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QoE analysis of Dense Multiview Video with
Head-Mounted Devices

Javier Cubelos, Pablo Carballeira, Jesus Gutiérrez, and Narciso Garcia

Abstract—This paper presents a system and methodology for
the analysis of Quality of Experience (QoE) factors for dense
multiview (MV) video using a Head-Mounted Device (HMD). An
MYV-HMD player has been designed and implemented to immerse
the users in a virtual environment, where they are placed in front
of a virtual lightfield display that shows a different viewpoint
depending on the position of their head. The paper describes
a methodology for the analysis of the subjective perception of
the transition among views (motion parallax), which is specific
to the visualization of multiview content. While previous works
simulated the user movement by predefined view paths or used
complex devices to track them, this system allows the observer
to move freely, varying the perspective of the scene, while
easily tracking the observer’s position. This work is, up to
our knowledge, the first providing a complete framework for
the assessment of this subjective factor using an HMD. The
subjective results obtained using this framework are used to
i) assess the influence of the user movement, display settings,
and content characteristics in the perception of smoothness in the
view transition, and ii) analyze the performance and limitations
of a prediction model for subjective smoothness scores.

Index Terms—Multiview video, lightfield, Head-Mounted De-
vice, Quality of Experience, subjective evaluation, smoothness,
motion parallax.

I. INTRODUCTION

N increase in the production and delivery of three-

dimensional and immersive visual content has taken
place in the past years, especially notable nowadays due to
the broad popularization of virtual reality. This interest led
to the arrival of stereoscopic and auto-stereoscopic displays
to the consumer market. However, these displays generally
entail a deficient immersive experience due to the absent or
limited motion parallax cues [1], [2]. To solve these limita-
tions, and to provide the user with satisfactory experiences
in windowed-6DoF applications, new 3D display technologies
such as holographic, and lightfield displays are currently under
development [3].
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The broad term lightfield [4] refers to a variety of three-
dimensional displays that include auto-stereoscopic or near-
eye displays. Lightfield displays include auto-stereoscopic
displays that distribute a dense multiview set over the viewing
field. Such displays (also called super-multiview displays)
satisfy the so-called super-multiview condition [5] and offer
wide motion parallax to the observers, that see different views
of the scene as they move their heads (view transition). Such
displays are currently the most promising solution for 3D
glasses-free visualization [6].

Quality of Experience (QoE) analysis of 2D image and
video content [7] is traditionally oriented to the study of the
image quality [8] and has been widely studied. However, the
assessment of QoE for immersive video is more challeng-
ing due to the complex characteristics of the interaction of
users with the immersive systems [9]. In the QoE analysis
of lightfield displays, not only the image quality should be
considered [10], but also other factors related to the perception
of this view transition are relevant [11]. Understanding how
subjects perceive these transitions could improve the design
of new lightfield displays, or multiview capture systems, e.g.,
defining the number of views needed for a natural perception
of motion parallax.

Some works [12], [13], [14], have already explored these
QoE factors. Nevertheless, these subjective studies were usu-
ally conducted in unrealistic environments limited by either:
1) the simulation of the user’s movement, ii) the use of
unwieldy devices to track their behavior, and/or iii) the use
of unnatural synthetic content for the subjective tests. Thus,
further research is still needed to fully understand the percep-
tion of dense multiview content.

Understanding the influence of the subject’s movement in
the perception of these view transitions is key to correctly
model the subjective perception of immersive video. The Mul-
tiView Perceptual Disparity Model (MVPDM) [14] captures
the perceptual cues related to the view transition in multiview
video. Nevertheless, due to the low availability of lightfield
displays [1], the MVPDM was validated with subjective tests
that simulated the head movement by a predefined view-
sweeping path in a stereoscopic display.

This work focuses on the design and implementation of a
framework for the analysis of the perception of view transition
for dense multiview content. A Head-Mounted Device (HMD)
has been used to simulate a realistic scenario where the users
are placed in front of a lightfield display. Users can move
freely, varying their perspective of the scene. This framework
allows analyzing the users’ perception of these view transi-
tions, relating their subjective votes with their movement.

First, an MV-HMD player has been designed and imple-
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mented, which uses an HMD to immerse the users in a virtual
environment, placing them in front of a lightfield display, and
tracking their movements. Then, we present a methodology
for the subjective assessment of dense multiview content, in
which the MV-HMD player is used to evaluate the subjective
perception of smoothness, i.e., fluidity in the view transition,
and how it is affected by the user’s movement, display settings,
and content. The statistical analysis of the subjective results
obtained with this method lead to the conclusion that the
smoothness perception is influenced by i) the density of the
view array, ii) the user’s speed while traveling the views,
and iii) the depth of the objects of the scene. Finally, the
subjective results have been correlated with the predictions
of the MVPDM, designed to predict subjective factors such
as the smoothness and the speed comfort in the view tran-
sition [14]. This analysis shows that the MVPDM presents
certain limitations in the prediction of smoothness scores,
indicating that there is room for the development of more
precise parameterizations.
The main contributions of this paper are:

1) This work is, up to our knowledge, the first providing
a complete scenario for QoE assessment of the per-
ception of view transition in dense multiview content
using HMDs. This scenario might be used for future
assessment, or considered in the elaboration of new
lightfield/VR QoE recommendations.

2) It provides a proposal for the analysis and characteriza-
tion of the users’ movement while visualizing multiview
content, and evaluates its correlation with the subjective
smoothness scores.

3) The MV-HMD player (publicly available) and method-
ology proposed in this paper can be used to collect
subjective data to develop improved parameterizations
that can accurately predict perceptual factors in the view
transition.

The rest of the paper is structured as follows: Section II
describes previous works on QoE analysis for dense multiview
content. Section III introduces the main characteristics of the
MV-HMD player. Section IV covers the details of the subjec-
tive assessment tests, presenting the results in Section V, where
a protocol for the analysis of subjective smoothness results
is proposed. Section VI details the correlation of MVPDM’s
parameterization with the smoothness scores. Finally, Section
VII provides the main conclusions of the work.

II. QOE ANALYSIS FOR DENSE MULTIVIEW CONTENT

Emerging immersive technologies entail the revision of QoE
factors with respect to previous media technologies (e.g., 2D
and stereoscopic 3D content). In this sense, research and stan-
dardization efforts are done within international organizations
and experts groups (e.g., ITU, MPEG, VQEG, etc.) [15] on
the formal definition of QoE factors related to the users’
experiences when using immersive technologies (e.g., VR,
AR, lightfield, etc.), as well as ways to appropriately evaluate
them and their inter-relationships. These efforts shall result
on reliable assessment methodologies and a QoE model for
immersive media, as it happened in the case of stereo 3D

content [16], [17]. This established QoE model for stereo 3D
can be considered a base QoE model for immersive visual
media, as it identifies three basic perceptual dimensions for
immersive video, i.e., picture quality, depth quality and visual
discomfort, and two higher-level perceptual dimensions, i.e.,
naturalness and sense of presence. Stereo 3D failed to bring
immersive experiences to the consumer public since (among
other causes) depth quality was only based on monocular
cues (as 2D content) and stereopsis (disparity between the
left and right images), while other crucial 3D cues were
not provided. For a complete immersive experience, depth
perception should be provided by means of stereopsis, motion
parallax (i.e., seeing different perspectives of the scene as the
user moves the head) and focus changes [18]. Multiview and
lightfield (dense multiview) technologies are able to provide
an improved immersive experience, adding motion parallax to
the user perception, as well as enabling focus adaptation in
the case of lightfield systems.

Several technical factors affect the perception of that motion
parallax and the transition among views, such as the camera
configuration, the density of the arrangement (or angular
resolution), and the generation of synthesized views (viewpoint
interpolation between two real viewpoints) [11]. These techni-
cal factors have a direct influence on perceptual factors such
as the perception of the smoothness and the speed comfort
when the user changes the viewpoint [14].

Here, we review works that tackle the perception of view
transition, heeding their differences in i) content type (realistic
or synthetic), ii) content parameterization (physical or based
on disparity), iii) the characteristics of the user movement (free
or predefined), and iv) whether the user behavior is considered
in the analysis of subjective scores. Then, we discuss the use
or simulation of lightfield displays in subjective tests, and how
they can be used to solve limitations of these works.

A. View transition in QoE analysis for dense multiview content

The minimum view density required to provide smoothness
perception in the view transition was addressed in some
works [12], [13]. The work in [12] focused on the preferred
camera to head movement ratio, called gain of motion par-
allax. Users visualized a set of emitting diodes (synthetic
content) through a window that responded to the user’s move-
ment with a mechanical motion parallax tool. The authors
show that the preferred viewing geometry is not identical to
the shooting one, and a switching distance shorter than the
camera baseline is preferred. The authors of [13] analyzed
how the smoothness perception varies with the switching
distance, using a stereoscopic display and simulating the user’s
movement with view sweeping. Their study concluded that
the perceived smoothness improved with shorter switching
distances. However, they did not considered the influence of
the view-sweeping speed.

Ribeiro et al. [11] present a multiview player for stereo-
scopic environments, with motion parallax and zoom in/out ca-
pabilities. They analyzed visual comfort, sense of immersion,
smoothness of the parallax-induced motion, and overall 3D
experience on realistic content. Their results, in accordance to
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others’ [12], [13], suggest that users are very sensitive to small
view-discontinuities, achieving perfect smoothness perception
only for angular resolutions over 1.49 views/deg. The results
also suggested that the required view density may be reduced
interpolating intermediate views. However, user movement
was simulated with predefined trajectories in a stereoscopic
display, and the view-sweeping speed was not considered in
the analysis.

Carballeira et al. [19] analyzed the effects of View Density
(VD), View-Sweep Speed (VSS), and View Range (VR) in QoE
factors related to multiview video such as smoothness and
speed comfort in the perception of view transition, and depth
perception, simulating motion parallax with predefined view
sweep trajectories in a stereoscopic and an auto-stereoscopic
display. These tests were performed for realistic content, but
limited in variety, especially in the case of moving sequences,
and range of VSS and VD values.

Following this work, a model to capture the subjective
perception of the view transition in multiview video was
presented in [14]. The MVPDM proposed a parameterization
of dense multiview content based on image cues, and not
only on the physical setting of the cameras. Specifically,
MVPDM is based on the perceptual disparity (dper), that
characterizes the disparity histogram between camera pairs,
jointly capturing the influence of camera settings (camera
density and intrinsic parameters) and the location of the objects
in the scene (depth). dperc is computed by a weighted average
of the disparity histogram using two factors (o« and ) that
weight the contribution of disparity values produced by objects
in front and behind the convergence plane. MVPDM correlated
better with the perception of speed comfort or smoothness in
the view transition than parameterizations based only on the
physical settings, i.e., camera baseline or angular resolution.
However, as in other previous works, the subjective assessment
of the MVPDM was performed simulating the user movement
through predefined view trajectories in a stereoscopic display.

B. Simulation of lightfield displays in subjective tests

Several of the reviewed works share a limitation: subjective
tests have not been performed in real lightfield displays,
but user movement has been simulated by predefined view
trajectories. This responds to: i) the low availability of com-
mercial lightfield displays, and ii) predefined trajectories allow
seamless tracking of the viewpoint observed by the viewer.
Nevertheless, in a realistic scenario, the user would freely
move in front of the lightfield display.

Only a reduced number of works have used real lightfield
display prototypes in the subjective tests. In [20], several
lightfield displays were used to test the image quality of
compressed dense multiview video. A lightfield cinema system
was used to assess the influence of zooming level and number
of views in the overall perception of quality in lightfield video
[21], [22]. Lightfield displays were also used to validate new
objective metrics for dense multiview content, such as the one
introduced in [23].

Other works have used head-tracking and HMDs to simulate
a lightfield display and/or track the user position. A multiview

SCENE

HORIZONTAL POSITION

Fig. 1: Basics of the MV-HMD player. Depending on the user’s
head position, a different pair of views is displayed in the
HMD. The switching distance represents the distance between
consecutive views.

video streaming system [24] selected transmitted views and
bitrate allocation based on the prediction of the head position,
which is tested using a single-user stereoscopic display with
head tracking [25]. A recent work [10] simulated a lightfield
display with a stereoscopic monitor and a LED headlamp
tracker. This system was used to collect subjective image
quality data on a lightfield dataset with different types of
impairments, which is then correlated with objective image
quality metrics. A WebGL solution to display narrow baseline
lightfield images in a web-browser is provided in [26], focus-
ing on crowd sourcing applications. The work in [27] provides
a method to add motion parallax to 3DoF VR videos, and their
subjective analysis takes into account the head position which
is tracked using an HMD.

We follow a similar approach to address the limitations on
the analysis of view transitions for dense multiview videos. An
HMD is used to simulate a realistic environment, in which the
user is located in front of a virtual lightfield display. Thus, the
user can freely vary position and movement speed, which are
tracked and used in a posterior analysis of the subjective votes.

III. MV-HMD PLAYER

A. Overview

The MV-HMD player implemented in this work simulates
a virtual lightfield display, located in a fixed position within
a 3D scene, where the user is immersed. Depending on the
user’s head position, the system selects a stereo pair of views
to display in the virtual display, as shown in Fig. 1. As shown
in the figure, the switching distance represents the distance
that the user has to move the head to change the viewpoint.

Fig. 2 depicts an example of what the users visualize and
how the system reacts to their movement, showing the stereo
pair corresponding to the central position with respect to the
screen, and the left-most stereo pair for a user reaching the
left limit of the array.
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Left view

(a)

Left view

(b)

Right view

Fig. 2: Example of the stereo viewports displayed in the HMD
for different user’s positions. (a) Central stereo pair displayed
for a user located at the center of the array. (b) Left-most
stereo pair displayed for a user located next to the left limit.

N views

M/2 views M/2 views

stereo baseline
3 camera gaps
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\

Fig. 3: M views are played in the background around the views
displayed to the user. Example for a central user position.

[0 views playing in bg
O views displayed in HMD

The source code of the MV-HMD player is publicly avail-
able in https://github.com/jcocube/mvplayer.

B. Implementation

The system is implemented in the Unity 3D game develop-
ment platform [28]. We use an HMD with a positional tracker
to extract the user position and adapt the viewpoint: Oculus
DK2 (Development Kit 2) [29]. The seamless integration
of Unity 3D platform with multiple HMDs allows a simple
migration to other devices.

A key requirement for the system is the fluidity in the view
switching, i.e., the synchronization of the user’s movement and
the corresponding view switching. To fulfill this requirement,
the system continuously plays, in a synchronized manner, a
subset of M views around the user’s position (cf. Fig. 3), while
rendering is only enabled for the two views of the stereo pair
seen at the user’s position. In each Unity 3D rendering refresh,
the background views are updated to match the new user’s
position. Unity 3D is configured with a constant rendering
refresh rate of 50 fps, which guarantees a maximum delay in
the adaptation of the viewpoint of 20 ms.

The head position and orientation are tracked, to enable the
analysis of the user’s movement data and its relationship with
the subjective scores (as explained in Sections V, and VI).

C. System configurable parameters

The MV-HMD player allows the configuration of the fol-
lowing parameters:

o Content settings: number of views (N) and spatial reso-
lution of the multiview array.

o Stereo baseline: i.e., interocular distance, distance be-
tween left and right views of the stereo pair (measured
in camera gaps).

o Number of background views M: number of views that
are played and synchronized in the background.

o Switching distance: horizontal distance between two con-
secutive views, i.e., distance that the user needs to move
the head to switch to the adjacent view.

o Display distance: distance of the user to the virtual
display.

IV. SUBIJECTIVE TEST SETUP

Using the MV-HMD player described in Section III, we
performed a subjective assessment test to study the user
perception of smoothness in the view transition and how it
relates to the user’s movement and content settings.

In this assessment, the switching distance was explicitly
varied, creating sparser/denser multiview arrays at display time
(varying the gain of motion parallax [12]). The speed in the
viewpoint transition was also implicitly varied among tests,
as each user was free to use their own preferred movement,
which varied for different contents and switching distances
(see Section V-B). We evaluated not only multiview video
sequences, but also multiview static frames, to disaggregate
the effect of content motion in the smoothness score.

To define and adjust the details of the subjective evaluation
methodology in this scenario, which is new up to our knowl-
edge, we first performed pilot tests with a limited number of
users. This section describes the final setting of the subjective
assessment methodology.

A. Equipment

A high-performance PC with a Nvidia GeForce GTX 970
graphics card, 32 GB RAM, Intel Core i7-4790 CPU was used
to execute the MV-HMD player. Additionally, an Oculus Rift
DK2 headset and its corresponding tracker were used.

B. Subjective Test Material

For all the subjective tests, we used the four lightfield
sequences selected by the MPEG-I subgroup for the dense 1D
multiview category [31]. All sequences cover a wide viewing
range with high density. Examples of the central view of the
four sequences are shown in Fig. 4. As shown in the figure,
the test set comprises natural and realistic CG content. More
details on the camera arrangements and sequence content can
be found in [30], [32], and [33].
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TABLE I: Characteristics of multiview sequences and static frames, with MVPDM parameterization values. Ch2 is a denser
version (twice) of the original Ch sequence, created adding one synthesized view between each pair of original views [30].
BA has been modified removing uniformly two-thirds of the total number of views (from 91 to 31 views), creating a sparser
array to avoid saturation of subjective scores in the higher range (conclusion extracted in the pilot studies). The dperc values
are computed using the «, and 3 values proposed in [14]; and correspond to average values for video sequences. The disparity
values have been normalized with the image width to compare contents of different resolutions.

Sequence Id Camera arrangement | Resolution Frame rate Cams drear dperc
Pantomime Pa Linear convergent 640x480 30 fps 80 1.56% | 0.70%
Champagne Ch Linear convergent 640x480 30 fps 80 2.20% | 1.09%

Champagne 2 Ch2 Linear convergent 640x480 30 fps 80 1.10% | 0.54%
Flowers Linear FL Linear parallel 640x384 24 fps 91 243% | 0.58%
Flowers Arc FA Arc 640x384 24 fps 91 1.89% | 0.23%
Butterfly Linear BL Linear parallel 640x384 24 fps 91 1.31% | 0.30%
Butterfly Arc BA Arc 640x384 24 fps 31 0.71% | 0.17%
Static Frame Id Camera arrangement | Resolution | Frame number | Cams drear dperc
Pantomime hd PaH Linear convergent 640x480 #121 80 1.17% | 0.92%
Pantomime md PaM Linear convergent 640x480 #31 80 0.55% | 0.22%
Pantomime 1d PalL Linear convergent 640x480 #1 80 0.51% | 0.08%
Champagne hd ChH Linear convergent 640x480 #481 80 3.75% | 2.50%
Champagne md | ChM Linear convergent 640x480 #391 80 2.89% | 1.68%
Champagne 1d ChL Linear convergent 640x480 #1 80 2.20% | 0.94%
Flowers Lin. hd | FLH Linear parallel 640x384 #25 91 221% | 0.63%
Flowers Lin. 1d FLL Linear parallel 640x384 #1 91 2.22% | 0.56%

(@

Fig. 4: Samples of the test sequences. (a) Champagne: cam
40. (b) Pantomime: cam 40. (c) Butterfly (linear/arc): cam 45.
(d) Flowers (linear/arc): cam 45.

Table I shows the characteristics of the multiview sequences
and static frames, with their corresponding IDs. The spatial
resolutions have been reduced to one quarter of their original
ones. Table I shows, for each content, the disparity of objects
at the nearest depth (dpesr), and dpere, oObtained using the
MVPDM parameterization [14]. More details of these two
parameterizations can be found in Section VI.

The stereo baseline values, measured in camera gaps be-
tween left and right views, are the ones used in [14], defined
by subjective studies by the MPEG group [34]:

1) Linear natural sequences (Ch, Pa, Ch2): 1
2) CG sequences: FL & FA 1, BL2, BA 3

C. MV-HMD settings and environment

The users were located in front of a monitor with the
positional tracking attached on top of it, located approximately
at 1.2-1.4m from the user’s head, within the distance range
recommended by Oculus for the optimal performance of the
tracker. The users were seated on a chair that allowed them to
move the head, and eventually their upper body, horizontally
to change the viewpoint.

The number of background views in the MV-HMD player
was set to 60. For the smallest value of the tested switching
distances (1 mm, worst case scenario), the user can move up
to 30 mm during each refresh period of the system (20 ms)
without leaving the range of background views. Given the 50
fps refresh rate, this corresponds to a speed of 150 cm/s, which
is 4 times higher than the maximum speed covered during
the tests (see Table IV). Also, the refresh rate is higher than
the maximum frame rate of the sequences (30 fps), which
guarantees that the frame rate of all clips is correctly perceived.

The background of the 3D scene of the MV-HMD player
is set to a mid-gray color as recommended for QoE assess-
ment [35] (as shown in Fig. 2). The virtual lightfield display
covers 40° of the horizontal Field Of View (FOV) per eye for
all tests. The Oculus HMD provides a horizontal FOV of 60°
per eye.

D. Observers

A total of 23 observers (8 female, 15 male) participated in
the tests, all of them having normal or corrected vision (glasses
or lenses). The ages of the participants were between 19 and
35, with an average age of 27. There were 11 users familiar
with HMD technology (47%) and 12 users using an HMD for
the first time (53%).
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Fig. 6: Experiment 2: Selected multiview static frames.

E. Methodology

The Absolute Category Rating (ACR) [35] methodology
was used to evaluate the perception of the smoothness in a
five-degree scale. Fig. 5 shows a schematic representation of
the different steps comprised in the QoE assessment. Each test
clip had an estimated duration of 20 seconds, which is divided
in three parts:

o Training: First 8 seconds of each test. The user must find
the most-comfortable horizontal oscillatory movement for
the displayed content, covering a sufficient view range
to have satisfactory motion parallax. At the end of the
training part, a visual flag appears next to the virtual
display, indicating the beginning of the testing part.

o Testing: Last 8 seconds of each test. The user must keep
the movement of the training phase, maintaining the range
of covered views as constant as possible. The user’s head
position was tracked during these 8 seconds.

o Vote: after the training and testing phases, a screen with
a VOTE message is shown, giving the observer 4 seconds
to orally rate the perceived smoothness.

The test sessions started with a training process where some
example sequences, different from the ones used in the tests,
were shown to the users to explain the test methodology and
train the user in the range of view densities shown in the tests.
Each test clip was shown once, and different randomizations

TABLE II: Experiment 1: Tested switching distances for
multiview sequences.

Sequence 1D Sw. dist. (mm)
Pantomime Pa 2 6 15 | 30
Champagne Ch 2 6 12 | 25

Champagne 2 Ch2 | 1 3 6 12
Flowers Linear FL 2 3 6 12
Flowers Arc FA 2 4 8 12
Butterfly Linear | BL | 2 3 6 10
Butterfly Arc BA | 6 | 10 | 20 | 30

TABLE III: Experiment 2: Tested switching distances for
multiview static frames.

Static Frame 1D Sw. dist. (mm)
Pantomime hd PaH 216 15 | 30
Pantomime md PaM | 2 | 6 15 | 30
Pantomime 1d Pal 216 15 | 30
Champagne hd ChH | 2 | 6 | 12 | 25
Champagne md ChM | 2 | 6 | 12 | 25
Champagne 1d ChL | 2 | 6 | 12 | 25

Flowers Linear hd FLH 213 6 12
Flowers Linear 1d FLL 213 6 12

were used to reduce contextual effects (with the condition
of not showing the same source content consecutively [36],
[37]). A set of 7 breaks of 30 seconds were proposed to the
user. Finally, a small questionnaire was given to the user after
the test session, asking a few simple questions regarding the
testing protocol and experienced visual comfort. The average
duration of the whole testing session, composed by 60 test
clips, was of 28 minutes.

The subjective assessment included two experiments:

1) Experiment 1 - Smoothness of Multiview Video Content:
In this experiment, we evaluated the smoothness perception of
the seven dense multiview video sequences (Table I) varying
the motion parallax gain, through four different switching
distances. Table II shows the tested switching distances for
each sequence. There were a total of 28 tests clips, with an
estimated total test duration of 11-13 min.

2) Experiment 2 - Smoothness of Multiview Static Content:
In this experiment, we evaluated the smoothness perception
of multiview static frames. In video sequences, objects move,
and may vary their depth (distance to the camera), and, there-
fore, the disparity they produce between neighboring views.
The MVPDM [14] showed that the smoothness perception
is related to this disparity. Thus, this experiment targets to
disaggregate the effect of a disparity that varies along time in
the smoothness score, testing different individual frames with
distinct disparity values.

Individual frames were extracted from sequences with
enough disparity variation along time (Pa, Ch and FL), se-
lecting a subset of frames with distinct disparity values (see
dpear in Table I). Three frames were selected for Pa and Ch and
two for FL. Fig. 6 shows the selected frames, marked as high
disparity (hd), intermediate disparity (md) and low disparity
(Id). Table IIT shows the switching distances tested for each
frame. There were a total of 32 tests clips, with an estimated
total test duration of 15-17 min.
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V. SUBJECTIVE EXPERIMENTAL RESULTS AND
DISCUSSION

A. Subject Screening

A screening of the smoothness scores was carried out, con-
sidering the correlation between the scores of each subject and
the average scores, as recommended in [36], and [37]. After
this screening, one observer was rejected for the Experiment 1,
and none for the Experiment 2.

B. Characterization of the User’s Movement Speed

To analyze how the subject’s movement influenced the
smoothness score, it is necessary to characterize the subject’s
speed during each test. However, the user’s movement is not
completely constant and its speed typically varies with the
horizontal position. Fig. 7 depicts an example of a typical user
movement along the x-axis, with the speed in a color scale.
As it can be seen, the users move at the highest speed at the
central part of the oscillation, decreasing when they get closer
to their movement limits. Also, each subject covers a different
oscillation amplitude for different test clips. The analysis of the
movement data, shows that 90% of the users moved with an
amplitude lower than 28 cm. These results are in accordance
with the ones obtained in [38], where the authors stated that
users did not surpass the 30 cm of amplitude, even when the
range was not limited.

To characterize the speed of each user (User Movement
Speed, UMS), we averaged the speed values covered in the
central range of the subject’s movement. The user position is
normalized by the covered range in the x-axis, and the UMS
is defined as the mean speed in the [-0.4, 0.4] interval of
normalized positions. Fig. 8 shows the mean speed vs the
normalized horizontal position, for all users and tests.

C. Analysis of smoothness MOS using (UMS, sw. dist.) values

Given the definition of UMS, each test clip is defined
by a switching distance, a UMS, and a smoothness score.
Table IV shows, for all test clips, the 90% upper-bound UMS
values, i.e., 90% of the users have moved with slower or
equal UMS. For a particular content (sequence or frame),
the used UMSs are mainly driven by the switching distance,
increasing with larger switching distances (sparser arrays). The
influence of the content in the UMS can be analyzed with
the results of the static frames. For those tests, the values
of the switching distances are the same for all the frames of
a sequence (Id, md and hd). In general, UMS increases for
frames with further objects (lower disparity). For instance, as
shown in Table IV, for Pa’s frames, which presents the biggest
variation in disparity (see dpere values in Table I), the 90%
upper-bound UMS value increases (i.e., viewers move faster)
as the disparity decreases. This behavior holds for all the tested
switching distances.

To facilitate the analysis of smoothness scores, the UMS
values were discretized in a set of 15 bins covering the whole
UMS range. To reject outlier scores, smoothness scores with
only one subject for a UMS bin in a test clip were discarded.

1) Experiment 1 - Smoothness of Multiview Video Content:
Fig. 9 shows the subjective smoothness scores provided by
the observers. They are represented with boxplots for the
discretized UMS values and switching distances of all the test
clips in Experiment 1. The boxplots are grouped in blocks
corresponding to a single UMS bin value, e.g. in Fig. 9 (f),
the four boxplots grouped at UMS = 13.5 cm/s correspond
to the same UMS value. In addition, the figure shows the
smoothness Mean Opinion Scores (MOSs) and trend lines for
each group of MOSs that correspond to the same switching
distance. Generally, these trends show that: i) for a given UMS,
shorter switching distances obtain better smoothness scores
than larger ones; ii) for a specific switching distance, faster
UMSs lead to better smoothness perception. It is also worth
noting that a considerable range of the five-grade scale has
been covered for all the sequences. Two sequences present
atypical results: i) smoothness scores for Ch are concentrated
in the lowest range. This indicates the lower view density of
this sequence compared to the rest; ii) Smoothness scores for
BL do not show a clear trend with UMS, which may be related
to particular characteristics of the content.

Given that the obtained sets of subjective scores are not
normally distributed, the analysis over the MOSs and their
trends is limited to general insights. In order to analyze in
depth the statistical significance of the effects of the switching
distance and UMS in the smoothness scores, a non-parametric
test was performed over the whole set of raw scores. In
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in Table II.

TABLE IV: 90% upper-bound UMS values (in cm/s) for all test clips, i.e., indicates that 90% of the users have moved with

slower or equal UMS than that value for that test clip.

Sequences Static Frames
Pa Ch Ch2 FL FA BL BA PaH | PaM | PaL | ChH | ChM | ChL | FLH | FLL
sw. dist. 1 | 15.1 9.6 8.2 139 | 169 | 16.6 | 21.8 sw. dist. 1 | 143 | 18.6 | 23.4 9.9 10.5 115 | 159 | 155
sw. dist. 2 | 269 | 192 | 157 | 26.1 | 263 | 184 | 269 sw. dist. 2 | 23.6 | 339 | 32.6 | 164 15.8 18.6 | 148 | 23.0
sw. dist. 3 | 332 | 24.6 | 242 | 26.1 | 31.8 | 24.0 | 443 sw. dist. 3 | 28.0 | 32.8 | 40.1 20.0 | 222 | 249 | 222 | 243
sw. dist. 4 | 40.0 | 26.6 | 30.7 | 289 | 27.7 | 279 | 31.7 sw. dist. 4 | 288 | 31.2 | 40.4 | 26.8 246 | 27.0 | 242 | 264

particular, a Skillings-Mack test [39] was carried out, which
can be considered as a Friedman test (i.e., non-parametric
version of a two-way Anova) for unbalanced data (i.e., samples
with different size or with missing data) and for samples with
reduced size. In the case under analysis, the UMSs were not
equally used (i.e., not all observers moved their head with
the same speeds), and the smoothness scores were distributed
among the different UMSs bins. The results from the Skillings-
Mack test showed statistical significance for the effects of
both factors: switching distance and UMS (p-values below
0.05 for all source contents). Given the nature of the data
(i.e., unbalanced data and reduced samples size), permutation
tests were carried out as post-hoc tests to further analyze these
influences [40].

First, the influence of the UMS was explored, considering
pairs of score sets for different UMSs (same source content
and switching distance). In addition to the general trends
depicted in Fig. 9 indicating that faster UMSs provide better
smoothness, the post-hoc test showed that the effect of UMS
is statistically significant for big switching distances. For all
source sequences and switching distances 3 and 4, statistically

significant differences exist in most cases when comparing
the UMSs that produce the highest and the lowest MOS
values. These values typically correspond to the fastest and the
slowest UMSs, respectively. Additionally, FA shows statistical
significance for switching distance 2.

Then, to analyze in detail the effect of the switching
distance, a second permutation test compared pairs of score
sets for different switching distances (same content and UMS).
The results are summarized in Table V, where the ratio of
pairs showing statistical significance with respect to the total
comparisons are shown. For example, the last cell of Pa,
shows that there are two UMS values used for both switching
distances 1 and 4, and there is statistical significance for one of
these two comparisons. Missing data is due to the fact that not
always the same UMS was used for two different switching
distances (i.e., no overlapping data to compare). The results
show: i) there are only a few cases with statistically significant
differences between switching distances separated by one step;
ii) when the switching distances step is two, more than the
half of cases show statistical significance; and iii) almost all
cases are significant when comparing switching distance 1 and



IEEE TRANSACTIONS ON MULTIMEDIA, VOL. X, NO. XX, XXX 2019

TABLE V: Permutation test results for the effect of switching
distance in Experiment 1: ratio of pairs showing statistical
significance with respect to the total compared pairs between
each two switching distances.

. 1 step 2 steps 3 steps

SD-DIf 5153 134 [13 | 24 | 14
Pa (02 [ O1 [ 01 [ - [ 03 | 172

Ch [ oi [ 03 | 13 | - [ 12 -

Chz [ o1 [ 12 [ 12 [ - [ 11 -

FL | 03 | 02 | U1 | U1 | i -
FA [ 13 [ oM [ o2 [ Ui | 2%
BL [ 12 [ 02 [ o3 [ oM | iz | 1
BA |02 | 12 | 02 [ 22 | 1 7
O 71 1 7 0 L
77 10716 576

4. These results prove the effect of the switching distance
in the smoothness score, especially when the difference in
switching distance is above a certain threshold, which is
content dependent (different switching distances were chosen
for different sequences, Tables II and Table III).

Experiment 1 uses a subset of sequences in common with
the experiments in [14] (Ch, Pa, FL, FA, BL). Thus, we
have compared the smoothness MOSs in [14] (user movement
simulated in a stereoscopic display) and the ones obtained
here. Smoothness scores were compared for equal values of
VSS, measured in views per second (common units for both
settings). Smoothness scores in [14] are higher than the ones
obtained here (+0.73 points in average). This can be influenced
by the fact that, in [14], the user movement was simulated with
a uniform speed. Instead, in a realistic user movement, speed
is decreased at the limits of the movement (see Fig. 8). As
seen in Fig. 9, lower UMS values result in lower smoothness
scores, and thus, the perception at the movement limits may
influence the subjects to provide a lower smoothness score.

2) Experiment 2 - Smoothness of Multiview Static Content:
Fig. 10 shows the subjective smoothness scores for Exper-
iment 2 in the same format of Experiment 1. The trends
show the same general conclusions for the effect of switching
distance than that of Experiment 1. For a particular UMS,
shorter switching distances obtain better smoothness scores
than larger ones. However, in Experiment 2, a faster UMSs
does not always lead to better smoothness perception, as
reflected by the trends for Ch and FL frames for big switching
distances (3 and 4). This may indicate that dynamic content
is masking some effect in the perception of smoothness.
Proceeding similarly to Experiment 1, a Skillings-Mack was
performed. The results show statistical significance for the
effects of switching distance and UMS in the smoothness
scores (p-values below 0.05 for all source frames).

Permutation tests for the UMS factor show that, in all
Pa frames, significant differences exist when comparing the
UMSs that provide the highest and the lowest MOS values
for switching distances 3 and 4. Significant differences also
exist between the lowest and highest scores for switching
distances 1 and 2 in FLH and switching distance 2 for FLL.
For Ch frames, the concentration of votes in the lowest range
prevents the existence of statistically significant differences
among UMS values.

TABLE VI: Permutation test results for the effect of switching
distance in Experiment 2: ratio of pairs showing statistical
significance with respect to the total compared pairs between
each two switching distances.

. 1 step 2 steps 3 steps
SD-DIf 5153 134 [ 13 | 24 14
PaH | U1 | 13 | 24 | U1 | 373 71
PaM | 14 | 13 | 22 | 1/& | 373 373
Pal [ 03 | 12 | O/ [ 03 | 02 b7
ChH | 12 [ 02 [ 03 [ 12 [ on 71
ChM | 12 [ o2 | 1A [ 2 | iR 7
ChL [ 12 [ 04 | 23 [ 12 | 253 71
FLH | 01 [ 12 | 13 | O | 272 71

FLL | 01 | 23 | 02 | O | 2.2 -
Avg, |_3/16 | O21 | 822 | 5116 | T3/19 | 10710
19759 18735 T07T0

Permutation test results for the effect of the switching
distance are shown in Table VI (same conditions of Exper-
iment 1). The results support the conclusions extracted for
Experiment 1, since there are more significant differences
between the compared pairs of sets as the difference between
switching distances is bigger (i.e., more statistical differences
comparing switching distances 1 and 4 than for smaller steps).
However, in contrast to the results in Experiment 1, there
are more cases significant differences with smaller steps (e.g.,
around 30% comparing switching distance 1 and 2 in Experi-
ment 2 against 17% in Experiment 1), which may be explained
by the absence of movement in static content. Taking out this
factor reduces the dispersion of the vote among participants.

In addition, the results in Experiment 2 allow to analyze the
effect of disparity. For a given switching distance and UMS,
the smoothness perception is better for frames with lower
disparity. For instance, this can be observed in the increasing
of smoothness scores from Fig. 10 (a) to (c) corresponding to
switching distance 2, which correspond to Pa hd, md and ld,
respectively.

D. Conclusion

The analysis of the user behavior reveals that users have
moved covering amplitudes below 30 cm, and that the UMS is
primarily influenced by the switching distance, increasing for
higher distances, and secondarily by scene content, increasing
for lower disparities.

From the analysis of the subjective results, it can be con-
cluded that the perception of smoothness for multiview content
is influenced by i) the array’s density (switching distance),
ii) the UMS, and iii) the scene disparity (depth of the objects).
The perception of smoothness improves for denser arrays,
lower disparities, and faster UMS. Post-hoc analysis of the
results have shown statistical significance for the effects of
both switching distance and UMS.

Through the comparison of smoothness results in [14] and
the ones obtained here, we derive that perception at the
movement limits, that typically implies a slower head motion,
may influence the smoothness perception, decreasing the score
with respect to scores obtained with simulated uniform speed
for head motion.
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(largest), are shown in Table III.

VI. CORRELATION OF THE SUBJECTIVE RESULTS WITH
THE MVPDM PARAMETERIZATION

We have studied the correlation of the parameterization
proposed in MVPDM [14] with the smoothness results (Sec-
tion V). Additionally, we have compared its performance
(based on dpec) with the one based on the disparity of the
nearest plane (dpear) [14].

The analysis contains two main parts; first, we have verified
that the UMSs of the subjects result in a comfortable VSS
(using the prediction model for speed comfort [14]). Then,
we analyze the correlation of the smoothness scores with the
MVPDM parameterization and discuss its limitations.

A. Relation between VSS and UMS values

VSS [14] defines the variation in viewpoint content per time
unit, i.e., how fast the viewpoint changes when the user moves
the head. VSS depends on UMS (which in [14] was simulated
by a predefined view-sweeping trajectory), but also on the
switching distance and how the change between two views
is parameterized (disparity in the MVPDM). Depending on
the basic parameter (dperc OF dpear) two modes of VSS can be
computed, VSSyear based on dpear, and VSSpere based on dperc:

dnear[%0] * UMS[cm/ 8]
sw_dist[em]
dperc[%0] % UMS[cm /5]
sw_dist[em]

VSShear| %0/ 8] =

(1

VSSperc /5] = )

B. Validation of the Speed Comfort

Using the prediction model for speed comfort [14], and
the VSS values computed using (2) from subjective test data,
we have checked the speed comfort predictions for all test
clips. The results show that the predicted values for speed
comfort for all tests are within the [4.09, 4.18] range (using
a five-degree scale). Since it was requested that users moved
at speeds that produced a comfortable perception of viewpoint
change, the prediction values provided by the MVPDM accord
with the expected behavior of the viewers.

C. Correlation of the Smoothness Results with dpe. and
VSSpere

The MVPDM [14] proposes that a prediction of the smooth-
ness scores can be obtained as a linear combination of dperc
and VSSpere. To assess this proposal, we have trained a linear
regression model to predict the smoothness MOS values of
Section V from the dpere and VSSper parameters computed for
the multiview sequences and frames.

As explained in Section II, dpc (and therefore, VSSyer)
depends on two perceptual factors, «, and /3, that modify the
relevance of disparity values of objects in front and behind the
convergence plane, respectively. In this analysis, the optimum
a and 3 values (copi, Bopt) Were derived minimizing the mean
prediction error, computed as the absolute difference between
the MOS and the prediction values.
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Fig. 11: Best fitting planes for dyear and dperc. To plot the 3D graphs, we have chosen a projection that is perpendicular to the
fitting plane. This facilitates the interpretation of the prediction errors. Smoothness MOSs are within the [1, 5] range.

TABLE VII: Mean absolute error and standard deviation of the smoothness predictions for Experiments 1, 2, and 1 + 2 using
dnear and dperc parameterizations. (opi, Bopt) values are shown for each experiment. Plane coefficient values are presented for
Experiment 1+2. 10-fold cross-validation results for the dpec model are provided through mean values and 95% confidence
intervals. 95% confidence interval results are provided by the value of half-interval size.

Experiment 1 (sequences) Experiment 2 (static frames) Experiments 1 + 2

opt | Bopt Err | o(Err) opt | Bopt Err | o(Err) opt | Bopt Err | o(Err) A B C

. . dnear - - 0.60 0.41 - - 0.67 0.49 - - 0.64 0.47 0.02 | -0.79 | 3.20
Trained using all samples

dperc 1.9 1.3 0.58 0.46 0.4 0 0.55 0.40 0.5 0 0.60 0.43 0.21 | -891 | 3.61

mean value 2.02 | 1.44 | 0.61 - 0.4 0 0.56 - 0.49 0 0.57 - 022 | -9.19 | 3.62
10-fold cross-val (dperc)

95% CI 0.08 | 0.10 | 0.09 - 0.00 | 0.00 | 0.06 - 0.02 | 0.00 | 0.05 - 0.01 0.58 | 0.04

Fig. 11 depicts the plane that fits best to the smoothness
MOS values, for the sequences, the static frames, and the
combination of both, and the two previously mentioned pa-
rameterizations (dpere and dpear). This plane represents the
smoothness prediction values from d and VSS values. The
corresponding mean absolute errors, standard deviations and
(cvopt> Bopt) pairs are presented in Table VII. In [14], an angular
resolution parameterization was also analyzed, but it has been
omitted here as it provided the worst results. In addition,
a 10-fold cross-validation test has been performed for the
dpere model. Mean absolute error results and 95% confidence
intervals for the cross validation test are reported in Table VII.
The cross validation results show stable results with low
confidence intervals for a@ 5 and mean error, demonstrating
that the MVPDM model does not overfit to the data.

1) Experiment 1: Smoothness Prediction of Video Content:
In the case of the video content, both planes (dpear and dperc)
have similar mean absolute errors (see Table VII). Moreover,
we observe a significant variability in the smoothness scores
for similar (dperc, VSSpere) values, especially for the lowest
values of (dperc, VSSperc), as shown in Fig. 11 (d). This
indicates certain limitations in MVPDM as a model to predict
precise smoothness scores for video sequences. This may be
influenced by two factors:

e A linear model may be over-simplistic to reflect the

user perception of smoothness. The use of more com-
plex models needs to be studied. However, the training
of such models requires a higher amount of data to
avoid overfitting problems. The MV-HMD system and
the methodology proposed in this work can enable the
extraction of that data.

o As stated in Section V, the user perception of smoothness
varies for different disparity distributions of a scene.
Thus, for sequences with disparity variation along time,
it is not clear which are the scoring criteria of the
subjects, e.g., is the user scoring the worst instant, the
best instant, or averaging the perception along time?
While further subjective research could clarify this second
factor, Experiment 2 aims to disaggregate the effect of a
variable disparity along time.

2) Experiment 2: Smoothness Prediction of Static Content:
The prediction accuracy of smoothness scores improves for
the static content (see Fig. 11 (e)), with a slightly lower
mean prediction error (Table VII), and outperforming the dyeyr
parameterization. This improvement is related to the use of
static content that maintains the scene disparity constant in
time. Fixing the disparity eliminates a possible variability in
the user’s scoring criteria for the presence of a disparity that
varies within a test clip.

Nevertheless, a dispersion of smoothness scores still exists
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for low (dperc, VSSperc) values, and thus, future work should
focus on the development of more accurate models for the
prediction of smoothness perception in view transitions.

3) Experiment 1 + 2: Combining the Results of Video and
Static Content: Finally, Figs. 11 (e) and (f) are obtained com-
bining the data of Experiments 1 and 2. The prediction error
(Table VII) sits between the values obtained for Experiments
1 and 2 separately.

While (cvopt, Bopt) values differ between Experiments 1 and 2
(see Table VII), the (cropt, Bopt) values for Experiment 1+2 are
very similar to the ones obtained for Experiment 2, i.e., (copt =
0.4/0.5, Bopt = 0). This indicates that, within the limitations
of the model, these values are valid for both static frames and
sequences, i.e., prediction errors for Experiment 1 samples
do not increase significantly the mean prediction error. For
this experiment, Table VII also shows the value of the plane
coefficients (A, B, C) for the dpere and dyear parameterizations:

Smoothness = A * VSSpercmear + B * dpercinear + C. 3)

D. Conclusion

The MVPDM has been used to predict the speed comfort
scores for the set of tests. The high values of the speed comfort
predictions accord with the perception of viewers, who were
requested to move with a speed that produced a comfortable
viewing experience. Also, the analysis of the correlation of
smoothness scores with the MVPDM parameterization in-
dicates that MVPDM is useful to establish an approximate
prediction of smoothness scores. Results for Experiments 1+2
indicate that a single model can be derived to predict the
smoothness scores for static and moving content. However,
improved models must be developed to increase the accuracy
of these predictions, especially for low disparity values. For
that, more subjective data will be necessary, and the MV-HMD
player and methodology presented in this work will be useful
to collect that data.

VII. CONCLUSIONS

This paper presents a system and methodology for the
assessment of QoE factors specific to dense multiview content
using HMDs. Given the limited availability of commercial
lightfield displays, the use of an HMD provides a more realistic
environment than previous approaches, allowing the user to
move freely, varying its perspective of the scene. Hence, this
work might be used for future assessment, or even considered
in the elaboration of new lightfield/VR QoE recommendations.

Using the MV-HMD player and the presented methodology,
we have analyzed how the variation of the switching distance,
content, and the user’s movement affect the perception of
smoothness in the view transition. We can state that the array’s
density (switching distance) and the user movement speed
(UMS) influence the smoothness perception, increasing for
smaller switching distances and higher UMS. The statistical
analysis of the smoothness scores show the statistical signif-
icance of UMS and switching distance in the perception of
smoothness.

Finally, we have used the subjective data to assess the
performance of the prediction metric MVPDM in different

aspects. First, we have verified that MVPDM yields high
speed comfort prediction values for all test clips and subjects,
which were requested to move with a speed that produced a
comfortable viewing experience. Second, we have studied the
correlation of the smoothness results with the MVPDM pa-
rameterization. The results indicate that MVPDM is useful to
establish an approximate prediction of smoothness scores, but
improved models must be developed to increase its accuracy.
Future work will include the use of the proposed methodol-
ogy, with a higher number of subjects and content variety, to
collect more data that can enable the development of accurate
models for the prediction of subjective factors specific to
multiview content (Section VI). Also, further research could
focus on the analysis of the typical scoring criteria of a
user who watches multiview content with a head-speed that
necessarily varies along time (Section V). This analysis could
lead to an improvement in the characterization of the UMS.
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