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Abstract—We present the description, results, and analysis of the
experiments conducted to find the equivalent resolution associated
with handheld devices. That is, the resolution from which users
stop perceiving quality improvements if better resolutions are pre-
sented to them in such devices. Thus, it is the maximum resolution
that it is worth considering for generating and delivering video, as
long as sequences are not too intensively compressed. Therefore,
the detection of the equivalent resolutions allows for notable sav-
ings in bandwidth consumption. Subjective assessments have been
carried out on fifty subjects using a set of video sequences of very
different nature and four handheld devices with a broad range of
screen dimensions. The results prove that the equivalent resolution
in current handheld devices is 720p as higher resolutions are not
valued by users.

Index Terms—Adaptive streaming, bit rate, video quality,
subjective assessment.

1. INTRODUCTION

IDEO traffic accounts for more than 75% of all IP traffic
V today, and this percentage is expected to grow noticeably
over the next years. Furthermore, smartphone traffic will reach
approximately one third of total IP traffic by 2021 [1]. Addi-
tionally, despite the use of significantly more efficient video
compression standards like H.264/AVC [2], H265/HEVC [3],
or VP9 [4], the bit rates required to provide sufficiently good
quality content to end users are very high [5], due in part to in-
creasingly higher user demands. Faced with these overwhelming
data, service and content providers are constantly searching for
means to provide quality of experience (QoE) at the lowest bit
rate possible.

Considering HTTP/TCP-based adaptive bit rate streaming
(ABR) techniques, the initial approach to generate content at
different qualities is the use of general purpose fixed encoding
ladders [5]. These ladders consist of tables that explicitly in-
dicate the values of several parameters (e.g. image resolution,
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framerate, bit rate...) to create a number of quality levels. Nev-
ertheless, this approach cannot assure that bandwidth is used
efficiently, as, on the one hand, bit rate can be wasted in encod-
ing content of low complexity (e.g. news, cartoons, sitcoms...)
or, on the other hand, not enough bitrate can be assigned for high
complexity content (e.g. soccer, action movies...). These draw-
backs can however be limited by using more flexible ladders
that allow to specify ranges of values instead of predetermined
ones [6] and/or by means of using not one but several subladders
focused on a particular type of content (per-category encoding)
or a targeted (type of) device (per-device encoding).

Regarding the per-category strategy, the approach is however
insufficient, as sequences classified into the same category might
not be of comparable level of complexity. This is why Netflix
pioneered the implementation of per-title encoding (i.e., using
different encoding settings per sequence [7]), recently evolved
into even more specific per-shot or per-chunk encoding schemes,
which are able to capture complexity variations of the con-
tent over time [8]. Meanwhile, most per-device implementations
simply adapt the value of the encoding parameters according to
the type of device in question or directly remove some of the
quality levels. This is done, for instance, not including substan-
dard or standard definition levels for Smart TVs or Ultra High
Definition (UHD 4K) for mobile phones. So far, this has been
done rather automatically, that is, without considering the actual
specifications of the devices and how they impact the quality
actually perceived by users. Moreover, the tendency is to gener-
ate increasingly specific subladders only targeting devices with
screens of very similar dimensions. Considering these elements,
it is desirable to introduce a perceptually-driven preparation of
device-aware encoding ladders to properly assess which devices
should use a common ladder and the characteristics of this ladder
to improve efficiency rationally.

In this respect, this work describes the design, development,
and analysis of experiments to find the so-called equivalent res-
olution actually perceived by users common to all handheld de-
vices. The equivalent resolution is defined as the resolution from
which users do not statistically significantly perceive an im-
provement if sequences with objectively better resolutions are
presented to them. So we look to prove whether visual condi-
tions limit the resolution needs, as stated in [9], and to validate
our initial hypothesis that the maximum resolution that can be
perceived by users in devices with screens equal or smaller than
that of a tablet is statistically the same and so they all should
share a common encoding subladder with the above mentioned
equivalent resolution as the maximum one.



The letter is structured as follows. In Section II we describe
the most significant works related to this topic. In Section IIT
we present all the features of the conducted subjective assess-
ment. Then, we present and analyze the results of the tests in
Section IV. Finally, the conclusions are included in Section V.

II. RELATED WORK

Numerous works dealing with how users perceive audiovi-
sual information are not just focused on studying the effect of
variables strictly related to the data, but they also consider ex-
ogenous variables such as the type of display, the visualization
environment or the behavior of the network. In particular, Ni
et al. [10] analyzed the variation of the perceived quality of a
mixture of media on screens with the display pixel density. The
study verified that devices with a higher pixel density were better
scored. Focusing on text, the work by Mayr ef al. [11] enriched
the environment including parameters related to the environment
and comfort of the subject. Furthermore, the study by Lischke
etal. [12] included, in addition to text, comparisons between im-
ages and video quality assessment and concluded that the three
tasks have significantly different requirements in terms of pixel
density. Additionally, considering specifically the video signal,
other studies [13], [14] analyzed the assessment of video se-
quences including the possibility that the mobile device and the
size of the screen may have some influence. Furthermore, the
works by Ou ef al. [15], and Laghari et al. [16] examined the in-
fluence of video characteristics and format in the user QoE, with
ahuge statistical analysis based on subjective assessment. In this
respect, Jumisko ef al. [17] analyzed the acceptance threshold,
i.e., the point above which users statistically accept the quality
provided by a service considering the terminal of the user. Ad-
ditionally, considering other external aspects besides the device
and the video features, the works by Tavakoli et al. [18] and Pérez
et al. [19] presented studies where not only the impact in QoE
of the encoding process, resolution and bit rate were explored
but also that of the network behavior. Finally, regarding the best
quality that viewers can perceive in different environments, as
concluded from the previously cited works and more explicitly
by Allison ef al. [20], it is quite difficult to find a universal defi-
nition of what can be considered as “visually lossless™ to users.
The reason is that this attribute strongly depends on a number
of elements besides the information characteristics, such as dis-
play features, viewing conditions, familiarity with the content
and others.

Thus, considering this complex context, our work intends to
shed light on one specific but significant aspect: the relation
between video resolution and display screen size and its impact
in the perceived quality, particularized for handheld devices and
regardless of any other internal or external video variables. In this
way, we can characterize these devices from the point of view
of video resolution with the aim of creating effective encoding
and transmission schemes to save bandwidth.

III. TEST FEATURES

All the procedures and considerations that have been taken
into account during the different test phases are presented. Many
of them are based on the operational guidelines included in

TABLEI
SRCS’ SPATIAL AND TEMPORAL COMPLEXITY

Game | Venice | Football | India | Skate
Spatial Complexity 422 80.7 62.7 70.7 385
Temporal Complexity 14.2 11.7 18.0 13.3 16.4

Recommendations ITU-R BT.500-13 [21], ITU-T P.910 [22]
and ITU-T P.913 [23].

A. Material

The test material consists of five 10-second-long very-high-
quality UHD 4K Source sequences (SRCs), thatis, 16:9, 2160p,
acquired at 50 or 60 fps. They were chosen mostly among those
recommended by the Video Quality Experts Group (VQEG)
to include representative, varied, and habitual contents for ob-
servers. This material is characterized in terms of the average
spatial and temporal complexity considering the spatial informa-
tion (SI) and the temporal information (TT) indicators [24], [22].
As shown in Table I, the selected SRCs cover a wide range of
complexities, from low to high values in both domains. Further-
more, all the SRCs include audio.

We have considered five Hypothetical Reference Circuits
(HRCs): 16:9 aspect ratio at 1080p, 720p, 540p, 360p, and
270p. These set is close to a geometric progression with ratio
1/sqrt(2), so each new frame size is close to half the previous
one. All HRCs were AVC encoded at 30 fps, after conducting an
exhaustive analysis of the state of the art [25], [26]. A target bit
rate of 15 Mbps was selected to ensure that encoding parameters
did not impact the quality presented to subjects. This bit rate is
well above the highest bit rates used for TV sets [5], [7], there-
fore clearly higher than the bit rates considered for handheld
devices. Thus, HRCs only differed in the picture resolution.
Finally, we had a total of 25 Processed Video Sequences (PVSs)
under evaluation.

B. Mobile Devices

We have selected three smartphones with very different screen
sizes and native resolutions, and one tablet. In order to prevent
the tablet from distorting subjects ratings, it was always shown
either first or last, but never in between. In particular, the hand-
held devices chosen were the following:

o Smartphone 1 (SP1): with a 4.3-inch screen and a resolu-

tion of 480 x 800 pixels (LG-P720).

o Smartphone 2 (SP2): with a 4.7-inch screen and a resolu-

tion of 720 x 1280 pixels (Samsung Galaxy A3 (2017)).

* Smartphone 3 (SP3): with a 5.1-inch screen and a resolu-

tion of 1440 x 2560 pixels (Samsung Galaxy S7).

e Tablet: with a 9.7-inch screen and a resolution of 1536 x

2048 pixels (iPad Air 2).

The same player has been used in all devices to assure a com-
mon up-sampling method. Whenever required, bicubic interpo-
lation has been used for both luma and chroma.

C. Environment

The test room was set as comfortable as possible, with the aim
of simulating to the greatest extent possible the habitual location
where the subjects generally use their mobile devices to enjoy
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Fig. 1.
audiovisual content, Tn addition, the brightness was controlled
$0 as to meet recommended values [22]: 69.6 Lx in front of the
subjects, 80.6 Lx to their left, 94.9 Lx to their right, and 120.6 Lx
above them.

Subjects were allowed to choose the viewing distance to the
device they felt more comfortable with. Moreover, they could
hold the mobile in their hands or leave it on the table. In this
sense, we did not detect any correlation between viewing dis-
tance and screen size. Additionally, subjects used headphones
to listen to audio.

D. Methodology

Before the teststarts, the testdesigner reads outloud the guide-
lines on how the subjects should perform the tests. Next, before
the use of each device, a rather short training session is carried
out. Subjects are presented with two possible conditions: the
highest and lowest qualities that will be shown, i.e., 1080p and
270p. To that end, a sixth sequence is used. In this way, subjects
are more aware of the scale of qualities that they will encounter

W1080p M720p 540p W360p W270p

4 I 7
1 |

35 l

3
25

2
15

1

SP1 SP2 5P3

(b) Content "Game”

I1

m1080p ®720p = 540p m360p m270p

4.5 1 l [ I
3.5 l l I l

(d) Content "Football”

S

nN

wn

W1080p W720p  540p M360p W270p

'lh lli IIi |Il

(f) Content "Skate”

1

MOS: global (a) and per-content (b to f), disaggregated per quality and device.

and rate the sequences accordingly. Furthermore, this training
session was also used to allow the subject to tune the audio level
amplitude as he/she pleases.

The conducted tests consisted in sequentially presenting all
the PVS’s in random order to all subjects in all the considered
devices. The subjects were asked Lo rate on paper each sequence
immediately after its visualization. To help it, a four-second grey
sequence was included between every two consecutive PVS’s.
The test method followed in the assessment is the Absolute Cate-
gory Rating (ACR), where subjects have five possible answers to
indicale the quality just perceived: “Excellent”, “Good”, “Fair”,
“Poor” and “Bad”.

IV. TEST RESULTS

Fifty non-expert people participated in the test. Women and
men on par, aged between 18 and 30 years, most of whom use
mobile devices frequently to watch audiovisual content.

Fig. 1 depicts the mean opinion scores (MOS’s) per resolu-
tion and mobile device. Results are presented both aggregated



(Fig. la) and per content (Figs. 1b to 1f). All bars include their
95% confidence intervals (CIs).

As expected, the MOS increases with the number of image
pixels in all the cases. However, some Cls clearly overlap. In
particular, the Cls associated with resolutions 1080p and 720p
overlap for all the combinations. Furthermore, the Cls related
Lo reselutions 720p and 540p overlap in a subset of the cases.
Given these results, the main conclusion is then clear: subjects
perceived no statistically significant difference between resolu-
tions 1080p and 720p, regardless of the device. Furthermore,
as described, in some of the combinations, they did not even
perceive any statistically significant difference between other
resolutions, in particular resolutions 720p and 540p, but this re-
sult cannot be extended to all the considered cases. Therefore,
the equivalent resolution for handheld devices is 720p. More-
over, some interesting conclusions are that subjects tend to rate
higher contents of lower resolutions on smaller-screen devices
and contents of higher resolutions on greater screens devices.
Additionally, we can observe that the smaller the screen of the
mobile device is, the more the scores of all contents tend to ho-
mogenize. As the characteristics of the terminal screen improve,
higher differences can be found. This shows that the demands
in low-end mobiles are lower than in high-end mobiles, whose
exigency is grealer.

Regarding the results disaggregated per SRC, the trends men-
tioned above also occur for individual contents. Considering “In-
dia”, lower resolutions were rated slightly worse than for the rest
of SRCs, presumably because at low resolutions, small objects
that are key to perceiving a good quality in this specific content
may “disappear”. Regarding “Skate”, the average rates given (o
the highest resolutions are quite low compared to the rest of the
conlents and many ClIs overlap. Furthermore, the Cls are in gen-
eral larger than they are for the rest of the SRCs, which means
a weaker consensus of the subjects. Moreover, there seems to
be a tendency that makes more extreme the scores given to con-
tents with higher SI. That is, high-SI content high resolutions
are better rated on average than low-SI content high resolutions
and high-SI content low resolutions are rated worse in average
than low-SI content low resolutions. By contrast, the TI indica-
tor does not seem Lo have this kind of effect. iinally, it is also
noteworthy mentioning that besides the objective characteristics
of the sequences, result differences between contents might also
be a result of the personal taste of subjects towards the specific
material presented to them.,

Additionally, to validate the randomization made o present
the samples, we have analyzed the average score given to a
particular resolution taking into consideration the resolution of
the sequence visualized immediately before. Results related to
1080p resolution are presented in Fig. 2. The rest of the resolu-
tions are not included since they yield similar results. As can be
observed, results are in general random and Cls overlap. Only a
small difference has been detected when subjects have no pre-
vious references. However, the number of occurrences of these
cases is very low and non-statistically significant.

Finally, in Fig. 3, we show the results of the analysis of the
influence of the order in which devices were presented to sub-
jects on the final scores. We can sce in the graph that the Cls
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Fig. 3. Comparison between the average score given to each device when the
Tablet was evaluated either first or last.

overlap for the mobile devices but there is a small but significant
difference in the case of the tablet, indicating that it was rated
better when it was the first device shown, presumably due to
user expectations regarding quality.

V. CONCLUSION

We have presented the tests conducted to identify the so-called
cquivalentreselution inhandheld devices, i.¢., the maximum res-
olution that can be statically significantly perceived by users on
such devices. This value has been found to be 720p, considering
16:9 aspect ratio videos and given that the video sequence is not
damaged perceptively in the encoding process. This result can
be used by service and content providers (o st the maximum
quality level that it is worth providing to users watching their
content through mobile devices so that no bit rate is wasted. This
conclusion is the main outcome of an assessment conducted on
a large number of subjects (50 people of both genders alike and
aged between 18 and 30 years), using sequences of uncqual spa-
tial and temporal complexities and four handheld devices with
very different screen sizes.
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