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Abstract

Measuring BRDF (Bi-directional Reflectance Distribu-
tion Function) requires huge amounts of time because a
target object must be illuminated from all incident angles
and the reflected lights must be measured from all reflected
angles. In this paper, we present a high-speed method to
measure BRDFs using an ellipsoidal mirror and a projec-
tor. Our method makes it possible to change incident angles
without a mechanical drive. Moreover, the omni-directional
reflected lights from the object can be measured by one
static camera at once. Our prototype requires only fifty min-
utes to measure anisotropic BRDFs, even if the lighting in-
terval is one degree.

1. Introduction

Measuring the 3-D shape of real objects is not a difficult
problem if a range finder is used. On the other hand, mea-
suring the reflection properties of real objects, however, re-
mains a difficult problem. Reflection properties depend on
the microscopic shape of the object surface, and they can
be used for many applications such as computer graphics,
archiving cultural heritages, and object recognition. How-
ever, there is no simple type of equipment that can measure
reflection properties.

The main reason for this is that the dense measurement
of BRDFs (Bi-directional Reflectance Distribution Func-
tions) requires huge amounts of time because a target ob-
ject must be illuminated from every incident angle and the
reflected lights must be measured from every reflected an-
gles. Hence, most existing methods simplify the problem
by approximating the BRDF as a parametric function or as-
suming a uniform BRDF over the surface. As a result, com-
plex reflection properties cannot be accurately measured.

In this paper, we straightforwardly tackle the problem of
measuring dense BRDFs without any simplifications. Our
system substitutes an ellipsoidal mirror for a mechanical

drive, and a projector for a light source. Since our sys-
tem completely excludes mechanical rotation and transla-
tion, high-speed measurement can be realized.

2. Related works

For descriptions of reflection properties, several para-
metric models, such as the Phong model[9] and Torrance-
Sparrow model[11], have been widely used. To approx-
imate the reflection properties of real objects using these
parametric models, parameter estimation is necessary. Sato
et al.[10] proposed a method for estimating parameters of
the Torrance-Sparrow model based on the 3-D shape and
real images of the object. Machida et al.[7] proposed a
method for densely estimating parameters of the Torrance-
Sparrow model while taking interreflections into account.
However, these parametric models have a common draw-
back in that complex reflection properties cannot be accu-
rately expressed.

Recently, non-parametric models are becoming main-
stream with the increasing storage capacities of PCs. Non-
parametric models do not approximate reflection properties
with mathematical formulations but directly record appear-
ance for every lighting direction. Furthermore, if the light-
ing direction is sufficiently dense, even complex reflectance
properties can be recorded without any errors. Debevec et
al.[3] constructed the ‘Light Stage’ system, which can mea-
sure face appearances with changing light directions. The
system has also improved in speed by incorporating a high-
speed camera and flashes[5]. Moreover, they constructed
a LED-based lighting environment that can reproduce arbi-
trary illuminations [13]. However, in these systems, only
the lighting directions are changed while the viewing direc-
tion is fixed.

In order to perfectly measure BRDFs, both a light source
and a sensor must be located at every direction around the
target object. A gonioreflectometer[6] is a device that can
separately rotate a light source and a sensor. However,
dense measurement of BRDFs requires excessive amounts
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of time because reflected light must be recorded for all com-
binations of lighting and viewing directions.

In order to dramatically shorten the measuring time,
some systems using a mirror have been proposed. Ward[12]
proposed a BRDF measuring system which uses a large
hemispherical half-mirror and a fish-eye lens. Although
omni-directional reflected lights are observed at once with-
out camera rotation, this system requires a rotational mech-
anism of the light source behind the hemisphere. Dana[1]
constructed a system using a paraboloidal mirror. Although
the system can operate with the exclusion of a light source
rotational mechanism, a light source translational mecha-
nism remains necessary. Moreover, the range of lighting
and viewing directions is limited.

Davis and Rawling as Boeing[2] have patented a device
using an ellipsoidal mirror to correct the reflected light us-
ing a CCD sensor. Mattison et al. [8] have developed
a hand-held instrument to measure BRDF based on the
patent. While the patent focuses on only gathering reflected
light, the rapid control of the incident direction is not men-
tioned. Since the incident direction is mechanically varied,
the dense and rapid control of the incident direction is diffi-
cult.

Recently, Han et al.[4] constructed a system which uses
some planar mirrors similar to those used in a kaleidoscope.
By combining these mirrors and a projector, BTF (Bidirec-
tional Texture Function) can be measured without any me-
chanical drive. However, the lighting and viewing direc-
tions are few with this system, and therefore dense mea-
surement of BRDF is difficult.

We, on the other hand, propose in this study a new BRDF
measuring system which combines an ellipsoidal mirror and
a projector. Since our system completely excludes mechan-
ical rotation and translation, high-speed measurement is re-
alized. The system can measure dense BRDFs because
both lighting direction and viewing direction are densely
changed.

3. BRDF

3.1. Definition of BRDF

To represent reflection properties, the bidirectional re-
flectance distribution function (BRDF) is used. The BRDF
represents the ratio of outgoing radiance in the viewing di-
rection (θr, φr) to incident irradiance from a lighting di-
rection (θi, φi), as shown in Fig.1. While the BRDF does
in fact depend on wavelength, it is sufficient to define the
BRDF for each R, G, and B color channel for many appli-
cations such as computer graphics. Hence we define the
BRDF as a 4-parameter function.
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Figure 1. Four angular parameters of BRDF.

3.2. Parametric and non-parametric model

BRDF models can be classified into parametric mod-
els and non-parametric models. Parametric models rep-
resent reflection properties by mathematical formulations,
such as the above-mentioned Phong model[9] and Torrance-
Sparrow model[11]. These models formulate reflection
properties using a small number of parameters and are suit-
able for hardware rendering. However, the estimation of pa-
rameters in these reflection models is often unstable. There-
fore, perfect reproduction of the complex reflection proper-
ties of real objects is difficult.

Non-parametric models, on the other hand, directly
record real intensities for each direction as values of the
reflection function. Since this method can deal with com-
plex reflection properties without error, the BRDFs of a va-
riety of materials can be accurately recorded. Although de-
scription requires huge amount of memory, non-parametric
models are becoming mainstream as the storage capacities
of PCs and demand for generating high quality computer
graphics increase.

In our method, we describe the BRDF using a non-
parametric model to ensure accuracy.

3.3. Isotropic and anisotropic reflection

When a camera and a light source are fixed, the rota-
tion of an object around the surface normal does not change
the appearance of the center point of the rotation for some
materials. Such reflection is called isotropic reflection. If
we can assume isotropic reflection, then the BRDF can
be described using only three parameters, θi, θr, and φ
(φ = φi + φr).

On the other hand, there are many materials that change
in appearance according to the rotation around the surface
normal. Such reflection is called anisotropic reflection,
and typical materials of this type are brushed metals and
cloth fabrics such as velvet and satin. To perfectly describe
anisotropic reflection, therefore, the BRDF should be a 4-



parameter function.
If the number of parameters can be reduced from four

to three, then the the measuring time and data size can be
significantly reduced. However, as the characteristics of
clothes cannot be accurately reproduced by the 3-parameter
function, we use the 4-parameter function for representing
the BRDF in order to realize perfect descriptions of the re-
flection properties of complex materials such as velvet and
satin.

3.4. Problems with 4-parameter description

As described above, in this study we define the BRDF as
a 4-parameter function in which the reflection intensities are
directly recorded without mathematical formulation, allow-
ing for the dramatic improvement of the ability to express
reflection properties. However, there are two major prob-
lems associated with 4-parameter description: data size and
measuring time.

First, let us consider the problem of data size. If the an-
gles θr, φr, θi, and φi are rotated at one degree intervals,
and the reflected light is recorded as R, G, and B color in-
formation for each angle, then the required data size is esti-
mated as follows:

360 × 90 × 360 × 90 × 3 = 3, 149, 280, 000bytes. (1)

It has been generally thought that a data size of 3GB is too
large to record. However, a size of 3GB is not impracti-
cal as the storage capacities of recent PCs has been increas-
ing significantly. Moreover, BRDFs can be effectively com-
pressed because they include much redundancy. Therefore,
data size is not a serious problem.

On the other hand, the problem of measurement time re-
mains serious. The light source must be rotated for every
θr and φr , and the sensor must also be rotated for every θi

and φi. Since the combinations of lighting angle and sensor
angle become extremely great in number, a long measuring
time is required. If we assume that the sampling interval is
one degree for each lighting angle and sensor angle, then the
total number of measurements can be estimated as follows:

360 × 90 × 360 × 90 = 1, 049, 760, 000. (2)

This means that it would require 33 years to measure all
combinations if it takes one second to measure one reflec-
tion color. Of course the measuring time can be shortened
by using a high-speed camera, but the total time required
would still remain impractical. Even if the performance of
PCs continues to improve, there is no prospect for solving
this problem of measuring time in the near future.

While the problem of data size is not serious, the prob-
lem of measuring time warrants consideration. We believe
that the reason why there is little research with the aim to
measure dense 4-parameter BRDFs is due to this problem of

Figure 2. Ellipsoid properties.

measuring time. In this paper, we straightforwardly tackle
the problem of measuring time by devising a catadioptric
system.

4. BRDF measurement using an ellipsoidal
mirror

4.1. Principle of the measuring method

Dense measurement of BRDFs requires huge amounts of
time because the measurement is based on the mechanical
rotation of the camera and light source around the target
object. To realize high-speed measurement, we attempt to
exclude the rotation mechanism from the measuring system.
To this end, we utilize an ellipsoidal mirror instead of the
rotation mechanism.

The ellipsoidal mirror used in our system has a circular
cross-section along the Z-axis as defined in Eq.(3). Here, a
and b are parameters which decide the size and shape of the
ellipsoid. The inner surface of the ellipsoid has specularity.

x2

a2
+

y2

a2
+

z2

b2
= 1 (3)

An ellipsoid has two focal points. All rays which pass
one focal point reflect onto the ellipsoidal mirror and pass
the other focal point, as shown in Fig.2. We utilize this
property of ellipsoidal mirrors for measuring BRDFs. A
small facet of the target object is placed at a focal point, and
a camera is placed at the other focal point. Since the rays
reflected from the target object in every direction converge
at a single point, all of the rays can be captured using a
camera. This means that all reflected rays can be recorded
as an image without using a rotation mechanism.

In addition, our system shortens the required changes of
lighting direction by combining an ellipsoidal mirror and a
projector. The projector serves as a substitute for a light
source. Moreover, by placing the projector at the focal
point, omni-directional illumination can be realized. How-
ever, since both a camera and projector cannot be located at
same position, a beam splitter is used. A ray from the pro-
jector corresponds to incident light from a certain direction.
That is, the lighting direction to the target object can be ar-
bitrarily controlled by changing the projection pattern with-
out the use of any mechanical device. Moreover, since the
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Figure 3. Design of measurement system.

changing of the projecting pattern can be performed more
quickly than mechanical rotation, high-speed measurement
of BRDFs can be realized.

4.2. Design of the measurement system

Figure 3 shows the design of the measurement system.
The component parts are a projector, a camera, an ellip-
soidal mirror, and a half-mirror. When the projector illu-
minates one point, the ray reflects on the ellipsoidal mirror
and illuminates the target object from the lighting direction
of (θi, φi). Then, the incident light is reflected on the tar-
get object, and the reflected lights to omni-direction are re-
flected on the ellipsoidal mirror again. Finally, all rays are
captured as an image by the camera. The reflected intensity
to the viewing direction (θr, φr) is recorded as a single pixel
in the captured image.

4.3. Conversion between angle and image location

The lighting direction and the viewing direction are spec-
ified as angles. However, the angles are expressed as 2-D
locations in the projecting pattern or the captured image.
The conversion between the angle and the image location is
easy if geometric calibration is done for the camera and the
projector. Figure 4 illustrates the relationship between the
angle (θ, φ) and the image location.

One light source ideally corresponds to one pixel in
the projection pattern. However, one pixel does not have
enough luminous energy, and therefore the captured image
tends to be noisy. Hence, we set a certain size for the light
source. If a filled circle is drawn in the projection pattern,
then the solid angle from the target object changes accord-
ing to its the location in the projection pattern. To keep the
solid angle of the light source constant for every direction,
pixels whose directions are within the solid angle are set to
white in the projecting pattern, as shown in Fig.5. Although
the shape of the light source in the projection pattern is not
circular, the solid angle of the light source becomes inde-

θ=π/8 θ=π/4 θ=π/2

φ=0 φ=π/4

φ=π/2

φ=3π/4φ=πφ=5π/4

φ=3π/2

φ=7π/4

Figure 4. Relationship of the angle and image location.

Figure 5. Examples of projection pattern.

pendent to the incident direction.

5. Experimental results

5.1. Simulation using the Ward reflection model

First, we estimated the suitable sampling interval of the
four angle parameters θi, φi, θr, and φr. If we set a small
sampling interval, then dense reflection data are obtained.
However, the data size and the measuring time increase in
inverse proportion to the sampling interval. Therefore, the
minimum requirement for sampling interval should be esti-
mated. The sampling interval of the lighting direction corre-
sponds to the number of captured images, and the sampling
interval of the viewing direction corresponds to the image
size.

For precise estimation, the relationship between the sam-
pling interval and the accuracy is examined by ray tracing
simulation. For the simulation, the Ward model as shown in
Eq.(4) is used as the anisotropic reflection model.

ρ(θi, φi; θr, φr) =
ρd

π
+

ρs

4παxαy

√
cosθicosθr

e
−tan2θh(

cos2φh
α2

x
+

sin2φh
α2

y
)

(4)

Here, ρd and ρs denote the diffuse reflectance and the spec-
ular reflectance, respectively. αx and αy denote the stan-
dard deviation of the surface slope in the x and y direction,
respectively. We set αx to be 0.05 and αy to be 0.16 to ex-
press anisotropic reflection. These values are shown in [12]



(b) Simulated data

(a) Rendering from Ward model (c) Rendering from simulated data

Ward Anisotropic Model

Figure 6. Simulation by ray tracing.

(a) Ground truth (b) Lighting interval: 0.5
Image size: 384×384

(c) Lighting interval: 1 (d) Lighting interval: 5
Image size: 96×96 Image size: 12×12

Figure 7. CG images under various sampling conditions.

as a reflectance of rolled brass.
Figure 6 illustrates how to compare the quality of the

simulated images. (a) is the ground truth of a rendered
sphere directly generated using the reflection model of
Eq.(4). (b) shows a set of simulated images expected to
be captured by the proposed measuring system. (c) shows a
rendered sphere generated from the simulation data of (c).
By comparing (a) and (c), the effect of the sampling inter-
val is evaluated. In this experiment, the size of the gener-
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Figure 8. Relationship between lighting interval and PSNR.
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Figure 9. Relationship between image size and PSNR.

ated image of (a) and (c) is 160 × 160, and the camera is
fixed. The lighting direction of the sphere image is set to
19×10 directions: 19 directions for rotation from the view-
ing direction to the overhead direction, and 10 directions for
rotation around the viewing direction. Figure 7 shows some
examples generated with changing sampling intervals. We
can see that a large sampling interval causes poor repro-
ducibility of specular reflections.

To quantitatively evaluate the differences of images,
PSNR (Peak Signal to Noise Ratio) is calculated for each
Y, Cb, and Cr component. Figure 8 shows the minimum
PSNR when the sampling interval of the lighting direction
varies. Each line in the graph indicates the size of the cap-
tured image. Figure 9 shows the minimum PSNR when the
size of the captured image varies. Each line in the graph
indicates the sampling interval of the lighting direction.

The Cb and Cr components maintain a large PSNR,
while the Y component always has the lowest PSNR. The
reasons for this are that the color does not change even if the
sampling interval is large and that the Y component tends



Figure 10. BRDF measuring system: RCG-1.

Figure 11. Ellipsoidal mirror.

to be affected by slight differences in specular reflection.
In fact, specular reflections are not accurately reproduced
when the sampling interval of the lighting direction is large.

It is generally believed that we cannot perceive noise if
the PSNR is more than 40dB. This minimum PSNR be-
comes greater than 40dB when the sampling interval of the
lighting direction becomes smaller than 1 degree and the
image size becomes larger than 96 × 96. The sampling in-
terval of 1 degree corresponds to the 32400 images, while
the image size of 96 × 96 corresponds to the density of
the viewing direction, although the angle is not uniform be-
cause the density of θr varies according to φr, as shown in
Fig.4. Based on this simulation, we found that under typical
conditions of BRDF measurement, the sampling interval of
the lighting direction should be less than 1 degree and the
image size should be larger than 96 × 96. We regard these
conditions as a rough standard and use the same condition
in the following section.

Ellipsoidal
Mirror

Lens

Imaging Area

Object

Figure 12. Light path with focusing.

Ellipsoidal
Mirror

Object

Lens

Imaging Area

Figure 13. Light path without focusing.

5.2. Prototype system

Figure 10 shows the proposed BRDF measuring sys-
tem, named RCG-1 (Rapid Catadioptric Gonioreflectome-
ter). This system includes an IEEE-1394 camera (Point-
Grey Flea), a liquid crystal projector (EPSON EMP-760),
and an ellipsoidal mirror (Melles Griot). These components
are manually aligned based on the manufacturing specifica-
tions. In this system, we assume that the projecting intensity
is spatially uniform. Since we set no gamma correction for
capturing image by the camera, the linearity of the intensity
is guaranteed.

Since this ellipsoidal mirror has a hole at the edge of the
long axis as shown in Fig.11, the BRDFs within 0 ≤ θi,
θr ≤ 27 can not be measured1. A small facet of the target
object is placed at the focal point by using a piano wire.
Since the piano wire is very thin and the location of the
wire is known, the missing data caused by the wire can be
easily interpolated from neighboring data.



(a) velvet (b) satin
Figure 14. Target objects (velvet and satin).

(a) velvet (b) satin
Figure 15. Examples of captured image.

5.3. Focusing

We will now consider the focusing of the projector and
the camera. The projection ray intuitively seems to be fo-
cused on the target object, as shown in Fig.12. In this case,
one pixel in the projecting pattern is observed as a light
source having a large solid angle. The solid angle is de-
cided by the size of the lens. To avoid this undesired effect,
the rays from the projector are focused at infinity, as shown
in Fig.13 in our system. Through the defocus of the projec-
tion, the light source is observed as a point from the position
of the target object. In order to observe only a small area on
the target object by the camera, we used a camera with a
narrow aperture.

5.4. BRDFs of satin and velvet

In this section, we show the results of measured BRDFs
using the proposed RCG-1 system. The target objects are
velvet and satin, both of which have anisotropic reflections,
as shown in Fig.14.

First, we evaluated the measuring time. The sampling
interval was set to 1 degree based on the preliminary ex-
periments in Sec.5.1. Pattern corresponding to the lighting
directions θi = 30 and φi = 250 were projected, and the
reflected images were captured, as shown in Fig.15 (a) and
(b) for velvet and satin, respectively. It is noted that some
BRDFs could not measured because of the hole of the el-

1If the BRDFs are measured while changing the surface normal direc-
tion of the target object, the missing data can be complemented by merging
the BRDFs. Now we are constructing a new BRDF measuring system so
that perfect BRDFs are measured.
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Figure 16. Reflectance of velvet.

Figure 17. Rendering results of velvet.

Figure 18. Rendering results of satin.

lipsoidal mirror. We captured 360 × 90 = 32400 images
for each material. The time required was 0.18 sec/image,
for a total measuring time of about 50 minutes. A major
part of the measuring time was occupied by the process of
preparing the projection pattern and recording the captured
image.

Next we show the results of measured BRDFs using the
RCG-1 system. Figure 16 shows the change of reflection
intensities of the velvet material when θr is fixed to 30 de-
grees and φr rotates from 0 to 360 degrees. In the graph,
the three lines show the respective reflection intensities for
the lighting direction (θi, φi): (30, 0), (30, 45), and (30, 90).
We can see that the three lines have different shapes at their
peaks which represent the characteristics of the specular re-
flection. Since the velvet material has anisotropic reflection
properties, the reflectance varies even if the relative angle



(φr − φi) is the same.
Finally, we show some computer graphics results using

our system to demonstrate a possible application of our pro-
posed system of measuring BRDFs. Images of a corrugated
plane are rendered using the measured BRDFs. Figures 17
and 18 are generated images of velvet and satin under differ-
ent illumination conditions. The rendering process of this
corrugated shape does not require the missing data fortu-
nately. We can see that the characteristics of anisotropic
reflection are reproduced. To improve the quality of the
measured BRDFs, more accurate calibration is necessary.

5.5. Discussion

Since the proposed system is the first prototype for mea-
suring BRDFs, we evaluated only the measuring time in this
paper. There are several unresolved issues.

First, we have to evaluate the measured BRDFs numeri-
cally to check the accuracy of the measuring device. For the
evaluation, we are trying to compare the measured BRDFs
and the ground truth by using reflectance standards whose
reflection properties are known. By the comparison, we can
evaluate the accuracy of the geometric and photometric cal-
ibration of the camera and the projector. Another idea for
the evaluation is to check whether the data satisfy the prin-
ciple of Helmholtz reciprocity.

To widen dynamic range of BRDFs is also very impor-
tant. The limited dynamic range is a problem because we
cannot measure strong specular highlights and weak diffuse
reflections simultaneously. We are trying to solve this prob-
lem by using a high dynamic range camera.

6. Conclusion

In this paper, we proposed a new high-speed BRDF mea-
surement system that combines an ellipsoidal mirror with a
projector. The proposed system can measure complex re-
flection properties including anisotropic reflection. More-
over, the measuring time of BRDFs can be significantly
shortened by the exclusion of a mechanical device. The
combination of an ellipsoidal mirror and a projector enables
fast changes in lighting direction.

Although the proposed system can enable high-speed
BRDF measurement, the measuring time remains at approx-
imately fifty minutes. Thus, one of the tasks of our future
work will be to further shorten the measuring time. The
adaptive change of the sampling intervals may be effective
to speed up.

In this paper, we focused only on the BRDF measuring
speed by the developed system. We have to evaluate mea-
sured BRDFs numerically, and solve the narrow dynamic
range problem. We are currently working on these issues
with the aim of realizing a measuring system suitable for
many practical applications.
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