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Abstract

A theory of stereo image formation is presented that enables a complete classification of all possible stereo views, including
non-perspective varieties. Towards this end, the notion of epipolar geometry is generalized to apply to multiperspective
images. It is shown that any stereo pair must consist of rays lying on one of three varieties of quadric surfaces. A unified
representationis devel oped to model all classes of stereo views, based on the concept of aquadric view. The benefitsincludea
unified treatment of projection and triangulation operationsfor al stereo views. The framework is applied to derive new types
of stereo image representations with unusual and useful properties. Experimental examples of these images are constructed
and used to obtain 3D binocular object reconstructions.

1 Introduction

A stereo pair consists of two images with purely horizontal parallax, that is, every scene point visible in one image projects
to a point in the same row of the other. We seek to characterize the space of al stereo images. In particular, suppose that
you could construct two sensors that each measure light along an arbitrary two-parameter set of viewing rays and place the
resulting measurementsin an image. What is the range of light rays and sensor designs that produce a stereo pair?

While the geometric properties of perspective images are well understood, relatively little is known about other types of
stereo images. Non-perspective image representations have received renewed interest in recent years due to the development
of practical panoramic sensors [1, 2] and a host of applicationsin vision and graphics. Furthermore, recent results [3] have
demonstrated the existence of stereo panoramas[4] that enable an observer to achieve a 360 ° depth perception. Processing
such images with stereo algorithms enabl es a panoramic scene reconstruction from asingleimage pair [3, 5], akey capability
that is not possible with perspective images.

Inspired by this previous work in multiperspective imaging, we seek to identify all of the ways in which stereo images
may be formed. Towards this end, this paper makes the following contributions:

e Epipolar geometry is extended to multiperspectiveimages. The main result is that three varieties of epipolar geometry
exist, corresponding to families of planes, hyperboloids, and hyperbolic-paraboloids.

e It isshown that al stereo images represent rays lying on quadric surfaces. Based on this analysis, a complete classifi-
cation of stereo imagesis derived.

¢ A unified representation is introduced to model all classes of stereo images, based on the concept of a quadric view.
The benefits include a unified treatment of projection and triangulation operations for all stereo image varieties.

e A recipe book for generating stereo imagesis provided. In order to demonstrate the power of this framework, we show
how all previous stereo images can be systematically constructed, and present three new varieties with interesting
properties. Real examples of one of these representations, which we call stereo cyclographs, are shown.

e |t isshown that the only three-view epipolar geometry that existsis the planar variety.



These results are perhaps counter-intuitive in two respects. On one hand, they demonstrate that we can potentially fuse
images that have multiple centers of projection. Thisissurprising, in that our visual system is clearly designed for processing
two single-perspectiveimages. On the other hand, it is surprising that so few varieties of stereo viewsexist. Out of al possible
2D subsets of the 5D set of rays, only three varieties satisfy the stereo constraint!

Concurrent with this research, Pajdla [6] independently obtained a similar classification of epipolar surfaces (the first
bullet in the above list), but specialized for the case of cameras that capture lines rather than rays.

The remainder of the paper is structured as follows. Section 2 introduces a generalized model of image formation and
defines the stereo constraint geometrically. Section 3 presents our classification of stereo images and their associated epipolar
geometries. Section 4 introduces the concept of a quadric view and a unified mathematics for stereo imaging. The stereo
cyclographisintroducedin Section 5 and used experimentally to produce stereo object visualizations and 3D reconstructions.

2 Stereolmaging
2.1 A Generalized Imaging M odel

Light in any environment flows along straight lines in space®. From the viewer’s perspective, it is convenient to mode! light
flow in terms of the distribution of light that is received at each point and from each direction in the environment, i.e., along
each light ray R(z,y, z,0, ¢). We represent alight ray as afunction R mapping the ray origin (z, y, z) and direction (8, ¢)
to the set of all points along that ray. The set of al light rays defines a five-dimensional set that we call ray space and denote
P. The light energy flowing along these rays can be represented as afunction P : P — &, where £ represents light energy 2.
P isknown as the plenoptic function [7].

We use the term view to denote any two-dimensional subset of light rays:

A viewisany function V : D — P on asurface D that maps image coordinates (u, v) to light rays. We adopt
the convention that « varies horizontally and v verticaly.

Animage I measuresthelight observed for aview,i.e, I = Po V.

Conceptually, a view encodes imaging geometry—the distribution of light rays measured by a camera, whereas an image
represents photometry—Ilight energy radiated from the environment toward the camera. The domain D determinesaview’s
parameterization. Cylindrical [8], spherical [1], toroidal [5], and other non-planar image representations may be represented
by choosing a domain with the appropriate topology. In this paper, it isimplicit that every image I has a corresponding view
V. Accordingly, any terms that we define for views, e.g., field of view, stereo pair, etc., will also apply to images.

These definitions are very broad, encompassing most projection models used in the computer vision literature, including
single point perspective, orthographic, weak perspective, and affine models [9]. In addition, non-perspective mosaic repre-
sentationsfit this definition, including single-perspective panoramas [ 1], multiperspective panoramas [10], manifold mosaics
[112], multiple-center-of-projectionimages [12], stereo panoramas[4], concentric mosaics [13], omnivergent images [5], and
360 x 360 panoramas[2]. Note that this definition of an image requiresthat every image point correspondsto a unique light
ray; point spread functions, for instance, are not model ed.

The following terminology and notation will be useful. We use the notation D “ to denote the restriction of the domain D
toacolumnuinaview, i.e, D" = {(a,b) € D | a = u}. Similarly, D,, denotesthe restriction of D to row v. The shorthand
R denotes the set of points along aray whose parameters are unspecified. Accordingly, we write X € R when a 3D point
X liesalong aray R. Inthis paper, rays are defined to be open, i.e., (z,y,z) ¢ R(z,y, z,0,$). Thisdefinition is natura in
the context of scene visibility—acamera cannot see its own optical center (z,y, z). Theintersection of tworays R, and R5 is
written Ry N Rs. In general, thisintersection can be a point, ray, open line segment, or be empty.

The projection of apoint X to aview V' isdefined to be the set of tuples (u, v) € D suchthat X € V (u,v). The projection
of a set of points X is defined to be the union of the projections of pointsin X’

Thefield of view of aview V', denoted FOV (V) isdefined to betherangeof V,i.e, FOV (V) = {V(u,v) | (u,v) € D}.
We say a point X iswithin the field of view of V', written X € FOV (V') (with some abuse of notation), if X lies along some
ray in FOV (V).

1For the purposes of this paper, relativistic effects due to the curvature of space are ignored.
2In RGB color space, £ may be represented by 3%. More generally, £ can be a function space representing the light spectrum.



2.2 Multiper spective Imaging

Central (pin-hole) cameramodels have the property that all rays pass through asingle point in 3D space, known as the center
of projection. Driven by applicationsin graphics [10, 12, 13] and stereo matching [3, 5], several researchers have proposed
view representationsthat do not have a single distinguished center of projection. Rather, these multiper spective views capture
rays that emanate from different pointsin space. We define the generator of aview to be the set of “camera centers’ for that
view:

The generator of aview V isdefinedtobe {(z y 2) | (z,y,2,6,¢) € FOV(V)}.

2.3 The Stereo Constraint

A stereo pair consists of two views with purely horizontal parallax, that is, every scene point visible in one view projectsto a
point in the same row of the other view. Images satisfying this property can be fused by human observersto produce a depth
effect and are amenable to processing by computational stereo algorithms.

Virtually al image representations exhibit some form of continuity, i.e., nearby pointsin the scene project to nearby points
in the image. More formally, we say aview V' is u-continuous if, for every value of v, V (u, v) is a continuous function of
u and connected sets of pointsin FFOV (V') project to connected subsets of D,,. v-continuity is defined analogously. While
most stereo views of interest exhibit both u- and v-continuity, our definition of stereo pair requires only the former, allowing
for the distribution of raysto vary arbitrarily between rows.

We say that two u-continuousviews V; and V5 satisfy the stereo constraint if the following property holds:

Therays Vi (u1, v1) and Va(uz, v2) intersect only if vy = v,.

Any two such views are referred to as stereo views or a stereo pair.

Itis often the case that viewsin astereo pair will overlap only partialy, i.e., there are pointsin the scene that lie within the
field of view of one view but not the other. Such points cannot be “fused” and we therefore limit our analysis to regions of
the scene within the field of view of both views. We al so ignore pointsthat are imaged with the sameray in both views, since
such points do not provide stereo depth cues. For instance, two identical images from the same perspective camera viewpoint
satisfy our definition of a stereo pair2, but yet do not provide parallax cues that can be used to infer depth. Accordingly, we
define the stereo viewable region as follows

A point X in 3D spaceis stereo viewablefrom V; and Vs if thereexistrays Ry € FOV (Vi) and R, € FOV (153)
such that RiNRy, =X.

The set of al points X that are stereo viewable from two views V; and V5 is referred to as the stereo viewable space,
denoted V2. Note that there are generally points in the stereo viewable space that are occluded in one or both images.
Occlusionswill not affect our analysis, however, since the stereo constraint is defined by the distribution of rays, independent
of visibility.

24 Generalized Stereo

It iswell-known that any pair of perspectiveviews V; and V5 can be converted into a stereo pair by reparameterization of the
respective view domains D, and D,. Whiletypically performed using homographies[14], other rectification transforms may
be used to avoid certain types of singularities [15]. Our definition of stereo pair is easily generalized to included any pair of
views that can be converted into a stereo pair by some rectification transformation:

TwoviewsV; : Dy — P and Vs : Dy — P satisfy the generalized stereo constraint if there exist bijections
ry : D] — Dy andrs : Dy — Dy suchthat V; o ry and Vs o 7y satisfy the stereo constraint.

SNote that all rays of a perspective view converge at acommon point, the camera center C. However, the rays do not actually intersect at C, since the
rays are defined to be open and do not contain the camera center. This condition is quite natural and conforms to the intuition that aray contains only points
that are potentially visible to the camera, i.e., points that are in front of C.
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Figure 1: Epipolar Geometry. (@) Rays in two perspective views lie on a pencil of epipolar planes. (b) Rays in stereo
panoramas and 360 x 360 panoramas lie on afamily of epipolar hyperboloids.

This definition reduces the problem of characterizing generalized stereo pairs to that of characterizing (non-generalized)
stereo pairs. Note that view geometry, i.e., the distribution of rays in space, is invariant with respect to rectification trans-
formations. Rather, rectification affects only the parameterization of the view domain. By ignoring the specifics of the
rectification transformsr, and r», we may focus on the smpler case of stereo pairs with horizontal geometry, but ensure that
all of our results apply also to the generalized case, which includes views such as catadioptrics with curved epipolar lines
[16].

2.5 Central Perspective Stereo

The classical example of a stereo pair consists of two planar perspective views where the second view has been trandated
horizontally from the first*. The fact that two such images have horizontal parallax is important both for human perception
and computational stereo vision.

It has long been known that a perspective stereo pair (V1, V5) obeys avery special geometric constraint: the raysin both
viewsall lie on apencil of planes, as shown in Fig. 1(a). In particular, theraysin row v of V; sweep out a surfacethat lies on
aplanein the scene, denoted P,,. Similarly, row v of V, sweeps out a second surface that also lieson P,. P, is known asthe
epipolar plane of row v of theimage.

Note that any pair of perspective images defines a pencil of epipolar planes, i.e., epipolar geometry appliesto all perspec-
tive images, not just to stereo pairs. In fact, it has been shown that epipolar geometry applies to panoramic views that are
defined on cylindrical [8] or spherical image domains[16]. In general, it can be seen that any pair of central views, i.e., views
that are each generated by a single point, can be partitioned into rays that lie on epipolar planes—as shown in Fig. 1(a), this
condition is independent of the shape of the imaging surface and depends only on the positions of the generators (camera
centers). Consequently, any pair of perspective images satisfies the generalized stereo constraint.

2.6 Multiperspective Stereo

While the epipolar condition (referred to as epipolar geometry) is well-understood for perspective views, it is not clear what
it means for two multiperspective views to have epipolar geometry. In particular, can stereo pairs be created from views that
do not have a single center of projection? Recent work has shown that multiperspective stereo pairs do indeed exist. For
instance, Ishiguro et a. [3] and Peleg et al. [4] described how stereo panoramas could be produced by capturing a set of
viewing rays passing through a circle. Interestingly, stereo panoramas can be shown to have purely horizontal parallax [5],
but, unlike perspective views, alow for a360° field of view.

Do stereo panoramas have epipolar geometry? Clearly, the rays from stereo panoramas do not al lie on apencil of planes.
Note that each scanline of the left view is formed by rotating a single ray around a circle, sweeping out a hyperboloid S
as shown in Fig. 1(b). The corresponding scanline of the right view defines a second hyperboloid S,. Note that S; = Ss,

4More specifically, “ horizontal” means in the direction of arow on the image plane of the first view.



gener ator doubly-ruled quadric
point plane
line plane, hyperboloid, hyperbolic paraboloid
dlipse hyperboloid
parabola hyperbolic paraboloid
hyperbola hyperboloid, hyperbalic paraboloid

Table 1: Any quadric may be generated by moving a sensor along a conic path. This table shows the doubly-ruled quadrics
for each conic generating path.

ensuring that the left and right scanlines correspond to the same subset of the scene. In the same way that perspectiverayslie
on epipolar planes, rays from stereo panoramas can be shown to lie on “ epipolar hyperbol oids.”

Note that Rademacher and Bishop [12] previously explored ways of defining epipolar geometry for a broad class of mul-
tiperspective images called multiple-center-of-projection (MCOP) images. Their formulation is quite general, but removes
most of the benefits that epipolar geometry provides for stereo processing, in particular: (1) there is generally not a one-
to-one correspondence between epipolar curves in two MCOP images, (2) an MCOP image may have a two- rather than a
one-dimensional set of epipolar curves, (3) there is no natural extension of epipolar planes to MCOP images, and (4) two
MCOP's cannot always be rectified to produce a stereo pair. We seek a more natural generalization of epipolar geometry to
multi perspective images that retains its benefits for stereo processing.

3 A Classification of Stereo Views

What is the space of all stereo views? In this section we derive a complete classification of pairs of views that satisfy the
stereo constraint.

3.1 Epipolar Surfaces

Let V; and V> betwo stereo views, and consider a specific row v. Since both views are u-continuous, the light rays V; (u, v),
for fixed v, sweep out aruled surface S;. We are interested in the subset of S; and S, that is stereo viewable. In particular,
define the epipolar surface for row v to be S2(v) = & NS, N V2. In the case of perspective or any other type of central
views, for example, S (v) is planar for all v.

In the general case, observe that S7 (v) contains two families of straight lines, one from V; and the other from V,. Hence,
S?(v) lies on a doubly-ruled surface (see Fig. 1). We may therefore characterize the space of stereo views by classifying
the set of all doubly-ruled epipolar surfaces. Fortunately, the latter set can be explicitly characterized. In particular, the
only doubly-ruled surfaces are the plane, hyperboloid, and hyperbolic paraboloid [17]. While this classical result appliesto
algebraic surfaces ruled by lines, with some care it can be extended to the case of arbitrary surfaces ruled by rays or line
segments. A proof is presented in Appendix A.

We therefore have the following result:

Stereo Classification Theorem: V; and V> are stereo views only if for every row v, SZ(v) lies on a plane,
hyperboloid, or hyperbolic paraboloid.

This result demonstrates that we can potentially fuse images that have multiple centers of projection, a result that may
seem counter-intuitive. Also surprising is that so few varieties of stereo views exist—out of all possible 2D subsets of the 5D
set of rays, only three varieties satisfy the stereo constraint.

Note that this theorem concerns the distribution of rays in space, but does not specify the exact parameterization. The
generalized stereo constraint in Section 2.4 further broadens the space of stereo images by allowing any parameterization of
rays so that epipolar surfaces map to arbitrary curves (or 1D point sets) rather than horizontal lines. Regardless of parame-
terization, however, the plane, hyperboloid, and hyperbolic paraboloid are the only types of epipolar surfaces.

We use the term quadric view to denote a view having the property that all raysin each row lie on a quadric surface.



image r epresentation gener ator epipolar surfaces
perspective point pencil of planes
stereo panorama|3, 4, 5] circle hyperbol oids
360 x 360 [5, 2] circle hyperboloids
spherical omnivergent [5] sphere pencil of planes
pushbroom panorama line pencil of planes
stereo cyclograph dlipse hyperbol oids
parabolic panorama parabola | hyperbolic paraboloids

Table 2; Classification of known stereo view varieties. Thelast three variants are introduced in this paper.

3.2 Three- and N-View Stereo

The stereo constraint is easily generalized to three or more views by requiring that the two-view stereo constraint be satisfied
for every pair of views. A direct consequence of this condition is that all three views must share the same set of epipolar
surfaces. In particular, each row must sweep out atriply-ruled surface. Since every triply-ruled surface is also doubly-ruled,
the epipolar surfaces must lie on planes, hyperboloids, or hyperbolic paraboloids, by the Stereo Classification Theorem. Of
these, only the planeis a triply-ruled surface (it has an infinite number of rulings). It follows that the only epipolar geometry
for three or more views is the planar variety. The pushbroom panorama described in Section 3.3 is an example of an image
representation that can be used to form stereo triplets, quadruplets, etc.

3.3 Generating Stereo Views

We now turn to the problem of how stereo views may be captured. Whereas perspective views can be imaged with a small
CCD array, the same is not necessarily true for multiperspective views. In general, multiperspective views require placing
Sensors on a generating path or surface. In principle, this generator could be arbitrarily complex. Due to their restrictive
form, however, stereo views are generated with relative ease.

In particular, any quadric view may be generated by capturing rays from one or more conic path. For instance, a hyper-
boloid is generated by aline, ellipse, or hyperbola. Conversely, any conic is the generator for some quadric surface. Table 1
summarizes the doubly-ruled quadrics corresponding to each conic generator. This table may be used as a recipe book for
generating stereo pairs. For instance, suppose you wish to generate a stereo pair with hyperbolic parabol oid epipolar geome-
try. Table 1 indicates that you could capture the appropriate rays by moving a camera or placing sensors on aline, parabola,
or hyperbola. All of the specific quadric view varieties discussed in this paper are generated from a single conic path. Itis
possible, however, to define quadric views where each row has a different generating path, and these latter views are also
subsumed by our framework.

Because our classification is comprehensive, we can characterize all previously proposed varieties of stereo images in
terms of their generators and corresponding families of quadric epipolar surfaces (Table 2). In addition, the classification
suggests new varieties of interest, three of which are listed in the table. The pushbroom panorama and parabolic panorama
are described briefly in this section, and the stereo cyclograph is presented in detail in Section 5.

A pushbroom panoramais generated by translating a camerato create a sequence of images with purely horizontal paral-
lax. Suppose we translate a perspective camera parallel to the image-plane u-axis, and extract column ¢ of pixels from every
input image. Placing these columns into successive columns of a new image I; creates a new image representation which
we call a pushbroom panorama. Selecting different subsets of rays from each view produces other varieties of pushbroom
panoramas. For instance, capturing a cone of rays symmetric about the translation direction generates the omnidirectional
pushbroom panorama shown in Fig. 2(a). This image representation is a generalization of pushbroom cameras [18] that
rel axes the assumption that the sensors be oriented perpendicular to the direction of motion and allows for a 360 degree field
of view about the axis of trandlation.

Any two pushbroom panoramas /; and I; from the same generating path form a stereo pair with rayslying on a pencil of
epipolar planes, as shown in Fig. 2(a). These images are a hybrid between orthographic and perspective images, since rays
within each row are parallel but every column of rays meets at apoint. They also havetheinteresting property that disparity is
alinear function of depth, in contrast to perspective stereo images. Note that pushbroom panoramas are not the same as EPI
images [19], although their construction is similar. An example use of pushbroom panoramasis to create a stereo panorama
of an entire city street, as shownin Fig. 3.
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Figure 2: Epipolar geometry of a pushbroom panorama (a) and a parabolic panorama (b). For any row of a pushbroom
panorama stereo pair, the pixels from both images lie in a plane. Rays from a given row of a parabolic panorama stereo pair
trace out a hyperbolic paraboloid.

The second new variety of stereo pair proposed in this paper is generated by moving a camera on a parabolic path. As
indicated in Table 1, this strategy can be used to create views whose rows lie on hyperbolic paraboloids, as shownin Fig. 2(b).
An example of such an image, which we call a parabolic panorama is shown in Fig. 4. Two parabolic panoramasthat share
the same set of hyperbolic paraboloidsform a stereo pair. While of theoretical interest, this variety of stereo pair has arather
limited stereo viewabl e region with the wedge shape shown in Fig. 2(b). Consequently, a stereo effect is achieved only for
objects near the generator, making this image representation less attractive compared with the alternativesin Table 2.

4 Quadric Imaging Representation

Equipped with a classification of stereo pairs, we now turn to the question of how to represent and operate on such views. The
objective is to obtain a unified approach that applies to every type of stereo pair, including multiperspective views. Towards
this end, we are motivated by the following two goals:

1. Unification: operations such as projection and triangulation should be the same for al classes of stereo pairs. In
contrast, researchers previously derived specialized equations for each new type of stereo image variety.

2. Generalization: the approach should naturally generalize the case of perspective images, i.e., perspective images and
operations should arise naturally as a special case of the new framework.

Since all stereo pairs are made up of rayslying on quadric surfaces, it is convenient to cast our formulation in the frame-
work of projective geometry.

4.1 Terminology

We denote points in the scene as 4D homogeneous column vectors X = [z y z 1] T and planes as 4D homogeneous row
vectorsP = [a b ¢ d]. Point X ison plane P if and only if

PX =0 D
Any quadric surface Q is represented as the set of solutions to a quadratic equation:
Q={X|X"QX =0} 2

where Q isasymmetric 4 x 4 matrix.
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Figure 3: Pushbroom Panorama generated from a car driving along a street, with the camera pointing out of the side window.
(a) Selected input images. (b) Pushbroom stereo pairs with a baseline of 6, i.e., formed from two columns spaced 6 pixels
apart. (c) Red-blue anaglyph generated by taking the blue and green channels from the first image and the red channel from
the second image. It should be viewed with red-blue glasses with red over the |eft eye.

(b)

Figure 4: Perspective view (@) and parabolic panorama (b) of a synthetic church scene. (b) was generated by capturing
viewing rays along a parabolic camera path. Note that vertical lines remain vertical, but lines are generally not preserved.
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Figure 5: Bi-quadric Image Representation. A perspective view is represented by two families of planes (quadrics, more
generaly) P, and P, and field of view constraints. Each ray in the field of view is specified by the intersection of two of
these planes.

4.2 Quadric Representation

Let V' beaw-continuousview. Each row of V' definesaruled surface S swept out by the raysin that row. If every row of V'
sweeps out a quadric surface, V' is aquadric view. Suppose further that V' is also v-continuous with the property that every
column also defines a quadric surface. We use the term bi-quadric view to denote such aview V. We will devote special
attention to bi-quadric views since all of the stereo image varieties considered in this paper fit into this category.

Any bi-quadric view is defined by a two parameter family of quadric surfaces. Let Q ,, denote the quadric surface corre-
sponding to column « and Q,, the quadric surface corresponding to row v of V. Theray V' (u, v) is represented as the space
of solutions to the following equations;

Xx'Q,X = 0 ©)
X'Q,X = 0 (4

where Q,, isamatrix representing the quadric corresponding to Q ,,, and similarly for Q, and Q,,. In addition, any number
of field of view constraints of the following form may be enforced:

XTQ,X >0 ©)

The solutionsto Egs. (3-5) correspond to the set of al points X € FOV (V). For the special casethat Q ,, isaplanefor every
value of u, Eq. (3) may be more conveniently written:

P,X=0 (6)

and similarly for Egs. (4) and (5).

For example, consider the case of a planar perspective view V. The perspective projection equations may be written:
u = IIX, where II isthe 3 x 4 projection matrix for that view, and u = [su sv s]” . Using the notation that IT; is the ith
row of II, we can rewrite these equations as follows

(H1 — UH3)X = 0 (7)
(Hg — UH3)X = 0 (8)
plusfield of view constraints
(Hl uman3)X Z 0 (9)
_(Hl Umax 3)X Z 0 (10)
(H — Umin B)X > 0 (1
—(Hg ’UmazH:;)X Z 0 (12)

Egs. (7-12) represent the ray V(u,v) as the intersection of two planes and the viewing frustum, as shown in Fig. 5.
II, — uIl3 is the vector corresponding to the plane passing through the camera center and column « of the image plane.
Similarly, IT, — vII;3 representsthe plane from the camera center through row v of the image plane.



As another example, consider the case of a 360 x 360 panorama[2]. Asoriginaly described in [5], this variety of stereo
view is generated by moving a camera along a circle and capturing a planar strip of rays that is normal to the circle radius.
The result is a panoramic image with a 360° horizontal and vertical field of view. Since opposite edges of the image are
identified, the domain of the view isatorus.

A 360 x 360 panorama can be represented in our framework by afamily of hyperboloidsand planes as follows

P, =[cos(u) sin(u) 0 —1] (13)
1 0 0 0
01 0 0
00 0 -1

[ —sin(u) cos(u) 0 0 ] X > 0
[0 0 10] X >0

Thefield of view (inequality) constraints specify which set of rays are captured along the generating circle for a given image.
In particular, this view captures only “forward” rays in the direction of motion around the circle, from the top half of the
hyperboloid. The corresponding image generates the top half of a 360 x 360 panorama. The bottom half may be generated
with asimilar set of constraints.

(15)

4.3 Quadric Projection

The cameraprojection operator maps 3D points X into view coordinates (u, v). In the case of bi-quadric views, the projection
operation maps 3D points onto two families of quadric surfaces, indexed by u and v. Given X, u and v are computed by first
checking that X satisfies the field of view constraints, and then solving Egs. (3) and (4) for Q , and Q, respectively. Note
that these equations are linear in the elements of Q , and Q. If Q,, and Q,, depend linearly on v and v then the solutions of
uwand v are aso linear.

In the case of a360 x 360 panorama, for example, substituting Egs. (13) and (14) into Egs. (6) and (4) yields

SN o

= Zarccos - ;
u r ( s
2 2
o+y* -1

A unique value of u may be obtained by enforcing the field of view constraints (Egs. (15)).

4.4 Quadric Triangulation

Let (ug,v) in V4 and (us,v) in Vo be projections of the same scene point X. The problem of computing X from its
projections in two images is known as triangulation. The triangulation of (u1,v) and (us,v) is computed by solving the
following eguations for X:

X'Q,X = 0 (18)
X'Q,X = 0 (19
x'Q,X = 0 (20)

When Q,, and Q,, are planar, Egs. (18) and (19) may be replaced with P, X = 0 and P, X = 0, respectively.

For the case of a 360 x 360 panorama, the triangulation of image points (u1,v) and (us, v) is obtained by substituting
Egs. (13) and (14) into Egs. (18-20). After applying the field of view constraints (Egs. (15)) and simplifying, the following
expression for X is obtained:

X — sin(.uQ) — sin(uq) cos(.ul) — cos(uz) i tan(ul — Us
sin(ug — uq) sin(ug — uq) Vu 2

T
) 1 (21)
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45 The Quadric Fundamental Matrix

Let V; and V, be astereo pair. By definition, for two points (u,v;) in V4 and (us,v2) in Vs to bein correspondence, v, and
vy must beidentical. This constraint is easily encoded in terms of the fundamental matrix equation which has a very simple
form for all (rectified) stereo views:

[ulvll]{g § —01-|{:Z-|:0 (22)

o [l

5 Stereo Cyclographs

An interesting type of panorama may be created by moving an inward-facing camera 360 ° on an ellipse around an object of
interest, capturing a column of pixels from each image, and stacking these columns side by side into a new panorama. This
construction resembles an approach used by archaeologists to create unwrapped “ cyclograph” ® images of ancient pottery.
Traditional cyclographs are produced by photographing a rotating object through a narrow dlit placed in front of alength of
moving film, atechnique that dates back to the late 19th century [20].

5.1 Generating Stereo Cyclographs

Using the concepts developed in this paper, it can be seen that the cyclograph construction generates a bi-quadric image,
where the rows of the image sweep out hyperboloids and the columns define planes. In atraditional cyclographimage, al of
these planes intersect at the axis of rotation and the quadrics degenerate to (singly-ruled) cones. If instead the it is moved
off-axis, the hyperboloids are not degenerate and are doubly-ruled. In addition, the planes corresponding to each column are
all tangent to a cylinder, as shown in Fig. 6(b). Consequently, a stereo pair may be formed. Furthermore, our construction
can be generalized to allow the strip to move on any ellipse, rather than acircle. The quadric representation of cyclographs,
together with equations for projection and triangulation, are derived in Appendix B.

In order to create stereo cyclograph images of a person’s head, we placed a video camera on a rotating platform and
captured a sequence of images while the camera rotated in a circle around the subject. The camera was pointed inward
towards the center of rotation. The entire image sequence contains just over 24 seconds of video. If the frames are stacked
one on top of the other, they define an z-y-6 volume, similar to the z-y-t volumesintroduced by Bolles et al. [19] ® Theinput
images each correspond to an z-y slice through the volume for a fixed value of 4. Cyclograph images correspond to y-6
slices through the volume, as shown in Fig. 6(a). In particular, a stereo cyclograph is formed from any two y-6 slicesthat are
symmetric about the slice z = z of raysthat pass through the axis of rotation.

Fig. 7 shows stereo cyclograph pairs constructed in this manner. Since all raysin a cyclograph are tangent to a cylinder,
the interior of the cylinder is not visible. Hence, only the subject’s nose, glasses, and pony-tail are visible in the top row of
Fig. 7(b) and the rest of the object is seamlessly removed. As the radius of the cylinder is decreased, more of the subject’s
face comesinto the field of view (second row), until the head is fully visible (third row), creating an interesting effect. The
bottom pair is an anaglyph that is viewable with red-blue stereo glasses, with red over the |eft eye.

Like traditional cyclographs, stereo cyclographs provide a simple and effective means for rendering the appearance of
3D objectsfor print or display. While traditional cyclographs represent only object appearance, however, stereo cyclographs
allow the 3D structure of the object to be retained in the visualization. For instance, surface relief patterns are preserved and
readily visualized in the stereo cyclograph images. Since the effective baseline can be varied at display time by choosing
different y-6 dices, the stereo pair is easily recalibrated to the eye separation of any observer.

5.2 Shapefrom Cyclographs

In addition to visualization, cyclographs also have potential benefits for the purposes of shape reconstruction. For instance,
theimagesin the bottom row of Fig. 7(b) could be provided as input to almost any stereo correspondence algorithm, yielding
a nearly complete 3D head model from a single image pair. The stereo baseline could be controlled to best suit the stereo
algorithm, potentially on a scanline-by-scanline basis. The entire set of cyclographs could be used for structure-from-motion
or multi-baseline stereo processing, perhaps using new algorithms that exploit the unique structure of cyclograph sequences.

5Cyclographs are also referred to as periphotographs or rollout photographs.
6The EPI images introduced by Bolles et al. [19] correspond to z-t slices of an image volume obtained by moving a camera along aline.
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Figure 6: A cyclographis generated by moving an inward-looking camera on an €ellipse and stacking the sequence of images
into an z-y-6 volume (a). y-0 slices of the volume form cyclograph images. All of the raysin each cyclograph are tangent to
asheared cylinder (each cross section is an ellipse) (b). A stereo cyclograph pair consists of two views that are both tangent
to the same sheared cylinder (b-c), but with tangent rays oriented in opposite directions.

In this section, we demonstrate the use of stereo matching techniques to reconstruct a 3D object model from a single
cyclograph image pair. Cyclographs were generated by placing an object on top of a computer-controlled rotary turntable,
and imaging the rotating object from a camerafixed at a certain distance from the table. A cyclograph stereo pair for afixed
baseline was chosen and used as input to a stereo matching technique. We used an (unaltered) implementation of Zitnick and
Kanade'stechnique[21].

For the results shown here, the background portion of the cyclograph was manually specified and excluded from the
reconstruction. Also excluded are pixels that matched with low confidence and pointsthat lie beyond a certain distance from
the center of rotation.

Fig. 8 shows stereo cyclographs of atoy horse and the resulting binocular stereo reconstructions. An interesting property
of cyclograph stereo pairsis that scene pointsin the cyclograph that are imaged in front of the rotation axis, i.e., between the
axis and the camera, have positive disparity, whereas points behind the rotation axis have negative disparity. For instance, in
the cyclograph stereo pair of the horse, the front side of the head has positive disparity whereas the back side has negative
disparity. This phenomenon is analogousto vergent stereo pairs, in which disparity is positivein front of the vergence point
and negative behind it.

The horse reconstruction demonstrates the ability to obtain atrue “object model” from a single stereo pair. In contrast, ob-
taining amodel of this sort using traditional stereo images requires stitching together several stereo reconstructions acquired
from different viewpoints. The advantage of using cyclographsis that a very reasonable object model may be obtained by
running the stereo matching procedure only once, greatly simplifying reconstruction. Note that a reconstruction obtained in
this manner may still contain holes—in particular, the top of the horse does not appear in the cyclograph and is thus omitted
from the reconstruction. Note also that the head and neck of the horse lack geometric detail in comparison to the rest of the
body. Thislack of detail is primarily due to the fact that the neck isimaged at an oblique anglein this particular cyclograph
pair. In addition, the head moves more quickly in the input sequence sinceiit is closer to the camera path, thus resulting in a
lower sampling rate in the cyclographs. Ascan be seenin Fig. 8(c), however, the shape of the horseisvery well reconstructed.

6 Conclusion

A theory of stereo image formation was presented that provides a complete classification of al possible stereo views. A
main result is that only three varieties of epipolar surfaces exist, corresponding to rays lying on doubly-ruled quadrics. A
second contributionisanovel representation called aquadric view that provides a unified mathematical treatment of all stereo
views. This framework was used to derive projection and triangul ation operations that apply equally to both perspective and
multi perspective image representations. The framework was shown to subsume all previous stereo image representations
and also enabled deriving three new types of stereo image representations with unusual and useful properties. One of these
representations, the stereo cyclograph, was experimentally demonstrated and offers compelling advantages for visualization
and 3D reconstruction tasks.

While this paper addresses several research questions relating to stereo images, other avenues for future work in this
area remain open. In particular, our definition of stereo image could be considered over-restrictive in certain respects. In
particular, we have not considered cases in which multiple viewing rays map to the same pixel, as is the case with lens
systems. Extending the theory to cope with multiple-valued views would be desirable and could potentially lead to more
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Figure 7: Stereo Cyclograph Images. (a) Four of 732 images captured by moving a camera on a circle around a person’s
head. (b) Cyclograph stereo pairs formed from these input images, corresponding to different slices of the z-y-6 volume. (c)
Anaglyph viewable with red-blue stereo glasses (red over left eye).
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(b)

Figure 8: Cyclograph-based reconstruction of atoy horse. (@) Input images. (b) Cyclograph stereo pairs with baseline = 6.
(c) Screen shots of reconstructed 3D mesh, shaded (top) and textured (bottom).
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stereo varieties.

In addition, it is possible to fuse some image pairs in which the parallax is not perfectly horizontal. Allowing such
deviations could also lead to a broader class of images that give a stereo effect, and new approximate 3-view and N-view
epipolar geometries may be possible [22]. Lastly, our analysis was independent of image irradiance information. Taking
into account image irradiance might identify images that appear to have horizontal parallax, due to specia surface texture or
shading.

Further exploration of the space of stereo views will be necessary to determine which varieties are useful in practice.
The topics of optics and multiperspective camera design are also important areas of future work in which promising initial
progress has been made [2, 23].
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A Proof of the Stereo Classification Theorem

We now derive the proof of the Stereo Classification Theorem presented in Section 3. The essence of the proof is to demon-
strate that the result hold locally, i.e., that every interior point on S?(v) has a finite neighborhood that lies on a plane,
hyperboloid, or hyperbolic paraboloid. Denote as (A) the interior of a surface A, i.e., the surface minus its boundary.
Suppose that V; and V» are a stereo pair of views. Let X be apoint on (S7(v)) and (u;,v) the projection of X in V; for
i = 1,2. Let L; be the connected component of V; (u;,v) N (S7(v)) containing X, as shown in Fig. 9. By u-continuity, the
projectionof Lo inVy spansan interval [; of row v that “straddles’ u;. We say aninterval [ straddles if there exists an open
set o C R suchthat u € o C [. Observe that the same condition istrueif we replace X with any point on L 1, i.e., any point
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X' € L, determinesaline segment L), C (S?(v)) whose projection straddles w;. Let L}, and L} be two such line segments.
Define ] and I{ to be the respective projectionsof L’ and L} in V.

Consider I, = I; NI} N1}. By congtruction, I; isan interval that straddles u,. Furthermore, Vi (u, v) intersects Lo, L},
and LY for al u € I;. We therefore have an infinite family of rays N = {V(u,v) | u € I;} that all intersect three distinct
lines, through L, L, and, LY. Interestingly, this condition uniquely defines the surface in the neighborhood of X [17]. In
particular, if two of Lo, L}, and LY are co-planar then A must lie on aplane. If the line segments are not co-planar but do lie
on paralel planes, A lies on ahyperbolic paraboloid. Otherwise, A lies on a hyperboloid.

We have shown that every X € (S%(v)) has an open neighborhood that lies on a quadric surface, more specifically, a
plane, hyperboloid, or hyperbolic paraboloid. It followsthat every connected component of (S 7 (v)) lies on the same quadric.

In particular, if (S7(v)) isitself connected, a condition satisfied by most representations of interest including all varieties
described in this paper, it lies entirely on a plane, hyperboloid, or hyperbolic paraboloid.

B Cyclograph Representation and Equations

This appendix presents the quadric representation of a stereo cyclograph and derives the equations for projection and tri-
angulation. We present the equations for the case of a circular generator, but they may be generalized to the more general
case of cyclographs generated by elliptical camera paths. We introduce the following terminology (see Fig. 10 for graphic
illustrations):

e Coordinate systems

— Input view: (s, t) whose origin is bottom-left corner of the image plane
— World space: (z,y, z) whose origin is the intersection of the rotation axis and the camera motion plane
— Cyclograph: (u,v) whose origin is bottom-left corner of the image

a: amount of rotation between framesin radians

b: baselinein pixels, i.e., distance between the two columns from which the stereo cyclograph pair is generated

f: camerasfocal length in pixels

;. t coordinate of the camera’s principal point

r: radius of the circular camera path

0= arctan(%)

°
|
I
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Q
t+
I
=
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&
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6, = arctan(—=%—_) =
’ Py Py

The quadric representation of a stereo cyclograph is specified as follows:

P! = sin(ua+6) —cos(ua+6) 0 —rsinf ] (23)
P, = [ sin(ua—0) —cos(ua—0) 0 rsinf | (24)
1 0 0 0
01 0 0
R @
T Ccos
0 0 tan 0, -r

with the following field of view constraints;

[ —cos(ua+6) —sin(ua+6) 0 rcosd | X >0 (26)
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Figure 10: (a) Geometry of a perspective view (note: the dotted line denotes the length of the corresponding line segment).
(b) Cameramoving along acircular path around the object. C; denotes the position of the camera center at frame .
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Figure 11: (a) Plane ruled out by rays of column . (b) Top-down view of (@), showing both planes that correspond to the
left and right image of the stereo pair. C;, and Cg denotes the camera centers of the left and right image, respectively. (c)
Hyperboloid ruled out by rays of row v.

[ —cos(ua —6) —sin(ua—6) 0 rcosd | X >0 (27)
1 0 0 —r cos(ua)
0 1 0 —rsin(ua)
T _
X 0 . o : X =0 28)
—rcos(ua) —rsin(ua) 0 r?

Egs. (23) and (26) correspond to the right image, and Egs. (24) and (27) correspond to the |eft image of the stereo pair. The
field of view constraints, Egs. (26) and (27), specify that this view captures only the “forward” raysin front of the camera.
Thelast field of view constraint Eq. (28) enforcesthe viewing ray to pass through the camera center, and is used to determine
a unique solution for triangulation.

B.1 Derivation

Rays from a column of a cyclograph rule out a plane. Fig. 11(a) shows the plane ruled out by rays of column u of the left
image of the stereo pair, which is generated by taking a column to the right of the principle point from each input frame. The
right image is analogously formed by taking from each frame a column offset by the same distance to the left of the principal
point. Although this might seem counter-intuitive, it is similar to the perspective vergent stereo where the same scene point
isimaged by aright column of the left image and aleft column of the right image, asillustrated by Fig. 11(b).

Egs. (23) and (24) represent the plane ruled out by rays of column u. Since the angle of the planefrom the z — 2 planeis
ua + 0 (ua — 6 for the left image of stereo pair as shown in Fig. 11(a), and ua + 6 for the right image), and it passes through
the cameracenter C = (r cos(ua), rsin(ua), 0), itsequationis given as follows:

y — rsin(ua) = tan(ua £ 0) - (x — r cos(ua))
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Rearranging the above equation yields

zsin(ua £ 6) — y cos(ua £ 0) + r(sin(ua) cos(ua £ 0) — cos(ua) sin(ua £ 6)) =0
< zsin(ua £+ 8) —ycos(ua £ 0) Frsinf =0
— P,X=0

Asshownin Fig. 11(c), raysfrom arow of acyclograph rule out ahyperboloid. In general, a hyperboloid can be expressed
by an equation of the form 2—2 + 1,;’—2 + i—z = 1. Sincethe camerapath is circular and the center of the hyperboloidistransated
along the z axis, the hyperboloid equation can be written as

(z = Z0)2 2

$2+y2—T:TO

Asillustrated in Fig. 11(b), zo correspondsto the z coordinate of the translated center of the hyperboloid, and r  corresponds
to the minimum radius of the z — y cross section of the hyperboloid occurring at z = z .

We need to solve for three coefficients &, zo and ro. As shown in Fig. 10(a), z? increases by tan? 8, whenever 22 + y>
increases by 1. Therefore, k = tan? 6,

To compute zo and rq, without loss of generality, consider a viewing ray [ which passes through a camera center at
Co = (r,0,0). From theillustration in Fig. 10(a), an arbitrary point A on ! can be expressed as (— ft + r, g -t, (v — e)t).
We need to find ¢ that minimizes z2 + y?, i.e., the distance from the z axis.

2

. , B
vyt = (—ftan)t 4

5 b2 rf .. P22
= (- e S

4
= (P4 -

rcosf

The minimum value of 2 + 32 isr?sin” §, which correspondsto 3. Also, since the minimum occurs at ¢t = %522 20 iS
2482

)2 4+ 72 sin” 6

obtained by substituting ¢ into the z coordinate of A.

=rcosftand,

Therefore, the equation of the hyperboloid finally reducesto

1

— (2 —rcosftanf,)? —r’sin® 0 =0 < X"'Q,X =0
tan® 6,

2?4 y? -

Egs. (26) and (27) arefield of view constraints stating that this view contains only the subset of raysthat point toward the
inside of thecircle. Asshownin Fig. 11(a), for X to lie on the “forward” portion of the viewing ray, the dot product between

vector C? and (W must be nonnegative, where Y is a point on the line which is the intersection of the plane P , X = 0 and
the plane containing the camera path.

CX-CY >0

<= (x — rcos(ua),y — rsin(ua), z) - (— cos(ua £ 6), — sin(ua £ §),0) > 0

<= —zcos(ua £ 0) — ysin(ua + 0) + r(cos(ua) cos(ua £ #) + sin(ua) sin(ua £ 0)) > 0
<= —zcos(ua £ 6) —ysin(ua +0) +rcosf >0

< [ —cos(ua+6) —sinfuaxf) 0 rcosh |X>0
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Figure 12; (a) A scene point X projects twice into the same cyclograph. (b) Solving the triangul ation equation produces two
solutions T and T', and T’ isafalse solution that is eliminated by enforcing the second field of view constraint.

Eqg. (28) is asecond field of view constraint enforcing X to lie on the viewing ray from the camera center C. Since the
angle of CX with respect to = — y planeis 6,

z

V/(z —rcos(ua))? + (y — rsin(ua))?
= (z —rcos(ua))® + (y — rsin(ua))® — mZ—zﬁv =

tanb, =

whichyields Eq. (28). This constraint is necessary to obtain a unique solution for triangulation, as described in the following
subsection.

B.2 Projection and Triangulation

Without loss of generality, we assume that the camera rotates around the object in the counter-clockwise direction, and the
cyclographis generated by concatenating columns from left to right.

The 2D projection (u, v) of a3D point X into the left image of the stereo pair is computed by solving P ;X = 0 and
XTQ,X = 0, whichyields:

—yrsineix-\/x?' + 42 — r2sin’ f) ; 20
g ) +6) @)

Zv/fz—f—ﬁ
vo= ! +c (30

rcosf £ /22 +y2 —r2sin’ 6

1
u = E-(arccos(

Analogously, the projection into the right image of the stereo pair is obtained by solving the equations P 7 X = 0 and
XTQ,X = 0, whichyields:

yrsineix-\/x2+y2—r2sin26) ; -
$2+y2 )_ ) ( )

| pe b2
vo= Pyt +c (32
= t
rcosf £+ /22 +y2 —r2sin 6

In fact, Egs. (30) and (32) turn out to be the same, implying that identical solutions for v are obtained for the left and right
image.

u = — -(arccos
- (arceos(
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Thetriangulation of (u;,v) and (u2,v) correspondsto solving the following equations for X:

P/X = 0 (33)
P,X = 0 (34)
XT'Q,X = 0 (35)

Enforcing the field of view constraints, Egs. (26), (27) and (28), yields the following expression for X:

T
7sin 0 cos(*1i%2 4 rsin 0 sin(¥13¥2 4 rtan 6, sin(“15"2q
(—=5*2a) (=5*2a) (H5*2a) 4 (36)

sin(*15*2a+6) sin(*15*2a+6) sin(*15*2a+6)

X =

The second field of view constraint (Eq. (28)) eliminates a false solution that does not originate from the camera centers
given by u; and us, asillustrated by Fig. 12(b). Each plane intersects the hyperboloid along two lines, and the intersection
of these lines produces two triangulation points. However, only one of these two pointsiis the true solution that corresponds
to the intersection of two rays that originate from the correct camera centers C 1 and Cs.
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