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Abstract

We compare four parametric reflectance models that are well-known in computer graphics: the Phong, Ward,
Lafortune, and He-Torrance models. We compare the models with physical measurements on five representative
sample surfaces. The surfaces span the domain of isotropic, homogeneous surfaces ranging from smooth to rough
and including metal and dielectric surfaces. Since no one model was a clear winner in all cases, we draw conclu-
sions about which of the models are best to represent various surfaces. We explain the differences in terms of the
basic scattering phenomena involved.
[This report was submitted for publication at the 2004 Eurographics Symposium on Rendering.]

Categories and Subject Descriptors (according to ACM
CCS): I.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism I.6.5 [Simulation and Modeling]:
Model Development

1. Introduction

In computer rendering, it is not always clear which of many
available reflectance models should be used for a given sur-
face; the relative strengths and weaknesses of the various
models are not always clear. This paper seeks to provide a
basis for selecting one model over another.

We have measured the BRDF of five carefully-chosen
samples in the plane of incidence, fitting four different well-
known models to each set of data. We then explain the phe-
nomena found in each dataset in light of the physical pro-
cesses involved, assess each model on its fidelity to the orig-
inal data, and relate these phenomena and modeling differ-
ences to their visual effect in a rendered image.

We have chosen four models that are well-known in the
computer graphics literature: Phong [Pho75], Ward [War92],
Lafortune [LFTG97], and He-Torrance [HTSG91].

We will start the paper by reviewing the history of re-
flectance modeling for computer rendering, then elucidate
some relevant reflectance phenomena, and finally present
five sample surfaces, comparing how the four different mod-
els capture the reflectance behavior of each.

2. Background

Researchers have taken three main approaches to modeling
reflectance for computer renderings: simple empirical mod-
els, physically-based models, and general mathematical fit-
ting representations.

The earliest realistic computer renderings used a simple
Lambertian model, limiting environments to purely diffuse
surfaces. Phong [Pho75] introduced an empirical model,
controlled by three simple parameters, that produced a
glossy effect with minimal computation. Since then, Ward
created a model almost as simple and efficient [War92], but
designed to fit measured reflectance data and to incorporate
effects of surface anisotropy. The Phong model itself has
been modified to obey certain physical laws to allow use in
simulations of global illumination [Lew93]. More recently,
Westlund and Meyer [WM01] developed an empirical model
based on traditional gloss and appearance measurements.

These models are compact and computationally efficient,
and offer a small number of parameters that can be manip-
ulated interactively to achieve a desired appearance. They
may fall short in reproducing the exact reflectance of a sur-
face, but there is controversy as to how visually important
such errors may be.

Physically-based models were introduced to computer
rendering by Blinn [Bli77] and Cook and Torrance [CT82],
based on the work of [TS67]. The approach was generalized
to arbitrary facet distributions by Ashikhmin et al. [APS00].
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These were followed by several partial models of physi-
cal scattering processes including the anisotropic models of
Kajiya [Kaj85] and Poulin and Fournier [PF90]. Oren and
Nayar [ON94] presented a model for extremely rough sur-
faces such as unglazed ceramics. Finally, there are mod-
els of complete wave optics for certain classes of surfaces
[HTSG91, Sta99].

These models offer the hope of accurate modeling of sur-
face reflectance, but their parameters (e.g. index of refrac-
tion) often have no direct intuitive meaning and require spe-
cial equipment to measure. This means that the models are
unsuited to interactive use.

The final class of reflectance models is that of general
mathematical fitting representations. Since the reflectance
is a function of 3 or 4 geometric variables, it is possible
to construct a representation for fitting based on orthogonal
basis functions. Spherical harmonics [SAWG91, WAT92],
Zernike polynomials [KvD98], and wavelets [SS95, LF97]
have all been used as orthogonal bases to represent the
BRDF. Kautz and McCool [KM99] represented the BRDF as
a sum of separable functions. Each of these representations
is theoretically capable of representing any BRDF exactly,
but each requires many coefficients (dozens, hundreds, or
even thousands) to achieve a good approximation, as com-
pared to 3-4 coefficients for models in the other two cate-
gories. Lafortune et al. [LFTG97] struck a middle ground by
generalizing the Phong model with multiple steerable lobes.
A different approach was used by Matusik et al. [MPBM03],
enumerating the entire space of BRDFs and using a rela-
tively small number (15-30) of parameters to navigate the
space.

These general representations seem to be used more rarely
than models in the other two classes, perhaps because they
must be fit to data from another source: either a physi-
cal model or measured data. It is telling that each of these
papers either includes its own set of measurements or re-
lies on some of the few BRDF datasets publicly available
[DGNK97, Cor99]. In addition, the storage and computa-
tion required for many of these models is far greater than
for models in the other two classes.

With such a variety of models, it is not at all clear which
model to use in a particular case. Implementers of render-
ing systems must choose a model that combines efficiency,
ease of use, and compatibility with a particular rendering
or global illumination algorithm; users of such systems usu-
ally have a choice of models already implemented and must
choose the most effective to reproduce the appearance of a
given surface.

3. Surface Reflectance Phenomena

The models compared in this paper deal with a limited, but
common, class of surfaces: those that

� can be treated as opaque (i.e. non-translucent), such that

incident light is absorbed or scattered within a small re-
gion of the surface;

� can be described well by pure height fields;
� are rough in a random way, rather than with regular struc-

ture like a diffraction grating;
� are isotropic in roughness, so reflectance is invariant un-

der a rotation about the surface normal;
� range from perfectly smooth to quite rough; and
� display pure Lambertian subsurface scattering.

All the selected models, as published, assume Lamber-
tian subsurface scattering, if any. We include a more interest-
ing metallic paint sample, which can be modeled effectively
with a slight variation on the published models.

These limitations may seem to be quite restrictive, but
they actually embrace a broad array of surfaces encountered
in normal life. The examples in this paper include plastic and
painted surfaces, metal surfaces, and even high-gloss metal-
lic automotive paint.

3.1. Ideal Diffuse Reflectance

The simplest reflectance to model is Lambertian, with equal
scattering in all directions. Strictly speaking, this behavior
can never be realized physically, but near-Lambertian scat-
tering can occur with near-normal illumination onto rough
surfaces. The closest approach to Lambertian scattering is
obtained with materials where subsurface scattering domi-
nates.

3.2. Ideal Specular Reflectance

Ideal specular, or mirror-like, reflection is also relatively
simple. All incident light is scattered in the specular direc-
tion with no spreading of the beam. Such reflectance comes
from perfectly smooth surfaces. Unlike Lambertian reflec-
tion, ideal specular reflection can be realized. This is because
of the wave nature of light; when the roughness of a surface
is much smaller than the wavelength of light, it is perfectly
smooth for optical purposes.

The magnitude of ideal specular reflectance depends on
the material and the angle of incidence, and was quantified
by Fresnel in the early 19th century. Figure 1 shows this re-
lationship for several common materials.

The most important distinction between materials is be-
tween metals, which conduct electricity, and non-metals (or
dielectrics), which do not. The mirror reflectance of di-
electrics varies much more dramatically with angle, and its
minimum is much lower, typically 4-5%. The distinction be-
tween metals and dielectrics is embodied in the refractive in-
dex n� which is a real number for dielectrics and a complex
number for metals. Figure 1 applies for smooth surfaces, but
the difference in reflectance between metals and dielectrics
carries over to rough surfaces, as we shall see in Section 4.
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Figure 1: Fresnel reflectance for smooth surfaces: metals vs.
dielectrics

3.3. Directional Diffuse Scattering

Most surfaces in our world are neither perfect mirrors nor
Lambertian scatterers. These surfaces scatter light from a
single source into many directions, but unequally. For the
surfaces we are considering, the preference is for direc-
tions near the specular direction and consists of a smooth
lobe much like that of the Phong model. Such surfaces have
random roughness significantly larger than the light wave-
length. Most reflectance models in computer graphics have
been intended to operate in this regime, starting with Phong
[Pho75] and including those of Ward [War92] and Cook and
Torrance [CT82].

Extremely rough surfaces such as sandpaper or unglazed
ceramic violate the assumptions of these models; because of
their large mean surface slope, they are not matched well by
these lobe-like models. Oren and Nayar [ON94] developed
a model for these cases. This paper will not deal with large-
slope surfaces.

The directional diffuse reflectance generally increases
with increasing angle of incidence, for two reasons. Geo-
metric factors cause a reflectance increase for all surfaces,
and for dielectrics, the strong variation of Fresnel reflectance
(evident in Figure 1) accentuates the increase.

3.4. Transitions Between Scattering Modes

If very smooth surfaces display mirror-like reflectance, but
rougher surfaces show directional diffuse scattering, what
happens when the roughness lies between the two domains?

Surfaces with very small roughness are similar in behavior
to perfectly smooth surfaces, but their specular reflectance is
attenuated by a well-known relationship [BS63]:

ρ� Fe��4π σ
λ cosθi�

2

(1)

where ρ is the resulting specular reflectance, F is the Fresnel

reflectance, σ is the RMS roughness height, λ is the wave-
length of incident light, and θi is the angle of incidence of
that light. The fraction of light not reflected into the mirror
direction, F � ρ� is essentially scattered to the rest of the
hemisphere above the surface.

As the surface roughness increases, the ideal specu-
lar reflectance is attenuated, and a directional diffuse lobe
emerges. At first, this lobe is centered on the specular di-
rection, but can move to off-specular directions at large inci-
dence angles [TS66]. Note that the transition between rough-
and smooth-surface behavior is not a gradual change in
shape. The two behaviors coexist when their domains over-
lap, in a proportion depending on surface roughness. Sur-
faces in this range of roughness can only be handled by a
full physical-optics model like that of He et al. [HTSG91] or
Stam [Sta99]. None of the simpler lobe-like models can ac-
curately produce an ideal specular component, so the range
of roughnesses they model is limited.

3.5. Effective Roughness

It may be surprising that the roughness attenuation of Equa-
tion 1 varies with θi; we might expect it to depend only on σ
and λ� In fact, a particular surface will respond as though the
roughness actually varies with incidence angle. This effect,
illustrated in Figure 2, is called the effective roughness of a
surface. With decreasing effective roughness, i. e. increas-
ing θi� the directional diffuse lobe narrows and increases in
magnitude, and an ideal specular component may emerge.

Such behavior is visible in the real world. For example,
rough pavement shows significant glare from headlights at
night, since the incidence and viewing angles approach graz-
ing. Rough paper, though normally highly diffuse, shows a
sheen as viewing angles approach grazing. This effect is why
a perfectly Lambertian surface can never be realized. Even a
very rough surface that shows little directionality at normal
incidence will exhibit a directional diffuse lobe near grazing
incidence as the effective roughness becomes small. A sur-
face of somewhat lesser, but still large, roughness that dis-
plays a directional diffuse lobe at angles near normal may re-
semble a perfect mirror as grazing incidence is approached.
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Figure 2: Effective roughness decreases according to
σcosθi as in Equation 1.
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3.6. Subsurface Scattering

Even the best model of surface scattering is insufficient to re-
produce the appearance of most surfaces, since much of the
appearance (e.g. color) of these surfaces comes from scatter-
ing beneath the surface, within the body of the material. The
only exceptions are metallic surfaces and black dielectrics.
A metallic surface prevents subsurface scattering, since en-
ergy is absorbed within a fraction of one wavelength of the
surface. A black dielectric also absorbs all energy that enters,
but over a longer length scale. All other dielectric surfaces
reflect significant energy via subsurface scattering.

Each of the models compared here includes an empiri-
cal Lambertian term to model subsurface scattering. Strictly
speaking, surface scattering will modify this pure behavior,
as pointed out by Shirley et al. [SHSL97], but often this can
be neglected, as we will see in Section 4. For more com-
plex cases, an approach like that of Hanrahan and Krueger
[HK93] may be useful.

4. Model Comparisons

In this section we take several examples of surfaces from
within our domain and fit four different models to reflectance
measurements of each, using the phenomena described in
Section 3 to explain the results. The surfaces were chosen
to include all of these phenomena; they include metal and
dielectric surfaces and roughnesses ranging from the ideal
specular domain to near-Lambertian behavior. Based on our
experience, these samples represent the behavior of the en-
tire class of surfaces described at the beginning of Section 3.

Surface reflectance is completely described by the BRDF,
which is a function of three angles for these surfaces. We
will examinine the function only in the plane of incidence,
which is a well-accepted practice in surface optics [Sto95]
that allows concise graphs that show the character, as well
as the magnitude, of fitting errors. The profile in the inci-
dence plane defines the major behavior with respect to two
of the angles involved. We have fit the four models to full 3D
data for two of the examples (those in Sections 4.3 and 4.5),
without significant differences in the results.

We chose four models from the computer graphics liter-
ature for our comparision: the models of Phong [Pho75],
Ward [War92], Lafortune [LFTG97], and He, Torrance, et
al. [HTSG91]. The Phong model was the first model for
glossy reflectance, and is still widely used. The Ward model
is, like the Phong model, empirical, but gains sophistication
from its verification with measured BRDF data. It is quite
popular both because of the RADIANCE software package
that depends on it and because of its convenience for Monte
Carlo calculations. The Lafortune model represents the class
of models that must be fit to some external source of data.
He-Torrance is the most sophisticated of a series of phys-
ical models starting with Torrance-Sparrow [TS67] and in-
cluding Blinn [Bli77] and Cook-Torrance [CT82]. The He-

Torrance model gives results similar to those earlier models
for the very rough surfaces where the latter are applicable
(i.e. no ideal specular component).

All input data for this process were measured with the
calibrated gonioreflectometer of the Cornell University Pro-
gram of Computer Graphics [Foo96], except for the surface
of Section 4.4, which was measured by Marx and Vorberger
[MV90]. The BRDF was measured in the incidence plane,
using a nonuniform sampling pattern to concentrate more
samples near the specular direction where the sharpest fea-
tures are seen. In each graph, we plot the original data points,
showing the range of values as well as the angular range and
resolution of the data. Measurements were taken at incidence
angles of 15Æ�30Æ�45Æ�60Æ� and 75Æ�

Each model was fitted via a nonlinear optimization pro-
cess in MATLAB, according to the L2 norm of the BRDF er-
ror weighted by the cosine of the exitant angle. We used each
model as originally published. For the Lafortune model, we
used one or two lobes for each channel, as needed; for each
of the other models, we used a single set of coefficients per
channel. We chose to plot data for three angles of incidence:
15Æ�45Æ� and 75Æ� This shows both the “typical” behavior
at near-normal incidence, the effects near grazing, and the
transition between the two.

We have chosen to plot the data on a logarithmic scale be-
cause the range of values of the BRDF is large, and a linear
scale would obliterate the effects seen at low angles of inci-
dence. In addition, human perception of luminance is nonlin-
ear, and the logarithmic scale follows Weber’s law [WS82], a
well-known approximation to this nonlinearity. This means
that a given vertical distance on these graphs corresponds
roughly to a similar perceptual difference.

Renderings were generated by a Monte Carlo path tracer,
computing full global illumination for all transport paths. We
present the five surfaces in order of increasing complexity.

4.1. Rough Metal

Figure 3: Renderings of rough aluminum surface at two
viewing angles

Our first sample is a rough aluminum surface created by
coating a sheet of anti-glare picture frame glass with pure

submitted to Eurographics Symposium on Rendering (2004)



Stephen H. Westin & Hongsong Li & Kenneth E. Torrance / A Comparison of Four BRDF Models 5

Phong Lafortune

-30 0 30 60 90

Ward

-30 0 30 60 90

He-Torrance

-60 -30 0 30 60 90 -30 0 30 60 90

1

100

0.1

10 θ =15ºi

θ =45ºi

θ =75ºi

Figure 4: Fitting results for rough aluminum surface: BRDF vs. angle of reflection for three incidence angles, λ� 550nm� Blue
dots show actual measurement points; solid lines show results from each model.

aluminum; its visual appearance is shown in computer ren-
derings in Figure 3. The measured BRDF data are shown in
Figure 4; they show a directional diffuse lobe with a small
ideal specular (mirror-like) component emerging at an in-
cidence angle of θi � 75Æ� This ideal specular component
corresponds approximately to the mirror reflection relation,
Equation 1, but its magnitude is relatively small. Gloss and
some mirror reflection are suggested in the right-hand ren-
dering at the larger viewing angle in Figure 3.

For this surface, there is no striking difference in the per-
formance of the four models for the directional diffuse lobes.
The Phong model shows the least increase toward grazing
incidence, but not much less than the other three models.
It may be surprising to see any increase at all in the Phong
model; the model was originally formulated in terms of radi-
ance, but the BRDF is scaled by irradiance, which includes
an extra term cosθi� Dividing by this term gives the increase
shown in the directional diffuse lobe.

4.2. Rough Plastic

Phong Lafortune

Figure 5: Comparison of rendered images of off-white rough
plastic for two reflectance models.

We now move from a metallic surface to a dielectric: a

section of an off-white computer case, which shows a fin-
ish with a slight sheen. An example rendering appears in
Figure 5. The BRDF data are shown in Figure 6. Both this
surface and the rough metal in Figure 4 show a directional
diffuse lobe, but several differences are apparent. First, the
minimum BRDF value in Figure 6 is increased by a constant
Lambertian component due to subsurface scattering, which
gives the surface its off-white color. Second, the magnitude
of the directional diffuse lobe varies much more with inci-
dence angle for the dielectric surface, since it is a dielectric
material and its Fresnel reflectance varies dramatically with
angle, as shown in Figure 1. Third, the magnitude of the di-
rectional diffuse lobe is roughly a full order of magnitude
less for the dielectric surface. The two surfaces show sim-
ilar brightness, however, since the wider directional diffuse
lobe and the constant Lambertian subsurface component of
the plastic surface spread a similar amount of energy over
a broader angular range. Finally, the wider directional dif-
fuse lobe indicates a greater mean roughness slope on the
plastic surface. This surface also shows no emergence of an
ideal specular peak, indicating that the surface roughness σ
is larger than that for the metal surface.

This material shows dramatic differences between the
four models. The He-Torrance model fits fairly well, but the
Phong model cannot model the increase in the directional
diffuse lobe. The Ward model also shows an inadequate in-
crease toward grazing. The rate of increase toward grazing
is fixed in the Ward model, whereas the He-Torrance model
includes an explicit factor for the Fresnel reflectance and
so models the increase. The Lafortune fitting model, as we
might expect, has sufficient flexibility to reproduce the ef-
fect accurately. To see the visual effects of this difference,
we have rendered a simple environment using two of the
models and show the results in Figure 5. Notice how the
Phong model is slightly brighter than the Lafortune model at
viewing angles near normal, but much dimmer near grazing,
where both the Fresnel reflectance and the reduced effective
roughness increase the directional reflectance.
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Figure 6: Fitting results for rough plastic surface: BRDF vs. angle of reflection for three incidence angles, λ� 550nm�
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Figure 8: Fitting results for plain white paper: BRDF vs. angle of reflection for three incidence angles, λ� 550nm�

LafortunePhong

Figure 7: Comparison of rendered images of paper for two
reflectance models

4.3. White Paper

This example is an ordinary sheet of office paper, shown ren-
dered in Figure 7. The reflectance is plotted in Figure 8. Like
the rough plastic surface, it has a strong subsurface scatter-
ing component. Unlike the plastic, there is no significant di-
rectional diffuse lobe at incidence angles near normal, so the
paper has no visible gloss. Because of this, this surface might
normally be modeled as purely Lambertian. However, its re-
flectance in Figure 8 varies dramatically near grazing angles
due partly to the decrease in effective roughness predicted
by Equation 1.

The He-Torrance model matches the reflectance increase
fairly well with its effective roughness term, but falls some-
what short. The differerence may be attributed to the subsur-
face scattering, which is not truly Lambertian; as the angle of
incidence increases, the subsurface scattering is biased in the
forward direction, as has been observed with paper samples
[GJM03]. The Lafortune model is flexible enough to model
the large-angle behavior better.

The Phong and Ward models show dramatic departures
from the true behavior. This is borne out in the renderings
shown in Figure 7; near-normal viewing shows virtually no
difference between the models, but viewing from near graz-
ing shows a dramatic difference, with the Lafortune model
looking much more natural. The golden color in the images
is introduced by the illumination, which simulates a sunset
sky.

4.4. Smoother Metal

Our next example is a metal surface in the transition region
between rough and smooth surface behavior. An example
rendering is shown in Figure 9; the BRDF data are plot-
ted in Figure 10. The surface, made of stainless steel and
hand-lapped to near-mirror smoothness, was studied, and its
reflectance measured, by Marx and Vorberger [MV90]. We
used the surface roughness statistics given in the paper: RMS
roughness σ � 0�08µm� horizontal roughness τ � 1�52µm�

Since we were unable to obtain refractive index informa-
tion for the stainless steel, we used the index for iron, the
major component, but the behavior is relatively insensitive
to this approximation. We have normalized both the mea-
surement data from the paper and our BRDF results, as the
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Simple Mirror He-Torrance Model

Figure 9: Renderings of nearly-smooth metal teapot
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Figure 10: Fitting results for nearly-smooth metal surface:
data from Marx et al., He-Torrance model, λ� 633nm�

data in the paper were not absolute; the result is shown in
Figure 10. The specular peak is prominent even at the near-
normal incidence angle of 4Æ� in contrast to the surface in
Section 4.1, where it emerged only at large angles. θi � 54Æ

is the largest incidence angle measured by Marx et al., but
Equation 1 makes it clear that the specular component will
grow still farther at greater incidence angles. We show only
the results from the He-Torrance model, as none of the other
models is capable of reproducing the ideal specular compo-
nent. While the He-Torrance model does not exactly match
the measurements, there is qualitative agreement, with the
directional diffuse lobes similar in width and position over a
range of two orders of magnitude.

Since the specular peak is so strong, we might avoid
the computational complexity of the He-Torrance model by
modelling this surface as a mirror, either by using the Fresnel

Figure 11: Rendering using Lafortune model of metallic
paint

reflectance or with a single reflectance value for all angles.
Figure 9 shows the result of this approach, compared to a
rendering with the He-Torrance model. The dramatic high-
light from the sun essentially disappears, since its brightness
is limited to a few pixels whose values are severely clipped.
Whitted [Whi80] avoided this by using a non-physical model
that provides a directional diffuse lobe such as Phong for
light sources. Unfortunately, such an approach would still
miss subtler effects that are still important. Notice how the
horizon is blurred on the front of the teapot in the right-
hand image, but becomes perfectly distinct at the edge of
the teapot, where angles approach grazing. Similarly, the re-
flection of the spout in the body of the teapot on the right is
blurred in a way that is distinctive of slightly rough metal,
such as the outside of an unpainted airliner.
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Figure 12: Fitting results for metallic paint with clearcoat: BRDF vs. angle of reflection for three incidence angles, λ� 550nm�

4.5. Metallic Paint

Our final example is an automotive metallic paint, showing
how a more complex surface can be modeled with a com-
bination of commonly-available models. An example ren-
dering is shown in Figure 11; the BRDF data are plotted in
Figure 12. The near-specular lobe comes from subsurface
scattering; the surface itself is smooth and mirror-like. To
display the subsurface scattering, these graphs omit the ideal
specular surface reflection; for rendering, the specular reflec-
tion can be modeled simply via the Fresnel equation.

This paint has a “metallic” visual appearance, but its re-
flectance is quite different from that of a real metal. We see a
directional diffuse lobe in Figure 12 that resembles the lobe
from the rough aluminum sample in Figure 4, but shows very
little variation with angle of incidence. This demonstrates a
difficulty faced by the makers of the ill-fated Delorean auto-
mobile: it was impossible to paint the plastic body parts to
match the stainless-steel body panels, since there is no paint
that will match from all angles.

The Phong model reproduces this behavior well due its
lack of variation with incidence angle. The Lafortune fitting
model again shows the flexibility to match this performance,
and the more sophisticated Ward and He-Torrance models
are actually less accurate because this surface violates one
of their assumptions.

The subsurface scattering comes from a collection of pol-
ished metal flakes suspended at random angles in a clear
binder, much like the idealized microfacets of Cook and Tor-
rance [CT82]. As angles approach grazing, the presence of a
mirror-like clear overcoat modifies behavior for two reasons,
both arising from the Fresnel reflectance. First, as the inci-
dent light approaches grazing, the Fresnel reflectance sends
more of the total energy into the ideal specular component
(not shown in the BRDF graph), reducing the magnitude of
the directional lobe. Second, light scattered by the aluminum
must traverse the smooth boundary between clearcoat and
air; since the subsurface internal reflection increases with
angle, light scattered into a near-grazing direction will be
preferentially reflected back to the aluminum flakes and will
be multiply scattered.

Figure 11 shows a car model rendered using the Lafortune

model, with a Fresnel term added to describe the specular
reflection from the clearcoat.

5. Summary and Conclusions

We have presented the first comparison of major alternative
reflectance models by fitting to a common set of measured
reflectance data. The data include smooth and rough sur-
faces, as well as metals and dielectrics. We have compared
predicted and measured reflectances, and rendered images.

We have considered only surfaces that exhibit a smooth
directional-diffuse reflectance lobe at or near the specular di-
rection, giving the classic computer graphics highlight, with
possibly an additional mirror-like component.

Our main results are that

� the differences between various reflectance models are
visible in rendered images;

� no one model performs well on every surface;
� sometimes the most sophisticated model is not the best

choice for a given surface; and
� the differences can be understood in light of a few basic

principles.

Of the four models compared, the Lafortune model per-
formed well for all the surfaces studied, since it was de-
signed to fit almost arbitrary BRDF data. The physically-
based He-Torrance model also performed well, except when
its assumptions were violated. The Ward and Phong mod-
els each performed well for certain surfaces, generally those
where the dependence of reflectance on incidence angle is
relatively weak. We believe that our incidence-plane studies
will be substantially validated by future work over the entire
hemisphere.

We believe that this work will be of help

� to implementers of rendering systems, who need to
choose models that are efficient, accurate, and compati-
ble with the algorithms used;

� to users of rendering systems, who must choose from a
sometimes bewildering array of models implemented in
any given system; and

� to researchers creating new reflectance models of greater
accuracy, generality, and efficiency.
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Appendix: Parameter Values Used in This Paper

We list here all the parameter values used for BRDF graphs
and renderings in this paper. Each graph uses data measured
at the single wavelength λ � 550nm� which is the peak of
human luminance sensitivity, except Figure 10, where data
were only available at λ� 633nm�

For most renderings, we used this set of coefficients as
a monochrome BRDF; for Figure 5, we converted spectral
data (gathered at 10nm intervals) to RGB at each data point,
then fit each model to the individual color channels. We give
all sets of coefficients in the tables below.

Sample Channel Phong Ward
Kd Ks n ρd ρs α

Rough
metal

550nm 0.0 1.1 224 0.0 1.07 0.0413

(§4.1)

White 550nm 0.663 0.186 67.8 0.526 0.0904 0.167
Plastic R 0.525 0.0792 19.8
(§4.2) G 0.541 0.0792 19.9

B 0.396 0.0834 19.7

White
Paper

550nm 0.686 0.0999 3.48 0.664 0.212 0.486

(§4.3)

Metallic
Paint

550nm 0.0562 0.529 16.2 0.0456 0.612 0.188

(§4.5)

Table 1: Parameters for Phong and Ward models

Sample Channel Cxy Cz n Kd

Rough
metal

550nm -1.01 1.01 405.5 0

White 550nm -1.22 -0.142 21.4 0.542
Plastic -1.04 0.893 21.1

R -1.17 -0.210 20.2 0.585
-0.989 0.854 21.5

G -1.16 -0.164 20.9 0.604
-0.988 0.848 20.8

B -1.17 -0.171 20.8 0.446
-0.989 0.858 21.9

White 550nm -1.11 0.0052 20.4919 0.653
Paper -0.701 0.314 3.0265

Metallic 550nm -0.992 1.01 34.4 0.021
Paint -1.11 0.914 7.2

Table 2: Parameter values used for the Lafortune model

Sample λ�nm� σ τ n ρud

Rough 550 0.200 8.17 0�958� 6�69i 0
metal

White 550 0.512 6.97 1.5 0.534
Plastic 650 (R) 0.512 6.97 1.5 0.532

550 (G) 0.512 6.97 1.5 0.548
450 (B) 0.512 6.97 1.5 0.413

White
Paper

550 0.798 4.87 1.5 0.718

Smoother
Metal

633 0.08 1.52 1�3730� 7�6193i 0

(§4.4)

Metallic
Paint

550 0.687 6.00 5.0103 0.0239

Table 3: Parameter values used for the He-Torrance model

submitted to Eurographics Symposium on Rendering (2004)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Generic Gray Profile)
  /CalRGBProfile (Generic RGB Profile)
  /CalCMYKProfile (Generic CMYK Profile)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 70
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF00530074006500760065002000470072006100680061006d00200062006f006f006b>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




