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ARTICLE INFO ABSTRACT

Am'd_e history: In recent years, there has been great progress in the wider use of three-dimensional (3D)
Received 11 February 2016 technologies. With increasing sources of 3D content, a useful tool is needed to evaluate
Revised 28 August 2016 the perceived quality of the 3D videos/images. This paper puts forward a framework to
Accepted 1 September 2016 . . . . .
: ) evaluate the quality of stereoscopic images contaminated by possible symmetric or asym-
Available online 2 September 2016 .. " . . . L
metric distortions. Human visual system (HVS) studies reveal that binocular combination
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models and visual saliency are the two key factors for the stereoscopic image quality as-
sessment (SIQA) metric. Therefore inspired by such findings in HVS, this paper proposes
a novel saliency map in SIQA metric for the cyclopean image called “cyclopean saliency”,
which avoids complex calculations and produces good results in detecting saliency regions.
Moreover, experimental results show that our metric significantly outperforms conven-
tional 2D quality metrics and yields higher correlations with human subjective judgment

than the state-of-art SIQA metrics. 3D saliency performance is also compared with “cyclo-
pean saliency” in SIQA. It is noticed that the proposed metric is applicable to both sym-
metric and asymmetric distortions. It can thus be concluded that the proposed SIQA metric
can provide an effective evaluation tool to assess stereoscopic image quality.

© 2016 Published by Elsevier Inc.

1. Introduction

Visual information plays an important role in information acquisition in our daily lives. Over the past few decades, con-
siderable stereoscopic technologies have been invented and commercialized [32,36,38]. However, new issues and challenges
have also emerged with their development. During stereoscopic content creation, transmission, processing and display, var-
ious distortions causing visual fatigue and visual discomfort may be introduced. Consequently, it is necessary to develop an
effective tool to measure the quality of stereoscopic images.

SIQA, like the quality assessment of monocular images (IQA), can be categorized into subjective and objective methods.
Subjective assessment of stereo images represents the direct reflection of the HVS, and thus it is regarded as the most
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reasonable assessment method. In recent years, research using subjective experiments has achieved steady development and
various factors that may affect stereoscopic perception have been investigated. However, subjective tests are time-consuming
and require many duplicate experiments with a large number of participants. Therefore, objective metrics, which can be used
to reliably predict the perceived quality of stereo images, has attracted significant attention from scholars and experts.

There are a number of 2D-IQA metrics with competitive performances in IQA. They can be divided into several cate-
gories: structural similarity based IQA metrics(e.g. structural similarity (SSIM) [50]; distortion distribution-based structural
similarity (ADD-SSIM) and distortion distribution-based structural similarity (ADD-GSIM) [15]); deep learning based blind
image quality assessment frameworks [20,23]; and natural scene statistics based metrics [11,16]. The multi-scale Geometric
Analysis method [12], mimics the HVS and free-energy-based brain theory in IQA, investigating which classical HVS-inspired
features could be used to evaluate the image quality [21]. Inspired by that the human visual system (HVS) exhibits obvi-
ous orientation selectivity mechanism for visual content extraction, Wu et al. proposed a reduced-reference IQA [52]. These
metrics can only be used to evaluate the image quality before and after coding from one viewpoint. However, they fail to
consider strong correlations with standard disparity from two adjacent viewpoints. Hence, a new objective quality assess-
ment metric for stereoscopic images is needed.

However, it is not easy to design an accurate SIQA metric due to the disparity and depth. The earliest study attempting
to evaluate the quality of stereo images simply applied 2D-IQA to their metrics. In our previous work [53], we found that
the absolute disparity map approximately reflects the disparity and depth. Therefore we proposed an objective metric for
stereoscopic images by combining this discovery. As stereoscopic images are different from plain images due to additional
depth information, You et al. [56] investigated the possibility of applying some common 2D quality metrics in SIQA, while
also taking depth information into consideration. A similar approach was also adopted by Benoit et al. [3], in which 2D-IQA
metrics were augmented with disparity information.

Other metrics in the literature simulated the perceptual route of our visual system to process input signals. Shao et al.
[46] divided stereo images into monocular regions, binocular fusion regions and binocular suppression regions. Furthermore,
the overall quality was given as the linear summation of the three regions. By simulating monocular and binocular visual
perception and analyzing the monocular-binocular feature fidelity induced index, another SIQA algorithm was proposed in
his research [44]. Realizing that the neuronal responses are directly implicated in both the control and experience of 3D
perception, Park | et al. developed a model-based neuronal and statistical framework that automatically predicts the level of
visual discomfort [39].

Several metrics that took the theory of binocular combination into consideration were investigated. In the subsequent
work of Shao, the binocular receptive field properties in line with human visual perception were introduced into quality as-
sessment [45]. Maalouf et al. [34] presented the definition of “cyclopean image”. They integrated left and right images into a
cyclopean image to simulate brain perception, after which they used contrast sensitivity coefficients of the produced cyclo-
pean image to derive a quality. Moreover, Chen et al. [4] proposed a cyclopean full reference metric that is able to account
for binocular rivalry. Lin et al. [33] adopted three quality components in their metric to evaluate the quality of stereoscopic
video, namely the cyclopean view, binocular rivalry, and the scene geometry. Wang et al. [49] set up a new subjective SIQA
database and proposed a binocular rivalry inspired model to predict the quality of stereoscopic images. In addition, Gu et al.
[18] introduced a metric based on the analysis of autoregressive model parameters to characterize the sharpness as an in-
dex to evaluate image blur, after which the metric was extended to assessing the sharpness of stereoscopic images. These
metrics have been shown to outperform the former metrics (e.g [3,53,56].) in predicting the quality of stereoscopic images,
especially in the case of asymmetric distortions.

Since HVS is the ultimate assessor of image quality that takes into account a variety of visual characteristics, it has
become another important factor affecting how to choose salient features. Li et al. developed an unsupervised feature selec-
tion algorithm to select the most useful features by integrating cluster and sparse structural analysis into a joint framework,
while also experimentally demonstrating the effectiveness of the proposed algorithm [31]. In [30], a Robust Structured Sub-
space Learning (RSSL) algorithm was presented to uncover an appropriate latent subspace for data representation. Muham-
mad et al. [41] proposed a feature selection algorithm avoiding the positive region to replace the conventional dependency
measure. Image understanding and feature learning were first integrated into a joint learning framework. This framework
was then applied to several image understanding tasks and shown to achieve good performance.

For a large number of visual characteristics, the saliency map is particularly important. This is because HVS tends to
select the most relevant information from a visual scene. Zhang et al. has demonstrated that the current soundness of
visual saliency modelling is sufficient for IQA to yield a statistically meaningful gain in their performance [59]. Based on
this evidence, we consider visual saliency to be a factor in IQA. Meanwhile, we attempted to find an efficient 3D metric to
detect saliency regions that would affect the performance of SIQA. However, evaluation metrics that consider the significance
of image are based on 3D saliency maps and extraction is both difficult and tedious. In order to overcome this shortcoming,
a simple but efficient saliency detection metric is set to be in line with HVS.

In this paper, inspired by previous work on cyclopean images, a full reference quality assessment metric is proposed
based on binocular combination and visual attention. In this proposed metric, we take advantage of several existing binoc-
ular combination models and propose a novel method that synthesizes two saliency maps to a cyclopean image, thereby
predicting the saliency of binocular combination. The main innovations of our paper are as follows: (1) A proposed saliency
map for stereoscopic images based on binocular combination models, defined as “cyclopean saliency”. The definition of “cy-
clopean saliency” then leads to the development of a new idea for computing the saliency of stereoscopic images. (2) We
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