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correlation distance variables are impractical for most surfaces. Thus,

ABSTRACT A the physical derivation of such a model serves primarily to inspire
A new device for measuring the spatial reflectance distributions of surfaces greater confidence. and is not necasanly a practical advantage when it
is introduced, along with a new mathematical model of anisotropic comes 1o fiting measured data. As in all scientific disciplines, if the
reflectance. The reflectance model pmemed is both simple and accurate, theory does not fit the data, then the theory must be discarded, not the
permitting efficient refi data .ndyq; ducti The vali- dara.
the model is sub iated wi -
::z“:f of surface reflectance fu:::lionsr g':;:,;g m:‘;m;:‘“:o?el But where is the data? There is almost no published data on surface
reflectometry device. This new device uses imaging technology to capture reflectance as a function of angle, and what litle data is available is in
the entire hemisphere of refiected directions simul ly, which ly the form 9f plane ements o.?f pic surfaces wi}h no rotational
accelerates the reflectance dara gathering process, making it possible 10 variance in their reflectance functions. Thus, we have little to compare
measure dozens of surfaces in the time that it used to take to do one. our refiectance models 10, and no real assurance that they are valid
Example measurements and simulations are shown, and a table of fited This means that we may once again be falling bmk on the "if it looks
parameters for several surfaces is presented. reasonable then it's OK" philosophy that has misdirected computer
T algorithm graphics so often in the past. :
CG:;:::'“ and Dscilo:m'sfl 3.7 n‘re:tem. lheory venfi Fa:t:nm 'gﬁ Why is the o!dest specular 'model. the one’immduced‘by Phong in 1975
ism, 1.6.4 Model validation and analysis, Addmoml l(eywnrds and [P"°“57 5], still the most w'ddy. ."”d 1o this day? This "‘“.M is neither
Phrases: reflectance, Monte Carlo, raytracing, shading. meomuf:ally plausible nor empirically comrect. Any renderings that use
the straight Phong model are most likely wrong because the model is not
1. Introduction physical, and more light may be emitted than is received (for example).
sl and cal e The sole virtue of the Phong model is its mathematical simplicity.
umerous empirica; theoretical model i i . . TS
?:m surfaces?uve been introduced over lhc::?;:)o;::ﬁ?m’:?ﬁg::ﬂ Simplicity is mdnsgemble in computer graphics. .Slmphc:'ty is vahax
o ical jels have the same goal of reproducing real refl func- permits fast renden.ngsA and hardware implementations. Without it a
tions, but the respective approaches are very different. rcﬁgcnnce model is linle more than 2 novelty. Even a relatively
) straightforward model such as the one developed by Torrance and Spar-
An -empirical model is simply a formula with adjustable parameters row |Tor 67} and tailored for dering applications by Blinn
designed to fit a cerain class of reflectance functions. Littie anention is [Blinn77] -and later Cook [Cook82] has been underutilized in computer
paid to the physical derivation of the model, or the physical significance of graphics due 10 its moderately complex form. More recent introductions
its parameters. A good example of an empirical model is the one by Poulin and Fournier {Poulin90] as well as He et al [He91] are even
developed by Sandford [Sandford85]. This is a four parameter model of more complex. What is really needed for ¢ graphics is a simple
isotropic reflection, where the parameters must be fit 1o a specific set of reflectance model that works reasonably well for most materials.
‘ .';um :::::uble M::l:u;hwou:immm nce and :mmm slarity Qur goal in this paper is not to present the ultimate maxhema}uca! mod.el
the other two parameters have no physical signif and are merzly' of reflectance. but to provide a simple formula that is physically valid
variables that make the specular lobe of the fel more closely and fits measured ~reﬂe_cmm:c.dm. H;u: we will present bod: a new
match the data. method for measuring isotropic and anisotropic reflectance distributions
and a mathematical model that fits these data with both accuracy and
In contrast to an empirical model, a theoretical model anempts to get simplicity.
closer to the true distribution by starting from physical theory. A good
example of a theoretical model is the one derived recently by He et al 2. Definition of the BRDF
[He91). This is also s four parameter isotropic model, but all four parame- The interaction of hght with a surface can be expressed as a single func-

ters have some physical meaning and can in principle be

measured scpameiy from the surface reflectance distribution. In prac-
tice. however, it is usually necessary to fit even a theoretical model to
measurements of reflectance because the physical parameters involved
are difficult to measure. This is the case in the He-Tomance model,
since measurements of the requisite surface height variance and auto-

ronal reflectance distribution function . ot BRDF
- m This is a function of four angles, two incident
a.nd two reflected, as well as the wavelength and polarization of the
incident radiation. For the sake of simplicity, we will leave wavelength
and polarization out of our equations, but keep in mind that they are
comtained implicitly in the function p,y. which is defined in terms of
incident and reflected radiance by the following integral:
x w2
L8 %)= j { L,(8; 8;) pine(8; $;:6,.0,) cosB; sin®; d0; d¢; )
s .
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Og < ‘ F\u where: ¢ i the azimuthal angle measured about the surface normal
@Q Q?@ \N L, (8, .4,) is the reflected radiance (wans/steradian/meter?)
C)g* L;(8,.4;) is the incident radiance

Pae(6;.9;:0,.9,) is the BRDF (steradian™')
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The function Py is bidirectional because the incident and reflected
directions can be reversed and the function will return the same
valve. This arises from the fact that the physics of light is the same
run backwards as forwards, which is why light-backwards ray trac-
ing works {Whitied80). )

3. Measuring the BRDF of a Surface

A device for measuring BRDFs is called a gonioreflectometer. The usual
design for such a device incorporates a single photometer that is made to
move in relation 1 a surface sample, which itself moves in relation to a
light source, all under the control of a computer. Because BRDFs are in
general a function of four angles, two incident and two reflected, such a
device must have four degrees of mechanical freedom to measure the com-
plete function. This requires substantial complexity in the apparatus and
fong periods of time to measure a single surface. A rtypical
goniorefleciometer arrangement, designed by Murray-Coleman and Smith
[Murray-Coleman90}, is shown in Figure 1.

Figure 1. A conventional gonioreflectometer with movable
light source and photometer.

As an altemative 10 building such a gonioreflectometer, there are several

labs in North America where one can send a surface sample for BRDF
characterization. For a few hundred dollars, one can get a three plane

measurement of an isotropic material at four or five angles of incidence.

(An isotropic matesial has a BRDF that is independent of rotation about the

the normal. Therefore, only one ¢; direction is sampled.) Unfor-
tunately, a comprehensive BRDF measurement of an anisotropic surface
typically costs a few thousand dollars. (An anisotropic material refiects
light differently at different angies of rotation, thus multiple ¢; direc-
tions must be sampled.) Because of the difficulty and expense of the
BRDF messurements themselves, only the very richest rescarch pro-
grams can afford their own data. This data is essential, however, for the
correct modeling of surface reflectance.

3.1. An Imaging Gonioreflectometer

The Lighting Systems Research Group at Lawrence Berkeley Laboratory
has developed a relatively simpte device for measuring BRDFs that uses
imaging technology to obtain results more quickly and at a lower cost
than conventional methods. This imaging gonioreflectometer has been
developed over the past three years and represents an important advance
towards the more practical characterization of BRDFs for lighting simu-
Iation and computer graphics. It is our hope that other laboratories and
research institutions will construct their own versions of this apparatus
and thereby make BRDF measurement a more common and economical
practice.

The basic arrangement of the LBL imaging gonioreflectometer is shown
in Figure 2¢. The key optical elements are a half-silvered hemisphere or
hemi-¢llipsoid and a charge-coupled device (CCD) camera with a
fisheye Jens. Combined, these elements take care of the two degrees of
freedom handied by a mechanically iled photometer in a conven-
tional gonioreflectometer. Light reflected off the sample surface in

tA US. patent is pending on the imaging goniorefh if gramied, the pa-
et will restrict other patents on similar devices, but will not otherwise limit the
free availability of the invention since H was developed under Department of Ener-
gy funding.
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Figure 2. The LBL imaging gonioreflectometer.

holder A is collected by the hemispherical mirror and reflected back into
the fisheye lens and onto the CCD armay B. By focusing the lens at one
half the hemisphere radius, a near perfect imaging of the refiected angles
1akes place. (See ray diagram in Figure 3.) Because of this highly
efficient collector armangement, the light source does not have to be very
bright to obtain a2 good measurement, and can thus be optimized for col-
limation to get the best possible angular resolution. In our device, a 3-
watt quartz-halogen lamp is used with an optically precise parabolic
reflector to produce a well collimated beam. White light is preferable
for photopic measurements, although an armay of colored filters may be
used to measure the of the BRDF. The hemisphere
is half-silvered 1o allow the light beam to illuminate the sample, and an
exterior baffle shields the camera from stray radiation. This unique
arrangement of light source and optics allows retroreflection (light
reflected back towards the light source) and transmission to be measured
as well.

The incident 8; and §; angles arc controlled mechanically by pivoting
the light source arm at point C and the sample holder at point A, respec-
tively. In our curreni prototype, the light source is moved by a
computer-controlled motor during data collection, and the sample is
rotated manually. Because the hemisphere of refiected directions is cap-
tured in a single image, data collection proceeds quite rapidly and a
complete BRDF can be recorded in a few minutes, including time for
manual rotation of the sample.

3.2. Calibration and Data Reduction

All measurements are made relative to a standard diffuse sample and a
background measurement. The background measurement is made with
the source on but without any sampie in the holder (using the dark room
behind to simulate a black body), and is subtracted from the other meas-
urements to reduce the effects of stray and ambient light. The standard
sample measurement is used as a basis for obtaining absoluie refiectance
values using the following simple equation at each image point:

Vaneassred “Voackgromd P sandard @
Y candard ~Vbackgrownd x

where:

Paaiord 15 the total diffuse reflectance of the standard sample

The ability to measure absolute BRDF values directly is an important
feature of the imaging gonioreflectometer. Most other devices rely on
auxiliary measurements of directional reflectance (ie. total reflectance for
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Figere 3. Imaging goni 8 ry. Light
reflected by the sample in a specific direction is focused by
the hemisphere or bemi-ellipsoid through a fisheye lens onto
a CCD imaging array.

light incident at some (6;.¢, )} and numerical integration 10 arrive at
absolute quantities.

Recovering the reflected angles from pixel locations in the captured
image is accomplished in two steps. The first siep is to determine the
mapping from image point locations to the leas incident direction. This
is a function of the panticular- fisheye lens used, the camen, and the
video capture board. Since this mapping varies so much from one
impiernentation to the next and is easily measured, we will not discuss it
any further here. The second step is to compute the target reflection
angles from these camera incident angles. Figure 3 shows the geometry
involved, and after 2 bit of trigonometry one can derive the following
approximation:

r. = D sind, sinB, + VD ?sin’d, sin®®, + RZ - D?

8, = cos™ - re 058
. Jrilcos, sin®0, + (7 simg, sinb, — 2D )T + r* cos B,

&, = tan” [r( sing, sin, — 2Dr, cosd, sine,]

3

where:
8, is polar angle relative 10 target
¢, is azimuthal angle relative to target, right is 0°
8, is polar angle relative to camera
¢ is azimuthal camera angle, right is 0°
R is radius of sphere or approximate radius of ellipsoid
D is one half the mtim between target and camera centers

r. is an intermediate result which is the distance from camera to
refiector

The arctangent 1n the above equation should be computed using
the signs of the numerator and denominator to get a range of 360°.
Many math libraries provide a function named atan2 for this pur-
pose.

The above equations are a good approximation both for hemis-
pherical and hemi-cllipsoidal refiectors as long as D is small in
relation to R.

Figure 4. An image captured by xhe goniorefiectometer
from an unfinished aluminum sample.

The image captured by our goniorefiectometer for a piece of unfinished
sluminum illuminated at (6, #;)=30°0% is shown in Figure 4.
Although the image was reduced before data reduction 0 a resolution of
108 by 80 pixels, there is still much more information than is needed for
an accurate lighting simulation. Also, since two or more f-stops may be
used to capture the full dynamic range of the BRDF, there is often
redundant information where the useful ranges of exposures overlap.
We therefore apply a program 1o eliminate crowding of data points and
insure that the peak is recorded at a high enough angular resolution
while the rest of the usable distribution is recorded at a uniform density.
A data fitting program can then be used 1o match the reduced data set 1o
a specific reflectance model.

33. Measurement Limitations

Qur current implementation of the imaging gonioreflectometer has two
main limitations in its measurement abilities. First, we are limited in
our ability 1o measure the reflectance function near grazing angles, due
1o the size and shape of our refiecting hemisphere and the size of our
sample. Our present hemisphere is formed from acrylic plastic and its
optical propertics arc less than perfect, especially near the edges. It
should be possible to partially overcome this limitation by placing the
sample at right angles to its current configuration and illuminating it
through the target bolder, but this has not yet been wied. The ultimate
solution would be to go 10 a larger, more precise hemisphere and a
larger sample target

‘The second limitation is our inability o measure more polished surfaces
with sharp specular peaks. Again, the optical precision of our hemi-
sphere is a problem, but so is the finite collimation of our light source.
A highly uniform, coliimated light source is required for the measure-
ment of polished surfaces. That is why many commercial
goniorcfieciometers employ a laser, despite the faser’s inability o yield
specirally balanced measurements. By using an incandescent source
with an even smaller filament, it should be possible 0 measure more
polished surfaces without resorting (o 2 laser.

Note that the BRDF of a perfectly smooth surface is not directly
measurable by any gonioreflectometer, since it is a Dirac delta function
with an infinite value at a single point. Measuring such 3 BRDF of such
a surface is not required however, since the physics of smooth surfaces
are well understood and measurements of tolal reflectance are. adequate
for their characterization.

4. Modeling Anisotropic Reflectance

Armed with a device that can measure anisotropic reflectance functions
economically, we need a mathematical model that can be fit 1o our
newfound data. Using the data directly is impractical because it requires
too much memory, and oftentimes the data is noisy and not compleie
enough to cover the entire domain of the BRDF. We could represent
the BRDF as a sum of 100 or so terms in a spherical harmonic series,
but this would aiso be exnensive in terms of computation time and of
memory [Cabral87)(Sillion91]. We would prefer a model that Gis the
data with as few parameiers as possible. Ideally, these parameters
would be either physically derived or meaningful so that they could be
set manually in the absence of any data af all.

Many models have been suggesied for isotropic reflection, but only a
few models have been published for the more general anisoropic case.
Kajiya published a fairly robust method for deriving BRDFs of metals
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from surface microstructure [KajiyaB5]. However, his approach is not
amenable t0 htting measured refiectance data because the parameter
spmismohrge(ie.anpodblcsurtacemicmmw)mdm
BRDFs take oo long o compute. Poulin and Fournier developed a
modclbasedoncylindricalsaawhwlha!isbaicrmhed[PouﬁnQO].bm
their model is restricted 0 2 specific microstructure with cross-sectional
uniformity, and is evaluation is still somewhat expensive.

Our goal is t0 fit our measured refiectance data with the simplest empiri-
cal formula that will do the job. If we can develop a model with physi-
cally meaningful parameters without adding undue complexity, so much
the beuer.

4.1. The Isotropic Gaussian Model

The Gaussian distibution has shown up repeatedly in theorctical formu-
iations of reflectance {Beckmann63}{Torrance67}{Cook82], and it arises
from certain minimal assumptions about the statistics of a surface height
function. Mt is usuaily preceded by a Fresnel coefficient and geometrical
anenuation factors, and ofien by an arbitrary constant.  Since the
geometric attenuation factors are typically difficult to integrate and lend
w0 counteract the Fresnel factor anyway, we have replaced all of these
coefficients with a single normalization factor that simply insures the
distribution will integrate easily and predictably over the hemisphere.

Podioe (8: $: 38, 80} = %‘L +

) 1 _expl—tan’&a’] "
Pr m 43!02 ( )

where:
pq is the diffuse reflectance
P, is the specular reflectance
5 is the angle between vectors & and A shown in Figure
a is the standard deviation (RMS) of the surface slope

notes: .
The p values may have some spectral dependence, and this depen-
dence may vary as a function of angle so long as pg +p, (the to-
tal reflectance) is less than 1. Thus, Fresnel effects may be
modeled if desired.

1 .
The normalization factor, :;;2— is accurate as long as a is not
much greater than 0.2, when the surface becomes mostly diffuse.

The main difference between this isotropic Gaussian reflectance model
and that of Phong is its physical validity. For example, most Phong
implementations do not have the necessary bidirectional characteristics
t0 constitule a valid BRDF model It is clear by inspection that the
above formula is symmetric with respect to its incident and reflecied
angles. Without this symmetry, a BRDF model cannot possibly be phy-
sical because the simulated surface refiects light differently in onc direc-
tion than the other, which is forbidden by natral law. Also, without
proper normalization, a reflectance model does not yield correct energy
balance and thus cannot produce physically meaningful results. Even

»
]

Figure 5. Angles and veciors used in_reflection equations.
The incident light arrives along vector d; and is measured or
simulated in direction d,. The polar angle between the half
vector h and the surface normal A is 8. The azimuthal an-
gle of k from the direction £ is ¢.
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the model introduced recently by He et al [He91) with its rigorous phy-
sical derivation does not scem 1o pay close enough attention to normali-
zation. Specifically, the so-called ambient term in the He-Tormance
model is added without regard 1o the overall refiectance of the material,
which by nature of the model is very difficult to compute. Comparisons
were not made in He's paper between the reflectance model and abso-
jute BRDF measurements (the data was scaled (o match the function),
thus normalization was not even demonstraied empirically. The fact that
normalization was not adequately treated in He's otherwise impeccable
derivation shows just how much normalization is overlooked and under-
valued in refiectance modeling. The simplicity of the mode! presented
here is what allows us so incorporate built-in normalization and has
other desirable features as well, such as permitting quick evaluation for
data reduction and Monte Carlo sampling.

42. The Anisotropic (Elliptical) Gaussian Model

1t is relatively simple 10 extend the Gaussian refiectance model 1o sur-
faces with two perpendicular (uncomrelated) slope distributions, o, and
a,. The normalized distribution is as follows:

Pd
Pna(0; $;:6,8,) = -{ +
1 exp{-tan’8 (cos™/x? + sin*dp/al)]
Ps " Jos8; coso, axo,a,
where:
pq is the diffuse refiectance
p, is the specular refiectance
@, is the standard deviation of the surface slope in the £
direction
@, is the standard deviation of the surface slope in the ¥
direction
5 is the angle between the half vector, £ and the surface
normal, 7.

¢ is the azimuth angle of the half vector projected into the
surface plane.

(52)

for pyy is:

L,

xpi~2 -
P 1+Ah#R

A compuxztionally con i app

P,
Pra(B;.6;:6,.9,) = 7‘ +

i .
Ps Jcos; cosB, 4R0.Qy
where:
sin@,cosé, + sin®;cosd;
Iyl
. sin@,sind, + sinB; sind;
4 A1 '
cosB, + cosb,
“HRH
IR = [z + 2sin, sin; (cosd, cosd; + sing, sind; ) + zcose,cose,]”

k2
1N

xy

&y

o=

For vector calculations, the following substitutions are used:
F=d +d;
K

i.

d, is the reflected ray direction (away from surface)
d, is the incident ray direction (away from surface)

£ is a unit vector in the surface plane

¥ is & unit vector in the surface plane perpendicular to £
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Figure 6. M d data and elliptical G

exhibits anisotropy from rolling during its manufacture.

As in the isotropic case, the normalization of the above anisotropic
model is such that the total surface reflectance will equal the diffuse
reflectance coefficiemt, p,, plus the “rough specular” or "directional-
diffuse” coefficient, p,. The two other model parameters, o, and o,
represent the standard deviation of the surface siope in each of two per-
pendicular directions. Thus, all four of the model’s parameters have
physicdmmingmdcmbesegindepetnanﬂyofmesunddlntopm-
duce a valid reficctance function. As long as the totl reflectance,
m+p,.islessdmlandtheﬁou'smnonoohrge. Equation 5 will
yield 2 physically valid reflectance function.

The elliptical nawre of our model arises from the two perpendicular

slope distributions, and is apparent in the exponent of Equation Sa. A
similar elliptical refiectance model was developed by Ohira and
described by Yokoi and Toriwaki [Yokoi88), but this model was derived
from that of Phong and likewise lacks physical meaning. By starting
with a valid, normalized function, it is much essier to fit the model
parameters to physical measurements as well as other specifications such

as appearance.

Our simple four parameter model fits well the data we have gathered
from anisotropic surfaces such as vamished wood and unfinished (rolled)
or brushed metals. Because of its simplicity, it is easy to apply a least
squares error minimization method to fit a set of parameters to measured
data automatically. Automatic data firting is essential 1o the economic

modeling of surface reflectance for any significant database of materials. -

Figure 6 shows an exampie fit to the BRDF of an unfinished aluminum
sampie. Although the full hemisphere of refiected data was measured at
21 incident angies, it is difficult 10 visualize the 21 ing 3-
dimensional point plots. We therefore present here only a slice of the
data in the incident plane st 6 angles. The results section (6) lists the
fined parameters for this material as well as some other example sur-
faces.
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5. Rendering Anisotropic Surfaces

The challenge to applying a new refiect model to computer graphics
is to approximate the luminance equation (1) in 8 manner that is
unbiased and has low variance {Kajiya86). Unforwnately, unbiased
techniques (ie. pure Monte Carlo) tend to have high variance, while low
variance (ic. closed-form approximations) tend to be biased.
To satisfy these conflicting requircTRents, we usc 2 hybrid deterministic
and siochastic ray tracing technique [Cook84][CookB6). A suictly deter-
ministic calculation of the highlight contribution of sources, similar to
the widely used Whitted approximation [Whined80], fails 1o pick up

indirect semispecular coniributions as demonstrated in Figure 7a. (Note
that the crescent shape of the highlight is due to longitudinal anisotropy

and not the light source.) Conversely, relying solely on stochastic sam-

pling causes the highlights from sources to show high variance in the
form of excessive noise, even with 16 samples per pixel (Figure 7b).

By combining the two fechniques, using a deterministic solution for

source contributions and a stochastic sampling for indirect contributions,

we get a clean result without compromising accuracy. Figure 7¢ was

calculared using the hybrid technique and the same number of samples

as Figure 7b. Both figures took approximaiely the same time to com-

pute. (Figure 7a took less time since a0 sampling was required.)

The hybrid approach described reduces to the following equation:

N
L6 ) =1 -?— + L, p, +3 Li0cos8; Py (8;,8:26, .9,) 6
i=l
where:
[ is the indirect irradiance at this point (a constant ambient level
or the result of a diffuse interreflection or radiosity calculation)

L, is the radiance value in the Monte Carlo sample direction given
in Equation 7 below
. L;is the radiance of light source §
w; is the solid angle (in steradians) of light source i
N is the number of light sources
Pra is the elliptical Gaussian function defined in Equation 5

In applying this technique, it is very important not to bias the sample by
overcounting the specular component. Bias is easily avoided by associ-
ating a flag with the stochastically sampled specular ray. If the ray hits
a light source whose contribution is being included in a closed form cal-
culstion. then the ray is not counted. Few rays are wasted in this way,
since light sources occupy a small amount of the visual space in most

scenes.

5.1. Stochastic Sampling of Elliptical Gaussian

Because of its simplicity, the elliptical Gaussian model adapts easily to
stochastic sampling techniq Using dard Monte Carlo integral
conversion methods [RubensteinB1], we can write the following formulas
for obtaining uniformly weighted sample directions for each L, ray in
Equation 6:

1 ’ 1% .

8= [""‘?——?’E(“:‘_)-s_—z. (73)
cos ¢/ + sin“d/ay

¢= m-l[ngn(ZM 2)] (7b)

where:
8. ¢ are the angles shown in Figure 5
# |, w3 are uniform random varigbles in the range (0,1}

notes:

The tangent and arctangent in the Equation 7a should be computed
carefully so as to keep the angle in its starting quadrant.

Uniformly weighted sample rays sem according to the above distribution
will comectly reproduce the specified “highlight. This is much more
efficient than either distributing the samples evenly and then weighting
the result, or using other techniques, such’ as rejection sampling, to
arrive ai the correct scanering. Readers familiar with Monte Carlo sam-
pling techniques will immediately appreciate the advantage of having a
formula for the ple point k i - hing that is impossibl

with more complicated reflectance models such as He-Torrance.

6. Results

Figure 8a shows a photograph of a child’s vamished wood chair with a
small desk lamp immediately behind and above it. This arrangement
results in a large anisotropic highlight in the seat of the chair. Figure 8b
shows the closest simulation possible using a deterministic isotropic
reflectance model. Figure 8c shows a hybrid simulation with the ellipti-
cal Gaussian model. Notice how the hybrid rendering technique repro-
duces not only the highlight from the light source, but also the sem-
ispecular reflection from the back wall in the seat of the chair.

Figure 9 shows a table with anisotropic reflections in the wood varnish
and the two candle holders. The lid of the silver box shown is also
aniso(mpic.anddemonsmtesmemoflocalmmlwaﬁectthe
refiectance properties of an anisotropic surface. A wave function deter-
mines the orientation of the brushed direction in the box lid. producing
characteristic highlights. There are four low level light sources in the
scene, the two candies on the tabie, an overhead light source above and
1o the right, and the moon shining in through a window.

Figure 7a, 7b, 7c. Alternative rendering techniques for anisotropic reflection, 7a on the left shows
deterministic technique with no sampling. 7b center shows strict Monte Carlo sampling approach.

7c on the right shows hybrid deterministic and stochastic method.
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Figure Ba, 8b, 8c. Vamished wood comparison. 8a on the left shows 2 photograph of a child’s
chair. b center shows a simulation of the chair using the isotropic Gaussian model given in Section
4.1 with a strictly deterministic caiculation. (This is similar (o the appearance one might obtain
using a normalized Phong reflectance model.) 3c on the right shows a hybrid deterministic and sto-
chastic simulation of the chair using the elliptical Gaussian model from Section 4.2.

surfaces.

Figure 9. A table scene with anisotropic reflection in metallic and vamished wood
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Matenal

Gl A ;

rolied aluminum 4 2 s 09
lightly brushed aluminum | 15 .19 088 .13
varnished plywood 33 05 o4 .11
enamel finished metal 25 047 080 .09
painted cardboard box 19 .43 0716 .085
‘while ceramic tile 0 050 071 071
glossy grey papes 29 &3 o6z 0m
O ey plastic as 043 .13 13
plastic laminate £7 070 092 .09

!
|
i
E
a
fiil

(037, .064) (.045 068)  (.041, .055)
sheetrock | (.078,.12)  (083,.12) (096, .11)°
wood (097, 24) (.12, .26) (.099, .26)

(037, .063)
sheetrock (10 10) (
wood (.13, 22) (.13, .20) (.12, .17)

7. CMM

Wehanyemwdmmmwwmfﬂmnxam&
and a simple reflectance mode! that fits a large |
mmgmggomadmneup:e&wdhueuawahngmypem
improvements are peccssary measuremont of grazing angles
smoother materials. Likewise, the elliptical Gaussian model presented is
fastnﬂmfamyamhnmmnnﬂlmymls
that do not fit our function. In conclusion, although the initial efforts
are promising, we hope that this work will stimulate further investigation
of empirical ‘shading models. After all, goodmmquesbo:h
theory and data - one is of linle use Without the other.
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