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Abstract. In this paper, we present an adaptive multi-lateral filtering method to
increase depth map resolution. Joint bilateral upsampling (JBU) increases the
resolution of a depth image considering the photometric property of corre-
sponding high-resolution color image. The JBU uses both a spatial weighting
function and a color weighting function evaluated on the data values. However,
JBU causes a texture copying problem. Standard deviation is a measure that is
used to quantify the amount of variation or dispersion of a set of data in image.
Therefore, it includes an edge information in the each kernel. In the proposed
method, we decrease the texture copying problem of the upsampled depth map
by using adaptive weighting functions are chosen by the edge information.
Experimental results show that the proposed method outperformed compared to
the other depth upsampling approaches in terms of bad pixel rate.

Keywords: Depth map upsampling � Joint bilateral upsampling

1 Introduction

Accurate and high resolution depth sensing is an issue of the importance in a number of
applications, including 3DTV, image based rendering, view synthesis, among many
others. Various methods for acquisition of depth information have been researched and
can be classified into two types: a passive sensor based method and an active
sensor-based method. Passive depth sensing uses multi-view images to calculate depth
information [1]. In the active sensor-based methods, depth information is obtained from
the object directly using physical sensors, such as infrared ray (IR) sensors [2].
Recently, KINECT depth camera and Time-of-Flight (ToF) range camera became a
popular alternative for dense depth sensing. Although ToF cameras can capture depth
information for object in real time, but are noisy and subject to low resolutions. For
example, the current ToF camera ‘Mesa Imaging SR4000’ provides a 176 × 144 depth
map up to 30 frames per second. For the actual utilization, we need the same resolution
of the depth image and color image [3]. Therefore, an efficient depth map upsampling
method is necessary.

Several techniques have been developed to solve problems of the depth map
captured by ToF cameras. Gaussian filtering and other smoothing filtering have bad
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results in depth discontinuous region. Therefore, many depth map upsampling methods
based on edge preserving.

A joint bilateral upsampling (JBU) removes the over smooth at the depth discon-
tinuity region by adding additional information [4]. The information is an original color
image used in depth estimation. JBU uses the two weighting functions with respect to
photometric similarity of the neighbor pixels. However, there are two problems on
JBU: using the color image as a guide cause edge blurring some regions and texture
copy from the color image to the depth map. To solve these problems, noise-aware
filter for depth upsampling (NAFDU) is adaptively apply the color weighting function
based on edge information [5]. Also, Markov random field (MRF) based method is
proposed in [6]. MRF depth map upsampling defined the probability model by MRF
using color and depth information, and the model is optimized by conjugate gradient to
provide upsampled depth map.

In this paper, we propose a depth map upsampling method that uses the edge
information to decide the weighting functions. To get the edge information, we cal-
culate the standard deviation value in each kernel. Using this value, we apply the
blending function for depth map upsampling. Blending function defines the how much
contributes to the each weighting functions. By applying blending function to the depth
map upsampling, we obtain the high resolution depth map without texture copying of
color guide image. In addition, the proposed upsampling method makes high-resolution
depth map while protecting edge region.

2 Related Work

Low resolution of depth map provided by ToF cameras cause the problems in some 3D
applications making. Using the color image information for the upsampling is a valid
approach to enhance and improve the ToF data. Kopf et al. presented joint bilateral
upsampling (JBU), a modified version of the joint bilateral filter for the depth map
upsampling considers guide color image information [4]. In the JBU, the upsampled
depth map is made via the Gaussian weighted sum of neighbors within a filter kernel.
Assume that there are input low resolution depth map I, output high resolution depth
map ~S and high resolution color image ~I. Formally, the depth value ~Sp at p in an
upsampled depth map ~S is computed by JBU as Eq. (1).

~Sp ¼ 1
kp

X
q#2X

Iq# f p# � q#
�� ��� �

g ~Ip � ~Iq
�� ��� � ð1Þ

where p# and q# denote the pixel coordinate in a low resolution depth map and
p and q are denote the corresponding coordinates in the high resolution color image. X
represent the spatial neighborhood around p, and kp is a normalizing factor. In this
equation f and g respectively represent the spatial filter and range filter that have
Gaussian distribution, and �k k is an Euclidean distance operator. The final goal of JBU
is upsample of low resolution depth map while protecting the edge information.
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Although the JBU can upsampled the depth map with protect the edge region, it has
texture copy from the color image to the upsampling result. Texture copying problem is
caused by the different discontinuity information between the color and depth data.
Also, it is found in if depth sensor contains a lot of random noise. To solve this
problem, the Noise-Aware Filter for Depth Upsampling, shortly NAFDU, was pro-
posed [5]. NAFDU is a kind of adaptive multilateral filter that blends two range filters
of color and depth information. Upsampled depth value ~Sp is computed by NAFDU as
Eq. (2).

~Sp ¼ 1
kp

X
q#2X

Iq# f p# � q#
�� ��� �

a DXð Þg ~Ip � ~Iq
�� ��� �þ 1� a DXð Þð Þh Ip# � Iq#

�� ��� �� �
ð2Þ

where a denotes the blending function and DX represent the depth difference between
the minimum and maximum depth values in the each filter kernel. Blending function of
NAFDU is defined by Eq. (3).

a DXð Þ ¼ 1
1þ e�e DX�sð Þ ð3Þ

The blending function is dependent to the depth value difference (DX). So, if the DX is
increased, a is close to 1 and NAFDU works like JBU. Otherwise, NAFDU use the
depth information in the range filter, so it works like bilateral upsampling.

3 Efficient Depth Map Upsampling Using Edge Information

The proposed method modifies the conventional NAFDU. First of all, we compute the
standard deviation in filter kernel. Based on standard deviation value, we estimate the
edge region in the image. According to the edge information, we apply the blending
function for adaptive weighting. For the edge region, our proposed method works like
JBU. Otherwise, proposed method applies the bilateral upsampling using the median
filtered depth map. Figure 1 shows the overall structure of our proposed method.

3.1 Edge Region

The goal of depth map upsampling is to estimate a high quality and high resolution
depth map. It is difficult to expect a good result of depth map upsampling without
considering the edge region. In our algorithm, we use the standard deviation to get the
edge information. In statistics, the standard deviation (r) is a measure that is used to
quantify the amount of variation or dispersion of a set of data values. A standard
deviation close to 0 indicates that the data points tend to be very close to the mean of
the set, while a high standard deviation indicates that the data points are spread out over
a wider range of values [7]. Standard deviation in the filter kernel is defined by Eq. (4).
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rp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 qi �Mp
� �2
n

s
ð4Þ

where p denote the center pixel in the filter kernel and q represent the neighbor pixels in
the filter kernel. n is the number of pixels in the filter kernel. Also, we can get the mean
value in the filter kernel using Eq. (5).

Mp ¼ 1
n

Xn

i¼1
qi ð5Þ

The standard deviation is a measure of how spreads out pixel values are. In addition, it
can represent the dispersion of a set of pixel values from the filter kernel. So, we can
decide which region is the edge by using standard deviation.

3.2 Blending Function

Our proposed method use the adaptive weighting functions based on edge information.
Blending function is given by Eq. (6).

a xð Þ ¼ 1
1þ e�e x�sð Þ ; x ¼ r

rmax
ð6Þ

blending function is the distribution of the 0 to 1 [5]. Here x is the ratio between the
result of Eq. (4). and the maximum standard deviation in each kernel. The largest
standard deviation possible will be found where the largest possible gaps are. So, we
can calculate the largest standard variation very easy. The maximum standard deviation
is calculated as in Eq. (7) [8].

Fig. 1. Overall structure of the proposed method
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rmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M �min Xð Þð Þ max Xð Þ �Mð Þ

p
ð7Þ

where X represent the spatial neighborhood around p. M indicates the mean in the X
and min, max represents the minimum depth value and maximum depth value in the X:
The standard deviation distribution is normalized in 0 to 1 by consider maximum
standard deviation. Also, it can represent how much edge information is included in
each kernel. If standard deviation is very small in some region then the x have almost
zero. Otherwise, x is the close to one when the standard deviation is almost same with
maximum standard deviation. So, we can determine the edge in the filter kernel by
using the x value (Fig. 2).

3.3 Adaptive Multilateral Upsampling

Assume that there are input low resolution depth map I, output high resolution depth
map ~S, high resolution color image ~I and median filtered depth map M (in case of input
depth map captured by ToF camera). After blending function is determined, upsampled
depth value ~Sp is defined by Eq. (8).

~Sp ¼ 1
kp

X
q#2X

Iq# f p# � q#
�� ��� �

a xð Þg ~Ip � ~Iq
�� ��� �þ 1� a xð Þð Þh Mp# �Mq#

�� ��� �� �
ð8Þ

Here p and q denote the pixel coordinate in a high resolution color image and p#
and q# are denote the corresponding coordinates in the low resolution depth map. X is a
spatial neighborhood around target pixel. f, g and h are all Gaussian functions, and a xð Þ
is a blending function.

If the x is increased, a is close to 1 and proposed method upsample of low
resolution depth map while protecting the edge information. Otherwise, If the x is
decreased, a is close to 0 and proposed method use the median filtered depth map
information. Noise in ToF cameras is due to systematic errors and other sources
impacting the measurements [9]. For example, surfaces with low infrared reflectance
properties result in error region of the depth map. So, input depth map is median
filtered to reduce the amount of noise.

(a) Blending function         (b) Ground truth depth          (c) Edge region (x 0.5) 

Fig. 2. Blending function and Edge region
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4 Experimental Results

To evaluate the performance of the proposed upsampler, we used four test image sets
Cones, Teddy, Tsukuba and Venus provided by Middlebury stereo were used [10].

These data sets are omposed of color images and ground-truth depth maps as hown
in Fig. 3. So, we use the original depth map information in the range filter h. The
ground truth depth maps were downsampled by factors of 2, 4 and 8 using the nearest

Fig. 3. Image sets for experimet

 

(a) Original color image      (b) Ground truth depth map                 (c) JBU 

 

(d) MRF                              (e) NAFDU                      (f) Proposed method 

Fig. 4. Upsampled depth maps
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neighbor method. In the experiment, the length of one side in the local window for the
blending function, the length of one side in the local window for the filtering, variance
of the spatial filter rs, variance of the range filter rr were set to factor 2: 7, 7, 1, 3,
factor 4: 9, 7, 3, 8 and factor 8: 17, 11, 5, 10.

Also, e and s of the blending function were set to 50 and 0.3 in this test. The
proposed method is compared with the joint bilateral upsampling (JBU) [4], the
noise-aware filter for depth upsampling (NAFDU) [5] and the MRF-based depth up-
sampling [6]. Figure 4 shows the upsampled depth maps of Cones of the scaling factor
4.

Although the JBU can reconstruct depth edges, it has texture copying problem. So,
proposed method use the adaptive weighting functions based on edge information
(Fig. 5).

(a) Original color image                             (b) JBU          (c) Proposed method 

Fig. 5. Enlarged texture copying area

Table 1. Performance comparison

Dataset Scale JBU MRF NAFDU Proposed

Cones 2× 2.50 2.84 2.49 1.92
4× 4.31 4.12 4.42 3.84
8× 10.01 10.02 10.02 10.01

Teddy 2× 4.41 4.81 4.44 4.09
4× 6.12 6.48 6.09 6.01
8× 11.12 11.21 11.19 11.09

Tsukuba 2× 3.41 4.71 3.44 2.92
4× 5.31 5.39 5.31 5.12
8× 8.84 8.69 8.94 8.21

Venus 2× 0.83 1.12 0.93 0.26
4× 0.92 1.2 0.91 0.76
8× 3.81 4.05 3.80 3.73
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For an objective evaluation of the depth maps, the bad pixel rate (BPR), whose
absolute difference is greater than 1, was used.

Table 1. show the result of the BPR(%) comparison. According to the results, the
proposed method outperforms the conventional algorithms in terms of the BPR for all
the scaling factors and all the tested images.

5 Conclusion

In this paper, we have proposed a multilateral depth map upsampling method for low
resolution depth maps. The proposed upsampler is based on edge information, and we
define the edge region that considers standard deviation in the image. After that, our
proposed method use the adaptive weighting functions based on blending function. It is
an efficient method because it increases depth map resolution while protecting the edge
region. In addition this method can solve the texture copying problem. From the
experimental results, the proposed method outperformed compared to the other depth
upsampling approaches in terms of bad pixel rate.
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