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Abstract

All existing shape extraction techniques that are based on
photometric measurements rely on assumed surface reflection prop-
erties. We present a method for determining the shape of surfaces
whose reflectance properties may vary from Lambertian to specular,
without prior knowledge of the relative strengths of the Lamber-
tian and specular components of reflection. The object surface is
illuminated using extended light sources and is viewed from a sin-
gle direction. Surface illumination using extended sources makes
it possible to ensure the detection of both Lambertian and specular
reflections. Multiple source directions are used to obtain an image
sequence of the object. An extraction algorithm uses the set of image
intensity values measured at each surface point to compute orienta-
tion as well as relative strengths of the Lambertian and specular
reflection components. The proposed method has been named pho-
tometric sampling as it uses samples of a photometric function that
relates image intensity to surface orientation, reflectance, and light
source characteristics. Experiments were conducted on Lambertian
surfaces, specular surfaces, and hybrid surfaces whose reflectance
model is composed of both Lambertian and specular components.
The results show high accuracy in measured orientations and esti-
mated reflectance parameters.

1 Introduction

Shape from shading [4][6][9], photometric stereo [13][7](2], and
local shape from specularity [3]) are examples of techniques that
extract three-dimensional shape information from photometric mea-
surements. All of these techniques rely on prior knowledge of
surface reflectance properties. In many vision applications, the re-
flectance properties of object surfaces are not readily available. Fur-
ther, most existing methods are only capable of determining the
shape of either Lambertian or specular surfaces. Many surfaces
encountered in practice, are hybrid in reflectance; their reflectance
model is a linear combination of Lambertian and specular models.
Therefore, Lambertian and specular models are only limiting in-
stances of the hybrid model. It is desirable to have a method that is
capable of extracting the shape of Lambertian, specular, as well as
hybrid surfaces.

Yet another limitation of all existing extraction methods is
their inability to furnish information regarding the reflectance prop-
erties of the object surface. In many industrial applications, surface
polish and surface roughness are found to be important inspection
criteria. In such cases, surface reflectance properties may be inter-
preted as measures of surface polish and roughness. Further, re-
flectance properties may be used to segment an image in different
regions; each region may be regarded as a different surface to aid the
process of inspection. For these reasons, it would be of great value
to have a technique that could, in addition to determining shape, also
estimate the reflectance properties of each surface point.

This paper presents a method for determining the shape of
objects whose surfaces may be Lambertian, specular, or hybrid.
Shape information is extracted without prior knowledge of the rela-
tive strengths of the Lambertian and specular reflection components.
The method also determines parameters that represent the reflectance
properties of each surface point.
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2 Photometric Sampling

2.1 Basic Photometric Function

Consider the illumination of an object by a point source of light, as
shown in Figure 1. The point source emits light in all directions.
Light energy reflected by the surface in the direction of the camera
causes an image of the surface to be formed. For a given orien-
tation of the surface and direction of the point source, the amount
of light energy reflected by the surface in a particular direction is
determined by its reflectance properties. The reflectance model of
a large number of surfaces comprises two components, namely, the
Lambertian (diffuse) component and the specular (gloss) component.
Therefore, the intensity at any point in the image of the surface may
be expressed as:

I =IL+IS, e

where IL is the Lambertian intensity component and /S is the specular
intensity component.

We will express the two components of image intensity in
terms of the parameters that describe the two-dimensional imaging
and illumination geometry shown in Figure 1. In two dimensions,
the source direction vector s, surface normal vector n, and viewing
direction vector v lie in the same plane. Therefore, directions are
represented by a single parameter, namely, the zenith angle 6.

Lambertian Reflection: The Lambertian intensity IL represents the
diffuse component of reflection. Surfaces that satisfy Lambert’s law
appear equally bright from all directions. Broadly speaking, there
are two mechanisms that produce Lambertian reflection. In one case,
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Figure 1. Two-dimensional illumination and imaging geometry. A
surface element with orientation 6, reflects light from the point
source direction 6, into the camera.
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light rays that impinge the surface are reflected many times between
surface undulations before they are scattered into space. If these
multiple reflections occur in a random manner, the incident energy
is distributed in all directions resulting in diffuse reflection. Another
mechanism leading to diffuse reflection is the internal scattering of
light rays. In this case, the light rays penetrate the surface and en-
counter microscopic inhomogeneities in the surface medium. The
light rays are repeatedly reflected and refracted at boundaries be-
tween regions of differing refractive indices. Some of the scattered
rays find their way back to the surface with a variety of directions
resulting in diffuse reflection. When diffuse reflection produced by
either or both of the above mechanisms results in constant surface
radiance in all directions, we have Lambertian reflection. The bright-
ness of a Lambertian surface is independent of the viewing direction.
However, the brightness of a Lambertian surface is proportional to
the energy of incident light. As seen in Figure 1, the amount of light
energy falling on the surface element is proportional to the area of
the surface element as seen from the source position, often referred
to as the foreshortened area. The foreshortened area is a cosine func-
tion of the angle between the surface orientation direction 6, and the
source direction #,. Therefore the Lambertian intensity component
IL may be written as:

IL = Acos(8, — 8,), )

where the constant A determines the fraction of incident energy that
is diffusely reflected. We have assumed that the angle of incidence
(6 - 6,) is greater than -/2 and less than 7/2, i.e. IL is always
greater than zero.

Specular Reflection: Various specular reflectance models have been
proposed over the years. We will use the Beckmann and Spizzichino
model [1] that is based physical optics theory. The surface height is
modeled as a continuous stationary random process with mean value
zero and standard deviation o, that represents the physical rough-
ness of the surface. Maxwell’s equations are used to determine how
incident light waves are scattered by the surface in various direc-
tions. Beckmann and Spizzichino have found specular refiection to
be composed of two primary components: the specular lobe compo-
nent and the specular spike component. The lobe component spreads
around the specular direction (6; = 26,), and the spike component is
zero in all directions except a very narrow range around the specular
direction. The strengths of the two components are dependent on the
ratio /A, where X is the wavelength of incident light. When o,/
2 (, the spike component is many orders in magnitude greater than
the lobe component and the surface reflects light like a mirror. It is
the spike component that is responsible for strong highlights that are
often observed on smooth surfaces. As o,/ increases above unity,
the spike component shrinks and the lobe component begins to dom-
inate the surface radiance value. In this paper, we will assume that
the surface is smooth (o4/X < 1.0), and the specular image inten-
sity IS is solely determined by the spike component. Beckmann and
Spizzichino have found that the spike component is mathematically
represented by the square of a very sharp sinc function that tends
to be symmetric with respect to the specular angle 6; = 26,. For
simplicity, we shall approximate the spike component by the delta

function:
IS = B6(6, — 26,). 3)

The basic photometric function' relates image intensity to
surface orientation, surface reflectance, and point source direction
and may be written by substituting equations 2 and 3 in equation 1
as:

I = Acos(8; — 6,) + B6(8s — 26,) . “@

The constants A and B in equation 4 represent the relative strengths
of the Lambertian and specular components of reflection. We call A
and B the reflection parameters. We see that, A > 0 and B = 0 for
a purely Lambertian surface, A = 0 and B > O for a purely specular
surface, and A > 0 and B > 0 for a hybrid surface.

Our objective is to determine orientation and reflectance at
each surface point from a set of image intensities that result from
changing the source direction §,. As seen in Figure 1, by moving
the source around the object, we can vary the source direction with-
out changing the orientation and reflectance parameters. Therefore,

. The photometric function is similar to the image irradiance 5] equation, since
Image intensity is assumed 1o be proportional to image irradiance.

even though the orientation and reflectance parameters are unknown,
we can treat them as constants in equation 4. For this reason, we
will often refer to the basic photometric function as /(6,), a relation
between image intensity and source direction. Figure 2 shows a
plot of the basic photometric function for a hybrid surface of given
orientation.
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Figure 2: Basic photometric function /(6;) for a hybrid surface.

2.2 Why Extended Sources ?

We propose to illuminate the object surface by using extended sources.
rather than point sources, for the following reasons:

o In the case of point source illumination, specular reflection
is not detected unless 8, = 26,. In order to determine shape
and reflectance parameters of specular and hybrid surfaces,
specular reflections must be captured in the measured intensi-
ties. To detect specular reflections from surface points of all
orientations, an infinite number of point sources need to be
positioned around the surface. Such an approach is unrealistic
from the perspective of practical implementation. Unlike a
point source, an extended source emits light from an area of
points rather than a single point. Therefore, a small number
of extended sources may be used to ensure the detection of
specular reflections.

e In the case of point source illumination, image intensities
due to specular reflections are often observed to be much
greater than intensities resulting from Lambertian reflections
[10]. Therefore, it is difficult to measure both components in
the same image. Extended source illumination tends to make
the image intensities due to Lambertian and specular reflec-
tions comparable to one another. A specular surface element
of a given orientation will reflect light from a small area on the
extended source into the camera. On the other hand, a Lam-
bertian surface element of the same orientation reflects light
from all points on the extended source. This feature of the
proposed illumination scheme makes it possible to measure
both Lambertian and specular reflections in the same image.

2.3 Generating Extended Sources

There are numerous ways of generating extended sources. In this
section, we present the approach that we have chosen to use. An
extended light source can be generated by illuminating a sheet of
light-diffusing material with a point light source. Figure 3 illustrates
the illumination of a section of a circular diffuser of radius R. The
point source is placed at a distance H from the diffuser’s surface, and
the viewed object is placed at the center of the circle. Let us assume
that the diffuser is “ideal", i.e. incident energy is scattered equally in
all directions. Therefore, the radiance? L(8, 6,) of the inner surface
of the diffuser is proportional to the irradiance® E(8, 6,) of the outer
surface of the diffuser:

L(,6,) = CE(¥,6). ®

_ZRaqiance is defined as the flux emitted per unit foreshortened surface area per
unit solid angle. Radiance is measured in watts per square meter per steradian
W.m=2.sr=1).

3Irradiance is defined as the incident flux density and is measured in watts per
square meter (W.m~2),

“Radiant Intensity of a source is defined as the flux exiting per unit solid angle
and is measured in watts per steradian (W.sr=!).
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Figure 3: An extended source.

where C is a constant of proportionality. The analytic expression
for the surface irradiance E(9, 6,) may be derived from the basics of

radiometry as:
Icosé

E(8, 0,) = %)

(6)

where s the radiant intensity* of the point source S. The radiance of
the extended source may be determined by expressing the variables
r and ¢ in equation 6 in terms of the parameters R, H, and 6, of the
illumination geometry:

CI[(R + H)cos(6 — 6;) — R]

LG8 = {RTH “Reosd — 802 + (Rsin(6 — 6,272

Q)]

Throughout this paper, the position of an extended source
will be denoted by the angle 6; of the point source used to generate
the extended source. The radiance function L(6, ;) is symmetric, or
even, with respect to the source direction (¢ = §,), and its magnitude
decreases as 6 deviates from 8;. Points on the diffuser that lie in the
interval 6;-a < 8 < ,+a receive light from the point source S. Points
that lie outside this interval are occluded from the point source by
points that lie in the interval. Thus, L(6, §;) = O for § < 6;-a and 6
> f,+a. The source termination angle o is found from Figure 3 as:

R
=cos ' ———. 8
a = cos RTH 8)

2.4 Photometric Function for Extended Sources

The photometric function for point source illumination (equation 4)
needs to be modified for extended source illumination. An extended
source may be thought of as a collection of point sources where
each point source has a radiant intensity that is dependent on its
position on the extended source. The intensity of light reflected by
a surface may be determined by computing the integral of the light
energies reflected from all points on the extended source. Therefore,
the modified photometric function /'(6;) is determined by convolving
the basic photometric function /(f) with the extended source radiance
function L(8,6,). This operation is illustrated in Figure 4. For a
surface point of orientation &,, the Lambertian component IL' of the
modified photometric function is determined as:

8,+
I =A /0 : L(6,6,) cos® — 6,)d8 . ©)

The limits of the integral are determined by the width of the extended
source. It can be proved [8] that IL' is a cosine function of the angle
between the surface orientation and the direction corresponding to
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Figure 4: The photometric function for extended source illumination
is obtained by convolving the basic photometric function with the
extended source radiance function.

the "center of mass" of the extended source radiance distribution,
L(8,6,). In our case, since the extended source is symmetric with
respect to the direction 6,, the center of mass of the radiance function
is 1n the direction 6,. Therefore, we obtain:

IL' = A’ cos(6, — 6,), (10)

where the constant A’ represents the strength of the Lambertian com-
ponent.

On similar lines, the specular intensity component IS’ result-
ing from the extended source L(4, 6;) is determined as:

Gpa
s = B/ L(6,6,)6(6 — 26,)d6 , an
[
or.
IS = BL(26,,6,). (12)

Strictly speaking, the result of the above integral is dependent on
the exact shape of the specular spike. However, since the spike
component is significant only in the specular direction, 26,, it is
reasonable to assume that the specular intensity IS’ is proportional
to L(26,,6,), while the constant of proportionality is dependent on
the exact shape of the spike. To this end, we will use the constant
B', rather than B, to represent the strength of the specular component
of the photometric function.

The modified photomerric function relates image intensity 7/
to extended source direction 6;, and is expressed as the sum of the
components IL' and IS":

I' = A'cos(8, — 6,) + B'L(26,,6,). (13)

2.5 Sampling

The process of measuring image intensities corresponding to differ-
ent source directions is equivalent to sampling the modified photo-
metric function I'(6;), as shown in Figure 5. Samples of the pho-
tometric function may be obtained by moving an extended source
around the object and taking images of the object for different source
positions. An alternative approach would be to distribute an array of
extended sources around the object such that each source illuminates



the object from a different direction. The entire array of extended
sources may be sequentially scanned such that, for each scan, a sin-
gle source is active and an image of the object surface is obtained.
We will confine the sampling process to two dimensions; the surface
normal vector, viewing direction vector, and source direction vec-
tors for all extended sources, are coplanar. The sequential scannin
of extended sources positioned in the directions {6;: i=1,2,.....M
results in a set of image intensities {I;: i=1,2,......M} measured at
each point on the object surface.
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Figure 5: Sampling the modified photometric function.

The number of samples measured at each surface point is
determined by the frequency f at which I'(6;) is sampled. In order to
extract the shape and reflectance parameters of hybrid surfaces, both
Lambertian and specular components of image intensity must be de-
tected. Since we have used a delta function for specular reflection
model, the period of the modified photometric function that contains
specular intensities is equal to the width, 2a, of the extended source
radiance function. In the following section, we will show that, in
general, at least two photometric samples must have non-zero spec-
ular intensities for the extraction technique to work. Hence, the
photometric function must be sampled at a frequency greater than
or equal to the minimum sampling frequency’ f,,., where:

(14)

Note that, at this minimum frequency, the radiance distributions of
adjacent extended sources overlap each other for an interval of a.

3 Extracting Shape and Reflectance

Given the set of image intensities {I;} measured at a surface point,
we want to determine the orientation 6, and reflectance parameters
A’ and B’ of the point. We will first develop techniques to com-
pute orientations of purely Lambertian and purely specular surfaces.
Later, these techniques will be used as tools to extract orientations
and reflectance parameters of hybrid surfaces.

3.1 Lambertian Surfaces

Consider the case where the surface of an object is known to be
purely Lambertian, and the shape of the object is to be determined.
The photometric samples for a Lambertian surface point may be

written as:
I' = A’ cos(6; — 6,). (15)

We would like to compute the orientation 6, and the strength A’
of Lambertian reflection component. To this end, an error E is
formulated as the sum of the errors in measured samples over the
entire set of samples:

M
E = Y [Ii — A cos(t; — 6.)). (16)

i=1

51t is assumed that the interval of the modified photometric function that con-
tains specular intensities is small compared to the total width of the photometric
function. Therefore, sampling frequencies that ensure the detection of specular
intensities will provide a sufficient number of Lambertian intensity samples.

By using the conditions:

OE JE

8_9,,=0 and 5/;7=0, (17)

we can determine values of 4, and A’ that minimize the error E.

3.2 Specular Surfaces

Now consider the case where the object surface is known to be
purely specular, and the shape of the object is to be determined.
The photometric samples for a specular point may be written as:

I's = B'L(26,,6)). (18)

We want to determine the orientation 8, and the specular strength B’
from the intensity set {/';}. Let us assume that the specular direction
28, lies between the directions 6 and 6.1 of two adjacent extended
sources. Further, let us assume that the photometric function is sam-
pled using the minimum frequency f, ., i.e. 6i. = 6i+a. Therefore,
since the surface is specular only the samples I’y and /'y,; will have
non-zero values. We see that when 6, increases, 26, approaches
0.1, I'c decreases, and Iy increases. Similarly, when 6, decreases,
26, approaches 8y, I’y increases, and I'y,; decreases. In fact, from
equation 18 we see that the intensity ratio I'y/I'c.; is equal to the ra-
tio L(26,, 6)/L(26,, 6x.1). Since the extended sources have decaying
radiance functions (section 2.3), this ratio is a monotonic function of
the angle 26,. Since the radiance functions of the extended sources
are known a-priori, we can precompute and store in memory the
correspondence between I'y/I'y,; and 8.

Given the image intensity set {/';} at a specular surface point,
the non-zero image intensities in the set are first determined. If only
a single intensity value, for instance /', is greater than zero, then
we know that 26, = ;. If two image intensities, for instance /'y and
I'v+1, are greater than zero, the ratio I'y/l'y.; is used to determine 6,,.
Once 6, is found, B’ is obtained by using equation 18:

Iy

B = 1660

19

3.3 Hybrid Surfaces

The modified photometric function for hybrid surfaces is given by
equation 13. At each surface point, we want to determine A’, B,
and orientation §, from the measured samples {/';: i=1,2,.....M} of
the photometric function. To this end, we will develop an algorithm
that attempts to separate the Lambertian and specular components af
each measured image intensity, and computes surface orientations by
using the methods given above for Lambertian and specular surfaces.

The extraction algorithm is based on two constraints, namely,
the sampling frequency constraint and the unique orientation con-
straint. By sampling the modified photometric function at the min-
imum sampling frequency f,;,, we can ensure that only two con-
secutive image intensities in the intensity set {I;} contain non-zero
specular components. For each k in the interval 0 < k < M, I’y and
I'y.; are hypothesized as being the two intensities that are corrupted
by specular components. All remaining intensities in the set {/';:
i=1,2,.....M} must represent only Lambertian components of reflec-
tion. These intensities are used to compute the surface orientation
0 and the Lambertian strength A’ (section 3.1). The Lambertian
components IL', and IL'y,, are determined and used to separate the
specular components IS’y and IS, from Iy and I'y,,, respectively.
The surface orientation 6,, and specular strength B’ are computed
from IS’y and IS'y.; (section 3.2).

Next, the physical constraint that each surface point has a
unique orientation is exploited. An estimate 6, of the orientation
is found as a weighted average of the orientations 6, and 6,,. The
weights are proportionate to the strengths of the two components of
reflection. We support this method of weight selection because the
surface orientation that is computed from intensities resulting from
the stronger of the two reflection components is less sensitive to
image noises and is, therefore, more reliable. An orientation error
ex is found by comparing 6, with 6, and 6,,. Using the above
approach, orientation errors are computed for all k, where 0 < k
< M. The orientation and reflectance parameters computed for the
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