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University of Ljubljana, Faculty of Computer and Information Science
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Abstract

We present a novel approach to acquisition of range im-
ages of objects with non-uniform albedo using a structured
light sensor. The main idea is to systematically vary the in-
tensity of the light projector and to form high dynamic scale
radiance maps. The range images are then formed from
these radiance maps. We tested the method on the objects
which have surfaces with very different reflectance proper-
ties. We demonstrate that the range images obtained from
the high dynamic scale radiance maps are of much better
quality than those obtained directly from the original im-
ages of a limited dynamic scale.

1. Introduction

Systems consisting of a structured light projector and a
camera are commonly used for acquiring range images. A
major limitation of such systems is their sensitivity to re-
flectance properties of the object’s surfaces.

Most of the problems are due to the limited dynamic
scale1 of CCD cameras. This problem is evident on objects
which have surfaces with very different reflectance proper-
ties. Since the dynamic scale is limited, we can not reli-
ably capture both high and low reflective surfaces simulta-
neously. In this work we present a novel approach to over-
come this problem. The main idea is to systematically vary
the intensity of the light projector and to form high dynamic
scale radiance maps. The range images are then formed
from these radiance maps.

The paper is organized as follows. In section 2 we
describe the problem, while in the section 3 we explain
our approach to the solution of the problem. In section 4
we present some results of the new approach and compare

�This work was supported by a grant from the Ministry of Science and
Technology of Republic of Slovenia (Project J2-0414).

1The term dynamic range is commonly used in the literature, however,
we rather use the term dynamic scale to avoid possible confusion with the
term range (i.e., depth) image.

them with the results obtained with the standard acquisition
method. The last section concludes our paper and gives a
short outline of a planned future work.

2. Problem description

For range image acquisition we use a coded light range
sensor based on an LCD stripe projector. The projector
projects stripe patterns over an object. A range image is ob-
tained by analyzing the captured images of the object with
projected stripe patterns. The accurate estimation of the 3-D
coordinates depends on the accurate binarization and local-
ization of the projected stripes [3].

Since we can control the illumination intensity of the
stripe projector, we can acquire range images of an object
under different lighting conditions. As we can see in Fig. 1,
the quality of a range image depends on the illumination in-
tensity of the stripe projector. The optimal results (i.e., min-
imal errors) are obtained, when the range image is taken un-
der the suitable illumination intensity, otherwise the quality
of the range image degrades.

Figure 1. Percentage of the pixels where
depth could not be recovered (solid line) and
average distance between the obtained 3-D
points on a planar surface and the fitted plane
(dotted line).



There are two reasons for such behavior. One is that the
signal-to-noise ratio is decreasing with the decrease of the
illumination intensity. Thus, when we acquire a range im-
age at a low illumination intensity, signal-to-noise ratio is
low, therefore there is a higher probability for erroneous bi-
narisation of pixels on the borders of projected stripes and
consequently wrong estimation of 3-D coordinates.

On the other hand, at high illumination intensities we
face the problem of camera saturation. Some highly satu-
rated pixels even spill over and affect values at neighboring
pixels. This is known as “blooming” of CCD cells. At such
pixels it is impossible to make a proper binarization and
consequently estimate 3-D points.

Therefore, we should aim to use as high projector illumi-
nation intensity as possible to achieve high signal-to-noise
ratio, but at the same time to avoid pixel saturation. Having
a scene containing multiple surfaces of varying reflectances,
it is evident that high reflective surfaces require lower il-
lumination intensities while surfaces with lower reflectance
require higher illumination intensities to achieve optimal re-
sults. How can we satisfy both conditions simultaneously?
Fig. 4 demonstrates that when we acquire a range image of
an object with non-uniform albedo with low illumination
intensity, we can not reliably acquire depth of surfaces with
low reflectance (because of the low signal-to-noise ratio),
while when we acquire a range image with high illumina-
tion intensity, we can not recover depth of surfaces with
high reflectance (because of the saturation). As a solution
to this problem we propose a new method which uses a high
dynamic scale radiance maps of an object instead of its in-
tensity images.

3. Our approach

We obtain a high dynamic scale radiance map by taking
multiple images at different illumination intensity levels of
the stripe projector (a similar effect can be achieved by vary-
ing exposure times [1] or iris settings). The question is how
to combine multiple images into a single map.

Ideally, we can assume that a pixel value g is propor-
tional to the radiance of the corresponding point in the scene
(with the exception of saturated pixels). Since the stripe
projector is the only light source in the system, the scene
radiance is proportional to the illumination intensity of the
projector. Therefore, a pixel value g should be proportional
to the reflectance2 r of the corresponding surface point and
to the illumination intensity level l, thus g / r � l. Since
the radiance of a point is proportional to its reflectance and
we are interested only in relative values of the radiance, we

2We use the term reflectance for the product of two factors: geomet-
ric term expressing the dependence on the angles of light reflection and
albedo [2].

can neglect the scale factor, thus write g = r � l and take the
value of r as an entry in the radiance map.

If gij is the grey level of the i-th pixel in the image taken
under illumination intensity lj , then gij = rilj , where ri
is the relative reflectance of the corresponding scene point.
Relative reflectance of the i-th pixel ri = gij=lj should re-
main constant for all illumination intensities. In this way
we could combine the information from several images into
a single radiance map.

This simple method would yield correct results, if the
strict linear relationship held. However, it turns out that the
sensor system introduces nonlinearities. As a consequence,
the calculated relative reflectance values of the i-th pixel
ri = gij=lj yield different values at different illumination
intensities. This is plotted in Fig. 2. Thus, to combine the
data from multiple images, we have to recover this nonlin-
ear mapping.

Figure 2. Relative reflectance values of four
points computed as ri = gij=lj .

To achieve this, we have extended an approach of De-
bevec and Malik [1] which dealt with recovering high dy-
namic scale radiance maps from photographs.

We model the nonlinearities of the system with two non-
linear functions f1 and f2:

gij = f1(ri � f2(lj)) : (1)

If we assume that f1 is invertible, we can write:

ln f�1
1 (gij) = ln ri + ln f2(lj) : (2)

Let us define h1 = ln f�1 and h2 = ln f2. If we take
m images under different illumination intensities and if we
observe n pixels, then we obtain a set of equations:

h1(gij) = ln ri + h2(lj); i = 1 : : : n; j = 1 : : :m; (3)

where pixel gray values gij and illumination intensity val-
ues lj are known, while functions h1 and h2 and values of
relative reflectances ri are unknowns. We wish to recover



these unknowns that best satisfy the set of equations arising
from (3) in a least-squared error sense.

Since the camera has a limited dynamic scale, a pixel
gray level gij can only be an integer number from a finite
interval 1 : : : gmax. Similarly, there are only a limited num-
ber (lmax) of illumination intensity levels. Therefore, we
only need to recover a finite number of values of the func-
tions h1(g) and h2(l).

Since the signal-to-noise ratio is higher when the values
of acquired pixels are higher, we additionally introduce a
weighting function w, which during minimization process
puts more weight on equations with higher values of g ij
(with exception of saturated pixels, which are excluded).

We can formulate the problem as one of finding the gmax

values of h1(g), lmax values of h2(l) and n values of ln ri,
that minimize the following function:

C1 =

nX

i=1

mX

j=1

[w(gij)(h1(gij)� ln ri � h2(lj))]
2 : (4)

As an additional constraint we simultaneously minimize the
functions

C2 =

gmax�1X

g=2

h001(g)
2 and C3 =

lmax�1X

l=2

h002(l)
2 ; (5)

which ensure the smoothness of the functions h1 and h2.
For calculation of h00 we use h00(k) = h(k � 1)� 2h(k) +
h(k + 1).

Finally, to solve the problem, we also have to fix at least
two values of ri. Therefore, we have to know the real rel-
ative reflection values of at least two pixels. If we have
nR pairs of numbers hpk; Rki, where pk are indices of pix-
els for which the relative reflections are known, and Rk are
values of these reflections, we obtain additional set of equa-
tions rpk = Rk; k = 1 : : : nR. Therefore, we can formu-
late the last constraint of our minimization problem as:

C4 =

nRX

k=1

(ln rpk � lnRk)
2 : (6)

The combination of Eqs. (4), (5), and (6) leads to the
final minimization problem:

C = �1C1 + �2C2 + �3C3 + �4C4 ; (7)

where �1, �2, �3 and �4 are parameters which put different
weights on the terms of the equation.

The minimization of the function C is a least squares
problem. The overdetermined system of linear equations is
solved using the singular value decomposition method as
proposed in [1].

By obtaining the functions h1 and h2, we can calculate
the relative reflectance of every point in every scene from

the image taken under an arbitrary known illumination in-
tensity. From (3) we obtain

ri = eh1(gij )�h2(lj) : (8)

Using (8), all images taken under different illumination in-
tensities yield almost the constant values of ri for a scene
point (Fig. 3). The average normalized standard deviation
of calculated values of ri is 4:22 � 10�3 while without non-
linear mapping, in Fig. 2, it was 7:48 � 10�2. Thus, the
nonlinearity of the sensor system has been successfully re-
moved.

Figure 3. Relative reflectance values of four
points computed by Eq. (8).

Now we can combine the images taken under different
illumination intensities into a single radiance map. To in-
crease the robustness we should use all gray values g ij cap-
tured under various illumination intensities lj weighted with
the weighting function w(g):

ln ri =

Pm

j=1 w(gij)(h1(gij)� h2(lj))Pm

j=1 w(gij)
: (9)

We store the values of ri as floating point numbers, which
means that they are not limited to a finite number of levels
any more. These values are always proportional to the ra-
diances of the scene points. Thus, by calculating r i for all
pixels, we obtain a high dynamic scale radiance map.

The remaining issue is how many images are necessary
to estimate ri. Already two images are often enough to ob-
tain a good radiance map. We take one image with low
and one with high illumination intensity level of the stripe
projector. If we take more images we achieve a higher ro-
bustness and noise insensitivity.

Having obtained the radiance maps, we can calculate the
range image. The basic algorithm remains the same as the
original one [3], only the input data changes. Instead of tak-
ing only one image of the object under every stripe pattern,
we take several images illuminated by different intensities
and form radiance maps, which are then used as an input



(a) (b) (c) (d)

Figure 4. (a) The intensity image of a toy, rendered models obtained from range images taken under
(b) low and (c) high illumination intensity and (d) from the range image obtained using high dynamic
scale radiance maps.

(a) (b) (c) (d) (e) (f) (g) (h)

Figure 5. Four range images of a Rubic’s cube obtained under various single illumination intensities
(from (a) low to (d) high), three intensity images (from (e) to (g)), and (h) range image obtained using
high dynamic scale radiance maps.

to the algorithm for range image formation. In such a way
we overcome the problem caused by the limited scale of in-
tensity images and we can reliably capture range images of
objects with non-uniform albedo.

4. Experimental results

We tested the algorithm which uses the high dynamic
scale radiance maps on objects with non-uniform albedo
and compared the results with those obtained with the stan-
dard range image acquisition algorithm.

Fig. 4(a) shows an object consisting of parts in different
colors. It is evident that we can not acquire the range im-
age of the entire object under a single illumination intensity
(Figs. 4(b),(c)). However, when we used the high dynamic
scale radiance maps, we reliably acquired the depth of all
surfaces (Fig. 4(d)).

As the second example we have chosen a well-known
Rubic’s cube. The cube is covered with squares of six
different colors. Figs. 5(a)–(d) show that we can not re-
cover the depth of all squares simultaneously, however, the
depth can be recovered using high dynamic scale radiance
maps. Each radiance map was formed from three images
taken under low, medium, and high illumination intensity.
Figs. 5(e)–(g) show the images used for the calculation of
one high dynamic scale radiance map. These radiance maps
were then used to create a range image, shown in Fig. 5(h).
The depth of all colored squares was successfully estimated.

5. Conclusion

In this paper we have presented a solution to one of the
main problems which we face during acquisition of range
images of objects with non-uniform albedo. Because of the
limited sensing range of the CCD sensor it is impossible to
acquire the depth of both high and low reflective surfaces of
the object with good quality simultaneously. We presented
a method for forming a high dynamic scale radiance maps
which solves this problem.

The high dynamic scale radiance maps contain more
precise information about the surface properties than
ordinary images taken under a single illumination intensity.
They can also be used to produce adequate texture maps
that are subsequently mapped onto the geometric model
of the object. These ideas remain to be investigated in the
future work.
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