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Determining Shape and Reflectance of Hybrid
Surfaces by Photometric Sampling

SHREE K. NAYAR, MEMBER, IEEE, KATSUSHI IKEUCHI, mMemBEer, 1Eeé, AND TAKEO KANADE, SENIOR MEMBER, IEEE

Abstract—Machine vision can benefit greatly from the development
and utilization of accurate reflectance models. Our hybrid reflectance
model is a linear combination of Lambertian and specular components
and is obtained from the primary reflection components by making
surface assumptions. Hence, Lambertian and specular surfaces are spe-
cial instances of hybrid surfaces. We present a method for determining
the shapes of hybrid surfaces without prior knowledge of the relative
strengths of the Lambertian and specular components of reflection. The
object surface is illuminated using extended light sources and is viewed
from a single direction. Surface illumination using extended sources
makes it possible to ensure the detection of both Lambertian and specu-
lar reflections. Uniformly distributed source directions are used to obtain
an image sequence of the object. This method of obtaining photometric
measurements is called photometric sampling. An extraction algorithm
uses the set of image intensity values red at each surface point
to compute orientation as well as relative strengths of the Lambertian
and specular reflection comp s. The simultaneous recovery of shape
and reflectance parameters enables the method to adapt to variations in
reflectance properties from one scene point to another. Experiments
were conducted on Lambertian surfaces, specular surfaces, and hybrid
surfaces. The measured surface orientations are found to be highly ac-
curate, and the estimated reflectance parameters are consistent with the
reflectance characteristics of the surfaces.

1. INTRODUCTION

OST MACHINE vision problems involve the analysis
of images resulting from the reflection of light. The ap-
parent brightness of a point depends on its ability to reflect
incident light in the direction of the sensor; this is commonly
known as its reflectance properties. Therefore, the prediction
or interpretation of image intensities requires a sound under-
standing of the various mechanisms involved in the reflection
process. Although shape extraction methods are being devel-
oped and refined, it is also essential for the vision community
to research and utilize more sophisticated reflectance models.
Once a ‘“‘general” reflectance model is made available, we
are free to make reflectance assumptions that are appropriate
for the vision application at hand. The result, a more specific
model, may then be used to develop efficient shape extraction
techniques.
Shape from shading [4], [6], [13], photometric stereo [2],
[71, [18], and local shape from specularity [3] are examples
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of techniques that extract three-dimensional shape information
from image intensities. All of these techniques rely on prior
knowledge of surface reflectance properties. The reflectance
properties are either assumed or measured using a calibration
object of known shape. In many real-world applications, such
as those involving surfaces of different reflectance characteris-
tics, the calibration approach is not a practical one. Therefore,
existing shape extraction methods are often used by assuming
surface reflectance to be either Lambertian or specular. Many
surfaces encountered in practice are hybrid in reflectance, that
is, their reflectance models are linear combinations of Lam-
bertian and specular models. Therefore, Lambertian and spec-
ular models are only limiting instances of the hybrid model.
It is desirable to have a method that is capable of extracting
the shape of hybrid surfaces including, as special cases, those
that are purely Lambertian or specular.

In many industrial applications, surface polish and rough-
ness are found to be important inspection criteria. In such
cases, surface reflectance properties may be interpreted as
measures of these criteria. Furthermore, reflectance proper-
ties may be used to segment an image into different regions;
each region may then 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.

We begin this paper with a summary of the various mecha-
nisms involved in the reflection process. By considering both
physical optics and geometrical optics approaches, the primary
components of reflection are identified. By making assump-
tions related to the microscopic shape of surfaces, the primary
reflection components are simplified to obtain the hybrid re-
flectance model. The object of interest is illuminated using
multiple extended light sources and is viewed from a single
direction. The sources are uniformly distributed around the
object and are sequentially scanned, one by one, to obtain
an image sequence of the object. We refer to this method
of obtaining photometric measurements as photometric sam-
pling. An extraction algorithm uses the image sequence and
the hybrid reflectance model to determine object shape. Shape
information is extracted without prior knowledge of the rela-
tive strengths of the Lambertian and specular reflection com-
ponents. In addition, the extraction algorithm also estimates
reflectance parameters at surface points. The simultaneous
recovery of shape and reflectance enables the method to adapt
to variations in hybrid reflectance from one surface point to
the next.
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Fig. 1. Surface reflection is closely related to the microscopic surface profile

and the wavelength of incident light.

II. SurrACE REFLECTION
A. A Unified Perspective

When light is incident on a boundary interface between
two different media, it is reflected according to well-known
laws. There are two different approaches to optics and, con-
sequently, two different approaches to the study of reflection.
Physical or wave optics is based directly on electromagnetic
wave theory and uses Maxwell’s equations to study the prop-
agation of light. Geometrical or ray optics on the other hand,
uses the short wavelength of light to simplify many of the
light propagation problems. Although geometrical reflectance
models may be construed as mere approximations to phys-
ical reflectance models, they possess simpler mathematical
forms that often render them more usable than physical mod-
els. However, geometrical models are applicable only when
the wavelength of incident light is small when compared to the
dimensions of the microscopic surface imperfections. There-
fore, it is incorrect to use these models to interpret or predict
reflections from smooth surfaces; only physical models are
capable of describing the underlying reflection mechanism.

In [11], we have unified physical and geometrical ap-
proaches to describe reflection from surfaces that may vary
from smooth to rough. More specifically, we have focused
on the Beckmann-Spizzichino (physical optics) model and the
Torrance-Sparrow (geometrical optics) model. The surface
height is modeled as a continuous stationary random process
with standard deviation o, representing the physical rough-
ness of the surface (Fig. 1). The spatial variation of the sur-
face is described in terms of a correlation function that rep-
resents the dependence between the heights of different points
on the surface. The spatial frequency of the surface is de-
termined by the correlation distance T. The incident light is
assumed to be a plane electromagnetic wave with wavelength
A. The reflectance curves predicted by the physical and geo-
metrical models are obtained by varying the three parameters
on, T, and N. From studying the behaviors of the physical
and geometrical optics models, it is seen that surface radiance
may be decomposed into three primary reflection components,
namely, the diffuse lobe, the specular lobe, and the specular
spike.

The diffuse component results from two main mechanisms.
In one case, light rays that impinge on the surface are re-
flected many times between surface undulations before they
are scattered into space. If these multiple reflections occur
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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 bound-
aries between regions of differing refractive indices. Some of
the scattered rays find their way back to the surface in a variety
of directions, resulting in diffuse reflection.

Specular reflection is composed of two primary compo-
nents: the specular lobe and the specular spike. The lobe com-
ponent spreads around the specular direction, and the spike
component is zero in all directions except for a very narrow
range around the specular direction. The relative strengths of
the two components are dependent on the microscopic rough-
ness of the surface. A detailed analysis of the characteristics
of the three reflection components is given in [11]. We sum-
marize our findings with the following remarks:

o The diffuse component may be represented by the Lam-
bertian model [9]. This model has been used extensively
to test shape-from-shading and photometric stereo tech-
niques, and the results have indicated that it performs
reasonably well. More accurate models [8], [14] may be
used at the cost of functional complexity.
The Beckmann-Spizzichino physical optics model pre-
dicts both the specular lobe and spike components. For
a very smooth surface (o, < \), the spike component
dominates, and the surface behaves like a mirror. As
the roughness increases, however, the spike component
shrinks rapidly, and the lobe component begins to domi-
nate. The two components are simultaneously significant
for only a small range of roughness values.
A “‘sharp” specular component may result from the
specular spike component when the surface is smooth
(o /N < 1.5) andlor the specular lobe component when
the surface is gently undulating (¢ /T < 0.02).
e The Torrance-Sparrow geometrical optics model pro-
vides a good approximation of the specular lobe com-
ponent of the Beckmann-Spizzichino model. Both mod-
els are successful in predicting off-specular peaks in the
specular lobe component. Due to its simpler mathemat-
ical form, the Torrance-Sparrow model may be used to
represent the specular lobe component.

The Torrance-Sparrow model is not capable of describ-

ing the mirror-like behavior of smooth surfaces, and it

should not be used to represent the specular spike com-
ponent because it would produce erroneous results.

e The specular lobes of both Torrance-Sparrow and
Beckmann-Spizzichino models tend to have specular
peaks, rather than off-specular peaks, when the viewing
direction is fixed and the source direction is varied.

In shape extraction techniques such as photometric stereo
and structured highlight, images of the observed object are
obtained by varying the source direction while keeping the
viewing direction constant. The shape extraction method de-

! This mechanism is often referred to as “*body ™" reflection.
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Fig. 2. Polar plots of the primary reflection components as functions of the

source angle for a given viewing direction.

scribed in this paper is based on the same approach. The
shapes and functional forms of individual reflection compo-
nents are different for the case in which the viewing direction
is varied and the case in which the source direction is varied.
We emphasize this difference by introducing a new represen-
tation of the reflection components. Fig. 2 shows polar plots
of the diffuse lobe, specular lobe, and specular spike. The
magnitudes of the three components of surface radiance in
the sensor direction are determined by intersections made by
the lobes with the line joining the source and the origin. The
diffuse component is represented by the Lambertian model,
the specular lobe component by the Torrance-Sparrow model,
and the specular spike component by the spike component of
the Beckmann-Spizzichino model.

B. Hybrid Reflectance Model

In this paper, we assume that the surfaces of interest are
smooth, i.e., either the surface roughness is comparable to
the wavelength of incident light (o5 /N < 1.5), or the surface
is gently undulating (o4 /T < 0.02), or both. From the pre-
vious discussion we see that under these conditions, both the
spike and lobe components can be significant only in a nar-
row region around the specular direction. Therefore, we will
combine the spike and lobe components into a single compo-
nent, namely, the specular component. We also assume that
the surfaces under consideration are nonhomogeneous. There-
fore, a diffuse component of reflection may result from the
internal scattering mechanism. We use the Lambertian model
to represent the diffuse component. The combination of the
above-mentioned two components is referred to as the hybrid
reflectance model.

Consider the illumination of an object by a point source
of light, as is shown in Fig. 3. Light energy reflected by the
surface in the direction of the camera causes an image of the
surface to be formed. The intensity at any point in the image

of the surface may be expressed as
=IL+1S (1)

where IL is the Lambertian intensity component, and IS is
the specular intensity component.
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Fig. 3. Two-dimensional illumination and imaging geometry. A surface el-
ement with orientation 8, reflects light from the point source direction 65
into the camera.

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 Fig. 3. In two
dimensions, the source direction vector s, surface normal vec-
tor n, and viewing direction vector v lie in the same plane.
Therefore, directions are represented by a single parameter,
namely, the zenith angle 6.

1) Lambertian Component: The brightness of a Lamber-
tian surface is proportional to the energy of incident light. As
can be seen in Fig. 3, the amount of light energy falling on
a surface element is proportional to the area of the surface
element as seen from the source position, which is often re-
ferred to as the foreshortened area. The foreshortened area
is a cosine function of the angle between the surface orienta-
tion direction 8, and the source direction 6. Therefore, the
Lambertian intensity component /L may be written as

IL = A cos(fs —0,) 2)

where the constant 4 determines the fraction of incident en-
ergy that is diffusely reflected. We have assumed that the angle
of incidence (85 —8,) is greater than — /2 and less than 7/2,
i.e., IL is always greater than zero.

2) Specular Component: Since the specular intensity com-
ponent IS is a very sharp function of the source direction, it
may be approximated by the delta function [11]

IS = B&(8; — 20),). (3)

The basic photometric function® relates image intensity
to surface orientation, surface reflectance, and point source
direction and may be written by substituting (2) and (3) into
(1) to obtain

I = A cos(8; —6,) + Bd(0; — 20,). 4)

The constants A and B in (4) represent the relative strengths
of the Lambertian and specular components of reflection, re-
spectively. We call A and B the reflectance parameters. We

2 The photometric function is similar to the image irradiance [5] equation
since image intensity is assumed to be proportional to image irradiance.
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Fig. 4. Basic photometric function /(6;) for a hybrid surface.

see that A > 0 and B = O for a purely Lambertian surface,
A =0 and B >0 for a purely specular surface, and 4 >0
and B > 0 in general.

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 6;. Therefore, we will
often refer to the basic photometric function as 7(6,), which
is a relation between image intensity and source direction. Fig.
4 shows a plot of the basic photometric function for a hybrid
surface of given orientation.

III. PHOTOMETRIC SAMPLING USING EXTENDED SOURCES
A. Why Extended Sources?

We propose to illuminate the object surface by using ex-
tended sources, rather than point sources, for the following
reasons:

o In the case of point source illumination, specular reflec-
tion is not detected unless s = 26, exactly. In order to
determine shape and reflectance parameters of specular
and hybrid surfaces, specular reflections must be cap-
tured in the measured intensities. To detect specular re-
flections 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 perspec-
tive 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.

o In the case of point source illumination, image intensi-
ties due to specular reflections are often observed to be
much greater than intensities resulting from Lambertian
reflections [15]. Therefore, it is difficult to measure both
components in the same image. Extended source illumi-
nation tends to make the image intensities due to Lamber-
tian and specular reflections comparable to one another.
A specular surface element of a given orientation will re-
flect light from a small area on the extended source into
the camera. On the other hand, a Lambertian surface ele-
ment of the same orientation reflects light from all points
on the extended source into the camera. This feature of
the proposed illumination scheme makes it possible to
measure both Lambertian and specular reflections in the
same image.

In Appendix A, we have shown how extended sources are
generated. The extended source radiance function L(0, ;) is
derived, and the parameters that determine the direction and
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limits of an extended source are defined. These results will
be extensively used in the following discussions.

B. Photometric Function for Extended Sources

The photometric function for point source illumination (see
(4)) needs to be modified for extended source illumination.
An extended source may be thought of as a collection of point
sources in which each point source has a radiant intensity that
is dependent on its position on the extended source. The in-
tensity 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 pho-
tometric function I’(;) is determined by convolving the basic
photometric function 7(6) with the extended source radiance
function L(#, 6,). This operation is illustrated in Fig. 5. For
a surface point of orientation §,, the Lambertian component
IL' of the modified photometric function is determined to be

05 +o
IL =4 / L(8, 65) cos (0 — 8,) db. (5)
[/}

s —a

The limits of the integral are determined by the width of the
extended source (Appendix A). It can be shown [10] that /L'
is a cosine function of the angle between the surface orienta-
tion and the direction corresponding to the ‘‘center of mass’
of the extended source radiance distribution L(6, 6,). In our
case, since the extended source is symmetric with respect to
the source direction 6, the center of mass of the radiance
function is in the direction 6. Therefore, we obtain
IL' = A’ cos(8; —6,) (6)
where the constant A’ is proportional to 4 [10] and, hence,
also represents the strength of the Lambertian component.
Similarly, the specular intensity component IS’ resulting
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Fig. 6. Sampling the modified photometric function.

from the extended source L(0, ;) is determined to be

O +a
IS’ = B/o L(6, 65)6(6 —26,)d6 N

s —Q

or

IS' = BL(20,, 6;). (8)

Strictly speaking, the result of the above integral is dependent
on the exact shape of the specular spike and lobe. However,
since both components are significant only in the specular
direction 26,,, it is reasonable to assume that the specular in-
tensity /.S’ is proportional to L(20,, 0;), whereas the constant
of proportionality is dependent on the exact shape of the two
components. In light of this, we will use the constant B’, rather
than B, to represent the strength of the specular component
of the photometric function.

The modified photometric function relates image inten-
sity I’ to extended source direction 65 and is expressed as the
sum of the components /L’ and IS’:

I' = A’ cos (85 — 6,) + B'L(20,, 65). &)

Since the parameters A’ and B’ are proportional to the param-
eters A and B, respectively, they may be used to represent the
reflectance properties of the surface point.

C. Sampling

The process of measuring image intensities corresponding
to different source directions is equivalent to sampling the
modified photometric function 7/(6;), as is shown in Fig. 6.
Samples of the photometric function may be obtained by mov-
ing an extended source around the object and obtaining images
of the object for different source positions. An alternative ap-
proach would be to distribute an array of extended sources
around the object such that each source illuminates the ob-
ject from a different direction. The entire array of extended
sources may be sequentially scanned such that for each scan,
a single source is active, and an image of the object surface
is obtained. We have chosen to use this alternative approach
in our experiments. We will confine the sampling process to
two dimensions: the surface normal vector, viewing direction
vector, and source direction vectors for all extended sources,
are coplanar. The sequential scanning of extended sources po-
sitioned in the directions {#;: i =1, 2,--- M} results in a set
of image intensities {/;:i = 1,2,---M} measured at each
point on the object surface.
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The number of samples measured at each surface point is
determined by the frequency f at which 1'(8;) is sampled. In
order to extract the shape and the reflectance parameters of
hybrid surfaces, both Lambertian and specular components
of image intensity must be detected. Since we have used a
delta function for the specular reflection model, the period
of the modified photometric function that contains specular
intensities is equal to the width 2« of the extended source
radiance function. In the following section, we will show
that in general, at least two photometric samples must have
nonzero specular 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
Jrequency® foin, Where

1
f min — - (10
o
Note that at this minimum frequency, the radiance distribu-
tions of adjacent extended sources overlap each other for an
interval of «.

IV. EXTRACTING SHAPE AND REFLECTANCE

Given the set of image intensities {/]} measured at a sur-
face point, we want to determine the orientation 8, and re-
flectance parameters A’ and B’ of the point. We will first
develop techniques to compute orientations of purely Lam-
bertian and purely specular surfaces. Later, these techniques
will be used to extract orientations and reflectance parameters
of general hybrid surfaces.

A. Lambertian Surfaces

Consider the case where the surface of an object is known
to be purely Lambertian. The task is to determine the shape of
the object. The photometric samples for a Lambertian surface
point may be written as

Il = A’ cos(b; ~8,). (1

We would like to compute the orientation 6, and the strength
of the Lambertian reflection component A4’.

Toward this end, an error E is formulated to be the sum of
the errors in measured samples over the entire set of samples:

M
E =) "] - A’ cos(8; — b))

i=1

(12)

By using the conditions

OE OF

— =0 and —

00, 0A’
we can determine values of 6, and A’ that minimize the er-
ror E. The above minimization is simplified by expressing
cos (8; —6,) as a dot product of the source and normal vec- -
tors.

=0 (13)

*1t is assumed that the interval of the modified photometric function that
contains specular intensities is small compared with the total width of the
photometric function. Therefore, sampling frequencies that ensure the detec-
tion of specular intensities will provide a sufficient number of Lambertian
intensity samples.
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B. 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 = B'L(26,, 6,). (14)

We wish to determine the orientation 6, and the specular
strength B’ from the intensity set {//}. Let us assume that
the specular direction 20, lies between the directions 6, and
0k +1 of two adjacent extended sources. Further, let us assume
that the photometric function is sampled using the minimum
frequency fimin, i-€., 8k+1 = Ox +a. Then, since the surface is
specular, only the samples I} and /., will have nonzero val-
ues. We see that when 6, increases, 26, approaches 6.1, I}
decreases, and I}, increases. Similarly, when 6, decreases,
20, approaches 6y, I; increases, and I}, decreases. In fact,
from (14), we see that the intensity ratio I} /I; ., is equal to
the ratio L(28,, 6x)/L(26,, 6x). Since the extended sources
have decaying radiance functions (Appendix A), 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 /I, and 0,.

Given the image intensity set {I/} at a specular surface
point, the nonzero image intensities in the set are first identi-
fied. If only a single intensity value, for instance I}, is greater
than zero, then we know that 26, = 0. If two image intensi-
ties, say /; and I}, ,, are greater than zero, the ratio I} /I}
is used to determine §,. Once 8, is found, B’ is obtained by
using (14):

!
! Ik

= L(26,, 00)° (13)

C. Hybrid Surfaces

The modified photometric function for hybrid surfaces
is given by (9). At each surface point, we want to deter-
mine A’, B’, and orientation 6, from the measured samples
{Il:i=1,2,---M} of the photometric function. Toward this
end, we will develop an algorithm that attempts to separate
the Lambertian and specular components of each measured
image intensity and then computes surface orientations using
the methods given above for Lambertian and specular sur-
faces.

The extraction algorithm is based on two constraints,
namely, the sampling frequency constraint and the unique
orientation constraint. By sampling the modified photomet-
ric function at the minimum sampling frequency fin, we can
ensure that only two consecutive image intensities in the inten-
sity set {/;} contain nonzero specular components. For each
k in the interval 0 < k < M, I, and I}, are hypothesized
as being the two intensities that have specular components.
All remaining intensities in the set {I/: i =1, 2,--- M} must
represent only Lambertian components of reflection. These
intensities are used to compute the surface orientation 6,; and
the Lambertian strength A’ (Section IV-A). The Lambertian
components /L; and /L, are determined and used to sep-
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arate the specular components /S, and IS, from I and
I} ., respectively. The surface orientation 8, and specular
strength B are computed from IS; and IS}, (Section IV-
B).

Next, the physical constraint that each surface point has a
unique orientation is exploited. An estimate 6,; of the ori-
entation is found as a weighted average of the orientations
6, and 6,5. The weights are proportional to the strengths of
the two components of reflection. We support this method of
weight selection because the surface orientation that is com-
puted from intensities resulting from the stronger of the two
reflection components is less sensitive to image noise and is,
therefore, more reliable. An orientation error e, is found by
comparing 0, with 8, 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
value of k that minimizes the orientation error are assigned to
the surface point under consideration. This process is repeated
for all points on the object surface.

It is important to note that the extraction algorithm is also
capable of determining shape and reflectance of purely Lam-
bertian and purely specular surfaces.

1) Extraction Algorithm:

Step 1: If all intensities /] measured at the image point
(x, y) are less than the minimum intensity threshold 7', assign
the point (x, ) to “background’’ and stop.

Step 2: Let k =1 and e equal a large positive number.

Step 3: Assume that image intensities /; and [, consist
of nonzero specular components of reflection. All remaining
intensities /; (where i # k and i # k + 1) are used with the
Lambertian model to compute the surface orientation 6,; and
Lambertian strength 4; (Section IV-A).

Step 4: The specular components /S; and IS; ., are sep-
arated from the image intensities 7 and I} :

IS, =1, —Aj cos(6x —Op)

ISy =T — Ay cos Bk — On). (16)

If IS, <O0orIS;,, <0, setk =k +1 and go to Step 2.
Step 5: If IS}, = 0 and IS}, = 0, let B; = 0. Other-
wise, determine the surface orientation 0,; and the specular
strength B), by using specular intensities IS} and IS}, and
the specular model (Section IV-B).
Step 6: The best estimate of surface orientation, for the
kth iteration, is determined to be

_ Alionl + Blzens

= 17
Ok = = (17
The orientation error e; is determined to be
A;{|0,,1 — 0nk| + BI,< Iens — ank‘
= . 18
ek AL + B, (18)
Step 7: If ex < ex_), then
0p =0m, A =A;, B =By (19)

Ifk <M —1,setk =k +1 and go to Step 2. Otherwise,
stop.
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Fig. 7. Photograph of the experimental setup used to demonstrate the pho-
tometric sampling concept.

In order to account for errors in image intensities due to the
presence of noise, the implemented version of the above algo-
rithm uses upper and lower bounds while testing inequalities,
such as IS} <0 and IS}, <O.

V. EXPERIMENTS
A. Experimental Setup

We have conducted experiments to demonstrate the practical
feasibility of the photometric sampling concept. A photograph
of the experimental setup used to implement photometric sam-
pling is shown in Fig. 7. A 14-in diameter lamp shade is used
as the spherical diffuser, and extended light sources are gen-
erated on the diffuser’s surface by illuminating it using incan-
descent light bulbs. All light bulbs are assumed to have the
same radiant intensity and are equidistant from the center of
the diffuser. In our experiments, a source termination angle
of o = 32° is used, and sampling is performed at the mini-
mum frequency determined by (10). The object is placed at
the center of the diffuser and is viewed by a camera through
a 1-in diameter hole at the top of the diffuser. The current
setup uses a WV-22 model Panasonic CCD camera that has
a 512x480 pixel resolution. The complete imaging system,
which is comprised of lenses and camera, has a physical reso-
lution of 0.002 in per pixel width. In the current implementa-
tion, the light bulbs, camera, and object are all placed in the
same plane. This two-dimensional setup is capable of measur-
ing only orientations of surface normal vectors that lic on a
single plane in orientation space. For each extended source,
an image of the object is digitized and stored in memory. The
sequence of object images, which are generated by scanning
the array of extended sources, is processed on a 3/60 SUN
workstation.

B. Results

Fig. 8 shows photometric samples measured at a point on
the surface of a plastic object using the above experimental
setup. The measured intensity values are represented by black
dots. The reflectance model of the plastic surface includes
both Lambertian and specular components. The orientation of
the surface point was known a priori. Using the orientation
value, the two measured samples that were expected to con-
sist of both Lambertian and specular intensities were identified
and are marked in the figure as “L +S’. All remaining image
intensities result from Lambertian reflection and are marked
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Fig. 8. Samples of the photometric function measured at a hybrid surface
point. By using the known orientation of the surface point, the two intensi-
ties that have specular refiections are identified and marked “L +S.” The

remaining points result solely from Lambertian reflection, and the cosine
function that best fits these points is shown as a solid curve.

in the figure as ““L.” The cosine function that best fits the
Lambertian intensities is represented by the solid curve. The
specular components were extracted from the two intensities
that are marked as “L +S.” Two estimates of surface orien-
tation were computed using the Lambertian and the specular
components of the image intensities. Both computed orienta-
tions were found to be within 2.5° of the actual orientation
value. Similar experiments were conducted on Lambertian and
specular surfaces [10]. The results indicated that the hybrid
model used in this paper does quite well in describing re-
flectance of light by smooth surfaces.

The experimental setup and the extraction algorithm were
used to extract surface properties of a number of objects. Figs.
9, 10, 11, and 12 show the results of the extraction method
applied to objects with different surface reflectance properties.
For each object, a photograph of the object is followed by
two reflectance images (Lambertian and specular), a needle
map produced by the extraction algorithm, and a depth map
that is constructed from the needle map. The intensity at each
pixel in the reflectance images is proportional to the strength
of the reflectance model component the image represents. The
needle map is a representation of surface orientations. At each
point on a needle map, the length of the needle is proportional
to the tilt of the surface away from the viewing direction of
the camera. All needles originate from the dots that constitute
the resolution grid of the needle map. To help evaluate the
performance of the extraction algorithm, we have included a
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depth map of each object that is obtained by integrating the
orientations in the needle map. Note that the reconstructed
surfaces are displayed at some arbitrary offset level in all the
depth maps.

The object shown in Fig. 9 is cyvlindrical and #ts surface
is Lambertian. Fig. 10 is the photo of a prism-shaped object

that has a highly specular surface. An interesting
for the proposed method is seen in Fig. 11. The object is
a metal bolt that has a hexagonal-shaped head. The painted
surface of the head is Lambertian in reflection, whereas the
threaded section of the bolt is specular. Surface orientations
are measured oaly along the thin edges of the threads since

application




426

IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 6, NO. 4, AUGUST 1990

Fig. 10. Prism-shaped metallic object with a specular surface: (a) Object;
(b) Lambertian strength; (c) specular strength: (d) needle map; (e) depth
map.

surface orientations in the grooves between threads lie outside
the range of orientations that the current two-dimensional sys-
tem is capable of measuring. While generating needle maps,
surface orientations are sampled to make room for the dis-
play of needles. In the process of sampling, a considerable
number of orientations measured on the threads of the bolt
are lost. Hence, the orientations measured on a few threads

are displayed at a higher resolution. We have not included a
depth map of the bolt because its needle map has many disjoint
regions and is difficult to integrate.

All the above experiments were conducted on surface points
that are either Lambertian or specular. A major advantage of
the photometric sampling method, over other shape extrac-
tion techniques, lies in its ability to determine the shape and
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Fig. 12.

intensities recorded at that pixel. The needle maps and re-
flectance images have not been subjected to any filtering or
regularization operations. An error analysis was conducted to
estimate the measurement accuracy of the current setup. Fig.
13 shows the surface orientations measured along a horizontal
section of the hybrid cylindrical sample shown in Fig. 12. The
actual orientation values along the section are computed using

.

(e)
Cylindrical plastic object with a hybrid surface: (a) Object; (b)
Lambertian strength: (c) specular strength; (d) needle map; (e) depth map.
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the known radius of the cylinder. The errors in the measured
orientations @error are plotted in Fig. 14. From these errors,
the following quantities were computed: mean orientation
error = 1.022°, mean absolute orientation error = 1.656°,
standard deviation in orientation error = 0.189°, and max-
imum orientation error = 5.596°. The estimated reflectance
parameters were found to be consistent with the appearance
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Fig. 13. Measured and actual surface orientations along a horizontal section

of the hybrid cylindrical object shown in Fig. 12.
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Fig. 14. Errors in measured orientations computed from the measured and
actual orientation values plotted in Fig. 13.

of the surface samples used to conduct the above experiments.
A more formal evaluation of the reflectance measurement ac-
curacy of the proposed method is in progress.

VI. CoNcLUSIONS
We conclude this paper with the following remarks:
o The hybrid reflection model is obtained by studying var-

ious reflection mechanisms and by making assumptions
related to the microscopic structure of the surface.
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Fig. 15.

Extended source.

The photometric sampling method uses uniformly dis-
tributed source directions to obtain a set of image inten-
sity values at each surface point.

Surface illumination using extended light sources makes

it possible to capture both Lambertian and specular re-

flections in the image intensities.

o The extraction algorithm uses the image intensities to si-
multaneously recover shape and reflectance parameters of
hybrid surfaces, including Lambertian and specular sur-
faces. Objects comprised of combinations of the afore-
mentioned surface classes can also be handled by the
algorithm.

o The extraction algorithm is local in that the orientation
and reflectance of a surface point are computed solely
from image intensities recorded at that point.

e Accurate orientation estimates are obtained by using both

Lambertian and specular components of the image inten-

sities.

We are currently in the process of extending the theory and
experimental setup to three dimensions. We are also interested
in using the most general form of the reflectance model de-
scribed in Section II in order to increase the range of surfaces
that can be handled by the photometric sampling method.

APPENDIX A

GENERATING EXTENDED SOURCES

There are numerous ways of generating extended light
sources. In this Appendix, we present the approach that we
have chosen to use. An extended source can be generated by
illuminating a sheet of light-diffusing material with a point
light source. Fig. 15 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. Then, the radiance* L{8, 6;) of the

4 Radiance is defined as the flux emitted per unit of foreshortened surface
area per unit solid angle. Radiance is measured in watts per square meter per
steradian (W -m~2 .sr—'),
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inner surface of the diffuser is proportional to the irradiance’
E(8, 65) of the outer surface of the diffuser

L(6, 05) = CE(0, 05) (20)

where C is a constant of proportionality. The analytic expres-
sion for the surface irradiance E(f, 6;) may be derived from
the basics of radiometry as

I cos ¢
— @1

E(0, 65) =
where 7 is the radiant intensity® of the point source S. The radi-
ance of the extended source may be determined by expressing
the variables r and ¢ in (21) in terms of the parameters R,
H, and 6, of the illumination geometry:

L(6,0,) — CI[(R +H) cos(f —0;) —R]

LR + H — R cos (0 — 65))* + (R sin (0 — 65))*1*>

(22)

Throughout this paper, the position of an extended source is
denoted by the angle 6 of the point source used to generate the
extended source. The radiance function L(8, 65) is symmetric
or even, with respect to the source direction (8 = 6,), and
its magnitude decreases as 6 deviates from 6;. Points on the
diffuser that lie in the interval 6, —a < 8 < 6+« 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(8, 65) = 0 for § < 6; — « and 6 > 6, + «.
The source termination angle « is determined from Fig. 15
to be

R

—1

=cos ' ——. 23
“TS  RYH (23)
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