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Abstract

Voxel Coloring has become a popular technique for
reconstructing a 3D scene from a set of 2D images. While
many different variants of this technique exist, all rely on
a test to determine if each voxel is projecting to regions of
consistent color in all views of that voxel. A number of
color consistency tests can be used and the specific choice
has a large influence on the quality of the reconstruction.
Earlier work has used variance or the L; norm. We pro-
pose a new form of consistency test, based on histograms,
that 1) is more robust at reconstructing textured surfaces,
2) deals properly with RGB color information, and 3)
does not require fine tuning of parameters.

1. Introduction

We present a new color consistency test for Voxel
Coloring [1] that is based on histograms. Voxel Coloring
has become a popular technique for reconstructing a 3D
scene from a set of 2D input images. While many differ-
ent variants of the technique exist, they all use some form
of color consistency test. A voxel is included in the recon-
struction if it projects to consistent colors, as determined
by the test, in the images from which it is visible [1,2,3,4].
A number of color consistency tests can be used and the
specific choice has a large influence on the quality of the
reconstruction. In previous work, consistency has been
defined in terms of thresholded variance or L; norm—in
other words, a set of colors is defined to be consistent if
its color variance or L; norm is less than a fixed threshold.
In contrast to these forms of consistency tests, our new
test 1) is more robust at reconstructing textured surfaces,
2) deals properly with RGB color information, and 3)
does not require fine tuning of parameters.

Thresholded variance and L; norm are problematic
when used for Voxel Coloring. Textured regions have a
higher color variance than uniform regions and most
scenes have some of each. Hence, no single threshold is
ideal for an entire scene. Furthermore, when a voxel is
visible in an image, it is usually visible from many pixels
in the image (on average about 30 pixels in our data sets).
The pixels from which a voxel is visible often span re-
gions of different color. Thus, the color distribution of the
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pixels will in general be multi-modal (clustered around
more than one color). Variance and L; norm are not good
consistency measures for reconstruction because they
cannot distinguish between these clustered color distribu-
tions and purely random distributions; in contrast, histo-
grams can. We performed reconstructions using both our
new consistency test, as well as thresholded variance, on
many data sets, and our method consistently produced
reconstructions that were visually preferable.

Another disadvantage of the earlier consistency tests is
that the quality of the reconstruction is very sensitive to
the value of the threshold that is used. Reconstructions
must be attempted with many thresholds to experimen-
tally find the best threshold. This can be time consuming.
We performed this process on two of our data sets, se-
lected at random, using thresholded variance. On the first
data set, the reconstruction failed catastrophically using a
threshold that was just 5% below the threshold that
yielded the best reconstruction. The best reconstruction of
the second data set was obtained with a threshold 53%
higher than the threshold that yielded the best reconstruc-
tion on the first data set. In contrast, we obtained good
reconstructions of all fourteen of our data sets, using our
histogram based consistency test, with no parameter ad-
justments whatsoever.

We test the color consistency of sets of pixels by
comparing their histograms. There are many ways to
compare histograms; we have found histogram intersec-
tion [5] to be efficient and it did a good job reconstructing
all fourteen of our data sets. When the consistency of a
voxel is tested, a histogram is constructed for each image
that can see the voxel. The colors of all the pixels from
which the voxel is visible are inserted into the histogram.
Then all pairs of the histograms are compared by inter-
secting their corresponding bins. If any pair has no corre-
sponding bins that are both occupied, then the voxel is
considered to be inconsistent. More details follow in sec-
tion 3.

2. Previous Work

As mentioned previously, several forms of consistency
tests have been used with Voxel Coloring. Seitz and Dyer
[1] give the original description of Voxel Coloring. In



their formulation, the set of pixels 72'; in image j from

voxel i is visible is computed. The union of all views
defines the color of that voxel:
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where m is the number of images, which view the voxel.
To determine if the voxel is colored consistently, the
likelihood ratio test of this set is computed and thresh-
olded. Therefore, if [1]:

(m-Doy <7

then the voxel is labelled consistent (where7 is the
threshold parameter). Kutulakos [8] first computes the

mean color of each 72'; and then computes the likelihood
ratio test of those means and compares them to a thresh-
old. Culbertson et al [3] compare the variance of 7[3 to a

threshold. Eisert et al [6] begin their voxel color consis-
tency computation similarly to Kutulakos by first finding

the mean of 72';. for all the images and then computing the
mean color 4 ; of each non-empty 7 ; . Then, unlike Ku-

tulakos, for every pair /¢ and £, of such means, they

compute the L; norm. The L, norm of is defined as:
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If the maximum of these norms is less than a threshold
that they determine experimentally, then they consider the
voxel to be color consistent. A characteristic that all of
these color consistency measures have in common is that
they cannot distinguish color distributions grouped in
several clusters from purely random distributions.

Voxel Coloring methods differ in other ways, too. For
example, most methods require metric camera calibration.
However, [4] can exploit weakly calibrated cameras and
[8] can tolerate some inaccuracy in camera calibration. In
[1] and [2], the pixels that can see a voxel are found using
a plane sweep method, whereas [3] uses item buffers or
layered depth images. However, all of these variations are
independent of the choice of color consistency test.
Hence, they can capitalize on the advantages of our histo-
gram based color consistency test.

3. Our Approach

To avoid the difficulties associated with thresholded
variance and L; norm as photo-consistency measures, we
propose the use of a histogram-based method. This
method is inspired by the work of [5], where histograms
were used for object indexing.

Instead of pooling all of the pixels from all of the
views of a given voxel, as was done in [1], we use a series

of tests on image pairs. At any point as the Voxel Color-
ing algorithm runs, we can find the set 77 ; of pixels from

image j that are visible from a voxel i. We test the consis-
tency of the voxel by comparing all pairs of such sets:

Vormocr,  k#l

where z; and 7, are non-empty. Instead of directly

comparing the sets of pixels, we say a voxel is consistent
if all of the histograms of all views of the voxel intersect:
vV, Hist(z,) Hist(z]) = ¢ k#1

Pairs of histograms intersect if at least one pair of corre-
sponding bins has a non-zero count. Therefore, a single
pair of views can cause a voxel to be declared inconsistent
if the colors they see at the voxel do not overlap. We use a
3D histogram over the complete color space. Furthermore,
we have found that 8 bins per channel are adequate for
acceptable reconstructions; this yields 512 bins (8x8x8)
for each image of each voxel.

We made several optimizations to minimize the run-
time and memory requirements related to our consistency
test. Notice that the histogram intersection only needs to
test which histogram bins are occupied. Hence, only one
bit is required per bin, or 512 bits per histogram. Histo-
gram intersection can be tested with AND operations on
computer words. Using 32-bit words, only 16 AND in-
structions are needed to intersect two histograms. In the
worst case, the number of histogram comparisons to test
the consistency of a voxel is equal to the square of the
number of images that can see the voxel. Fortunately, in
our data sets the average number of images that could see
a voxel fell between two and three, so the number of his-
togram comparisons was manageable.

3.1. Overlapping Histogram Bins

The voxel color consistency test, as described above,
has a deficiency: it treats color values that fall near bin
boundaries differently than other colors. For simplicity,
consider colors that have the same green and blue values
and consider the behaviour of just the red value. In our
specific implementation, a pixel with red value of 15 falls
in the middle of its bin. Another pixel with a red value in
the range 15 to 31 will be counted in the same bin. If
these two pixels are in two different visibility sets, they
have intersecting histograms and are considered consis-
tent. On the other hand, two pixels with red values 31 and
32 are close in color space, yet they are counted in differ-
ent bins. These two red values would not be sufficient to
pass the consistency test.

Since the choice of bin boundaries is somewhat arbi-
trary, the color consistency test should be insensitive to
their exact placement. Furthermore, color cannot be
measured exactly. For example, a camera will measure
slightly different color values on successive exposures of



the identical scene. In addition, lighting usually changes
slightly over time, causing minor shifts in color. Hence,
for a number of reasons, we would like the consistency
test to ignore small differences in color.

We corrected the problems just described by using
overlapping bins. In effect, this blurs the bin boundaries.
In our specific case, we enlarged the bins to overlap adja-
cent bins by about 20 percent. A pixel with a color falling
into multiple overlapping bins is counted in each such bin.
A pixel falling into just one bin is counted in just that bin,
as before. This makes the consistency test insensitive to
bin boundaries and small inaccuracies in color measure-
ment.

3.2. Voxel Projection Size

We found histogram intersections to be a somewhat
unreliable indicator of color consistency when a voxel
was visible from only a small number of pixels in an
image. Hence, when computing the color consistency of a
voxel, if this number fell below a fixed number (we typi-
cally used 15), we treated the image the same as an image
that could not see the voxel at all.

At first, it may appear that this places an unfortunate
lower limit on the voxel size to insure that voxels project
to enough pixels. In practice, this is very unlikely to ever
be a problem. Runtime is proportional to the cube of the
number of voxels; this limits the voxel size long before
the requirements of the histogram consistency test. Even
the earliest Voxel Coloring experiments used data sets
with voxels that projected to sufficient pixels. Since then
higher resolution cameras have become inexpensive, so
high-resolution images are now easy to obtain. In addi-
tion, the additional information in high-resolution images
is beneficial to reconstruction. Using this approach, the
only way to increase the resolution of the model (the
number of voxels) is to increase the resolution of the
camera.

4. Results

We have run a comparison between the standard devia-
tion consistency check and our histogram consistency
check. For this comparison, we have used images col-
lected of a boombox object sitting on a rotating table.
Nine images of the object were collected. Eight were
every 45 degrees around the object and one was looking
straight down. Figure 1 shows two example images from
this dataset.

o=

Figure 1. Two images of a boombox.

The images were hand calibrated using the Tsai camera
calibration model [7]. We hooked our histogram consis-
tency check into our own implementation of the General-
ized Voxel Coloring algorithm [3]. Our implementation of
this algorithm has three steps.

1. First, all opaque voxels (initially all voxels are opaque)
are rendered, using openGL, into all views. The voxels
are modeled as cubes and the calibration parameters are
used to set up the projection matrices. The pixels under
each voxel in each view are used to either update the
appropriate histograms, the standard deviation, or the
silhouette background counts.

2.Second, a consistency check is run on each voxel and
those that do not meet the consistency criteria are dis-
carded (marked transparent).

3.Third, the algorithm repeats the first two steps until no
voxels can be carved (marked transparent).

While the histogram technique has no parameters,
the variance-based algorithm requires a threshold setting.
For this consistency check, numerous volumes were re-
constructed using a wide range of threshold parameters.
The best produced reconstruction for each parameter was
used for the comparison. Figure 2 shows resulting recon-
structions. As can be seen, the histogram produces a better
reconstruction.

In addition, we have run our histogram reconstruction
algorithm on 14 different datasets. In each case, the
scenes reconstructed using the same parameter settings.
Figure 3 shows several of these reconstructions.

5. Conclusions

We have presented a new color consistency test for
Voxel Coloring. The new technique constructs color his-
tograms for all views of a voxel and intersects the histo-
grams pair-wise. The voxel is considered to be consistent
if all such intersections are non-empty. This contrasts with
earlier methods, some of which pool all of the information
from all of the views, and all of which compare color
variance or L; norm to a threshold. Our new consistency
test does not require parameter tuning and can robustly
reconstruct uniform and highly textured scenes.



Figure 2. Reconstruction for histogram (top)

and variance (bottom) consistency checks.
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Figure 3. Several reconstructions using the his-
togram consistency check. The left image shows
the camera view and the right is the reconstruc-

tion.



