Abstract?!

this paper, a linear algorithm is proposed to re-
wver shape information from multiple images, each
of them are taken under the environment that all of
he object surfaces are illuminated by a known point
light source. Furthermore, for these known point
ight sources, the distance between any two of them
are very samll when it is compared with the distance
from the light source to any point on the object sur-
face. This makes the linearization of the image in-
fensity equation possible. At the end of this paper,
some implementation results are presented.

1. Introduction

The image formation of a three-dimensional object
mainly depends on its shape, its reflectance proper-
ties, and the distribution of the light sources. There-
fore, in order to recover the original shape of a 3-D
object, it is necessary to find out firstly those param-
eters that affect the format of images, such as the po-
sition of the point light source, the incident radiance
and direction, the material of the object surface (e.g.
Lambertian surface), the orientations of the object
;surfaces. After these parameters are recovered, the
shape information such as the depth map can then
be found out.

Shape from shading is one of the methods that use
different brightness distributing on the image to dis-
cover the orientations of the object surfaces and use
these orientations to approximate the depth map.
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2. Background

Distant light source

In the previous work [1], the variety of irradiance
on the object has been derived. Use the irradinace
equation combined with the reflectance map, the
image intensity equation has also been constructed.
Given an image I(z,y) and a reflectance map R(p, q),
the image intensity equation is

I(z,y) = p so R(p,q)

where p is the reflectance factor (i.e. albedo), sq is
the incident radiance.

Consider that a Lambertian surface which appears
to be of equal radiance from all viewing directions is
illuminated by an ideal point light source. Then the
reflectance map is

s-n
R(p,q) = cos b; = ———

sl I

where 6; is the angle between the surface normal
vector n and the incident light source direction s.
Under the assumption that the single point light
source is distant from the object and the direction
ss is known, the above equation can be used to
derive the orientation of the object surface from a
single or multiple images. There are two main ap-
proaches for this, one is the partial differential equa-
tion method, the other is the photometric stereo
method. Horn [1] was the first one undertaking the
former study and subsequent improvements. Wool-
ham [2] and Tkeuchi used the photometric method to
determine the surface orientation.

(1)

Near light source

Equation (1) is valid under the assumption that the
point light source is distant from the illuminated sur-
face, that is, all incident light directions are the same,
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as shown in Figure 12. This can occur when the ob-
jects are under the outdoor circumstances (e.g. the
sunshine).

However, when the point light source is near the
surface, as shown in Figure 2, the incident direction
as well as the incident radiance is not a constant for
object surfaces anymore. Furthermore, the distance
between the surface point and the point light source
must be taken into consideration (the consideration
is ignored previously since the point light source is
far from thesurface such that is far from the surface
such that the differences among the distances of dif-
ferent surface points from the point light source can
be ignored).

After some modification [3], the new intensity e-
quation can be expressed as

(Ps —Po)-n

T@¥) = %0 1=, [ ]

where p, s, and n are defined in Equation (1) pre-
viously, Ps is the 3-D coordinate of the light source
position, and Pp is the 3-D coordinate of the surface
point on objects.

Rashid and Burger [3] have used a differential
method to determine the normal vector. They as-
sumed that the point light source was near the cam-
era (the projection center) and small surface patches
on the objects were assumed nearly planar. Using
a small planar surface patch, this method could de-
termine the surface normal vector with small error.
The shortcoming of the method is that the assump-
tion of planar surface patch is inapplicable to some
surface point, such as those points that have a steep
orientation.

According to the above method that recovers shape
from a single image, another kind of methods are the
photometric approaches. Since the intensity equa-
tion with the unknown normal vector is nonlinear,
using the photometric approach, it may easily elimi-
nate the nonlinear portion and construct a linear sys-
tem of equations. To solve linear equations is usually
more efficient than to solve nonlinear ones. There-
fore we propose a photometric approach for the shape
from shading with near point light source.

3. Approach

Concept

Fixing the camera position, the images are taken suc-
cessively using a different position for the point light
source for each image. In addition, The distance be-
tween any two of these positions is very small as

2 All figures are printed from page 4.

compared with the distances from these point light
sources to the illuminated surface. Then the inten-
sity values of the image points corresponding to the
same image coordinate on the images will have s-
mall differences (However, these differences are de-
tectable). This is illustrated in Figure 3. If the dis-
tances between successive point light sources are very
small, the cube of the distance from the point light
source to some surface point on objects could be as-
sumed to be the same for all light sources. Conse-
quently, if the light source positions are known, four
images taken from successive different light source po-
sitions are sufficient for solving surface normal vectors

by the method described below.

Algorithm

Firstly, let’s make some assumptions.
1. The illuminated surface is Lambertian surface.
2. The positions of the light sources are known.

3. The distance between successive light sources is
very small as shown in Figure 3.

Suppose that two image I, I; are taken and the cor-
responding light source positions are (Sz1,Sy1,Sz1)
and (Sz2, Sy2,S22), the surface point is (z,y, z), and
the normal vector is (p,g,—1). Then the two image
intensities can be expressed as

Li{z,y) =

s ASmlP+ASqu_ AS;y
PO ASE, + ASE, + ASEFI (P + ¢ + 1)

(2)

IZ(T"y) =

ps AS:zp-}-ASyzq-— ASzg
" [ASZ, + ASE, + ASHF (9 + ¢ + 1)1

(3)
By Assumption 3, Equation (3) can be approximated
by

AS,; Y4 + ASyz q— AS,Z
[ASZ, + ASE, + ASHP2 (p* + ¢ +1)1/?

(4)

P Sa
where ASz; = (Sz1 — 2), ASy; = (51 — y), AS;1 =
(Ss1 = 2), ASaz = (Sz2 — 2), ASy2 = (S;2 — y), and

AS;2 = (512 - z)
From above equations,

@ _ L)
@ = LEw - M

AS;] p+ ASyl [ AS’,I
ASzop+ ASyZ g—AS,,
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therefore, the final simplified linear equation is
(ASz1 — AT ASz2)p+(ASy1 — AT ASy3) g+ (1—AI)

= AIAS,;»—Sx»

When four images are gotten, a system of equations
with three unknown variables (p, g, z) and three linear
equations can be derived. Then the normal vectors
and the depth values can be recoverd by solving these
equations.

4. Implementation

In the following page, the application of the algo-
rithm to synthetic images is listed. Figure 4 is the
synthetic images of a sphere. Four subimages which
are marked within these four images by white frames
are taken and used as the inputs of the above algo-
rithm. Figure 5 is the range image transformed from
the recovered depth map. When the range image is
compared with the original depth map, we find that
the error ratios are between 10% and 15% and the er-
ror ratios increase as the surface points are far from
the point light source, such as those points near the
boundary in the Figure 5. Since this algorithm is
fo solved a system of linear equations, the comput-
ing time for each image point is the same. Since the
gorithm only uses the intensity of the individual
image point in each image, the result is not affected
by neighboring noise. The major advantage of this
ethod is that the orientations and depth map are
lved concurrently so that the error which may oc-
if we solve depth map from the orientations can

e avoided.

5. Conclusion

ong the existing methods, the shortcoming is that
he noise problem is often a major consideration since
ey use the neighboring pixels on the image to deter-
ine the orientation. In this method, only individu-
pixels in each images are considered. Although the
ethod can solve surface orientations and depth val-
es, serious errors exist on some points which the dif-
ence between images can’t be detected. To over-
me this problem, other existing methods may be
sed to combine with it.
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Figure 1: The incident direction for every point
on the surface of the object is the the same when
a distant point light source is applied

Figure 2: The incident directions will be different
when the point light source is not far from the
surface of the object

a3

dl = d2 >> d3

dl d2

Figure 3: The distance between any two point
light sources is very small as compared with the
distance from any point light source to any point
on the object surface
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Figure 4: Four synthetic images of a sphere are taken. Those subimages which are marked by white
frames are the inputs for the algorithm.
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Figure 5: The range image that is transformed from the recovered depth map of above subimages.
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