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Reading
Requirad,

*+ Angel chapter 5,

Cptional;

+ CpenGlred bool, chapter 5.




Pinhole camera

To create animage of avirtual scene, we need to
define a camera andwe neadtomodel lighting and
shading. For the camera, wea use a pinhole cameara.
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The image isrendered onto an image plana [usually
in front of the camer 3.

Wiewin g rays emanate from the cantar of projaction
(COF) atthe center of the pinhole,

The image of an object point P is atthe intersection
of the viewingray through P andthe image plane.

But is Fwisible? This the problem of hiddan surface
removal (a.k.a. visible surface determination),
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Rasterization

Graphics hardware assumes the world is made of
triangles,

It does hidden surface determination by projeding
every triangle tothe image plane, and”smearing”

properties stored at each vertex across each
projected triangle.

The pracess offilling in the pixelsinside of apolygon
is called rastarization.

Graphics hardware smears the z-values of the
triangle vertices anduses aZ-bufferto determineif a
pointinside atriangleiswvisible, Maore onthisin
another lecture. ..




Shading

sofar we've talked exclusively about geomatry,

What isthe shape of an object?
Howe do | place it in awvirtual 30 space?
Howe do | know wihich pixels it covers?

Hanar o | knowe wehi ch ofthe pixels | should
actually draw?

* &+ * »

Onca we've answearad all those, we have to ask one
more important guestion:

*+ Towhatwvalue dol set each pixel?

Answering this quastion isthejob of the shading
model.

Other names:

Lighting model

Light reflection model
Lacal illumination model
Feflectance model

BROF
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Our problem

modalingthe flowe of lightin asceneais wery complax:
photons pour out of light sourcas and bounce
around and arcund before reaching a camera,

Hera we focus on local illumination, i.e, what
happens for asingle boun ca:

light source — surface — viewar

Mo interreflections no shadows,

We're goingto explore two models:the Phong and
Elinn-Phong illumination modals,

They have thefollowing charaderistics;

+ physically plausible albeit not strictly corred)
+ vy fast
+ widely Lsad




Setup...

Given:

* apoint P on asurface visible through pixel p

* Thenormal Nat P

* The lighting direction, L and [color) intensity, I,
at P

* The viewing direction, ¥, at P

*+ The shading coefficients at P

Compute the color, I of pixal .

Assiyme that the direction wedars are narmalized:

INJ= D= [vl=1




“lteration zero”

The simplest thingwvou can dois. ..

Azsign each polygon asingle color

=k,
wheare

+ [isthe resultingintensity

¢ k. isthe @missivity orintrinsic shade associated
with the object

This has some spedial-purpose usas, but not really
qoodfor drawing a scene,

[Motek .is omitted in Angel.]




“lteration one”

Let’s makea the color at least dependant onthe
ovarall quantity of light available in the scene:

f=k +Kk [

¢ ) istheambient reflection coafficiant,

+ really the reflectance of ambient light

+ “armbient” light isassurmedto be equal inall
directions

¢ [ istheambient light intensity.

Fhysically, what is "ambient” light?
F.::-.'if Mﬂﬂiﬁ Jﬁﬂ.ll'ffff'{"!lft:.'l!'lrﬂﬂ

[Mote: Angel uses £ instead of J, ]




Wavelength dependence

Really, k. k. and [, are functions cver all
wiavelength s A,

| deal by, wea would do the calculation on these 8 ¢ R
functions, Forthe ambient shading equation, we f
wioLld start with: /l\ -4 (A
f(A)= K (AN, (A)
, \
8 ¢ R
than we wouldfind geod RGB values toreprasentthe TN

spactrum fA).

Traditionally, though, &k and £, ; are rapresented as
RGBtriples, and the computation is performed on
each color channel separataly:

R =k IR
© = k818

18 =k 18
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Diffuse reflection

Let’s examine the ambient shading modal:

*+ ohjectshave different colors

+ e can control the overall light intensity
+ wvhat happens when we tum off the lights?
+ wvhat happens asthe light intensity inomeases?

+ wrhat happens if we change the colar of the
lights?

sofar objects are uniformly it

+ notthe way things really appear

+ inreality, light sources are localized in position
ot direction

Diffusa. or Lambertian reflection will allow reflected
inten sity to varny with the direction of thelight,
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Diffuse reflectors
O \
Diffu se reflecti%ﬁ accurs from dull, matte surfaces,

like latex paint, or chall,
v

f\:‘x These diffuse or Lambartian reflectors reradiate
light equally in all directions,

Ficture arough surface with [ots of tiny microfacats,
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Diffuse reflectors

c0f picture a surfacewith little pigm ent particles
embedded beneath the surface (neglact reflaction at
the surfaceforthe moment):

The microfacets and pigments distribute light raysin
all directions,

Embeddead pigments ara responsible forthe

coloration of diffusely reflected light in plastics and
[raints,

Mote: thefigures above are intuitive. but not stricthy
(physically) correct,
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Diffuse reflectors, cont.

Thereflected intensity from a diffuse surface does
not depend on the direction of the wieweer, The

incoming light, though, does depend on the
direction of the light source;
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“lteration twao"

oS8

Theincoming eneargy is propotional to . giving
the diffuse reflection equations:

f=k +k 1, +k 1,8 Coso

=K, +k 1 +E BN L)

wherea:

¥ isthediffuse reflection coafficiant
Ioisthe [color) intensity ofthe light source
Misthe normal tothe surface (unit wector)

Listhe direction to the light sourca (unit
T ely

+ Sprevents contribution of light from below the
suface;

* &+ &+ &

1 ifN-L>0
o ifN-L=0

[MoterAngel uses [instead of i, andfinstead of £]
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Specular reflection

specularreflaction accounts forthe highlight that
Yol see on some objeds,

Itis particularly important for smooth, shiny surfaces,
such as:

metal
polished stone

plastics

apples
skin

* &+ *+ * »

Froperties:

+ Specular reflection depends on theviewing
direction ¥,

+ Fornon-metals the color is determined solealy
by the color of the light,

+ Formetals, the color may be altered (e.q.. brass)

1a




Specular reflection “derivation” 7

s o
N N / A

-~ - e B -
a .-"-. - '
T —
\..' __.-".
L .
P [}
¥

n

For a perfed mirror reflactor, light is reflected about
N, zo

[, f¥=R
0 otherwise

For anear-perfedc reflector, wou might expact the
highlight to fall off quickly with increasing angle g

B lso known as:

+ ‘“rough spacular” reflaction
+ “diractiomal diffuse” reflaction
+ “glossy” reflaction
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Phong specular reflection
v

W

(s =128,
B ol : = .".-_'._F-... al -:€ "

Cne way to get this effect istotake (RA), raisedtoa
powear n

Az n, getslargear,

+ the dropoff becomes{maorelessi gradual
+ givesaflarger.smalleri highlight
* simulates a{morelesst mirror-like surface

Fhaong specular reflection is proportional to

f . =B(R. VY

[ S

speculbar

where §], = max<(0, %),
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Blinn-Phong specular reflection

A common alternative for specular reflection isthe

Blinn-Fhong modal (zometimes called the modifiad
Fhong model)

e computethe vactor halfway between L and ¥ as;

—_— o ~ H . H‘
LAV (“ 4
™ ™
|.-{_;;"ro| I h l_“"’ll- R
\A®

Analogousto Phong specular reflecti on, we can

computethe specular contribution in terms of [NH).
raised to a power n_;

'Ili pecufEr BMF

wihere, again, (x], = mao, x).
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“lteration three”

The next updatetothe Blinn-Fhong shading model is
than:

F= b+ bl el BINCL )+ b L BN H Y

= 'Ilfe- +'|:fa'|lta +thB|:Hu'|:NL:|+ HEIINHEE:I

wh er e

+ k_isthe spacular reflection coafficiant
*+ n.isthe spacular exponant or shininass

+ Histhe unit halfway vector betweean L and W,
where Wistheviewing direction,

[Mote: Angel uses einstead of n, andmaintains 3
separate Ly andyi, instead of asingle’,, This choica
reflectsthe flexibility available in OpenGL]
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Directional lights

OpenGl supports three differant kinds of lights:
ambient, directional, and point, Spot lights are also
suppotted as a spedcial form of point light.,

Weve saan ambient light sources, which are not
really geometric,

Diractional light sources have asingle direction and
inten sity associated with tham.,

Lsing affine notation, what isthe homogeneous
coordinate for a directional light? C}
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Point lights

The direction of a point light sourcesis determined
b the vector from the light position tothe surface
[roint,

Fhysicstells usthe intensity must drop off inversely
with the square of the distance;

1

atten  p2
sometimes, this distan ce-squared dropoff is
considered too "harsh,” A common alternativeis:

fo__ 1
atten g+ pr + or?

with user-supplied constants for @, & andc,

Lsing affine notation, what isthe homogeneous
coordinate for a point light? I

22




Spotlights

OpenGl also allows one to apply a directional
attenuation of a point light source, giving a spotlight
effect,

£
: LB henzoed
= o+ Er . Lr'.r_-
1 sthecwint

G

The spotlight intensity factor is computed in CpenGL
as
_ e ‘
fSF":‘t - liL EJJE —ffﬂ':ﬁl-’ I!jHr
wh er e

Listhe direction to the point light,
Sisthe center direction ofthe spotlight.
Aisthe cutoff a he spaotlight

*
>
>
>
>
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“lteration four”

sincelight is additive, we can handle multiple lights
b taking the sum owver every light,

Cur equation is now (for point light =)

Thizisthe Blinn-FPhong illumination model,

Which quantities are spatial wvectors?

Which are RGE triplas?

Which are scalars?

o

24




Choosing the parameters

Experiment with different parameter settings, To get

vou started, here are a faw suggestion s
* Tryn.intherange [0,100]
¢ Tryk +hs+k <
¢ Usaasmall kg (~0.1)

U i ks
Wetal brge Small, color | Large, color
of rretal of rretal
flediurm, :
Plastic rreediurm color of F'I'E!jlum’
_ white
plastic
Plaret 0 varying s

25




Materials in OpenGL

The OpenGL codeto specify the surface shading
properties is fairly straightforward, For example:

GLfloat ke[] = { 0.1, 0.15, 0.05, 1.0 };
GLfloat kal] = { 0.1, 0.15, 0.1, 1.0 };
GLfloat kd[] = { 0.3, 0.3, 0.2, 1.0 };
GLfloat ks[] = { 0.2, 0.2, 0.2, 1.0 };
GLfloat ns[] = { 50.0 };

glMaterial fv (GL FRONT, GL EMISSION, ke);:
glMaterial fv (GL _FRONT, GL AMEIENT, ka);
glMaterial fv (GL_FRONT, GL DIFFUSE, kd;
glMaterial fv (GL_FRONT, GL SPECULAR, ks);
glMaterial fv (GL_FRONT, GL SHININESS, ns);

Mates:

*+ The cL_FronT parameter tells OpenGL that we
are specifiving the materials for the front of the
surface,

+ Onlythe alpha value of the diffuse coloris used
for blending It's usually settol,
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Shading in OpenGL

The OpenGL lighting model allows you to associate
different lighting colors according to material
propertiesthey will influence,

Thus, our original shading equation:

II':}'-(EI+,l'-|;'ﬁlllllljl+
1 i
IB[ N-L, |+ [N-H }
;ajl+'bf"}+cfrf2 Li! HD'II .I':|+ 5': .I':|+
becorm es:
'Il:Jl{e-l_HE'rLE-i_

1
2 a+ by +egn [ Foting + By (Rl (N Ly ot el (N H )

where you can have a global ambient light with
intensity /7, in addition to having an ambient light

inten sity f7,; assod ated with each individual light, as
well as separate diffuse and specular intensities, /7,
and Iz, repactively,

¥




Shading in OpenGL, cont’d

In OpenGLthis equation, for one light source (the oty is
specified samethin g like;

FLfloat

FLfloat
FLfloat
FLEfloat

FLfloar @

FLEfloat
FLEfloat
FLEfloat
FLfloat
FLfloat
FLfloat

Lal] = { 0.2, 0.Z, 0.2, 1.0 };

LaO[] = { 0.1, 0.1, 0.1, 1.0 };

Ldd[] = { 1.0, 1.0, 1.0, 1.0 };
{l.0, 1.0, 1.0, 1.0 };
= {10, 1.0, 1.0, 0.0 };

alif] = { 1.0 }; —

Wa[] = { 0.5 };

cO[] = { O.25 }; _

20[] = { -1.0, -1.0, 0.0 };

betal[]l] = { 45 };

e0[] = { Z };

glLhightModelfw (L LIGHT MODEL AMEBIENT, La):;

glLight fr (GL_LIGHTO,
glLight fr (GL_LIGHTO,
glLight fr (GL_LIGHTO,
glLight fir (GL_LIGHTO,
glLight fir (GL_LIGHTO,
glLight fir (GL_LIGHTO,
glLight fv {GL LIGHTO,
glLight fw (GL_LIGHTO,

OMSTANT
GI.{_L INELE. ATT

GL%I;.DRAT]; A
GL_STOT DIRECTION, 50);

L AMEIENT, Lal):;
L DIFFISE, Ld0);
L SPECTILAR, L=0);

po=0) ;

gllight £{GL_LIGHTO, GL SPOT CUTOFF, betal);
gllight £{GL_LIGHTO, GL SPOT EXPONENT, e0);

28
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Shading in OpenGL, cont’d

Motes:

Yol can have as many as GLMAX_LIGHTS lightsin a
scene, This number is system-dependent,

For directional lights, wou specify alight direction,
not position, and the attenuation and spotlight term s
are ignoread,

The directions of directional lights and spotlights are
specified in the coordinate systems of the lighis, nat
the surface points asweve been doing in lecture,

a0




BRDF
The diffuse+specular parts of the Blinn-Fhong

illumination model are a mapping from light to
viewing directions:

Ham-uw[ﬂ L*"J ]

i=18

e+

=l; f(LV]

Themappingfundion f,is often written in terms of
incoming (light) directions @, and outgoing
(wiewdng) directions al,:

i@ @) OF fl@, =,

Thisfunction is called the Birdirectional Reflectance
Distribution Function (BRDF).

Here's a plotwith g, held constant:

BRDF's can be quite sophisticated. ..
30




More sophisticated BRDF's

[Ceckand Tarmnce, 1982

Artistics BRDFs [Gomch]
31




Gouraud vs. Phong interpolation

Mowowe know how to compute the color at a point
on asurface using the Blinn-Fhong lighting modal,

Does graphics hardware dothis calculation at every
point? Mot by default...

smooth surfaces are often approximated by
polygonal facets, because:

+ Graphics hardware generally wants polygons
(esp. triangles).

+ Sometimes it easier to write ray-surface
intersection algorithms for poly gonal maodels,

How dowe compute the shading for such a surface?

E¥




Faceted shading »

/)

I

Besume each face has a constant narmal: L v

L:vi} Wy 4:.‘..'__71" mm[

For a distant viewer and a distant light source and
conhstant material properties owvar the surface, how
will the color of each trian gle vary?

Result:faceted, not smooth, appearance,

33
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Faceted shading (cont’d)

34 [Williarns and S1egel 1990]




Gouraud interpolation

To get asmoother result that is easily paformed in
hardware, we can do Gouraud interpehation.

Herea s bow it warks:

1. Compute normals at the verticas,
2, Shade only the verticas,

3. Intarpolate the resultingwertex colors,
N

4

Mg A

éﬁ

o

1
1
1
1
S |

""'\-\.._.--l:'.,';
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Rasterization with color

Recall that the z-buffer work s by interpolating z-
values across atrianglethat has been projectadinto
image space, a process called rasterization,

During rasterization, colors can be smeared across a
triangle aswaell;

(T, 1)
:I‘I"" I:JII'|.{JI|..|I.|I'_:
|
yh
o _L
I:.I':. Bz, '_-__.'|
[ Mo, Cra, B
g (Fa, 43, 23)
(Ry. Gy, By)
| T
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Facted shading vs. Gouraud interpolation

37 [Williarns and S1egel 1990]




Gouraud interpolation artifacts X
0~ o
" .

R\t* Gouraud interpolation has significant limitations,

1. Ifthe polvgonal approximation is too coarse, we

|
can miss specular highlights, |
|

N ; .

v &

"s IQHIEE’ PR /L”
Lo~ ’\:. : L.

ST 73 |

N
20
\ YT

x’/ \\

2. We will encounter Mach banding [derivative I X
discontinuity enhanced by human eye), ﬂji,ffw‘ﬂ.
Thisiswhat graphics hardware does by default, _ j -
|
A substantial improvementisto do. .. L
" A
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Phong interpolation

To get an evan smoother result with fewer artifacts,
we can perform Phong interpolkation.

Herea s bow it warks:

1. Compute normals atthe vertices,
2. Interpolate normals and normalize.
3. 5Shade using theinterpolated normals,

£t




Gouraud vs. Phong interpolation

40 [Williarns and S1egel 1990]




Default pipeline: Gouraud interpolation

Default vertex processing :

! «—rcktemrnine lighting dirs: tion
Vertex W - rclternine viewing direction
[FOCRSS0r Mé—norrmalize(n, )

A shadewith LYKk, 0,
attach cpRong t0 verte: as “arying”
Vis— project wioirmage

Frimitive
assembler vie Vi G — triangle

Fragment

: Llve of )
Fasterizer }
I1'_.. e
|E' g |
-
w

Fragment Default fragment processing:
sl fsladnxell Color 4= ci ong
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Programmable pipeline:
Phong-interpolated normals!

Wertex
roce ssor

|

Frirmitive
assemibler

Easterizer

Fragment
[roCe ssor

Vertex shader:

attach n,tovertex as “varying”
attach v toverte as “varying”

Vis— project vio irmage

1T 2 = i
Wt vl — triangle

Fragment
vE RE kGRS i)

Fragment shader:

!« determine lighting direction
Ve datarmine viewing direction

A < narmalizelnd)
calar < shade with LV, & k2 L2, o8
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Summary

iou should understand the equation for the Blinn--
Fhonglighting model describedin the "lteration
Four" slide:

*

*

*

What isthe physical meaning of each variable?
How arethe terms computed?

What effact does each term contributetothe
image?

What does waryingthe parameters do?

You should alsounderstand the differen ces betwesn
facatad, Gouraud, and Phonginferpolated shading,

Andyou should understand how to compute the
normal to a surface of revolution,
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Surface normals

How can we compute the normal to a surface at a
given point?




Tangent vectors and tangent planes

S
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Normals on a surface of revolution

rbiﬁ"{{— {lrauﬂcp Jm'
4 ot nsramals
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