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Abstract

This paper describes a method for the estimation of sur-
tace reflectance values using a photometric steree approach.
Evaluations show that surfaces rendered with reflectance
values calculated by the proposed method have more realis-
tic appearances than those with constant albedo.

1 Introduction

A major topic in the MPEG-4 standard concerns the
compression and simplification of synthetic data represen-
tations, such as surface normals, surface reflectance and tex-
ture. Although the properties can be modelled, in many
situation, modelling alone is insufficient 10 render realis-
tic looking objects. In many 3D visualisations, it is often
necessary to render the resultant 3D model under differ-
ent viewing and illumination cenditions. It is imperative
that the model should appear as realistic as possible. Ap-
proaches using spectral measuring devices are expensive
and requires high precision manipuiation. Hence it is de-
sirable to develop alternative approaches for obtaining the
surface properties to improve the appearance of rendered
object.

In this work, we propose a method for the recovery of
surface reflectance, i.e., the albedo values at each given sur-
face point, using the photometric stereo method [1, 2, 6, 9].

Photometric sterec is firstly applied under the assump-
tion of Lambertian reflectance to recover the surface nor-
mals. The calculated surface normals are used to extract the
composite albedo from the input images of the object.

Expertments have shown that the surfaces rendered using
calculated albedo have intensity values that are closer to that
of the input images, 1.e. the rendered results are more real-
istic than surfaces rendered using an assumed reflectance
model.
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2 Model

There are three factors that influence the light reflected
by a given surface; the spectral, geometric and surface fac-
tors [5]. The spectral factor describes the colours and dis-
tributions of the surface and the illuminant. The geometric
factor describes the geometry of viewing and illumination
directions with respect to the surface. The surface factor
describes the smoothness of the surface material.

At each point t on a surface, there is a wavelength-
dependent bidirectional reflectance distribution function
{BRDF}. The BRDF is defined to be the ratio of reflected ra-
diance to the incident irradiance. At the point t, the BRDF
is a function of the incident light direction s, the surface
normal m}, the direction of view v, and the wavelength A:

BRDF = fi(s,n, v, A).

If the 3-D shape of the object is known (as measured from
photometric stereo, for example), then n is determined for
every t. Generally, the illumination direction s and direc-
tion of view v are also known. It is only necessary to de-
termine how fi varies as function of A. In what follows, we
ignore the dependence on t, s, v, and n, and write simply
F(A).

It is known from studies of human colour perception that
reflectance functions may be accurately modelled (at least
for purposes of our visual discrimination) by a low-order
orthogonal basis expansion, i.e.,

FO =Y arak(n).
k=1

The basis functions zx () have been determined [7]. Typi-
cally n = 7 gives an excellent fit to most surfaces, and even
n = 4 is useful for many applications. '

Suppose that the incident illumination is Ep(A). A
colour camera has three types of sensors (usually red, green,
and blue), with responses r;{A), for j = 1,2,3. The re-
sponse of the 7*» sensor to the reflected light from illumi-
nation £ is

Zn: apar{A)dA.

k=1

rep = [A Eg(A)r;i(A)



We can also write
= o /A Eo(Mri(A)zs(AdA.
k=1

This integral involves functions which are either known, or
measured independent of the object. Hence, the integrat can
be calculated “off-line™, resulting in the expression

T
re; =Y arCrjn.
k=1

with L light sources, a total of 3L responses r¢; may be
measured. If 3L > n, then the unknown reflectance param-
eters ay are determined.

In what follows, the mode! is discussed for n 1
(scalar), and the dependence on wavelength A is suppressed.
Therefore, we write p = f(A) to denote reflectance.

3 Calculatien of albedo

The Lambertian reflectance function I for a surface Z
under orthographic projection can be written as

fip, q)

neosh; + o

FEypcost; +o M

where p = §Z/8X and g = 8Z2/8Y are partial derivatives
of the surface Z, ip is the composite albedo which combines
the light source intensity £y and the intrinsic refiectance
of surface material p, 8; is the incident angle between the
surface normal and light direction, and o is the bias inten-
sity due to background illumination, sensor calibration and
quantization of irradiance values [8]. The bias intensity is
assumed to be zero, such that the irradiance equation for the
image intensity, F, at position {, ¥} is expressed as

E{z,1) Fyp cosb;. 2}

Photometric stereo is used to recover the partial surface
derivatives p and g, respectively in z and y directions. Since
the surface albedo values are initially unknown, an albedo
independent approach, derived from Eq. 2, is employed to
estimate the local surface orientations {2]. The local surface
normals are calculated according to

u = (Eg Else]s1 — EgzEqi]s]se)x

3
(Eoy Es|ss|s1 — Eoa Exlsiss), @)

where u is a vector collinear to the surface normal n, Egy;
are the light source intensilies, E; are the image irradiance
values and s; are the light source directions.

The calculated surface normals are then substituted back
into the Lambertian reflectance tunction to find the com-
posite albedo 1 using one of the three original input images.
The value of 5 at position {z,¥) is given by
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77(9?, y) = E; (Ir y)/COSG,‘ 4)

where Ex(z, y) is the image intensity at position (z, i) from
the k** input image.

Ideally, the light source direction is constant under par-
allel illumination and surface points with 8; > 7/2 will not
be illuminated. However, in experimental conditions with
a point light source, the scattering of illumination from the
light source and the interreflections from the surface both
contribute to additiona! illuminations. The combined effect
is such that even regions with 8; > 7/2 are illuminated, i.e.
self-shadowing of the surface does not occur strictly at the
8; = w/2 boundary. For regions where cos 8; < 0, i.e. the
incident angle is in the range of (~—=, —n/2) or (7 /2, ),
the calculated 7 becomes negative. However, since nei-
ther &y nor p can be negative, the equation for i can be
re-written as

n(zyy = I|E(z,y)/cosbi]. (5)

These values are taken into consideration to account for
the spread of light source and the deviations in calculated
surface normals. For points where the surface normals are
almost perpendicular to the light source direction, values of
cosB; are close to 0, and the calculated 5 is more likely to
be erroneous. Hence values from such points are eliminated
by a threshold operation. The threshold can be determined
independently for each situation by setting it to, say the top
five percentile of all the calculated i values. Values that
are larger than the threshold are discarded and remaining 7
values provide an estimation of the surface’s reflectivity.

4 Results

Following the method mentioned, values of # are calcu-
lated for each point on the visible surface of the object.

Figure | shows a set of example input images for a
plaster Beethoven head bust. For this example, the light
source directions are 181 (0.27,-0.10,-1) , lss =
(0.01,0.20,-1) , and lsz3 = (—0.26,-0.08,—1) . The
optical axis of the camera coincides with the z-axis of a left
handed coordinate system, the horizontal and vertical axes
are represented by the x and y axes respectively, and the ori-
gin of the coordinate system is defined to be in the center of
the calibration sphere.

Figure 2 shows the distribution of calculated 5 values
for the first light source. The horizontal axis represents
the range of f values and the ventical axis represents the
number of occurrences. The # distributions of other two
light sources are similar in shape and all have peak values
at around 100, with symmetric and similar spread.

The distributions of calculated # values are also consis-
tent with in the spatial domain. For example, the face of the



Figure 1. Examples of input images.
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Figure 2. Distribution of calculated n values.

bust has 7 values of around 100 to 150, irrespective of the
light source directions.

The calculated n-maps are used to render images with
different hight source directions. An image rendered us-
ing constant albedo is also provided. The rendered images
are compared with an image taken of the original object to
evaluate the effectiveness of n-maps. By visual compar-
ison, it has been observed that the image rendered using
the calculated albedo values resembles the original image
of the object more than the image rendered using constant
albedo values. In the given example. the surface rendered
with constant albedo value appears to be more bland, with
a narrower range of intensity distributions. Experiments for
other light source directions yield similar results.

Table | compares surfaces rendered using 5 values calcu-
iated from three different light source directions and surface
rendered using constant albedo. The errors are calculated as
the sum of intensity absolute error.

From Table 1, we see that in the given example, the error
between intensity values of a surface with % values obtained
from s, s 220384 and for {34 it is 174188 when the sur-
faces are rendered using light source direction ls3. Both
errors are much lower than when the surface is rendered us-
ing constant albedo, where the error increases by a factor of
three at least.

We performed experiments with surfaces having more

702

38858888833

Figure 3. (a) input image for calculation of
albedo, and (b) distribution of albedo values
for red, green and blue channels.

complex albedo values, such as the human face. The results
obtained are shown in Figs. 3 and 4. In our experiment, the
rendering is performed for coloured images as well. Figure
3 shows the inpui image and the calculated albedo distribu-
tions for the red, green and blue colour channels,

From Fig. 4, we can see that the images rendered are
consistent with the given light source direction and provide
convincing visualisation for the given surface.

Errors in the rendered images shown in Fig. 4 are mainly

ls; | perror | nemmor | nperror | constam

forls, forlsy | forlss atbedo
ls) - 181,343 | 231,938 | 831,555
Isq | 211,847 - 219,368 | 781,607
lsg | 220,384 | 174,188 - 684,020

Table 1. Sum of absolute errors between orig-
inal surface and rendered surfaces for exam-
ple images.



Is = (0629051, 0 312278, -1.000004)

s = {0 503G0G6, @ 62000, -1.000080)

ks = (0.660000, 3500000, -1.000000)

Figure 4. Images rendered using calculated
albedos from different light source directions.

due to the inaccuracy in the surface values of the recovered
surface and the assumption that & = 0. Such factors cause
the albedo values to be incorrectly recovered, resulting in
the colour variations observed in the rendered images. In
real situations, factors such as interreflection, sensor cali-
bration and the spread of illumination will also affect the
perceived surface reflectance values. In future work, we will
lake o into consideration while performing albedo calcula-
tions to improve the result of calculated reflectance values.

5§ Conclusions

Photometric stereo with colour imaging raises the pos-
-sibility that the reflectance function itself can be esti-
mated. Similar work has been carried out by, among oth-

ks = {0.000000, 0 00G0US, -7 DOL000)

s = {-0.506600, O 000000, -1 000000}

Is = {0.006G40. -0 5000600, -1 095000}
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ers, M. D’Zmura and G. Healy at U. California (lrvine)
and coworkers, and D. Greenberg at Cornell and cowork-
ers. However, it would be of interest to build an integrated
3-D scanner which measured both shape and reflectance.
We have proposed a method for albedo reconstruction using
a photometric stereo approach. In our work, the composite
albedo valucs for a given point on the surface of the object is
calculated from the image irradiance and local surface ori-
entations at that point. Experiments have been performed
with surfaces with uniform albedo values, such as the plas-
ter bust, and surfaces with complex albedo values, such as
the human face. Results have shown that surfaces rendered
using the calculated albedo values provide more realistic vi-
sualizations than the conventional approach.
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