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ABSTRACT

In the physcd world, humans gather vauable information about objects through
their sght. Information on shape, fed and compostion are seen long before the object is
touched. This information is generated by light reflecting off the surface of objects.
Despite the advancement of computer graphics due to increased hardware rendering
capacity, the fundamental equations, which draw three-dimensond scenes, lack the
ability to truly modd redidic objects Whether it is smooth like highly polished metd or
rough like the shag of a carpet, it is the reflection of light that tells humans what a surface
feds like. The atempt taken in this thess to implicitly modd the roughness of textured
aurfaces through examination of an explicit modd rendered with the OpenGL lighting
equation.  This gpproach has the potentid to successfully increese the redism of
computer grgphics without increesng polygon count required for explicit surface
generation.  Through smulaion of an explicitly congtructed rough surface followed by
the andyss of the behavior of its reflected light, the initid behaviors of textured surface
reflections are identified.  While these behaviors are not enough to create corrections to

the OpenGL lighting equation, they lay the foundation for further development.
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INTRODUCTION

Untl a medium is created to display red three-dimensond images, three
dimensona graphics must continue to be presented through a two-dimensond medium.
The true nature of three-dimensond graphics can then only be portrayed through
interaction.(Moller, p.122) This same interaction is used to turn monocular cues into
depth perception in the physica world. More specific data about object themsdves can
be extracted than smply postiond information. This information can be gleamed from
the manner in which light is reflected from an object as the viewpoint changes. It is in
the reflection from an object that we can see its texture.

Capes ae an excdlent example for illudrating the behaviors of illuminated
textured surfaces. Figure 1 shows how a slk carpet that has both a textured and shiny
surface can reflect light in completely different ways from oppodte viewpoints. Al
carpets have a specific direction in which the threads lay. The gpparent brightness of the
capet dgnificantly changes by ether pointing the light source into or away from the
thread lay. However, if this same example was attempted in computer graphics program
as a two-dimensond image, the image would appears exactly the same regardless of the
position of the viewpoint.



Into the threads Perpendicular View Along the threads

Figurel: Exampleof Red World Textured Surface Reflection

In the red world, the laws of physcs determine how object reflect light. In
computer graphics, it is the rendering equations ingde graphics libraries, like OpenGL
and DirectX, which atempt to recreaste these same reflections. If graphics libraries
ignore an important part of the laws of physics, than they can hardly hope to accurately
recregte it.

A. PROBLEM DEFINITION

Current graphics libraries do not intrindcally modd rough surfaces. Much of the
gppearance of objects in the red world is a result of ther textured surface reflecting light.
In order for current graphics libraries to mode redidic surfaces, they have to explicitly
build the textured surface with a complex polyhedron. An accurately represented rough
surface would require millions of individud polygons. This amount radicaly increases
as the surface area or texture detail represented increases. Despite bresk-neck speeds

found in today’ s computers, it is ill not feasible to modd rough surfaces explicitly.
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An dternative to modding rough surfaces explicitly is to develop a method for
characterizing rough surfaces based on their interactions with light.  Surfaces composed
of relatively few polygons which reflect light as if they were rough, would then be able
to render redigtic images a a fast enough frame rate to support scene interaction which is
essentia for redism.

This thesis will attempt to add intringc rough surface capability to OpenGL in the
form of a correction component to its lighting modd. To accomplish this task, the
reflective behaviors of various computer generated rough surfaces will be examined
through the devedlopment of a rough surface smulation program. The correction will
atempt to quantify the difference in behavior between that of a smooth surface, which
OpenGL aready models quite well, and a textured surface.

Thisthesis will explore rough surface reflection using the following method:

1) Smulate a rough surface reflecting light via an explicitly computed generated
textured model

2) Reflected light is captured, measured and recorded
3) Andyzethe datafor principle behaviors

The result will be the definition of a term for a correction to the OpenGL

rendering equation that will serve as afirg-order gpproximation for rough surfaces.

B. APPLICATIONSIN COMPUTER GRAPHICS

Interactive 3D computer graphics suffer from a cartoon-like fed which is a direct
result of graphics libraries falure to implicitly render textured surfaces. All surfaces
reflect light with the same reflective behavior regardiess of the intended compostion of
the surface or object.  The redlism of graphics largely depends on the lighting and how
its behaviors matches those found in the red world. Redism is ether gained or logt when
computer graphics incorporate motion or interaction. It is easer to see the strengths or
weaknesses of the lighting modd when the viewer can look and move around. The
observation that a rough object is reflecting light incorrectly may not necessarily be a

conscious one, but it will detract from the redism of the scene.
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Plugging the capability to modd rough surfaces into a graphics library results in
scenes where shiny surfaces can eadlly be disinguished from rough ones. This produces
scenes that are more naturd and redidic.  Adding this functiondity increases the
complexity of the lighting modd, thus dowing it down. The redism which is ganed
with the better lighting modd may be log if the frame rate dows down too much.
Therefore, the computationa nature of the correction must dso be lightweight.



.  BACKGROUND

The human ey€'s perception of color, when looking a a surface in the physicd
world, depends on the didribution of photon energies that arrive and trigger the ey€'s
cone cdls. Those photons originate from one or many light sources, some photons are
absorbed and some of which are reflected by the surface.  Additiondly, different surfaces
have very different reflective and absorption properties — which is to say tha a shiny
surface tends to reflect light in a specific direction, while a dull surface tends to scatter
incoming light equaly in al directions. Mog surfaces are somewhere in between. (Woo,
p.177)

Objects in the red world dl reflect light differently. Useful information about
ther size, shape and compostion can be gathered from their appearances. The
gppearance of an object is a function of the how the object’s surface reflects light from a
paticular light source. More specificaly, it is the texture of the reflecting surface tha
determines its appesrance when illuminated.  This texture, which is redly a rough
surface, provides redism to objects. It is this same texture that is missng from objects
rendered by computer graphics, thus limiting the perceived redism of the scene
presented.

Without the ability to fed the texture on an object, our Sght is the only means
available to determine if an object is smooth or rough. In this way, perhgps a concept
developed to understand objects gppearing beyond our reach, can be used to increase the
realism of computer graphics. Like space, computer graphics renders objects we can see,
but not touch.

The scentific community has dudied a phenomenon known as the opposition
effect, which it uses to describe the behavior of light reflected from astronomica bodies.
The same idess that are the basis for the opposition effect can aso be applied to a more
generd case; rough surfaces.  Importing oppostion effect behaviors into computer

graphicsis areasonable method for smulating red three-dimensiond textured surfaces.



Because this thess will atempt to correct the OpenGL lighting equation by using
an agpproximation of the oppogtion effect to mode rough surface reflections, it is
necessary to define the oppogtion effect and how it reaes to the OpenGL lighting
equation.

A. DEFINING ROUGH SURFACE REFLECTIONS THROUGH THE
OPPOSITION EFFECT

The oppostion effect describes why rough surfaces reflect light differently from
gmooth surfaces. It is the generd assumption that a smooth surface with no refractive
index will have an exodus angle equa and in a direction oppodte to the incident light.
That is to say, that a smooth reflective surface, that has no tranducent depth, will reflect
light away from the source a an equa angle. Rough surfaces, on the other hand, tend to
reflect light back towards the light source.  The oppostion effect describes the
fundamentd principles of complex surfaces reflecting light.

The oppostion effect derives its name from the fact that astronomica bodies
agopear a therr brightes when the phase angle, which is the angular difference between
the incidence and view angle, is zero for solar-system objects at astronomica opposition.

Fgure 2 illugtrates the idea of phase-angle.

ﬂ?/iﬁ?b Surface Normal N
ﬁﬁﬁ \- . A Hfﬁ
\\{}d A
x\_‘?@ 2, P
4
E f\ Phase-Angl %gv/%
-\\\ ,_,-*‘ J.:ggi
R 8 &
Retlective Surface ™. Q"

Figure2: Phase Angle Diagram
6



Planets, moons, etc, within the solar system are a astronomica opposition when the sun,
the earth and the object are in that particular aignment. This effect can be observed on
earth from an arplane as a bright hao around the shadow of the plane when the shadow
fdls on vegetaion or soil. This hdo typicdly disappears on worn pavement or other

man-made surfaces for reasons that will be discussed later.

1. History of the Opposition Effect

Sediger (1887, 1895) firgt discovered the oppostion effect when examining the
light scattered by Saturn’srings. He correctly explained the phenomenon by stating that,

In a medium in which the particdes are large when compared with
the wavdength, particles near the surface cast shadows on the deeper
grans. These shadows are vishle a large phase angles, but close to zero
phase-angle they are hidden by the object that cast them. Thus, the effect
may only be thought of as being caused by shadow hiding. (Hapke, p.217)

The moon's surface is conddered a reflectivey rough surface.  Apollo astronauts, while
on the surface of the moon, captured an example of light reflected by the oppostion
effect and is shown in Figure 3. A didinct hao can be seen around the shadow of the
adronaut’s head in Figure 3. This hdo is the result of the sun's rays reflected in a
specific direction.



On the Moon's Surface Overhead on a Space Walk

Figure 3: Photos Of The Opposition Effect On The Moon

It is important to note that the light source, in this case the sun, is behind the astronauts
taking the photos and not in front. The light from the sun is predominantly being
reflected back and is brightest when the phase angle is near zero. This is the opposte of
what happens on a smooth surface. The Sze of the hao is defined by the surface's
reflective angular hdf width, its angular hdf-width, which is unique property of every
rough surface. The angular hdf-width is a function the shininess of the rough surface;
the more shiny it is, the smdler the haf-width.

An additiond effect heps define the shape of the reflected light. Aress in the
photo that have bright spots intermixed with visible shadows appear less bright even
though those bright spots are just as intense as indde the hdo. As the viewpoint rises
above the incidence angle, the reflected light intengty dims.  This is the same as looking
a the bottom of the fird photo in Figure 3. This dimming is a result of shadows,
previoudy hidden in the rough cavities of the moon's surface, now becoming vishble.
The dements of shadow-hiding are illugtrated in Figure 4 and is one of the principle parts
of the opposition effect.




£
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Figure4: lllugraion of Shadow Hiding
Computer graphics must incorporate these effects if they are to render rough or
textured surfaces.

2. Defining Reflectance M odels

It is more practica to tak about scenes in terms of reflectance models which are a
light source and illuminated surface par. Reflectance modds dlow specific definition of
the scene pair. The reflective behavior of the scene does not remain condarnt.
Identification of the specific reflectance modd best illudrating the oppostion effect will
ensure proper development of a computer graphics smulation model.

The concept of reflection can be divided into components based on a surface's
characteristic behavior to emit or scatter light. Bruce Hapke coins the terms reflectance
and reflectivity, both terms referring to the fraction of incident light scattered or reflected
by a materid. Reflectivity refers to the specular type reflections produced by smooth
aurfaces.  Reflectance, on the other hand, refers to the more diffuse type reflections
produced by geometricdly complex surfaces. (Hapke p.182) While other types of
reflection modds exids, the reflectance modd is best suited for modding the oppostion
effect becauseit is created to describe the scattering of light by rough surfaces.



There are many kinds of reflectance, depending on the geometry of the surface.
It is important to qudify this defining teem so that ther meaning is unambiguous. In
current terminology, reflectance is preceded by a par of adjectives describing the degree
of collimation of the light source and then that of the detector. Collimation describes
how pardld or draght the rays of a particular light source are.  Typicdly directional,
conical and hemispherical are used to describe the levd of collimation. If the case is
such that the adjectives describing both source and detector are the same then the prefix
bi- is subdtituted. Hence, a directiona-directiond reflectance modd is then cdled a bi-
directiond reflectance model. (Hapke, p.182)

a) Directional Reflectance

Directiond reflectance is best portrayed by sunlight on a cloudless day;
hence being unfiltered or un-reflected light. The sun is conddered a directiond light
source since its rays sub-tend less than 0.5° on earth’'s surface.  In practice, this yields
shadows the same size as the casting object when the sun’s rays are perpendicular to the
earth’'s surface, therefore no actua shadow would be visble around the object. A camera
whose lensisfocused & infinity is an example of adirectiona detector.

b) Hemispherical Reflectance

Hemispherical reflectance is the oppodte of directiond reflectance.  Due
to multiple scattering and reflections, the rays of light no longer hold any particular
direction. As the sun’s rays pass through a cloud layer, the rays are scattered and produce
a glowing light source. This is demondrated by the seeming lack of shadows on a cloudy
day.

c) Conical Reflectance

Conicd Reflectance is the combingtion of both directiond and
hemispherical reflectance.  In redlity, al messured reflectances are bi-conical due to the
fact that no naturdly occuring reflectance can be ether perfectly collimated, nor diffuse.
However, many gtuations in naure are sufficiently cdose to collimated or diffuse for

those models to be used as useful approximations.
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3. The Bi-Directional Reflectance M odel

A modd that attempts to gpproximate the opposgtion effect must account for
shadows. This requires a directiona light source.  Additiondly, because the effect is
better seen a longer distances, a directional detector is dso required. A modd
connecting the light incident from one direction with the light observed from another
direction is cdled a bi-directiona reflectance model. Such a modd is best suited to
mode the opposition effect.

4. The Bi-Directional Reflectance Function

The bi-directiond reflectance function, or BDRF, is the implementation of the bi-
directiond reflectance modd. The function will include the mahematicd dgorithm by
which the lighting reflections are cadculated. The BDRF can be thought of as a black
box, which takes a series of parameter (incidence, viewpoint, roughness, etc...) and
yiddsalight intendty vaue.

B. AN ALTERNATIVE METHOD FOR MODELING ROUGH SURFACES
IN COMPUTER GRAPHICS

Another gpproach, which is widely viewed as the mogt accurate to date, seeks to
incorporate microscopic rough surfece reflection effects through a datistical/micro-facet
modd. While not explaining the specifics of the modd, a modd developed by Cook and
Torrance, uses a linear combination of the ambient, diffuse and Specular
components.(Watt, P.58) The specular component of their modd is based on the Fresnd
Equation for reflections off a pefect suface, and then modified by a geometry
atenuaion term and a datisticd micro-facet teem.  This modd is gmilar to the Phong
modd in that it only modeds reflections from a directiond light source.  Specificaly, this
modd was developed to improve the specular reflection off a highly polished meta
surface, which they assume is not a pefectly flat surface, but rather a nearly flat faceted
surface.  Cook and Torrance's model also takes on a more physicaly based approach by
deding with light as wave energy and not smply geometric lines. In ther modd, it is
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possble to increase the roughness of a shiny surface by increasng the geometry
attenuation term, which controls the diffuse light emitted from the surface
Unfortunatdly, this modd does not affect the angular direction of the specular reflection
lobe, which this thess believes is necessay to accurady modd rough surface
reflections.  This modd is redly better suited for modding the subtleties of shiny
surfaces than the reflective behaviors of textured surfaces.  Furthermore, this shows that
in addition to OpenGL’s deficiency, Cook and Torrance€s methodology is dso
insufficient for correctly modeling rough surface reflective behavior.

C. MODELING THE OPPOSITION EFFECT IN COMPUTER GRAPHICS

Having described why the oppostion effect is a good method for describing
reflection behaviors of rough surfaces, and why a BDRF is the gppropriate mode
dructure, it is now important to describe why the OpenGL graphics library should be
used to smulate the modd.

OpenGL is the most popular red time rendering modd, and is dso amilar in form
to the extensble VRML lighting modd. The mgority of computer graphics cards
produced have hardware accelerators specificaly designed to implement the equations
defined by the OpenGL modd. OpenGL captures al of the characteristic components of
reflected light; emission, ambient illumination, and diffuse and specular reflectivity.
Currently, OpenGL is capable of modding light reflections from a facet or a flat surface
comprised of a single polygon. A textured surface is comprised of many such facets. In
order to produce the reflective behaviors of a textured surface, the surface must explicitly
have these facets in order to dlow OpenGL to make dl lighting caculations. OpenGL as
of yet, does not contain the ability to create the lighting effects in one polygon as if tha
polygon was comprised of many polygons. However, OpenGL’s wide use in computer
graphics and its open source accesshility makes it a good choice for smulating the

opposition effect with a polyhedron.
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1 The OpenGL Lighting Model

The OpenGL lighting modd approximates light as if it can be broken into its
primary component colors, red, green and blue. The color of a light source is
characterized by the amount of red, green, and blue light it emits. The materid of a
surface is chaacterized by the percentages of the incoming red, green, and blue
components that are reflected in various directions. (Woo p.177)

In the OpenGL modd, light sources have effects only when there are surfaces
configured to absorb or reflect that particular color of light. Each surface is composed of
a materid with various propeties. Maerids are able to emit ther own light (such as
headlights on an automobile), scatter incoming light in dl directions (such as sdewak
made of concrete), or it might reflect some portion of the incoming light in a particular
direction (such as a mirror or other shiny surface). Materids may adso take on a

combination of attributes, dlowing for amultitude of posshilities.

The OpenGL lighting modd condders light to be divided into four independent
components ambient, diffuse, specular, and emissve.  All four components ae
computed independently and then added together. These four components can be
corrdlated with the components mentioned in the reflectance sections. Both directiond
and hemispherica light sources can be used ether singularly or as a group. Depending
on how the light sources and reflecting materids are configured, different types of
reflectance models can be smulaed. The bi-directiond reflectance modd can be
dmulated in OpenGL by using directiond lights and surfaces with primarily diffuse and
Specular components.

It is important to remember tha the OpenGL lighting equations are just
goproximations and do not capture every behavior of light in the physcd world.
However, the modd does work fairly wel and, more importantly to computer graphics, it
can be computed quickly and efficiently. If a task required a more accurae lighting
mode, then the cdculations would have to be pushed up to the software levd. Such

software can be enormoudy complex, and draméticaly dow down graphics rendering.
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2. TheLight Source/ Reflecting Body Interaction

OpenGL'’s lighting modd follows a two-part paradigm, the light source and the
reflecting/absorbing-body pair.  In order for a light interaction to exis, the light source
and reflecting body must be parameterized to dlow for such an interaction. If a red light
source is paired with a body that reflects only blue or green, then the body will not be
vigble The same holds true for the specular and diffuse characteristics. A reflecting
body must be given ambient, diffuse or specular properties to be able to reflect light.
Changing how an object's materid interacts with light dters an its appearance.
Furthermore, an object’'s material composition can be observed through its dynamic
interaction with light.

3. The Components of the Reflective Light According to OpenGL

Reflected light is far more complex than its light source. Because of the variety
of surfaces that dl reflect light differently, the mode must be broken down into severa
sub-components.  Since  objects in  computer graphics have no physcd or tactile
properties, the only means of which an observer can determine their compostion is
through their gppearance. Careful sdlection of an object’s reflective properties is the only
way to reay this level of detail. The reflective properties are broken down into three
parts. ambient, specular, and diffuse. The OpenGL modd aso includes emissive light;
however because this is property of the light source and not of reflecting body, it will be
not be addressed heregfter.

The remaning three components that comprise the lighting equation dl have a
common axiom, in that each component has a light source and reflective surface pair.
Without both parts of the pair, the component does not visudly exig.

a) Ambient Component

Ambient illumination is light that has been scaitered so much by the
environment that its direction is impossble to determine — it seems to come from al
directions. Back lighting in a room has a large ambient component, since most of the
light that reaches your eye has firsd bounced off many surfaces Rooms lit by ambient
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illumination tend to have lamps that reflect light off severd surfaces before being
viewable. This produces a uniform glow in the room. In OpenGL, ambient light
intengty is independent of incidence angle and viewpoint. Therefore, it is not useful to
include ambient light in the rough surface modd.

b) Diffuse Component

The diffuse component is light that comes from one particular direction,
however far enough away 0 that its light rays are padld. The result is light that is
brighter if it drikes squardy down on a surface than if it Strikes a surface a a glancing
angle.  Once directiond light drikes a surface, it is scattered equaly in al directions.
The levd of brightness remains condtant regardless of the view angle, so as long as the
surface is viewable.  Any light coming from a particular postion or direction most likey
has a diffuse component.

c) Specular Component

Like directiona light, specular light aso comes from a paticular
direction, but tends to reflect off the surface in a preferred direction.  If a laser beam,
which is composed of highly collimaed light, is reflected off a high-qudity mirror, it
produces an dmost pefect specular reflection.  Shiny metds or plagics have a high
Specular component, where as chak or carpet have dmost none. The leve of shininess
that the materia exhibits drives the width of the specular reflection

D. APPLYING THE OPENGL LIGHTING EQUATION

Now that the OpenGL lighting equation has been identified as the proper tool for
gamulaing the oppostion effect, it is important to take a closer look a the workings of
the equation and why it is goplicable to smulaie a red world effect. As mentioned
before, light in OpenGL is broken into three components. red, green and blue. In
OpenGL, each pixd carries an intensity vaue, ranging from 0 to 255, in each of the three
colors. An extenson of the Phone Lighting modd, shown in Figure 5, is used to caculate
each color component. Mathematicaly, it is given by the following equation:
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N ree=T(UV) * {m Ja + m+ myJs max(1x,0) +mJs [max(sn,0)]%}

Figure5: Phong Lighting Equation (Bui- Tong)

In this equation, T(u,v) deds with texture coordinates and is not particularly
influentid as a reflecting property. J, J, and X are the normdized ambient, diffuse and
gpecular light intengties, and have vaues ranging from 0 to 1. my, m, my, and m are the
ambient, emissve, diffuse, and specular color intengties of a given object and range from
0 to 255. These intengities can be thought of as potentid reflectiveness for each property.
z is the shininess parameter and ranges from O to 128, which determines the angular haf-
width of the specular reflection lobe.  Findly, the light vectors, I, n, and s, are defined
respectivdly as the incidence, surface norma and the reflection vectors.  Figure 6
illugrates the interactions of the lighting model on asmple suface.
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Figure6: Geometric definitions associated with the OpenGL lighting model
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1 OpenGL Lighting Equation Limitations

This lighting equaion quditatively captures the geometric behavior of emisson
and reflection from a surface. There is no direct mapping between units in the physica
world and the OpenGL lighting equation, but this does not preclude the light equation
from being a vauable tool with which to smulate behaviors found in the red world. The
deficiencies of the equation must be kept in mind to prevent incorrect assumptions from
being made. These deficienciesinclude:

Non-linear color intengity summeation
Non-physicaly based parameters

No opposition or self shadow effect
Statigtica two-dimengond texture function

Despite these limitations, the OpenGL lighting eguation is a good darting point
for a semi-empirical surface-rendering model, because it gpproximates the reflection

from asingle flat homogeneous surface facet with reasonable accuracy.

2. The Principle Basisof the OpenGL Equation

Even though there are severd areas where the OpenGL equation attempts to
mode different light interactions in the physcd world, this thess will focus on the
intengty of a sngle pixd which has been illuminated by an incident light. Therefore,
severa components of the lighting equation will be held condant so as to not affect the
reflection modd. This eiminaes the emissve term, and turns the texture parameter into

aconstant.

The term pixel is used to represent both the detector dement, which makes a
measurement of the reflected light, and the emissve dement, which generates the visud
energy seen on a computer monitor.  For both an ided messurement and for the display
gysem, the pixd is dmply two Sdes of the same aea.  The same light pattern that is
measured should be viewed by an observer with no difference.  This is to say that the
virtua redity scene should visudly be no different from the actud scene.
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The mathematica definition of the BDRF function is.

NR,G,B = BDRF* |R,G,B
Where:

|R,G,B - Input nght Intensity
BDRF — Bi-directiond Reflectance Function

A dngle BDRF, which pardlds the OpenGL lighting equation, is expressed in
terms of physicd parametersis given by:

BDRF = ri/p +{r 1+ z) [max(sn,0)]*/ [4pcos(i)]}
Where:

r| - Lambertian reflectivity
Is - Specular reflectivity.

(Watt, p.24)

This particular form is the bass by which surfaces ae characterized in the
OpenGL lighting modd. It is a function of three parameters. Lambertian reflectivity,
specular reflectivity, and shininess. These three parameters relate directly the bi-
directiond reflectance mode of the facets we hope to use as individud eements in our
smulation of the opposition effect.

This equation can be physcdly interpreted by going back to the two fundamenta
mechanisms by which light interacts with a surface. The Lambertian term corresponds to
light that is absorbed and uniformly re-emitted. There is no viewpoint angular
dependency in the Lambertian term since the re-emisson is isotropic; meening light is
reflected equdly in dl directions (Webster) The Lambertian portion of the BDRF is
identica to OpenGL’s diffuse light component.

The specular term represents light reflecting from a surface as a whaole in the form
of a wave. Specular reflection is a function of reflection geometry and the index of
refraction, which is known as the Fresnd coefficient ¢ ). (Wedey, p.24) For most solid

18



aurfaces, this coefficient is treated as congtant. However, for more accurate models or
models that attempt to handle liquid surfaces, this coefficient itself would be afunction.

3. Visual Effects of the OpenGL Lighting Components

The Lambertian and specular components result in two different lighting effects,
but both are important parts in modeding rough surface reflectance.  The light intengty of
the Lambertian component is independent of view angle  Therefore, the Lambertian
component provides a surface with an unchanging light intendty as long as the light
source does not change postion. This unchanging light source can be interpreted as a
glow that is cast by the surface.

The specular component is the light of the source seen “through” the surface. For
a pefectly fla shinny surface (i.e a mirror which has a very large shininess vaue) the
imege appears to be indde the surface. Instead of the uniform digtribution given by the
Lambertian component, the specular component defines a narrow lobe.  As the surface
becomes rougher and the shininess vadue decreases, the reflecting lobe becomes wider.
Despite the change in width of the reflecting lobe, the reflected color intensty remans
the same vaue as the source. It is important to note that the reflection of the specular
component is driven by the reflection geometry, which so far only consgders smooth

surfaces.

4, The OpenGL Bi-Directional Reflectance Function

The OpenGL BDRF works best when scaing permits many pixd dements to
represent a sdngle polygon and that polygon represents only one flat homogeneous
aurface.  Computer grephic artists creste impressve images by remaining within these
condraints. Polygon sze can be decreased, thus increasing the number which represents
a given aea, in order to accommodate more complex materids and/or geometric
aurfaces.  Unfortunately, as the polygon count incresses, the pixd-to-polygon raio will
eventually decrease to the point where one pixel represents more than one polygon. The
This is best illustrated when computer objects are viewed up close and then moved into
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the distance. The same object can now be represented with fewer pixels. An dgorithm
of one type or another must be incorporated to properly represent multiple polygons with
one pixels in order maintain the object’'s correct appearance when viewed a long
disances. Hence, the experienced computer graphic artist can create modes that
minimize negative affects that appear as a result of combining polygons. Adding the
implicit correction for rough surfaces would reduce the number of polygons needed, thus
reducing these undesirable effects.

E. SUMMARY

In order to enhance the redism of computer gragphics, we must extend the
OpenGL BDRF modd to accommodate more complex reflection effects while not
dragticdly dowing down its rendering process. This extenson can be accomplished
through a correction to the lighting mode which models behavior smilar to that
exhibited by the oppogtion effect. Handling this extenson implicitly will mantan the
high frame rate required for redidic interaction Adapting OpenGL for this interaction
will result in the addition semi-empirical corrections to its BDRF in order to improve its
accuracy.
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1. EXPLICIT ROUGH SURFACE MODELING AND
SIMULATION

Computer grgphics can be used to modd the behavior of light reflecting off
asurfaces by modeing the texture of red surfaces with many amdl facets. The vdidity of
the output depends on the number of polygon’s representing the surface and the accuracy
of which each facet is rendered. OpenGL, which has a credible modd for representing
ample light interactions, can be used to cdculate light reflected from a single facet. The
gppearance of the textured surface will be the sum total of caculations of each and every
facet’'s reflection. However, OpenGL is only a part of the process, an entire Smulation

program must be written to build, manipulate and measure such a surface.

In order to smulate and andyze rough surfaces in computer graphics, desgn and
development of software tools is necessary. This chapter will discuss the considerations
that have gone into the desgn of the rough surface smulator, including the choice of
programming language, the architecture of the tool's dgorithm, and findly the rough
aurface itsdf.

A. DESIGNING THE ROUGH SURFACE SSMULATOR

Various computer programs and tools are currently available that support the idea
of modeling rough surfaces in a computer environment. Many computer languages have
imbedded libraries that support three-dimensond grephic devdopment. Despite the
atractiveness of higher-level tools that produce extremey redidic images, ther
rendering engines are not open source, thus preventing the levd of ingpection and
interaction that this thesis requires. Open source dgorithms are particularly important
when trying to understand and vdideate the output of the modd!.
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1 Base Line Assumptions

Before the desgn and devdopment of any todl, it is imperative to establish the
expectations of the program. The smulaor is built with the following assumptions in
mind:

a) Incorporate a Bi-Directional Reflectance Function Model

The oppostion effect requires that a BDRF modd be implemented in the
gmulator. This requires that the characterigtics of the light source be the same as those of
light infinitdly far away; that is, they must be collimated light. Additiondly, the detector,
in the case of the amulaor the viewpoint, must have a focd view of infinity to prevent
any warping or bending of light rays as they are collected. These requirements can be
met will exigting components of OpenGL lighting modd.

b) Provide Variability to the Rough Surface

Capturing the behavior of a rough surface goes beyond smply varying the
incidence and viewpoint angles. True understanding of the behaviors requires examining
different types of rough surfaces. The amulator should alow basc manipulation of the
surface, enabling some surface variahility.

c) Provide an Experimental and Control Model

All properly formed scientific experiments require tha a control be
edablished dongsde the experiment. Even though this experiment is entirdy insde a
computer, a scientific approach is dill gpplicable. In this case, the control will be a sngle
polygon the sze of the rough surface. All facets in the rough surface will inherently have
the same diffuse and specular reflective properties as the control surface. Therefore, if
the parameters of the rough surface are set such that the surface becomes smooth, then
the output of the smulation should maich the output of the control surface. This will dso
enable comparison of the rough surface modd to OpenGL’'s current capability, which
will be implemented in a control surface.
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2. Using Java & Java3D (OpenGL Variant)

The purpose of the smulator is to creste rough surface reflection behavior
through moddling the oppostion effect with many facets each of which is rendered with
the OpenGL graphics library. While it is possble that another graphics library will yield
results smilar to those from OpenGL, it would be ingppropriate to modify the OpenGL
lighting equation based on those results  Therefore, this narrows the sdection of a
programming language to one that supports the OpenGL library.

Severa languages support the OpenGL graphics library for 3D programming.
Two of the more commonly used languages are C and Java3D. Each language has strong
and wesk points. The C language has been around much longer than Java 3D and has
been used in indusry on many projects. It dlows for in-depth control of the lighting
model as well as providing fager results. Java 3D is Sun Microsystems variant of the
network-based Java language. It is a stronger typed and dructured language than C,
making for streamtlined programming. Unfortunately, Java3D does not benefit from the
level of cartification resulting from repeated use in industry that C offers.

Teking that dl points into consderation, the Java 3D language was sdlected
to develop the smulation tool for three reasons:

The OpenGL Architecture Review Board (ARB) has award to Java3D the

rights to bear its trademak, dgnifying the vdidaion of the library
implementation.

Java by naure is a plaform independent language therefore, the
expectation is tha differing hardware will have no impact on program
output. This was tested and proven correct on computers usng different
graphics cards.

By nature Java is an esse language to decipher, thus dlowing other

researchers continuing the development the smulator, thus extending its
software lifecycle.

3. Program Design

The purpose of the smulation program is to measure the light intendty reflected

from a rough surface a various incidence and view angles. The reflecting surface is a
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rough surface explicitly condructed by macroscopic polyhedrd sructure. The  light
source and capture instrument are collimated as specified by the BDRF modd.

The gmulation program will generate two surfaces of the same materid
compogtion, light source and cepture device  The reflective digributions of both
surfaces measured from dl possble viewpoint eevation and azimuth angles.  This will be
accomplished by orbiting the capture device over the surface dong a specific azimuth.
When that orbit is completed, the capture device will be rotated a predefined azimuth
increment, and then orbited again. This will repested, until the entire surface has been
measured. Fgure 7 illudrates this dgorithm for measuring the reflective didribution of a

surface.

JAN

v\/

Elevation

Figure 7: Illugration of Rough Surface Smulation Program
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To accomplish the purpose of the smulator program, the program will require
direct interaction with the graphics card's buffers. It will be ussful for multiple surfaces
of different characteristics to be rendered and measured at the same time, thus requiring
the program to manipulate and control multiple threads. Graphics User Interface (GUI)
front ends are required, snce the smulator should dso offer some leve of interaction for

user-defined surface ingpection.

To accomplish an automated process of measuring a given rough surface with a
goecific incidence angle over dl view angles the following dgorithm has been
devel oped:

Both Experiment & Control scene graphs render anew frame.

Execution threads for scene grephs are paused and wait for image
capture routines to compl ete execution.

Image capture routine pulls information from buffers and notifies
scene graphs to resume.

Rendered light intengty values for frame are cdculated and written to
database.

Thread control increments devation/azimuth rotation.

Start process over again.

Figure 8 is a graphicdly flow diagram of this process, and highlights interaction

management that must occur for proper automation to occur.
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Figure8: Fow Diagram for Rough Surface Smulator

4, Developing the Rough Surface

The key to smulaing a rough surface is to accuratdy build the undulations of a
surface from many smdl polygons. Each geometric detall contributing to the overdl

surface roughness is modded by many smal polygons. In order for the smulator to

measure how different types of rough surfaces reflect light, the polyhedrons must be
congtructed for easy manipulation.
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a) Basic Geometric Building Block

The gmulator provides a means to examine the reflection behaviors of
rough surfaces. This thesis atempts to capture these behaviors, and modify OpenGL’s
lighting components such that the behaviors can be didilled into a texture form. A key
eement in the texture concept is that the rough surface behavior must be uniform and
congructed from a single maerid if it is to replace many polygons with only one.  This
uniformity requires a surface congructed from smple objects, which combine to produce
a rough surface.  Defining this requirement further, the uniqueness is achieved through

repetitive use of one geometric object.

The smplest object is a pyramid.  Fird, it has no curves. Its four-sided
base lends to easy grouping and organization. The dope of the reflecting faces is
determined by the height of the pyramid, making it rdatively easy to adjust the roughness
of the overdl surface. A shadow cast by a pyramid is the amplest geometric shape a
triangle.

The heght of the pyramid can dso be truncated to smulate surfaces which
exhibit the behavior of a rough surface, but aso incorporates the behavior of a worn
aurface.  This additionad behavior is found in most red-world textured surfaces and key
to developing an accurate mode!.

b) Inner Shadowing

The crux of the oppodtion effect rests on the fact that shadows are
normaly seen a large phase angles and are obscured at phase angles near zero. The

opposition effect requires inner shadows in order to be modeled correctly.

Java3D does not provide inherent shadowing capability; therefore the
amulator, that is the programmer, must explicitty cast shadows from one geometric
object to the next. This is a reatively easy task when the surface is built of regular
objects at regular intervas. In this case the shadows can be drawvn on each pyramid
independent of its placement on the surface. Figure 9, shows the smulaor’s shadowing
capability a various incidence angles as wel as handling shadows for truncated
pyramids. Each picture is from a viewpoint directly in front of the pyramid and with no
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elevation. Although not visble, the shadow casted on these pyramids is from an identica
pyramid directly in front the onesvisble.

10° Incidence 40° Incidence

55° Incidence 30° Incidence
with 45% Height Truncation

Figure9: Imagesof Shadows at different Incidence Anglesin the Smulation Tool

Unfortunatdy, cdculating shadows beyond these cases becomes extremdy difficult.
¢) Gouraud Shading

OpenGL uses the Gouraud shading modd to caculate the amount of light
that a surface will reflect. As mentioned in Chapter 11, the amount of light reflected from
a diffuse surface is driven only by the incidence angle and independent of the viewpoint.
The Gouraud shading modd is rather smple and shown in the following equation:

| reflected = Mbource * €OS (iNcidence angle)

For example, if the incidence angle is 30° and the intensity of the light source is 128, the
resulting diffuse reflection will be 64.
d) ThelLight Source

As dated in the design gods for the smulator program, the BDRF mode
requires a non-subtending light source to properly portray the specular reflection.
Java3D, or rather OpenGL, provides a Directiond Light class, which meets this
requirement and as a dngle light source provides illumination for both diffuse and

specular reflections.  Conversdly, the materid properties of the polygons congtructing the
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rough surface must adso be properly set to interact with this light source correctly.
Additiondly, the direction of the directiond light is vaiade dlowing dl incdence
angles to be smulated.

5. Measuring Light Reflected by a Surface

The smulator relies on the OpenGL functions to render dl images. The graphics
program, and in this case the graphics card, renders the image and writes the resulting
data to a buffer. The data stored in the buffer is consdered the find product. It is from
the color values dored in this buffer that the video Sgnds are generated. By inheriting
from Java3D’s Canvas3D class, the smulator can gain access the specific portion of the
buffer that holds the deta for each surface.

The buffer itsdf is set up so that each pixel on the screen is represented as color
triplet ranging from O to 255. This is the same color triplet that OpenGL uses as
mentioned in Chapter 1. Because dl of the polygons in both surfaces in the smulation
tool are ether white, black or a shade of gray, the individua vaues in the color triplet are
adwaysthe same.

The important question which now arises is which pixd in the buffer to sdect as
the representative of the light reflected from a surface. It is dso important to keep in
mind that the capture window captures the intengty vaues of pixels on the monitor and
not the polygons that make up the surfaces. If the surface viewed from the edge, it may
not be visble on the screen. However, as the viewpoint rotates to a perpendicular
postion, then the surface becomes visble in the view plane hence the portion of the
buffer that holds the surface' s dataincreases. Figure 10 shows this effect.
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Surface viewed 0° devation Surface viewed at 10° devation

Figure 10: Surface Viewsat Near Zero Angles

It is therefore not possble to teke dl pixds in the buffer as representing light
emanating from the sufface. A smdl capture window, which sdects only those pixds
projecting from the smulated surface, is required. When developing the process to sdect
the dimensons of this cgpture window, two possbilities are conddered. The fird is a
capture window of fixed height and width located in the center of the surface’s window;
the second is a window that increases and decreases in height as the devation is
incremented. This method aitempts to minimize the eror induced by measuring pixds
representing the horizon and maximizing the amount of the surface measured. The first
image in Fgure 11 shows the pixes messured in the fixed capture window. This box
does not change as the éevation is increased. The second and third images show the

variable height capture window and how it attempts to follow the surface's edges as the
viewpoint rotates.

= re Win iable Cap indow
ixed Capture Window Variable : ture.Wmd a Variable Capture
0° élevation : 0 i
Window at 15° devetion |

Figure 11: Viewsdepicting Fixed and Variable Capture Windows
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While the varidble height capture window produced smoother graphs, its effects
on the measurements caused by a wider range of view angles are not entirdy obvious.
The amulator defines the view angle to be a single angle between the view vector and the
aurface. That angle is only true for the pixe a the center of the surface. If the capture
window is wide enough, then a variety of view angles are captured which could lead to
the data being shifted in one direction or another. The degree of this shift & not known.
Figure 12 illugrates the how multiple view angles are actudly seen when viewing a
aurface. It is expected tha the incluson of so many actud view angles, actudly washes
out what truly is happening a the center of the surface where the primary interest lies.
Avoidance of too many view angles is dso the same reason that the fixed both types of

capture windows widths are rdatively narrow.

Defined View Angle
Actual Viewr Angle

Figure 12: Shows Differing View Angles

In order to minimize the angular width, the fixed height capture window was used in
favor of the variable height capture window. The fina fixed capture window captures the
center 40 x 40 pixels. Each surface renders into a screen window of 300 x 400 pixels.

The find light intengty for each pixd is the averaged of dl pixes in the capture
window. The smulator gores this average vaue in the database as the reflected light
intengity for that particular devation and azimuth angle.
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6. Incor porating Low Grazing Angle Reflections

Many rough surfaces appear very shiny a grazing angles  Grazing angle
reflections occur when the pesks on a rough surface are dightly rounded. This rounding
will cause light a low incidence to be reflected forward. This effect is only visble a
dmilaly low view angles that look into the direction of the light source.  Only the
rounded tops of a rough surface are vighle a such angles, resulting in a rough surface,
which has a behavior smilar to a polished one. The smulator atempts to capture the
behavior of grazing angle reflections, which manifest differently, but occur on dl rough
aurfaces. To smulate this behavior, the smulator truncates pyramids, giving them a flat
horizonta surface. Figure 13 shows a rough surface with truncated tops and how light is
reflected at low incidence levels.

Light reflected backwards from the front Light reflected forwards off the top facet
facet of the pyramid from the pyramids

Figure 13: Example Of Near Angle Reflection

The leve of truncation is vaiadle which results in a varying amount of light
reflected forward. As the truncation increases, the rough surface gradually becomes a flat
surface in both appearance and behavior. As the truncation decreases, the rough surface
reflects less and less light forward.  This behavior is not observed if roughness is
controlled by pyramid aspect instead of truncation.
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V. SIMULATION LIMITATIONS

It is vital to keep in mind that the qudity of the output relates directly to the
accuracy of the model. Despite adequate software design and testing, it has become
goparent that the exising smulator has in it severe limitations, which make using it to
mode rough surfaces problematic at best. These limitations did not become apparent
until examining the smulator's output data.  If sufficient time adlowed for each limitation
to be address and handled, then the smulation tool’s credibility would be much

improved.

A. ALIASING AND PIXELATION

Computer graphics, like al pats of computers, works on a discrete set of
numbers. No matter how large the buffers, or how big a vaue can be handled, there will
come a point when precison is lost because the very last digit can only be a 1 or a 0.
This same limitation can be found in images rendered by computers. Two problems have
aisen which are attributed directly to this discreteness.  While these problems are not
directly responsble for the smulation tool’s inability to sdidfactorily modd rough
surfaces, they did contribute to a noticesble difference between rea world observations
and the computer smulation.

1. Pixelation

When viewing the ocean a a relative low dtitude it is easy to make out whitecaps
of individua waves and the deep blue of the sea As you increase your dtitude, the
whitecaps begin to blur into the blue of the sea, but not completely disappearing.  Findly,
you will reach an dtitude when sea blurs into a singular color. However, the color of the
sea a high dtitude is diffeeent on a windy day than a cdm one. The white of the
bresking waves and the blue of the seas combine into grayish blue. In effect, as the
viewing distance increases between a st of objects and the viewpoint, a blurring or rather

combining of color levels tekes place.  Unfortunately, this is not the case in computer
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graphics unless very specific code is desgned to pixel blend. OpenGL does not
automdicdly handle this dtuation. Figure 14 atempts to illudrate the effect caused by
pixeation.

Up close to the detail of
an image

Zooming Cut
T e T
Viewpaint

Actual resultisa

Expected resultis a
checker board eftect

blending of colors

Figure 14: Effects of Pixdaion on Image Detall

The dmulator suffered from pixdation when the pyramid sze was reduced
enough that multiple pyramid facets could be represented in a sngle pixd. Insead of
OpenGL averaging the color vdue of dl of the polygons to be rendered in that pixd, it
takes the value of the closest one as part of its culling agorithm. When this happens over
a large portions of the image, a mesh of various colors ingead of nice uniform shade,
begins to gppear. The reault is an image that appears sgnificantly different from one that
would result in the physica world.

Ancther example of pixdaion in the gmulator is the incorrect manner in which
the tops of pyramids are draw in Figure 15. In this figure, red circles high-light aress that
are dfected by pixdation: it looks as if the tops of some of the pyramids are connected.
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This is an atificdity crested by rounding and flodaing-point error in computations
caried out by OpenGL during the rendering process. The pyramids in the bottom of the
image, which are aso the closst, are affected less than those further away. It is only
when the viewable portions of partidly hidden polygons are smdler than the pixd sze

that incorrect pixe coloring can be seen.

Figure 15: Example of Pixdation in Rough Surface Rendering

Over a group of images, tis error becomes even more noticeable as flashing lines
gopear resulting from pixels being colored different from image to image. Pixdation of
this type trandates directly into the data as jagged pesks over a range of values. These
jagged peaks introduced error, which hampers regression efforts.

2. Aliasing

Aliasang is a problem smilar to pixdation, but it has different effects on the
rendered image. Aliasing results when a line, which is not verticad or horizontd, is draw
on a computer screen; the line gppears jagged. This is a result of discrete pixes
attempting to represent a non-discrete object. OpenGL supports various methods for
diminating diadng effects  Such mehods incdude usng Fog dgorithms or shading
techniques. (Woo, p.233) Unfortunady, these techniques only apply to lines and not
polygons, therefore they are unable to smooth the edges of the smulator’'s pyramids. The
result is various geometric patterns emerging on the rough surface, which would not

appear in the physica world.
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The following image in Fgure 16 is an example of diasng. Like pixdation,
diasang is more prevdent for objects further away from the viewpoint than closer.
Petterns resulting from diasing appear in the section above the red ling, while little o no
patterns are seen in the lower half.
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Figure 16: Example of Aliaang Effectsin the Smulaion Tool

While it is possble to see such paterns emerging from macroscopic  rough
aurfaces, the intended correction to the OpenGL lighting equation is for uniformly
digributed microscopic roughness. It is not entirdy undersood how ggnificant diasing
and pixddion affect the smulations tool’'s messurements, but an image rendered with
diasng effects doesfail to passavisud test.

B. PROBLEMS RESULTING FROM MAXIMUM LIGHTING CONDITIONS
IN OPENGL

Unlike the scientific community’s practice of describing light in units of meesure,
ranging from O to infinity typicdly in watts'om?, OpenGL chooses to describe light in a
unit-less fashion as wdl as limiting intensty levels to a maximum of 255. The fird
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difficulty, which dready has been mentioned in Chapter I, is that no direct mapping is
possible from the physical world to the OpenGL lighting model. The second, and more
important in terms of the amulation tool, is that it is possble to generate vaues greater
than 255 in the specular portion of the OpenGL light equation. This breach of the 255
maximum is not possble for ambient and diffuse snce the ambient vadue is a fractiond
function and the diffuse value is a cosne function of the source, and never exceeds a
multiple of 1.0. However, the specular term’s exponential nature does dlow intendty
vaues to exceed the maximum levd even when the light source intensty is as low as
127. The reault is a rather severe truncation of specular reflections when the light
source' s intendty gpproaches 255. Figure 17 is the result of measuring the intensities of
both specular and diffuse reflection from two identicdly flat surfaces, one being
illuminated by a light source of 127, the other by a light source of 255. The truncation
can been seen when the reflecting light leve increases beyond OpenGL’'s maximum

vaue.

Graph of Reflected Light Intensity from a Single Polygon
at Source Intensity Levels of 127 and 255
255

Intensity =253

Intensity =127

Reflected Color Intensity

o° 20" 180°
Viewpoint Elevation

Figure 17: Example of Truncation of Specular Lobe a Maximum Source Intensity
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This truncation significantly affects the behavior of specular reflections if a maximum
light source setting is used. To avoid truncation error it is necessary to run smulations at
low light levels. Since the reflected intendty of specular reflections is linear with respect
to light source intendty leve, varying light levels to avoid truncation will not adversdy
affect the results of the amulator.

C. PYRAMIDS POORLY REPRESENT ROUGH SURFACES

When designing the smulator, severa geomelric shapes were congdered for use
In the end, a truncatable pyramid was sdected based on the ease of which shadows could
be caculated and the aspects of the pyramid adjusted. Unfortunatdly, usng pyramids to
mode rough surfaces introduced severd atificidities, which dgnificantly affected the
andyss of the smulation tool’ s output data. These artificidities ares

1 Non-Random Reflecting Nor mals

It is the generd assumption that rough surfaces have an inherent uniform random
digribution of surface normds.(Baer, 2001) This holds true for surfaces with a uniform
roughness, dnce the actua rough texture is microscopic.  OpenGL relies heavily on
surface normas because it caculates specular and diffuse reflections with them.  The
pyramids used in the Smulaion tool’s rough surface, were not congructed with any
randomness in order to maintan reasonable shadow cdculations.  Unfortunately, this
resllts in a rough surface with a sngle suface normd, and reflection behavior
inconsdstent with a physically based rough surface. If the aspects of the pyramids had a
more random didribution, the resulting data would have more closdy followed

observations from physica rough surfaces.
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2. Rectangular Reflection Patterns

In the phydcaly based world, directiond light that <strikes a uniformly rough
surface, like those found in nature reflects in the shape of a circular lobe.  Figure 18
shows the circular shape of the backward reflection of light off of grass.
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Figure 18: Hao Effect As Seen From An Airplane On A Grassy Fed

The drecular shape of the reflecting lobe is the result of the fdl off created by the
random didribution of surface normas characterisic of rough surfaces.  This same
circular pattern is cgptured in the OpenGL specular component by usng a cosine
function. The reflections produced by rough surfaces in the smulator do not have the
same circular patterns found in the physicadly based world. This is due to the smulation
tool's use of pyramids to modd rough surfaces. The resulting reflections produced by
the dmulation tool tekes on a rectangular shape, which dgnificantly deviaies from
physicdly based rough surfaces when the viewpoint azimuth begins to shift ether to the
left or right of the light source. Figure 19 atempts to show this phase shift through a set
of graphs. Below are atificia top-down contour plots, created to help show this phase
shift from a different view aspect. It is the phase shift of the pesk reflection lobe which
sgnificantly degrades the qudity of the smulator's data, as the viewpoint changes
azimuth away from the incidence.
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Figure 19: Charts lllugtrating Phase Shift in Smulation Tool

D. VALIDITY OF THE SSMULATION TOOL

While dggnificant limitations do exig in the Smulaor, it does provide a
framework for improved rough surface representation. It shows that careful
condderation is needed when modding the rough surface as shown in the limitations
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inherent in udng pyramids. However, it is dso the case where the pyramid's limitations
are minimized, that the expected behavior can be seen. Should the pyramid be replaced

with amore suitable object or method, more accurate measurements might be possible.
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V. DATA ANALYSIS

The emphass of this theds is the desgn and development of the rough surface
gmulaior.  With the smulator, various types of rough surfaces can be modded and
andyzed to examine their reflective behaviors. Several sets of data were collected from
the dmulaor for andyss. The input parameters for these runs where configured to

minimize the error induced by the Smulator’ s limitations.

A. GOALSOF ANALYSIS

This andyss intended to develop a correction for OpenGL’s light equation to
goproximate rough surface reflections. Due to the smulator’s limitations, the confidence
of the data dlowed for only a limited andyss The andyds did begin to identify
reflection behaviors of the surface's specular and diffuse  components. More
importantly, the andysis helped identify many of the problems and limitations found in

the smulator, which will improve its usefulness for future work.

B. SELECTING SMULATION RESULTS

The dmulator was st up to produced data varying two of its five input
parameters.

Pyramid Truncation- 0.0 to 1.0 in 0.1 increments
Pyramid Aspect- 0.0to 1.0 in 0.1 increments

Due to the limitation surrounding the characterigics of a pyramid, the incidence was held
congant. Even though dl incidence angles were examined to some extent, only one
incidence angle dlows the correct behavior to be seen. A modd gpproximating the
opposition effect should reflect the most light a @ phase-angle. Since the mgjority of the
amulator’s runs set up the pyramids for a 1.0 aspect, the surface normd of the facet with
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the brightest reflection is 30° back in the direction of the light source. Therefore, the
incidence angle that best produces the opposition effect behavior is aso 30°.

The dmulator took measurements of the reflecting surface every degree of
viewpoint devation and every 5 degrees of viewpoint azimuth. Due to the determinigtic
nature of the smulator's measurements, duplicate runs for datisicd andyss were not
required. Examination of each surface produced roughly 6,500 points of data alowing
for good data resol ution.

C. USE OF DATA REGRESSION TO DEVELOPMENT M ODEL

The data produced by the rough surface smulator was andyzed through a
technique cdled data regression. Data regresson is the process of examining the error
between a data set and a purposed model. Through finding specific behaviors in the
error, improvements to the overall model can be made. The process of regressing data is
by no means automated and often requires human intuition and interaction. The result is
a modd or group of models that fit a data set to within an dlowable margin error as set
by the andys. Regresson With Graphics by Lawrence Hamilton is an excelent
reference for further reading on data regression.

MathSoft's S-Plus data regresson software package was used for the mode
development in this thess. The detals of the data regresson will not be included,
however, the values used to compare the fit of modes to the data set, are included in
Tables 1 & 2. Splus General Linear Model which uses a Iterated Re-weighted Least
Squares regresson function was used to estimate the errors of each modd. The specific
erors of the linear modd examined are the intercept (b0), the dope (bl), and the
Resdua Sum of Squares (RSS). A mode that properly fits the data set would have a bO
vaue near zero, and a bl vaue near one. Modds with smdler RSS vaues are thought to
be a better fit. These vaues were satisfactory metrics for comparing the various modes
inthisthess.

It is important to point out that when data sets are typicaly regressed, modds are
developed againg the idea of an ultimate truth; that is somewhere out there, unbeknownst
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to the analyds, a pefect modd exiss. In search of tha truth, the andyst must develop
models againg the imperfect data points represerting the truth. This thess approached
the process of data regresson differently, in that the data itsdf is assumed to be the truth,
and that models are developed to fit the data perfectly. The assumption that the data is
the truth is willingly made knowing that the limitations inherent in the smulator corrupts
the output enough to misrepresent the red behaviors to some level or degree.  This
assumption is acceptable knowing that the desred vdidity of the resulting mode is only
for an initid behaviord examinaion, and not one that completdy defines the red truth.
Furthermore, it is possble to pull some beneficid information about how rough surfaces

redly reflect light from aregresson conducted in this manner.

D. DIVIDING THE LIGHTING MODEL

Chapter 11 illudrated the reationship between the OpenGL lighting equation and
the Oppostion Effect. It is the assumption of this thess that manipulating the diffuse and
goecular terms in the OpenGL eguation can agpproximate the oppogtion effect.
Furthermore, we assume that the manipulation can be described as one or more
mathematica functions. Therefore, the andyss will atempt to individudly extract the
behaviors of the diffuse and specular components. These individud components should
dill behave correctly when combined together, since under OpenGL the diffuse and
gpecular components are combined usng Smple addition.

A specid st of runs was required in order to separate the light intendty reflected
by diffuse and specular components.  While this did not adversdy affect the behavior of
both reflections, it did remove dl effects of inner shadows from the specular reflections.
The effects of the inner shadows were then examined in the diffuse reflection data It
was not possible through the smulator to maintain the effects of the inner shadows on the
Specular component while separating the diffuse component.
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E. THE SPECULAR COMPONENT

The smplest rough surface is a smooth surface.  In this case, specular reflection
will result in a forward reflecting lobe.  This means tha the lobe will continue to trave
away from the light source.  Figure 20 is the specular reflection on a smooth surface for
incidence angles varying from O to 90 degrees. The intendty leve in this figure is 127.
Since the intendty of dl the reflections remaned a 127, the intendty of the reflected
light is dependent on the light source and not on the incidence angle. It is important to
note that the measured intengty of reflected light from a surface is an average of many
pixels teken from the center of the surface. Secondly, because light is broken into its
three-color components in OpenGL, and since the surface is has only black, gray or white
colors, the terms light and color can be used interchangesbly.

Specular Reflections from aSmooth Surface
Varying Incidence from Oto S0 Degrees
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Figure 20: Specular Reflection On A Smooth Surface
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The forward specular reflection decreases as the roughness increases while
modifying ether the pyramid's truncetion vadue or the height-to-width aspect ratio.
These modifications have different effects on how the specular reflection changes.

1. Effects of Truncation on Specular Reflections

A rough surface condructed of truncated pyramids results in two specular
reflections, one forward and one back. When the surface is nearly smooth, the mgority
of the light is reflected forward. As the truncation vaue increases, and the cavities
between pyramid tops grow larger, a backwards reflection lobe also appears. Graphing
the reflected light as truncation increases from 0% to 100% shows an inverse reation
between the intendties of the forwards and backwards reflected light.  Figure 21
illugtrates this relationship.

Specular Reflections from a Rough Surface
Yarying Pyramid Truncation from 0% to 100%
With Incidence at30 Degrees
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Figure21: Specular Reflection Varying Truncation Vaue
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The light reflected back towards the light source, illustrated by the left portion of
the graph in Figure 21, is centered a 30° eevation, which is dso the zero phase angle
dnce the incidence angle is 30°. The forward specular reflection is dso correctly
centered at 150° elevation. Some quick math shows that 150° eevation is aso 120° phase
angle, which is dso twice the angular disance between the incidence angle and the
aurface normd. Figure 22 illudrates the behaviors displayed in Figure 21 into a more

logicd form.
Incidence Surface Normal
vhg " .
<) Forward Reflection
V"4  Back Reflection
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Figure 22: Elements of the Reflection Graph

a) Developing a Model for the Forward Specular Reflection

Even though the forward and back reflections have vey gmilar
charecteridtics, it is hdpful to andyze the forward reflection fird. Since the forward
reflection dready exids on smooth surface, sarting with the origind specular model was
alogica gep. It is clear from the behavior of the forward reflection lobe in Figure 21that
the angular width of the lobe does not change when varying truncation vaues, only the
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reflected intendty changes. Therefore, a modd atempting incorporate this behavior
should focus only on changing the intendity of the reflection only.

At firg glance, it looked as if the function for cdculating the surface area
of the top of the pyramid as a function of truncation level would serve as a good modd
for vaying reflected intensty. For brevity, this function will be cadled the square area
function from the fact tha it cdculates the area of the pyramid's top facet, which is a
square, based on theleve of truncation. Thisfunction is stated below:

Ireflected = Mbource * {2* [(1—t)/tm(Q)]}2

Where:

t isthe truncation vaue
g isthe angle of the pyramid faces

If the light reflected by the pyramid's top was the only source of reflected light, this
equation would work. However, there is a smdl amount of light which is reflected from
the ddes of the pyramid, thus increesng the ovedl intengty. A smple modd,
developed through data regression, captures the light intendty add from the sdes of the
pyramid.

lreflected = Mbource — [Mource * SN(t * p/2)]

Figure 23 compares the data collected from the smulator to both the square area function
and the regresson modd. In this comparison, roughness is attributed to varying the
truncation levd.
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Figure 23: Comparison Of Forward Reflection Models To Smulation Data

Both models are good approximations of the behavior of the forward
reflecting lobe.  While not being a perfect fit, the regressed modd is a better fit. Table 1
shows the errors of the modd s to the collected data.

Mean Abs Error Standard Deviation b0 bl RSS
Square Area Function 4.10 3.08 -4.684 1.012 122.407
Regressed Model 2.35 1.88 -2.268 1.032 51.918

Tablel: Comparison Of Statistical Results For Forwards Reflection
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b) Adapting the model for to Backwards Specular Reflection

Having found a modd that reasonably captures the behaviors of forward
reflection light on a rough surface created with truncated pyramids, the model should be
extended to handle back reflections. Referring back to Figure 21, the correlaion between
the forward and back reflection lobes is evident. This figure shows that as truncetion
levdl increases, the back reflection intendgty increases as wel, which is inverse to the
behavior of the forward's reflection. It is dso evident from the data that the angular
width of the back reflection lobe is the same as the forward lobe. It seems plausible to
use a modd smilar to the forward lobe. However, the modd would have to take into

account the decreasing intengity levels seen in the back reflection data

The decrease in reflection intensty is due to the mathematica nature of
the reflecting surface.  In the forward reflection, light reflects off the tops of the
pyramids, which have a square shgpe. Light reflected off the front face of a pyramid
reflects from generdly a triangular shape. The areas of both a triangle and square are
driven by the truncation vaue. A graph showing the change in area of each shape as the
truncation level changesis shown in Figure 24.
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Surface Reflection Area of aTrangle & Square
Warying Truncation Level from 0% To 100%
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Figure 24: Effectsof Truncation Level On Surface Reflection Areas

This graph illugrates the two dements behind the change in intendty as truncation levels
change. Firs, when truncetion levd is 0.0 the mgority of light reflected is from the
square reflector (the top facet of the pyramid) and, that as the truncation level increase to
1.0, the triangle shape of the front facet dominates. Second, the ratio of area of the
gquare a 0.0 truncation to the triangle a 1.0 truncation is the same as the ratio of the
forward lobe at 0.0 truncation and the back Iobe at 1.0 truncation.

Figure 25 shows that the behavior of the backward reflection is smilar to
that of the forward reflection. The mathematicd function formula determining the area

of atriangleis

lreflected = Mource * {a—[a* (1 — t)z]}
Where

t isthe truncation vdue
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a isthe surface area of a pyramid facet
= height/[2 * sin(tari(height/width))]

As with the function for finding the area of the top pyramid facet based on truncation
leve, this function will be cdled the triangle area function. The data measured was
tested againg amode smilar to the one developed for the forward lobe, which is

Ireflected = Mbource * SIN(t * p/2) / 2

Figure 25 and Table 2 shows the improved fit of the regressed modd over the triangle

areafunction.
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Figur e 25: Comparison Of Backward Reflection Modds To Smulation Data

Mean Abs Error Standard Deviation b0 bl RSS
Triangle Area Function 4.96 2.30 1.760 1.077 21.883
Regressed Model 171 2.40 -0.92 0.980 8.858

Table2: Comparison Of Statistica Results For Backwards Reflection
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The regresson modd has a closer fit to the data taken from the smulator
than the draght mathematicd function for determining the area of the triangular
reflection based on truncation levdl.

2. Effects of Height-to-Width Aspect Ratio on Specular Reflections

Another method for varying surface roughness is varying the height-to-width ratio
of the pyramid. A pyramid with a 0.0 aspect ratio will be completdy fla, where a
pyramid with an aspect ratio of 1.0 produces extremdy rough surface. Changing the
agpect ratio of the pyramid has a profoundly different effect on the behaviors of the two
reflections.  Where truncation level affected reflection intendty only and did not change
the angular centers of those reflections, changing the aspect ratio affects both the
intengty and the angular center of that intengty. This is reasonable, since changing the
aspect ratio changes the surface normd of the primary reflection facet. As previous
dated the effects of varying aspect raio were not examined in depth. Figure 26 shows
the shifting of the angular center as wel as the change in intendty of the specular
reflection as the aspect ratio increases.



Specular Reflections from a Rough Surface
Yarying Pyramid Aspect From 0.0 to 1.0
With Incidence at30 Dedgrees

241 '
" New Behaviors Of Original Behavior—__
< 2m —0n
= Rough Surfaces Of Control Surface / 0o
T 197 2 |
g (OpenGL) —
s — 06
P iy / \ 0a
g m = 10
o 7 Y -
d P /o

O P P A RGPS @D

Viewpoint Hevation

Figure 26: Specular Reflection Varying Aspect Retio

The second lobe seen in Figure 26 when the truncetion leve is a 0.2 is actudly
the specular reflection off the backsde of the pyramid. This reflection is seen only at
very low aspect levels. This effect, if viewed a much smdler intervas of aspect ratio,
would show that the forward specular reflection on a smooth surface actudly divides into
the two separae lobes  This divison rapidly decrease in reflected intensty since the
reflection bresk up into four smdler surfaces, each of which are reflecting light into a
different direction. No further examination into this effect was conducted.

F. THE DIFFUSE COMPONENT

The diffuse component is far ampler than its specular counterpart: one need know
only the incidence angle to determine the percentage of light reflected. In smooth
aurfaces, viewpoint is irrdevant, but on rough surfaces viewpoint is necessay for
determining the intengty of the reflection. Despite its amplicity, we will see that the
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lack of shadow cdculations in OpenGL will cause mgor errors in diffuse component

reflection intengties.

1. The Effects of Truncation Level on Diffuse Reflections

The greph of the diffuse component on a smooth surface is rather uninteresting.
Figure 27 shows the independent relationship of viewpoint and reflection intengty.

Diffuse Reflections from a Smooth Surface
Yarying Incidence from 10 10 90 Degyrees
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Figure 27: Reflection Intengty Of Diffuse Component On A Smooth Surface

Fgure 28 shows how the intendty of the diffuse reflection changes as the surface
becomes rougher by increasing the truncetion levd. A rough surface with a truncation
levd of 0% is identicd to a smooth surface.  The effects of truncation level on the diffuse
reflection are more complex than with the specular component. As mentioned before, the
vaue of the diffuse component remains congant for dl viewpoints for a gspecific
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incidence angle when the surface is smooth. When the surface becomes rough, this no

longer holds true; the intensity of the diffuse reflection is now viewpoint-dependent.

Diffuse Reflections from a Rough Surface
Varying Pyramid Truncation from 0% to 100%
With Incidence at 30 Degrees
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3 Rough Surfaces Of Control Surface /
B 150 20%
g i\\\ (OpenGL) i
)
g 100 A
5 (s “ 4
B 50 -l’ REEE . —--_.-BYI 20%
< Mﬁ;@i
O |
SR PR RPPCL PN P RO PLOP
Viewpoint Elevation

Figure 28: Diffuse Reflection Intengty Varying Truncation Level

The non-continuous behavior of the grgph in Figure 28 suggedts that the modd
describing rough surface diffuse reflection takes the form of three-pat modd. Even
thought specific formulas were not derived to describe this complex behavior, it was
possible to pull out the individud behaviors in each part of the modd. Since dl facets of
the pyramid produce diffuse reflections, their gpecific intensties are congtant throughout
the range of viewpoint devetions. The ovedl intendty is derived from the portions of
each facet that are viewable are each viewpoint. So in essence, the function describes
how the view of the pyramid changes.

The modd can be broken into three parts, which are described bdow. The
domain of the modd is described in terms of viewpoint eevation.
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1 0° to incidence angle (zero phase angle)
2. Incidence angle to the angle at which the front face is no longer visble
3. From that angle to 180°

Due to the nature of the pyramids used in the smulation tool and the desirability of a 30°
angle of incidence for the specular reflection, the domain is specificdly broken down into
0° —30° 31°-120°, and 121° — 180°.

The reflected intendties of dl three pats ae essentidly driven by the amount
pyramid's facet occupies a given view. For the firg and third parts, the view is primarily
occupied by the front and back facet respectively, and the top facet if the pyramid is
truncated. Since the light reflected is diffuse, changing viewpoint with in this part does
not change the reflected intengty of each facet, therefore, the overdl reflected intendty
remains constant. The second part incorporates the same facet comparison as the first
and third parts, but the reflected intendty decreases from the inner shadows that are only
visible in the second part. The effects of the inner shadows take on an exponentia decay
of the difference between the intensty leves of the firsg and third parts. This exponentid
decay could then be added to the intensity of the third part to produce an overdl reflected
intengty for the second part. It is unlikely that a continuous function exists that describes
the al of behaviors of varying truncation level on the diffuse component.

2. Effects of Height-to-width Aspect Ratio on Diffuse Reflections

Changing the height-to-width aspect ratio has effects very smilar to those from
vaying truncation levd. It is expected tha a smilar mode could be agpplied to the
effects of varying aspect ratio as that applied to varying truncation leve. Fgure 29
shows behavior amilar to that seen in Figure 28. The correaion between these effects
was not examined further.
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Diffuse Reflections from a Rough Surface
Varying Pyramid Aspect From 0.0 to 1.0
With Incidence at 30 Degrees
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Figur e 29: Diffuse Reflections Varying Heght-to-width Aspect Ratio

G. COMBINING THE EFFECTS

This thess did not examine the effects on the specular and diffuse reflections, as
truncation leve and heght-to-width aspect ratio were varied smultaneoudy. This was
considered beyond the scope of thisthesis.

H. SUMMARY

It is evident that reflective behavior of surfaces change ggnificantly when the
surface is represented by more than one polygon and become more complex. The
behaviors of both diffuse and specular reflections show condderable change when
roughness is added through an incresse of ether truncation level or aspect ratio. This
done indicates the need for correcting OpenGL’s lighting equation for rendering implicit

rough surface behavior.
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VI. CONCLUSIONS

The addition of rough surfaces to computer graphics is not a smple task. Rough
surfaces have an infinite range of posshilities, even without considering those provided
by nature. However, advancing computer graphics through the implementation of rough
surface reflections Hill has its merit.  Many in the computer graphics business attempt to
implement rough surfaces through increassng the number of polygons rendered every
second.  They seek to creste redism through explicitly giving objects texture with
millions of polygons. Another method, with an am smilar to this one, seeks to atach
the same redigm through an implicit texturing rather than an explicit polyhedron. In
essence, this seeks to change the mah behind the lighting caculaions to achieve the
same result achieved by adding millions of polygons. Neither approach is necessarily
better or worse than the other; however the implicit method is achievable on today’s

hardware, and the latter must wait.

This thess suggests that adding an semi-empirical correction to the models used
computer graphics is a viable method for dgnificantly improving their over dl rediam,
and provides a smulation tool to quantify rough surface behaviors. The behavior of
rough surfaces has been compared to an astronomica phenomenon known as the
oppostion effect, in atempt to qualify the behavior of a rough surface and begin to
understand how to modd that behavior. Graphics libraries can dready approximate the
oppodtion effect explicitly. These same graphics libraries would benefit great if they
could render the same behavior implicitly.

A computer graphics program using the OpenGL libray was created to examine
the behaviors of light reflection off rough surfaces. In the design and development of this
program it became very clear that the task of cresting an explicitly generated rough
surface that match the reflection behaviors of red textured surfaces is not smple. The
most basic eement in the smulator aso became the biggest limitation:

1. Rough surfaces, as the human eye sees it, are continuous. Even the

microscopic details of the surface have perfect color and shape. Computer
graphics on the other hand is not capable of rendering continuous forms.
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Its discrete nature will only ever be able to approximate that which is
continuous. Due to the complexity of rough surface reflections tha
goproximation carries over into undesrable atifacts tha dilute the red
behaviors. Thus making modding such behaviors more difficult.

2. Rough surfaces can be thought of as surfaces composed of randomly
placed facets which have, when taken as a whole have a uniform
appearance. Any attempt to Imulate rough surfaces must incorporate
this random nature.

3. Discrete geometric forms are not the best building blocks for congtructing
a rough surface. Even if these forms are reduced in sze smdl enough to
become microscopic, their geometry will gill carry though and dominate,
thusinducing further error into the data.

A smulation, if able to overcome these sumbling points, would be a power tool
for examining the reflection behavior of smulated rough surfaces.  Unfortunately, this is
only the start for developing a moddl. Because the dgorithms used to draw the effects of
lighting in computer graphics are mathematically based, so must the mode be.

With data provided by the smulator, specific behaviors were examined. These
behaviors were characterized into the two types of reflected light: diffuse and specular.
Each component is a function of the incidence angle, viewpoint, and the two methods in
the smulation program for varying the rough surface height-to-width aspect ratio and
truncation levd. Despite the problems inherent in the daa, which resulted from
limitations in the dmulation program, specific behaviors were extracted and modds
developed for the smplest behavior.

1 It is possible for two separate specular reflections to occur, depending on

pyramid truncation level.
a. For theforward reflection:

i. The angular center of its reflection will dways be twice the

angular difference between the incidence and surface
normd.

ii. The reflection intendty can be modded by a decreasing
gne function of truncation level and source intengty.

b. For the backwards reflection:

I. The angular center of its reflection is driven by pyramid's
height-to-width aspect ratio.
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ii. The reflection intendty can be modded by the source
intendty and dther an increesng dne function of the
truncetion level decreesng cosne function of the aspect
ratio.

The diffuse reflection was found to have a three pat modd. This modd
worked for rough surfaces varying dther truncation level or height-to-
width aspect ratio.  No explicit mahematicd function was found;
however, a ample behaviord modd was devdoped with the following
attributes:

a. The firg and third steps acted like the origind Gouraud shading
function driven by the primary viewable facet.

b. The second dtep exhibited an exponentid decay of the difference
between the intengties of the first and third parts.

Combining the effects of varying truncaion levels and aspect levels was
not examined.

While no find modd exhibiting the characteritics of rough surface reflections
was created, important behaviord patterns were identified. Correcting the limitations of
the smulation and re-examining the data thus produced, should lead to better-defined
behaviors, and more refined models.

Despite the advancement of computer hardware and nonred time gragphics

rendering, this approach may be the only red mehod for meking redigic three-

dimengond graphicswork in ared time interactive environment.

Findly, one rule is dways paramount in computer grgphics, which is dso the
driving force behind thisthess

IFIT LOOKSGOOQOD, IT ISGOOD.
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APPENDIX A: GLOSSARY OF TERM S

Ambient — Ambient light is nondirectiond and digtributed uniformly throughout space.
Ambient light faling upon a surface gpproaches from dl directions.  The light is reflected
from the object independent of surface location and orientation with equa intengdty in al
directions. (Woo, p685)

Antialiasng — A rendering technique that assgns to pixes the color of the primitive
being rendered, regardless of whether that primitive covers dl or only a portion of the
pixel’sarea. Thisresultsin jagged edges. (Woo p.686)

Culling — The process of diminating polygons from being rendered either from hidden
surface removal or leve of detail management. (Woo, p.690)

Diffuse - Diffuse lighting and reflection accounts for the direction of a light source. The
intengty of light driking a surface varies with the angle between the orientation of the
object and the direction of the source. A diffuse materid scatters that light evenly in dl
directions. (Woo, p.691)

Incidence Angle — The angle that a line (as a ray of light) falling on a surface or interface
makes with the normal drawn &t the point of incidence. (Webster)

L ambertian — see diffuse.

Opposition_Effect — In a medium in which the particles are large when compared

with the wavelength, particles near the surface case iadows on the deeper grains.
These shadows are visble at large phase angles, but close to zero phase-angle,
they are hidden by the object that cast them. Thus, the effect may only be thought
of asbeing caused by shadow hiding. (Hapke, p.217)

Phase Angle — The angular difference between the incidence and viewpoint angles. In
vector form, the phase angle can be calculated by: g = cos™ {(v wW/(vI[w])}

Specular - Specular lighting and reflection incorporates reflections off shiny objects and
the pogtion of the viewer. Maximum specular reflectance occurs when the angle

between the viewer and the direction of the reflected light is zero. A specular materia
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scetters light with greastest intengty in the direction of the reflection, and it is brightness
decays, based upon the exponentia value shininess. (Woo, p.702)
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APPENDIX B: OPERATION MANUAL FOR ROUGH SURFACE

SIMULATOR

Program Requirements

Java Runtime Environment (rev 1.3.0 or newer)
Java3D w/ OpenGL Library (rev 1.2.0 or newer)

Rough_Surface Smulator.jar

System Requirement

At least 800 MHz processor, 1GHz recommended

At least 512 Mbytes Ram, 1 Gbytes recommended

nVidia GeForce w/ 32 Mbytes VRam (or equivaent)

Installation and Setup Directions

1.

2.

Ingdl Java Runtime Environment (JRE)

Ingal Java3D — inddler should automaicdly ingdl grgphics library into JRE
directory structure.

Create a“c\RSSmulator” directory

Put “rssmulatorja”, & “Graphics User Interfacebat” & “Batch fileba” into
c\RSSmulator

Create a“c\RSSmulator\data’ directory
Create a“c\RSSmulator\images’ directory

Shutdown and Reboot Computer

67



Running the Rough Surface Smulator from the Command Line

The rough surface smulaor alows a command line option for program execution
to alow for batch file operation. There are some additiond Java command-line options
that are required in order to properly set up the JRE, these options must be included. All

program options must dso have avaue. Thefollowingisalist of options:
Pyramid Heght-to-width Aspect Ratio (recommended 0.0 or grester)
Pyramid Base Size (recommend 0.5 or |ess)
Pyramid Truncation Height Level (recommend 0.0 to 1.0)
Incidence Angle (0 to 90 degrees)
Image Capture switch (“1mage’ or “Nolmage’)
Run Once Switch (*Once’ or “NotOnce”)
Elevation Rotation Increment (1 to 180 degrees)
Azimuth Rotation Increment (1 to 180 degrees)
Examples
java—mx512m —cp rssmulator.jar rssmulator.GUI 1.0 1.0 0.5 30 Image Once 1 5

This command line would run the program with 512 Mbyte memory mode, use
classes stored in the rssmulator.jar file, an aspect ratio 1.0, a truncation level of 100%, a
pyramid base of 0.5, incidence angle of 30 degrees and the program would capture each
image rendered and save it as afile in the image directory.

Running the Rough Surface Smulator from a Batch File

The program maybe run as part of a baich file to automate a large data run. In the
“c\RSSmulator” directory, “Batch Fleba” is an example bach file. All parameters
must be appropriately filled as in the Command-Line execution. Any number of runs can
be added to the batch file It recommended that dl runs in a batch file, have the
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“Nolmage’ switch, as the images from a single run can take up severa Mbytes of hard

drive space.

Running Rough Surface Smulator asa GUI Application

Running the Rough Surface Smulator is the preferred method, but alows for only
one run a time Executing the “Graphics User Interfaceba” file (which is located in
“c\RSSimulator” directory) will start the opening menu, which will ask the user to set
the parameters for aspect ratio, truncation level and incidence angle of the rough surface.

The following picture shows the layout of the opening menu.

ol x]
: g I Height Aspect .
: D I Truncation Level 05
: % | Object Size .
: o I Incidence Angle 48

Increment Collect Images
Elevation 1 Degrees 2 0n
Azimuth 5 Degrees ™ Off

Mormal Pyramid [_| Run Onhy Once Truncated Pyramid

Create Model Update Create Model

Currently, this rough surface is set for an aspect raio of 1.0, truncation level of

50%, an object sze of 0.5 and an incidence angle of 45 degrees, the option to capture

images of the rough surface is turned off and the devation and azimuth rotations will

increment by 1 and 5 respectively. If ether rotation increment is modified, the user will
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need to click the “Update’ button to ensure changes are registered in the program. After
setting the desired parameters, the rough surface can be generated by clicking on 1 of 2
“Create Moddl” buttons. The Pyramid Model button will disregard any truncation leve
vdue st and render a scene of full pyramids. The Truncated Pyramid Model will
generate a surface with the st truncation leve.  This window will be replaced with the

samulaor window.

Egjknugh Surface Simulator i o [m] 4|
rRough Surface Representation- 1 rControl Surface =

rRough Surface Plot-

Heightiviidth Aspect lh-ﬂ
Truncation Aspect ]1-0
Light Angle ]45.0
Azimuth Angle ]'15
Elevation Angle ]45-0
| stat | swop || out |

Progress

From here, clicking on the Start button begns execution of the smulator. If for

some reason it is dedrable to stop the gpplication the click the Stop button. It is
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important note, that once the application is stopped, it cannot be restarted. This window
must then be closed by clicking on the Quit button. All data stored up to this point will
be saved in an appropriately titled file and stored in the data directory. The program will
close dl windows on its own.

Converting Smulation Resultsinto an Excel Spread Sheet

After 'a run has been completed, the data will be dored in the
“c\rssmuldiondad’ directory. An example file for a dmulaion run with a height-to-
width aspect ratio of 1.0, a truncation level 50% and a incidence angle of 45 degrees
would be named “example data from A1.0 TO.5 L45.0.txt”. The contents of the file

would look something like:

AzGamma El Ganma Roughness | nci dence Control Rough Final Azinuth El evation

0.0 -45.0 0.5 45.0 0.0 27.81 27.81 0.0 0.0
0.0 -44.0 0.5 45.0 0.0 27.81 27.81 0.0 1.0
0.0 -43.0 0.5 45.0 63.0 80.22 80.22 0.0 2.0
0.0 -42.0 0.5 45.0 76.5 56.69 56.69 0.0 3.0

To convert this file into a working Microsoft Excd work sheet, follow the step-
by-step procedure:

1. Open Microsoft Excel

2. Under Files, sdlect the Open function

3. Navigate to the “c\rssmulator\data’ directory and select the desired datafile
4. Changethefiletypeto be openedto All Files* .*

5. Click on the Open button (see the illustration on the next page for help)
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open 2lx|

Look in: I[:l data j - |@ ¥ 5 B - Tools -
- data_from_A1.0T0.5L45.0.kxt
final_A1.0T0.5L45.0.kxt

final_41.0T1.0L45,0.kxk

ocuments

File namne: I j = Open vI
Files of type:  [all Fles (*.%) d| Cancel |

For Original Data Type, select Delimited, and click on Next

Text Import Wizard - Step 1 of 3 ] x|

The Text Wizard has determined that your data is Fixed Width,
If this is correct, choose MNext, or choose the data bype that besk describes your data,
riginal data type
Choose the file bype that best describes your data:
- Characters such as commas or tabs separate each figld.
- Fields are aligned in columns with spaces between each field,

Start impart at rowe |1 E‘ File: origin: IWindDws {ANST) j

Preview aof file C:irssimulataridataidata_Ffrom_A1.0T0.5L45,0.kxt,

|l hzGanma ElGamma FRoughness Incidence Control FRough Final ﬂ
|2 po.0 -45.0 0.5 45,0 0.0 27.81 z27.81 0.0 0.0

|2 0.0 -44.0 0.5 450 0.0 27.81 7.8l 0.0 1.0

|4 0.0 -43.0 0.5 45.0 3.0 B80.22 B80.2Z 0.0 2.0

|&)0.0 -4Z.0 0.5 45 0 76.5 E6.63 58.69 0.0 3.0 LI
1

| 2
Cancel < Back | Mext = I Einish |
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7. Now, add Spaces to therange of Delimiters, then click on Finish

Text Import Wizard - Step 2 of 3 2l

This screen lets wou set the delimiters vour data contains, You can see
hiow wour text is affected in the preview below,

limiters
¥ Tab ] Semicolon {1 Comma

[~ Other: I_ Texk qualifier: IH j"

v Treat consecutive delimiters as one

~Daka preview

BzGanma ElGamms Poughhess Incoidence Control [Fough [Final Bzimuath E i
oo 450 0.5 ME_0 oo E7.81 E7.81 p.0 o
0.0 Fd4.0 n.& HE. 0O 0.0 E7.81 E7.81 p.0 i
oo F43.0 0.5 BE_0 B30 BO_EZ BO.EE .0 £
0.0 F4Z.0 0.5 HE. O FE. 5 IGE. 63 [EE.63 0.0 3LI
4 | L]

Cancel | < Back | Mext = I Eirish |

8. Your now have the data represented in aworking Excel spreadshect

Creating a Standard Chart of the data
To recreate charts as seen in Chapter V, complete the following steps:

1. Sdect the Chat Wizard, which is the button with the blue, yelow and red bar
graph onit

E3 Microsoft Excel - data_from_A1.0T0.5L45.0.txt

|IE] Fle Edit Wiew Insert Format Took Data S-PLUS Window Help

DEEa gRY|s2RC o - @2 4 8 S -

Al J =| AzGamma x

A | B | ¢ | o T E | F T & |iar|5.WLaﬁd'_|

1 |AzGammaFElGamma Roughnestincidence Contral  Rough Final Azimuth | Elevatiol
2] 0 -45 0.5 45 1] gy gy 0
B 0 -44 0.5 45 a R R 0
ES 1] 43 0s 45 B3 80.22 80.22 0
52| 1] -42 0s 45 765 56.69 56.69 1]
| B | 0 -41 0.s 45 a0 40.35 40.35 1]
|7 1] -40 0.s 45 a0 24.32 24.32 0
| 8 | 1] -39 0s 45 a0 44.15 44.15 0
1 9 | 0 -38 0.5 45 a0 46.37 46.37 ]
10| 0 -a7 0.5 45 a0 43.1 43.1 0
i 1] -36 0.5 45 a0 35.49 35.49 0
| 12 | 0 -35 0s 45 a0 4726 4726 0
1 13 | 0 -34 0.5 45 a0 56.43 56.43 1]
| 14 | 0 -33 0.a 45 a0 51.41 51.41 1]
|15 0 -32 0s 45 a0 37 .54 37 .54 1]
16 1] -31 0s 45 a0 4226 4226 0
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2. Sdect the Line Graph option

Chart Wizard - Step 1 of 4 - Chart Type el

Standard Twpes | Custom Types |

Chart type:
M Colurmn .

B Bar

2 A
i Pie

o Y (Scatker)

|‘ Area

& Doughnut

il Radar

|8 surface i
@+ Bubble

Lﬁiﬁ_ Stack: _ﬂ

Chart sub-tvpe:

Pl
Al

Line with markers displaved at each data
alue,

Press and Hold to Yiew Sample |

Cancel < Back | Mext = I Einish |

3. Sdect the Series tab on the next window
4. Removedl undesred columns from the saries window

5. Add the Elevation column to the Categor y(X)axis labels:
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Daka Range SEeries I

Rough

&n '

i
40._‘;"\_“\’/9—*—‘_'_,*’"“"\__&_-

-20 0o i 3 4 5 & 7 S 40 11 42 4 h F, I L 1F\.||. I .|r

0 'LIl Illl"
[

Series

=1 Mame: IRDugh :k_]

7| vahes:  |T0.5L45.014F$2:4F$20 Y|
add | Remoyve I

Cakeqory (%) axis labels: |=|:|ata_Fr|:|m_.ﬁ.1 .DTD.5L45.D!$I$2:$IE‘J

Cancel I < Back | ek = I Finish

6. Click the Finish button, and you are done

Rough

100

-100
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7. Of course axis and charts labels need to be added, this can be accomplished
through clicking on the graph with the mouse, dicking the right mouse button,
sdecting Edit Chart Object and then Chart Options

8. Therest should be sdf-explanatory
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