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a b s t r a c t

Over the last few decades, surveillance applications have been an extremely useful tool to
prevent dangerous situations and to identify abnormal activities. Although, the majority of
surveillance videos are often subjected to different noises that corrupt structured patterns
and fine edges. This makes the image processing methods even more difficult, for
instance, object detection, motion segmentation, tracking, identification and recognition
of humans.

This paper proposes a novel filtering technique named robust bilateral and temporal
(RBLT), which resorts to a spatial and temporal evolution of sequences to conduct the
filtering process while preserving relevant image information. A pixel value is estimated
using a robust combination of spatial characteristics of the pixel's neighborhood and its
own temporal evolution. Thus, robust statics concepts and temporal correlation between
consecutive images are incorporated together which results in a reliable and configurable
filter formulation that makes it possible to reconstruct highly dynamic and degraded
image sequences.

The filtering is evaluated using qualitative judgments and several assessment metrics,
for different Gaussian and Salt–Pepper noise conditions. Extensive experiments consider-
ing videos obtained by stationary and non-stationary cameras prove that the proposed
technique achieves a good perceptual quality of filtering sequences corrupted with a
strong noise component.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Automated surveillance systems usually resort to station-
ary sensors to monitor the environment; however, the
number of research works that propose surveillance
applications based on non-stationary cameras is increasing.
The presence of noise in videos affects subsequent image
processing phases, such as three-dimensional reconstruction,
registration, classification of objects, motion segmentation

and analysis, tracking, identification and recognition of
humans. Thus, denoising is an extremely important pre-
processing phase that is used to improve the perceptual
appearance of images; however, a trade-off between noise
reduction and data preservation is important to enhance the
characteristics of images that are relevant for high level
algorithms.

Despite recent improvements in the color filter array
[6,32], realistic surveillance sequences often have a low
signal-to-noise ratio (SNR) [30] since they are commonly
corrupted with noise that can be approximated by Gaussian
and Salt-and-Pepper noise [8]. This paper presents an image
denoising technique called robust bilateral and temporal
filter (RBLT) that meets the visual requirements of a surveil-
lance system based on a mobile robot. This namewas chosen
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because the technique follows and enhances the bilateral filter
(BL) formulation of Tomasi and Manduchi [31]. The original
formulation [31] is completely reformulated using robust
estimation principles, for instance, non-quadratic estimators
are incorporated into the filter formulation. This makes the
filter more robust to the presence of outliers (usually, noise
components) while preserving structural information of the
image sequence. These two aspects are the major require-
ments for a denoising technique used in robotic-based sur-
veillance systems. In addition, a temporal component is also
incorporated into the filter formulation, which increases the
filter's ability to remove strong noise components. The major
advantage of using spatial and temporal information in videos
is the possibility of achieving filtering performances that
otherwise would hardly be obtained. This means that tem-
poral information can be used to infer the noise component
that corrupts the current image if there is a reliable correlation
for the brightness evolution of pixels between consecutive
images. Therefore, the RBLT measures the reliability of tem-
poral information of the brightness evolution and uses spatial
information about the neighbors, which are weighted using
non-quadratic norms to evaluate the similarity and to esti-
mate the free-noise value of each pixel.

Contributions of this paper include the following:

1. An innovative spatiotemporal filtering technique that
can be used by stationary and non-stationary surveil-
lances or robotic applications.

2. A measurement of the photometric similarity based on
robust error norms.

3. A temporal filtering component based on the temporal
coherence assumption with a self-evaluation mechan-
ism to detect and treat violations of this assumption.

4. A filtering technique with a performance less influ-
enced by outliers and by the type of noise that corrupts
the sequence.

5. Filtering with a better trade-off between noise reduc-
tion and data preservation which is especially recom-
mended for denoising images with low SNR. Thus, the
filter does not create ghosts or strange artifacts in the
denoised image that compromise the segmentation
process (especially, the motion segmentation).

6. A filtering technique that enhances videos corrupted by
Gaussian and Salt-and-Pepper noise, in a very competi-
tive manner when compared to other state-of-the-art
techniques (especially designed for each type of noises).

7. Extensive qualitative and quantitative evaluation by
considering several baseline filters.

The experimental results include the analysis of the
proposed denoising technique in several contexts: a com-
parison to state-of-the-art methods, and an evaluation and
discussion of the behavior of the RBLT in real and practical
surveillance applications. Therefore, important conclusions
are obtained about the usefulness of the filter for different
types of videos and noise. In previous experiments, the
bilateral filter and the spatiotemporal versions of the
Gaussian average and the median filter are considered
baseline methods. The performance of the RBLT method is
evaluated using sequences corrupted by Gaussian and

Salt–Pepper noise. The quality of distorted images is vali-
dated using subjective visualizations and several objective
assessment metrics, namely, the root mean square error
(RMSE), the signal-to-noise ratio (SNR) and especially the
peak signal-to-noise ratio (PSNR) and the structural simi-
larity (SSIM). Experimental considerations indicate that
filtering corrupted sequences using the “robustification” of
the temporal correlation between consecutive images is
computationally rewarding and represents an alternative to
the state-of-the-art techniques. The filtering properties and
edge preserving capabilities of the proposed filter can lead
to a potential accuracy enhancement of motion segmenta-
tion and contribute to future developments in automated
surveillance applications.

The paper is organized as follows. Section 1.1 presents a
brief review of the latest spatiotemporal filtering techni-
ques. Sections 1.2 and 1.3 introduce the Gaussian and
bilateral formulation, respectively. Section 2 presents the
proposed RBLT filtering technique in detail: Section 2.1
shows the formulation based on robust estimation methods
and Section 2.2 describes the incorporation of the temporal
contribution. Section 3 presents the experimental results of
the RBLT: the proposed method is compared to state-of-
the-art video denoising techniques in Section 3.1. Later, a
set of experiments is conducted in order to evaluate the
performance of the RBLT under realistic surveillance videos:
Section 3.2 shows the filtering results of videos captured by
a stationary surveillance application; Section 3.3 presents
the filtering results for videos obtained by a mobile robotic-
based surveillance system. Finally, the major conclusions of
this research are presented in Section 4.

1.1. Related work

In the literature, many researchers have proposed
denoising methods based on the average filtering, median
filtering [27,37], non-linear diffusion [17], non-linear total
variation [13,33], non-local means filters [35], wavelet
[16,1], multi-scale filtering [16,38], morphological opera-
tors [20,11] and bilateral filtering.

The bilateral filtering is commonly used in computer
vision due to its denoising properties and ability to
preserve data. Several bilateral-based formulations have
been proposed [29,38,18,37] over the last few years. In fact,
an extension of the bilateral filter based on multi-resolu-
tion with wavelet transform sub-band mixing is proposed
by Zeinab and Yasser [16]. Their technique achieves better
results than the BL filter. The improvement was 0.1029 dB
(SNR), 1.1292 dB (PSNR) and 3.3809 (MSE) for a Gaussian
noise with a standard deviation equals to five. Shyam
Anand and Sahambi [1] use the undecimated wavelet
transform to obtain the coefficients. Then, a bilateral filter
is applied to the transformed approximation in order to
preserve relevant edges and to remove the noise. The
results obtained by the technique are visually acceptable
since the denoising level appears to be high. However,
their research fails at performing a qualitative comparison
between other filters and, therefore, it is difficult to
quantify the improvement of the proposed approach. Liu
et al. [14] have demonstrated that the domain parameter
of the bilateral filter should be adjusted to 1.95sn in order
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