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In this paper, we present a new denoising method for the depth image of a time-of-flight (ToF) camera,
based on weighted least squares (WLS) framework. The common method for ToF depth image denoising
is to use bilateral filter. However, the ability of bilateral filter in edge preservation would be reduced
while we attempt to smooth out larger spatial scale noise. In order to avoid this problem and preserve
the edge information as much as possible, we introduce a new way to construct edge-preserving ToF
depth image denoising based on WLS. We are to our knowledge the first to present a WLS-based method
for ToF depth image denoising. Experimental results demonstrate that compared with bilateral filter, our
proposed algorithm not only achieves better performance in edge preservation, but also improves the

PSNR values of the denoised images by 0.5-2.6 dB.

© 2014 Elsevier GmbH. All rights reserved.

1. Introduction

In the last few years, time-of-flight (ToF) cameras [1] have
become popular to retrieve depth information from 3D scenes.
The main characteristics of ToF cameras are high frame rate, good
consistency of the produced depth map, good accuracy and low
computational requirements. However, for the majority of practi-
cal applications, direct usage of the raw data obtained from ToF
cameras is not feasible as the presence of high noise levels which
would reduce the precision of distance measurement, so there is a
need to denoise the ToF depth image before further processing.

Alarge number of methods have been proposed for noise reduc-
tion in ToF depth image. In [2] the authors present three methods
which are standard median filter, uniform low-pass filter and recur-
sive temporal filter for the denoising of depth images acquired by
ToF cameras. While these methods significantly reduce the vari-
ance of the depth measurements, they also produce spatial and
motion blur.In[3], temporal averaging is used to reduce the amount
of noise prior to the super-resolution of the depth images. In [4]
the authors present a method based on the non-local means filter
to reduce noise of ToF depth data. Another recent depth images
denoising methods are presented in [5-8]. These methods are
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mainly based on bilateral filter or wavelet techniques, combined
with appropriate noise models. Despite the recent improvements
to noise reduction for depth images in the image processing litera-
ture, bilateral filter is the common choice for depth data denoising
[9]. However, while this filter is well suited for noise removal and
edge-preserving at a fine spatial scale, it would trade off its edge
preservation abilities with its smoothing abilities at the larger spa-
tial scale, which we would explain in Section 2.

In this paper we advocate an alternative edge-preserving
method based on weighted least squares (WLS) framework for the
denoising of depth image acquired by ToF cameras. This frame-
work was originally used to control ringing during de-blurring
of noisy images [10]. Recently, this framework was employed
for edge-preserving multi-scale image decomposition [11]. The
main goal of the proposed algorithm is to achieve both finer
and coarser smoothing while preserving the step edges. Exper-
imental results demonstrate that compared with bilateral filter,
our proposed algorithm provides better performance in edge-
preserving while reducing the noise for both simulated data
generated from Middlebury stereo database and real ToF depth
data.

The rest of the paper is organized as follows: In Section 2, we
examine the characteristics of the bilateral filter in edge preser-
vation and noise reduction at different spatial scales. In Section
3, we describe the proposed weighted least squares algorithm
and compare it with bilateral filter. In Section 4, we report the
experimental results we have obtained by applying the proposed
algorithm on both the simulated data generated from Middlebury
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stereo database and real data taken with a ToF camera from PMDTec
CamCube. Finally, In Section 5, we present our conclusions.

2. Characteristics of bilateral filter

As described above, the bilateral filter [12] has recently been
used as the de facto method for depth images denoising. Bilateral
filter is a non-linear filter, where each pixel in the filtered result
is a weighted mean of its neighbors, with the weights decreasing
both with spatial distance and with difference in value. Assume
the position of a noisy image’s pixel is p and the pixel value is I(p).
The local neighborhood set of p which may have influence on I(p)
is denoted as S(p). Then the bilateral filter can be formulated as
follows:
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where W), is the normalization factor.
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where Gg, is a spatial Gaussian that decreases the influence of dis-
tant pixels, and G, is a range Gaussian that decreases the influence
of pixels g with a large intensity difference. The bilateral filter is
controlled by two parameters &s and §;. s determines the spa-
tial support and §; controls the sensitivity to edges. In order to
explain the characteristics of the bilateral filter clearly, we repeat
an experiment performed in[11], on a grayscale image with several
step-edges of varying magnitude that is polluted with noise at two
scales (see Fig. 1(a)). For clarity, we visualize the image intensities
using a color map (see Fig. 1(b)). Fig. 1(c) shows the result of apply-
ing the bilateral filter with a small §s which manages to smooth out
most of the fine scale noise while keeping the edges mostly sharp. In
Fig. 1(d), we attempt to smooth out the larger spatial scale noise by
increasing only &s, but reintroducing some fine scale noise into the
denoised image, particularly near the edges. In Fig. 1(e) and (f), we
increase both &5 and §;, the denoised results show that increasing 6,
could reduce the ability of the bilateral filter to preserve edges, and
some of them become blurred. In summary, bilateral filter would
trade off its edge-preservation abilities with its smoothing abilities.

3. Proposed method

In order to avoid the drawback of the bilateral filter, we
introduce a new way to construct edge-preserving depth image
denoising based on weighted least squares framework. Given an
input noisy depth image g, we seek a denoised image u which is
as close as possible to g and as smooth as possible everywhere
except atregions where the gradient of g is large. Formally, this may

(a) input image (b) visualization
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be expressed as seeking the minimum of following mathematical

model in [11]:
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where the subscript p denotes the spatial location of a pixel. The
goal of the data term (u, — gp)? is to minimize the distance between
u and g, while the regularization term is to achieve smoothness by
minimizing the partial derivatives of u. A is used to balance the two
terms; increasing the value of A results in progressively smoother
images u. The smoothness requirement is enforced in a spatially
varying manner via the smoothness weights ax and ay, which are
defined in [13]:

aw®=<§mW+Q

where lis the log-luminance channel of the input noisy depth image
g, the exponent a determines the sensitivity to the gradients of g.
For real ToF depth images, since the edges in original depth image
are always not clear enough compared with color image, the expo-
nent a for g should be set to a large one to ensure that it can detect
the edges in depth images more effectively, while A should be
decreased along with the increase of a to avoid over smoothing
edges. ¢ is a small constant that prevents division by zero in areas
where g is constant. The vector u that minimizes Eq. (3) is defined
as the solution of the linear system:
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ax,p(g) = (lgﬁ(p)la + 8) (4)

(I + M(DfAxDx + D] AyDy))u = g (5)

where I is identity matrix. Ax and A, are diagonal matrices which
contain the smoothness weights ax(g) and ay(g). The matrices Dy
and Dy are forward difference operators, hence D} and D are back-
ward difference operators, which means that D AxDy + D] A,Dy is
a five-point spatially inhomogeneous Laplacian matrix and there
is a fast solution method presented in [14]. Eq. (6) shows that u is
obtained from g by applying a non-linear operator which depends
ong:

-1
u = (I+A(DfA«Dx + DjAyDy)) g (6)

In order to compare the characteristics between bilateral filter
and the proposed method, we apply the proposed method to the
same image in Fig. 1(a). Fig. 1(g) and (h) is the denoised results by
using the proposed method with different a and A. These results
show that the proposed method can achieve both finer and coarser
smoothing while preserving the step edge compared with bilateral
filter. In next section we will demonstrate these characteristics by
using simulated data and real ToF depth images.
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Fig. 1. Results of applying bilateral filter and proposed method on a noisy image.
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