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Preface

This is the third edition of a book that deals with the processes involved in
converting a mathematical or geometric description of an object — a computer
graphics model — into a visualization — a two-dimensional projection — that
simulates the appearance of a real object. The analogy of a synthetic camera is
often used and this is a good allusion provided we bear in mind certain important
limitations that are not usually available in a computer graphics camera (depth of
field and motion blur are two examples) and certain computer graphics facilities
that do not appear in a camera (near and far clipping planes).
Algorithms in computer graphics mostly function in a three-dimensional
domain and the creations in this space are then mapped into a two-dimensional
display or image plane at a late stage in the overall process. Traditionally com-
puter graphics has created pictures by starting with a very detailed geomettic
description, subjecting this to a series of transformations that orient a viewer,
and objects in three-dimensional space, then imitating reality by making the
objects look solid and real — a process known as rendering. In the early 1980s
there was a coming together of research — carried out in the 1970s into reflection
models, hidden surface removal and the like — that resulted in the emergence of
a de facto approach to image synthesis of solid objects. But now this is proving:
insufficient for the new demands of moving computer imagery and virtual re-
ality and much research is being carried out into how to model complex objects,
where the nature and shape of the object changes dynamically and into captur-
ing the richness of the world without having to explicitly model every detail.
Such efforts are resulting in diverse synthesis methods and modelling methods
but at the moment there has been no emergence of new image generation tech-
niques that rival the pseudo-standard way of modelling and rendering solid
objects — a method that has been established since the mid-1970s.
So where did it all begin? Most of the development in computer graphics as

we know it today was motivated by hardware evolution and the availability of
new devices. Software rapidly developed to use the image producing hardware.
In this respect the most important development is the so-called raster display, a
device that proliferated in the mass market shortly after the development of the
PC. In this device the complete image is stored in a memory variously called

il
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[ S ——

Processor | Display hardware

Model
databases

l

Applications : 1 Video
Processes Frame store
program controller

Interaction |
1in
uter 2s frame store, a screen buffer or a refresh memory. This information - the dis-
that " elements of 2 cretized computer image — is continually converted by a video controller into a
ra is g, set of horizontal scan lines (a raster) which is then fed to a TV-type monitor. The
tant image is generated by an application program which usually accesses a model or
hof geometric description of an object or objects. The main elements in such a sys-
ities tem are shown in Figure P.1. The display hardware to the right of the dotted line
can be separate to the processor, but nowadays is usually integrated as in the case
Jnal of an enhanced PC or a graphics workstation. The raster graphics device over-
Jnal shadows all other hardware developments in the sense that it made possible the
om- display of shaded three-dimensional objects — the single most important theo-
atric retical development. The interaction of three-dimensional objects with a light
wer source could be calculated and the effect projected into two-dimensional space
the and displayed by the device. Such shaded imagery is the foundation of modern
280s computer graphics.
tion The two early landmark achievements that made shaded imagery possible are
e of the algorithms developed by Gouraud in 1971 and Phong in 1975 enabling easy
ving and fast calculation of the intensities of pixels when shading an object. The
1 re- Phong technique is still in mainstream use and is undoubtedly responsible for
ects, most of the shaded images in computer graphics.
rtur-
‘tail.
10ds A brief history of shaded imagery
ech-
jolid When we look at computer graphics from the viewpoint of its practitioners, we
see that since the mid-1970s the developmental motivation has been photo-
s as realism or the pursuit of techniques that make a graphics image of an object or
y of scene indistinguishable from a TV image or photograph. A more recent strand of
vare. the application of these techniques is to display information in, for example,
ay, a medicine, science and engineering.

fthe The foundation of photo-realism is the calculation of light-object interaction
ed a and this splits neatly into two fields — the development of local reflection
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PREFACE

models and the development of global models. Local or direct reflection models
only consider the interaction of an object with a light source as if the object and
light were floating in dark space. That is, only the first reflection of light from
the object is considered. Global reflection models consider how light reflects
| from one object and travels onto another. In other words the light impinging on
| a point on the surface can come either from a light source (direct light) or indi-
I | rect light that has first hit another object. Global interaction is for the most part
) an unsolved problem, although two partial solutions, ray tracing and radiosity,
are now widely implemented.

Computer graphics research has gone the way of much modern scientific
research — early major advances are created and consolidated into a practical
technology. Later significant advances seem to be more difficult to achieve. We
can say that most images are produced using the Phong local reflection model
(first reported in 1975), fewer using ray tracing (first popularized in 1980) and
fewer still using radiosity (first reported in 1984). Although there is still much
research being carried out in light-scene interaction methodologies much of the
current research in computer graphics is concerned more with applications, for
example, with such general applications as animation, visualization and virtual
reality. In the most important computer graphics publication (the annual SIG-
GRAPH conference proceedings) there was in 1985 a total of 22 papers con-
cerned with the production techniques of images (rendering, modelling and
hardware) compared with 13 on what could loosely be called applications. A
decade later in 1995 there were 37 papers on applications and 19 on image pro-
duction techniques,

- )
< J Modelling surface reflection with local interaction

Two early advances which went hand-in-hand were the development of hidden
surface removal algorithms and shaded imagery - simulating the interaction of
an object with a light source. Most of the hidden surface removal research was
carried out in the 1970s and nowadays, for general-purpose use, the most com-
mon algorithm is the Z-buffer — an approach that is very easy to implement and
combine with shading or rendering algorithms.

In shaded imagery the major prop is the Phong reflection model. This is an
elegant but completely empirical model that usually ends up with an object
reflecting more light than it receives. Its parameters are based on the grossest
aspects of reflection of light from a surface. Despite this, it is the most widely
used model in computer graphics — responsible for the vast majority of created
images. Why is this so? Probably because users find it adequate and it is easy to
implement.

Theoretically based reflection models attempt to model reflection more accu-
rately and their parameters have physical meaning — that is they can be mea-
sured for a real surface, For example, light reflects differently from an isotropic
surface, such as plastic, compared to its behaviour with a non-isotropic surface

Microsoft Ex. 1028 - Page 17 of 45



PREFACE (ix)

odels such as brushed aluminium and such an effect can be imitated by explicitly
+ and modelling the surface characteristics. Such models attempt to imitate the behav-

from iour of light at a ‘milliscale’ level (where the roughness or surface geometry is
flects still much greater than the wavelength of light). Their purpose is to imitate the
g on material signature - why different materials in reality look different.
indi- Alternatively, parameters of a model can be measured on a real surface and used
t part in a simulation. The work into more elaborate or theoretical local reflection
osity, models does not seem to have gained any widespread acceptance as far as its
implementation in rendering systems is concerned. This may be due to the fact
ntific that users do not perceive that the extra processing costs are worth the some-
ctical what marginal improvement in the appearance of the shaded object.
e. We All these models, while attending to the accurate modelling of light from a
nodel surface, are local models which means that they only consider the interaction of
) and light with the object as if the object was floating in free space. No object-object
much interaction is considered and one of the main problems that immediately arises
5f the is that shadows — a phenomenon due to global interaction — are not incorporated
s, for into the model and have to be calculated by a separate ‘add-on’ algorithm.
irtual The development of the Phong reflection model spawned research into add-
1 SIG- on shadow algorithms and texture mapping, both of which enhanced the
con- appearance of the shaded object and tempered the otherwise ‘floating in free
1 and space’ plastic look of the basic Phong model.
mns. A
2 pro- - s
Modelling global interaction
The 1980s saw the development of two significant global models - light reflec-
tion models that attempt to evaluate the interaction between objects. Global
interaction gives rise to such phenomena as the determination of the intensity
idden of light within a shadow area, the reflection of objects in each other (specular
on of interaction) and a subtle effect known as colour bleeding where the colour from
h was a diffuse surface is transported to another nearby surface (diffuse interaction).
com- The light intensity within a shadow area can only be determined from global
it and interaction. An area in shadow, by definition, cannot receive light directly from
a light source but only indirectly from light reflecting from another object.
is an When you see shiny objects in a scene you expect to see in them reflections of
shject other objects. A very shiny surface, such as chromium plate, behaves almost as
ossest a mirror taking all its surface detail from its surroundings and distorting this geo-
videly metrically according to surface curvature.
-eated The successful global models are ray tracing and radiosity. However, in their
asy to basic implementation both models only cater for one aspect of global illumina-
tion. Ray tracing attends to perfect specular reflection — very shiny objects
accu- reflecting in each other, and radiosity models diffuse interaction which is light
mea- reflecting off matte surfaces to illuminate other surfaces. Diffuse interaction is
tropic common in man-made interiors which tend to have carpets on the floor and
Jrface matte finishes on the walls. Areas in a room that cannot see the light source are
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illuminated by diffuse interaction. Mutually exclusive in the phenomena they
model, images created by both methods tend to have identifying ‘signatures’.
Ray-traced images are notable for perfect recursive reflections and super sharp
refraction. Radiosity images are usually of softly-lit interiors and do not contain
specular or shiny objects.

Computer graphics is not an exact science. Much research in light-surface
interaction in computer graphics proceeds by taking existing physical models
and simulating then with a computer graphics algorithm. This may involve
much simplification in the original mathematical model so that it can be imple-
mented as a computer graphics algorithm. Ray tracing and radiosity are classic
examples of this tendency. Simplifications, which may appear gross to a mathe-
matician, are made by computer graphicists for practical reasons. The reason this
process ‘works’ is that when we look at a synthesized scene we do not generally
perceive the simplifications in the mathematics unless they result in visible
degeneracies known as aliases. However, most people can easily distinguish a
computer graphics image from a photograph. Thus computer graphics have a
‘realism’ of their own that is a function of the model, and the nearness of the
computer graphics image to a photograph of a real scene varies widely accord-
ing to the method. Photo-realism in computer graphics means the image looks
real not that it approaches, on a pixel by pixel basis, a photograph. This subjec-
tive judgement of computer graphics images somewhat devalues the widely used
adjective ‘photo-realistic’, but there you are. With one or two exceptions very lit-
tle work has been done on comparing a human's perception of a computer
graphics image with, say, a TV image of the equivalent real scene,
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1.1 Manipulating three-dimensional structures
1.2 Structure-deforming transformations

1.3 Vectors and computer graphics

1.4 Rays and computer graphics

1.5 Interpolating properties in the image plane

Manipulating three-dimensional structures

Transformations are important tools in generating three-dimensional scenes.
They are used to move objects around in an environment, and also to construct
a two-dimensional view of the environment for a display surface. This chapter
deals with basic three-dimensional transformations, and introduces some useful
shape-changing transformations and basic three-dimensional geometry that we
will be using later in the text.

In computer graphics the most popular method for representing an object
is the polygon mesh model. This representation is fully described in Chapter 2.
We do this by representing the surface of an object as a set of connected planar
polygons and each polygon is a list of (connected) points. This form of
representation is either exact or an approximation depending on the nature of
the object. A cube, for example, can be represented exactly by six squares. A
cylinder, on the other hand can only be approximated by polygons; say six rec-
tangles for the curved surface and two hexagons for the end faces. The number
of polygons used in the approximation determines how accurately the object
is represented and this has repercussions in modelling cost, storage and
rendering cost and quality. The popularity of the polygon mesh modelling tech-
nique in computer graphics is undoubtedly due to its inherent simplicity
and the development of inexpensive shading algorithms that work with such
models.
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MATHEMATICAL FUNDAMENTALS OF COMPUTER GRAPHICS

A polygon mesh model consists of a structure of vertices, each vertex being a
three-dimensional point in so-called world coordinate space. Later we will be
concerned with how vertices are connected to form polygons and how polygons
are structured into complete objects. But to start with we shall consider objects
just as a set of three-dimensional vertices and look at how these are transformed

in three-dimensional space using linear transformations.

Three-dimensional geometry in computer graphics — affine
transformations

dimensional affine transformations. These are

In this section we look at three-
shear and translation. Affine

the transformations that effect rotation, scaling,
transformations can be represented by a matrix, and a set of affine transforma-
tions can be combined into a single overall affine transformation. Technically we
say that an affine transformation is made up of any combination of linear trans-
formations (rotation, scaling and shear) followed by translation.

Objects are defined in a world coordinate system which is conventionally a
right-handed system. A right-handed and left-handed three-dimensional coordi-
nate system is shown in Figure 1.1. Right-handed systems are the standard math-
ematical convention, although left-handed systems have, and still are, used in
the special context of viewing systems in computer graphics. The difference
between the two systems is the sense of the z axis as shown in the figure.
Rotating your fingers around the 2 axis, from the positive x axis to the positive
y axis, gives a different z direction for your thumb depending on which system
is used.

It is sometimes convenient to define objects in their own local coordinate
system. There are three reasons for this. When a three-dimensional object
modelled it is useful to build up the vertices with respect to some reference point
in the object. In fact a complex object may have a number of local coordinate
systems, one for each sub-part. It may be that the same object is to appear many

times in a scene and a definition with a local origin is the only sensible way to

Figure 1.1

(a) Right-handed and

(b) left-handed coordinate
systemns.

(a)
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MANIPULATING THREE DIMENSIONAL STRUCTURES (3 )

set this up. Instancing an object by applying a mix of translations, rotation and
scaling transformations can then be seen as transforming the local coordinate
system of each object to the world coordinate system. Finally when an object is
to be rotated, it is easier if the rotation is defined with respect to a local reference
point such as an axis of symmetry.

A set of vertices or three-dimensional points belonging to an object can be
transformed into another set of points by a linear transformation. Both sets of
points remain in the same coordinate system. Matrix notation is used in com-
puter graphics to describe the transformations and the convention in computer
graphics is to have the point or vector as a column matrix, preceded by the trans-
formation matrix T.

Using matrix notation, a point V is transformed under translation, scaling
and rotation as:

V=V+D
V=SV
V=RV

where D is a translation vector and § and R are scaling and rotation matrices.

These three operations are the most commonly used transformations in com-
puter graphics. In animation a rigid body can undergo only rotation and trans-
lation, and scaling is used in object modelling. To enable the above
transformations to be treated in the same way and combined, we use a system
called homogeneous coordinates which increase the dimensionality of the
space. The practical reason for this in computer graphics is to enable us to
include translation as matrix multiplication (rather than addition) and thus
have a unified scheme for linear transformations. In a homogeneous system a
vertex:

Vix, ¥, 2)
is represented as
Viw-X, w-Y, w-Z, w)

for any scale factor w = 0. The three-dimensional Cartesian coordinate represen-
tation is then:

x=X/w
y=Y/w
z=2Zfw

If we consider w to have the value 1 then the matrix representation of a point is:

— N
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((4) MATHEMATICAL FUNDAMENTALS OF COMPUTER GRAPHICS

Translation can now be treated as matrix multiplication, like the other two trans-

formations and becomes:

V=TV

%! 100 Tx][x

yl = 010Ty y

z 001T.||z
0001 1

This specification implies that the object is translated in three dimensions by
applying a displacement T,, T, and T, to each vertex that defines the object. The
matrix notation is a convenient and elegant way of writing the transformation

as a set of three equations:

x=x+Tx
y=y+T
Z=z+T;

The set of transformations is completed by scaling and rotation. First scaling:

V=8V
S0 00

S'OS,VOO

10 0S80
0001

Here S, Sy and §; are scaling factors. For uniform scaling Sx = 5 = Sz otherwise
these axes for which the scaling factor is non-unity. Again

scaling occurs along
the process can be expressed less succinctly by a set of three equations:

x' = x5
Y=y
zZ =28

applied to every vertex in the object.
To rotate an object in three-dimensional space we need to specify an axis of

rotation. This can have any spatial orientation in three-dimensional space, but
it is easiest to consider rotations that are parallel to one of the coordinate axes.
The transformation matrices for anti-clockwise (looking along each axis toward
the origin) rotation about the x, y and z axes respectively are:

1 0 0 0

R. = 0 cosh -sin@ O
T 0 sin® cosB O
0 0 0 1

|
|
|
u
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MANIPULATING THREE-DIMENSIONAL STRUCTURES (5 )

[ cos 0 0 sing 0

0 1 0 0

R=|lsne 0 coso 0
. O 0 0 1)
[cos 8 —sin® O 0]

sin® cos 6 0 0

el 0 1 0
| O 0 0 1 -]

The z axis matrix specification is equivalent to the following set of three equa-
tions:

x'=xcosf-ysino

y=xsinB+ycos@

z'=z
Figure 1.2 shows examples of these transformations.

The inverse of these transformations is often required. T is obtained by
negating Tx, Ty and T.. Replacing S, S, and S, by their reciprocals gives - and
negating the angle of rotation gives R

Any set of rotations, scaling and translations can be multiplied or concat-
enated together to give a net transformation matrix. For example if:

1 B k

[ x X
JVr - M ¥
z z
L 1 L 1 e
and
2 P
yll = MZ yl
z z
L 1 [ 1]
then the transformation matrices can be concatenated:
M; = M> M,

=X

and
xl\
Yl=m
zZ zZ
1 1

Note the order: in the product M. M the first transformation to be applied is M.
Although translations are commutative, rotations are not and

RiR:=R: R
This is demonstrated in Figure 1.2(e) and 1.2(f).

Microsoft Ex. 1028 - Page 24 of 45




(6) MATHEMATICAL FUNDAMENTALS OF COMPUTER GRAPHICS

b
Il

(a) Identity @
[1 000 |
0100 1 \
\.0010 _F—-- F o o_
0001
(b) Z-axis rotation @T S
0.866 0.5 0 0 | |
0.5 0.866 0 0 |
o 0 10 o r;_
Lo o0 01 - ~ o C 1+ 4
() X-scale Fﬁﬁ;‘—;a —
2000 ‘
0100 . |
0010 [ F :
Looot ) g b i 4
(d) Translation ﬁ_f__———ﬂ
I3 0 0.2 ;
0102 |
0010 | - L ©
lo 001 F ©

(e) Rotation followed by translation

10027 [0866 05 0 0] [0866 05 0 2
0102 |-05 0860 0 0.5 0866 0 2 |-
0010 o o tofl o 0o 10 F
0001 o 0 01 o 0 01

(f) Translation followed by rotation

0.866 0.5 0 0 1002 0.866 0.5 0 2.732
-0.5 0.866 0 0 0102 _ -0.5 0.866 0 0.732 O 0
0 0 10 0010 0 o 1 0
0o 0 01 0001 0o 0 0 1
Figure 1.2 A general transformation matrix will be of the form:
Examples of linear
transformations. An An An Tk
An Am An Ty
An Az An T:

0 0 0 1

The 3 x 3 upper-left sub-matrix A is the net rotation and scaling while T gives

the net translation.
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MANIPULATING THREE-DIMENSIONAL STRUCTURES (7 )

The ability to concatenate transformations to form a net transformation
matrix is useful because it gives a single matrix specification for any linear trans-
formation. For example, consider rotating a body about a line parallel to the z
axis which passes through the point (Ty, Ty, 0) and also passes through one of
the vertices of the object. Here we are implying that the object is not at the
origin and we wish to apply rotation about a reference point in the object itself.
In other words we want to rotate the object with respect to its own coordinate
system known as a local coordinate system (see also Section 1.1.2). We cannot
simply apply a rotation matrix because this is defined with respect to the origin
and an object not positioned at the origin would rotate and translate - not
usually the desired effect. Instead we have to derive a net transformation matrix
as follows:

(1) Translate the object to the origin,
(2) Apply the desired rotation, and,
(3) Translate the object back to its original position.

The net transformation matrix is:

[1 0 0 -Tx cos -sin 0 0 1 00T,
1010 -Ty sme cosB 00 010T
e P TR 10 0010
[0 0 0 1 1 0001
[cos O —sin® O (-T.cos O+ Tysin 6+ Ty)
_|sin@ cos® 0 (Tysin®-T,cos8+T))
= 0 0 1 0
L6 © & 1
This process is shown in Figure 1.3 where 6 is 30°.
@ yb (b) y!
| P
) | - in building up =
F F ion of an object 4 X

2 ane of its own

The rotation is

an axis parallel to the
2 point (T,, Ty, 0). A
ional projection
Z axis coming out
paper) is shown for
{a) Original object at
0). (b) Translate to
(c) Rotate about
. (d) Translate to

scaling while T gives
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The graphics pipeline (1):
geometric operations ~

5.1 Coordinate spaces in the graphics pipeline
5.2 Operations carried out in view space
5.3 Advanced viewing systems (PHIGS and GKS)

( Introduction

The purpose of a graphics pipeline is to take a description of a scene in
dimensional space and map it into a two-dimensional projection on the vi
face — the monitor screen. Although various three-dimensional display
exist, most computer graphics view surfaces are two-dimensional, the most
mon being the TV-type monitor. In most VR applications a pair of projects
produced and displayed on small monitors encased in a helmet - a head-m¢
display, or HMD. The only difference in this case is that we now have a
two-dimensional projections instead of one — the operations remain the )
In what follows we will consider the case of polygon mesh models.

loosely classify the various processes involved in the graphics pipeline by
them into one of two categories — geometric (this chapter) and algor

Figure 5.1 . ’ . .
Athres.dimensional (Chapter 6). Geometric processes involve operations on the vertices of pol
rendering pipeline. transforming the vertices from one coordinate space to another or
Local coordinate World coordinate View space 3D screen
Space space space
Compose scene Hidden surface
Object Define view . Cull | removal
definition - reference > (lipto3D “7| Rasterization
Define lighting view volume Shading
Modelling View
transfor'mmion transformation
!
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COORDINATE SPACES IN THE GRAPHICS PIPELINE

polygons that cannot be seen from the view point, for example. Rendering processes
involve operations like shading and texture mapping and are considerably more
costly than the geometric operations most of which involve matrix multiplication.

A diagram representing the consecutive process in a graphics pipeline is
shown in Figure 5.1. From this it can be seen that the overall process is a pro-
gression through various three-dimensional spaces — we transform the object
representation from space to space. In the final space, which we have called
screen space, the rendering operations take place. This space is also three-dimen-
sional for reasons that we will shortly discover.

Coordinate spaces in the graphics pipe'line
Local or modelling coordinate systems

For ease of modelling it makes sense to store the vertices of a polygon mesh object
with respect to some point located in or near the object. For example, we would
almost certainly want to locate the origin of cube at one of the cube vertices, or we
would want to make the axis of symmetry of an object generated as a solid of revo-
lution, coincident with the z axis. As well as storing the polygon vertices in a co-
ordinate system that is local to the object, we would also store the polygon normal
and the vertex normals. When local transformations are applied to the vertices of an
obiject, the corresponding transformations are applied to the associated normals.

World coordinate systems

Once an object has been modelled the next stage is to place it in the scene that
we wish to render. All objects that together constitute a scene have their separate
local coordinate systems. The global coordinate system of the scene is known as
the ‘world coordinate system’. All objects have to be transformed into this com-
mon space in order that their relative spatial relationships may be defined. The
act of placing an object in a scene defines the transformation required to take
the object from local space to world space. If the object is being animated, then
the animation system provides a time-varying transformation that takes the
object into world space on a frame by frame basis.

The scene is lit in world space. Light sources are specified, and if the shaders
within the renderer function are in world space then this is the final transfor-
mation that the normals of the object have to undergo. The surface attributes of
an object — texture, colour and so on — are specified and tuned in this space.

Camera or eye or view coordinate system

The eye, camera or view coordinate system is a space that is used to establish
viewing parameters (view point, viewing direction) and a view volume. (A
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THE GRAPHICS PIPELINE (1): GEOMETRIC OPERATIONS

'

virtual camera is often used as the analogy in viewing systems, but if s
allusion is made we must be careful to distinguish between external came
rameters — its position and the direction it is pointing in — and internal
parameters or those that affect the nature and size of the image on tH
plane. Most rendering systems imitate a camera which in practice wou
perfect pinhole (or lensless) device with a film plane that can be positie
any distance with respect to the pinhole. However, there are other faci
computer graphics that cannot be imitated by a camera and because of &
analogy is of limited utility.)

We will now deal with a basic view coordinate system and the transfors
from world space to view coordinate space. The reasons that this space
after all we could go directly from world space to screen space, is that
operations (and specifications) are most conveniently carried out in vie
Standard viewing systems like that defined in the PHIGS graphics stane
more complicated in the sense that they allow the user to specify more :
and we will deal with these in Section 5.3. s

We define a viewing system as being the combination of a view co
system together with the specification of certain facilities such as a view"
The simplest or minimum system would consist of the following:

@ A view point which establishes the viewer’s position in world space:
either be the origin of the view coordinate system or the centre of pz
together with a view direction N.

@ A view coordinate system defined with respect to the view point.

® A view plane onto which the two-dimensional image of the
projected.

® A view frustum or volume which defines the field of view.

These entities are shown in Figure 5.2. The view coordinate system,
coincident with the viewing direction and ¥V and U lying in a plane pa
the view plane. We can consider the origin of the system to be the vie
The view plane containing U and V is of infinite extent and we specifs
volume or frustum which defines a window in the view plane. It is the!
of this window — the projection of that part of the scene that is containg
the view volume - that finally appears on the screen.
Thus, using the virtual camera analogue we have a camera that &
sitioned anywhere in world coordinate space, pointed in any direc
rotated about the viewing direction N.
To transform points in world coordinate space we invoke a change
‘ nate system transformation and this splits into two components: a
‘ one and a rotational one (see Chapter 1). Thus:

Xv Xw
v e

y = Tv!ew

Zy Zw

1 1
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0001 0O 0 0 1

The only problem now is specifying a user interface for the system and mapping

COORDINATE SPACES IN THE GRAPHICS PIPELINE

“\/‘7’

whatever parameters are used by the interface into U, V and N. A user needs to
specify C, Nand V. Cis easy enough. N, the viewing direction or view plane nor-
mal, can be entered say, using two angles in a spherical coordinate system - this

seems reasonably intuitive:
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Figure 5.3

The up vector V can be
calculated from an
‘indication’ given by V',

6 the azimuth angle
¢ the colatitude or elevation angle

where:

N, =sin ¢ cos 6
N, =sin ¢ sin 6
N.=cos ¢

V is more problematic. For example, a user may require ‘up’ to be the same se
as ‘up’ in the world coordinate system. However, this cannot be achieved

setting:
V=001

because ¥V must be perpendicular to N. A sensible strategy is to allow a use
specify an approximate orientation for ¥, say V' and have the system cal
V. Figure 5.3 demonstrates this. V' is the user-specified up vector. This is @
jected onto the view plane:

V=V -(V.N)N

and normalized. U can be specified or not depending on the user’s requiremes
If U is unspecified, it is obtained from:

U=NxV

This results in a left-hand coordinate system, which although somewhat in¢
sistent, conforms with our intuition of a practical viewing system, which
increasing distances from the view point as increasing values along the ¥
direction axis. Having established the viewing transformation using UVN n¢
tion, we will in subsequent sections use (xv, yv, zv) to specify points in the ¥
coordinate system.

54
2@ 2nd hidden space
(2) Culling
complete polygons
not be seen,

en surface removal
Wi the general
= polygons will
obscure others.
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ANTI-ALIASING THEORY AND PRACTICE

Figure 14.5

The effect of jaggies

is to rotate high energy
components onto the
horizontal and vertical axes
in the Fourier domain.

' 14.3

(a) Simulation of a perfect line (b) Fourier transform

(d) Fourier transform of &

(¢) Simulation of a jagged line

Sampling in computer graphics compared with sampling reali

Let us now return in more detail to the notion of sampling in the image p
In image synthesis what we are doing is performing, for each pixel, a num®
(sometimes very complicated) operations that eventually calculate, for
pixel, a constant value. Usually we calculate a value at the centre of the pixel
‘spread’ that value over the pixel extent.

We assume that, in principle, this is no different from having a conti
image in the view plane and sampling this with a discrete two-dimensional &
of sample points (one for each pixel). We say that this assumption is ¥
because we can approach such an image by increasing and increasing the &
ple resolution and calculating a value for the image at more and more poin€ 146
the image plane. However, it is important to bear in mind that we do not “ing, reconstruction
access to a continuous image in computer graphics and this limits and cos ati-aliasing in image
tions our approaches to anti-aliasing measures. Essing and image

In fact, both the terms ‘sampling’ and ‘reconstruction’ — another t& & (3) Imag;ﬁﬂagtt
borrowed from digital signal processing - are used indiscriminately and, we f& | .

=sis. () Anti-aliasing
somewhat confusingly in computer graphics, and we will now emphasize 2= capture.
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SAMPLING IN COMPUTER GRAPHICS COMPARED WITH SAMPLING REALITY

difference between an image processing system, where their usage is wholly
appropriate, and their somewhat artificial use in computer graphics.

Consider Figure 14.6 which shows a schematic diagram for an image proces-
sor and a computer graphics system. In the image processor a sampler converts
a two-dimensional continuous image into an array of samples. Some operations
are then performed on the digital image and a reconstruction filter converts the
processed samples back into an analogue signal.

Not so in image synthesis. Sampling does not exist in the same sense — the oper-
ations involved in assigning a value to a pixel depend on the rendering algorithm
used and we can only ever calculate the value of an image tunction at these points,

Reconstruction, in image synthesis does not mean generating a continuous
image from a digital one but may mean, for example, generating a low (pixel)
resolution image from an image stored at a higher (undisplayable) resolution.
We are not reconstructing an image since a continuous image never existed in
the first place. An appreciation of these differences will avoid confusion. (In real-
ity we do reconstruct a continuous image for display on a computer graphics
monitor, but this is done by fixed electronics that operate on the image pro-
duced in the framestore by a graphics program. A comprehensive approach to
anti-aliasing would need to take the transfer characteristics of the conversion
electronics into account but we will not do so in this text.)

To return to the problem of aliasing artefacts. Fourier theory tells us that alias-
ing occurs because we sample a continuous image (or the equivalent operation
in computer graphics) and we do not do this at a high enough resolution to cap-
ture the high spatial frequencies or detail in the image. The sampling theorem
states that if we wish to sample an image function without loss of information
then our (two-dimensional) sampling frequency must be at least twice as high as
the highest frequency component in the image.

Light Analogue Digital Digital Analogue

Real world Image —> Samples — Process || Reco.n- =

transducer struction
(a)
Geometric Rendering .
description system Digital
(b)

Analogue Analogue

Real world Anti-alissing | | | Tmage || | Samples |

filter transducer

(c)
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ANTI-ALIASING THEORY AND PRACTICE

So what does this mean in terms of practical computer graphics? Just &
we consider we are sampling a continuous image in the view plane with
of square pixels, then the highest frequency that can appear along a scan I

f=1/2d

where d is the distance between pixel centres.

Having fixed these concepts it is easy to see why anti-aliasing is so diffic
computer graphics. The problem stems from two surprising facts. There &
limit to the value of the high frequencies in computer graphics — we have alss
discussed this using the example of the infinite chequerboard — and there &
direct way to limit (the technical term is band-limit) these spatial frequencs

This is easily seen by comparing image synthesis with image capture thres
a device like a TV camera (Figure 14.6c¢). Prior to sampling a continuous
we can pass it through a band limiting filter (or an anti-aliasing filter).
frequencies that cannot be displayed are simply eliminated from the
before it is sampled. We say that the image is pre-filtered. In such systems
ing problems are simply not allowed to occur.

In image synthesis our scene database exists as a mathematical descriptios
as a set of points connected by edges. Our notion of sampling is inextrica
entwined with rendering. We sample by evaluating the projection of the s&
at discrete points. We cannot band limit the image because no image exists
can only define its existence at the chosen points.

14.4 Sampling and reconstruction

In Figure 14.3 we saw that provided the sampling theory is obeyed then recs
struction of the information from the samples is obtained by using a re
struction filter in the shape of a box. However, this is a Fourier doms
representation and in computer graphics all our operations have to take place
the space domain. Therefore the reconstruction process is convolution in
space or image domain. In computer graphics this implies (usually) filtering
rendered image in some way. If the rendered image was continuous then &
reconstruction filter would consist of a sinc function h(x, y) — which is the tra
form of the Fourier domain equivalent of a circular step function (Figure 147

NHe, v) Dhix, y)

and space domains.
(a) An ideal low pass
(multiplicative) filter H(u,v). i-‘/i-’/ < == Yo
(b) The equivalent -

(convolving) filter h(x,y). (a)

e 14.8

smparison of four
saches to calculating a
ie value for a pixel.

Figure 14.7
Ideal filters in the Fourier /
L
\\
P

(b)
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Image-based rendering and
photo-modelling

16.1 Reuse of previously rendered imagery — two-dimensional
techniques

16.2 Varying rendering resources
16.3 Using depth information
16.4 View interpolation

16.5 Four-dimensional techniques - the Lumigraph or light field
rendering approach

16.6 Photo-modelling and IBR

Introduction

A new field with many diverse approaches, image-based rendering (IBR) is diffi-
cult to categorize. The motivation for the name is that most of the techniques
are based on two-dimensional imagery, but this is not always the case and the
way in which the imagery is used varies widely amongst methods. A more accu-
rate common thread that runs through all the methods is pre-calculation. All
methods make cost gains by pre-calculating a representation of the scene from
which images are derived at run-time. IBR has mostly been studied for the com-
mon case of static scenes and a moving view point, but applications for dynamic
scenes have been developed.

There is, however, no debate concerning the goal of IBR which is to decouple
rendering time from scene complexity so that the quality of imagery, for a given
frame time constraint, in applications like computer games and virtual reality
can be improved over conventionally rendered scenes where all the geometry is
reinserted into the graphics pipeline whenever a change is made to the view
point. It has emerged, simultaneously with LOD approaches (see Chapter 2) and
scene management techniques, as an effective means of tackling the dependency
of rendering time on scene complexity.
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IMAGE-BASED RENDERING AND PHOTO-MODELLING

We will also deal with photo-modelling in this chapter. This is related
image-based rendering because many image-based rendering schemes
designed to operate with photo-modelling. The idea of photo-modelling i
capture the real-world complexity and at the same time retain the flexib
advantages of three-dimensional graphics.

‘15-_1 Reuse of previously rendered imagery - two-dimensional
techniques

We begin by considering methods that rely on the concept of frame cohere
and reuse of already rendered imagery in some way. Also, as the title of
section implies, we are going to consider techniques that are essentially
dimensional. Although the general topic of image-based rendering, of cou
itself implies two-dimensional techniques there has be some use of the de
information associated with the image, as we shall see in future sections.
distinction is that with techniques which we categorize as two-dimensional 3
do not operate with detailed depth values, for example, a value per pixel.
may only have a single depth value associated with the image entity as is imp
by visibility ordering in image layers (see Section 16.2.2).

A useful model of an image-based renderer is to consider a required in
being generated from a source or reference image — rendered in the normal %
- by warping the reference image in image space (Figure 16.1). In this section §
shall consider simple techniques based on texture mapping that can exploit
hardware facilities available on current 3D graphics cards. The novel appros
here is that we consider rendered objects in the scene as texture maps, consi
a texture map as a three-dimensional entity and pass it through the graph
pipeline. The common application of such techniques is in systems where
viewer moves through a static environment.

To a greater or lesser extent all such techniques involve some approximatis
compared with the projections that are computed using conventional te
niques and an important part of such methods is determining when it is valid$
reuse previously generated imagery and when new images must be generated.

2D 2D
Reference Required
image Warp image
Rendering -
process
Figure 16.1
Planar imposters and image IBR as a process that produces an image by warping

warping. areference image
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@3 Using depth information

Three-dimensional warping

As we have already mentioned, the main disadvantage of planar sprites is #
they cannot produce motion parallax and they produce a warp that is @
strained by a threshold beyond which their planar nature is perceived.

We now come to consider the use of depth information which is, of cou
readily available in synthetic imagery. Although the techniques are now g
to use the third dimension we still regard them as image-based techniques in
sense that we are still going to use, as source or reference, rendered images al
augmented with depth information.

Consider, first, what depth information we might employ. The three ¢
monest forms in order of their storage requirements are: using layers or sps
with depth information (previous section), using a complete (unsegmen:
image with the associated Z-buffer (in other words one depth value per pis
and a layered depth image or LDI. An LDI is a single view of a scene with mu
ple pixels along each line of sight. The amount of storage that LDIs require
function of the depth complexity of the average number of surfaces that proj
onto a pixel.

We begin by considering images complete with depth information per p&
— the normal state of affairs for conventionally synthesized imagery. It is i
itively obvious that we should be able to generate or extrapolate an image
new view point from the reference image providing that the new view point
close to the reference view point. We can define the pixel motion in image spa
as the warp:

I(x, y) = I'(x', ¥)

which implies a reference pixel will move to a new destination. (This is a sing
statement of the problem which ignores important practical problems that
shall address later.) If we assume that the change in the view point is speciis
by a rotation R = [ry] followed by a translation T = (Ax, Ay, Az)" of the view c@
dinate system (in world coordinate space) and that the internal parameters
the viewing system/camera do not change — the focal length is set to unity — th
the warp is specified by:

(rix + riay + ra)Z(x, y) + Ax
(raX + )y + ra)Z(x, ) + Az

7

_ (rax # oy + 1) Z(x, y) + Ay
Y= s ray + ris)Z(x, y) + Az

= 16.7
- “r==-dimensional warp it
ated from rotation R

“anslation T applied tc
#=w coordinate system

where:

Z(x, y) is the depth of the point P of which (x, y) is the projection.
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USING DEPTH INFORMATION

This follows from:

L Ay i y'

¥ T
where (xv, yv, zv) are the coordinates of the point P in the new viewing system.
A visualization of this process is shown in Figure 16.7.

We now consider the problems that occur with this process. The first is called
image folding or topological folding and occurs when more than one pixel in
the reference image maps into position (', y’) in the extrapolated image (Figure
16.8(a)). The straightforward way to resolve this problem is to calculate Z(x', ')
from Z(x, y) but this requires an additional rational expression and an extra Z-
buffer to store the results.

McMillan (1995) has developed an algorithm that specifies a unique evalua-
tion order for computing the warp function such that surfaces are drawn in a
back-to-front order thus enabling a simple painter’s algorithm to resolve this vis-
ibility problem. The intuitive justification for this algorithm can be seen by con-
sidering a simple special case shown in Figure 16.9. In this case the view point
has moved to the left so that its projection in the image plane of the reference
view coordinate system is outside and to the left of the reference view window.
This fact tells us that the order in which we need to access pixels in the reference
is from right to left. This then resolves the problem of the leftmost pixel in the
reference image overwriting the right pixel in the warped image. McMillan
shows that the accessing or enumeration order of the reference image can be
reduced to nine cases depending on the position of the projection of the new
view point in the reference coordinate system. These are shown in Figure 16.10.
The general case, where the new view point stays within the reference view win-
dow divides the image into quadrants. An algorithm structure that utilizes this
method to resolve depth problems in the many-to-one case is thus:

A (X Y, 2w)
/‘)/
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Figure 16.8

Problems in image warping.
(a) Image folding: more
than one pixel in the
reference view maps

into a single pixel in the

extrapolated view. (b) Holes:

information occluded in the
reference view is required

in the extrapolated view.

(c) Holes: the projected area
of a surface increases in the
extrapolated view because
its normal rotates towards
the viewing direction.

(d) See Colour Plate section.

16.9
wew point translates
i=ft so that the
===on of the new view
© n the image plane
reference view
Sinate system is to the
oF the reference view
. .. The correct
===sing order of the
w=nce pixels is from righ

o8

" Reference Extrapolated ™.
P view view

=
Reference Extrapolated \‘\\
A view view ;k,\\
(b)
™ . Extrapolated
view
\ N A \\
\ /] \4 N \\
\ /] 7
Reference \—\_J—\ r 7 %
view \\\ / ,/
\[ /
A
(¢) \V

(1) Calculate the projection of the new view point in the reference coordinz
system.

(2) Determine the enumeration order (one out of the nine cases shown &
Figure 16.10) depending on the projected point.

(3) Warp the reference image by applying Equation 16.1 and writing the ress
into the frame buffer.

The second problem produced by image warping is caused when occluded are
in the reference image ‘need’ to become visible in the extrapolated image (Figus
16.8(b)) producing holes in the extrapolated image. As the figure demonstrate
holes and folds are in a sense the inverse of each other, but where a determir
tic solution exists for folds no theoretical solution exists for holes and a heus
tic needs to be adopted - we cannot recover information that was not there
the first place. However, it is easy to detect where holes occur. They are simp
unassigned pixels in the extrapolated image and this enables the problem to !
localized and the most common solution is to fill them in with colours fre

= 16.10
wsuzlization of McMillan”,
ty algorithm indicating
correct processing orde
* function of view point

for nine cases (after
Silan (1995)).
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Figure 16.9 A
The view point translates \
1o the left so that the 1€ \
projection of the new view / \ “\,‘
“point in the image plane foA
of the reference view / \ \
coordinate system is to the / ‘\ \
=ft of the reference view / A
‘window. The correct
‘processing order of the
=ference pixels is from right
D left. ‘
i New view point 8 <—————— ¥ Reference view point

‘Warped Reference image
image

Processing order

neighbouring pixels. The extent of the holes problem depends on the difference
between the reference and extrapolated view points and it can be ameliorated by
considering more than one reference image, calculating an extrapolated image
from each and compositing the result. Clearly if a sufficient number of reference
images are used then the hole problem will be eliminated and there is no need
for a local solution which may insert erroneous information.

A more subtle reason for unassigned pixels in the extrapolated image is appar-
ent if we consider surfaces whose normal rotates towards the view direction in

e 2

D e |

polated

he reference coordinas

e nine cases shown =

.1 and writing the res:

|
L
|

sed when occluded ares
trapolated image (Figus
the figure demonstrat
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s for holes and a heurs
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—
—_ =
A
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e

e 16.10

alization of McMillan's
algorithm indicating
B correct processing order =7 I o
# function of view point
ston for nine cases (after

Projection of new
view point in the
image plane of
reference view point
—motion in ¥

Projection of new view point in the image plane
illan (1995)). of the reference view point — motion in x
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16.11
ges=entation of a
¢ depth image (LDI).

the new view system (Figure 16.8(c)). The projected area of such a surface
the extrapolated image plane will be greater than its projection in the referé
image plane and for a one-to-one forward mapping holes will be produced.
suggests that we must take a rigorous approach to reconstruction in the i
polated image. Mark et al. (1997) suggest calculating the appropriate dimen:
of a reconstruction kernel, for each reference pixel as a function of the %
point motion but they point out that this leads to a cost per pixel that is gre
than the warp cost. This metric is commonly known as splat size (Chapter
and its calculation is not straightforward for a single reference image
depth only for visible pixels. (A method that stores multiple depth values §
pixel is dealt with in the next section.)

The effects of these problems on an image are shown in Figure 16.
(Colour Plate). The first two images show a simple scene and the correspong
Z-buffer image. The next image shows the artefacts due to translation (only
this case these are holes caused by missing information and image folding.
next image shows artefacts due to rotation (only) - holes caused by increass
the projected area of surfaces. Note how these form coherent patterns. The f
image shows artefacts caused by both rotation and translation.

Finally, we note that view-dependent illumination effects will not in ge
be handled correctly with this simple approach. This, however, is a problem t&
is more serious in image-based modelling methods (Section 16.6). As we
already noted in image warping we must have reference images whose
point is close to the required view point.

Layered depth images (LDIs)

Many of the problems encountered in the previous section disappear if o
source imagery is in the form of an LDI (Shade et al. 1998). In particular we cas
resolve the problem of holes where we require information in the extrapolaté
image in areas occluded in the source or reference image. An LDI is a thre
dimensional data structure that relates to a particular view point and which sam
ples, for each pixel, all the surfaces and their depth values intersected by the ra
through that pixel (Figure 16.11). (In practice, we require a number of LD
to represent a scene and so can consider a scene representation to be fous
dimensional — or the same dimensionality as the light field in Section 16.
Thus, each pixel is associated with an array of information with a number of ele
ments or layers that is determined by the number of surfaces intersected. Eac
element contains a colour, surface normal and depth for surface. Clearly th
representation requires much more storage than an image plus Z-buffer but th#
requirement grows only linearly with depth complexity.

In their work Shade et al. (1998) suggest two methods for pre-calculating LDIs
for synthetic imagery. First, they suggest warping n images rendered from differ
ent view points into a single view point. During the warping process if more
than one pixel maps into a single LDI pixel then the depth values associates
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16.14
shing between

Up to now we have considered techniques that deal with a moving view Qi view:
stion. In (a), using

and static scenes. In a development that they call view morphing Seitz and gard (morphing)
(1996) address the problem of generating in-between images where nos Bk of linear
transformations have occurred. They do this by addressing the approxins weiation produces
implicit in the previous section and distinguish between ‘valid’ and ‘non #hape deformation
in-between views. s e atter Ky

View interpolation by warping a reference image into an extrapolated i “::hmg Den

afferent objects — it

proceeds in two-dimensional image plane space. A warping operation is just “mes part of the effect)
— it changes the shape of the two-dimensional projection of objects. Clear e interpolated (or
interpolation should proceed so that the projected shape of the objects in Mimied view) is consisten
erence projection is consistent with their real three-dimensional shape. In ¢ Qect snape.

. ! : i “mam=sy of Steven Seitz.)
words, the interpolated view must be equivalent to a view that would be ge
ated in the normal way (either using a camera or a conventional grag
pipeline) by changing the view point from the reference view point to that ¢
interpolated view. A ‘non-valid’ view means that the interpolated view does:
preserve the object shape. If this condition does not hold then the interpok
views will correspond to an object whose shape is distorting in real th
dimensional space. This is exactly what happens in conventional image me
ing between two shapes. ‘Impossible’, non-existent or arbitrary shapes occu
in-between images because the motivation here is to appear to change one of
into an entirely different one. The distinction between valid and invalid %
interpolation is shown in Figure 16.14.

An example where linear interpolation of images produces valid interpo
views is the case where the image planes remain parallel (Figure 16.
Physically, this situation would occur if a camera was allowed to move pa
to its image plane (and optionally zoom in and out). If we let the combi
viewing and perspective transformations (see Chapter 5) be V, and V; for
two reference images then the transformation for an in-between image can
obtained by linear interpolation:

Vi=(l-5) Vo+sV,

View morphing

If we consider a pair of corresponding points in the reference images Po and

which are projections of world space point P, then it is easily shown (see S¢
and Dyer (1996)) that the projection of point P from the intermediate (interg
lated) view point is given by linear interpolation:

Pi=Po1-5)+ Pis
= ViP

In other words linear interpolation of pixels along a path determined by pi
correspondence in two reference images is exactly equivalent to projectis
the scene point that resulted in these pixels through a viewing and projects
transformation given by an intermediate camera position, provided para

views are maintained, in other words using the transformation V;, which wou!
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Distinguishing between
valid and invalid view
interpolation. In (a), using
 standard (morphing)
pproach of linear
nterpolation produces
gross shape deformation
this does not matter if we
e morphing between

wo different objects ~ it
ecomes part of the effect).
3) The interpolated (or
porphed view) is consistent
mith object shape.

Courtesy of Steven Seitz.)

1 moving view poiss
phing Seitz and Dy
ges where non-rgs
g the approximat
ralid’ and ‘non-vah

n extrapolated ims
operation is just
»f objects. Cleariy =
the objects in the
sional shape. In o
that would be ge=
onventional gragss
'w point to that &
solated view doss
then the interpai
torting in real &
ntional image mas
itrary shapes oo
1 to change one
ralid and invalis

1ces valid interpois
arallel (Figure %
owed to move &
" we let the coms
be Vo and V. &
between image &

ence images P &%
easily shown ‘s
‘intermediate -

th determined
juivalent to ¢
viewing and g
tion, provides
nation V;, wiss

VIEW INTERPOLATION

LN/~

T

T

IR N\

TN

kl\\\\\\\

|

(a)

Virtual Cameras

4
Morphﬁd View

(b)

be obtained if Vo and Vi were lineatly interpolated. Note also that we are inter-
polating views that would correspond to those obtained if we had moved the
camera in a straight line from Co to Ci. In other words the interpolated view
corresponds to the camera position:

Ci = (sCy, SC,, 0)

If we have reference views that are not related in this way then the interpolation
has to be preceded (and followed) by an extra transformation. This is the general
situation where the image planes of the reference views and the image plane of
the required or interpolated view have no parallel relationship. The first trans-
formation, which Seitz and Dyer call a ‘prewarp’, warps the reference images so
that they appear to have been taken by a camera moving in a plane parallel to
its image plane. The pixel interpolation, or morphing, can the be performed as
in the previous paragraph and the result of this is postwarped to form the final
interpolated view, which is the view required from the virtual camera position.
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Figure 16.15

Moving the camera from Co
to € (and zooming) means
that the image planes
remain parallel and P, can
be linearly interpolated from
Py and P, (after Seitz and
Dyer (1996)).

Figure 16.16

Prewarping reference
images, interpolating and
postwarping in view
interpolation (after Seitz
and Dyer (1996)).

Ro (reference
. Image)
R

T

Reference image L

Reference image

A simple geometric illustration of the process is shown in Figure 16.16. Here
and R are the references images. Prewarping these to Ro' and R:' respectivel
means that we can now linearly interpolate these rectified images to produce
This is then postwarped to produce the required R;. An important consequen
of this method is that although the warp operation is image based we requi
knowledge of the view points involved to etfect the pre- and post-warp tran
formations. Again this has ramifications for the context in which the metho

i Ry (reference
image)

‘ =

-

v} oo
[ ! (2 @

Three-step transformation
sequence
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FOUR-DIMENSIONAL TECHNIQUES - THE LUMIGRAPH OR LIGHT FIELD RENDERING APPROACH

used, implying that in the case of photographic imagery we have to record or
recover the camera view points.

The prewarping and postwarping transformations are derived as follows. First,
it can be shown that any two perspective views that share the same centre of pro-
jection are related by a planar projective transformation - a 3 x 3 matrix
obtained from the combined viewing perspective transformation V. Thus R, and
R, are related to Ro' and Ry' by two such matrices Tp and T). The procedure is
thus as follows:

(1) Prewarp Ro and R; using Ty and T~ to produce Ry' and R'.
(2) Interpolate to calculate R/, Ci and T.
(3) Apply T;to R/ to give image R..

Four-dimensional techniques — the Lumigraph or light field
rendering approach

Up to now we have considered systems that have used a single image or a small
number of reference images from which a required image is generated. We have
looked at two-dimensional techniques and methods where depth information
has been used - three-dimensional warping. Some of these methods involve pre-
calculation of a special form of rendered imagery (LDIs) others post-process a
conventionally rendered image. We now come to a method that is an almost
total pre-calculation technique. It is an approach that bears some relationship to
environment mapping. An environment map caches all the light rays that arrive
at a single point in the scene - the source or reference point for the environment
map. By placing an object at that point we can (approximately) determine those
light rays that arrive at the surface of the object by indexing into the map. This
scheme can be extended so that we store in effect an environment map for every
sampled point in the scene. That is, for each point in the scene we have knowl-
edge of all light rays arriving at that point. We can now place an object at
any point in the scene and calculate the reflected light. The advantage of
this approach is that we now minimize most of the problems related to three-
dimensional warping at the cost of storing a vast amount of data.

A light field is a similar approach. For each and every point of a region in the
scene in which we wish to reconstruct a view we pre-calculate and store or cache
the radiance in every direction at that point. This representation is called a light
field or Lumigraph (Levoy and Hanrahan 1996; Gortler et al. 1996) and we con-
struct for a region of free space by which is meant a region free of occluders. The
importance of free space is that it reduces the light field from a five-
dimensional to a four-dimensional function. In general, for every point (x, Y, Z)
in scene space we have light rays travelling in every direction (parametrized by
two angles) giving a five-dimensional function. In occluder free space we can
assume (unless there is atmospheric interaction) that the radiance along a ray is
constant. The two ‘free space scenes’ of interest to us are: viewing an object from
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