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There is provided a system and method for artist friendly
control of three-dimensional object shading, particularly hair.
A methodology is disclosed for deriving a pseudo scattering
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1
SYSTEM AND METHOD FOR ARTIST
FRIENDLY CONTROLS FOR HAIR SHADING

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to computer gener-
ated graphics. More particularly, the present invention relates
to shading for three-dimensional computer generated graph-
ics.

2. Background Art

Providing aesthetically pleasing visual results for three-
dimensional computer generated graphics is an important and
challenging task. As entertainment media such as movies and
video games increasingly rely on three-dimensional com-
puter generated graphics to supplement or replace live action
footage or traditional painting techniques, it becomes impor-
tant to streamline the computer aided workflow process. By
providing artists and other creative professionals with intui-
tive computer based tools that ease the transition from ideas to
computer generated renderings, visually appealing three-di-
mensional graphics can be more easily integrated into cre-
ative media while adhering to project budgets and schedules.

In particular, most three-dimensional characters, such as
humans or animals, will have some kind of hair or fur on their
bodies needing to be rendered. Human vision is very sensitive
to the appearance ofhair and can detect subtle inaccuracies in
its appearance. Moreover, since hair can provide a very per-
sonal expression of style and creativity, hair is often consid-
ered one of the most important customization features for
avatars, such as for online social communities and gaming
networks. Thus, the importance of providing aesthetically
pleasing hair is not to be overlooked.

On the other hand, rendering hair is not a trivial matter as it
is computationally expensive to model the complex behavior
of light scattering events in a volume of hair. While there has
been much research on hair shading using physical models, it
is difficult for computer graphics rendering to benefit from
such research. Since the rendering parameters are based on
physical material properties such as indices of refraction and
absorption coefficients, it is difficult for artists and other
creative professionals to manipulate the rendering parameters
to achieve a specific aesthetic goal. In particular, due to the
laws of physics and the coupling of physical material prop-
erties to multiple visual effects, it is difficult to create specific
aesthetic changes, such as adjusting only the width of hair
highlights, without changing the appearance of the rendering
as a whole.

Thus, while physically based shading models can provide
realistic and aesthetically pleasing results, they are often
inappropriate for creative works due to their unintuitive art
direction behavior. As a result, ad-hoc shaders that are more
easily manipulated by artists have become common in pro-
duction use. However, such ad-hoc shaders may lack the
richness of detail provided by physical shaders, thereby pro-
viding a sub-optimal aesthetic appearance that may also
break down in certain lighting conditions.

Accordingly, there is a need to overcome the drawbacks
and deficiencies in the art by providing a three-dimensional
computer graphics rendering system capable of producing
aesthetically pleasing results for features such as hair while
providing intuitive manipulation controls for art direction.

SUMMARY OF THE INVENTION

There are provided systems and methods for artist friendly
control of three-dimensional object shading, particularly hair,
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2

substantially as shown in and/or described in connection with
at least one of the figures, as set forth more completely in the
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The features and advantages of the present invention will
become more readily apparent to those ordinarily skilled in
the art after reviewing the following detailed description and
accompanying drawings, wherein:

FIG. 1 presents a diagram showing the steps for deriving,
from a physically based scattering function over a domain of
Physically Based Controls (PBCs), a pseudo scattering func-
tion over a domain of Artist Friendly Controls (AFCs),
according to one embodiment of the present invention;

FIGS. 2a through 2¢ present diagrams showing the single
scattering subcomponents of light related to a single fiber of
hair;

FIG. 3 presents azimuthal visualizations of the Artist
Friendly Controls (AFCs) for a single scattering model of hair
rendering, according to one embodiment of the present inven-
tion;

FIG. 4a presents diagrams showing multiple scattering
components of light for a volume of hair, according to one
embodiment of the present invention;

FIG. 44 presents visualizations of the Artist Friendly Con-
trols (AFCs) for a multiple scattering model of hair rendering,
according to one embodiment of the present invention;

FIG. 5 presents final display renders of a character under
different lighting and viewpoints using a pseudo scattering
function over a domain of Artist Friendly Controls (AFCs) as
applied to hair, according to one embodiment of the present
invention;

FIG. 6 presents a diagram of a computer system by which
auser can adjust Artist Friendly Controls (AFCs) in a shading
system to create and display a render of a fiber or volume of
fibers, such as hair, according to one embodiment of the
present invention; and

FIG. 7 shows a flowchart describing the steps, according to
one embodiment of the present invention, by which a com-
puter system provides for a user to adjust Artist Friendly
Controls (AFCs) in a shading system to create and display a
desired render of a single fiber, such as hair.

DETAILED DESCRIPTION OF THE INVENTION

The present application is directed to a system and method
for artist friendly control of three-dimensional object shad-
ing, particularly hair. The following description contains spe-
cific information pertaining to the implementation of the
present invention. One skilled in the art will recognize that the
present invention may be implemented in a manner different
from that specifically discussed in the present application.
Moreover, some of the specific details of the invention are not
discussed in order not to obscure the invention. The specific
details not described in the present application are within the
knowledge of a person of ordinary skill in the art. The draw-
ings in the present application and their accompanying
detailed description are directed to merely exemplary
embodiments of the invention. To maintain brevity, other
embodiments of the invention, which use the principles of the
present invention, are not specifically described in the present
application and are not specifically illustrated by the present
drawings.

Before discussing the artist friendly controls provided by
the present invention, it may be helpful to provide a brief
overview of the state of the art in different shading models. As
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discussed in the background art, while physically based
shader models may provide realistic and aesthetically pleas-
ing hair rendering, they are difficult for artists to utilize since
the control parameters are based on unintuitive physical
material parameters. Such physical material parameters
define the behavior of a material in response to light. These
parameters may include an absorption coefficient, an extinc-
tion coefficient, a scattering coefficient and an index of refrac-
tion. However, artists are not interested in these parameters
but in specific visual parameters such as color and brightness.
To affect changes in specific visual parameters, artists using
physical shader models must manually tweak physical
parameters using trial and error, a tedious and time consum-
ing process. Moreover, since the physical parameters are
often coupled to several visual parameters, it is difficult to
adjust one visual element in isolation without affecting oth-
ers, which is highly undesirable behavior for art direction.

Although methods exist to extrapolate estimated physical
parameters from photographic sources, thereby relieving art-
ists from much of the trial and error of parameter selection,
the requirement for photographic source material in the first
instance is burdensome, particularly for fantastic and futur-
istic world designs requiring rendering of objects thathave no
analogues in the real world. If physical shader models are
used, it may be difficult or impossible to implement desired
art direction without undesirable rendering side effects or
artifacts. Thus, artists are unduly restricted from expressing
creative world designs that may not necessarily comply with
realistic physical models.

As a result, many production environments have turned to
ad-hoc shading models better suited to art direction. Many of
these ad-hoc shaders are based on simplified shading models
with more intuitive control parameters compatible with art
direction. However, as discussed in the background art, the
tradeoff is forfeiting the richness in visual detail and consis-
tency in different lighting conditions inherently provided by
physically based shading models. Thus, while ad-hoc shaders
are easier for artists to control, they may provide sub-optimal
visual quality.

Since the highly detailed and aesthetically pleasing results
inherent in physically based shading models still remain com-
pelling despite difficulties in art direction control, it may be a
good starting point to return to focus on physically based
shading models. Physically based scattering functions (f,)
may be defined over the domain of material properties, or
Physically Based Controls (PBC), which include parameters
such as index of refraction 1), absorption coefficient o, and
other parameters as discussed above. Thus,

F A0y, 0, 0m, - . )=F(0;, 0, {PBCY)

where m, and w, are lighting and viewing directions. From this
physical model, the goal is to produce a pseudo scattering
function f', that approximates £ but is defined on a different
domain of parameters that have intuitive visual meanings for
artists and are separate for all visually meaningful compo-
nents. This domain of intuitive, decoupled, and meaningful
parameters shall be referred to as Artist Friendly Controls
(AFC). Thus,

§' w0, { AFChH=f,
Since the pseudo scattering function ' is an approximation
of f,, it is not limited to the rules of physics and can generate
a larger range of appearances such as super-natural appear-
ances, allowing artists to more faithfully reproduce their cre-
ative visions that may include values beyond the possible
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range of physical models. Of course, if a more realistic ren-
dering is desired, then ', may also provide a closer approxi-
mation of f, as well.

FIG. 1 presents a diagram showing the steps for deriving,
from a physically based scattering function over a domain of
Physically Based Controls (PBCs), a pseudo scattering func-
tion over a domain of Artist Friendly Controls (AFCs),
according to one embodiment of the present invention. As
shown in diagram 100 of FIG. 1, deriving f'_ from f_may be
summarized as a five-step process. At step 110 or the first
step, the exact behavior of f is examined over the domain of
some material properties {PBC}. At step 120 or the second
step, the behavior of f; is decomposed into visually separate
and meaningful scattering sub-functions f_,. Since the defi-
nition of “meaningful” in this context is subjective, this step
should take into account the input of end users or artists who
will be using the new shader. At step 130 or the third step, for
each subcomponent f,, artist friendly control parameters
AFC,; should be defined that are intuitive, decoupled, and
visually meaningful. Again, since “visually meaningful” is
subjective, the input of the end users or artists should be
integrated into step 130. At step 140 or the fourth step, pseudo
scattering functions f'; are reproduced that approximate the
qualitative behavior of the decomposed scattering functions
f; from step 120 over the domain of {AFC,} from step 130.
At step 150 or the fifth step, the pseudo scattering functions
I, from step 140 are combined into a single pseudo scattering
function f'_, which approximates f_ but is defined over the
domain of artist friendly control parameters {AFC,}.

While the process described in steps 110-150 of FIG. 1 are
specifically applied to hair shading, the process is not limited
to hair only. The results of FIG. 1 may also be generically
applied to other fiber-like structures. Additionally, by adjust-
ing the process to account for the light scattering behavior of
other objects, those other objects can also be analyzed and
rendered using a similarly derived pseudo scattering function,
enabling greater art direction while maintaining the visual
appeal of physical based shader models for a wide variety of
object materials.

Moving to FIGS. 2a through 2¢, FIGS. 2a through 2¢
present diagrams showing single scattering subcomponents
oflight as applied to one or more fibers of hair, where each of
the subcomponents controls a different visually apparent
characteristic of the one or more fibers. To explain the simpler
case first, the five-step process described in diagram 100 of
FIG. 1 will be first applied to the single scattering case, where
a single hair fiber is to be rendered using a light source. Thus,
corresponding to step 110 of FIG. 1, the exact light scattering
behavior of a single hair fiber will be examined. Diagram 200
of FIGS. 2a through 2¢ each includes light source 210 and
components 220a, 2205, and 220c¢. The arrow indicates the tip
of the hair fiber, as shown. As is known in the art, the single
scattering of light source 210 from a single hair fiber has three
main subcomponents, as shown in FIG. 2d:

1) Component 220q or “R”: Light reflecting off the surface

of hair or the “primary highlight”

2) Component 2205 or “TT”: Light transmitted through

hair medium or the “transmission highlight”

3) Component 330c¢ or “TRT”: Light internally reflected

off the inner surface of hair or the “secondary highlight”

Due to the presence of tilted cuticles, components 220a
through 220c¢ will be reflected in three different angles around
the hair fiber, forming three different cones. Component 220a
has the color of the light source and usually appears as a bright
white highlight. Component 2205 appears in backlit situa-
tions and is the bright halo around the hair. Component 220c¢
appears above the primary highlight and has the color of the
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hair. Component 220¢ contains some randomized looking
sharp peaks that are basically caustics formed as the light
passes through the hair fibers. The randomized appearance is
due to the fact that hairs have elliptical cross sections and are
oriented randomly.

As is known in the art, components 220a through 220c¢ can
be decomposed into three longitudinal functions M(0),
depicted in FIG. 24, and three azimuthal functions N(8),
depicted in FIG. 2¢. Thus,

[0 @)= Y My(ONx(@)/cos’6
X

where subscript Xe{R, TT, TRT} represents one of the three
subcomponents from components 220a through 220c.

The longitudinal scattering functions M, (0) have been
modeled as unit-integral, zero-mean Gaussian functions. The
variance of these Gaussian functions represents the longitu-
dinal width of each highlight:

My(0)=g(B0;-x)

where g is a unit-integral, zero-mean Gaussian function and
B? represents the variance of the lobe and a., represents its
longitudinal shift. By assuming circular cross sections for the
hair fibers when computing the azimuthal scattering func-
tions, the final shape of the scattering functions is relatively
easy to characterize, as shown in FIG. 2¢.

Proceeding with step 120 of FIG. 1, a team of artists was
consulted to derive a desired list of controllable appearance
properties. The results came up as four components: the pri-
mary highlight, the secondary highlight, glints, and the rim
light when the hair is backlit. Advantageously, these compo-
nents happened to align with the underlying physically based
calculations fairly closely. The primary highlight corresponds
to R or component 220q, the rim light corresponds to TT or
component 2205, and the glints and the secondary highlight
correspond to sub-components of TRT or component 220c.

Proceeding with step 130 of FIG. 1, the team of artists was
again consulted to define decoupled and meaningful Artist
Friendly Controls or AFCs. These correspond to specific
visual qualities such as color, intensity, size, shape, and posi-
tion. The results came up as follows:

1) R, or component 220a:

Color, intensity, longitudinal position, longitudinal
width

2) TT, or component 2205

Color, intensity, longitudinal position, longitudinal
width, azimuthal width

3) TRT minus glints, or a portion of component 220c¢:

Color, intensity, longitudinal position, longitudinal
width

4) Glints, or the remainder of component 220c¢:

Color, intensity, frequency of appearance
As previously described, since the results of steps 120 and
130 are subjective and based on artist preferences, they may
vary depending on the specific needs of the artists.

Proceeding with step 140 of FIG. 1, the current task is to
reproduce the decomposed subcomponents described in step
120 based on the AFCs defined in step 130. Since separate
longitudinal and azimuthal scattering functions for single
scattering are already known in the art as described above,
they will be used for this purpose. However, since it is desir-
able to decouple width and brightness so that adjusting the
width of highlights does not affect brightness, unit height
Gaussian functions will be used rather than unit-area.
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Thus, the pseudo longitudinal scattering function is
defined as follows:

M'y(0)=g' (B’ x0—0x)

where Xe{R, TT, TRT} and g' is a unit-height zero-mean
Gaussian function and f3, represents the longitudinal width of
component X and o, is its longitudinal shift.

Moving to FIG. 3, FIG. 3 presents azimuthal visualizations
of'the Artist Friendly Controls (AFCs) as applied to a single
scattering model of hair rendering, according to one embodi-
ment of the present invention. The azimuthal scattering func-
tions are more complex than the longitudinal scattering func-
tions and will need to be simulated separately, as shown in
diagrams 310a through 310c¢ with corresponding renderings
320aq through 320c.

The azimuthal scattering function for the primary highlight
N,(¢) appears as an up-side down heart shape, as shown in
diagram 310a of FIG. 3. In diagram 310a and render 320a, the
“a” term indicates the intensity I, the “b” term indicates the
longitudinal shift a, and the “c” term indicates the longitu-
dinal width B2, of the primary highlight. A simple approxi-
mation of the shape ignoring the Fresnel term is provided as
follows:

N(@)=cos(@/2) 0<p<n

The azimuthal scattering function for the transmission
component N, appears as a sharp forward directed lobe, as
shown in diagram 3106 of FIG. 3. In diagram 3104 and render
3205, the “a” term indicates the intensity 1, the “b” term
indicates the azimuthal width y*,, the “c” term indicates the
longitudinal shift o, and the “d” term indicates the longi-
tudinal width B, of the transmission highlight. A reproduc-
tion of the shape is provided using a Gaussian with unit height
and controllable azimuthal width as follows:

N'p=g' 0 1p7-4)
where ¥, is the azimuthal width of the transmission com-
ponent.

The azimuthal scattering function for the secondary high-
light and the glints appears as shown in diagram 310c¢ of FIG.
3.Indiagram 310c¢ and render 320c¢, the “a” term indicates the
intensity of the secondary highlight 1,5, the “b” term indi-
cates the relative intensity of glints I, the “c” term indicates
the azimuthal widths of the glints yzg, the “d” term indicates
the halfangle between the glints G ,,, ;,., the “e” term indicates
the longitudinal shift o, and the “f” term indicates the
longitudinal width 2, of the secondary highlight.

For the secondary highlight, more control parameters are
present because of the glints. Due to the eccentricity of the
human hair fibers, the number, intensity, and the azimuthal
direction of the glints varies based on the orientation of each
hair. However, since only the final visual impact of the glints
is of importance, it may be assumed that glints are two sharp
peaks with the same intensity that are always coming back
towards the incoming light direction. A random shift may be
added to the azimuthal direction to provide a randomized
appearance. This simplified model produces visually accept-
able results with greatly simplified rendering calculations and
sufficient artist control over important glint properties,
namely relative brightness over the secondary highlight and
frequency of appearance. Thus,

N'rrr.g=cos(§/2)
N'6=L80 ", Congre®)

N'trr=N'mrr.6+N'c
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where I is the relative intensity of glints over the intensity of
the secondary highlight and ng is the azimuthal widths of the
glints. Increasing the azimuthal widths increases the fre-
quency of glint appearance, whereas decreasing the azi-
muthal widths reduces the frequency of glint appearance.
G g 18 the half angle between the glints, which may be
randomized for each hair strand between 30 and 45 degrees to
provide a randomized appearance to the glints.

To provide color and brightness control for each compo-
nent, it suffices to simply multiply each component by a scalar
variable and a color variable. Thus,

Fx=Corl M5 (O)N'x(9)

where Xe{R, TT, TRT} and C, and 1, are the color and inten-
sity of component X, respectively. These values can be con-
trolled manually, procedurally, or through painted maps.

Proceeding with step 150 of FIG. 1, the components are
recombined by adding them together and dividing by cos® to
account for the projected solid angle of the specular cone.
Thus, the following equation is used with the components
described in step 140:

£ =2 fileos’®)
X

As a result, the final pseudo scattering function f'_ is derived
for the single scattering case.

Unfortunately, single scattering is often inadequate to pro-
vide the correct perception of hair color, particularly for light
colored hair. Thus, multiple scattering models are preferred to
provide accurate representation of hair color. Beginning with
step 110 of FIG. 1, the exact behavior of hair with multiple
scattered light shall be examined. However, to capture the
exact behavior of multiple scattered light, brute force path
tracing or ray tracing is required, which is computationally
very expensive and requires a long time to converge to a
result. Although alternative methods such as photon-mapping
and grid-based approaches are available, they are still rela-
tively computationally expensive.

However, by taking into consideration the physical prop-
erties of human hair, an approximation of the multiple scat-
tering components can be provided by the Dual Scattering
model, which is fast and relatively accurate. Thus, the Dual
Scattering model will be adopted to apply the steps of dia-
gram 100 in FIG. 1 for multiple scattering. The Dual Scatter-
ing method approximates the multiple scattering function as
a combination of two components, or global multiple scatter-
ing and local multiple scattering.

Global multiple scattering accounts for light reaching the
neighborhood of the shading point, and is dependent on the
orientation of all the hairs between the light source and the
point. It requires calculating the forward scattering transmit-
tance and spread of the light that reaches the shading point
from all light sources. Global multiple scattering will be
computed for different points separately.

Local multiple scattering approximates the scattering
events within the local neighborhood of the shading point,
and is only dependent on the longitudinal inclination of the
hair strand at the shading point, assuming that all surrounding
hairs around the shading region have the same orientation and
are infinite.

Moving to FIG. 4a, FIG. 4a presents diagrams showing
multiple scattering components of light as applied to a vol-
ume of hair, according to one embodiment of the present
invention, wherein each of the subcomponents controls a
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different visually apparent characteristic of the volume of
hair. Render 410a shows the final result of the Dual Scattering
method, render 4105 shows the single scattering components
f ., render 410c¢ shows the average back scattering attenuation
A,, render 4104 shows the multiple backscattering distribu-
tion function for direct lighting %7, . render 410e shows
the multiple backscattering distribution function for indirect
lighting £°4%¢”, . render 410f shows the average backscat-
tering spread S,, render 410g shows single scattering for
indirect lighting £.°***", render 410/ shows the F**“**” term,
and render 410i shows the F¥"*** term.

Proceeding with step 120 of FIG. 1, the team of artists was
again consulted to derive a desired list of controllable appear-
ance properties. Unfortunately, step 120 is not straightfor-
ward for multiple scattering when compared to single scat-
tering. The team of artists was presented with visualizations
of all the terms involved in the computation of the final dual
scattering model, as shown in renders 4105 through 410; of
FIG. 4a.

The results from the team of artists came up as two com-
ponents:

1) Forward Scattering component (F.S.), which includes
the £°°***” term and computes the light that scatters
forward and maintains its forward directionality inside
the hair volume. This component is particularly impor-
tant in back-lit situations.

2) Backscattering component (B.S.), which includes the
terms %7, and £<*“*”, _ These are multiple back-
scattering distribution functions that represent the light
that goes into the hair volume and comes back to the
surface. f%7*<, . computes this quantity for direct
and 94", . computes this for indirect illumination.
Both of these components are smooth Gaussian func-
tions in the Dual Scattering model.

It should be noted that £°**",  and f7"*, _ are very
similar quantities corresponding to the well-known f,,
quantity. £, is being used in the computation of F#"*
term while 94", . is being used in the computation
of £*°**” and accounts for the variance of forward scattering
in the longitudinal directions foz, as shown in render 4204
and 420e in FIG. 4.

Moving to FIG. 45, FIG. 4b presents visualizations of the
Artist Friendly Controls (AFCs) as applied to a multiple
scattering model of hair rendering, according to one embodi-
ment of the present invention. Render 420a shows the final
rendering result ', render 4205 shows the primary highlight
component R', render 420¢ shows the secondary highlight
component TRT", render 420d shows the transmission com-
ponent TT', render 420e shows the backscattering component
B.S., and render 420f shows the forward scattering compo-
nent F.S.".

Proceeding with step 130 of FIG. 1, since the visual com-
ponents such as color, intensity, size, shape, and position of
the decomposed components are already indirectly affected
by the values chosen for the single scattering components, it
may be counterproductive to simply override these values.
Therefore, rather than overriding variables, adjustment con-
trol parameters are provided instead. The artist team provided
the following AFCs:

1) F.S.: Color adjust, intensity adjust

2) B.S.: Color adjust, intensity adjust, longitudinal shift
adjust, longitudinal width adjust

By setting these parameters to default non-adjusting values,
the original result of the dual scattering model is the result. If,
however, the artist wants to adjust particular parameters, the
artist is enabled to do so using the above AFCs. As previously
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discussed, since steps 120 and 130 are subjective, the results
may differ depending on the needs of the artists.

Proceeding with steps 140 and 150 of FIG. 1, the original
algorithm for the Dual Scattering model is utilized, substitut-
ing the single scattering component f“"** with the above
described pseudo scattering function ', and embedding the
defined artist controls from step 130 into the
freet, ., Feaer, . and £ components. However since
f'.is only an approximation of the physical based f, and may
therefore break physical energy conservation laws, unwanted
artifacts such as blooming colors or disappearing objects may
result. To adjust for this, the computations for the dual scat-
tering model are instead calculated on the normalized version
of the single scattering components, or f' "™

;6.9

momg gy= — LO B
L) JoJ200, ¢)de dgy

where Q is the full sphere around the shading point.

Combining all of the above, the pseudo code shown below
implements steps 140 and 150 by reproducing the results of
dual scattering with embedded artist controls.

// Precompute A,(0), A, (), and ,2(0) from £.%*™ for 0 <0 <m
F(T,, 0/, directFraction)
//Backscattering for direct and indirect lighting
fpaa e = 2R4(0)8(0;, — By(0) + Cpu 05 (0) + B,/ (70 cO570)
Fpaa™ T = 28,(0)2(6;, — Ay(6) + Ao, 05°(60) + sz (8) +Bzaci)/
(7 cos_ze) ]
Tpact ™ & Cpaalpacilac™
fbaCkSC‘attEr = CBaCkIBaCkfbaCksc‘atter
//Longitudinal functions for direct and indirect lighting
M'XGC g0, - oy [5ng -
My~ = g0, - ax By +07)
//Azimuthal functions for indirect lighting

N§@, ) = sz’ 0. ¢
X T Jnj2 X

//Single scattering for direct and indirect lighting

£.47 = 3 M N' (6, §)

fsscatter <3 MXG NXG(G, q))

E5 = _

F9reet < directFraction (£ + dyfy .77

Fscatter « (T - directFraction) d (£, + d, f,2"**")
// Combine the direct and indirect scattering components
return (Fdzrect + Fscatter) cos ei

The symbols used in the pseudo code are well known for
the Dual Scattering algorithm, and include A, for the average
backscattering attenuation, A, for the average longitudinal
shift, 5,2 for the average backscattering variance, T for the
front scattering transmittance, and o for the front scattering
variance. M, and N, are the averaged forward scattered
longitudinal and azimuthal scattering functions, respectively.

The terms M', and N', are the pseudo scattering functions
corresponding to the longitudinal and azimuthal scattering
functions respectively, as described above. Corresponding to
the adjustments described above in step 130, I, ,.....;and Iz, .
are control parameters for adjusting the intensity values,
while Cg, ..., a0d Cg ... are control parameters for adjusting
the color values of the forward scattering and backscattering
components respectively. Finally, fz,.. and oz, are control
parameters for adjusting the longitudinal shift and the longi-
tudinal width of the back scattering components.

One problem that arises is since the multiple scattering
computations are based on the single scattering functions,
there arises an inherent relationship between the components

20

25

30

35

40

45

50

55

60

65

10

as multiple scattering is basically the effect of many single
scattering events. As previously discussed, such coupling
leads to unintuitive and undesirable behavior for art direction.
To address this problem, two sets of parameters may be pro-
vided, one that feeds into the single scattering and one that
feeds into the multiple scattering, which may be linked by
default but also severed at will by artists.

Moving to FIG. 5, FIG. 5 presents final display renders of
a character under different lighting and viewpoints using a
pseudo scattering function over a domain of Artist Friendly
Controls (AFCs) as applied to hair, according to one embodi-
ment of the present invention. As shown by renders 510a
through 510e, the newly developed shader using AFCs holds
up well in different viewing angles and lighting conditions,
which is not always the case with ad-hoc shaders, which may
break down and show artifacts and anomalies in certain light-
ing situations.

According to preliminary user evaluations, the new shader
using AFCs provides better art direction, lighting appearance,
and photographic reference matching compared to physical
based shaders or ad-hoc production shaders. Additionally, as
example advantages of shaders according to various embodi-
ment of the present invention, the rendering performance has
been measured to be around 3.3 times faster than the ad-hoc
production shader and 1.5 times faster than a physical based
research shader. Moreover, shaders according to various
embodiment of the present invention require less memory,
with the production shader requiring 1.3 times more memory
and the research shader requiring 1.6 times more memory.
This leads to faster rendering turn-around times and allows
production to proceed on more modest hardware, tighter bud-
gets, and accelerated schedules.

Moving to FIG. 6, FIG. 6 presents a diagram of a computer
system by which a user can adjust Artist Friendly Controls
(AFCs) in a shading system to create and display a render of
a fiber or volume of fibers, such as hair, according to one
embodiment of the present invention. Diagram 600 of FIG. 6
includes computer system 610, display 621, user 625, and
input device 626. Computer system 610 includes processor
611 and memory 612. Memory 612 includes rendering pro-
gram 615, rendering parameters 616, object data 617, frame
data 618, and rendered scene 620.

For example, user 625 may comprise the end user or artist,
input device 626 may comprise a keyboard, mouse, pen tab-
let, or other input device, and computer system 610 may
comprise a workstation or server computer. While only a
single computer system 610 is shown in FIG. 6, it is under-
stood that computer system 610 may share data and process-
ing resources with other servers, for example for distributed
workload sharing.

Processor 611 may be executing rendering program 615,
which may comprise a three-dimensional graphics rendering
system and user interface such as PhotoRealistic RenderMan
by Pixar and Autodesk Maya. Using input device 626, user
625 may manipulate the values stored in rendering param-
eters 616, which may correspond to the Artist Friendly Con-
trols (AFCs) as discussed above. Rendering program 615
may then use object data 617, which may include object
models and textures, and frame data 618, which may include
camera and lighting settings, to generate rendered scene 620,
which may comprise a still frame or an animated sequence of
frames. Through the use of native or plug-in functionality,
rendering program 615 may use a pseudo scattering function
shader as described above for the rendering of hair and other
fibers on characters and other objects. As previously
described, similar pseudo scattering functions may be devel-
oped for other materials, which rendering program 615 may
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support as well. Rendered scene 620 may then be output to
display 621, where user 625 can review the rendering results.
If user 625 deems the rendering results adequate, then the
settings in memory 612 may be stored in a more permanent
fashion, such as in non-volatile memory, to be rendered by
rendering servers in high quality for movie applications, or to
be used as asset data for real-time applications such as online
gaming.

Moving to FIG. 7, FIG. 7 shows a flowchart describing the
steps, according to one embodiment of the present invention,
by which a computer system provides for a user to adjust
Artist Friendly Controls (AFCs) in a shading system to create
and display a desired render of a single fiber, such as hair.
While flowchart 700 is directed towards a single fiber, flow-
chart 700 may also be adapted to a volume of fibers or other
materials, as described above. Certain details and features
have been left out of flowchart 700 that are apparent to a
person of ordinary skill in the art. For example, a step may
comprise one or more substeps or may involve specialized
equipment or materials, as known in the art. While steps 710
through 750 indicated in flowchart 700 are sufficient to
describe one embodiment of the present invention, other
embodiments of the invention may utilize steps different from
those shown in flowchart 700.

Referring to step 710 of flowchart 700 in FIG. 7 and dia-
gram 600 of FIG. 6, step 710 of flowchart 700 comprises
processor 611 of computer system 610 providing user 625
with control over defining values for subcomponents of a
light scattering by one or more fibers, where each of the
subcomponents controls a different visually apparent charac-
teristic of the one or more fibers. Specifically, the one or more
fibers may be one or more hair fibers. The one or more fibers
may be stored as an object in object data 617, and the values
for the subcomponents may be stored in rendering parameters
616. As previously described, rendering program 615 may
implement a pseudo scattering function over a domain of
Artist Friendly Controls (AFCs). Thus, for single scattering,
the subcomponents may include R, TT, TRT as previously
described, and TRT may be further decomposed into two
subcomponents including (1) glints, and (2) the TRT exclud-
ing the glints. For multiple scattering, the subcomponents
may further include E.S. and B.S., as previously described.

Referring to step 720 of flowchart 700 in FIG. 7 and dia-
gram 600 of FIG. 6, step 720 of flowchart 700 comprises
processor 611 of computer system 610 receiving, from user
625, the values of each of the subcomponents of the light
scattering by the one or more fibers from step 710. For
example, user 625 may use input device 626 to adjust such
values by manually typing in values, by adjusting sliders or
other user interface widgets, by providing a procedure or
macro for procedurally generated values, or by using other
methods to set the values. Since the AFCs are defined to be
intuitive, decoupled, and meaningful, adjusting the values in
step 720 leads to predictable and art directed visual changes in
the shading of the fiber, providing user 625 with greater
creative control.

Referring to step 730 of flowchart 700 in FIG. 7 and dia-
gram 600 of FIG. 6, step 730 of flowchart 700 comprises
processor 611 of computer system 610 storing the values of
each of the subcomponents from step 720 into memory 612.
As previously described, the values may more specifically be
stored within rendering parameters 616, for future use by
rendering program 615.

Referring to step 740 of flowchart 700 in FIG. 7 and dia-
gram 600 of FIG. 6, step 740 of flowchart 700 comprises
processor 611 of computer system 610 combining the values
stored in step 730 to determine pixel values of the single fiber
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orone ormore fibers. Based on a desired representation of the
color spectrum, a pixel may include a number of bits, such as
bits representing RGB values. Rendering program 615 imple-
ments steps 140 and 150 from FIG. 1, as previously described,
to generate rendered scene 620. More specifically, the values
provided by user 625 and stored in memory 612 directly
affect the specific visual parameters listed in step 740. In a
multiple scattering model, adjustment parameter values may
also influence the visual result seen in rendered scene 620,
and separate values may be provided for the single and mul-
tiple scattering portions, as previously described.

Referring to step 750 of flowchart 700 in FIG. 7 and dia-
gram 600 of FIG. 6, step 750 of flowchart 700 comprises
processor 611 of computer system 610 displaying rendered
scene 620 from step 740 on display 621, where rendered
scene 620 includes using the pixel values to display the single
fiber or one or more fibers having the properties determined in
step 740, such as a color, an intensity, a longitudinal position
and a longitudinal width of the one or more fibers. In other
words, the render is sent to display 621 for user 625 to per-
ceive and review. If the user is not satisfied with the result
shown in display 621, the user may return to step 720 to
further adjust the values of the subcomponents until a desired
aesthetic result is achieved.

From the above description of the invention it is manifest
that various techniques can be used for implementing the
concepts of the present invention without departing from its
scope. Moreover, while the invention has been described with
specific reference to certain embodiments, a person of ordi-
nary skills in the art would recognize that changes can be
made in form and detail without departing from the spirit and
the scope of the invention. As such, the described embodi-
ments are to be considered in all respects as illustrative and
not restrictive. It should also be understood that the invention
is not limited to the particular embodiments described herein,
but is capable of many rearrangements, modifications, and
substitutions without departing from the scope of the inven-
tion.

What is claimed is:
1. A shading method for use by a computer system having
a processor and a memory, the method comprising:

providing, using the processor, a user with control over
separately defining values for each of the subcompo-
nents of a light scattering by one or more fibers using a
user interface, wherein each of the subcomponents con-
trols a different visually apparent characteristic of the
one or more fibers;

receiving, using the processor, from the user, the values of
each of the subcomponents of the light scattering by the
one or more fibers;

storing, using the processor, the values of each of the sub-
components in the memory;

combining, using the processor, the values of each of the
subcomponents to determine pixel values for the one or
more fibers; and

displaying, using the processor, the one or more fibers
using the pixel values on a display;

wherein the one or more fibers are hair or fur fibers, and
wherein the subcomponents of the light include:

a light that reflects off an outer surface of the one or more
fibers (“R™);

a light that has transmitted through the one or more fibers
(“TT”); and

alight that has been internally reflected off an inner surface
of the one or more fibers (“TRT”).
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2. The method of claim 1, wherein the TRT is decomposed
into two subcomponents including glints and the TRT exclud-
ing the glints.

3. The method of claim 1, wherein properties of the one or
more fibers include any of a color, an intensity, a longitudinal
position and a longitudinal width, which is beyond a possible
range of a physical based shader model applied to the one or
more fibers.

4. The method of claim 1, wherein displaying includes
rendering a color, an intensity, a longitudinal position and a
longitudinal width of the one or more fibers.

5. The method of claim 1, wherein the user is provided with
a direct control over defining the values.

6. The method of claim 1 further comprising:

providing, using the processor, the user with control over

separately defining values for each of the subcompo-
nents of the light scattering by a volume of fibers using
the user interface, wherein each of the subcomponents of
the light scattering by the volume of fibers controls a
different visually apparent characteristic of the volume
of fibers;

receiving, using the processor, from the user, the values of

each of the subcomponents of the light scattering by the
volume of fibers;

storing, using the processor, the values of each of the sub-

components of the light scattering by the volume of
fibers in the memory;

combining, using the processor, the values of each of the

subcomponents of the light scattering by the volume of
fibers to determine pixel values of the volume of fibers;
and
displaying, using the processor, the volume of fibers using
the pixel values of the volume of fibers on a display;

wherein the volume of fibers is a volume of hair or fur
fibers, and wherein the subcomponents of the light scat-
tering by the volume of fibers include:

a light that scatters forward and maintains its forward

directionality inside the volume of fibers (“FS”); and

a light that goes into the volume of fibers and comes back

to a surface of the volume of fibers (“BS”).

7. The method of claim 6, wherein properties of the volume
of fibers include any of a color, an intensity, a longitudinal
position and a longitudinal width, which is beyond a possible
range of a physical based shader model applied to the volume
of fibers.

8. The method of claim 6, wherein displaying includes
rendering a color, an intensity, a longitudinal position and a
longitudinal width of the volume of fibers.

9. The method of claim 6, wherein the user is provided with
a direct control over defining the values for each of the sub-
components of the light scattering by the volume of fibers.

10. A computer system enabling a user to control a shading
of one or more fibers on a display, the computer system
comprising:

a memory; and

a processor configured to:

provide the user with control over separately defining
values for each of the subcomponents of a light scat-
tering by the one or more fibers using a user interface,
wherein each of the subcomponents controls a differ-
ent visually apparent characteristic of the one or more
fibers;

receive, from the user, the values of each of the subcom-
ponents of the light scattering by the one or more
fibers;

store the values of each of the subcomponents in the
memory;
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combine the values of each of the subcomponents to
determine pixel values for the one or more fibers; and
display the one or more fibers using the pixel values on
the display;
wherein the one or more fibers are hair or fur fibers, and
wherein the subcomponents of the light include:
a light that reflects off an outer surface of the one or more
fibers (“R™);
a light that has transmitted through the one or more fibers
(“TT”); and
alight that has been internally reflected off an inner surface
of the one or more fibers (“TRT”).

11. The system of claim 10, wherein the TRT is decom-
posed into two subcomponents including glints and the TRT
excluding the glints.

12. The system of claim 10, wherein properties of the one
or more fibers include any of a color, an intensity, a longitu-
dinal position and a longitudinal width, which is beyond a
possible range of a physical based shader model applied to the
one or more fibers.

13. The system of claim 10, wherein displaying includes
rendering a color, an intensity, a longitudinal position and a
longitudinal width of the one or more fibers.

14. The system of claim 10, wherein the user is provided
with a direct control over defining the values.

15. The system of claim 10, wherein:
the processor is further configured to:

provide the user with control over separately defining
values for each of the subcomponents of a light scat-
tering by the volume of fibers using the user interface,
wherein each of the subcomponents of the light scat-
tering by the volume of fibers controls a different
visually apparent characteristic of the volume of
fibers;

receive, from the user, the values of each of the subcom-
ponents of the light scattering by the volume of fibers;

store the values of each of the subcomponents of the
light scattering by the volume of fibers in the memory;

combine the values of each of the subcomponents of the
light scattering by the volume of fibers to determine
pixel values of the volume of fibers; and

display the volume of fibers using the pixel values of the
volume of fibers on the display;

wherein the volume of fibers is a volume of hair or fur
fibers, and wherein the subcomponents of the light scat-
tering by the volume of fibers include:
a light that scatters forward and maintains its forward
directionality inside the volume of fibers (“FS”); and

a light that goes into the volume of fibers and comes back
to a surface of the volume of fibers (“BS”).

16. The system of claim 15, wherein properties of the
volume of fibers include any of a color, an intensity, a longi-
tudinal position and a longitudinal width, which is beyond a
possible range of a physical based shader model applied to the
volume of fibers.

17. The system of claim 15, wherein displaying includes
rendering a color, an intensity, a longitudinal position and a
longitudinal width of the volume of fibers.

18. The system of claim 15, wherein the user is provided
with a direct control over defining the values for each of the
subcomponents of the light scattering by the volume of fibers.
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