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We study and analyze properties underlying the visual appearance of materials such as the surface
bidirectional reflection distribution function and texture. The spatial distribution of scattered light in
relation to the incident light determines the surface appearance and can be partly specified by the
bidirectional reflection distribution function, which is defined as the directionally dependent ratio of
radiance to irradiance. We perform gonioradiometric measurements on samples of bricks and tiles. To
describe the reflection mechanisms in the surfaces under study, we combine models of specular and
diffuse reflectance from rough surfaces and fit them to the experimental data. We also collect images
and determine the textural differences in the surface appearance, resulting from the variation in the
illumination direction and the viewing directions. © 1997 Optical Society of America
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1. Introduction

Reflected light from points in a scene is the stimulus
for visual perception by a human or machine. The
spatial distribution of scattered light in relation to
the incident direction determines the surface appear-
ance. The outcome depends on the viewing direction
~angles ur and fr!, the illumination direction ~ui and
fi!, the surface’s macroscopic structural geometry
~roughness!, and the local surface reflectance proper-
ties @interface or body ~diffuse! reflection#.
Interface reflection refers to light that is reflected

at the interface between the surface medium and the
air. In the case of smooth surfaces, interface reflec-
tion gives the surface a mirrorlike appearance. In
body reflection, light penetrates the surface and un-
dergoes scattering as a result of reflection and refrac-
tion caused by inhomogeneities within the surface
medium. Part of this light can be absorbed or trans-
mitted through the surface. The remaining light
finds its way back to the interface and emerges as
body reflection. As a result of the random subsur-
face scattering, the emerging rays are distributed in
a wide range of directions, giving the surface a matte
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appearance. In many materials both surface and
body reflection mechanisms coexist and together de-
termine the surface reflectance properties.1,2
In the case of rough surfaces, local surface normals

differ from the macroscopic surface normal. At the
same time, geometric phenomena such as masking,
shadowing, and interreflections influence the amount
of reflected light seen at different directions of illu-
mination and viewing. Consequently, roughness al-
ters the surface appearance by changing the spatial
distribution of the reflected light. The effect of
roughness on interface reflection is off-specular radi-
ation, which causes shiny surfaces to look glossy.3
The effect of body reflection is an increase in bright-
ness as the observer approaches the light source di-
rection, in contrast to a Lambertian surface whose
brightness does not vary with the viewing direction.4
Roughness and local surface reflectance properties

together determine the spatial distribution of the re-
flected light and the resultant visual appearance of
the surface. These two factors, known also as geo-
metric attributes of appearance,1 determine the rela-
tionship between incident light flux per unit surface
area ~irradiance! and reflected flux per unit foreshort-
ened surface area, per unit solid angle ~radiance!.
Consequently, the directionally dependent ratio of
radiance to irradiance is a descriptor of the surface
reflectance properties. This ratio is known as the
bidirectional reflection distribution function ~BRDF!.
Besides observing the average angular dependence

of the reflected light, one observes textural differ-
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ences in the surface appearance under different view-
ing and illumination conditions. Both the size and
the shape of texture elements vary. We view texture
as a visual quality of the surface, determined by the
material properties and the topography of its ele-
ments. Texture is formed as result of the spatial
distribution of scattered light from the surface.
There have been many approaches to the measure-
ment and characterization of image texture.5,6 The
most common one is the autocorrelation function and
its Fourier transform, known as the power spectral
density function. The functions feature information
about the size of the texture elements. Other meth-
ods are based on comparisons of the gray-level histo-
grams and pixel values.7 Koenderink and van
Doorn8 have used a principal components analysis of
a set of pictures to find the major components that
together account for most of the variance.
Our focus is on applications for architecture and

city planning. In this paper we describe gonioradio-
metric measurements on samples of materials used
in building ~bricks, tiles, concrete!, with macroscopic
surface roughness. We measure and study the
BRDF, using it as a tool to characterize the surface
reflectance properties. We identify different reflec-
tion components coexisting and determining the sur-
face’s response to directional illumination. We
reviewmodels that describe specular or diffuse reflec-
tion components on rough surfaces and combine them
appropriately, so that they can successfully describe
the mixture of reflection mechanisms in the surfaces
under study. We fit the theoretical models to the
experimental data and discuss and evaluate the re-
sults. We also describe textural differences in the
surface appearance, which result from the variation
in the illumination direction and in the viewing di-
rections.
The results of this study give a quantitative mea-

sure of the stimuli underlying viewing experiences of
daily life. This study may give further insight into
concepts of interest for computer graphics, machine
vision, and city planning.

2. Modeling Reflection on Rough Surfaces

The manner in which light is reflected by a surface
depends mainly on two factors. One consists of the
local reflection properties, which relate to the mech-
anisms involved in the reflection process and are usu-
ally classified in two broad categories: interface and
body reflection. An accurate description of the way
these mechanisms are combined in a material is es-
sential in order tomodel successfully the local surface
reflection properties.
The second factor is the macroscopic structural ge-

ometry of the surface, known as roughness. It alters
the spatial distribution of the reflected light predicted
from the local surface properties. The reason for
this is that local surface normals deviate from the
macroscopic normal, resulting in a change of direc-
tion of the reflected rays. At the same time, geomet-
ric phenomena such as masking, shadowing, and
interreflections influence the final direction of the
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reflected flux in relation to the direction of the inci-
dent flux. When the structure is not completely
known, modeling and simulation are the only alter-
natives. Two approaches are most commonly used
in the literature. One is to describe the surface as a
collection of indentations of specific shape, for exam-
ple V-shaped indentations as in the Torrance–
Sparrowmodel,3 or spherical craters as in the Buhl et
al.9 model. The other way is to model the surface as
a random process. The surface can be described by
a statistical distribution of either its height with re-
spect to a mean level or its slope with respect to the
macroscopic mean.10
In 1967, Torrance and Sparrow3 modeled the sur-

face as a collection of symmetric V cavities with two
opposing facets. The facets’ normals ~ua! were nor-
mally distributed with zero mean and standard de-
viation ~s!. The standard deviation parametrized
the macroscopic roughness of the surface. They as-
sumed the facets to be perfect mirrors and took into
account masking and shadowing phenomena. They
computed a geometrical attenuation factor ~G! as the
ratio of the facet area, which is both visible and illu-
minated, to the total facet area:

G5min

3 H1,maxF0, 2 cos ui cos ua
cos ui cos ua 1 cin ui sin ua cos~fi 2 fa!

,

2 cos ur cos ua
cos ur cos ua 1 sin ur sin ua cos~fr 2 fa!

GJ. (1)

The radiance S predicted by the model is

S 5
FG

cos ur cos ua
c expS2

ua
2

2s2D , (2)

where F is the Fresnel reflection coefficient, c is a
normalization constant, ur is the polar angle of reflec-
tion, and ua is the polar angle of the facet that con-
tributes to the specular reflection. The model
describes specular reflection from rough surfaces as
off-specular peaks. The distribution of the reflected
radiance becomes wider at higher values of s.
Recently, Oren and Nayar11 used the same surface

model, assuming facets to have a Lambertian type of
reflectance. Thus the surface at the microscale is
also considered to be rough at the nanoscale. They
showed that diffuse reflection from rough surfaces
increases in intensity as the viewer approaches the
direction of the light source. The radiance D pre-
dicted by the model after a functional approximation
is

D 5
r

p
E0 cos uiHC1~s!

1 cos~fr 2 fi!C2~a; b; fr 2 fi; s!tan b

1 @1 2 ucos~fr 2 fi!u#

3 C3~a; b; s!tanSa 1 b

2 DJ, (3)



where r is the albedo of the surface, E0 is the irradi-
ance when the surface is illuminated head on, and

a 5max@ur, ui#,

b 5min@ur, ui#,

C1 5 12 0.5
s2

s2 1 0.33
,

C2 5 50.45
s2

s21 0.09
sin a

0.45
s2

s2 1 0.009 Fsin 12 S2b

p D3G
if cos~fr 2 fi! $ 0

otherwise,

C3 5 0.125S s2

s2 1 0.09DS4ab

p2 D2
In this paper wemeasure light reflected from rough

surfaces of real materials ~bricks, tiles, and concrete!
in which specular and diffuse components coexist.
In order to obtain a measure of the way in which
specular ~S! and diffuse ~D! mechanisms mix to pro-
duce the total radiance L from the surface, we fit the
data to the weighted sum:

L 5 kS 1 ~1 2 k!D. (4)

We linearly combine the specular reflectance as de-
scribed by the Torrance–Sparrow model and the dif-
fuse component as described by the Oren–Nayar
model. We call this combination model the TSON
model. The parameter k takes values from zero to
one and parametrizes the contribution of the diffuse
and the specular component in the total surface re-
flectance. For k 5 0 there is only a diffuse reflection
component and for k 5 1 there is only a specular
component. The reflectance parameters s and k
were estimated by fitting, using nonlinear optimiza-
tion, the above combination of models to measured
data. The parameters F, c, r, and E0 are incorpo-
rated into k and are effectively set to one.

3. Experimental Methods

We used samples of real materials, that is, bricks,
concrete, and tiles, all with macroscopic surface
roughness. We didmeasurements on a large variety
of such building materials. In this paper we present
four typical cases. Sample 1 was a yellow sand out-
door wall brick, which from now on we refer to simply
as brick. Sample 2 was the same brick painted
white with matte latex paint. Sample 3 was a pink
double-baked glazed floor tile, which from now on we
call a smooth tile. Sample 4 was a pink wall tile
sprayed with two-component paint. Here we refer
to it as a rough tile. Prior to the experiments, the
samples were sent to Greece to the Foundation for
Research and Technology, Hellas Institute of Elec-
tronic Structure and Laser, where their roughness
wasmeasured with a laser profilometer ~Perthometer
S5P, Mahr GmbH!. On every sample, ten different
profile lines of 4 mm were measured. The mean
values of themeasured parameters are given in Table
1. The reader is referred to the table for a detailed
description of the samples’ surface structure. The
parameters of Table 1 are Rt ~the distance between
the highest and lowest points of the profile! and Ra
~the average distance of each point to the center line!.
The profile was also divided into five equal sections,
and for each section the distance between the highest
and the lowest point was found. Rmax is the largest
of these five distances andRz is the average of the five
distances. Table 1 also includes the values of s, cal-
culated from the measured profiles.
Figure 1 describes the experimental setup.

During the experiment the samples, 5 cm 3 5 cm in
size, were placed in a sample holder that could auto-
matically be oriented in any direction ~x, y, z! with
z $ 0. The surface was imaged by using a Panasonic
CCD camera and a framegrabber ~Video Maker,
VITEC S.A! with a 768 3 576 pixel spatial definition.
The camera was mounted at the end of an 80-cm-long
bar. Unpolarized light from a 150-W halogen lamp,
operating at 3100 K color temperature and mounted
at the end of another 80-cm long bar, was focused on
the surface of the sample. The other ends of the bars
were attached to a rotary stage. In this way we had
complete freedom to change the direction of illumi-
nation ~ui, fi! and the viewing angles ~ur, fr!.
We aimed to do full BRDF and texture measure-

ments and cover positions over the whole hemisphere
of directions. We triangulated the hemisphere into
40 faces of equal area and determined the centers of
these faces. The coordinates of the 40 centers of
these faces were taken as the ur and fr in our mea-
surements. All positions are shown in Table 2. Be-
cause of Helmholtz reciprocity and assumed surface
isotropy, we made measurements at only 22 different
positions per incident direction; positions ~ur, fr! and
~ur, 2fr! are symmetric. We repeated measure-
ments for three different incident directions: ~ui 5
17.5°, fi 5 180°!, ~ui 5 37.4°, fi 5 180°!, and ~ui 5

Table 1. Surface Profile Parameters

Samples
RT

~mm!
Ra

~mm!
Rmax

~mm!
Rz

~mm! s

Brick 148.8 24.9 137.8 98.6 0.41
Painted brick 142.8 22.2 127.9 95.6 0.43
Smooth tile 60.6 7.2 56.8 40.3 0.12
Rough tile 174.4 29.5 155.7 120 0.42

Fig. 1. Experimental apparatus.
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79.2°, fi 5 180°!. To present this large volume of
data, we mapped the hemisphere in the xy plane in
such a way as to conserve the area elements ~Fig. 2!.
We constructed density graphs of data, which are
shown and described later. The numbers shown in
Fig. 2 correspond to the index numbers of Table 2.
For the radiance measurements, we used a Spec-

taScan SpectraRadiometer System ~PR-704yPR-714,
Photo Research! instead of a camera. Radiance was
measured in watts per second times square meters
from an area of 2 mm 3 2 mmwhen the sample faced
the detector. Obviously, as angles ur and fr
changed, the area seen by the detector changed, in
accordance with the cosine law. In reality, in the
plane of incidence we measured

Radiance 5
fluxycos~ur!

A
, (5)

Table 2. Polar and Azimuth Coordinates for the Tile Centers in the
Hemisphere

Index No.
u

~deg!
f

~deg!

1 37.4 36
2 37.4 108
3 37.4 180
4 37.4 2108
5 37.4 236
6 79.2 36
7 79.2 108
8 79.2 180
9 79.2 2108
10 79.2 236
11 17.5 36
12 49.9 58.66
13 49.9 13.3
14 17.5 108
15 49.9 130.7
16 49.9 85.3
17 17.5 180
18 49.9 2157.3
19 49.9 157.3
20 17.5 2108
21 49.9 85.3
22 49.9 2130.7
23 17.5 236
24 49.9 213.3
25 49.9 258.66
26 69.9 17.7
27 69.9 54.3
28 69.9 89.7
29 69.9 126.3
30 69.9 161.7
31 69.9 2161.7
32 69.9 2126.3
33 69.9 289.7
34 69.9 254.3
35 69.9 217.7
36 80.9 72
37 80.9 144
38 80.9 2144
39 80.9 272
40 80.9 0
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where A 5 fixed aperture ~area!. When the sample
was viewed from the normal direction, the radiance
Lr~0, 0! was measured. The normalized radiance
Lr~ur, fr!yLr~0, 0! equivalent to the normalized BRDF
f ~ur, fr!yf ~0, 0! was found. The parameters of the
theoretical models were fitted to the empirically mea-
sured values.

4. BRDF Results

Figure 3 presents the normalized BRDF measure-
ments ~dots! in the plane of incidence, fitted to the
TSON model ~solid curve!. The horizontal axis rep-
resents angles ur. Positive values of ur indicate that
the viewer is approaching the light source direction,
whereas negative values indicate that the viewer is
moving toward the perfect specular direction.
Figure 3~a! presents results from the brick for an
incident angle of ui 5 75°. The normalized radiance
increases in both directions, which indicates a mix-
ture of specular and diffuse components. Note that
the value of the fitting parameter k is 0.0268.
The fit is good. We also painted the sample with

white latex paint with diffuse characteristics in order
to diminish the specular component. The results
are shown in Fig. 3~b!. The value of s changed
slightly as a result of the paint. The coefficient k
decreased significantly ~k 5 0.0059!. Indeed, the
sample behaves almost as a diffuse reflector. The
increase in radiance toward the source direction be-
comes more pronounced. Notice how these plots de-
viate from the Lambertian model, in which radiance
does not vary with viewing direction. This deviation
increases with surface roughness and the angle of
incidence. Measurements of the sample of concrete
revealed characteristics similar to those of the brick.
In Fig. 3~c! we present data from a tile sample with

low surface roughness. The incident angle was ui 5
60°. Note the specular peak at ur 5 260°. The
diffuse reflection, weighted with 1 2 k 5 0.6860,
seems Lambertian and to be added to the specular
component ~look at the positive ur’s!. This type of
reflection mechanism is described by the Torrance–
Sparrow model.3 Data from another tile sample,
with very rough surface structure are shown in Fig.
3~d!. In this case we do not see any specular peaks.
The spatial distribution of the reflected light is dif-

Fig. 2. Mapping of the hemisphere.



Fig. 3. Normalized BRDF in the plane of incidence: ~a! brick ~ui 5 75°, s 5 0.3524, k 5 0.0268!; ~b! matte painted brick (ui 5 75°, s 5
0.3574, k 5 0.005; ~c! smooth tile ~ui 5 60°, s 5 0.1064, k 5 0.3140!; ~d! rough tile ~ui 5 60°, s 5 0.3819, k 5 0.0808!.
ferent for rough surfaces. The radiance values in-
crease in the perfect specular direction, and well
beyond ~off specular!, for large values of ui. In this
case the diffuse reflection does not appear to be Lam-
bertian. Radiance tends to increase as the viewer
approaches the light source direction. The parame-
ter k is 0.0808. The fit is very good.
In Figs. 4 and 5 we present density graphs of data

from normalized measurements in the hemisphere.
The hemisphere was mapped in the xy plane in such
a way as to conserve the area elements ~Fig. 2!. The
numbers in the figure correspond to the index num-
bers of Table 2. We present a complete set of nor-
malized BRDF measurements for the brick in Fig.
4~a! and for the smooth tile in Fig. 5~a!. The gray-
scale values associated with these graphs are shown.
Black is for a value of zero and white is for a value of
one. Note how specular and diffuse components
combine in the case of the brick. The deviation from
Lambertian becomes more pronounced at higher an-
gles of incidence, whereas for small angles the behav-
ior is roughly Lambertian ~the radiance values are
almost independent of the viewing direction!. For
the tile, notice all the bright areas, which are indic-
ative of specular lobes on the specular side. Results
are shown not only for the plane of incidence but also
for the whole space. Obviously our samples are nei-
ther Lambertian diffusers nor perfect mirrors. Fig-
ures 4~b! and 5~b! show density graphs of the
predicted normalized radiance ~fitting parameters as
found from a set of data on the plane of incidence! for
the TSONmodel. For the brick, the TSONmodel for
ui 5 17.4° predicts almost Lambertian behavior, in
agreement with the measurements. For the higher
angles of incidence we see the increase in the radi-
ance values on both sides, in agreement with the
experimental data. For the tile, the specular lobes
are nicely predicted for all three angles of incidence.

5. Texture Results

Images of both samples were collected from 69 differ-
ent directions, in and out of the plane of incidence,
including the surface normal direction. The image
window size was clipped in the Adobe Photoshop and
fixed to 64 3 64 pixels, covering an area of 5.5 mm 3
5.5 mm when the surface faced the camera. The
images were subsampled to 323 32 pixels. Figure 6
displays images of the brick as seen from different
directions ~as indicated in Table 3!. We observe an-
gularly dependent textural changes, which become
1 June 1997 y Vol. 36, No. 16 y APPLIED OPTICS 3721



Fig. 4. Normalized BRDF for
the brick: ~a! empirical data, ~b!
TSON model.
more appreciable at higher angles of incidence where
the effects of shadowing on the texture elements is
more pronounced. Figure 7 displays the gray-level
histograms of the images. In this way we can follow
the changes of the distribution of gray tone. The
values in the horizontal axis of these histograms go
from 255 to zero. The graphs consist of single modes
that may become broader at certain angular settings.
Note that the peaks related to the incident light di-
rection ~ui 5 79.2°, fi 5 180°! havemoved to the right
~the images become darker!. In this case, less inci-
dent light reaches the surface because of the cosine
law. Figure 8 displays images of the smooth tile
sample as seen from different directions. The tex-
tural changes that a viewer observes at certain posi-
tions are displayed. Figure 9 describes the
variations in the distribution of gray tone for the
images. Note the bright white image ~all the pixels
have a brightness value of 255! at the perfect specular
direction ~ur 5 80.9°, fr 5 0°! for incident light at ~ui
5 79.2°, fi 5 180°!. For the smaller angles of inci-
dence, the graphs transform from single to double
peaks at the various viewing positions.

6. Discussion

We have presented a complete set of normalized
BRDFmeasurements of brick and tile samples. The
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data clearly demonstrate the combination of reflec-
tion mechanisms in the samples. In the case of the
brick, the radiance increases toward both the perfect
specular direction and the source direction, at high
incident angles @Figs. 3~a! and 4#. The sample ex-
hibits almost Lambertian characteristics at small an-
gles of incidence. On the matte painted sample, the
specular component is eliminated, leaving the diffuse
component as the dominant one. The radiance in-
creases only as the detector approaches the direction
of the light source @Fig. 3~b!#. The data from the two
tiles demonstrate the effects of roughness on the dis-
tribution of the reflected light. On the almost-flat
sample, on the specular side, the specular peaks rise
in the perfect specular direction @Figs. 3~c! and 5#.
For the rough sample @Fig. 2~d!# the peaks broaden
and become off specular.3
The theoretical model ~a linear combination of the

Torrance–Sparrow model of specular reflectance and
the Oren–Nayar model of diffuse reflectance from
rough surfaces! fits very well to the experimental
data. Both models are based on simple geometric
optics and they do not account for complex physical
phenomena involved in the scattering process. In
addition, real samples have roughness characteris-
tics that differ from the V-cavity model. However,
the s values predicted by the models are close to the



Fig. 5. Normalized BRDF for
the tile: ~a! empirical data, ~b!
TSON model.
measured values given in Table 1. The models ad-
equately parameterize the data and seem flexible
enough to deal with the mixture of reflection compo-
nents and the variation in the spatial distribution of
the reflected light. This set of theoretical models
can be of practical use for describing reflectance from
rough surfaces in computer graphics and machine
vision.
The images collected at different angular settings

demonstrate the textural changes caused by varia-
tions in the viewing and illumination directions.
To understand the nature of the textural differ-
ences, we performed a principal component analysis
based on the recent research of Koenderink and van
Doorn.8 The images were normalized by subtract-
ing the mean illuminance and dividing the differ-
ence by the square root of the variance ~both
computed over all pixels of an image!. We then
computed the ensemble mean and subtracted it
from all instances. We found the correlation ma-
trix for sets of images and computed the eigenvec-
tors and eigenvalues. We initially chose two set
types. The set of type I consisted of three images of
samples illuminated from three different directions
but viewed from the same point. The set of type II
consisted of four images of a sample under the same
 Fig. 6. Texture of the brick at different angular settings.
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illumination but viewed from four more or less or-
thogonal directions. We also looked at larger ~.4!
sets of images. For the set of type II ~samples
illuminated from the same direction!, the statistical
analysis attributed 40% of the variation in texture
to the difference in the viewing angles ur . ui and ur

Table 3. Layout of the Incidences

qi 5 79.2° qi 5 79.2° qi 5 79.2° qi 5 79.2° qi 5 79.2°
wi 5 180° wi 5 180° wi 5 180° wi 5 180° wi 5 180°
qr 5 69.9° wr 5 79.2° qr 5 79.2° qr 5 80.9° qr 5 80.9°
wr 5 89.7° wr 5 108° wr 5 36° wr 5 0° wr 5 72°

qi 5 37.4° qi 5 37.4° qi 5 37.4° qi 5 37.4° qi 5 37.4°
wi 5 180° wi 5 180° wi 5 180° wi 5 180° wi 5 180°
qr 5 69.9° qr 5 79.2° qr 5 79.2° qr 5 80.9° qr 5 80.9°
wr 5 89.7° wr 5 108° wr 5 36° wr 5 0° wr 5 72°

qi 5 17.5° qi 5 17.5° qi 5 17.5° qi 5 17.5° qi 5 17.5°
wi 5 180° qi 5 180° qi 5 180° qi 5 180° qi 5 180°
qr 5 69.9° qr 5 79.2° qr 5 79.2° qr 5 80.9° qr 5 80.9°
wr 5 89.7° wr 5 108° wr 5 36° wr 5 0° wr 5 72°

qi 5 79.2° qi 5 79.2° qi 5 79.2° qi 5 79.2° qi 5 79.2°
wi 5 180° wi 5 180° wi 5 180° wi 5 180° wi 5 180°
qr 5 17.5° qr 5 49.9° qr 5 49.9° qr 5 69.9° qr 5 69.9°
wr 5 180° wr 5 13.3° wr 5 85.3° wr 5 17.7° wr 5 161.7°

qi 5 37.4° qi 5 37.4° qi 5 37.4° qi 5 37.4° qi 5 37.4°
wi 5 180° wi 5 180° wi 5 180° wi 5 180° wi 5 180°
qr 5 17.5° qr 5 49.9° qr 5 49.9° qr 5 69.9° qr 5 69.9°
wr 5 180° wr 5 13.3° wr 5 85.3° wr 5 17.7° wr 5 161.7°

qi 5 17.5° qi 5 17.5° qi 5 17.5° qi 5 17.5° qi 5 17.5°
wi 5 180° qi 5 180° qi 5 180° qi 5 180° qi 5 180°
qr 5 17.5° qr 5 49.9° qr 5 49.9° qr 5 69.9° qr 5 69.9°
wr 5 180° wr 5 13.3° wr 5 85.3° wr 5 17.7° wr 5 161.7°
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Þ ui, independently of Df 5 fi 2 fr. The rest of
the variation is due to the differences in viewing
positions, some being on the plane of incidence and
others being off that plane. Most of the variation
in texture for a surface viewed from a certain angle,

Fig. 8. Texture of the smooth tile at different angular settings.
Fig. 7. Gray-level histograms of
the brick images of Fig. 6 laid out
according to Table 3. The val-
ues in the horizontal axis of the
histograms are from 255 to 0.



Fig. 9. Gray-level histograms of
the smooth tile images of Fig. 8
laid out according to Table 3.
The values in the horizontal axis
of the histograms are from 255 to
0.
under different illumination ~set of type I!, was at-
tributed to the difference between illumination at ui
. ur and ui Þ ur. For larger sets of images ~.4! the
results were the same. These findings agree with
the results of Koenderink and van Doorn,8 who pro-
posed two components that are related to surface
relief and result from illumination, coming from
two more or less orthogonal directions. Of course,
the precise form depends on the structure of the
relief and the source and detector positions used to
obtain the set of samples.
This study combines BRDF measurements and

texture. The BRDF is a measure of the angular
dependence of reflected light from the surface, in
relation to the incident light. Incidences of a tex-
ture viewed from different angular settings consti-
tute a surface property directly related to the
surface topography ~number, size, and shape of the
surface elements and their layout!. The BRDF av-
erages over the image and can serve as a complete
descriptor of the surface properties, but only at long
distances of observation, where the surface micro-
structure is unimportant. The results of this study
enhance our understanding of surface properties
that underlie visual appearance. Concepts dis-
cussed here may prove useful in a wider range of
applications.

This research was supported by the ESPRIT pro-
gram REALISE of the European Commission. The
authors thank L. Boonen for helping with the ex-
perimental setup and A. Kappers for reading the
manuscript.
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