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ABSTRACT

I nthe production of conputer generated
pictures of three di mensional objects, one stage
of the calculationisthe determ nationof the
intensity of a given object once its visibility
has been established. This is typicallydone
by nodel ling the surface as a perfect diffuser,
sonetines with a specul ar conponent added for the
sinulationof hilights. This paper presents a
nore accurate function for the generation of
hil'ights which i s based on some experi ment al
measur enents of how light reflects fromreal
surfaces. |tdiffers fromprevious nodels in that
the intensity of the hilight changeswith the
directionof the light source. Al'so the position
and shape of the hilights i s somewhat different
fromthat generatedby sinpler models. Finally,
the hilight function generates different resulfs
when sinulating netallicvs. nonnetal lic surfaces.
Many of the effects so generated are sonewhat
subtle and are apparent only during novie
sequences. Sone representativestill franmes from
such novi es are incl uded.
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| NTRODUCTI ON

I nproduci ng conputer generated pi ctures of
three dimensional objects, two types of cal cul at-
ion nust be performed. The first, and nost
popul arly di scussed, isthe hidden surface probl em
determini ng whi ch object is visible where on the
screen and what isthe normal vector to the object
at that point. The second isthe intensity
calculation; given the normal vector and the
position of the light sources, what is the proper

intensity for the correspondingspot on the picture.

Very sinpl e nodel s are typical l'y used whi ch
simulate ideal diffuse reflectors. This uses the,
so called, Lambert's |awwhich states that the
surface will diffuse incident light equally in all
directions. Differences i nintensity are then
caused by the different anounts of incitent |ight
per unit area interceptedby portions of the
surface at various angles to the |ight source.
This will be proportional to the cosine of the
angl e between the normal to the surface, N, and
the vector to the light source, L. This cosine
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i s eval uated by conputing the dot product of the
two vectors after normallizingthemto a |ength

of 1. 1f this dot product isnegativeit indicates
that the viewer i son the opposite side of the
surface fromthe light source. The intensity
shoul d then be set to zero.

I'naddition, some constant val ue i s usually
added to the intensityto sinulate the effects of
anbient |ight on the surface. This assunmes that
a smal |l ampunt of light falls on the surface
uniformy fromall directions in additionto the
mai n point |ight source. The integral of this
anbient light fromall directions yields a
constant value for any normal direction. The net
functionis:

d = max(0,N-L)
i= pa + d pd

i = percieved intensity

p_= proportion of ambient reflection
P proportion of diffuse reflection
d = amount of diffuse reflection

N = Normal vector to surface

L = Light direction vector

This nodel is sinpleto conpute and quite adequate
for many applications.

SI MPLE HI LI GHT MODELS

Anore realistic lightingnodel was intro-
duces by Phong [2] as part of a technique for
i nproving the appearance of images of curved
surfaces. The function makes use of the fact
that, for any real surface, nore light is reflect-
ed in adirectionnaking an equal angle of inci-
dence with reflectance. The additional |ight
reflectedin this directionisreferredto as the
specul ar conponent. |f the surface was a perfect
mrror light wouldonly reach the eye if the
surface normal, N, pointed hal fway between t he
source direction, L, and the eye direction, E.
V\Vﬁ will name this direction of maxi mumhilights H,

ere

H= LE
Ten(L+E)



For less than perfect mirrors, the specular compo-
nent falls off slowly as the normal direction moves
away from the specular direction. The cosine of
the angle between H and N is used as a measure of
the distance a particular surface is away from the
maximum specular direction. The degree of sharp-
nesssof the highlights is adjusted by taking this
cosine to some power, typically 50 or 60. The

net Phong shading function is then:

d = max{0,N-L)

s = (N-H)®?

i=p, *+dpy+sp
where

i = percieved intensity

p,= proportion of specular reflection
s = amount of specular reflection
c1= measure of shininess of surface
other values as defined above

In addition, when simulating colored surfaces,
there is a different intensity value for each
primary. These. should be calculated by scaling
only the diffuse and ambient components by the
color of the object. The highlights then appear
desaturated or white.

TORRANCE- SPARROW MODEL

The reflection of light from real surfaces
has been the subject of much theoretical and
experimental work by physicists Is], [6] and
illumination engineers [4. The experimental
results generally match the Phong shading function
but some differences do arise. The main one is
the fact that the the specular bump,
represented by the parameter p_ above, varies with

the direction of the light source. Also the
direction of peak specular reflection is not
always exactly along H. In 1967 Torrance and
Sparrow [7] derived a theoretical model to

explain these effects. The match between their
theoretically predicted functions and experimen-
tally measured data is auite imoressive. In this
section we derive the Torrance-Sparrow highlight
function in terms of the vectors N, L, H and E,

all of which are assumed to be nonnallized.

The surface being simulated is assumed to be
composed of a collection of mirror like micro
facets. These are oriented in random directions
all over the surface. The specular component of
the reflected light is assumed to come ‘from
reflection from those facets oriented in the
direction of H. The diffuse component comes from
multiple reflections between facets and from
internal scattering. The specular reflection is
then a combination of four factors:

g3

D is the distribution function of the directions
of the micro facets on the surface. G is the
amount by which the facets shadow and mask each
other. F is the Fresnel reflection law. Each of
these factors will now be examined in turn.
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The light reflected specularly in any given
direction can come only from the facets oriented
to reflect the light in that direction. That is,
the facets whose local normal vectors point in the
direction of H. The first term in the specular
reflectance is the evaluation of the distribution
of the number of facets pointing in that.direction.
The distribution used by Torrance and Sparrow was
a simple Gaussian:

- . 2
D, " e (acz)

D, is the proportionate number of facets oriented
at an angle g from the average normal to the
surface. The factor c» is the standard deviation
for the distribution and is a property of the
surface being modelled. Large values yield dull
surfaces and small values yield shiny surfaces.
We are interested in the number of facets pointing
in the direction of H so the angle ¢ here is

cos ! (N*H).

Since the intensity is proportional to the
number of facets pointing in the H direction, we
must take into account the observer sees more of
the surface area when the surface is tilted. The
increase in area is inversely proportional to the
cosine of the angle of tilt. The tilt angle is
is the angle between the average surface normal,
N, and the eye, E. This explains the division by

(N.E).

Counteracting this effect is the fact that
some of the facets shadow each other. The degree
to which this shadowing occurs is called the
“geometrical attenuation factor”, G. It is a
value from 0 to.1 representing the proportionate
amount of light remaining after the masking or
shadowing has taken place. Calculation of G
assumes that the micro facets exist in the form
of Vshaped grooves with the sides at equal but
opposite angles to the average surface normal. We
are interested only in grooves where one of the
sides points in the specular direction H. For
differing positions of the light source and eye
oosition we can have one of three cases illustrated
in Figure 1.

Case a

No interference

Case b
Some of the reflleeted

light is intercepted

Case ¢
Some of the incident

light is masked off

Figure 1



Note that the vectors L and E do not necessarily
lie in the plane of the figure (i.e. the plane
containing Nand H. W can see this by consid-
ering a top viewas in Figure 2.

-

Figure 2 - Top view of reflection
from a micro~-facet

The val ue of Gfor case a of Figure 1 is 1.0,
signifyingno attenuation.

To conpute G for case b we need to conpute the
ratio 1- (m/2) which i sthe proportionate anmount of
the facet contributingto the reflectedlight.

See Figure 3.

Figure 3 - Light which escapes
is  1-(m/%)

We can reduce the problem to two dimensions if we
project E onto the plane containing N and H (the

plane of the diagram). Calling this projection E
and labeling relevant angles we have Figure 4. P

N

Figure 4 - Measurement of m/%

Applying the law of sines we have

m/% = sinf/sinp
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Then we note that

sinb
cosb

= Cose
= sine
Since the angles of the trianglenust sumto 21
we have
sinf = sin(b+e)
sinb cose + cosb sine

Nue to the symetry of the groove and the conpl e-
mentarityof dand a

e =2d
.cose = 1-2sin®d = 1-2cos?a
sine = 2cosd sind = 2sing cosa

Pl uggi ng these into the expressionfor sinf

sinf = cose(1-2cos2q) + 2sine cosa sina
= cose - 2cosa(cose cosa - sine sina)
= cose - 2cosa cos(e+a)
= H-E)-ZMN-H)(N-E)
Since Bp i sthe projectionof B onto the N, Hplane
then N-EpzN- E and H-£p=H-E so that

G, =1 -7 = 20NH) (N-E)/(EH)

Exam ning the di agramfor Gc we see that it is the
same as that for GB but withthe roles of L and E
exchanged. Thus

G, = Z(N-H)(N-L)/(H-L) = Z(N-H) (N-L)/(E-H)

For aparticular situation, the effective val ue of
Gwi |l be the m ni numof Ga, G and G.

The final factor in the specul ar reflection
i sthe Fresnel reflection. This gives the fraction
of the light incident on a facet whichis actually
reflected as opposed to being absorbed. Thisis a
function of the angle of incidence on the mcro
facet and the index of refractionon the substance.
I'tisgiven by

1 sin?(¢-6) tan2(¢-e)1
= +
Z |sin?(4+0)  tan?(¢+6))
where sin® = sin¢/n
¢ = angle of incidence
n = index of refraction

In our case, the angle of incidenceisd =

cos '(L+H) = cos '(E+H). The interestingthing
about this functionisthat it has a substantially
different formfor- metallicvs. nonnetal |ic sub-
stances. For netals, correspondingto |arge val ues
of n, F(p,n) isnearlyconstant at 1. For non-

metal s, correspondingto small values of n, it has
a nore exponential appearance, starting out near
zero for ¢=0 and going to 1 at ¢=n/2.



FACET DI STRI BUTI ONFUNCTI ONS

One thing i nthe above nodel can be inproved
upon. This i s the facet distributionfunction.
This function takes an angle, a, and a measure of
the shininessof the surfaceand conputes the
proportionate area of facets pointingin that
direction. The angle a isthe angle betweenH
and N we can eval uate its cosine as (N-H}.

The Phong nodel ef fectivel y uses the dis-
tributionfunction of the cosine raisedto a
power .

D, = cos®la

The Torrance Sparrownodel uses the standard

Gaussi an di stribution al ready nentioned.

D2 = e- (acz) z

A third functionhas been proposed by
Trowbridgeand Reitz [8]. They showed that a
very general class of surface propertiescoul d be
gener at ed by nodel | ing the mcrofacets as
el lipsoi ds of revolution. This Ieads to the
di stributionfunction

2
D3 = ——-——-—-——c32
cosZa(cs?-1)+1

Were c3 is the eccentricityof the ellipsoids and
is O for very shiny surfaces and 1 for very dif-
fuse surfaces.

Each of these functions has a peak val ue of
1at a=0 (for facets pointing along the average
surfacenormal ) and falls off as a increases or
decreases. The rate of fall off i s controlledby
the val ues e, cz and ¢z | nconparingthe
functionsit is necessaryto specifythis ratein
auniformunit. A convenient suchunit isthe
angl e at which the distributionfalls to one
half. Interns of this angle, g, the three
coefficientsare:

-
In cosB
_ V/In2
c2 = '—'—B—
o - [eosiaeL) V2
cos?8-vZ]

I f these three functions are plotted w th equal
val ues of 8 it canbe seen that the%/ are very
simlar in shape. However, since thereis sone
experimental as wel | as theoretical justification
for Dy and since it i s the easiest to conpute,

it is the one we shall choose.

COVPUTATI ONAL CONSI DERATI ONS
There are several observationsWwhich can be

made to speed up the conputationof the hilight
function.
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If g does not change within a frame the
function D; can be calculated using the intermed-
iate values (calculated once per frame):

ki = 1/(cs*-1)
ky = ki+l

D; = [—————kz ?
cos?atk;

A sinplificati onwhichisoften made isto
assume that the light source is at infinity. Thus
the vector L is a constant for each point of the
picture. We may also model the eye as being far
away from the object so that E = (0 0 -1). This
al lows the calculationof the directionof Hto
be done once per change in light direction.

whereupon

I't i spossibleto avoid apotential division
by zero when computing G by conbining it withthe
term1/(N-E) and finding the minimum of Ga, Gb and
Cc before doing the divisions:

if (N*E)<(N-L) then
if 2(N+<E) (N-H)<(E-H) then G:=2(N+H)/(E-H)
else G:=1/ (N-E)
else
if 2(N-L) (N-H)<(E-H) then G:=2(N-H) (N-L)/(E-H) (N*E)
else G:=1/(N+E).

The Fresnel reflectionisa functiononly of
the index of refraction and the dot product (E<H).
I'f Eisassumed constant at (0 0 -1) then this
cal cul ati on needs to be made only once per change
inlight sourcedirection. Inaddition, by some
trigononetricidentitiesit can be shown that the
Fresnel formula can be cal cul ated by:

F = (g-c)? . (c(g+c)-1)?
(g+c)? (c(g-c)+1)*
where c¢ = (E-H)
g = v n?+c?-1

CAMPARTISONY W TH PHONG  SHADI NG

Nowt hat we have derived this hilight
functionwe shoul d conpareit withthe Phong
functionto see where and by howrnuch they differ
Figure 5 shows aplot of the anount of light re-
flected froma surfaceas a result of an incident
ray at 30 degrees fromthe surface normal . The
distance of the surface i naparticular direction
fromthe center represents the amount of [ight
reflectedin that direction. The incomingray is
fromthe right. Avector pointingto the left at
the specul ar directionis shown for ref erence.
The heni spherical portion of the function i sthe.
diffusereflection; equal amounts in each direc-
tion. The bunp is the specul ar reflection.. For
this angle of incidencethe functions.areal most
i dentical. Figure 6 shows the same function for
an incident ray at 70 degrees. Note that the
specul ar bunp i smuch larger for the Torrance



Phong Model Torrance-Sparrow Model

Figure 5

Comparison of Phong and Torrance-Sparrow reflection
distributions for incident light at 30° from normal

Sparrow function and not in quite the same direct- Figure 7b simulates a Magnesium Oxide ceramic (a
ion. This indicates that the new function will be standard diffuse reflector) using the experimental
materially different only for shallow angles of parameters:
incident light and that the specular reflection
will be much higher there. This may be verified p, = .667
by the simple experiment of holding a matte - 333
sheet of paper edge on to a light and noting that Pg = -
it looks quite shiny. n =18
Figure 7 shows images of an object made es = .35

using the two hilight functions with both an : : :
edgeon ighting direction and a fronton direc- |0l thal the cetanic looks auite difuse for
tion.  Figure 7a simulates an aluminum metallic specular (even more. so than. the alumi)r/wm) for y
surface using the experimentally measured I'pht hitti it almost tar tiall
parameters ig itting it almost tangentially.

Py = 4 VARYING SURFACE SHININESS

p; = .6

nd = 200 In [1] and [3] a technique for mapping

- texture patterns onto. bicubic surfaces was
€3 = .. described. The object-was defined as a bipara-

meteric surface and the parameter values were

Phong Model Torrance-Sparrow Model

Figure 6

Comparison of Phong and Torrance-Sparrow reflection
distributions for incident light at 70° from normal
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Phong Torrance- Spar r ow Both Mbdel s Essentially Sane
Edge Lit Front Lit
Figure ?a
Sinul ation of Al um num Surface

Phong Torrance- Sparr ow Both Mbdel s Essential ly Same
Edge Lit Front Lit
Figure 7b
Simulation of Magnesium Oxi de Surface
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Figure
Surface shininess varying as a function

of two different

used as input to a texture function which scal ed
the diffuse conponent of the reflection. This
form of napping is good for simulating patterns
painted on the surface but attenpts to simulate
bunpy surfaces were disappointing. This effect
can, “however, be better approxi mted by using the
sane texture mappi ng approach applied to the
local surface roughness c,.

If ¢4i5 going to change fromplace to place
on the surface we nust worry about nonnallization
of the p, function. In its original derivation
in[8 Dy differed fromthat shown here by a
factor of ¢,2. This additional factor was
included here as a normallizing constant to make
D,(0)=1. Since, now, csis varying across the
surface, we wish to use a constant normallizing
factor based on its m nimum val ue over the
surface.  The texture nodul ated distribution
function should then be:

C3 = C_.
min

2
{ Chin €3
cosZa(cs2-1)+1

wher et (u,v)=texture

+ (l-cy) tlu,v)
Dy =

val ue

Figure 8 shows sone images made with various
texturing  functions.

CONCLUSI ONS

The Torrance-Sparrow reflection model differs
fromthe Phong model in the inclusion of the G F
and 1/.(N-E? terms. This has a noticable effect
q_rl marily for non-netallic and edgze_l it objects.

he use of the Ds micro facet distribution
function provides a better match to experinental
data and Is, happily, easier to conPute than D,
or D,. This savi n?s effectively offsets the
extra conputation tine for Gand F yieldin
hilight generation function having a high

g a
_ f . egree
of realism for no increase in

conputation tine.

texture
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