootstrap a
better calibration. Since long curves typically undergo a wide range of transitions with view changes,
only a minimal but sufficient epipolar overlap (7. = 5 pixels) is required. Once better calibration
is available, the length condition is relaxed for the subsequent stages thus producing a richer 3D
curve sketch. Multiple curve intersections are handled by breaking all curve fragments at epipolar
tangencies, Figure 5.10, and keeping the ones with length greater than 7;. The result is a set of
curve fragment pair hypotheses W = {wy, k = 1,..., K} collected from pairs of hypothesis views,
Figure [5.141

The set of curve fragment pair hypotheses VW is now thresholded for extent of support 7.
However, observe that an image curve fragment 41 may pair with more than one curve fragment
in view 2, due to epipolar ambiguity, e.g., (v1,~?) and (v1,~2) may be both possible hypotheses,
exceeding a threshold of support, but both cannot simultaneously be valid. Thus, we use a greedy
assignment to resolve conflicts: the curve fragment pair hypotheses are rank-ordered and iteratively
the highest-ranking hypothesis removes all conflicting lower-ranking hypotheses.

A ratio parameter 7, is used in our system to prune out unreliable matches. The insight is that
we discard a curve fragment match hypothesis if the second best match to a given curve ' has

support so close to the support s; of the best match, that is:

T+ 83 >81  (condition for ambiguous match). (5.2.6)

'Robert and Faugeras [[31] (and later Schmid and Zisserman [I33] using the Trifocal tensor) also use
differential geometry in a trinocular setting, but these systems require extremely well-calibrated cameras,
are restricted to 3 views, and employ additional heuristic constraints.
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Figure 5.12: The reprojection of a curve fragment pair v;, ;.

onto a third view (shown
in blue) can enjoy the support of an existing curve fragment «} (red) as in (a). However,

much more typically, due to the instability of the edge linking process, it is more likely
to expect support from several pieces of curve fragments as in (b), with missing segments.
This instability motivates the use of a small neighborhood of an edge — not entire curve
fragments — in the confirmation process.

This is similar to the criterion used to discard unreliable SIFT correspondences in point-based struc-
ture from motion. We use it to overcome the repeated structures problem without having to use a
large number of confirmation views N,.

It should be emphasized that while this process may lead to numerous false negatives in forming
curve fragment pair hypotheses (especially in the first stage when the threshold of support is higher
for reliability i.e., a curve fragment in one view may break up differently in a second view), this is
not a major concern because the set of corresponding curve fragments {'y;}1 , *)/%27 . ,'y?n} need only
be represented by one curve fragment pair. Thus, if a veridical curve fragment pair is not selected
in hypothesis views 1 and 2, it is likely to be selected in another pair of hypotheses. In fact, the
confirmed curve fragment pair hypotheses induces a grouping on the remaining views. This notion of
interacting 3D curve reconstruction and edge linking is actually a significant departure from purely
bottom-up edge linking approaches, but its development is beyond the scope of this thesis.

View Selection. While ideally the set of curve fragment pair hypotheses WV should be formed from
all pairs of hypothesis views and tested on all the remaining ones, this is not practical when the
number of views is in tens or hundreds, as in a video sequence, thus motivating a view selection
strategy. On the one hand, the reliability of reprojection onto a third view is directly related to
how close the two views are: reprojections from two views with a small baseline are not stable.
On the other hand, pairs of views with a large baseline may not have many image curves with a
common source due to occlusion. Our experiments with real data indicate that a baseline of 40°
leads to stability comparable to calibration accuracy. Beyond this value of baseline, the number
of hypothesis views is only constrained by the extent of computations that can be afforded. We
select pairs of consecutive views b = 40° apart as hypothesis views. An identical strategy holds
for selecting confirmation views. The only difference is that in the confirmation process visibility is
more of an issue than reconstruction stability. Thus, the selection follows a smaller baseline b, = %b,

in the vicinity of the hypothesis views but excluding the selected hypothesis views.
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5.3 Camera Calibration Refinement

The goal of this section is that given the core 3D curve sketch {T'*, ..., T"*} obtained after the first
stage, to refine the calibration by minimizing reprojection error.

Let the camera parameters for each view be P; = K; [R; | 7;], i = 1,..., N, where K; , R; and
7; are the intrinsic parameter matrix, the rotation matrix and the translation vector, respectively.

Let the set of validated curve fragment pair hypotheses W underlying the core 3D curve sketch be

W= {w, = (v ,v2),k=1,...,K}. (5.3.1)
These hypotheses W together with camera parameters for all views P = (Py, P, ..., Py) reconstruct
the 3D curve sketch {I'1, Ty, ..., Tk }. Assuming the set of curve pair correspondences W is correct,

the curve-based reprojection error, i.e., the degree the reprojected I'y, %

agrees with its edge
evidence in that view M, defines the quality of the calibration. Formally, define the reprojection

error of a 3D curve fragment 'y arising from views v; and vo as

N L.

fraaP) = S0 [ a0y (5.3.2)
v=1 0
vé{vi,v2}

where d(v§"(s), M,) is the distance between the point v¢"*(s) and the line containing the closest
oriented edge point in M,. Note that the closest edge point must satisfy the distance and orientation
thresholds, 74 and 7y, as in equations (2) and (3) respectively; oriented distance takes into account
both distance and orientation and is defined as total reprojection error from the reliable, core 3D

curve sketch as

K
Fwm®P) =" frm(P). (5.3.3)
k=1
We then seek cameras that minimize the error
P = argmin fy5(P), (5.3.4)
P

The independence of curve projections from each other and the limited visibility of a curve across
views implies a sparsity that allows for a successful implementation of the optimization using
Levenberg-Marquardt as used in the traditional bundle adjustment. The total calibration error

is reduced to subpixel accuracy, as illustrated in Figure 5.13.

5.4 Implementation

Edge and curve fragment detection: The integration of curve content over many views when
clutter is present relies heavily on the orientation of curve tangents in addition to curve position.
Thus, the edge detector used must yield very reliable orientation estimates. We use the subpixel edge

map produced by a third-order operator [I414], which explicitly addresses the orientation reliability,
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(a) (b)

Figure 5.13: Example of a projected curve v%?(red) on edge map M, (blue) before calibra-
tion refinement (a) and after (b).

and their symbolic edge linker which addresses the grouping of edges into curve fragments. Examples
are shown in Figure [5.14l
Initial calibration. Initial calibration is obtained using traditional automatic structure from mo-
tion techniques [1}[125], or if that fails, by manually specifying corresponding points and solving for
the cameras. The initial calibration is typically imprecise (1-6 pixels reprojection error), which we
call “coarse” calibration. We assume intrinsic parameters to be precisely known, with the impreci-
sion residing on the extrinsic parameters. We are also in the process of developing a curve-based
autocalibration system to augment point-based autocalibration using the ideas presented here.
Epipolar line intersection. The breakup of curve fragments at points of epipolar tangency implies
that each segment can be parametrized by epipolar angle, i.e., the angle of the epipolar line at each
curve sample with the x axis. This allows for a rapid test of whether an epipolar line intersects a
curve by simply looking up the two curve boundary epipolar angles. Such an operation is necessary
for determining epipolar candidates/epipolar overlap, and for 3D reconstruction and reprojection
by establishing pointwise correspondence within the curves. Furthermore, the intersection of an
epipolar line and a given curve is reduced to simply checking which discrete parameter interval of
the curve the epipolar line belongs to. The removal of points near epipolar tangency by insisting
that all curve tangents have an angle of 7, or more (7, = 10°) also allows for a stable intersection
point computation.
Curve reprojection. The 3D curve fragment IT'y is reprojected onto view v. We can also use an
image to image transfer (e.g.the Trifocal transfer [09]), but we followed the simpler implementation.
The distance d(v**, M, ) uses the distance transform of edge maps to lookup the closest edgels to
each point of the curve. First, the image edgels are hashed into a bucket grid so that subpixel edgels
can be very efficiently indexed. Typically, the bucket size is that of a pixel. The distance transform
gives the distance of any bucket to the nearest bucket containing an edgel, and associated nearest
label map provides the address of this nearest bucket. Thus, for each projected curve point one
can quickly lookup the nearest bucket containing an edgel. However, instead of using the distance
transform values, we directly measure the distance between the query point and the subpixel edgel
inside the nearest bucket. The distance transform and nearest label map are efficiently precomputed

for the entire set of images prior to matching and calibration.
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Figure 5.14: (a) A set of sample views from the “Capitol Sequence”; (b) detected subpixel
edgels at low gradient threshold are used to generate hypothesis curves; (c) detected subpixel
edgels at a higher gradient threshold are used in the confirmation views; (d) curve fragments
with length > 40 pixels used in Stage I; (e) fragments with length > 20 pixels; (f) a selected
curve is highlighted in view 1 and the curves in view 2 with sufficient epipolar overlap are
marked in blue. In the next three images the reprojected hypothesis curve pair is shown in
cyan, confirmed in (g) but rejected in (h) and (i). The example in (i) shows the need for
orientation in the presence of clutter!
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Parameters of the system. Table 5.1/ gives a description of each parameter of the system.

| Symbol [ Description [ Default Value ‘
7 minimum length of image curve fragments 40 pixels (first stage), 20 pixels (second stage)
Te minimum epipolar overlap 5 pixels
Td maximum distance of supporting edgels 10 pixels
T maximum orientation difference of 10°
supporting edgels
Ta minimum angle of curve segments with 10°
epipolar lines to reconstruct
Tt minimum total inliers for a match 5 edgels
to be considered reliable
To minimum number of inliers of a supporting view 10 edgels
Ty minimum best to second best ratio 1.5
b baseline between hypothesis views 40°
be baseline between consecutive confirmation views %b
N, number of confirmation views 4

Table 5.1: Table of parameters of the system.

Distance Transform. We used one of the fastest exact Euclidean algorithms for our distance
transform, instead of an inexact Chamfer distance map [13L[I05]. This is crucial for the correctness
of our approach.

Language. We used C++ to implement the system based on widely-available open source libraries,
such as Boost (www.boost.org)), VXL (vxl.sourceforge.net)), and others. The experiments ran

on Linux but the code is very portable.

5.5 Experimental Results

The Capitol Building Sequence consists of 500 frames covering a 90° helicopter fly-by from the
Rhode Island State Capitol, using a High-Definition (HD) camera (1280 x 720). Intrinsic parameters
were obtained from Matlab Calibration toolbox. Extrinsic parameters were obtained by manually
marking/tracking 30 corresponding points on every view they appear in. This data is challenging
due to a mix of curved and linear structures, a complex background, and structures of various sizes.
The Capitol Building High Sequence consists of 256 frames coming from a 270° helicopter
fly-by at higher altitude capture the Rhode Island State Capitol. Objects of interest appear in lower
resolution than in the regular Capitol sequence, leading to higher reconstruction errors.

The Downtown Sequence consists of 173 frames covering a 360° helicopter fly-by over downtown
Providence, using an HD camera (1280 x 720). The sequence was automatically calibrated using
Bundler [1], a STFT-based structure from motion program. This data contains correlated and repeated
structures, e.g., a large number of long straight lines, easily confused with other lines due a to lack
shape.

The Dinosaur Sequence from [[34] was selected because it is a standard multiview-stereo dataset

used by the computer vision community, even though it is not representative of the types of general
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Figure 5.15: Example of human-marked ground truth correspondences on a small section
of the “Capitol Sequence”. Curves that were marked as corresponding are represented with
the same color, and curves not participating in any correspondence are in red. The thicker
blue curve in the left image indicates a curve the user is inspecting.

scenery for which our approach can be most useful. The Cameras sample 363 views at 640 x 480 on a
hemisphere around the object. The data is low resolution and contains a large number of occluding
contours.

Ground truth for the 3D Surfaces is only available for the simplest scenes, such as the Dinosaur
sequence and others from [I34]. It is virtually impossible to get comprehensive ground-truth for
the challenging real-world datasets tested in the present work. Even if such a ground truth were
available, the evaluation of the system as a whole would confound the performance of the proposed
approach with that of the edge detector and linker. Rather, we focus instead on evaluating the
ability of the system to find the correct correspondence between curve fragments in two views, by
manually recording the ground-truth correspondence between two views of each dataset. Figure 5.15
shows an example of such ground-truth.

A GUI tool was developed for this purpose to insert, delete, and inspect correpondences between
two views. The views selected for this were such that they had a baseline near the minimum
required for accurate 3D reconstruction for the given dataset. Curve fragments were detected on
each hypothesis view and broken at epipolar tangencies. The human operator clicks on each curve
fragment in view 1, and the GUI tool highlights the candidate curves in image 2 having epipolar
overlap.

The operator is instructed to mark as ground truth correspondents all the curve fragments which
come from the same underlying physical 3D structure, i.e., having subsets coming from the same 3D
positions. If there is any ambiguity in this selection, the operator is allowed to use every information

possible to try to disambiguate the match: she is allowed to hypothesize a match in view 2 and the
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software will display reprojections for that match in all other confirmation views; she can also overlay
the curve fragments onto the original images. The user can then gather evidence until the hypothesis
is clearly decided. If all fails, the user can request to reconstruct the hypothesis and examine it in
3D; she can also reconstruct all the unambigous groundtruth marked so far and examine how well
the reconstructed 3D curve hypothesis fits in the context of the already reconstructed ground truth.
This kind of reasoning leaves little doubt as to what the corresponding curves should be. Ambiguity
can still remain, such as a few very closeby and similarly shaped curves in a low-spatial frequency
section of the image. In such cases, the user is allowed to mark two alternatives as equally good
matches, but these form a small percentage of the total data. Positive matches are the pairs (v}, '75)
marked by the human in the ground truth. Conversely, negative matches are all the pairs not marked
in the ground truth.

Results. Figure 5.16/ shows Precision/Recall curves for each dataset comparing the core 3D curve
sketch to the ground truth. All datasets get 100% precision at 1/3 recall, which is 40 curves for the
Downtown, 65 curves for the Capitol sequence, and 30 curves for the Dino sequence. This is already
plenty enough for calibration (much more than the usual 40 corresponding points needed for stable
estimation [69]). Note that these numbers of core reliable curves are much higher if we pick the right
operating point per dataset.

The role of differential geometry, or orientation, in this work, is explored by enlarging the
orientation threshold to 90° so that it no longer plays a role. The plots on the right of Figure [5.16
show a significant degradation as the role of orientation is reduced. We expect a similar role for
curvature.

Figure 5.17 shows the quality of the core 3D curve sketch which is obtained by integrating a
large number of hypothesis views. This is best viewed in 3D (see the supplementary data of the
paper [17]) to appreciate the 3D structure presented by the 3D curve sketch. Observe the potential
of this curve sketch as a scaffold on which surface patches can be constructed. Other results are
shown in Figures 5.18) 5.19, and [5.20.

Running times. Tables 5.2] lists the total running time of our research code for the system, and

Table 5.3/ compares the running times of our subpixel edge detector plus linker versus SIFT.

5.6 Conclusion

We have presented a novel framework for multiview reconstruction and calibration refinement based
on image curve content. The approach augments existing interest-point based and stereo approaches
in providing explicit curve geometry as well in extending applications where the assumption of these
methods fail but image curve content is present. A key capability is integration across many views,
e.g., as in Google’s Street View. The present work is expected to form the initial building block in a
broader effort to use image evidence of the explicit geometry of curves and surfaces and reconstruct
these by integrating information across many views. The 3D curve sketch presented here, when

enriched by interpolating across epipolar gaps, will then be the initial scaffold on which surfaces
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Figure 5.16: Precision/Recall curves for the core 3D curve sketch correspondence, ob-
tained by varying the total support score 7. Left: the optimal evaluation curve shown
in red; Right: varying the orientation threshold 7y to demonstrate the usefulness of the
differential geometry constraint. Notice how eliminating orientation (19 = 90°) degrades
performance. These experiments used disambiguation threshold 7,, = 1.5, length 7, = 40px
for the Downtown and Capitol sequences (hi-res), and 7, = 20pz for the Middlebury Dino
sequence (low-res).
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Figure 5.17: The 3D curve sketches for the Dino and Capitol sequences.

Dataset # 3D Curves | # Hypot. Views | Min. Length 7, | Time (s) ‘
Dino 3712 100 20 466
Capitol 1231 30 40 567
Capitol High 1742 30 40 633
Downtown 2340 30 40 985

Table 5.2: Total running times for our research multiview curve stereo module, including
loading of edge detection and linking from disk, and computation of distance transforms. All
times are for an Intel Xeon 3.2GHz and code with multithreading disabled. The number of
3D curves column indicate how many curves were generated by running our algorithm with
the specified number of hypothesis views.
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(c)

Figure 5.18: The 3D curve sketch reconstructions for the Downtown sequence using
30 sets of hypothesis views: (a) the raw 3D curve sketch showing the best candidate
curves without any support confidence threshold (7 = 0); (b-c) top and side views of
the reliable curve sketch under the operating point of 30% precision and 100% recall
(1 = 100 supporting edgels). The dots seen in (b) are top views of perfectly vertical curves
of buildings. The representation is very efficient while still being rich enough to be used in
applications such as calibration refinement and for registering new views to the scene.
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08

Figure 5.19: Raw 3D curve sketch reconstruction for the dinossaur with maximum recall,
showing the raw output of the best candidate curves before thresholding for support. Fig-
ure [5.17, in contrast, shows only the curves at the 30% recall rate operating point.
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Figure 5.20: Additional 3D curve sketches for the capitol: (a) a view of the reconstruction
for the maximum recall, showing all the best curves along the epipolar lines, without any
threshold (7; = 0) on the total support; (b) the same reconstruction operating at 30% recall
rate and perfect precision (see Figure 8 in the original paper for the operating point param-
eters), being more sparse but much more reliable, used as input to curve-based calibration
refinement. (d) The same reconstruction at 50% recall rate, which yields 100% precision in
the evaluation, but which might contain false positives here because we run the system for
many 30 hypothesis views, not including the ones used in evaluation.
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Dataset ‘ SIFT (s) ‘ Subpixel edge detector (s) ‘ Symbolic linker (s) ‘
Dino 1.53 0.33 2.72
Capitol 9.85 2.25 38.91
Capitol High 9.60 2.51 46.74
Downtown 11.34 3.49 56.89

Table 5.3: Running times of feature detection: the added cost of using edge curves
as compared to SIFT. We used David Lowe’s SIFT binary, which is heavily optimized, while
the edge detector and symbolic linker are research code. All times are for an Intel Xeon
3.2GHz.

may be constructed. The effort is also underway for curve-based auto calibration based on the ideas

presented here.

Additional Implementation Details

The main executable for doing multiview curve stereo is mcs, while the executable to refine camera
pose given an initial 3D curve sketch is called mcp. These executables can be found in my contrib

folder in lemsvxlsrc.

Multiview Curve Stereo

This module is responsible for generating a 3D curve sketch from the given video sequence and
camera calibration. In order to run MCS on a sequence, we can use the mcs executable directly, or
we can use the mcs_rec script.

I usually have scripts mcs_rec_dataset_name, where dataset _name is a stamp for the dataset,
and I set the optimal parameters for the dataset inside such script. The mcs_rec executable actually
runs the job in the background, and writes the commandline parameters and other identifying info

such as timing inside the result directory.

The 3D curve sketch representation

The 3D curve sketch is a representation of the 3D scene by a set of 3D contours is the 3D curve
sketch. In the system, each 3D curve has an associated pair of hypothesis views from which it was
generated, together with a total inlier score of that curve over all views that were used in the MCS

stage.
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Multiview Curve Photogrammetry

This module accepts as input a 3D curve sketch representation, together with initial cameras, and

outputs optimized cameras.



Chapter 6

Conclusion and Future Work

In this thesis we presented the differential-geometric theory of multiview projection and reconstruc-
tion of general curves, providing a unified framework to model fixed, occluding, and nonrigid curves
under both a discrete set of views and differentiable camera motion. We also presented a practical
curve-based multiview reconstruction and calibration system called the 3D curve sketch.

On the theoretical side, we studied how the differential geometry of curves behaves under per-
spective projection, including the effects of intrinsic parameters. For instance, we studied how the
tangent, curvature, and curvature derivative of a space curve projects onto an image, and how
the motion of the camera and of the curve relate to the projections. We also gave formulas for
reconstructing differential geometry, given differential geometry at corresponding points measured
in two views. In particular, this gives a novel result of reconstructing space curve torsion, given
correspoinding points, tangents, curvatures, and curvature derivatives measured in two views. We
determined that there are no constraints in two views — any pair of corresponding points with at-
tributed tangents, curvatures, and curvature derivatives are possible matches, as long as the basic
point epipolar constraint is satisfied. There is, however, a constraint in three views: from two
views one can transfer differential geometry onto a third and enforce measurements to match the
reprojection. This has been used in the practical work in curve-based multiview stereo described in
Section [5k

Preliminary results on the multiview differential geometry of surfaces was also provided in an
Appendix, describing their local induced flow in images and differential aspects of shading. On
another appendix we also described preliminary research on geometric and qualitative aspects of
epipolar geometry estimation, which provide foundations for future work on automatic curve-based
structure from motion for a large number of views.

On the practical side, we have presented a novel framework for multiview reconstruction and
calibration refinement based on image curve content. The approach augments existing interest-point
based and stereo approaches in providing explicit curve geometry as well in extending applications
where the assumption of these methods fail but image curve content is present. A key capability

is integration across many views in large-scale applications such as in using Google’s Street View
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imagery for reconstructing cities and beyond.

6.1 Future Work

This thesis is part of a greater effort of augmenting Multiple View Geometry to handle general
curved structures, including curves, surfaces and non-rigid phenomena. The main lines of future
research are: the theory and practice of the multiview differential geometry of surfaces, and the
automatic curve-based calibration of multiple views. A more detailed list of future work is given

below.

6.1.1 Theory

e Further development and refinement of the differential-geometric theory on surfaces. This

includes the study of shading under illumination models other than Lambertian.

e Curve-based calibration of 3 views. Research is underway in conjunction with prof. Peter
Giblin to solve the problem of determining trinocular relative pose from corresponding point-
tangents across 3 views. Coupled with our single-view pose calibration method from Section 4,
this would allow for complete curve-based structure from motion systems starting from a set of
images without any initial calibration. Extending these ideas to include curvature is another

research possibility.
e Study of how differential geometry transforms under lens distortion.

e Study of the multiview differential geometry of highlights contours or specular reflection con-

tours.

e Futher study of nonrigid phenomena.

6.1.2 Practice

e Enrichment of the proposed 3D curve sketch with surface patches. The 3d curve sketch system
is expected to form the initial building block in a broader effort to use image evidence of the
explicit geometry of curves and surfaces and reconstruct these by integrating information
across many views. The 3D curve sketch was designed to be the initial scaffold on which
surfaces may be constructed. It forms a reliable structure from which to bootstrap a larger
reconstruction system that works under general conditions. One idea for incorporating surfaces
is the use of occlusion relationships to define a rough, preliminary surface structure between
3D curves. This initial model can then be optimized for photoconsistency to obtain a more
precise surface model. One way to carry this out is to use a hypothesize-and-test framework,
where we form hypotheses for whether there is a surface patch between two 3D curves, and test
these hypothesis by reprojecting onto views and verifying consistency. Hypothesis formation

could be image-based where we project the 3D curve sketch onto an image (or a series of
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reference images), and form region fragments between neighboring image curves. Each surface
hypothesis could be tested by forming a rough surface model between the underlying 3D curves
of the patch (e.g., a by fitting a minimal surface), and projecting the entire curve sketch onto
another view. Using the model for the surface patch, one can predict what other curves
should be occluded in case the hypothesis is correct. We then look in the image for any edges
that would support the curves that should have been occluded. If there is support, then the
curves are not actually occluded and the surface hypothesis must be false. The baisc idea of
using image region fragments has been successful as part of the top-performing 2-view stereo

algorithms in the literature.

Use of curvature in the 3D curve sketch reprojection cost. Currently, only tangent information
is used to disambiguate stereo matches. By augmenting the cost with curvature, we expect to
get a large increase in the reliability of the matching, which allows us to use less confirmation
views and to reconstruct correspondences that would otherwise be deemed unreliable. We

expect the addition of even a rough form of curvature will be helpful.

Use of curvelets in the 3D curve sketch reprojection cost. This is related to the previous item.
Curvelets are small local grouping hypotheses of a few edgels (say 5-10) [[11]. They can be
used to avoid having a reprojected curve gather support from edgels coming from different

image curves, by requiring the support to be consistent with the curvelets.

Improvement of the 3D curve sketch reconstruction by consoldiating the 3D curves. The
system described in this thesis may reconstruct the same curve twice or more, in case the
same curve appears in more than a pair of hypothesis views. We need a way of linking the

correspondences and reconstructions across different pairs of hypothesis views.

Improvement of the 3D reconstruction in the neighborhood of epipolar tangencies. In the
system described in this thesis, we use a parameter 7, which is the minimum angle of curve
segments with epipolar lines. Any curve segments/subcurves forming an epipolar angle smaller
than 7, are not reconstructed. This generates a more precise but less complete 3D reconstruc-
tion. In order to reconstruct across these epipolar gaps, it is necessary to perform some kind
of interpolation using the pointwise correspondence information of the reliable segments of
the curve. This can be achieved by using dynamic programming, followed by an iterative
optimization procedure, to find a global pointwise correspondence between the two curve

fragments. Such a technique is used in the manual CAD system of [I59].

Use of the “sweep” idea to speed up curve correspondence in the 3D curve sketch system.
Robert and Faugeras [[31] proposed an idea of an epipolar sweep between two views so that
intersections of curve fragments with epipolar lines can be done only once. This avoids a huge
redundancy because the epipolar candidates for a given curve fragment in the left image is
a set of curve fragment in the right image which has huge overlap with the set of epipolar

candidates for another curve fragment in the left image. By using endpoint transitions as one
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sweeps the epipolar lines by increasing angle, it is possible to get a very fast algorithm for

determining the epipolar candidates.

Incorporation of occluding contours into the 3D curve sketch system. This would require views
to be dense, as in a video. The system proposed in this thesis is able separate stationary curves
from non-stationary curves (up to the calibration accuracy). Amongs the non-stationary
curves, one needs to pick out which ones are occluding contours, and which ones are not (such
as specular highlight contours). An idea for doing this is to first treat each curve as if it was
an occluding contour, then test this hypothesis. First, one would track/match the given curve
fragment with (at least) the next and the previous frames, since 3 views are necessary for a
local surface model reconstruction by [98]. Once a local 3D surface model is obtained, one can
check the photoconsistency of this 3D surface model with other views that see it head-on. If
the surface patch is photo-consistent, then the curve triplet is classified as apparent contours.
The output of the system would be our 3D curve sketch augmented with surface patches near

occluding contours.

Further study of Papadopoulo’s experiments and numerics regarding the practical use of the
equation relating normal curve velocities to camera calibration described in Chapter [3. It

would be of great importance to make such a useful equation practical.

Improve convergence of bundle adjustment in the 3D curve sketch system. For certain com-
binations of scenes and number of curves, we observed that our proposed bundle adjustment
may not converge. One possibility is to use an analytic Jacobian in the curve based bundle-

adjustment, since for this thesis we used a numerical Jacobian computation.

Image-based matching of curves in two and three views, so that these correspondences can be
used to bootstrap camera calibration from curves. We have done preliminary work using SIFT
descriptors attached to curves, and the matching results were very promising. The descriptors
are rotated to match the tangent direction of the curve at each sample. There is room for
improvement in terms of efficiency, as we are computing SIFT descriptors at different scales for
each curve sample, as well as matching all of them. Perhaps a subsampling strategy should be
used, or even a different strategy where the histogram bins are placed on a global grid built

around the entire curve.
Extension of the qualitative/geometric ideas of Appendix Dl for epipolar geometry to curves.

Development of a better numeric method to measure curvature derivative, allowing to measure
3D torsion from image curves. Perhaps even a coarse but robust measurement of curvature

derivative could be useful in practice.



Appendix A

Surface differential geometry

The purpose of this section is to summarize the concepts of differential geometry of surfaces, focused
on the research topics of this thesis. It serves as a review for people that already have some knowledge
of differential geometry. Another goal is to explicitly clarify confusions, motivate concepts and justify
notation, so this is not a brief summary. For example, we motivate and interpret the first and second
fundamental forms, since most people feel uneasy with the concepts behind these abstract entities at
first. In a sentence, the need for these entities comes from the desire to study the surface intrinsically,

avoiding references to the extrinsic space (R?) as much as possible.

A.1 Basics

Let us begin by defining the differential of a vector function of a vector variable (also called a map).

Definition 4. (From [35]) Let F : U C R™ — R™ be a differentiable map. To each p € U we
associate a linear map dFj, : R® — R™, which is called the differential of F at p, and is defined as
follows. Let w € R™ and v(—¢,¢) — U be a differentiable curve such that v(0) = p, 4/(0) = w. Let
the curve I' = F oy : (—¢,€) — R™, then:

dF,(w) = T'(0). (A.1.1)

This definition does not depend on the curve . In simple terms, the differential of a map is a
linear map which, applied to any given vector w € R", gives the directional derivative of the map
along w.

We can write the matrix of dF}, relative to the canonical bases of R"™ and R™, which is called
the Jacobian matriz of F = (f1,..., fm)

J:Jac[F]:(afi>:[0F . F (A.1.2)

3583’ oxq Ox .,

When n = m, the Jacobian matrix is square and its determinant is called the Jacobian determinant
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or just ‘Jacobian’, and is denoted by

Ofi\ _ O(f1,---, [m)
det <<'9$g> T B(wn,an) (A.1.3)

A regular surface M is a 2-dimensional submanifold of R®. This means that, for each point T"
of the surface, there exists a ‘chart’, or ‘parametrization’, or ‘system of (local) coordinates’, which
maps a region of the plane R? into the neighborhood (called coordinate neighborhood) of the point
I’ in the surface. This mapping is a diffeomorphism, which means it is differentiable and invertible
(the inverse also being differentiable)". The intuition is that each point of the surface is locally
equivalent to a plane, as far as differential questions are concerned. We will denote coordinates as
&, n, and the points in a neighborhood of T' are parametrized by I'(£, 7). Notice that many different
parametrizations may be necessary to cover all points of a regular surface.

Regular surfaces admit a tangent plane T,(M) at every point p € M, given by dI',(R?) C
R3. The choice of parametrization determines the basis {I'¢,T',} of the tangent plane. A vector
w € T,(M) has coordinates (£(0),7'(0)) in such basis, where ({(¢),n(t)) is the expression, in the
parametrization I', of a curve whose velocity vector at ¢ = 0 is w. This comes from the chain rule:
I'() = T/(£(8), (1)) = D€' + Ty

A.2 First Fundamental Form

Definition 5. (First fundamental form) The quadratic form I, on on T,(M) defined by
L(w)=w -w=|w|?, (A.2.1)
where w is a tangent vector to M, is called the first fundamental form of the regular surface M.

The importance of the first fundamental form comes from the fact that, once it is given, we can
treat metric questions (such as lengths, angles of tangent vectors, and areas) on a regular surface
without further reference to the extrinsic space R3.

For our purposes, the first fundamental form is equivalent to a norm attached to the tangent
plane of the surface at each point. In practice, we will be dealing with the usual norm of R3,
but expressed in the basis {I'¢,I',} of the tangent plane, thus applying to two-dimensional local
coordinates (£,7) in such basis instead of the three extrinsic coordinates x,y, z.

The choice of a first fundamental form on the surface is also equivalent to the choice of an inner
product defined on tangent vectors of the surface. Given a norm on tangent vectors I(w) = ||w]|? =

w - W, we can take inner products as
1
vew = o [[lvwl? = [[w]* = |Iv]]. (A2.2)

The first fundamental form has an associated matrix of coefficients E, F, G, which are dependent
on a chosen basis {I'¢,T',)} of T,(M), which, in turn, is defined by a parametrization I'(¢§,n) of M.

I The rigorous notion of a differentiable map defined on a surface is not important for now.
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Let us obtain the coefficients of the first fundamental form. Any vector in T},(M) is the tangent
vector I"(¢) of some curve I'(t) = T'(£(¢),n(¢)) in M. The coordinates of such vector in the basis
{T¢, Ty} is (€', 7). Thus, the first fundamental form can be written as

Ip(w) = I,(T"(t)) = T'(t) - T'(t) = (T’ + Tyn)) - (Teg’ + ')
= E¢? 1 2F¢y 4+ G2, (A.2.3)

where E, F, G are given by:

E=T¢ T
F=T¢-T, (A.2.4)
G=T,-T,.

The arc length of a curve I'(¢) of M is given by

s(t):/o ||I"(t)||dt:/0 ST (). (A.25)

Using coordinates, the curve I'(¢) can be written as I'((t), n(t)), thus

t
s(t) = /O VEE2 £ Fely + Gr'2dt. (A.2.6)

Hence, given the coefficients E, F, G, we can forget about the embedding space R? if we want to
measure arclengths. This is in the same spirit as the Frenet frames for curves, where we write all

entities in terms of this frame instead of the world frame, thus remaining intrinsic to the object.

First fundamental form of the sphere in spherical coordinates. The unit sphere can

be parametrized by 4 : U C R2 — R3 as
40, ¢) = (cos ¢sin b, sin ¢psin 0, cos b)) , (A.2.7)

whose first fundamental form is E(6,¢) = 1, F(6,¢) = 0, and G(6,¢) = sin?f. Thus, if w is a
tangent vector to the sphere at the point (6, ¢), given in the basis associated to 4(6, ¢) by

w = a¥g + by, (A.2.8)
then the square of the length of w is given by
|w|? = I(w) = Ea* + 2Fab + Gb* = a* + b*sin* 6. (A.2.9)
Definition 6. (Area) The area of a region R of a surface is defined as

A(R)://Q||I‘§><I‘,,|d§d77://@x/md§dn, (A.2.10)

where T'(€,7) is a parametrization of the surface in consideration and Q = I'"!(R).
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A.2.1 Gradients on Surfaces.

Definition 7. (From [30]) The gradient of a differentiable function defined on a surface f : M — R
is a differentiable map Vf: M — R3, p € M — Vf(p) € T,(M) such that

Vilp)-v=dfp(v), You € Tp(M). (A.2.11)

Proposition A.2.1. If E, F, G are the coefficients of I in a parametrization T'(§,7), then Vf on

the range of T' is given by
_ fe G- fHyF
Vi=Tpe-Fzlet

fnE — feF
r,. A.2.12
EG—-F2 7" ( )
The definition of gradient on a curved surface is consistent with the usual definition of gradient
in the plane. If the surface M = R? with coordinates z,y, we can then apply the proposition to

show that
Vf=f.e1+ fyes, (A.2.13)

where {ey, e2} is the canonical basis of R?.

Corollary A.2.2. The vector V f gives the direction of maximum variation of f. More precisely,
letting p € M be fizred and v vary in the unit circle |v|| = 1 in T,(M), then df,(v) is mazimum
if and only if v.= Vf/|Vf|. Moreover, The vector Vf is normal to all points of the level curve
C ={q e M, f(q) = const}, wherever Vf # 0.

A.3 Normals, Gauss Maps, and Second Fundamental Forms

The normal vector N at a point p is a vector orthogonal to the tangent plane at p. For a given

parametrization I'(£,n), we can choose the field of normals

I‘g x T
N=_—_—~—"1- (A.3.1)
ITe > Ly
We could also choose —N, as long as the choice is consistent (differentiable) in a neighborhood of

the chosen point p.

Definition 8. The field of normals N : M — S? maps each surface point onto the unit sphere S?

of directions, and is called the Gauss map.

Definition 9. The differential of the Gauss map, dN, is called the Weingarten map, and its negative
—dN is called the Shape operator. The Weingarten map is a linear map giving the directional
derivatives of the normal vector N along any vector. More precisely, letting p be a point of the

surface, and w a vector in the tangent plane, then

dN, : Ty(M) = T () (S?) or Tp(M) (A.3.2)
w — dNp(w)
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where dNN,(w) is given by the following rule. If () is a curve in the surface such that «(0) = p
and o/(0) = w, then N(¢) := N o a(t). In the parametrization I'(£, n), the vector w has coordinates
(&' (t),n'(t), and dN,(w) = dN,(&'(t),n'(t)) = N'(t). Since T,(M) and Ty, (S?) are parallel
planes, we can see dN,, as a map from T,(M) to T,(M).

Proposition A.3.1. The differential dN,, : T,(M) — T,(M) of the Gauss map is a self-adjoint

linear map.

Proof. See [37, p. 140]. |
For completeness, we include the definition of a self-adjoint linear map:

Definition 10. A linear map A : V — V is self-adjoint if (Av)-w = v - (Aw) for vectors v,w € V.

For an orthonormal basis, the matrix (a;;) of a self-adjoint linear map A is symmetric. To each
such map, we can associate a bilinear form B(v,w) = (Av)-w and a quadratic form Q(v) = B(v,v).
Self-adjoint linear maps, bilinear forms, and quadratic forms are in 1-1 correspondence with each
other, therefore being equivalent.

Since the Weingarten map dN,, is self-adjoint, we can associate a quadratic form @) to it, given
by Q(v) = dN,(v) - v. For convenience, the literature works with the form I7,(v) = —Q(v):

Definition 11. The quadratic form II,, defined in T,,(M) by II,(v) = —dN,(v) - v, is called the

second fundamental form of M at p.

It can be shown that for a unit vector v, II,(V) = k,(p), where £, (p) is the normal curvature in
the direction v. This is the reason for the negative sign in the definition of the second fundamental
form: we want this interpretation to hold without a negative sign.

There is a general theorem involving self-adjoint linear maps and the extrema of the associated

quadratic form, which we will apply to define the principal curvatures. The theorem is:

Theorem A.3.2. (From [77)]) The eigenvalues of a self-adjoint linear map A : V. — V are the
extrema of the associated quadratic form on the unit circle of V.. The corresponding unit eigenvectors
form an orthonormal basis. They diagonalize the matriz A of the considered linear map, i.e., the
matrixz A of the linear map relative to the eigenvectors is diagonal, the diagonal elements being the

etgenvalues.

Hence, associated to II,(V) = k, there are maximum and minimum normal curvatures x; and

k2, which are also eigenvalues of —dN,,.

Definition 12. (Principal curvatures and directions) The maximum and minimum normal curva-
tures k1 and ko are called the principal curvatures at p, the corresponding directions (given by the

corresponding eigenvalues of —dN,,) being called the principal directions.

Another useful fact of general linear maps A : V' — V is that the trace and determinant of A

are independent on the choice of bases for V.
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Definition 13. (Gaussian and mean curvatures) Let dN, be the differential of the Gauss map.
Then

K= K1k = det de (A33)
1
H=" —;@ = fitrace dN, (A.3.4)

Definition 14. (Umbilical points) The point p € M is called and umbilical point if k1 = ko, and

the umbilical points having k1 = k9 = 0 are called planar points.

Definition 15. (Asymptotic directions) An asymptotic direction of M at p € M is a direction of
T,(M) for which the normal curvature is zero. An asymptoptic curve of M having its tangents

along asymptotic directions at all points.

Proposition A.3.3. (Euler’s formula) The normal curvature in any direction 6 measured from a

principal direction corresponding to principal curvature k1 is given by
kin(0) = K1 cos? O + ko sin? 6 (A.3.5)

Proof. Let w = pw = p(sin 6, cos ) be a parametrization for the tangent plane in the basis {e1, és},

where e; and es are along the principal directions. Then

I1,(w) = —dN,(w) - w = —dN,(pW) - pWw = —p?dN, (W) - W (A.3.6)
= —p?dN,(sin fe; + cos 0e) - (sin fe; + cos fe,), (A.3.7)

and, since dN,, is linear and e; and ey are its eigenvectors, we have
= /32(sin Ok1€1 + cos Okoes) - (sinbey + cosbes) (A.3.8)
Thus, we have:
I1,(w) = p*(ky cos? 0 + kg sin® 0) (A.3.9)

The last expression is known as the Fuler formula; actually, it is just the expression of the second
fundamental form in the basis €1, ;. For a unit vector W, p = 1, then II,(W) is the normal curvature

along w, so the Euler formula assumes the form stated in the theorem. |

The second fundamental form can be shown to be the osculating paraboloid to the surface, i.e.,

the second-order Taylor approximation to the surface.

Proposition A.3.4. Consider a local coordinate system such that T and y are along principal
directions, and Z is along a chosen normal direction N of the surface M. Then
1 1

_ _ I
7= 5Hp(w) = 5/@52 + §K2y2, (A.3.10)

where w = (Z,§) s a tangent vector in the tangent plane T,(M). The above equation defines the

osculating paraboloid of the surface M.



141

Proof.
II,(w) = —dN,(w) -w = —dN,(Te; + yeés) - (Te; + yéa), (A.3.11)

and, since dN,, is linear and {e1, es} its eigenvectors, we have

IT,(w) = (Thie1 + Groes) - (Te1 + ez) (A.3.12)
= k1T + ko’ = 22 (A.3.13)
|

Thus, the second fundamental form is our paraboloid model equation in local coordinates given
by Equation (B.1.1) (multiplied by 2). The previous proposition shows that we can think about
the second fundamental form as the second-order approximation to the surface, i.e., the osculating

paraboloid. This is very insightful for our research, but it is not emphasized in many textbooks.

Dupin Indicatrix. The Dupin indicatrix can be defined as a level curve of the osculating

paraboloid. Its equation is given by:

II,(w) = *e, (A.3.14)
or, in local coordinates Z, g, as

I1,(%,7) = k13* + Ka¥® = e, (A.3.15)

where € is usually fixed at 1. The Dupin indicatrix is shown to be approximately equal to the
intersection of the surface M with a plane parallel to T},(S) having distance 2¢ from p (to first order,
in the limit ¢ — 0). Since the Dupin indicatrix is a level curve of the osculating paraboloid IT,, it
assumes the shape of an epllipse whenever 11, is an elliptic paraboloid, and the shape of a hyperbola
whenever 11, is a hyperbolic paraboloid. We say that, in those cases, p is called an elliptic point

and a hyperbolic point, respectively.

A.3.1 Conjugacy

Given the importance of conjugacy for our research, e.g., in relating occluding contours to viewing

direction, we will give a more comprehensive treatment to this topic.

Definition 16. Let p be a point of a surface M. Two nonzero vectors wi, wo € T},(M) are conjugate
if dNp(w1) - wg = wy - dN,(wa) = 0. Two directions 71, 72 at p are conjugate if there is a pair of

conjugate vectors along them.

Since the condition for a conjugate point does not depend on the scale of the two vectors, it is
a projective relationship, i.e., it is invariant to projective transformations. Koenderink’s book [37]

p-230] also talks about conjugacy as a “generalization” of orthogonality in affine and projective

spaces. In order to have an intuition of this, let us first give a geometric construction of conjugate
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Figure A.1: Orthogonal (thus conjugate) directions 1 and 79 transform to conjugate direc-
tions 7 and ) after an affine or projective transformation.

directions, as illustrated in Figure [A.1. Consider an ellipse or any other central conic curve, and
consider two directions r; and ro passing through the center of the curve. Let p; be an intersection
of r1 with the conic, and let ps be an intersection of ro with the conic. Two directions ry and ro are
conjugate with respect to a conic if the tangent to the conic at p; is parallel to ry, and vice versa:
the tangent to the conic at p, is parallel to r1. In the case of surfaces, the Dupin indicatrix serves
as the conic in this construction. Another way of stating this construction is that a position vector
of a conic is conjugate to the tangent vector at this position.

Hartley’s book [69] also mentions that conjugacy with respect to the image of the absolute conic
(TAC) has to do with orthogonality.

A.3.2 Gauss Map in Local Coordinates

Considering an arbitrary curve I'(t) = T'(£(¢), n(t)) € M, whose tangent vector is along any desired

direction in the tangent plane, we have:

II(I') = —dN(I') - T’ = —(Ne€' + Nygf) - (€’ + L) (A3.16)
= e + 21 + gn”, (A.3.17)
where
e = N{ . I‘g = N . I‘gg (A318)
f=N¢ - I'y=N-Tg, (A.3.19)
g=N, T, =N-T,,. (A.3.20)

The matrix IT of IT in the basis {T'¢,T',} is:

e f
= : A.3.21
II [f g} ( )

and the matrix I of the first fundamental form is

E F
F G

: (A.3.22)
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The matrix of the linear map dN is called the Jacobian matrix of N, and can be shown to be given
by:

JIN] = —17'11, (A.3.23)
with
1 G -F
717
=g e B | (A.3.24)
thus
E F|
JN] = — ¢ f (A.3.25)
F G f g
1 G -F| [e f
R — . A.32
BG | p B s g} (A.3.26)

We can then write the so-called equations of Weingarten, which are the 4 entries (a;;) of the Jacobian

matrix of the Gauss map with respect to the fundamental forms:

o= 2 s
ais = %, (A.3.28)
ag1 = % (A.3.29)
ags = %, (A.3.30)

where the first index denotes the row, and the second index the columns. Formulas for the Gaussian

and mean curvatures for a given parametrization are given below:

eg — f?
K=——"= A.3.31
EG — F? ( )
leG —2fF — gE

= A.3.32

" 2 EG-F? (A-332)
The first equation comes by taking the determinant of (A.3.23). The equation for the mean curvature
is obtained by writing the characteristic equation for the eigenvalue condition dN(n) = —kn), giving
K2+ K(a11 + ag) + a1ags — arzag =0 (A.3.33)

or, from the elementary formulas of sum and product of the roots of a quadratic equation,
K2 —2Hk+Kk =0 (A.3.34)

From this, principal curvatures are:

k=H+VH2-K. (A.3.35)
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Observe that this is not valid at umbilical points, where H? = K.
We can classify the surface point p according to the Gaussian curvature and the principal cur-

vatures, motivated, among other things, by the shape of the Dupin indicatrix at p:

Definition 17. A point p of a surface M is called

1. Elliptic if: K =det(dN,) >0 < k1ka >0 < II,(w) = *eis an ellipse < eg — f? >
0.

2. Hyperbolic if: K = det(dNp) < 0 <= kika < 0 <= II[,(w) = =£e is a hyperbola
— eg— f2<0.

3. Parabolic if: K = det(dN,) =0 and dN, # 0 <= only one of k; or kg are zero (there is no

simple characterization in terms of the Dupin indicatrix) .
4. Planar if dN, =0 (thus £ =0) <= k1 =k =0.

An interpretation of the Gaussian curvature is given by

A/
K = lim =, (A.3.36)

where A is the area of a region B around the considered surface point, and A’ is the area of the

image of B by the Gauss map N : S — S2.

A.3.3 Surface as the graph of a function f(z,y)

Theorem A.3.5. The Eigenvalues of the Weingarten Matriz of z = f(x,y) are, for H >0

H1:H+\/H2—K

(A.3.37)
KQZH— \/7’[2—[(7
and for H <0
M=oV K (A.3.38)
Ko =H+ VHZ - K, -
where H and K are defined as
2(1 2 2\3
(+ 12+ 1y) (A.3.39)

A+

Proof. When the surface is expressed as a graph z = f(x,y), we can use the standard differential
geometry of surfaces [35] described in the previous section to express curvatures explicitly as deriva-

tives of the function. In general, the principal curvatures k1 and ko and the principal directions e
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and ey are on the eigenvalues and eigenvectors, respectively, of the Weingarten Matrix which is the

product of the inverse of the first fundamental form and the second fundamental form:

—1 . f
. A3,
[« ] pos0

For the specific case of a graph (z,y, f(x,y)), the tangent plane to the surface is spanned by (1,0, f.)
and (0,1, f,), with normal Clemful) giving

E F
F G

W=-—

VI+2+72
F G fofy 142 -
e f 1 oo fay ]
= . (A.3.42)
lf g 1+ 2+ 12 fay fyy
Thus, given that EG — F? =1+ f2 + fy2, we have

A+ 2425 | ~fufy 1+ || fow fou |
U+ 2+ D% | ~fafyfea+ A+ D) fry  —Fefyfoy+ A+ D) fyy

a b
The eigenvalues of a matrix of the form é l J 1 satisfy the quadratic equation e?A\% —e(a+d)\+

c
(ad — be) = 0, which in this case gives

+ [((1+fy2)fmc*facfyfmy)((1+f3)fyy*fzfyffcy)*
(L + f) foy = fafyfyn) (L + £2) fay = fofyfos)) = 0. (A.3.44)

The last term can be simplified as follows

ad — be

A+ DA+ [ foayy + ot foy — O+ [+ F) f2, = 217 faafuy
A+ DA+ I Featyy — [2) = Fifo (Feafyy — [2y)
- (1 + fg? + f;)(fmfyy - gy)

The quadratic Equation [A.3.44! can now be simplified as

L+ 24+ 1202 = (L4 24 123 [(fow + fog) + (P2fow = 2fufyfuy
+ fa?fyy)])‘+(fszyy_f§y) =0, (A-3~45)
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where the solutions for A\ are the principal curvatures k1 and k. The mean curvature H, half the

sum of the two eigenvalues H = (k1 + K2)/2, can be written as

201+ f2+ f3)7

Similarly, the Gaussian curvature K, the product of the two eigenvalues K = k1Ko, can be written

H:

. (A.3.46)

as

_ Afantyy — £2)

= . A.3.47
U+ 727 72 (A-347
We can then write from
K1 + Ko
=H
2 (A.3.48)
Kiko = K,
a single equation k1(25 — k1) = K or
k2 —28k1 +K =0, (A.3.49)
which gives the result. The Eigenvectors can then be expressed as
—b v —(1 ) fu
a— e\ (1+fy)fmx_f:vfyf$y_(1+fz+fy) / R1
|
A.4 Useful identities for reference
Vector product identities
ax(bxc)=(a-c)b—(a-b)c (A4.1)
Two other identities follow from the above one:
(axb)-(cxd)=(a-c)(b-d)—(a-d)(b-c) (A.4.2)
(axb) x (c xd) = [abd]c — [abc]d, (A.4.3)

where the latter expression indicates that for the intersection of two planes, the commmon vector v

is in both planes.

la x b+ (a-b)* = [|a]|* - |[b]|® (A.4.4)
If A is a linear map, then

Aa x Ab = det A(a x b) (A.4.5)



Appendix B

Multiview Differential (Geometry of

Surfaces

In this Appendix we present a preliminary study and theoretical results on the local differential
geometry of surfaces in multiple views, including surface-induced image flow and the multiview
behavior of shading. Appendix [Al reviews useful background material related to the differential

geometry of surfaces.

B.1 Notation

The object local coordinate system is defined to be centered at a select point on the surface of the
object, Te(0) = pe(0) [€4(0),n.(0),1] ", and with the direction Z aligned with the surface normal and
with Z and 7 defined as the direction of principal curvatures k1 and ko, assuming they are different
from each other (non-umbilical points), and such that the resulting coordinate system has same
orientation as the camera coordinate system.

A point in local coordinates is hence denoted T = [Z, 7, Z]T. The object surface near the origin

T.=10,0,0]" is then described in Monge patch form as:

1 1
Z= KT+ —koft (B.1.1)
2 2
We define the curvature matrix K as:
—K1 0 0
K=|0 —m o, (B.1.2)
0 0 0

which is the canonical matrix for a paraboloid, and write (B.1.1) as

I D
edT+-T KL+ =0 (B.1.3)

[\

147



148

0

R0;70/ G

S]]

A R(t),T(t) X
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Figure B.1: Projection of a quadric in images.

where we use the notation

—_
o

(B.1.4)

)

S
I

o

€9 = €3 =

o

S =
|

_ o O

Later in this chapter we assume the object can locally be approximated by truncating the above
equation to second-order, obtaining a special quadric surface model M. This second-order surface
approximation is an elliptic paraboloid if k1k2 > 0, a hyperbolic paraboloid if K1k < 0, or a plane
if k1 = ko = 0. The 3D points written in the camera coordinates at time ¢ can be written in terms

of the Monge patch coordinates as in Figure [B.1]

T(t)=R)T(t)+T(t) (B.1.5)
where

R(t) = R(t)Ro (B.1.6)

Tt)=RtTo+T(t) (B.1.7)
We also have the following notation:

a; a2 as Tm

Eo - bl bg b3 T(t) = 7y (B].S)
C1 Co C3 72

The unit normal N = (N, N, N;) to the surface, written in camera coordinates, is determined
by the slant and tilt angles (more later). The world coordinates for the normal will be denoted N,

and we can write N = RINY.
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Viewing
direction

Plane
normal

Projected
> P normal

>

Textured
plane

(a) (b)

Figure B.2: (a) Spherical coordinates used in this text, and (b) The orientation of a (tan-
gent) plane with respect to the camera plane can be given by the slant — which is the angle
between the normal of the plane and the viewing direction — and the tilt — which is the angle
the projected normal makes with the x-axis of the camera coordinate system (from [57]).

The third column of the rotation matrix R(t) is the normal N written in camera coordinates at

time ¢:
N(t) = R(t)es (B.1.9)

where es is the normal in local coordinates of the surface patch. Therefore, only two angles, e.g.
slant ¢ and tilt v , appear in the third column. The first two columns are the camera coordinates
of unit vectors along the z, and § directions, and this is completely defined by the normal and an
in-plane rotation 1. This is given in more details as follows. The surface normal may be described

in terms of slant o and tilt v,
N = (cosvsino, sinvsine,cosa) ', (B.1.10)

see Figure B.2(b).

We define 9 as the in-plane rotation of the local z and y axes with respect to a predefined refer-
ence coordinate frame of the tangent plane. We now derive an explicit expression for this reference
coordinate frame in terms of the camera frame, with the intention of deriving a parametrization of
the rotation matrix by the angles o,v,1. The reference frame for measuring 1, denoted e, eX', is
conveniently defined with respect to the camera frame: e}V is the orthogonal projection of e; onto
the tangent plane with normal N, and el is choosen to form a right-handed frame (e, el¥, N).
This can be written analytically as:

eN =N x e

(B.1.11)
e =ell xN,
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which allows us to express the local z and y direction vectors e; and és, respectively, as:

e = coswell\l—l—sinwe2N+ON

N N (B.1.12)
ex =sinye; —cosype; +0N.
Using (B.1.10) into (B.1.11), we can write the reference vectors in terms of o and v
. . T
e = (0, coso, —sinvsin o)
(B.1.13)
N ( .92 ) 2 . . T
e; = (—sin”vsin“ o — cos® g, sinvsin o, —cosa) ,
which we plug into (B.1.12)) to yield the principal directions in terms of o, v, and ¥:
-2 2 2 . -2 -2 . 2
— cos Y sin® vsin® o — cos v cos® o —sin sin” vsin“ o — sin ¢ cos® o
e = sin) sin v sin o — cos Y cos & , €y = siny sinvsin o — cos v cos o , (B.1.14)
—cosYcoso —sinysinvsing —sin coso + cosysinvsino
written in camera coordinates. Then, a point I'(0) is related to T' as
I'(0) = RoI’ + T, (B.1.15)
where
-2 -2 2 . -2 -2 . 2 .
—cosysin“vsin® o — cosyYcos®o  —sinysin®vsin® o —siny cos* o cosvsino
Ry = sin sin v sin o — cos Y cos o sin sin v sin o — cos ¥ cos o sinvsino | ,
—coscoso — siny sinvsino —sint coso + cosysinvsino coso
(B.1.16)

= = = =T . -
and 7g = (’Tz, Ty, ’TZ) . Note that the first two columns of the camera matrix are the principal
direction vectors written in camera coordinates and the third column is the normal in camera

coordinates, all parametrized by o, v and .

Proposition B.1.1. Given a paraboloid %TTKT + e T = 0 in the coordinate system defined by
Ty = RoTo+7, and a camera motion defined by R(t) and T (t). Then, the equation of the paraboloid

in camera coordinates is given by:
I'K.I-2T KT +e]R T+T KT —elR T=0. (B.1.17)

where K, = %EK?T, K is the principal curvature matriz of the surface as defined in Fqua-
tion (3.6.8), R= R(t)Ro, and T = R(t)To + 7T (t).

Proof. The main equations are:

%fTKf +e3T =0 (second-order surface model) (B.1.18)

T'o=RL +7, (Monge to camera coordinates at t = 0) (B.1.19)
T'(t)=Rt)To+7(t) (camera coordinates at time t) (B.1.20)
T(t) = p(t)y(t) (projection equation) (B.1.21)
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We have from (B.1.19) and (B.1.20))

T'(t) = R(t)RoT + R(t)To + T (t)
=RT+T, (B.1.22)
giving
T=R(t)'Tt) —REt)T(t). (B.1.23)

Substituting this into the above equation (B.1.18)) (for simplicity, the dependency on ¢ will not be

written), we have

% [ETF - ETT} % [RTI‘ - ETT} tel [ETF - RTT} ~0, (B.1.24)

or
%[I‘—T]TEKRT [T -7]+ejR [T-T]=0. (B.1.25)
Using K. := §§K§T, distributing, and rearranging, we get the final equation. |

We are interested in an image neighborhood around a given center point ~,(0) = [£.(0), 7.(0),1] "
at t = 0. The paraboloid approximation would then be around the 3D point I'.(0) = [z.(0), y.(0), z. O)]T,
with the notation T'u(£) := pe(t)y.(t). In local coordinates, I'.(0) corresponds to T' = [0,0,0]",
which, when plugged into (B.1.5), yields:

T.(0) = T(0) = T, (B.1.26)

It is then clear that 7 (¢) is the coordinates of the origin of the Monge patch with respect to the

camera coordinates at time ¢. From (B.1.7)), we can write:

T(t) = R(t)T.(0) + T (t) (B.1.27)
T(t) = R()pe(0)7,(0) + T (t) (B.1.28)

Note that 7 (t) # T.(t), because I, was defined with respect to the center of the image patch, ~,,
which for any ¢ # 0 will not correspond to the origin of the 3D monge patch. Thus, given the image
point v,.(0) at ¢ = 0, the translation to the Monge patch is determined from a single number p.(0),

so in total we need 6 parameters to determine our local surface model:

M= {pC(O),U, l/,w7k1,k2} (B129)

B.2 Differential Relations: Rigid, Stationary Surface

We now address how the image of a neighborhood of a point moves as the camera moves. The
neighborhood is first assumed to arise from a smooth surface patch which we locally approximate
as a second-order Monge patch around a central point I'c(0) = Lo = pe,0Ye,0 = Pe,0(Ec,0, Me0, 1)

We will also consider the special case of a planar patch.
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Theorem B.2.1. (Relating normal and depth gradient) Let v be the projection of a 3D point T

lying on a surface with normal N. Then, when N -~ # 0, N and ” are uniquely related as

\Y Vol?
N — (”(N.q), \/1 (N2 Vel ’;” ) (B.2.1)
P P
Vp (N, Ny)
—_— =, B.2.2
P N-~ ( )
Proof. Equation B.2.1]is derived from:
N-N=1 (B.2.3)
(N,,N,) - (N,,N,) + N2 =1. (B.2.4)
Using (B.2.2),
Vp (Nz, Ny)
—_— =, B.2.5
) N~ (B.2.5)
we have
(N -~)? me FN2 =1, (B.2.6)
so that )
N2=1-(N- wQM. (B.2.7)

P2
from which the result follows.
We would like to express Vp = (p¢, py) explicitly in terms of the first-order surface geometry,

which can be represented by the normal N. Note that the surface under consideration is not

(&,m.p(&:m)), but rather T'(&,n) = (p(&,m)E, p(§;m)n, p(€;m)). The expression for N in terms of Vp
is trivial — just compute the derivatives of I' = pv with respect to &, n, take their cross product

and normalize. However, in order to have the normal explicit in our Equation (3.6.1), we need the

inverse, namely Vp in terms of N. Differentiating I' = py we have

Te = pey + pye = pey + per
Ly = ppy + 07y = Py + pez.

We can isolate pe and p,, by taking the scalar product with N

0=peN-v+pe -N

(B.2.8)
0=pyN-v+pey-N,
which gives
pe = —~L—N,
N
v (B.2.9)
e N
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The velocity vector field specified in Equation [3.5.14! is for a fixed 3D point and depends on the
global' camera motion parameters (t) and V(t) (six numbers for each time) and, assuming this
point lies on a surface, locally on depth p(§,n). Thus, all variations of u and v with respect to the
spatial variables £ and 7 at a fixed time t arise entirely from variations in depth p(&,n), which itself
arises from the local shape of the object, as the next theorem shows. This motivates us to relate the

spatial derivatives of x = (u,v) to those of p, as in the theorems that follow.

Proposition B.2.2. (Depth and surface geometry) Given a paraboloid %TTKf—i- es T =0 in the
local coordinate system defined by To = RoTo + 7, and a camera motion defined by R(t) and T (t),
then the depth p(€,n) satisfies the equation

(v K)o + (e; Ry — QTTKC'y) p+ (ij —e] RTT) —0, (B.2.10)
where K, = %RK?T, K is the principal curvature matriz of the surface as defined in FEqua-
tion (3.6.8), R = R(t)Ro, and T = R(t)To + T (t).

Proof. Using T" = pv in Equation [B.1.17, we have the result. ]

Theorem B.2.3. (Spatial variation of the image velocity field in terms of surface). Consider
an image point v arising from T' lying on a twice-differentiable surface with normal N and having
Weingarten map K. in camera coordinates, under differential camera motion Q, V. Then the velocity

v, = (u,v,1) " has spatial variation given by Equation 3.0.1)

P
Yer = (—V +V.7) f - Y — (e Qey)er

(B.2.11)
Yot = (_V + Vz'Y) ZZ x €+ Quy — (egQX’Y)ez
Similarly, the second-order spatial derivatives of the image flow (u,v) are given by (3.6.2):
P P2 12
uge = (—Va + V2O - (—Vx+vz§) +V, f+2Q
ugy = (Vi + V. é)@— (~Va+ V. 5>p;p” +v.2 o,
o2
Unpn = (_Vx + szg)ig£ - 2(_Vz + Vzg)l
P (B.2.12)

p
vee = (—V,, +vzn>’;55 (-V, +vzn>pE

ven = (=V, +Vzn)%— (—V, +V.n )pf)p”+v L,

p n

Vpy = (=V, + V.1 )pp”" ~2A-Vy V) 4V p” 420,

!Global in the sense that the parameters are shared by all pixels. Thus their estimation at different
points does not introduce new unknowns.
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where the normalized gradient of depth is given by:
N., N
@ — _M’ (B.2.13)
p N-~v
(observe that for an occluding contour, N -~ = 0, the gradient of depth blows up) and the Hessian
of depth is given by

_ 27 TKeyp® N2 | [4py " Keer + 2N, | pN; | 2e Keeqp?
T TN (N Ny
= 2’7TK07p2N§ [4[)’7TKC€2 + 2Ny] pNy . 2e] K .e9p?
"N (N N7
o 97 TK~4p*N,N,, N (207 TKcez + Ny | pN, + [2p7 Keer + N, | pN,, N 2e] K.e1p?
¢ (N3 (N2 Ny
(B.2.14)
where K, = %EKET, K is the principal curvature matriz of the surface as defined in FEqua-

tion (3.6.8), R= R(t)Ro, and T = R(t)To + T (t).

Proof. For the first-order image motion field, Use the general Equation 3.5.54! for an image curve
given in Theorem [3.5. 11, where here the image curve is taken to be along one of the coordinate axes,
so that the parameter s can be taken as £ or 7. The formula admits the specific form given in this
theorem, by observing that v, = e; and ~,, = es.

The second spatial derivatives of p are computed by considering an explicit osculating paraboloid
equation as in the next section. We can then differentiate Equation (B.2.10) with respect to &,n and

evaluate the result at the center point, to get:

[4p’yTKcel + 2Nm] pe + 2’7TKC'yp§ + 2eIKcelp2

Pee = N~ (B.2.15)
[4py TKcea + 2Ny | py + 27 Koyl + 2e5 Keegp?
P = N~ (B.2.16)
) 207 TKeea + Ny | pe + [207 "Keer + Nu py + 2 " Keypype + 2e5 Keerp? (B.2.17)
&n = , 2.
N~

where K, = %EOKEJ and pe, p, are given by (B.2.2). Substituting the above values into (3.6.2),

we get the desired second-order derivatives of flow.

|
Proposition B.2.4. The depth p is related to slant angle o by
\Y
o\ (B.2.18)
p

The second-order variation of flow is computed in a similar way. Thus, the second-order variation
of the velocity vector field is a function of the six global motion parameters (2, V), the depth p at
(&,7m), the depth gradient Vp = (p¢, py) (which are derived from the normal to the surface), and
finally, the depth Hessian

Hessian = [p& pg"] . (B.2.19)
Png Pnn
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We related the Hessian to the principal curvatures xi,x2 and the angle of the larger principal
curvature with the z-axis. Thus, six shape variables, the depth p, the depth surface normal (2) and
the surface curvature (3), together with the six motion parameters determine up to the second-order

variation of the velocity vector field.
Remark B.2.1. We can write Equation [B.2.10/ more explicitly as:
017° + @2” + ¢32% + quay + 572 + goyz + 47 + g3y + 4oz + quo = 0, (B.2.20)

where the coefficients g; for ¢ = 0 are given in Section B.5. Substituting equation (B.1.21)), we have:

G&20° + @0’ p” + asp” + quénp” + qs€0° + qenp® + ar€p + qsnp + qop + q1o = 0, (B.2.21)

or, by grouping p:

(1€ + @2n” + quén + g€ + qen + a3) p° + (q7€ + asn + q9) p + q10 = 0. (B.2.22)

If we had ¢190 = 0 (a similar case as Shashua’s paper), we could trivially solve for p(&,n). However,
in our case, we prefer not to solve this explicitly, as it would lead to square roots. Rather, we keep

this equation as our model constraint on p(, 7).

Remark B.2.2. Plugging py from (3.5.15)), into the model equation (B.2.22), we will have one
polynomial equation in &,n,u,v, at t = 0. It is quadratic in u, giving two possible solutions. For
each of these, the epipolar constraint gives one v, so we have two possible solutions for u and wv.
Instead of expressing these solutions explicitly, we keep the epipolar equation and the model equation

to be solved jointly with correspondence constraints such as optical flow.

Corollary B.2.5. (planar flow) The image motion field induced by a plane is given by:

u = (h1&® + ho&n + hs& + han + hs) /hg

(B.2.23)
v = (han® + h1&n + h& + hgn + ho) /he
where the coefficients h; are listed in Section | B.5.
Proof. Setting k1 = k2 = 0 in Equation (B.2.10), we get
(e;Rqu) p— (e;RT7) =0, (B.2.24)
and, isolating p,
esR T
p= ?r? . (B.2.25)
es R~

Plugging into the flow equations (3.5.14), we have the desired result. |
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B.3 Shape from Spatio-Temporal Shading

Let us assume that an image patch Q around (&.,7.) corresponds to surface M in space locally
approximated by a paraboloid, as in the previous section. The surface is assumed to be Lambertian
with BRDF «. Moreover, we assume a point-source of light having intensity [ whose position is
L =Ly, Lo, L3]—r in coordinates of the camera at ¢ = 0. The irradiance equation can be written as:
T
I(&n) = azH RN (B.3.1)
where N = [Ng, N@ Wg} T is the surface normal in local coordinates at the point in M corresponding
to (§,7m), and T is the coordinates of such point in the camera frame at ¢ = 0, and we can write
L' = py. We can use the simplification that, for all £, 7 near &, 7., the light direction L — T" is
approximately L — T'.
The photometric parameters «, L can be assumed constant within the patch 2, or even globally.
Of course, a will change for reflectance edges and across different surfaces, while L will change in
case there are multiple light sources.
We can also define the above equation for colored light. An approximation is to use three primary
colors RGB. We would then have three light intensities I,., Iy, Iy, and three a,., ag, ap. Our equation

could then be written as:

-
(& m) ar 0 0|l .
I(&m)| = ag 0 ly m RoN (B.3.2)
Ib(§7n) 0 Qay Zb
L-107
I(¢,n) = ali——" RoN (B.3.3)
IL—T
where
a. 0 Iy
o= Qg L=l (B.3.4)
0 0 Qay lb

We are concerned with the following problem. Given the image RGB intensity vector I, and its
derivatives I¢, Iy, Iee, Igyy, Ly, Iy, Iet, Iy, Iy measured at the image point (&, 7.) at time ¢, the goal
is to recover 20 parameters: 6 local surface parameters M within the patch Q centered on (&.,7.),
6 global infinitesimal camera motion parameters Q2,7 (t) and 8 global photometric parameters p,
I, and L.

In order to solve such problem, it is necessary to compute the derivatives of normal, resulting in



157

the following 10 equations:

I(&,n) = pzMTRON (B.3.5)
Ie(&m) = leTRoNs (B.3.6)
L(¢.) = pzmTRoNn (B.3.7)
Tee(6,1) = plmTRoNgg (B.3.8)
Ley (§,m) = plmTRoNsn (B.3.9)
T,,(6) = leTRon (B.3.10)

L(§n) = plmTRONt (B.3.11)
L (&m) = leTRoNtt (B.3.12)
Teo(6,) = leTRoNgt (B.3.13)
L:(€n) = plmTRon (B.3.14)

where we are actually interested in the case where t =0, £ = &., n = 1., and, thus, z =0 and y = 0.
Note we are also assuming that the light direction is constant for the whole patch, meaning L — T
is approximated by L — I'.(0) = L — p.(0)~.(0), and that the derivatives of (L — T'.) are 0.

The normal can be written in local coordinates as:

.
ka7, k2.1

N(z,9) = , B.3.15
= B (B3.15)

or, setting T =0, and g =0
N(0,0)=10,0,1]" = es. (B.3.16)

The following is a summary of the above formulas, in terms of the unknowns of the problem. Their



derivation is listed in Section B.4. At t = 0 we have:

I(Ecaﬁ@) =

If(gcy 77c)
177(50’ 770)

I§§ (gcv 770)

Im] (fca 770)

I§77 (gcv 776)

It (gcv 770) =

Itt (fc, 770)

Ift(fa 770)

Int(fea 770)

where the derivatives of p can be obtained from the model equation (B.1.25)).

(L—pv.)  —

pl
IL = peyell

pl
IL = peyell
IL = peyell

1L = pevl

IL — pc.|l

(L-py.)
(L - pC’YC)

(L—pev.)

|

Rpes
_ =T
RoK R, (pev. + peer)

— =T
RoK Ry (pyYe + pee2)
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(B.3.17)
(B.3.13)

(B.3.19)

— —T
Ry {KRO (peeve + 2pcer) — [(pg% + peer) RoKKRy (pev, + peer } 63}

)

- —=T T35 —T

Ry {KRO (pmﬂ’c + 2/)7)62) - |:(p7]70 + pce2) RoKKR, (p’fl"Yc + pce2 } 63}
)

—T
(L - pc'Yc) TE KRO (:0577'70 + pPe€2 + pnel) +

I = pevell — [(uve + pee2)” RoKKRy (pev, + peer)] es
leTRoKRJ pive = Qxpeye — Ti)
PIMTRO{KROT s — 20 iy + 20, peyo + 20, T

- [(pﬁc — Qpeve —T) | RoKKRy (prve — Qs perve — 72)} es)
”IMTRO{KRJ [(perve + prer) — Qx (pee + peer)]

- {(pwc ~ Qpeve — T) RoKKR, (pev, + pcelﬂ es)
MTRO{KROT [(pntve + pre2) — Qx (pyYe + pee2)]

_ —T
- {(Pt’)’c = Qupeye — Tt)T RoKKR, (pyy. + pcez)} es}

(B.3.20

(B.3.21

(B.3.22)

(B.3.23)

(B.3.24)

(B.3.25)

(B.3.26)

All variables are
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evaluated at t = 0. Letting K, = %ROKROT , the derivatives of p at ¢t = 0 are:

IR
. w (B.3.27)
63 RO Ye
el R, e p
— 2FPc
S (B.3.28)
83 RO Ye
—T
[4pc%TKcel +2e4 R 61} pe + 270 Kovopg + 2] Keerp]
. L (B.3.29)
€3 Ro Ye
=T
[4pc7cTKc€2 + 269TR0 62} Py + QVIKC’YC'O?? + Qe;Kceng
. ” (B.3.30)
es Ry,
—T B
[2 peyT Kees + e] Ry ez] pe + [Q/JC%TKCel +eJ Ry er| py + 27 Kevy,opnpe + 2e5 Keey p?
Pen = R,
e;RO Ye
(B.3.31)
=T
R, (2 T;
o — €21t (Tiﬁc% +71) (B-3.32)
es Ry,
—T
. |:2"/;|—Kcelpc +e3 Ry el] pit
Pet = ——F— -7 7T R T,
el Ry e \— €3 Bo Qv + T 2Ky | pe + 20  Kevepupe — el R Qer + T, 2Keer | pe
(B.3.33)
—T
B {2’73Kc62pc +el R, ez} pit
Ppt = ——— =T T Ry T,
eI R v. \~ €3 Ro e + T/ 2Keve] g+ 20T Kevepupy — o3 By Qe + T/ 2Kees| p.
(B.3.34)
_ T
P— ~27]Kovep} =2 |ef Ry, =T, 2Kev,| prot (B.3.35)
[ — T'K T T RoT B
eI Ry ve \ 4277 0K Q.02 — 2T, KTy — 2peyT QK T 1 + 2e] 0 Ro T
where
T = (Qupeye +Ti) , and ? =7 .

Eliminating variables al The term appears in all equations. We can eliminate it, at

al
TL—pe.ll
least in the monochromatic case, using the first equation to solve for it, ending up with 9 remaining

equations. From (B.3.17) and any other equation of the form:

L—p-~.) "
Im:ali( PeYe)

RoNas (B.3.37
L= vl )
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(where we denote by I, and N,, any of the derivatives of I and N, resp.) we can cross-multiply

and get:
(L-pe) 2 < (L—pv.) | =
Tal-—""¢ RiN,p = Ippal-—"2 Roes (B.3.38)
I(L - pc'yc)TRONm = [.(L— pc'yc)TROeg (B.3.39)
thus
(L — peve) ' Ro [Luwes — INGz| =0 (B.3.40)
L™ Ry [IN,; — Iyzes] — pevd Ro [INgy — Iges] =0 (B.3.41)

Now, 3 such equations yield L in terms of all other unknowns. Since L is global, we can pick such

equations from different patches, so all other patches will still have all 9 equations to work with.

B.3.1 Considering Intrinsic Parameters

In practice, we cannot measure normalized image coordinates directly v = [¢, 1, 1], but only in

terms of image pixel coordinates ~v,,, = [Tim, Yim, I]T. Let the intrinsic parameter matrix be Kj,,:

ae s &
Kin=10 a, n (B.3.42)
0O 0 1
Then we have:
Yim = Kim~y (B.3.43)
v = Ki_ml’)’im (B.3.44)

That is how one transforms from image pixel coordinates to normalized image coordinates. More

explicitly,
1
PR SN | ) (B.3.45)
Q¢ el Qeliy (€73
1
n=—Yim — @7 (B.3.46)
ay, ay,
with
1 __ s Sno 570
g Qe Qe Qe
K,=1]0 L — o (B.3.47)
an an

0 0 1



The derivatives are:

I = .l
I, =sI
Lee = of1
Ley = agsl

I, =51

Tim

Tim

TimTim

LimLim

LTimTim

+ aﬁIyim

+ agoyl
+ 2sa,1

TimYim

LTimYim

2
+ a’l’]Iyim Yim
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So one must first go through these formulas before using main ones which require normalized image

coordinates.

B.4 Derivation of the Shading Differential Equations

In this supplementary section we derive the shading equations listed in Section [B.3.

Theorem B.4.1. The derivatives of normal corresponding to the image point v, at t =0 are:

Where

— or
— or
N, =K—
n 877
— T [or' _ or
— T [or'. _ or
= = KK—
o [377 n] “
N LT
o= Bonee |y ac |
— or
N =K—-
— T [or'. _ or
Ntt = KW — lat KKm] €3
— G2 ) )
Nét = KaTaé_ - lat KKaé_] €3
— T |or' _ or
Nt = oton lc’)t KK@n] “s
—k 0 0
K= 0 *kg 0
0 0 0

(B.4.1)

(B.4.2)

(B.4.3)

(B.4.4)

(B.4.5)

(B.4.6)

(B.4.7)

(B.4.8)

(B.4.9)

(B.4.10)



Le = Ry (pey. + peer) B.411
L) = Ry (pve + peea) B.4.12
Lee = Ry (peeve + 2p¢en) B.4.13
Ly = Ry (punve + 2pne2) B.4.14
fén - R(T (

L. =Ry |peve — Qxpeye — T}

Te =Ry |

( )

( )

( )

( )

PenYe + peez + pye1) (B.4.15)
( )

(PetYe + prer) — Qx (peye + peer)] ( )

Ty = Ry [(pnye + prez) — x (oY, + peea)] ( )
( )

Tut = By [pure = 20 peve + 20 Qepeve + 20T

Computing Ng and Nn'

Ne - N, 2 N, % (B.4.20)

aE Yo¢
Now, the Rodrigues formula from differential geometry tells us that dN along a pricipal direction z
or 7 is equal to —kdT', so we can write:
— 81" oz ar 0y

o0z 0y
=—k — —k —= B.4.22
1] 0 € 2| 1 o€ ( )
kyx kay
Setting z = 0 and § = 0, we have
e | % ey er
N¢ = — - — =K— B.4.23
0 0
where
-k 0 0
K=|0 -k O (B.4.24)
0 0 0
Which can be rewritten by the following consideration:
IT'=R'T-R'T (B.4.25)
or or
=R"— B.4.26
% 7€ ( )
Le = pey + pve (B.4.28)

= peY + per (B.4.29)
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Thus, the final formula for £ = § = 0,t =0 is:

— /D

Ne = KR (a?”c + pcel) (B.4.30)
and, similarly

— _ (D

N, = KR} (87’;76 + pce2> (B.4.31)

In order to compute derivatives of p, we use the model equation (B.1.25). In the end of this section,

we list such derivatives necessary for the normal derivative formulas.

Computing Ngg and Nrm' From the previous calculations, we know

— oT Oz . orT Oy

= Mgz 57 T R25- o B.4.32
«= Moz ae Moy (B-4.32)
thus,
— 0 (0T 0z or 9%z
=~ Mo\ 3= ] 52 M A= 32 B.4.
Nee ki ¢ (89‘:) ¢ k1 97 9E2 (B.4.33)
0 (0T 0y oT 9%y
- k27 a_ s ini
0§ \ 9y ) 0§ oy 0¢2
o°T (oz\>  0°T (og\’
=~ M35 | 5¢ —R255 |\ 57 4.34
" o ( 6) Ky (ag) (B.4.34)
_oroe . or 9%
Yoz 0e2 "oy oe2
0 5 0 )
. oT 0y
o (Y o] () Bam
kl ]4;2
[ 0
0%% 9%y
R R R
k12 k‘gg
Hence, at T =y =t = 0, we can write the final formula:
— 9T [or' _ or
=855 T |5 ey B.4.
Nee =K oe2 D¢ KK G es3 ( 36)
where
o*T -
e Ry [peeye + 2peen] (B.4.37)
or -
3¢ = fo lpeve + peci] (B.4.38)

and pge can be obtained from the model equation (B.1.25). Using straightforward analogues of the
above calculation, we arrive at the other formulae, namely:
or'__ or

= KK=—
on n

— o0’T
N7777 = Kai'rﬂ — €3 (B439)
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where

T

n? = Ry [pynYe + 2pne2] (B.4.40)
or -

e Ry [pyYe + pee2]

and pge can be obtained from the model equation (B.1.25).

Computing Nén'

— 0’T or____or
where

o2 -. 9 -

B0E — Janag = Ry [penYe + pyer + pees) (B.4.42)
or -
% Ry [pyve + peer] (B.4.43)
or -
n =Ry [pyYe + pee2] (B.4.44)

and pg, can be obtained from the model equation (B.1.25).

Time-derivatives of N. In order to take these derivatives, we keep &,7 constant, and change
t. Then p has to change, due to (B.1.25), and also Z, . We thus treat ¢ similarly to £ and 7, taking

caution with new time-dependent parameters that now have non-zero derivatives.

— or 0z L oT 0y

Ny =— L T 2%5 (B.4.45)
Thus, B
- or
N; = Ka (B.4.46)
where:
=R (I'-T7) (B.4.47)
oF OR' . . 10 . -
5 =g T-D+R 5 (@T-T) (B.4.48)
OR' .  _or 0T
=5, T-T)+R' — —R'— (B.4.49)
and
T =jpy+p¥y=pv (B.4.50)
R=9Q.Rq (B.4.51)
PG,
T = - [R(t)pc(0)7.(0) + T (t)] (B.4.52)

0
= Qs pe(0)7:(0) + T (1) (B.4.53)



thus -
or _ o _ .
5 RyQu(T —=T)+R"piy — R"Qyp.(0)7.(0) — RTT(2)
forT' =¢=0: -
or

N = KR [p7.(0) = Qspe(0)7,(0) = 7(0)]

dp

where 7 can also be computed from the model equation (B.1.25). Similarly,

_ 2T [er'___ or
Ny=K— — | — KK—
tt o2 l@t at] e
where
T . -
S = B [ — 20 pev. + 20,000, + 20T

and p can be obtained from the model equation (B.1.25). Similarly,

o’r

7T —
_for T g or
LoE

Ny =K = KKZ-
¢ ot P

€3

where

= = (9
=R" (pey + per) + RT@ (pey + per)

= —Rg Qx (pey + pe1) + R (pery + prer)

and pg; can be obtained from the model equation (B.1.25)).

B.4.1 Derivatives of depth

Summary of formulas

_ pee] Res
v Res

. pce;ReS

, =28

Pe

")/;FR€3
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(B.4.54)

(B.4.55)

(B.4.56)

(B.4.57)

(B.4.58)

(B.4.59)

(B.4.60)

(B.4.61)

(B.4.62)

(B.4.63)

(B.4.64)
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Derivation

We start with the incremental version of (B.1.25))

(Ve +3) Ke (v, +7) 7> + [(% +39) 2KA+ (v +A) " Res} p+3 KAp? +eg RT4p. =0
(B.4.65)

Y KA+ [v 2KeA + v Res] o+ KeAp: +e3 R pe =0 (B.4.66)

Note that the derivatives of p are the same as the derivatives of p.

B.5 Coeflicients of model in camera frame

In this supplementary section we list the coefficients h; of planar flow (B.2.23) and of the paraboloid
model (B.2.20).

Plane:

c3Qpc1 —c38yca — 629 — c%Qz) 7_; (0) + (B.5.1

2 Qb+ 3y ba + 1 Q2 by — 3 Qo by) T2 (0) + (bacy — caby) T2(0) (B.5.2

c3Qyca —c3 Q1 + 2 Qz—i—lez)’Z;(O)—l— (B.5.3
a2Q.c24c3Qpar —csQyaz —a1 Qzc1) 7. (0) + (c2a1 —azcr) 7;(0) (B.5.4

c3Qubr —c2Qba — 1 Qb1 —e3Qyb2) T, (0) + (B.5.5

20200 —c3Qpa1+2a1Qc1 —azQzc1 +c3Qyaz + a3 Qyc2) Ty (0) + (B.5.6

a2Q:b2 —a1 Qb1 — a3 Qybe +a3 Qe 01) 72 (0) + (B.5.7

c2b1 — b2 cl)T( )+ (=b2a1 + a2 b1)Tz(0) (B.5.8

(B.5.9

Q. + a3 + a3 Qyas —az Qs a1)7(0)+(a261—02a1)’j;(0)
agﬂ bo+a1 Q.01 —a3 Qe b1 +ax ). bz)T(0)+
— a3 — a3 Qy az + a3 U ar) Ty (0) + (—az by + bs ar) T2 (0)
= (0

c2br —bz2c1) T (0) + (azc1 — c2a1) Ty (0) + (—az2 by + b2 a1) 72 (0)

hy = (
(
=(
(—
=(
(
(-
(
=(—a3Qyca —a2Q.co —a1 Q1+ a3 Q1) T, (0) +
(a? (
=( (
( (
=( )+ (
=(=b3Quc1+b3Qyeca+c2Q:ba+¢12:b1) 7, (0)+ (
(=b3 Qy by — b1°Q — b3Q. +b3Qu b1) T2 (0) + (c2br — 1 by) T, (0) (B.5.15
=(=2¢1Q.b1 — b3 Qo — 22 Q2 by + bs Qu c1 + 3 Qa b1 — 3 Qy ba) Ty (0) + (
(a2Qzc2+a1Q-c1+c3Qyas —c3Qrar) Ty (0)+ (
(a2b3Qy +a2Q. b2 — b3 Qz a1 + a1 Q. b1) 7. (0) (
+ (a2 e1 — c2.a1) T, (0) + (—bs a1 + as b1) T2 (0) (
h = (b7 + bs Qy bo + b3 — b3 Qu b1) T, (0) + (
(

(—az b5 Qy —a2Q: by —a1 Qb1 + b5 Qg al),];/ (0) + (_a2 b1 + b2 al) IZ_;(O)



167

Paraboloid:
q = af% + a%% (of z°) (B.5.22)
q2 = bf% + bg% (of 3?) (B.5.23)
g3 = C%% + Cg% (of 2%) (B.5.24)

qs = a1bik1 + azbak2
g5 = aic1k1 + azcaka

gs = bicik1 + bacakz

gs = b3 — Tearbiki — Teasboks — yebikr — yebsks — zebiciki — zebacoks

(
(
(

g7 = as — Toatks — xeadks — yearbiki — yeasboks — zearciki — zeazcaks (of =
(
go = ¢3 — Tearcrki — Teascaks — yebrciki — yebacoks — zeciky — zocika (
(

Q10 = QT + @Y + @322 + QTeYe + G5Teze + GoYeze — A3Te — b3Ye — C32c



Appendix C

Bundle Adjustment

C.1 Introduction

Bundle adjustment is the process of estimating cameras and 3D points by minimizing reprojection
error using a specialized iterative optimization scheme.

The description in [69] seems to be the most widely known introduction to the subject of bundle
adjustment, and forms the basis for this section, while the main reference paper in the computer
vision literature is [118]. The paper [11] also has a useful summary of the main concepts, as well as
experiments showing that bundle adjustment can be used in real-time applications as in online video
processing with great benefits. As such, it requires a good initialization, which can be challenging
to compute for many views. The key to performance is to select the right number of frames to
optimize at a time and the number of iterations to use in bundle adjustment. Even small ammounts
of bundle adjustment can be very beneficial in problems such as tracking over a large video sequence
and solving for the relative pose of camera for each frame. Bundle adjustment is important not
only for improving the accuracy of structure and motion solutions, but also to correct very harsh
error-propagating effects that would otherwise render a method useless.

The Levenberg-Marquardt algorithm is the numeric method of choice for implementing bundle
adjustment. It is a hybrid of Newton iteration and gradient descent, designed to provide faster
convergence and regularization in the case of over-parametrized problems. In this text, we use the
algorithm in several variables to provide least-squares solutions (rather than exact ones) to sets of

equations. A good reference for Levenberg-Marquardt is [127].

C.2 Basic Formulation and Methods

Consider the problem of estimating a set of parameters P € RM from a set of observations Z € RV,
M < N, typically, related by a model Z = £(P). The goal is to find P such that Z(P) is as close
to Z as possible, i.e., to minimize the residual prediction error |AZ| = ||Z — Z(P)||. This problem

168
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arises for example when a set of 3D points I';’ have been reconstructed and camera parameters are
sought for each view v in the form of R,, 7,, and possibly intrinsic parameters C,,. In this case the

observations are the image feature points v;,, indexed by ¢ in each view, 4} ,, i.e.,
.

Z = [Fim.il - i=1,...,N,, v=1,...,V. (C.2.1)

The model is a prediction in image coordinates of these features using a projection model vy =

;i’:v = RE%U;JT” together with a translation into pixel coordinates v;,, ; = K77, i.e.,
34 34 ’
R, LY + T,
Z(P)= |~} | = Kbt |, C.2.2
( ) I:PY’Lm,’L] e; (va-\;u + ,Tv) ( )
where i = 1,..., N, and v = 1,..., V. The prediction error requires a cost function f(P,Z) which
is typically in a more specific form of weighted sum of squares (SSE) error
_ _ 1 - _
f(P2)=Z—-2(P)|*= 2 = Z(P)IWI[Z — Z(p)]. (C.23)

Specifically, the residual prediction error in this case is
R, Ty + 1T,

R, + 1T,
b L 7Y 7912 — SAIPEY gl B R [
e oyl = 2 i I

“ef (R,IY +1T,)
(C.2.4)

IAZI? = 11Z = Z(P)II” = | [Fim.i -

7,0

where W = 1.
The computation of the optimal P, P*

P* = argmin f(P, Z) = argmin ||Z — Z(P)|, (C.2.5)
P P

is fairly simple if Z is linear in P, as this leads to a linear least squares solution. However, it is
much more typical in multiview geometry problems that, due to projection, Z(p) is nonlinear, e.g.,
Equation (C.2.4 thus requiring an approximate iterative solution from a good initial estimate Py.
The intuition is that Z(P) can be linearized or considered in quadratic form for each step from

estimate P; to P;y1. In the linear, first-order approximation,
f(P+AP)= f(P,Z)+VfT(P,Z)AP, (C.2.6)
where the steepest change is that of gradient descent
MNP =Vf(P Z), (C.2.7)
where 1/ is the stepsize. For the SSE case this gives
MNP =-J"WT'[Z - Z(P)), (C.2.8)

where J = Z—IZ) is the Jacobian. The gradient descent quickly gets the estimate close to the minimum,
but when it gets close, the gradient diminishes, and therefore the rate of convergence likewise de-
creases significantly. In this case a second-order approximation is required. Specifically, expanding

f(P, Z) in a Taylor expansion up to second order gives

f(P+APZ)=f(P,Z)+Vf'(P,Z)AP + %APTHfT(P, Z)AP, (C.2.9)
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where V f and H; are the gradient and the Hessian of f, respectively, with respect to P. Minimizing
f(P+ AP, Z) over AP gives
H;(P,Z)AP = -V f(P,2). (C.2.10)
Thus, starting with Py, and iterating through
Py =P+ H; (P, Z)Vf(P,Z), i=0,12,... (C.2.11)

is expected to converge to the solution P*. This is the well-known Newton method.

Observe, however, that the computation of Hy requires the computation of not only the Jacobian

—_ 4z
J =35

of Equation (C.2.3/ the Hessian can be approximated effectively using just the Jacobinan J. Observe

but also g%, which is not a trivial task. Fortunately, for the specific case of SSE in the form

that in this case

Vf(P,Z)=—|Z - Z(P)]"WJ, (C.2.12)
and
> T - T @2
HiP,Z)=J WJ—[Z - Z(P)] Wﬁ (C.2.13)
Now when Z — Z(p) is small or when gQPZQ is negligible the second term can be ignored, leading to

an approximate H (P 2),
Hy(P,Z)=J"WJ. (C.2.14)
In this case, Equation |C.2.10/ can be written in the form

J'WJIAP = —J"W(Z — Z(P)). (C.2.15)

This is the Gaussian-Newton approximation, which is typically very effective in practice, and only

requires the computation of the Jacobian J. In our case, W = I, so that
JUIAP = -J"(Z - Z(P)). (C.2.16)

The first-order gradient descent and the second-order Gauss-Newton approximations complement
each other in that gradient descent gets the estimate close to the optimum but is ineffective in

“finishing the job” where the second-order can do this. The two can be integrated by solving
(JTT+AXHAP=—-J"[Z - Z(P)), (C.2.17)

where A = 0 gives Equation |C.2.16/while for a high value of X it gives Equation (C.2.8. In this way the
update is dominated by a first-order gradient descent initially and as the estimate approaches the
minimum a second-order update is used. This procedure is referred to a as Levenberg-Marquardt.

Different strategies are used to vary A [00,[127]. Typically, the average of the diagonal of J'.J
divided by 1000 is used to set A, so that A dominates initially. If the resulting AP reduces errors,
then A is dividied by 10 for the next iteration; otherwise, A is multiplied by 10 and the procedure is
repeated until the cost function decreases. Therefore, it transitions smoothly from a Gauss-Newton
iteration to gradient descent and back depending on which method is more effective.

In practice, one provides a routine to compute the cost f, a goal vector of observed or desired
values, and an initial estimate of Py. The computation of the Jacobian can be done either numerically

or by providing a routine. Numerical computation usually works well.
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Figure C.1: Form of the Jacobian matrix for bundle adjustment estimating cameras and
3D points.

Sparse Levenberg-Marquardt: The bottleneck in the basic Levenberg-Marquardt algorithm
is solving for AP in Equation/C.2.17/which in general requires O(N3) operations, N being the number
of parameters. However, in many problems such as the optimization of cameras and 3D points, the
matrix .J T J has a sparse block structure. For example, the image of a point does not depend on any
other point such that the “measurement vector” Z € R may be broken into Z = (7, ,...,Z])T,
and the parameter vector may be broken into P = (a',b],...,b!)T, a sparseness assumption is that
each Z; is dependent on a and b; only, i.e., ‘Z—if =0, for i # j. In the camera and point reconstruction
problem, b; is the vector of parameters of the i-th point, and Z; the vector of projections of this
point in all the views, which does not depend on any other point being estimated. The form of the
Jacobian matrix is as in Figure |C.1, where Zg denotes point 7 projected in view j.

The Jacobian has block structure

0Z 0Z
J =1[A|B1|Bz|...|By], where A= [%} , B; = [(%i] . (C.2.18)
The equations to compute the update on parameters AP now have the form
AP
JAP = [A|B] (AbP> =AZ. (C.2.19)

Other sources of sparseness are (i) the lack of interaction between parameters of different cameras
under proper formulation of the problem, and (ii) correspondences are not always visible in all views.
Each step of the sparse Levenberg-Marquardt implementation is O(N) in the number of parameters.

Hartley and Zisserman [09] list the algorithm in detail.

Large-scale bundle adjustment: Recently, authors have applied bundle adjustment for re-
constructing cameras and 3D points for entire cities, comprising almost a million cameras. In this
case, instead of sparse Levenberg-Marquardt, some authors have resorted to the conjugate gradient
method in order to optimize all cameras and all points simultaneously. This approach allows for

optimizing a very large system of equations, at the cost of being slower than Levenberg-Marquardt.
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Iterative Fundamental Matrix Estimation: There is a method for fundamental matrix
estimation using Levenberg-Marquardt. It basically is the multiview bundle adjustment algorithm,
but for pairs of cameras. The first camera is assumed to be [I|0], and the second one is estimated
iteratively, together with 3D points. The result is cameras and points up to projective ambiguity,
but this is equivalent to the fundamental matrix. If the second camera has matrix [M|m], then the
fundamental matrix is [m]x M. This is sometimes called bundle adjustment, although this is not

strict terminology since a specialized sparse implementation of Levenberg-Marquardt is not required.



Appendix D

Geometric and Qualitative

Approach to Epipolar Geometry

This chapter presents material from ongoing research on qualitative and geometric aspects of epipo-
lar geometry estimation for use in automatic structure from motion systems. It has more of an

experimental and open-ended flavor than the rest of this thesis, so it was made into an appendix.

D.1 Introduction

D.1.1 Motivation and Outline

Reconstruction of 3D structure and cameras from a number of 3D views has always been one of the
central problems in computer vision, called structure from motion, and is the major topic of this
thesis. A burst of research has occurred since the 90’s, when projective methods enabled reconstruc-
tion with little prior on the intrinsic parameters. Moreover, improved interest point detectors and
local descriptors more recently enabled wider application of reconstruction systems without need to
first solve the segmentation problem. These advances have enabled highly flexible systems, but this
comes at the price of poor accuracy of the results (for traditional photogrammetric standards), due
to instability when dealing with noisy input [I18] under weak assumptions. Moreover, in some cases
there might be a lack of sufficient point features for a stable camera estimation, but there is still
enough curve content which hasn’t been exploited by state-of-the-art systems.

Given features detected in two images, current systems for automatic 3D calibration and recon-

struction usually consist in:
i) Initial matching of sparse features to bootstrap the system
ii) Simultaneous recovery epipolar geometry and consistent correspondences

iii) Projective reconstruction of cameras and sparse features,
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iv) Auto-calibration and Euclidean reconstruction,
v) Dense matching and reconstruction.

Epipolar geometry is the image-based representation of the relative camera pose and intrinsic
parameters between two views, and is the most important tool in all steps (7). In this chapter, a
new geometric representation for epipolar geometry is proposed and studied, and a new qualitative
approach for its estimation is expored. We will focus on its use for step (7i): given interest points
detected in two images and initial correspondences containing a high percentage of outliers, the
output is an epipolar geometry most consistent with the data, and a subset of initial correspondences
consistent with the epipolar geometry.

The traditional approach for robust estimation of epipolar geometry is based on RANSAC [541[69]
and feature points such as Harris corners or SIFT. Basically, we start from an initial set of rough
matches between two views, which are obtained by some similarity measure of the appearance around
the feature. We then pick different subsets of correspondences (as small as possible), compute
an epipolar geometry for each, and keep the result which is most consistent with all the initial
correspondences. The key aspects of the system are: the number of correspondences in each subset,
the core algorithm to use for instantiating the epipolar geometry for a given subset, how many
subsets to try, and how to validate a particular subset. Each of these are essentially dictated by the
dataset (e.g. proportion of outliers, localization noise) and the core algorithm used within RANSAC
(e.g. number of points required, stability). In many applications we have little control over the data,
such as when processing videos from the internet, so we should do the best possible in choosing a
core algorithm, and our contribution is in this direction.

The ideas presented in this chapter have a long-term goal to serve as a foundation for future
research on estimating epipolar geometry from curves. The qualitative aspects exploited here can
be readily applied to curves, generating aspect graphs of solutions as first suggested by Porill and
Pollard [I20]. Our research with such aspect graphs for the case of points can help identify the

feasibility of implementing such idea for the case of curves.

D.1.2 Fundamental Concepts of Epipolar Geometry

Epipolar geometry arises as an answer to the following question: Given two projected points p' and

p? in two views, can they correspond to the same 3D point? Let us define some basic concepts.

Definition 18. (Basic geometric entities)

e The epipolar line el? of a point p' in image 2, or el(p') is the projection in image 2 of the

line in space of all 3D points that project to p'. We define eli(p?) in a similar way.

e The epipole €2 of camera 1 on image 2 is the projection in image 2 of the camera center c;.

We define e} in a similar way.

e The epipolar plane of a 3D point I'"” is the plane formed by ¢y, co, T'.
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Property 1. All epipolar lines el?(p') necessarily pass through the epipole e2.

Proof. The set of 3D points projecting to p' defines a straight line that has to include ¢;. Thus,

projecting all points of this line in image 2 includes projecting c;. |

Property 2. The intersection of the epipolar plane of I'” with one image plane is a line ell(el?),

which is called the epipolar line of I'", which is the epipolar line of p!(p?).

Proof. The point p! is in eli and also in the epipolar plane. The epipole is in eli and also in the

epipolar plane. Thus, el must be the intersection of the epipolar plane and the image plane. |

The epipolar geometry is algebraically encoded by the fundamental matrix in the (intrinsically)
uncalibrated case, and by the Essential matrix in the calibrated case, as reviewed in the sections
to follow. The Euclidean-geometric concepts, however, are not immediately clear from the projec-
tive geometry. Instead of matrices, we could represent epipolar geometry more explicitly by two
epipoles and a mapping between a set of corresponding epipolar lines. The following questions arise:
What is the advantage of an explicit geometric representation? How do we know this is the right
representation to be used? For instance, epipoles may be at infinity; this should be treated in an
explicit geometric formulation. How to go from an essential matrix or fundamental matrix algebraic
representation to the geometric representation and vice-versa? In this chapter we investigate such
geometric representation and explore geometric interpretations to many aspects of epipolar geometry

that is usually encoded quite implicitly in the algebra.

D.1.3 The Essential Matrix

Let T'" be the non-homogeneous coordinates of a 3D point I in the 3D frame of camera 1, and I'? the
coordinates of the same point in camera 2. Then we can write, for some rotation R and translation
E

r?=Rr'+7 (D.1.1)

Taking the cross-product with 7 on both sides, we get:

T xT? =T x RI" (D.1.2)

taking the scalar product with I'?,
I'?. (T x RTY) =0 (D.1.3)
" (T, R =0 (D.1.4)

where R is a rotation matrix, and 7 is a skew-symmetric matrix formed from the translation vector

such that 74 I' = 7 x I'. The essential matrix is then given by:

E=TR (D.1.5)
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up to a scale factor (since Equation[D.1.4 is equal to zero, the scale factor makes no difference). Now,
if instead of the 3D point coordinates I'' and I'? we have the 2D point coordinates v* = (£7,7%,1)7,
i =1,2, we can substitude I = p'~% into equation (D.1.4) to get

~*TEx' =0, where E = T4 R. (D.1.6)

Some questions arise: When we know E, what constraint does F = 7, R place on 7 or R separately?
What does this mean geometrically? How to arrive at the fact that this is exactly equivalent to
having two epipoles and a map between epipolar lines, i.e., how do we know that E fully represents

the geometry of the problem?

Epipoles and the Essential Matrix. Given an essential matrix E, the epipole e} is defined

as the point in image 1 satisfying the epipolar constraint for all points in image 2:

v*TFEed =0, V4?2 in image 2, (D.1.7)
resulting in

Eel =0, (D.1.8)

i.e., e} is algebraically given by the right null-vector of E (in homogeneous coordinates). Similarly,

it can be shown that e? is the left null-vector of E.

Interpreting the Essential Matrix First, note that the translation 7 is the coordinates of
point ¢; in camera 2. To see this, we know that ¢; is the origin of the coordinate system of camera
1, so that T' = (0,0,0)" at ¢;. Since I'> = RT'" + 7, we have that T'? = T for the point ¢;.

Second, the vector Rv! is just the vector from ¢; to the image point 4!, but written in coordinates
of camera 2, as shown in Figure [D.1. Therefore, 7 x R~" is a vector that is normal to the epipolar
plane spanned by 7 and the 3D point I'?, all written in coordinates of camera 2. Thus, the equation
~2-T x Ry* means that the vector 42 has to lie in the epipolar plane. See Figure D.I. Since we also
have the restriction that 42 is in the second image plane, we have that it must lie in the intersection
of two planes, and, thus, there is an epipolar line in the second image consisting of all those image
points v? that satisfy the epipolar constraint.

Suppose we don’t know that I'' and T'? are coordinates of the same 3D point, but we know they
satisfy the essential constraint of Equation (D.1.4). This means that their projection lines itersect
in 3D, but does not mean that they are 3D coordinates of the same point, of course. Note, however,
that two coplanar lines intersect always, except when they are parallel. The parallel case has to be

given special treatment if we use non-homogeneous coordinates.

Epipolar Constraint in World Coordinates. In our previous paper [1(], all vectors were
in 3D world coordinates, and instead of attaching a 3D coordinate frame to each camera, we had

the focal vector, which models two rotation parameters, but not camera roll. Since only world
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Figure D.1: Interpretation of the essential matrix equation. All vectors are written with
respect to the 3D coordinate system of camera 2.

coordinates are being used, the epipolar constraint is even simpler and this gives insight into the

essential matrix. Let us start by relating the world point ' to each image point:

Pt e =p?y e =T (D.1.9)

where T represents the world coordinates of the 3D point.

o'yt = payy + e — (D.1.10)
(co —c1) x p'yt = (e2 — €1) X payy (D.1.11)
Yo [(e2—e1) x p'y'] =0 (D.1.12)
v3(e2—e1)xy' =0 (D.1.13)
the Essential matrix is then
E=(cy—c1)x (D.1.14)

Thus, an epipolar constraint involves the knowledge of a normal to the epipolar plane, e.g.
the epipolar plane of the given point in image 1. One component of this normal depends on the
point. The other component, however, only depends on the cameras, not on any point. It is such

camera-dependent component that is represented by the essential matrix.

D.1.4 The Fundamental Matrix

The Fundamental matrix is the analog of the Essential matrix for operating directly in image co-
ordinates, and it becomes useful when the intrinsic parameters of the cameras are unknown. The

fundamental constraint for epipolar geometry is defined by the equation:

N2 F~yl =0, (D.1.15)
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where ¢ | i = 1,2 are the image points measured in image pixel coordinates and having third

coordinate 1. The fundamental matrix is given by
F =K, T,RK !, (D.1.16)

where K7 and K are the intrinsic parameter matrices of views 1 and 2, respectively. It is a 3 x 3

matrix with rank 2.

D.1.5 Literature Overview

In 1981, Longuet-Higgins [99] devised the essential matrix. Faugeras, Luong and others [52,[T02]
] devised the fundamental matrix in 1992, enabling the practical use of epipolar geometry for

intrinsically uncalibrated cameras. This is considered a major milestone in Computer Vision.

Methods for estimating the Fundamental matrix are traditionally feature-based [(9], even for
infinitesimal motion [11]. More recently, however, a direct method (i.e. dense) for computing the
fundamental matrix under infintesimal motion has been proposed [137], which can improve results

in scenes where salient features are absent, such as blurred images or textured images with aliasing.
More information on infinitesimal epipolar geometry can be found at [T04,T0OGLT5T].
The idea behind the epipolar ordering constraint exploited in Section [D.3| first appeared in [103],

although we arrived at this constraint prior to knowing about this reference.

D.1.6 Classic Epipolar Geometry Estimation

The Normalized 8-point Algorithm

Outline. The 8 point algorithm involves the least-squares solution of a linear system of equations
assuming the fundamental matrix as having general entries. The result is outside the space of
fundamental matrices (which is the space of rank-2 matrices), so the algorithm finishes by projecting
the solution back to this space. The data points have to be normalized and scaled such that the
centroid of the reference points is at the origin of image coordinates, and the RMS distance of the
points from the origin is equal to v/2. Normalization is necessary to improve the conditioning of the
underlying linear system, thus improving the stability of the estimation.

By giving sufficiently many point matches =y,, 5, we can compute the unknown matrix F' from
the fundamental constraint, Equation [D.1.15. Each pair of matching points gives one equation in
the entries of F:

ECfin+Enfia+E& fis + 10 Efar +0'nfoz + 1 faz + Ef31 +nfz2 + fz3 =0. (D.1.17)

Denote by f the 9-vector made up of the entries of F' in row-major order. Then we can express the

equation as:
€&, n'€n'n.n' & n, 1)f =0. (D.1.18)
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From a set of m point matches, we obtain a linear system of equations of the form:

& &mo & & o mim o omy & om 1
Af

Il
-
Il
=)

(D.1.19)

g;nfm ffnflm ’:n n;nfm %mm 77§n Em NMm M

This is a homogeneous set of equations, and f can only be determined up to scale. For a solution
to exist, matrix A must have rank at most 8, and if the rank is exactly 8, then the solution is unique
(up to scale), and can be found by linear methods that solve for the right-null vector of A.

If the data is not exact, because of noise in the point coordinates, then we find a least-squares
solution, which is found by minimizing ||Af|| subject to || f|] = 1. It can be shown that the desired f
is just the singular vector corresponding to the smallest singular value of A, that is, the last column
of V in the svD of A written as UDV .

So far, we have not enforced that the fundamental matrix has rank-2. This condition is equivalent
to require that all epipolar lines pass through the same point in each image — the epipoles. After
solving the above linear system, the solution is coerced to rank-2, by replacing F' by the matrix F”’
that minimizzes the Frobenius norm ||F' — F”|| subject to the condition det F” = 0. A convenient
method of doing this is to again use the SvD, as described in [09, p.281].

After the rank-2 coercion, the solution is de-normalized so that the resulting fundamental matrix
is expressed in the original image coordinates. Traditionally, the solution is refined using a non-linear

iterative method minimizing geometric cost.

The 7 point algorithm

Hesse was the first to give a solution to the problem of determining epipolar geometry from 7 point
correspondences [75]. His solution was neatly summarized by Sturm and later by Faugeras and
Maybank [TOCJTO7TTOJT42]. Hartley gave a more concise solution which is however less insightful [0S

]. We refer to the former method as “Sturm’s approach”, and the latter as “Hartley’s approach”.

Sturm’s approach This approach has a much longer proof than Hartley’s but it contains a lot
of geometric insight. Faugeras’ paper [[10] provides a method of using least squares if more than 7

points are available.

Hartley’s approach This algebraic method is attributed to Hartley [G5], but a similar version
appeared in Maybank [I00, p.202]. From 7 point correspondences, the equation p' F'p places 7
constraints on the 9 entries of the fundamental matrix F. This solves 7 of the 9 elements of F|,
therefore 2 parameters remain to be determined. Of these, only 1 DOF can be determined, since the
equation is homogeneous, and it is determined by enforcing det(F') = 0, which is a cubic, giving 1 or
3 real solutions. More formally, the solution of the equations f);r Fp; fori=1,...,7 gives a solution
of the form

F=plk +vF,. (D.1.20)
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Substituting into the equation det(F') = 0 gives rise to a homogeneous cubic equation in the variables
w and v (or a non-homogeneous cubic equation in a single parameter). There will be 3 solutions in

general, but the complex ones are discarded [65].

Less than 7 points

In this case the problem becomes underconstrainted. Hesse [75] showed that if 6 point correspon-

dences are given, then the epipoles each lie on a cubic plane curve.

D.2 Geometric Approach to Epipolar Geometry

“In the abscence of a geometric interpretation, a large set of polynomial equations can be about as

informative as a block of assembler code”— Stephen Maybank

The Fundamental matrix has 7 DOF (degrees of freedom), which are described in the literature
as 4 DOF for the epipoles and 3 for the transformation between epipolar lines, which is shown to be a
1D homography [51L[6I]. However, the arguments for this are mostly algebraic, with little geometric
insight on how the 7 DOF relate to the geometry of the two cameras, or the question of how is it that
only two epipoles and three corresponding epipolar lines are enough to specify the complete epipolar
geometry. Another question that motivated us is: if we know the fundamental matrix, what do we
know about the cameras? The literature tells us that there is a fundamental ambiguity, where a set
of projectively related cameras are all consistent with the same fundamental matrix. However, the
proof to this teorem is algebraic, and we wish to augment the classic knowledge with more geometric
insight.

Let us represent the epipolar geometry by two epipoles e' and e2, a pencil of epipolar lines
through each epipole, and a mapping between the two pencils. An epipolar pencil can be represented
by a family of lines which, under a given planar coordinate system having the epipole as origin, have
equation

n=tany & (D.2.1)

where 1 is the angle of the particular line with the £ axis, so that the pencil is parametrized by .

D.2.1 Effect of Planar Transformations on Epipolar Geometry

The intrinsic parameters and in-plane rotation of an image form an affine group of transformations
on the coordinate system on an image plane. Let us analyze how each type of transformation affects
the epipolar geometry. This study sheds light on the relationship between epipolar geometry and
camera parameters. In what follows, we have a coordinate system of a plane, indicated by &,n. The
transformed coordinates are indicated by &, 7. Later on, &, will be given an interpretation, such as

pixel coordinates, but, for now, there is no specific interpretation.
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Scaling. Scaling of the coordinate system in two orthogonal directions is specified by o¢ and o,.
The relationship between these factors and the usual intrinsic parameters in the literature will be
described further in this section. Assuming the epipole is at the origin, the scaling transformation

is written as:

§=o0¢t
¢ (D.2.2)
n=oyn.
Using n = tany €,
N=optanv§ (D.2.3)
= ﬁtanll)g. (D.2.4)
O¢
Therefore, the epipolar pencil in the scaled coorinates is given by:
n=tanv & (D.2.5)
where
tan) = ﬁtzmz/J. (D.2.6)
O¢

Note that knowledge of o¢ or o, in isolation is not important, only their ratio is relevant. Moreover,

vertical and horizontal lines remain the same under scaling.

Translation. Translation occurs in practice when the epipole is given in pixels, while we need
to relate this to the camera coordinates in world units relative to the principal point. Thus, lets say
that the epipole coordinates was changed from &y, 19 to &, Mo. The angles under the new coordinates

remain the same, since

n—mo = tan (€ — &o) (D.2.7)
and, using 77 = 1+ 7o — 10 and &€ = & + & — &, we have
71— 1o = tan (€ — &o). (D.2.8)

This result is also valid for vertical lines.

Skew. As illustrated in Figure D.2, we can write:

£=¢+ncosb
(D.2.9)
7 = 7sinf.
The inverse transformation is:
¢ =¢ —ncotd
c=&-m (D.2.10)
7 =mncsch.

Since we also wrote 77 = tan ¥, we can substitute the equations for n(¢,7) and £(€,7) above to get:

tan ~
sinf — cos 0 tan ¢

= (D.2.11)
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~

Figure D.2: Skewed image coordinates

Skew, translation, and scaling all together. The order of transformations used in practice
is is first scaling, then skew, then translation. The following proposition gives the formula for
the entities 0, o¢, oy, &, No describing such transformation, which we call the geometric intrinsic

parameters.

Proposition D.2.1. (Geometric intrinsic parameters and epipolar lines) Given a change of coor-
dinates of the image plane consisting of, in order, scaling, skew, and translation:

¢ = g+ o, cot0n + &
§ 133 n n+&o (D.2.12)

1 = oy cscin+ o,
then the equation of a fized pencil of lines around e = (§¢,ne) transforms from n—n. = tanp (£ —¢&.)
to 7 — 7 = tanw (£ — &), where tan is given by:

oy, tan B tan

= , D.2.13
ogsing — o, cos tan Z—Esinﬁ—cosetanz/} ( )

tanqﬂ =

and (€.,7) are the transformed coordinates of e.

Proof. Tt is clear that translation does not affect the angle of the epipolar lines, see Equation [D.2.8.

Scaling affects the angles as:

tan = I tan 1, (D.2.14)
O¢

where @/; are the angles in the scaled coordinates, as shown in Equation [D.2.6. A change from the

scaled coordinates to the skewed coordinates then gives:

tan 1;

sint?—cos@talrlz/;7

tan = (D.2.15)

as shown in Equation [D.2.11. Plugging tant) from (D.2.14) into (D.2.15), we obtain the desired
result. ]
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Note that we could first skew, then scale, but this would be different than what is used in practice
as described in Chapter [3.2. The following corolary adapts the result to the parameters used in the

literature, which we call classic intrinsic parameters.

Corollary D.2.2. (Classic intrinsic parameters and epipolar lines). Given a change of coordinates

of the image plane consisting of, in order, scaling, skew, and translation:

E=a+som+&

(D.2.16)
fl = Qpmn + ﬁ07
or, in the classic form using homogeneous coordinates,
3 ag so o [€
ap, Mol |0 (D.2.17)

— 3
Il

0 0 1f]1
then the equation of a fized pencil of lines around e = (&, ne) transforms from n—n. = tanp (€ —¢&.)
to 7 — M. = tan+ (£ — &), where tant) is given by:

aptany tan ¢
Qe + sptanty z—f}—i—;—itanw’

tant) = (D.2.18)

and (£.,7) are the transformed coordinates of the e.

Proof. The Equations (D.2.16) and (D.2.12) describe the same transformation. Therefore, the

coeflicients of £ and 7 must equal:

ae = o (D.2.19)
oy = oy csch (D.2.20)
sg = o, cot f. (D.2.21)

Our purpose is to obtain the factors Z—f] and cos @ and plug them into Equation (D.2.13)). Let us

write:
O = o (D.2.22)
Op =y sind (D.2.23)
coth = 20 (D.2.24)
O
Then, after some manipulation,
1
ge_ - % (D.2.25)
oy sinf oy
§=—20 (D.2.26)
cosf = 2.
oy, sin 6

Plugging these into (D.2.13), after a trivial manipulation, the result follows. ]
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The aforementioned corolary shows that, actually, knowledge of a¢, oy, and sg in isolation is
not necessary for the transformation of epipolar lines realized by the intrinsic parameters. Instead
of these 3 numbers, only two ratios % and 2% are needed. Therefore only 4 DOF from the intrinsic

n n

camera parameters affect the epipolar geometry.

In-plane rotation. Although this occurs in practice as one of the extrinsic parameters, it is
fundamentally a 2D transformation, so we can attempt to treat it separately from the other extrinsic

parameters.

D.2.2 Basic Geometric Aspects of Epipolar Homography

This section is concerned with the following questions: How does the map between epipolar lines
look like? What is its most elementary nature? We shall prove it is a homography. Moreover, how

does this map relate to the geometry of the cameras?

Theorem D.2.3. The mapping between epipolar lines is a 1D homography. More precisely, let the
epipolar geometry is represented by two epipoles e; and es and epipolar lines are given by angles
a1 and ag around the respective epipoles. If directionality is mot important, i.e., only the tangents

r =tanay and y = tan ay matter, then:

ar +b
== - D.2.27
y cx+d’ ( )

where a, b, ¢, d are arbitrary coefficients.

The coefficients a, b, ¢, d can be written with respect to the geometry of the camera system as

indicated in a subsequent Lemma.

Corollary D.2.4. The relationship between xr = tanay and y = tan ag can be given symmetrically
by an alignment hyperbola:
axy+bxr+cy+d=0, (D.2.28)

where a, b, ¢, and d are arbitrary coefficients.

Lemma D.2.5. (Epipolar homography in terms of geometric parameters) The mapping between
epipolar lines is a 1D homography whose 3 DOF can be written as three angles which describe the
relative geometry of an image plane relative to the first, namely two angles 05, ¢o describing the
normal of the second plane, and one angle 61 describing the direction of the second epipole with

respect to the normal of the first plane. If we write the 1D epipolar homography in the form:

ar +b
= — D.2.29
V= o d ( )
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then we can write the coefficients a,b,c and d in terms of the three geometric parameters of the

system:

a = sin 0 sin 05 cos ¢ (1 — sin? @5 sin? @2) + (cos By cos ) (1 — sin? @5 sin? ®2)

— sin 6, sin® 0 sin? ¢ — cos 0 sin? 5 cos O sin? ¢ (D.2.30)
b = 2 cos b cos By sin? 6 sin ¢ cos Po (D.2.31)
¢ = sin ¢ sin O (cos 0 sin b, cos P — sin 01 cos 63) (D.2.32)
d = cos 0 (1 — sin? Oy sin? ¢). (D.2.33)

Proof. Let the two image planes be described simply as two general planes 7 and 7. An outline

of the proof is as follows:

1.

2.

The epipole e; is any point in the plane 7.

The unit translation direction T'; is any direction forming angle 6; with the normal N;. This
direction points to the epipole es in the second plane. There is a cone of vectors, but this is

not important for the intrinsic configuration of two planes. So T’y is specified by the angle 6;:
T1 . N1 = COS 01 (D234)

while one DOF ¢; is not specified for this proof.

We now have a universal coodinate frame formed by the vectors Ny, T7, and T7 x N;. Lets
choose the ordering [T+, T1 x Ny, Ny for this basis.

Now specify N9 in the universal frame. Its coordinates in this frame can be given in terms of
two angles:
Ny = (cos ¢ sin s, sin ¢o sin Oy, cos s). (D.2.35)

where 05 and ¢5 are defined in Figure [D.3.

. We need to define some basis in the plane 7wy that will be the reference for measuring the

angle of the epipolar lines therein. We will take as the reference to be the vector ng, which
is the projection of Tf‘ in the second image, by intersecting mo with the special epipolar plane
defined by e;T; and N (or Tf) It is easier to define this special epipolar plane as the TllNl

plane of the universal coordinate frame. This will be done shortly.

Now, given the unit vector v; in the direction of an epipolar line in the first plane, we want
to get vo as the intersection of w9 with the plane (e;T1),vy. Let vy be parametrized by an
angle «; measured from the Tf direction as defined using the right-hand rule. The angle as
parametrizing the second pencil of epipolar lines would be defined with respect to our basis of
reference {ng, N x TiQ, N, } This way we can write the fundamental relationship between

a1 and as.

Let us carry out the details of the proof.
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N2
62

N1 XT{:

b2

1
T3
Figure D.3: Spherical coordinates of N9 in the universal frame.

Item 5. Given that the second plane 7o has normal Ny (3, ¢2), we want to intersect it with the
plane spanned by T and N; (therefore having normal N x T7). The intersection is a line with

unit direction sz which can be written as
Ti, =N, x (N; x TY). (D.2.36)
Computing the cross product in universal coordinates, using
N, xT1y=(0,1,0)7, (D.2.37)

and using [D.2.35, we get:
Tll’2 = (cosbq, 0, — cos ¢o sin 92)T . (D.2.38)

Item 6. The vector v; can be written as:
v1 = (cosaq, sinag, 0) (D.2.39)

in the universal coordinate frame. Thus, we want a unit vector vo representing the direction of

intersection of plane 7o with the plane spanned by e;T'; and vi. We can write:
Vo = :|:N2 X (Tl X V1) (D240)

where
T; = (sinfy, 0, cosby) ' . (D.2.41)

Computing the cross product T’y X v; in the universal coordinates, we have that

T, x vi = (—sin g cos by, cos g cos by, sin aq sin o91)T , (D.2.42)
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and, finally, we can compute the final product:

Vo = N2 X (T]_ X V1) <D243)

cos vy cos 61 cos B — sin o sin ¢ sin 67 sin O,
sin o cos ¢9 sin 61 sin B + sin o cos 61 cos O . (D.2.44)

— sin iy cos B sin B sin ¢ — cos a; cos B sin B cos ¢o

The equation gives the tangent vector vy of the second epipolar line in terms of aq, 61,62, ¢2. We
can now write the s in terms of a reference coordinate frame in the second image plane. We choose

an ordered 3D basis at the second image plane having the vector sz as the ‘x’-axis:
Tll,? , Ns x TIL,Z’ N, | : ordered basis of 7. (D.2.45)

This way, we can compute both sin as and cosas in terms of a; and the essential parameters
01, 02, ¢ of the system. Assuming that only the slope of the epipolar line is important, but not the

direction, we can try to compute tan as:

. 1
sinap V2 No x T,

tan ag = o5 0y = v .sz (D.2.46)
Let us compute the consine.
cos g = Vg Tf2 = vy - (cosfa, 0, — cos ¢ sin 92)T
oS vy = €os a1 cos B cos® @y — sin vy sin O sin By cos By sin Po
+ sin ay cos 61 sin? 6 sin ¢ cos Pa + cos a cos b1 sin? Oy cos? ¢a. (D.2.47)

Now, the sine first requires the basis vector Ny X TfQ to be computed. Using the coordinates of Ny

1. . .
and T'7 5 in the universal frame, we can compute their cross product as:

. . . . . T
Ny x sz =+ (sm2 0 sin ¢ oS Pa, — sin’ Oy cos? ¢y — cos? O, sin B, cos O sin (bg)

. . . . . . T
=4 (sm2 0 sin ¢ cos ¢a, 1 — sin? O, sin® ¢o, sin b, cos O, sin (;52) , (D.2.48)
in the universal frame. We can now compute the sine

sinaps = vo - Ng X Tll’2 (D.2.49)
= (cos ay cos 01 cos O3 — sin avg sin 05 sin O3 sin ¢2) (sin2 02 sin ¢y cos ¢2)
+ (sin ayg sin 6y sin 05 cos ¢ + sin g cos B cosbs) (1 — sin? 65 sin? 02)
— (sin oy cos 01 sin O sin ¢o — cos ag cos B sin O cos ¢y) (sin b, cos Os sin o).
Note that we can divide both the cosas and sinas expression above by cosa; without affecting

their ratio, which is tan cs. This will enable us to express them in terms of tan ;. Let us carry this

idea out for the cosine:
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COoS iy

= cos 0 cos® 0y — tan o sin 6y sin O, cos 05 sin ¢o (D.2.50)
Cos o
+ tan ay cos 0y sin? 6 sin ¢ cos do (D.2.51)
+ cos 0y sin? 6, cos? ¢y (D.2.52)
so we can write this in the form:
€82 .= étan o +d, (D.2.53)
CoS a1

where ¢ and d are constants. We can also write the sine in this form by dividing the equation D.2.49
by cos a1 and grouping tan a; terms, arriving at

sin aip

‘= atanay + b, (D.2.54)

Cos a1

where @ and b are constants. Thus

i at b
tanag — D02 _ atane; +0 (D.2.55)
COS (2 ctanog +d

which is the epipolar line homography described as a function of four homogeneous parameters

a,...,d, which, when scaled by, say, d, gives 3 coefficients:

sin «v atan o b
tan g = 2 = s ) (D.2.56)
COS (v ctanag +1

with a, b, ¢ functions of the geometric parameters 61,02, ¢o. |

Work remains to be done on how to incorporate the intrinsic parameters into a similar geometric

analysis.

D.2.3 A Geometric Representation of Epipolar Geometry

As stated in the beginning of this section, we represent the epipolar geometry by two epipoles and
a mapping between corresponding epipolar lines. According to Corolary [D.2.4, this mapping can be

symmetrically represented by an alignment hyperbola:
azy +br+cy+d=0, (D.2.57)

where the epipolar lines are represented by = = tana; in the first image, and y = tanas in the
second image. The problem with this equation is that it requires a parametrization of epipolar lines
which is singular for vertical lines. In practice, this causes spurious solutions for nearly vertical
epipolar lines. One way to fix this is to use an isotropic representation of epipolar lines, namely
a unit vector in the direction of the line. Instead of only the tangent of an angle to represent the
line, we use the sine and cosine. Substituting z = tana; = sina;/cosa; and y = sinasg/ cos as

into [D.2.57, and multiplying-out by cos oy cos as, we obtain:

asin aq sin oy + bsin oy cos ap + ¢ cos o sin s + d cos g cos ap = 0. (D.2.58)
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When using tan’s, we were parametrizing the epipolar lines by their intersections x and y with
a reference line at unit distance from the epipole, namely the tan axis. The new equation using sin
and cos corresponds to parametrizing the epipolar lines by their intersections with a unit reference
circle around the epipole, namely the trigonometric circle. Conversely, we could have arrived at the
above equation directly from this geometric representation, without starting with the equation for
tan’s.

In a practical implementation, there is use in allowing the reference circles to have arbitrary
radius 7; and ro, which can be adjusted in order to guarantee numerical stability in estimating the
coefficients of the epipolar alignment. The epipolar lines are then represented by tangent vectors

ri(sin oy, cos ap) and ro(sin ag, cos as), and the alingment equation becomes:
ary sin aqrg sin aip + bry sin ap g cos aig + ¢rq cos airo sin g + dry cos aqrg cos ag = 0. (D.2.59)

In summary, the advantages of this representation is that it is isotropic and allows more stable
estimation by conveniently choosing r; and ry. The latter reason will be better understood in the

next section. Our final geometric representation is stated in the following proposition.

Proposition D.2.6. (Euclidean representation of epipolar geometry) The epipolar geometry can be

represented by:
1. Two epipoles e; and es in cartesian image coordinates.

2. Two pencils of epipolar lines as vectors of length r1 in image 1, and ro in image 2, i.e.,
epipolar lines are represented by their intersections with a circular arc of radius r1 in image

1 and ro in image 2. These vectors are parametrized by angles a; and as, respectively, as:

eli(a1) = ri(cosaq,sinay) = (¢, s
1(a1) = ri( 1 1) = (c1,81) (D.2.60)
els(a2) = ro(cos aa, sinag) = (ca, s2),

where ¢; := r;cosa; and s; = r; Sin o
3. The mapping between the epipolar lines as an alignment hyperbola in polar coordinates:
ary sin a7 Sin aig 4 bry sin a9 €os (g + €11 €os a1 Sin g + dry cos g cosag = 0, (D.2.61)
or

[CQ SQ}T K j l?] =0, (D.2.62)

where s; == r;sinay and ¢; ;= r;cosa;, i =1, 2.

D.2.4 Estimating the Epipolar Alignment Curve

The epipolar geometry is determined by seven degrees of freedom: two for each epipole, and three for
the alignment of epipolar lines. Three line correspondences are enough to estimate this alingment,

given the epipoles. If more lines are available, a least squares solution can be obtained. Note,
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however, that this least squares estimation is not guaranteed to be minimizing any sensible cost
function in the original domain of epipolar lines (more on this later in this section). More formally,
let the epipolar geometry be represented as in Proposition [D.2.6, namely the epipoles are represented
in cartesian coordinates, and the two pencils of epipolar lines be represented by tangent vectors
el;(a1) = ri(cosay,sinay) and ely(as) = r2(cos ag, sin a) normalized to lengths r; and 7o rooted
at the epipoles, for images images 1 and 2, respectively. The lengths r; and r, are independent of
the angles a; and ag. Let us use the short notation s; := 7;sina; and ¢; := r;cosay, i = 1, 2.
We wish to determine the epipolar alignment given the epipoles and given corresponding epipolar
lines. For each corresponding epipolar line el’lc , el’Qc , k=1,...,m, we have one linear homogeneous

equation on the coefficients (a, b, ¢, d) of the alignment hyperbola:
(s¥sh)a + (s§eh)b + (chsh)e + (cfek)d = o. (D.2.63)

Notice that the parameters a, b, c,d can be normalized, so we actually have 3DOF to estimate, but

we do normalize them for now. Stacking the m equations, we can write them in matrix form:

sisy  S1¢3 €18y 13
a
s3s3  stes  cls3 el = 10]. (D.2.64)
c
m.m m _.m m.m m _m
|51 52 S1C €18y (1 Gy 10]

The above system of equations in h = (a, b, ¢, d) is traditionally solved by obtaining the null vector of
the data matrix A, subject to some normalization constraint on h, say, |h|| = 1 [69} p.90]. For perfect
measurements, the data matrix has rank 3, and, thus has a 1-dimentional null vector. However, if
the corresponding epipolar lines are innacurate (noisy), then one seeks an approximate solution
that minimizes a suitable cost function. What, then, is a suitable cost function? This depends on
statistical analysis of maximum likelihood estimation, assuming a statistical model for the noise.
However, a simple solution is obtained by minimizing the algebraic norm | Ah| subject to ||h| =1,
which is equivalent to finding the minimum of the quotient ||Ahl/||h||. The solution is the (unit)
eigenvector of AT A with least eigenvalue, or, equivalently, the unit singular vector corresponding
to the smallest singular value of A, which is found using svD. This is actually a basic numerical
algorithm that is used in the literature for estimating all kinds of geometric models, even for less
trivial problems as the fundamental matrix. The general procedure of fitting a set of homogeneous
parameters h minimizing an algebraic residual through svD is called the Direct Linear Transform
algorithm (DLT) in the literature.

It is well-known that the DLT algorithm for fitting models to point correspondences can be
very unstable and coordinate-dependent, and, thus, a normalization of the coordinates has to be
performed prior to solving the linear system in the case of homography estimation and fundamental
matrix estimation [09,[7T]. The normalization consists in translating data points such that their

mean is 0 (or centroid is at origin), and the average point has unit coordinates in all directions. The
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resulting algorithm is called the normalized DLT. In [71], Hartley had proved that this transformation
improves the conditioning of the data matrix A (also called the design matriz). More recent literature
claims that normalization only alleviates the problem of stability, but does not get rid of it [66J140]. Tt
is standard practice to use the linear solution as initial input to an iterative optimization procedure
that minimizes geometric cost. The geometric cost is the cost giving the maximum likelihood
estimate under assumptions of independent Gaussian noise of equal variance in the data. It is called
geometric since it has meaningful interpretation as Euclidean distances.

In our case, we are fitting a hyperbola to correspondences between epipolar lines. We had
hoped that our geometric representation naturally alleviates this stability problem of the linear
algorithm. However, experiments showed that this is not the case. In these experiments, we were
given the epipoles together with 8 corresponding (noisy) points, and the task was to estimate the best
alignment between epipolar lines. The first attempt was to write 8 equations as inD.2.64, and solve
by minimizing ||Ah|| subject to ||h|| = 1 using SvD. However, for some point configurations, a small
perturbation in the data caused a completely useless epipolar alignment. Our final solution was,
then, to select all subsets of 3 epipolar lines, get the solution as the null vector from the data matrix
A for each of these subsets, and measure the geometric error to all the remaining 5 corresponding
points. The final estimate was, then, the one minimizing geometric error. This really improved the
stability of the problem, and in our Monte Carlo experiments we always obtained reasonable fits.
However, this was time consuming: one has to select all subsets of 3 correspondences out of 8, solve
a linear system for each of them, and measure geometric cost to the remaining correspondences. Our
current alternative method, then, is to use the most widely separated epipolar line correspondences
to estimate the epipolar alignment. This also has given reasonably stable estimates, although not

quite as good as the exhaustive search of all subsets.

A note on the cost function being minimized. Each data point for the least squares
estimation is an epipolar line correspondence. As far as the numerical estimation is concerned,
these data points are nothing but x and y coordinates in a Cartesian system representing samples of
the alignment hyperbola. Even though the Euclidean distance to the alingment hyperbola might be
minimized by hyperbola fitting, this distance does not necessarily reflect a meaningful (i.e. maximum

likelihood) distance between predicted and measured epipolar lines.

The four epipolar line consistency rule

As already mentioned, three line correspondences are enough to estimate the epipolar homography,

given the epipoles. Any extra line can be used for verification.

Proposition D.2.7. (The four epipolar line consistency rule): Consider two images with epipoles
e and eq, respectively. Let the epipolar lines be represented by angles «; and (3; around epipoles 1

and 2, respectively, their tangents being x = tan oy and y = tan 3;. Then, for any four corresponding
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epipolar lines, we have
T1yh T1 Y1
T2Yy2 T2 Y2
r3ys T3 Y3

TalYs T4 Y4

(D.2.65)

— = =
Il
o

That is, the determinant is zero if and only if there is some epipolar geometry consistent with the

four lines.

Proof. From equation (D.2.28), we have:

ariy; +bri+cyi +d =0, (D.2.66)
for i =1,...,4. We can write these equations as:
oy @y d
x T d
2Y2 T2 Y2 bl = (D.2.67)
Tays T3 Ys| | d
| TaYs T4 Y4 d
or i
Ty 1 Y1 1 |a
x T 1] |b
2Y2 T2 Y2 —0 (D.2.68)
r3ys T3 ys 1| [c
|Tays x4 ya 1] |d

The above system has non-zero solutions if and only if the 4 x 4 matrix is rank-deficient, i.e., its

determinant is zero. |

The four epipolar line consistency rule can be used in an algorithm that estimates epipolar
geometry from point correspondences. Given seven corresponding points and a putative position
for the epipoles, one has 7 corresponding epipolar lines — one for each point correspondence. Every
four lines provide a constraint, and there are four independent constraints given 7 points. Four
constraints of the kind shown proposition [D.2.7 can in principle be used to find the epipoles e; and
es.

It turns out that the four-line consistency equation expresses nothing more than the invariance

of the cross-ratio under the epipolar transformation.

Corollary D.2.8. The four-line consistency rule means that the cross ratio of four epipolar lines

must be preserved by the epipolar alignment.

The importance of cross ratios in the literature is vast; by studying its properties we can arrive

at better estimation of the epipolar geometry.
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D.2.5 Direct Approach to Solving the Geometric Equations

In this section, we attempt to solve the geometric epipolar equations directly, given corresponding
points. By using the geometric representation where the epipoles and epipolar homography are
explicit, we expect to develop a better approach for epipolar geometry estimation.

Since we are working with two views, the notation can be simplified. Let e = (x,y) be the
epipole in image 1 and &(Z,7) the epipole in image 2. Similarly, let p = (£,71) and p = (£,7) be

points in images 1 and 2, respectively. The equations of Proposition [D.2.6/ can be written as:

(p—e) H(p—e)=0, (D.2.69)
where
= |’ (D.2.70)
e dl’ o

We wish to solve this equation using 7 point correspondences. One approach to solving this equation
directly is to first use 2 point correspondences to solve for e, then use 4 more to solve for H and,
finally, using 2 correspondences for solving a system of 2 polynomials in €. This approach has the
advantage that only linear equations have to be solved up to the last two. From [103], we know the
last 2 equations must be two cubics.

Let us carry out this approach. First, rewrite the above equation as
(p—e)'He=(p—e)' Hp, (D.2.71)

and we try to solve for the 2D vector He in terms of the other unknowns H and e and plug back

into the equation. In other words, we just need to eliminate He using two point correspondences:
(b1 —e) He=(p1 —e)  Hp,

(D.2.72)
(p2 —€) He= (p2 — &) Hpa,

We can now solve for He using Cramer’s rule and substitute back. However, since we will have to
multiply both sides by the denominator given by Cramer’s rule anyways, we can obtain the resulting
equation more directly if we introduce an auxiliary variable w to turn the above inhomogeneous
system in He into a homogeneous one in (wHe,w) ", and then solving for for the null vector using
a simple cross-product operation. Before carrying this out, let us define the Kronecker product of
two vectors as:

VRW:i= (wlvl,wlvg,wgvl,wzvg)T. (D.2.73)

Using this operator, we can write
v Hw = (ve®w) h, (D.2.74)

where h = (a,b,c,d)" is the matrix H rewritten as a vector. This way, equation [D.2.71 can be
written as:
(p—e) He=[p®(p—e) h, (D.2.75)
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and the system of equations given two points can be written as

pume) e =l o (e o)) (D.2.76)
(p2—¢€) He=[p2® (p2—¢)] h -

and we try to solve for He (and eliminate it). We can turn this system into a homogeneous form

by multiplying both sides of the equations by an auxiliary variable w:

(pZ - é)TwHe = [p2 X (*2 _ é)]T hw (D277)
So that we can write this as
Pr1—&" [p1® (P —e) h| [wHe|
l(Pz —e)7 [p2®(p2—e)" h] l w ] =0 (D.2.78)

This enables us to write the solution as a cross-product, and we conveniently obtain w (which is
arbitrary) such that the equations have no denominator. The solution obtained by conveniently

setting w can be written as:

wHe —e pP2—¢€
= X . |- (D.2.79)
w [p1®(p1—e)] [P2®(p2—e€)] h
Using determinant notation, this is equivalent to
i j k
wHe B T B T
=|(Pp1—e) [P1®(P1—e) h (D.2.80)
w _ N\T _ T
(p2—¢€) [p2®(p2—¢€)] h

i j k
[(6-2 I oG- |G- [piepE -e) b =0 (D.2581)
(2—2e)7 [p2®(P2—€)] h

This is just the scalar triple product, and can be written as a single determinant:

(p1—e) [Pi®({P1—¢e) h
(p2—€)" [p2®(P2—€)] h/ =0 (D.2.82)
(pi—e)"  [pi®(pi—e)

This equation involving a 3 x 3 determinant we call the three point constraint.
We now need to eliminate h from equation [D.2.82 using three equations instantiated for ¢ =
3,4,5. First, let us rewrite such equation as a linear system form in h. This can be done by

expanding the determinant by the third column, and can be shown to be:
b1 (p1—e)]

{ } P2 ® (P2 — é)]T h=0 (D.2.83)
pi ® (pi — &))"

oI

(p1—e)"
k) (1327é)T

_|®i-e)7
(pi—e)’

(p2—&)"
(pi—e)’
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We can obtain an equivalent equation as follows. Let the operator rev(v) = (vq,v1) ', i.e., the
operator which reverses the coordinates. From the expression of the cross product using determi-
nants, we can obtain expressions for w and wHe, which we can plug back into original equation to
obtain:

{(pi —&)" [~rev(p2 — ). rev(P1 — &)] - [p1 ® (P1 — &), P2 ® (P2 — €)] ' —
det[p1 —e. p> — €] [p® (p—e)] Jh=0.

The vector inside curly brackets {} has 4 entries, each one being a cubic polynomial in Z and 5. We

(D.2.84)

can write it explicitly as:

Coordinate 1:

2*y(26)+

Y(—26161 — &1& — &6 — Eoby + 265 — &i&1 + &)+

& — Ealz + Eoli — Ea — &ill + &)+

(&7 + &1 — §1&im2 + G + Ea&oili — Eaboin — L2&ilh + Eois — &i&oin + &iaTlz — Ei&ith + Ei&illa) +
Y6618 — E161&0 + E26als — 26061 — Ei&ila + Gi&i&1)+

L(&1&1&iT — E1617i6a + Eabalii — &aballily — Ei&ilama + Eikibain)

81

Sl

(D.2.85)

Coordinate 2:

22g(2m)+

zy(—2m& — &l — mée — 21 + & — il + Mif2)+

22 (il — milz + n2il — n2il — Nillz + N3 )+

z(m&imi + mé&ana — m&na + miila + n2&omli — n2&oiin — &t + 2 & — miai + miaile — &t + &)+
Y(méi&i —m&i&a + mbabs — m&ali — mi&ila + niki&i)+

Lmé&i&ine — m&iiiilo + meaiih — m2&oii&s — mi&i&aflz + mi&i&ai)
(D.2.86)

Coordinate 3:

zy?(26)+

zy(=2&m — & — &tz — &1 + &2 — &ila + & )+

P(—&& — &b — & + && — & + L&)+

(& + &2 + Loy — S22 — &Mt + &iffiff2) +

y(eamé — &imée — L& + EaMiba + oMoy — Eaia&i — Ea&il + Eallily — Eibaily + Ei&aia — EiMiba + &iMli&a)+

L(&mé&itie — E1mmi&e + &M — EoMeils — &imi&ailz + &)
(D.2.87)



196

Coordinate 4:

zy* (2m)+
2Y(=2mm — N — mN2 — N20i + n201 — Mif2 + 01 )+
72 (—m& — m& — m& + m& — iy + i)+
(i + muminz + n2M2m; — Nef2fn — MM + Mifif2)+
g(mmé& —mimée — mé&ia + maika + &y — M2 — n2&im + n2i&1 — mileh + M1z — nifila + nifjiéa)+
Vmm&itla — mimiba + 22l — mam2fiés — mini€ailz + ifiéain) : )
D.2.88

gz 2 Ty §E T Y 1} [col 1 col2 col3 col 4} h=0. (D.2.89)
We must use 3 such equations in order to get rid of h. We will have 3 equations of this form
instantiated for ¢ = 3,4, 5, which we can solve using wedge product determinant. Plugging back into
the general equation for arbitrary i, we obtain a 4 x 4 determinant equal to zero equation. Each
of the entries in the determinant is a cubic, so, in principle, its the expression will have degree 81.
This, somehow should be equivalent to a cubic if the classic literature is correct.

Let us explicitly write the final system of 2 polynomials in 2 variables € = T, § using determinant

notation:
-8 | _|®i-a | |(®i-e) _ T
(b2 | | po-e)” || pa—e)7 || [PL@ (P1 =) P2@ (P2 =€) Pa®(ps—e)
o T S N\T 8T T
e = oo pie (i -e) pe@(d2-8) pi®(Bi—e) |
T 5.—&)T 5—&)T B B T
[ EﬁifiT T Egsz : EETZ; } [Pl @({P1—e) p2®(P2—€) Ps® (Ps—e) ]
pa—e) ' p1—e) ' p1—e)’ _ _ _ _ T
{ E‘gj_ésr = E‘;l_eiv ; Eg;_éir H {pl @(Pp1—-e) p2®(P2—8&) pi® }
(D.2.90)

and our system is written as 2 such equations instantiated to ¢ = 6,7. How can we reduce (D.2.90)

as a cubic in €? This is left for future work.

D.3 Qualitative Aspects and Epipolar Ordering

In this section, we propose and explore a new method for computing epipolar geometry that addresses

the issues of traditional approaches listed in the introduction.

D.3.1 Partitioning via Ordering Invariance

The central idea of this section is to qualitatively constrain the epipolar geometry based on the

notion of order. Given point correspondences between two images, if the epipolar lines in image 1 are
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Figure D.4: Ordering invariant.
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Figure D.5: Polygon partitioning of the space of putative epipoles: (a) restricted to the two
image domains, and (b) restricted to a more extended region of the 2D plane with the true
epipole shown as a small square. Polygons are color-coded to represent distinct equivalence
classes of putative epipoles. Black regions represent impossible solutions violating ordering.
Notice how the true epipole satisfies the ordering represented by the blue polygon.
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ordered in clockwise manner, then the corresponding epipolar lines in image 2 must also be ordered
either clockwise or counterclockwise. Figure D.4(a,b) illustrates this: suppose we order the epipolar
lines through points A,...,D in image 1 in a clockwise fashion; then the corresponding points in
image 2 must also have their respective epipolar lines ordered either clockwise or counterclockwise.

This is related to the following theorem.

Theorem D.3.1. Given point correspondences in two views, then corresponding epipolar lines par-

tition each image points into two sets which are corresponding.

Proof. Corresponding epipolar lines define a 3D epipolar plane. Features in 2D correspond to points
in 3D, which are either above or bellow the given epipolar plane. Similarly, in each image the points
are partitioned in two sets, each on each side of the epipolar lines, and the partitioning is the same
for both images. Since we only used intersection of points in this proof, the theorem is also valid in

the case of uncalibrated cameras looking at the same scene. |

We can use this constraint to rule out impossible solutions to epipolar geometry. For a putative
epipole e in the plane of image 1, there might be no epipoles € in image 2 that preserve the same
ordering of epipolar lines. In this case we can discard any epipolar geometry having the first epipole
at e.

If there happens to be a set of epipoles € in the plane of image 2 that can preserve the same
ordering of epipolar lines as e for the given point correspondences, then this set can be shown to be
a polygonal region, as illustrated in Figure [D.4(c).

There are other epipoles in image 1 that can produce the same clockwise ordering of epipolar
lines as e, and they also form a polygon in image 1. Therefore we have two polygons, one for
each image, of corresponding epipoles that preserve the same ordering, as shown in Figure D.4(d,e).
These corresponding polygons are the equivalence class of the epipoles e, €, under the equivalence
relation “induces the same ordering” for the given points. We thus rule out any epipolar geometry
having an epipole in one of these polygons but not in the other polygon.

A geometric algorithm can be used to compute the partition of the space of epipoles induced
by such an equivalence relation. Figure .5 shows one such partition using 7 point correspondences
across two views separated by 30 degrees: (a) Shows two views of 7 points (b) shows the zoomed-
out version of the same views with the ground-truth epipole as a white square. Polygons where
corresponding epipoles can be are shown in random colors. Corresponding polygons have the same
colors. No epipole is allowed to be in the black regions.

The ordering partition greatly reduces the search for epipoles by ruling out major parts of the
4D space of epipoles that violate ordering, the remaining possibilities being partitioned into non-
overlapping polytopes. In other words, we reduced the space of epipoles from 4D combinations to
a finite number of smaller 4D problems for each polygon in correspondence. This is explored in

conjuction with an idea described next in order to further nail down the epipolar geometry.



200

D.3.2 Cost Function on Epipoles

Given a set of 4 or more point correspondences, solving epipolar geometry can be formulated as
the search for the optimal position of the epipoles. The optimal solution is the one minimizing a
geometric cost function, such as the sum of distances of point correspondences to the respective
epipolar lines. Such a cost function is known to be have quite intricate patterns, so that iterative
optimization gets trapped in local minima, even when initialized by the 7 or 8 point algorithms [410].
The qualitative partitioning of the space of epipoles greatly reduces the 4D search for epipoles,
generating a number of smaller constrained minimization problems for each of the feasible polygons,

as described next.

D.3.3 Hierarchical Search

Given a polygonal partition of the space of epipoles into equivalence classes, We further rule-out
polygons that are sure not to contain the minimum. This is done inferring properties of the cost
function on the whole polygon, based on the cost of the centroid solution. If the centroid cost is so
high that, for the given size of polygon, all other epipole solutions within the polygon are also bad,
then the whole polygon is discarded. For the remaining polygons, either subdivide and repeat the
process for each polygon, or perform a local optimization if conditions for this are met (such as a
small enough partition).

Currently, the way we perform the local optimization is in an experimental stage. Given epipoles
and three points, we can obtain the epipolar homography using a linear method [D.2.4. If we are
working with 7 points, then the geometric cost to the remaining set of points can be used to evaluate
how good a given epipole position is. This can be used to rank-order the polygons though the
geometric cost of placing epipoles at their centroids. For the top 5 polygons, we perform non-linear
optimization of epipole positions minimizing geometric cost using Levenberg-Marquadt. We take
as the final epipole solution the one having smallest geometric cost after this optimization. In
order to optimize within finite polygonal regions, and in order to sensibly compute centroids, we
have explored the use of a spherical representation for each image plane, using either stereographic
projection or gnomonic projections with the center of projection being the camera focal point.

The key to the success of the algorithm resides in the stability of computing the polygonal
partition as demonstrated in the following experiment. We compute the epipolar geometry solely
based on rank-ordering rough solutions consisting of epipoles placed at the centroids of corresponding
polygons, running a non-linear least squares optimization on the top 5, and outputting the solutions
with smallest cost. This is not meant to be a practical method, its purpose is just to illustrate the
stability of the polygons. Figure D.6 shows the best geometric error of the polygonal partition-based

method and the solution from the 8 point algorithm.

D.3.4 Contributions of this Section

The potential contributions and advantages of the ideas presented in this section are:
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Figure D.6: Stability plots. Even a simple solution of epipolar geometry using just the
centroids of our polygons clearly outperforms the 8 point algorithm for medium to large
localization error levels.
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Computation of epipolar geometry that is more stable than previous methods for high levels

of localization noise.

Our polygonal partition can be used to prune down the 4D space of epipoles given at least

three points.

Our method can be used to constrain optimization of epipoles to a bounded region that is

computable by a stable algorithm.

Our method can be used in a RANSAC strategy to prune correspondences with less than
the minimum of 7 points (3 or more points). Starting from a RANSAC search for 3 reliable
correspondences (only 35 runs), our approach allows one to iteratively add another reliable
correspondence until 7 or 8 are reached, or to discard the 3 correspondences if it is not possible
to add a fourth one. This gives increased speed, but without having to search for 7 individually.
It also gives increased robustness: could even add more than 7 points, up to e.g. 15 points so

that the bumps in the cost function are smoothed out.
e Robustness to coordinate changes.
e Directly-interpretable geometric entities, leading to e.g. coordinate invariance.

e The approach might be a starting point for bringing geometric insight and efficient geometric
algorithms to problems in 3D computer vision and geometric fitting. Many problems have
structure similar to epipolar geometry estimation [32,[90]. Insights from computational ge-
ometry and computer graphics have already inspired optimal algorithms in computer vision,
e.g. visual hull construction, optimal exact Euclidean distance transforms based on Voronoi-
diagrams [11], and the construction of 2D and 3D medial axes. Graphics algorithms are
readily available in common graphics APIs and many of the computations are performed by

widespread graphics hardware.

D.3.5 Future work

o Extend these ideas to the case of curves.

e Study these ideas for constraining the epipolar geometry for less than 7 points in a RANSAC

fashion.

e The ideas may have potential for computing other entities in multiple view geometry, such as

trifocal tensor, auto-calibration equations, etc.
e Improve the performance for low levels of noise.

e Explicitly model point localization noise into the polygonal construction.
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