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Abstract:

In three-dimensional photorealistic rendering, one of the most commonly used projection models is the
camera model. Unfortunately, its complexity often makes it difficult to generate satisfactory pictures.
Therefore we developed a system which allows the user to specify where or how the displaying objects
should appear on the target screen. From this information, our program calculates the best possible
position of the imaginary camera. This position can be supplied to any of the existing
software/hardware camera transformations, which then displays the desired pictures. This system is an
effective method to help the graphics programmer generate three-dimensional images.
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ABSTRACT

In three-dimensional photorealistic rendering, one of the most commonly used
projection models is the camera model. Unfortunately, its complexity often makes
it difficult to generate satisfactory pictures. Therefore we developed a system which
allows the user to specify where or how the displaying objects should appear on
the target screen. From this information, our program calculates the best possible
. position of the imaginary camera. This position can be supplied to any of the existing
software/hardware camera transformations, which then displays the desired pictures.
This system is an effective method to help the graphics programmer generate three-

dimensjonal images.




CHAPTER 1

THE BASICS OF THE CAMERA MODEL

Overview of Projections

Comparing the two-dimensional viewing process to the three-dimensional, one can
readily realize that the latter is significantly more complex. For example, in two
dimensions the wview port a,cts- as a simple window which can be moved around in
the two-dimensional world. This means that any given point in the two-dimensional
world coordinate system transforms into an image point in view port coordinates by
a simple translation. ‘

In three dimensions, however, the view port acts differently. Instead of cutting oﬂt
a flat slice of the three-dimensional world as in two dimensions, the view port displays
a projected two-dimensional image of the objects located in a threé-dimensional space.
Simulating the projection of ﬁhe three-dimensional space on.to the two-dimensional

view plane is the heart of three-dimensional visualization. There are a number of

projections available:

o Parallel projections




— Oblique
* Cabinet (30° or 45;)
* Cavalier (30° or 45°)
-— Orthographic
* Top, Froﬁt, Side view
* .Is.ometric

o Perspective projections

~ One-point perspective
— Two-point perspective

~ Three-point perspective

In three-dimensional visualization, the .most‘ cqmmonly used viewing model is the
three-point perspective projéction; or in fashionable terms, the hcaﬂhmem model. With
a real-life camera, people genera.]l& take pictures and in doing so they perfqrm a three-
point perspective projection of the outside world (world space ) onto a two-dimensional

celluloid surface (view plane).




Figure I: Perspective Projection

A Special Case

Most of the projections can be easily described by linear mathematical models.
The camera transformation turns out to be rather complex, however, unless one uses
a “nice” setting of the camera in the world coordinate system. For instance, if the
camera is located at the origin of the coordinate system and it is looking in the
direction of the z-axis and the screen is d units away with its center sitting on the
z-axis (See Figure 1), then the transformation can be described by a (4x4) matrix

using homogeneous coordinates:

0 0 O
I 0 O
o I 0 (n
0 I

OOO

I/d

assuming column vectors. The simple calculation that results in this matrix can be

found in [1] (Chapter 6.4.).
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Unfortunately, this is a very special case and it is easy to realize that the position

of the camera can be pla,ce& arbitrarily. Its position has ten degrees of freedom:

o location (3)

o

reference direction (3)

[+

up direction (3)

o

field of view (1).

The position of the screen is given by d. There is a simple relationship between the

field of view (¢) and d:

d = —w/2cot($/2) (2)

where w is the width of the screen (See Figure 2).

_ The General Case

The reference direction identifies the points at which the camera is looking. After
the camera’s location and reéference direction are fixed, it can still pivot around the
reference direction. Once the up direction is chosen, the camera can no longer pivot
around its axis, thus its position has been fully specified. The parameters camera
location, reference direction and up direction can be represented by the vectors cam,

ref and up, respectively. The field of view is historically denoted by ¢.
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In the ébove mentioned special case, these vectors have the following values:

cam = (0,0,0) (3)
ref = (0,0,-1) (4)
up = (0,1,0) _ (5)

Note that }'efz = —1 means that a right-handed coordinate system is used.

Solution for the General Case

Performing the perspective transformation for the general case—which is an affine
" transformation from three di¥nensions to two dimensions with fixpoint cam—is rather
complicated algebraically. There is. ‘a better way to find the projected point on the
screen. |

Given the tra,_:asformation matrix for the perspective projection in the special case,
it is obvious that if the general case can be reduced to the special éase, the problem
is solved. This reduction can easily be performed by transforming the original cam,
ref and up vectors into something similar to the vectors given in (3), (4) and (5),
respectively.

The assumption that all three vectors have unit lengths is not much restriction. In

the general cases however, the ref and up vectors are not necessarily perpendicular




cam

cam

World space View space

Figure 2: Transformation from World Space to View Space

to each other. This means that the transformed up' vector has the following form:

up' = (Qupy,up'z) (6)
In other words, only its projection to the screen will be truly vertical.
The transformation from world space (Si) to view space (S:) is linear and isometric.
It can be constructed from a single translation and a single rotation. The translation
is very simple to define. It takes the position of the camera in Si to the origin of
This means that the translation is —cam. The rotation can be calculated based on

the above described facts:

e ref transforms into (4)

e up transforms into (6)



The transformation matrix using homogeneous coordinates and column vectors:

I r2 r3 0 "l 0 0 —camx
U fx Ufy Ufz 0 o | o —carriy
M =
~refx -refy —>8 , o 0 0 I —camz: (7)
0 0 0 I .0 0 0 |
or after performing the multiplication:
n r2 r3 —camx T1 —camy T2 —camz 3
M U fx Ufy Ufz —camx Ufx —camy upy camz Ufz
—f'.’e/\ -refy ~refz ctivL,. refx + camy refy + camz refz (8)

0 0 0 |

where
T = wpyrefz - upzrefy
r2=ufzrefx - ufxrefz 9)
ra = ufxTefy - upyrefx

The calculation can be found in [2].



CHAPTER 2

A “RULE-BASED” SYSTEM

The Problem

Although the above described ten adjustable parameters do not comprise a large
system, it 1s large enough for the average graphics programmer to be often intractable,
or at least confusing.

Typically the programmer defines a set of surface elemen’gs, which, in turn, form
a number of objects. The objects are placed in world space in some fashion. The
programmer has definite knowledge about the position of these objects, as well as

about the picture he/she would like to see. Unfortunately, finding the best com-

_promise for the camera position based on the conditions imposed by the user is not

trivial. Calculating the camera position is usually a complex process, therefore most
programmers simply approximate the desired result. To ease this process, a program
was developed by the author which allows the user/programmer to specify a set of
“desires” for which the best possible answer is calculated.

The system described in [2] offers a solution to this problem, but for a few restricted

cases only. Because of its limitations, it addresses only a very few-of the needs of




9.
users. Here are a few of the problems with this system:
o the nﬁmber of objects included in the constraints is only two
o the constraints are very restricted in order to have a closed solution
o in each case the user has to provide some information about the camera

The system described in this paper does not require much information about the
camera, only the field of view, and a distance in the last discussed case. Instead
of providing the up vector, the user can specify some view space information, like

orientation or location in view space.

Subrule Prototypes

First, one can choose a simple set of subrules. The subrules deal with the location
and the orientation of the objects in the sceme. They simply define a relationship
between the original and the transformed object. The location and the orientation of
an ob, ject is given in the simplest possible way. The center of the object is considered

3

to be the location, the direction of the primary axis to be the orientation of the object.

The First Subrule

The first subrule is based on the location of the center of an object (p). The

assumed transformation associates a point (v) in view space with the point p. Since
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screen

Figure 3. Perspective Projection in View Space

the user contemplates in screen coordinates rather than in view space coordinates,
the user’s choice defines a line instead of a certain point in view space. The line is
easy to determine since it crosses the origin and the user specified screen location
s = [sx,sYy,—tu/2 cot(<">/2), 1]T. Thus the line can be given as:

t sx

t Sy

—t w/2 cot(<">/2)
I

v(f) =

This subrule can be given in the following closed form:

M p-v(f)=0 (H)

The problem is the parameter t. To specify this parameter, the program in [2]

uses the additional information of distance. The author chose a different way.
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The Second Subrule

The second subrule deals with the orientati'on of the object. The user is allowed to
specily the desired orientation of an object on the screen. Two different approaches
can be taken.

First, we can assume that the orientation on the screen is the same as in view
space. This means that the original orientation vector (wo) transforms into the vector
(Sso)—when appiying the rotation of the transformation only—which is parallel to the
screen. Thus s,, = 0.

The other possibility is to assume that the chosen orientation is the projection of
the real orientgtion. 'I?'this case the orientation lies in a plane which fits the z-axis
and the user-se_lecteq orientation vector.

There can be a maximum. of two orientations selec—ted.

The equation generated by this rule can be written as:
Rwo — So = 0 (12)

where R comes from M = TR.

The Loose Interpretation

In this case the desired orientation vector lies in the plane created by the z-axis ‘

and the user-defined vector s,. The equation of the plane is:

oy y=0 (13)

T
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The orientation vector is:
t 8z

_ | tsy
Vo = 2 (14)
1

The parameters ¢ and z can be determined from the constraints between the subrules.

The equation generated by this rule can be written as:

Rwo — vo(z,t) =0 ' (15)
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CHAPTER 3

‘SOLVING THE EQUATION SYSTEM

Generating Equations

The equation system is a certain combination of the equations (11), (12) and (15).
It can be written as:

f(%) =0 (16)

where Z is the correct solution.

The equation (11) transforms into the following set of equations:

M11Pe + MiaPy + Myap, + Mg — v, = 0 (17)
M31Px + MaaPy + Maap, + Moy —vy =-0 (18)
M31Pz + M3aapy + Mazp. + Mag —v, = 0 (19)

The equations (12) and (15) transform into the following set of equations:

Mi1Woz + M12Wey + M13Woz — Voxr — 0 ' (20)
" Mo Wop + Ma2Woy + MazWe, — Voy = 0 (21)

M3z1Woz + m32woy + M33Wez — Vpoz = 0 (22)
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As we saw above, the parameter ¢ is undefined when the user selects a subrule
dealing with location. In order to determine the value of ¢, one needs to obtain some

further information in certain cases.

Three Locations

In the program described in this paper, the user can specify the location of up to
three objects on the screen. Since the transformation M is isometric, the distance
is preserved. This means that the distance between two vectors in world space must
be equal to the distance between the two corresponding transformed vectors in view
space:

Ip2 = pa|[* = [[ve — vi|? ‘ (23)

In the case of three locations, there can be three equations like (23) written, which
is sufficient, since there are only three unknowns. Note that using squared-norms

instead of simple norms saves the square-root operation. (23) is equivalent to the

following:
£ (5% + 83y + (—w/2 cot(¢/2))?) +
+t% (85, + 85, + (—w/2 cot(¢/2))2) —
—2 1t (sis 5jo+ 81y 83y + (~w/2 cot(§/2))") —df; = 0 (24)
where

di; = |Ipi — pjl| (25)
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The equation system constructed from equations like (24) can be solved by the

non-linear equation solver as described below.

Two Locations, One Orientation

When the user specifies two locations and one orientation, the number of unknown
parameters is only two. (24) can be written for the distance between the two locations.

The other equation can be generated after the fact that the dot-product of two vectors

is preserved through the transformation M, since M is isometric. Thus the following

must hold for M:

ts) — va(t - -
va(ta) — vi( 1)‘ Vg = P2 — P1 W (26)
|lva(ta) — va(t1)]] |lp2 ~ p1l :
Expressing the £ dependencies:
ty (S20Voz + S2yVoy) — t1 (S10Vor + S1yVoy) — Wo + (P2 — P1) = 0 (27)

Equations (24) and (27) provide a fully determined equation system for ¢; and £,

which can be solved by the non-linear equation solver as described below.

One Location, Two Orientations

In this case there is no way to specify the value of ¢ in (11). Therefore one can
simply set it to an arbitrary value, or the user can choose a suitable value. Note that
in this case the angle between the two orientation vectors is preserved; therefore, one

cannot choose two arbitrary orientations. Because of this, the first orientation chosen
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by the user is interpreted as a strict orientation, the second is as a loose orientation.

Geometrically this means the following:

o the second orientation lies in the plane which fits the user defined orientation

and the z-axis

o the length of the second orientation must be equal to 1, since the distance is

preserved and the given orientation in world space has unit length

Summarizing the above statements mathematically:

W1-Wy = V13-V (28)
o bl = 1 o
Uy = 1 Say _ '~ ' (30)
U3z = 1 82, | ' (31)
(28) can be written as:’
vra(520) + Vrg(s2yt) + v15(825) — W - W5 = 0. (32)

Note, that v;, = 0. Therefore ¢ can be expressed from (32):

t= W2 (33)

Viz S22 + ViyS2y

Knowing t, vs, can be calculated from (29), (30) and (31):

V32 = /1 — (5208)2 — (524t)? (34)
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Three Orientations |

In this case three orientations should be specified. Since the distance and angles

are bresérved, the third orientation is either redundant or contradictory. Therefore

this case should be omitted.

The Non-Linear Equation System Solver

The non-linear equation system that provides the solution to the problem consists

of the nine equations generated by the three chosen subrules. The 12 variables in

the transformation matrix M are not independent, however. The interdependencies

between the variables are described by (9).

equation system, which is then non-singular.

Solving this equation system can be done by the generalized Newton-method. The

These three equations complete the

Newton-method in the one-dimensional case uses the slope of the observed function

to approximate it. In n-dimensions the gradient is used instead. The gradient is

described by the Jacobian matrix:

- 0fi(x)/0z,
0f2(x)/0zy

J(x)=1f'(x) =

0fn(x)/ 024

0f1(x)/0zn
0fa(x)/0n,

O0fu(x)/0n

(35)
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The linear approximation of the function f is:
dx = J7!(x) f(x) (36)

which is an n-dimensional linear equation system, that can be solved by Gaussian

elimination. The solution to this is the displacement of the next guess:

Xnew = Xold + dx (37)

Singularities

(26) describes how the dot-products are preserved for the case of one orientation
and two locations. In order to be able to satisfy this condition the following inequality

must hold:

82 — 81 P2 — P1

R N = T .w 38
sz —sall ™ 7 llp2—pal| °° )

In other words: the angle between the line through the two desired screen locations
and the desired orientation must be less than or equal to the corresponding angle in
world space. Otherwise no solution can be obtaiped.

(28) describes a similar relationship between the relative position of the two ori-
entations. It states that the relative positions of the two orienta.tions are maintained
through the transformation. To be able to satisfy this condition the following in-
equality must hold:

Wol - Wo2 < So1 * So2 (39)
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CHAPTER 4

CONCLUSIONS

The goal of this system is to help the graphics programmer generate satisfactory
three-dimensional images. This system is somewhat more involved ;chan the one
described in [2] and provides solutions for situations which are more likely to occur.
The subrules dealing with locations turned out to be more useful than the ones which
deal with orientations, although the orientation subrules are quite useful, too.

The system currently runs under X-windows, but it would not be too difficult to
make it system independent. The reason for X-windows was only testing purposes.

The actual run-time of the calculation was not more than 0.5 seconds. This makes
the program more convenient to use.

User-friendliness was an important issue in designing the system. Testing results
show that it allows users to specify the constraints quite easily.

Generality could have been improved some. One can say that there are essentially
three cases the program deals with. But one should also mention how powerful these

cases are.
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CHAPTER 5

FUTURE ENHANCEMENTS

The Newton-method do'es not have a conVergence.criterion. Therefore the so-
called Line Search method needs to be implemented for robust operation. Throughout
careful testingv howevgr, the iteration always converged.

One possible different approach could be to allow the user to specify an overde-
termined system. In this case -the'system would generate all possible three-member
combinations of the set of equations and would solve all of these. The solution with
the least squared error would be the final solution.

Another possible approach is to use a neural network to find the optimum solution
(best fit). The Hopfield network looks the most promising to do this.

A compeletely différent approach could be an expert system, .Which would use set
priorities between the subrules. The subrules should be somewhat more abstract

more approaching the user’s Way of thinking.
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