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PII: S0140-3664(17)31268-9
DOI: 10.1016/j.comcom.2018.04.016
Reference: COMCOM 5692

To appear in: Computer Communications

Received date: 3 December 2017
Revised date: 22 March 2018
Accepted date: 24 April 2018

Please cite this article as: Almudena Sánchez, Matı́as Toril, Marta Solera, Salvador Luna-Ramı́rez,
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Abstract

Understanding the most relevant factors influencing the end user experience is key to design and manage multimedia
services in mobile networks. Thus, user demand can be dealt with efficient strategies of resource management. In
this paper, a comprehensive analysis is carried out to evaluate the Quality of Experience (QoE) obtained by three-
dimensional (3D) video codecs in mobile terminals. The analysis covers the most widespread 3D video coding
formats, namely the frame-compatible Side-by-Side (SbS) and Multiview Video Coding (MVC) schemes. The analy-
sis considers both subjective and objective measurements over compression strategies that combine bit rate reduction
and frame-rate dropping. Subjective tests are done by presenting 3D video sequences with different coding parame-
ters to users who judge image quality, depth perception and visual comfort. For this purpose, a mobile phone with
autostereoscopic screen is used. Then, mean opinion scores are compared with objective measurements obtained by
a video quality measurement tool. Results show that MVC outperforms SbS in terms of image quality. However,
when internal parameter settings are set to very restrictive configurations, the impairment of the original image are
similar for both codecs. Likewise, results show that the reduction of the video bit rate is the key parameter control-
ling video quality, and that the use of frame-rate dropping is not enough to counteract the impairment introduced by
bit rate reduction. Finally, it is confirmed that a simple QoE indicator for 3D video can be obtained from objective
measurements.

Keywords: 3D video, Codecs, Mobile terminals, Subjective, Objective

1. Introduction

In the last decade, advances in consumer electronics
have led to an unprecedented growth in the number
of applications and devices in telecommunication net-
works. Youtube, Vine, and social media applications,
such as Facebook, Instagram or Snapchat, allow users
to upload, watch and share videos. As a result, video
content has become a major contributor to Internet traf-
fic, and it is expected that video traffic will be 80% of
all consumer Internet traffic by 2019 [1].

In parallel, the introduction of tablets and smart-
phones has paved the way for new multimedia mobile
services. New mobile terminals make it easier to watch
and share videos, which has become a daily activity
for many users. Mobile video is forecast to grow from
50% in 2015 to 70% in 2021 of all mobile data traffic
[2]. Thus, mobile networks have to cope with the huge
amount of data and strict performance requirements as-
sociated to video services.

The blooming of video applications in the enter-
tainment area has also favoured the return of on-and-

off technologies, such as three-dimensional (3D) video,
which re-started in 2009 with the Avatar film. There-
after, a large number of productions have been dis-
tributed in 3D format. 3D video has not only found
its way into films, but it has also jumped into other ar-
eas, such as medicine (e.g., to help in surgery [3] or
diagnosis [4]), sports (e.g., for advanced player perfor-
mance analysis [5] or for investigation purposes (e.g.,
to monitor animal behaviour [6]). Furthermore, 3D de-
vices have evolved from the first 3D television sets at
home to intelligent 3D-capable mobile terminals with
autostereoscopic screens [7],[8].

To provide a successful 3D video service, it is neces-
sary to somehow measure user’s satisfaction or Quality
of Experience (QoE), understood as how well a service
meets customers goals and expectations, rather than fo-
cusing only on network performance, which was the
goal of Quality of Service (QoS) [9].

In this paper, a thorough study of the Quality of Ex-
perience (QoE) provided by 3D video codecs in mo-
bile terminals is presented. Two of the most well-
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known standards for 3D video coding, namely frame-
compatible Side-by-Side (SbS) format and Multiview
Coding (MVC), are analysed by performing both sub-
jective and objective measurements. Subjective assess-
ment is carried out by means of a smartphone with
an autostereoscopic screen. In that terminal, observers
are provided with a comprehensive set of 3D video
sequences corresponding to different coding parameter
configurations that reduce both bit rate and frames. The
aim is to evaluate several 3D video aspects, such as im-
age quality, depth quality and visual comfort. Subjec-
tive measurements, measured as mean opinion scores
(MOS), are compared with classical objective measure-
ments, such as Peak Signal-to-Noise Ratio (PSNR) and
Multi-Scale Structural Similarity (MS-SSIM), obtained
by a publicly-available video quality measurement tool.

1.1. Related work
Distributing high-quality 3D video content requires a

large bandwidth. Thus, researchers have focused their
efforts on the development of efficient 3D coding tech-
niques to reduce the amount of transmitted data [10]. A
first approach, referred to as Simulcast, consist of dis-
tributing a full-resolution stereo video by two indepen-
dent views of maximum quality in parallel. Thus, com-
putational load is kept to a minimum, although data rate
is doubled compared to conventional 2D video.

Alternatively, frame-compatible formats were born
to restrict the data flow of the video representation by
combining sub-sampled versions of the left and right
views into a single frame, which can then be coded
with conventional 2D video codecs, such as MPEG2,
H.264/MPEG4 Part 10 Advanced Video Coding (AVC)
[11] or High Efficiency Video Coding (HEVC) [12].
Thus, operators can still use the existing infrastruc-
ture to introduce stereoscopic services at the expense of
slightly deteriorating 3D video quality. An intermediate
approach is Mixed Resolution Stereo Coding (MRSC),
where the resolution of one view is reduced to exploit
that the perceived quality of stereoscopic video with
views of different sharpness is rated by the observer
close to the sharper view [13].

More advanced schemes specifically designed for 3D
video, such as H.262/MPEG2 Multi-View Profile [14]
and H.264/MPEG4 Multiview Video Coding (MVC)
[11], make use of differential coding between left and
right view to exploit inter-view redundancy (stereo
video). Nonetheless, the resulting coding rate is still
50 % larger than that of a single view [15] because
the information related to view’s differences is also sent
in order to restore the secondary view in the decoder.
Alternatively, depth-based coding schemes (V+D, for

video and depth) [16] [17], add depth information (usu-
ally, a greys map) to a classical 2D video stream, en-
abling depth-image-based rendering (DIBR) of addi-
tional viewpoints in the decoder to generate the 3D
video representation with full resolution. The result-
ing coding rate is only 10-20% higher than conventional
video.

Another important issue of 3D video is the need for
new metrics to assess video quality. Subjective metrics
for stereoscopic video have significant differences com-
pared to 2D video metrics, due to the clever way the hu-
man visual system handles similarities and dissimilari-
ties between views. A first difference is the inclusion of
depth information in video sequences, for which several
video databases exist in the public domain [18]. More-
over, subjective 3D video assessment requires evaluat-
ing new indicators, in addition to picture quality, such as
depth quality, naturalness, emotion, sense of presence or
even the price of the network service, as recommended
in ITU-BT.2021-1 [19]

Likewise, objective 3D video quality metrics also
differ from those of 2D, since 3D video presents sig-
nificantly different quality issues that are not encoun-
tered or do not have their equivalent in 2D. A naive
approach to build 3D metrics from already existing 2D
measurements is to average the value of any objective
metric (e.g., Peak Signal-to-Noise Ratio [20], Structural
Similarity [21], Moving Picture Quality Metric [22], or
Video Quality Model [23]) for the left and right views
[24]. More refined metrics take into account the proper-
ties of 3D vision (e.g., disparity [25] or binocular depth
[26]). However, the latter are not currently available
in open access measurement tools. In this work, the se-
lected objective measurements are PSNR and MS-SSIM
(described in detail in later sections), the latter being a
multi-scale variant of Structural Similarity index. These
measurements commonly used in video assessment are
available in several publicly available video measure-
ment tools, allowing the reader to replicate the study
presented here. Furthermore, these tools allow the use
of common video file formats (e.g., mp4, yuv, avi . . . ).
Thus, there is no need of a preprocessing stage where
the original video format is modified to compute the de-
sired objective metric.

Regarding the novelties that this article provides,
multiple references have evaluated the performance of
3D video coding schemes on large screen formats with
objective [27][15], or subjective tests [28] [29][30].
However, few studies have extended the analysis to mo-
bile phones with small autostereoscopic screens, where
not only screen size impacts MOS scores, but also other
factors such as the maturity of the 3D technology or user
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familiarity with autostereoscopic screens. In [31] and
[32], several stereoscopic coding schemes suitable for
mobile devices are compared based on objective met-
rics, such as rate-distortion curves and computational
complexity. These studies aim to find the best codec
parameter settings depending on processing power and
memory of the mobile device. However, these studies
do not take into account the user subjective perspec-
tive. Reference [33] presents subjective measurements
of 3D video over a Long Term Evolution ( LTE) network
under packet losses following a Gilbert-Elliot Channel
Model. However, it does not consider bit rate variations
in the network and source, which is an important param-
eter affecting video quality.

A more comprehensive analysis of the experience
provided by 3D codecs in mobile phones is presented
in [34] [35]. It was shown there that the use of the high
coding profile (i.e., hierarchical B-frames and context-
adaptive binary arithmetic coding) can provide the same
quality as baseline profile with lower bit rates. Our
study extends the results in [34] [35] by also including
frame dropping as a rate reduction scheme to check if
a combination of both bit rate and frame dropping can
obtain a higher QoE.

The rest of the paper is organized as follows. Sec-
tion 2 reviews 3D video compression techniques. Sec-
tion 3 describes the assessment methodology used in
this work. Section 4 presents the results of the subjec-
tive assessment of 3D video coding approaches carried
out with real observers. Section 5 presents the results
of objective measurements. Section 6 compares the re-
sults of subjective and objective tests. Finally, Section 7
presents the main conclusions of the study.

2. 3D Video Coding

This section describes the 3D video coding schemes
used in this work. The selected coding formats include
a scheme that makes use of existing 2D video codecs
(frame-compatible Side-by-Side, SbS) and a scheme
based on a base view (Multiview Video Coding, MVC).
Both schemes have been standardized and provide back-
ward support to legacy devices. For this reason, SbS
and MVC have become the most widespread 3D video
schemes.

2.1. Side-by-Side

In frame-compatible formats, the stereo video signal
is a multiplex of the two views into a single frame (or a
sequence of frames). To keep the same sequence size,
the left and right views are sub-sampled and merged.

Decimation can be done in the spatial or temporal do-
main. In the former case, the two views are decimated
horizontally or vertically and stored in a side-by-side
(SbS), top-and-bottom (TaB) or line/column-interleaved
format [36]. In the latter case, the left and right views
are interleaved as alternating frames or fields. Both op-
tions are referred to as frame sequential and field se-
quential schemes, respectively [37].

Figure 1 shows how SbS exploits spatial redundancy
to reduce the horizontal resolution into a single frame.
The process begins at the encoder by low-pass filtering
the image of each view to reduce aliasing before sub-
sampling. Then, the left and right views are decimated.
Decimation can be performed by taking the same po-
sition of pixels in both views (referred to as common
decimation) or alternated positions (e.g., odd columns
in left view and even columns in right view) [37]. Then,
the sub-sampled versions of the views are merged into a
single frame. At the decoder side, de-multiplexing and
interpolation is carried out to reconstruct the two views.
To facilitate the adoption of frame compatible formats,
the H.264/AVC standard introduced a new Supplemen-
tal Enhancement Information (SEI) message to signal
the frame packing arrangement and the view order used
[11]. From these messages, a decoder can recognize the
format and apply suitable image processing techniques
(e.g., scaling, denoising or color-format conversion).

2.2. Multiview Video Coding

Multiview Video Coding (MVC) [11] is an exten-
sion of the Advanced Video Coding (AVC) standard,
designed for coding a video sequence captured by mul-
tiple cameras. MVC exploits temporal and inter-view
redundancy by interleaving camera views and using dif-
ferential coding between frames and views. For in-
stance, MVC can be used to reduce the transmitted data
of multi-view video to ensure a robust transmission over
wireless networks despite the high bandwidth require-
ment and time-varying channel quality [38].

Figure 2 shows an example of operation of the MVC
Stereo High Profile. Each view consists of an or-
dered sequence of intra-coded (I), predicted (P) and bi-
directionally predicted (B) frames, in a repetitive pat-
tern known as group of pictures (GOP). Additionally,
MVC applies differential coding between the left and
right views to eliminate inter-view redundancy. To re-
duce complexity, MVC does not allow the prediction of
a picture in one view at a given time using a picture from
another view at a different time.

The MVC decoding process requires several addi-
tions to the H.264/MPEG-4 AVC standard [36]. As
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Figure 1: Side-by-Side coding method.

in H.264, MVC encoders can be configured to differ-
ent levels, each defining constraints on the generated
bitstream to reduce decoding complexity. For MVC,
the high-level syntax defined by H.264/MPEG-4 AVC
is enriched with a multi-view extension of the sequence
parameter set (SPS) providing view identification and
view dependencies. Likewise, MVC profiles determine
the subset of coding tools that must be supported by
conforming decoders. There are two profiles defined by
MVC: the Multiview High profile, to support multiple
views, and the Stereo High profile, only for two views.
In both profiles, the base view can be encoded using ei-
ther the High profile of H.264/MPEG-4 AVC, or a more
constrained profile known as the Constrained Baseline
profile.

3. 3D Video Quality Assessment Methodology

In this section, the experimental methodology used
to evaluate the performance of different 3D codecs on
the screen of a mobile device is presented. Experiments
include both subjective and objective tests.

3.1. Test material

A proper selection of the video sequences is key for
quality assessment. In this work, the following crite-

Figure 2: MVC coding method.

ria are used to construct the set of sequences in the tests
[39][40]: a) avoid sequences with distracting content, b)
combine real and animated sequences, as they respond
differently to compression algorithms, c) include se-
quences with different planar motion (e.g., quick or slow
movement), d) avoid sequences causing visual discom-
fort and/or eyestrain on the observer, which is achieved
by limiting depth in the 3D scene, and e) use a suffi-
ciently large number of sequences to ensure reliable re-
sults, but not too many to shorten the display sessions
(note that multiple coding approaches have to be tested
for each sequence).

The three chosen videos in the tests are taken from the
Mobile3DTV project server [18]. The original videos
are provided as two separate raw sequences, called
views (i.e., left and right views). These can be played
by specific YUV players (e.g., Yuv Player Deluxe or
OpenEyeViwer). Table 1 shows the main properties of
the sequences. Flower is a pop-out sequence of a flower
blooming. Bullinger is a single front shot of a man
talking, which might be representative of a videoconfer-
ence. Finally, Rope is an animated video of a skipping
rabbit. All of them have low spatial resolutions adapted
to the mobile screen. The nominal bitrate (NBR) shown
in the table is the average bitrate per view ensuring a
minimum PS NR = 40 dB for a reference codec (SbS in
this work).

3.2. Evaluated coding approaches

The analysis aims to compare several 3D video
codecs and rate reduction approaches used by network
and service providers. The considered coding schemes
are SbS and MVC. At the same time, two rate reduction
approaches are evaluated. A first one is the classical ap-
proach based only on a quantified scale. Alternatively,
a second approach combines frame dropping and quan-
tified scale [41]. Table 2 summarizes the 5 rate reduc-
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Table 1: Characteristics of the original sequences per view.

Source Resolution Content Frame-rate Color sampling Bit depth Duration Nominal bitrate
Flower 480x270 Pop-out flower 25 fps 4:2:0 8 16 s 200 kbps

Bullinger 432x240 Man talking 25 fps 4:2:0 8 16 s 200 kbps
Rope 432x240 Skipping rabbit cartoon 25 fps 4:2:0 8 16 s 900 kbps

Table 2: Rate reduction approaches.

NR No reduction, used as a reference (e.g., Bullinger bitrate equal to nominal bit rate, 200 kbps)
BR/ 2 Reduction of bitrate to 50 % only by quantified scale (e.g., Bullinger BR=100 kbps)
BR/10 Reduction of bitrate to 10% only by quantified scale (e.g., Bullinger BR=20 kbps)

BR/2 & FR/2 Reduction of bitrate to 50% and discarding half of the frames (e.g., Bullinger BR=100 kbps)
BR/10 & FR/4 Reduction of video bitrate to 10% and discarding 3 out of 4 frames(e.g., Bullinger BR=20 kbps)

tion approaches considered in the analysis (more pre-
cisely, 4 reduction approaches and 1 reference method).
When combined with the coding schemes, this results
in 30 coded video sequences (= 3 sequences * 2 coding
schemes * 5 rate reduction approaches).

Sequences are coded with the JM v18.5 Reference
Software [42]. The reasons for selecting this tool are
that: a) it implements H.264-MPEG4 AVC SbS and
MVC schemes, b) it is well proven and well docu-
mented, c) it has an extremely flexible configuration by
a comprehensive parameter set, and d) it is easy to con-
trol via a parameter file.

Table 3 shows the values of the most relevant parame-
ters that must be set in the JM configuration file. Pro-
fileIDC determines the tools and capacities that corre-
spond to SbS (i.e., H.264-MPEG4 /AVC mMain profile
set by ProfileIDC=77) and MVC coding (i.e., Multi-
view High Profile set by ProfileIDC =118). LevelIDC
sets the memory requirements a decoder must fulfill to
decode the bitstream (3.1 level in this work). Num-
berOfViews sets the number of views (1 for SbS and 2
for MVC). FrameSkip and Bitrate parameters define the
rate reduction strategies. FrameSkip reduces the frame
rate of the original video by a factor of 2 and 4 (i.e.,
from 25 Hz to 12.5 and 6.25 Hz), whereas Bitrate fixes

Table 3: Coding parameters

Parameter Scheme SbS MVC
ProfileIDC 77 118
LevelIDC 31 31

NumberOfViews 1 2
FrameSkip 1,3 1,3

Bitrate NR,NR/2,NR/10 NR,NR/2,NR/10
NumberBFrames 7 7

PrimaryGOPLength 8 8

the average bitrate to the nominal bitrate, half the nom-
inal bitrate or 10% of the nominal bitrate of the particu-
lar sequence. The last two parameters, NumberBFrames
and PrimaryGOPLength , configure the GOP structure
(i.e., 8-frame closed GOP, IBBBBBBBP).

3.3. Subjective Assessment

In this work, the Single-Stimulus (SS) approach de-
scribed in ITU-R BT.500 [43] and ITU-T P.910 [44] is
adopted. In SS, only the degraded sequence is presented
to the observer (i.e., the original sequence is not avail-
able for comparison). Then, the observer provides a
quality score of the entire presentation. SS is selected
as it is closer to how the mobile user perceives the video
sequence in a real situation. Moreover, the limited view-
ing angle of current autostereoscopic screens makes it
very difficult to display the reference sequence simulta-
neously in a second screen.

3.3.1. Participants
A set of 31 observers (9 females and 22 males, ages

ranging from 18 to 45) partook in the subjective tests.
All of them were naı̈ve (i.e.,. non-expert) users and ful-
filled the conditions of visual acuity, color vision and
stereoscopic vision required by ITU-R BT.500 recom-
mendation. No observer was rejected after the screening
of subjective results.

3.3.2. Environment and Equipment
The evaluation took place in a controlled lab envi-

ronment. The mobile terminal used in the experiments
was an LG Optimus 3D P920, including an autostereo-
scopic screen of 480x800 pixels implementing parallax
barrier technology. Observers were placed 30-40 cm
away from the terminal to obtain an optimal viewing
angle, since the technology used by the smartphone lim-
its the angle where 3D is perceived correctly. To avoid
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highlights on the screen that could hinder the observer
evaluation, the mobile terminal was introduced inside a
black velvet box that blocked any disturbing light.

3.3.3. Test session
The observers were given the terminal with the full

set of 30 video sequences as independent files, so that
these could be launched separately. Thus, the observer
could launch each video sequence as many times as de-
sired. To make voting easier, video sequences were
previously edited to extend their length by reproducing
them four times in succession. The video player used
in the tests was the one provided by the manufacturer.
Each session consisted of an accommodation stage, in
which participants learned how to use the autostereo-
scopic display and got used to impairments, followed
by an evaluation stage, where participants rated the sub-
jective quality of each video sequence. The total session
length was 30 minutes per observer, approximately.

3.3.4. Subjective quality indicators
Subjective assessment is based on three indicators: a)

image quality, given by the lack of degradations (e.g.,
blocking, blurring, staircase, tessellation, ...), b) depth
quality, measuring how realistic is the reproduction of
different planes in the scene or volume in objects, and c)
visual comfort, measuring the level of naturalness, un-
derstood as a lack of eyestrain. Each observer scores vi-
sual quality, depth perception and visual comfort using
the five-grade scale described in ITU-R BT.500 (Bad,
Poor, Fair, Good and Excellent). Then, scores are trans-
lated into three Mean Opinion Scores (MOS) from 1 to
5 (i.e., 1 denotes bad quality and 5 denotes excellent
quality). An overall MOS per coded sequence (i.e., per
video sequence, codec and rate reduction approach) is
then calculated for each indicator by averaging MOS
values from all observers. For such averages, 95% con-
fidence intervals are computed.

3.4. Objective assessment

In this work, two simple objective video quality met-
rics are used, as the focus is on subjective quality as per-
ceived by the mobile user. The selected objective met-
rics are full reference measurements, obtained by com-
paring the degraded video sequence with the original
sequence.

The first one is the classical Peak Signal-to-Noise-
Ratio (PSNR) for luminance [45], computed for a frame
k as

PS NR(k) = 10log10(
MAXi

2

MS E
) [dB] (1)

where MAX denotes the peak digital value for lumi-
nance, given by the number of bits (i.e., 235 for 8-bit
video formats [46]), and MS E(k) is the mean square er-
ror of frame k, computed as

MS E(k) =

M∑
i=1

N∑
j=1

[ f (i, j, k) − F(i, j, k)]2

M · N , (2)

where f (i, j, k) and F(i, j, k) are the original and recov-
ered luminance at pixel (i, j) in frame k, and M and N
are the number of pixels per line and lines per frame in
the video sequence, respectively.

Alternatively, a video quality metric can be ob-
tained by computing the Multi-Scale Similar Structural-
ity (MS-SSIM) indicator [47]. MS-SSIM is an ex-
tended version of the SSIM indicator [48]. Both are
based on the fact that the human visual system is ex-
tremely sensitive to the structural information from the
scene, and therefore a measure of structural similar-
ity should be a good approximation of perceived im-
age quality. Structural similarity is obtained from the
comparison of the luminance, contrast and structure of
the original and degraded images. The multi-scale vari-
ant incorporates image details at different spatial reso-
lutions. Similar to SSIM, MS-SSIM takes the form of a
quality map showing the estimated quality of each pixel
of the image. A mean value is then obtained by averag-
ing across pixels and frames of the sequence. The reader
is referred to [47] for more details about MS-SSIM.

In this work, PSNR and MS-SSIM are computed on
a per-frame and per-view basis for each sequence with
MSU Video Quality Measurement Tool (VQMT) [49].
Then, average PSNR and MS-SSIM are computed per
sequence by averaging the values of the two views. The
latter values are compared with the average MOS val-
ues for image quality to check the correlation between
objective and subjective measurements.

4. Subjective assessment results

This section shows the results of subjective tests. The
analysis is broken down by indicator to identify which
is the most effective coding scheme and rate-reduction
approach in terms of image quality, depth quality and
visual comfort.

4.1. Image quality

Table 4 presents the average MOS of image quality
for the 3 sequences, 2 coding schemes and 5 rate re-
duction approaches tested. To ease the analysis, aver-
age values per rate reduction approach and sequence are
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Table 4: Image quality MOS results

Sequence Bullinger Flower Rope Avg. per rate reduction approach
Approach\ Codec SbS MVC SbS MVC SbS MVC SbS MVC

NR 3.08 3.85 3.77 4 3.65 4.15 3.5 4
BR/2 3.08 3.58 3.85 3.81 3.58 4.12 3.5 3.83

BR/10 1.31 1.54 1.58 1.69 1.92 2.12 1.6 1.78
BR/2 & FR/2 3.08 3.69 3.04 3.73 3 3.5 3.04 3.64

BR/10 & FR/4 2 2.35 2.08 2.12 2.04 2.04 2.04 2.17
Avg. per sequence 2.51 3 2.86 3.07 2.84 3.18 2.54 2.86

Table 5: Depth quality MOS results

Sequence Bullinger Flower Rope Avg. per rate reduction approach
Approach\ Codec SbS MVC SbS MVC SbS MVC SbS MVC

NR 2.76 2.52 4.04 3.56 3.68 3.52 3.49 3.2
BR/2 3.16 3 4.08 3.48 3.24 3.32 3.49 3.27

BR/10 1.92 2.32 2.4 2 2.72 2.68 2.35 2.33
BR/2 & FR/2 2.28 3.16 3.88 3.32 2.96 3.4 3.04 3.29

BR/10 & FR/4 2.2 2.52 2.72 2.2 2.84 2.68 2.59 2.47
Avg. per sequence 2.46 2.7 3.42 2.91 3.09 3.12 2.87 2.84

Figure 3: Image quality for different coding approaches.

also computed by averaging across rate reduction ap-
proaches and sequences (right and bottom of the table,
respectively). In the table, it is clear that, as expected,
MVC outperforms SbS for nearly all sequences and rate
reduction approaches. Specifically, the overall average
MOS of image quality is 2.86 for MVC and 2.54 for
SbS.

Figure 3 shows the average MOS for image quality
for different rate reduction approaches and codecs by
averaging the values for the 3 sequences (i.e., last 2
columns in Table 4). For completeness, error bars with
the 95th percentile are also superimposed. In the figure,
it is first confirmed that MVC outperforms SbS in all
rate reduction approaches. This is due to the high inter-
view redundancy in normal 3D sequences, which is ef-

Figure 4: Image quality for same bitrate but frame-rate reduction.

fectively eliminated in MVC by differential coding. On
average, MVC outperforms SbS by 0.35 absolute MOS
points, and the difference can be of up to 0.5 points.
Secondly, it is observed that subjective image quality
decreases when the bitrate decreases, as NR shows bet-
ter MOS scores than BR and BR/10 approaches. In
particular, note that a reduction of 50% of the bitrate
(i.e., from NBR to NBR/2) causes a small degradation
in image quality (e.g., 4% MOS decrease from NR to
BR/2 with MVC). Additionally, a 10-fold rate reduction
(i.e., BR/10) causes a large degradation of image qual-
ity. Such a MOS decrease is larger for MVC, as MVC
starts from a better image quality score. More impor-
tantly, it is seen in Figure 4 that for small compression
ratios (i.e., rate reduction factor of 2), it is more effec-
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Figure 5: Image quality for same bitrate but frame-rate reduction.

tive to rely only on the quantizer scale (i.e., BR/2) than
using frame rate reduction also (i.e., BR/2&FR/2). This
is possibly due to a less effective temporal prediction
caused by the loss of correlation between consecutive
frames when every 1 out of 2 frames is discarded. In
contrast, for large compression ratios (i.e., rate reduc-
tion factor of 10), it is more effective to first reduce the
amount of information by discarding multiple frames
(i.e., BR/10&FR/4) rather than leaving all the work to
the quantizer (i.e., BR/10). From these results, it is in-
ferred that, for large compression ratios, temporal deci-
mation is preferred to very aggressive quantization.

Figure 5 breaks down image quality statistics per se-
quence to identify differences among sequences. First,
it is observed that the sequence with the lowest image
quality scores with the nominal bitrates (i.e., NR) is
Bullinger. Note that, even if Rope has more movement,
recall that the nominal bitrate of Rope is 4.5 larger than
Bullinger. For BR/10, Bullinger is also the worst se-
quence. A more detailed analysis (not presented here)
shows that this sequence suffers from pronounced blur-
ring, blocking and freeze frames with large compres-
sion ratios due to the continuous hand movement in the
scene. Moreover, it is worth remarking that, for Rope,
the difference between BR/10 and BR/10&FR/4 is al-
most negligible. This result indicates that the impact of
the frame rate reduction is less in Rope. This is possibly
due to the fact that, even if Rope has more movement,
it has a lower spatial complexity as it is a synthetic se-
quence (cartoon), unlike Bullinger, which is a real se-
quence. All these trends are maintained for both SbS
and MVC.

4.2. Depth quality

Table 5 presents the average depth quality MOS
scores for the sequences, coding schemes and rate re-
duction approaches tested. Again, average values per

Figure 6: Depth quality for different approaches.

rate reduction approach and sequence are computed
by averaging across rate reduction approaches and se-
quences.

Figure 6 shows MOS values for depth quality with
the different coding approaches. Again, it is observed
that the higher the bitrate, the better the depth sensa-
tion. Likewise, for higher bitrates (i.e., lower compres-
sion ratios), it is advantageous to rely only on quan-
tization scale, whereas, for lower bitrates (i.e., higher
compression ratios), it is better to also take advan-
tage of frame-rate reduction. However, unexpectedly,
MVC does not outperform SbS, but, on the contrary,
SbS gives better depth quality than MVC for 3 out of
5 of the rate reduction approaches. However, this is
an indication that binocular disparity is more affected
by MVC errors. A more detailed analysis of the de-
graded sequences shows that SbS sequences present
more pronounced blocking artifacts in foreground ob-
jects. In contrast, MVC sequences have better image
quality in general, but show noticeable artifacts (e.g.,
blurring, staircase, oscillation, mosaic . . . [50]) in the
border of foreground objects (e.g., between the man and
the background in Bullinger, around the bunny in Rope
or around the flower in Flower), which explains the loss
of depth perception.

Fig. 7 breaks down subjective depth quality results
per sequence. It is observed that Bullinger sequence
tends to have the worst depth quality in most coding ap-
proaches. Unexpectedly, for Bullinger, SbS shows bet-
ter depth quality than MVC. Nonetheless, care must be
exercised in drawing conclusions from the comparison
of sequences, since depth perception is not only influ-
enced by codec performance, but also by many other
factors in the production process (e.g., scene content,
inter-camera distance) or display process (e.g., screen
size).
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Table 6: Visual Comfort quality MOS results

Sequence Bullinger Flower Rope Avg. per rate reduction approach
Approach\ Codec SbS MVC SbS MVC SbS MVC SbS MVC

NR 2.24 3.38 3.48 4.17 3.38 3.76 3.03 3.77
BR/2 2.21 3.34 3.79 3.76 2.76 4.03 2.92 3.71

BR/10 1.66 2.79 2.28 2.41 2.45 3.14 2.13 2.78
BR/2 & FR/2 1.83 3.79 2.79 3.83 2.83 3.45 2.48 3.69

BR/10 & FR/4 1.79 3.1 2.34 2.72 2.45 2.41 2.2 2.75
Avg. per sequence 1.94 3.28 2.94 3.38 2.77 3.36 2.43 3.23

Figure 7: Subjective depth quality per sequence.

Figure 8: Visual Comfort for different approaches.

4.3. Visual Comfort

Table 6 presents the average visual comfort MOS
scores for the sequences, coding schemes and rate re-
duction approaches tested. In the table, it is clear that
MVC consistently gives more comfortable images than
SbS.

Similarly to previous figures, Figure 8 and 9 show
visual comfort results broken down by coding strat-
egy and sequence, respectively. From Figure 8, it can
be concluded that discarding frames does not have any
impact on visual comfort, as BR/10 is rated the same
as BR/10&FR/4. From Figure 9, it is deduced that
Bullinger is the most uncomfortable sequence with SbS

Figure 9: Visual Comfort for difference codecs and rate reduction ap-
proaches.

for all bitrates, whereas no sequence is more comfort-
able than others for MVC. It is also worth noting the
visual discomfort caused by the elimination of frames
in Rope with BR/10&FR/4.

4.3.1. Overall comparison of coding schemes

Figure 10 plots the values of three subjective indica-
tors (image quality, depth quality and visual comfort)
obtained by MVC and SbS, calculated as the average
MOS across rate reduction approaches and sequences.
From the figure, it can be concluded that MVC performs
better than (or, at least, similar to) SbS, especially for vi-
sual comfort indicator (2.4 against 3.3). Only for depth
quality, both schemes provide similar results. It should
be pointed that depth quality is heavily influenced by ex-
ternal factors other than the compression method (e.g.,
sequence content itself). For instance, low depth videos
are often scored with smaller MOS values in spite of a
very good coding method. In contrast, image quality is
mainly affected by the compression process. Likewise,
visual comfort is mainly given by compression issues,
but is also affected by other factors.
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Figure 10: Global subjective assessment.

Figure 11: Average peak signal-to-noise ratio for different codecs and
rate reductions approaches.

Figure 12: PSNR assessment with sequence.

5. Objective assessment result

In this section, objective measurements are presented.
These are restricted to image quality results in terms
of PSNR and MS-SSIM, in the absence of a widely-
accepted objective indicator for depth quality and visual
comfort. Average values are broken down by coding
strategy and video sequence as in subjective tests.

5.1. PSNR

Figure 11 displays average PSNR values for different
coding strategies. It is observed that objective measure-
ments for SbS and MVC strategies are almost identi-
cal. This situation is due to the fact that coding per-
formance for both codecs is similar when a high bitrate
reduction is applied, thus resulting in similar measured
distortion. Additionally, as shown in the figure, PSNR
is only reduced by 1.5 dB from NR to BR/2 with both
SbS and MVC. However, for BR/10, PSNR is reduced
by 7 and 21 dB with SbS and MVC, respectively. It is
also observed that frame-rate reduction approaches re-
duce PSNR significantly.

Figure 12 displays average PSNR values for different
sequences and coding strategies. From the figure, it is
deduced that Rope is the sequence with lowest PSNR
for all bitrates.

A more detailed analysis can be made by checking
the PSNR time evolution. Figure 13 breaks down the
PSNR per frame for Rope sequence with SbS and MVC
codecs and rate-reduction approach BR/10 (i.e., nomi-
nal bitrate of 900/10 = 90 kbps per view). It is ob-
served that both codecs follow similar trends. Some
fluctuations can be seen in both codecs. Long-term
changes are due to the video content (i.e., a skipping
rabbit), whereas short term fluctuations are due to the
GOP structure (i.e., size N=10 frames). MVC gives
better PSNR than SbS for all frames. More importantly,
PSNR deviations with MVC are only of 1.5 dB, whereas
deviations of up to 2 dB are seen with SbS. Similar re-
sults are obtained for other sequences. Therefore, it can
be concluded that inter-view prediction not only reduces
compression errors, but also leads to a more stable video
performance.

Analogue plots can be derived for MS-SSIM. For
brevity, only the analysis for different codecs and rate
reduction approaches is presented in Figure 14. It is ob-
served that, as with PSNR, MS-SSIM significantly de-
grades with frame-rate reduction strategies.

5.2. PSNR vs MS-SSIM

A linear regression analysis is carried out to com-
pare the value of both objective indicators (i.e., PSNR
and MS-SSIM) over the set of tested 3D sequences and
coding approaches. In such an analysis, each sample
corresponds to a sequence with a certain codec and
rate-reduction approach. Such a regression results in
MS − S S IM = 0.0213PS NR + 0.162, with a deter-
mination coefficient of R2 = 0.74. It can thus be con-
cluded that both indicators give similar information in
the considered set of sequences and codecs, and, thus,
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Figure 13: PSNR time evolution for Rope sequence with a tenfold bitrate (BR/10).

Figure 14: MS-SSIM assessment with bitrate.

only one indicator can be used from now on. Hereafter,
only PSNR is considered.

6. Comparison of objective and subjective measure-
ments

To fully characterize the 3D codecs, a comparison
between objective and subjective measurements is pre-
sented. Figure 15 plots both the average PSNR and
image quality MOS values across observers for differ-
ent coding strategies. Each of the 30 points in the fig-
ure corresponds to a different sequence and coding ap-
proach. It is observed that, when all samples are consid-
ered for the regression, the determination coefficient is
low (R2 = 0.23). A closer analysis reveals that the prob-
lem is due to the samples with very low PSNR, on the
left of the figure, corresponding to sequences with re-
duced frame rate. If these samples are discarded, PSNR

Figure 15: Comparison between objective and subjective image qual-
ity.

and image quality MOS follows a linear regression with
R2 = 0.59, and thus an estimate of image QoE could be
computed as MOS = 0, 1833PS NR − 3, 6682.

7. Conclusions

In this paper, a comprehensive analysis has been car-
ried out to evaluate the Quality of Experience (QoE)
obtained by 3D video codecs in mobile terminals. The
analysis has covered the most widespread 3D video cod-
ing formats, namely the frame-compatible Side-by-Side
(SbS) and Multiview Video Coding (MVC) schemes.
The analysis combines both subjective and objective
measurements. Subjective tests have been done by pre-
senting 3D video sequences with different coding pa-
rameters to users who judge image quality, depth per-
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ception and visual comfort. For this purpose, a mobile
phone with autostereoscopic screen has been used.

Results for image quality perception have shown that
H.264-MPEG4/MVC is the coding scheme that adapts
better to 3D multimedia content, since the processed
videos are clear and display no degradation at first sight.
Moreover, MVC is more robust against more aggres-
sive settings of coding parameters (frame-rate and bi-
trate). On the contrary, H.264-MPEG4/AVC (corre-
sponding to SbS method) videos presented blocking and
basis function artifacts. It has been shown that a reduc-
tion in the video frame-rate decreases objective and sub-
jective indicators, so that dropping a certain number of
frames does not compensate for the negative effects of
an abrupt reduction of the video bitrate. As expected,
MSSSIM measurement resembles more accurately sub-
jective measurements, although PSNR can alternatively
be used for low encoding rates . It is also seen that SbS
and MVC performance converge towards similar values
for low encoding bitrates.

In terms of depth quality perception, SbS affects spe-
cially objects in the foreground while MVC tends to dis-
tort the borders of these backgrounds, causing loss of
depth perception. The variability in scores clearly indi-
cates that the compression configuration parameters are
not the only factor affecting depth perception. For in-
stance, screen size proves to be a relevant factor, since
SbS mobile scores shown in this work are at least 2
points lower than those obtained in similar studies in
large TV screens [29]. For a better view of image depth
in mobile devices, a higher coding profile and 3D con-
tent more aggressive in terms of depth should be used
to compensate for the decrease of image quality and de-
terioration of 3D experience when visualized in a hand-
held. Finally, visual comfort results indicate that the
better the image quality, the more comfortable the 3D
experience of the observers is. However, it is unclear
if other elements can influence visual comfort, such as
ambient light or display technology.
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