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Abstract — Adaptive Media Playout (AMP) consists of smoothly and dynamically adjusting the media
playout rate to recover from undesired (e.g., buffer overflow/underflow or out-of-sync) situations. The
existing AMP solutions are mainly characterized by two main aspects. The first one is their goal (e.g.,
keeping the buffers’ occupancy into safe ranges or enabling media synchronization). The second one is the
criteria that determine the need for triggering the playout adjustments (e.g., buffer fullness or asynchrony
levels). This paper instead focuses on a third key aspect, which has not been sufficiently investigated yet: the
specific adjustment strategy to be performed. In particular, we propose a novel AMP strategy, called Cubic
AMP, which is based on employing a cubic interpolation method to adjust a deviated playout point to a given
reference. On the one hand, mathematical analysis and graphical examples show that our proposal provides
superior performance than other existing linear and quadratic AMP strategies in terms of the smoothness of
the playout curve, while significantly outperforming the quadratic AMP strategy regarding the duration of the
adjustment period and without increasing the computational complexity. It has also been proved and
discussed that higher-order polynomial interpolation methods are less convenient than cubic ones. On the
other hand, the results of subjective tests confirm that our proposal provides better Quality of Experience

(QoE) than the other existing AMP strategies.

Keywords — Adaptive Media Playout; Cubic Interpolation; Inter-Destination Media Synchronization; Media
Synchronization; QoE
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VoD Video on Demand

Cubic AMP

Smooth playout adjustment techniques are

much more convenient than aggressive

ones (i.e., skips & pauses).

Up to date, Linear and Quadratic Adaptive

Media Playout (AMP) strategies have been

devised.

We propose a Cubic AMP strategy to

adjust a deviated playout point to a given

reference.

Cubic AMP is the most suitable and simple

solution, because:

o It guarantees the smoothness of the
playout curve, avoiding bends.

¢ It reduces the duration of the adjustment
period (only outperformed by Linear
AMP).

o It keeps the computational complexity
low.

Cubic AMP provides better Quality of

Experience (QoE) than other existing

Linear and Quadratic AMP strategies.

Slowing down the playout rate is more

critical than fasting it up.

Cubic AMP can be used for different goals

(e.g., buffer underflow/overflow avoidance

or media synchronization).
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1. Introduction.

Nowadays, we are witnessing a boom of media streaming services over Internet, and this is
expected to grow further in the near future. Audio/video conferencing, Content on Demand (CoD)
and Internet Protocol Television (IPTV) are just a few examples of these services.

However, the delivery of time-sensitive media content over packet-switched (IP) networks still
faces many challenges. Several factors, such as variable bandwidth, jitter, and packet loss, among
others, can prevent from successfully providing low-latency, interactive and synchronized media
services [1, 2].

Typically, playout buffering strategies are employed at the client side to overcome the impact of
the above factors, contributing to optimize the system performance in terms of: i) end-to-end
delays; ii) intra-media synchronization (sync, hereafter), which is the maintenance of the original
temporal relationships between the Media Units (MUs) within each media element (e.g., audio,
video...); iii) inter-media sync, which is the preservation of the temporal dependences between the
involved media elements (e.g., lip-sync); and iv) Inter-Destination Media Sync (or IDMS), which is
the compensation of delay differences between different receivers [1, 2]. All the above issues have
an impact on the Quality of Service (QoS) and on the user’s perceived Quality of Experience
(QoE), especially when interactivity with the media content, and/or between multiple users within
the context of common media content consumption, is pursued (e.g., in Social TV).

With enough bandwidth availability and network stability, the usage of proper buffering
strategies would ideally allow preserving/reconstructing the original timing of the incoming media
contents (i.e., i@ MU/s, being 6 the generation rate at the server side and u the playout rate at
the client side, as shown in the black curve in Figure 1). However, the existence of additional
factors, such as network congestion/limitations, Central Processing Unit (CPU)
overload/limitations and clock imperfections, will have an impact on the media playout continuity
and/or synchronicity. For example, the existence of playout rate imperfections [1, 2], such as skews
(p) — deviation trends — and drifts (w(?)) — non-linear fluctuations — (i.e., wreat(1)=6-(1+p+w(t))
MUY/s), will result in deviated (e.g., lagged or advanced) playout processes, as illustrated in Figure
1. Due to this, the adopted buffering strategies must be also coordinated with playout adjustment
techniques to recover from undesired situations, such as buffer underflow/overflow or out-of-sync
situations.

Two main approaches can be adopted for adjusting the playout processes: aggressive and
smooth (see Figure 1). Aggressive adjustment techniques consist of simply skipping (i.e.,
discarding) or pausing MUs (also, inserting or duplicating MUs), as can be seen in the dotted
purple lines in Figure 1.a. However, they can cause (long-term) playout disruptions or
discontinuities (a.k.a. stallings), with a consequent degradation of the QoE, as shown in [3] and in
[4]. Smooth adjustment techniques are commonly known as Adaptive Media Playout (AMP) and

are based on varying (i.e., speeding up or slowing down) the media playout rate within tolerable
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ranges, as can be seen in the dashed red lines in Figure 1.b. Previous studies have shown that
smooth adjustment techniques are more convenient than aggressive ones, in terms of QoS, such as
in providing better media sync performance [1, 2, 3] and in reducing delays [5, 6], and of the
perceived QoE [3, 4].

Given these benefits, many AMP solutions have been proposed in the past (briefly described
and classified in Section 2). In general, the goal of the existing AMP solutions is to adapt a
deviated (lagged or advanced) playout point in order to reach a reference (target), being this
reference: i) a target buffer fullness level in intra-media sync (e.g., to recover the buffer occupancy
into safe ranges in case of network or end-systems congestion); i7) the playout point of a reference
element in inter-media sync (e.g., the base stream in scalable video coding, the audio stream in
audiovisual communications...); or iii) the playout point of a reference receiver in IDMS (e.g.,
possible strategies can be found in [2]).

However, independently of the particular goal of each AMP solution (i.e., why to perform the
playout adjustments), and of criteria or conditions that are employed to determine the need for
triggering the playout adjustments in each of them (i.e., when to perform the playout adjustments),
an additional key issue is the selection of the specific interpolation method to reach the reference
(i.e., how to perform the playout adjustments). Regarding this last aspect, most of the existing AMP
solutions are based on performing linear (i.e., constant) playout adjustments until the reference
point (i.e., the target) is reached. However, the work in [5] states that a quadratic (i.e., parabolic)
adjustment function is better suited than a linear adjustment function for improving the QoE, as it
allows reducing the distortion of the playout curve (i.e., it provides a more uniform playout, by

keeping the inter-presentation times of successive MUs as uniform as possible).

a) Agressive Adjustments (Skips & Pauses) b) Smooth Adjustments (Linear AMP)
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Due to the fact that the smoothness of the playout curve is a key contributor to a satisfying QoE,
the goal of this paper is fo investigate and demonstrate if other strategies can provide better
performance in terms of minimizing abrupt variations in the playout curve, but also in reducing the
duration of the adjustment period', while keeping the computational complexity low. Consequently,
we propose a novel AMP strategy, called Cubic AMP, which is based on employing a cubic
interpolation method to adjust a deviated playout point to a given reference, with the aim of
minimizing abrupt changes in the media playout curve, thus improving its smoothness.
Mathematical analysis and graphical representations show that the proposed Cubic AMP strategy
meets the targeted requirements, and that the use of higher-order polynomial interpolation methods
does not provide any benefit compared to the use of cubic interpolation methods. Most importantly,
the results of subjective tests confirm that Cubic AMP provides better QoE than the other existing
(linear and quadratic) AMP strategies.

The rest of this paper is organized as follows. Section 2 reviews the state-of-the-art regarding
the existence of AMP solutions. In Section 3, the proposed Cubic AMP strategy is presented. In
that section, in order to better understand and demonstrate the benefits provided by our proposal,
the AMP process is firstly introduced and modeled, and then the expressions for the interpolation
curves and for the duration of the adjustment periods when using the existing (linear and quadratic)
AMP strategies are compared to the new ones obtained for Cubic AMP. It is also discussed that
higher-order polynomial interpolation methods are less convenient than cubic ones. Section 4 provides the
results of the objective and subjective evaluations that have been conducted, showing the benefits
of using Cubic AMP. Finally, Section 5 outlines the conclusions and suggests some ideas for future

work

2. Related Work

Many AMP solutions have been proposed in previous works to provide better QoS and/or QoE in a
variety of multimedia systems and services. In this section, these solutions are reviewed, by
highlighting the goal they are trying to achieve (i.e., the problem to be solved), the criteria that
determine the need for triggering the playout adjustments, the involved media types (audio, video
...), the application scenario and the employed evaluation methodology, among other relevant
aspects. Most interestingly (within the context of this work), the type of performed playout
adjustments in each of these AMP solutions is identified: linear (i.e., Linear AMP, from now on) or
quadratic (i.e., Quadratic AMP, from now on). A taxonomy of these existing AMP solutions, based

on the previously mentioned aspects, is provided in Table 1.

' To the best of authors’ knowledge, this factor has not been considered up to date when designing and evaluating
AMP solutions, even though previous works have shown its significant influence on the QoE [3].
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Table 1. Taxonomy of Adaptive Media Playout (AMP) Solutions
Criteria / . . .
Ref Goal (Why?) Metric l}ded;: Adjustments Esvcael:::?i(())n N]IEe‘:llll(l)l(?(:;gn Video Clip
(When?) P ol
Asynchrony Audio | Fast Up / Video QoS Xr:lgie:/w deo of
[3] Inter-media Sync between + Slow Down Conferencin (Simulation) + Conference
Media Types Video | (Linear AMP) g QoE tests clips
Intra-media Sync
(Avoidance of
Buffer Underflow
/ Overflow Lower Audio Fast™ Up / VoD in Constant  Bit
N thresholds for Slow Down . QoS
[6] Situations) + . Wireless . . Rate (CBR)
the Buffer . (Linear . (Simulation) .
+ ccupanc Video AMP) Secenarios Video Traces
Reduction of the | 2CUPAnY
Initial Playout
Delay
Lower and
o upper
Intra -medla Syne thresholds for Fast Up / . . .
(Avoidance of the buffer Slow Down VoD in QoS Variable Bit
[71 Buffer Underflow Video . Wireless . . Rate (VBR)
occupancy (Linear . (Simulation) .
/ Overflow + AMP) Secenarios Video Traces
Situations) Content-
aware
Intra-‘medla Sync Slow Down QoS V¥deo ‘ clips
(Avoidance of | Content- . . . . with  different
[8] Video (Linear VoD (Simulation) + . X
Buffer Underflow | aware AMP) QOE tests motion intensity
Situations) © (no audio)
. Simulated
Intra-media ~ Sync Fast Up / traffic  pattern
(Avoidance of | Buffer -
. Slow Down QoS for a video
[9] Buffer Underflow | occupancy Video . VoD . .
o (Linear (Simulation) stream (30 fps,
/ Overflow | variation .
L AMP) no details about
Situations) .
packet sizes).
Intra-media  Sync
(Avoidance of Lower  and
Buffer Underflow Fast Up / .
L upper VBR Video
Situations) . Slow Down Web-based QoS .
[5] thresholds for | Video . . . traces (Jurassic
+ the buffer (Quadratic VoD) (Simulation) Park I movic)
Reduction of the ocoupanc AMP)
Initial Playout pancy
Delay
Asynchron Fast ™ Up /
[1], Y y . Slow Down Video QoS VBR  Video
IDMS between Video . . . .
[2] receivers (Linear Streaming (Simulation) traces
AMP)
Content-
aware? Audio g?jﬁv DIOJVI\)/n / Web-based QoE
[10] IDMS selection  of + . . Sintel
‘deo Video (Linear VoD (Crowsourcing)
Vi AMP)
sequences
Big Buck
Randomly Audio Fast Up / Bunny
selected Slow Down Web-based QoE (animation/cart
[11] | IDMS + . .
content Video (Linear VoD (Crowsourcing) | oons, no natural
sections AMP) actions and
speech)
Any (but
described and Sports-related
Any (but described | evaluated Audio Fast Up / QoS (real dgcumen ta
This and evaluated | within the N Slow Down Web-based scenario) + QoE with ngl’lral
work | within the context | context of Video (Cubic VoD tests (controlled speech and
of IDMS) asynchrony AMP) lab studies) Pe
action scenes
between
receivers)

# Identification of content sections with specific audio/visual features (e.g., slow motion scenes or low audio intensity). It is also
referred to as context-aware in [10], since this approach minimizes the chances of noticeability of the playout adjustments.
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In [3], the impact of using aggressive playout adjustment techniques (i.e., skips and pauses)
compared to using Linear AMP techniques on the quality of lip-sync in (live) media streaming
services is objectively and subjectively evaluated. Lip-sync is the most common example of inter-
media sync, and involves the sync between the spoken voice and the associated movements of the
speakers’ lips (i.e., video). To ensure a high quality lip-sync, both intra-media and inter-media sync
need to be provided. Likewise, when performing lip-sync, the audio stream is generally taken as the
sync reference to which the video stream must synchronize, as the human perception is more
sensitive to audio adjustments than to video adjustments. However, for simplicity, in that work, it is
assumed that intra-media is already guaranteed for the (master) audio stream and that only inter-
media sync control needs to be performed for the (slave) video stream. The results of the objective
evaluations showed that the use of Linear AMP techniques results in a significantly better
performance and QoS, in terms of average MU rate (as no MUs are discarded when using AMP),
total pause time (as no MUs are paused when using AMP) and of inter-media sync accuracy,
compared to the use of aggressive adjustment techniques. It is also shown that the differences
become more relevant as the network delays and jitter increase. The results of the subjective
evaluations demonstrated that the use of Linear AMP techniques results in a significantly better
QoE than the use of aggressive adjustment techniques, and, again, that the differences become
more relevant as the network delays and jitter increase.

In [6], it is shown that the coordinated operation between a proposed Linear AMP strategy and a
proposed packet re-transmission strategy allows reducing the streaming delays (by buffering less
amount of data) and the probability of buffer underflow situations (by slowing down the playout
rate when the buffer occupancy is below a certain threshold) in video streaming services over error-
prone channels. The evaluation methodology is based on simulation experiments, by modeling the
overall system, adopting two-state Markov processes to model the packet loss probability for the
transmission channel and the packet re-transmission strategy. In the evaluations, it is assumed that
all MUs (concretely, the video frames) have the same size and that the transmitted packets contain
just one frame, which is not very realistic in real contemporary multimedia systems.

In [7], it is presented a model-based and content-aware Linear AMP solution for mobile devices
in wireless video streaming services. It makes use of statistical assumptions of both the arrival and
departure processes for a better decision on the dynamic threshold and on the magnitude of the
playout rate adjustments. It is content-aware because the (syntax-level) information about the video
frame sizes is taken into account when calculating the required playout adjustments.

In [8], it is proposed a cross-layer solution, based on the coordination between a server-based
packet scheduling strategy - at the Medium Access Control (MAC) layer - and a client-based
Linear AMP strategy - at the application layer -, to maximize the perceived video quality in
streaming services over wireless links, overcoming potential variations of the channel conditions.

At the server side, the packet scheduling strategy may decide to transmit the most important MUs
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and just skip some others during periods in which the bandwidth is scarce, avoiding the
transmission of packets that may be lost because of poor channel conditions or may likely be
discarded at the client side because of late arrival. At the client side, the AMP strategy may decide
to (constantly) slow down the playout rate in order to still accommodate the playout of late packets
during periods in which the channel conditions are not adequate, preventing from buffer underflow
situations and trying to ensure the media playout continuity. The proposed cross-layer solution is
also content-aware. At the server side, packets are selectively discarded to meet the rate constraints,
with the lowest impact as possible on the media distortion. At the client side, the motion
characteristics (e.g., intensity) of the video scenes are taken into account when adjusting the
playout rate. The idea is to preferentially adjust the playout rate in scenes with slow or no motion,
as it may be less annoying to the human perception than doing so in scenes with high motion. The
overall system is modeled, including the video quality distortion at the server side, as well as
variable bandwidth and delays at the distribution side (wireless environment). Packet loss is not
considered, as it is assumed that the physical and MAC layers make use of encoding, re-
transmissions or Forward Error Correction (FEC) techniques to mitigate such effects. The system is
evaluated by using real frameworks for the server and client sides, but simulating the conditions of
the wireless channel. The system performance is objectively evaluated, taking into account the
following metrics: playout distortion, playout duration and video quality (using the Peak Signal-to-
Noise Ratio — PSNR — metric). Moreover, subjective tests were conducted, which mainly
confirmed that: 1) the perceived video quality degrades when (constantly) slowing down the
playout rate, but it is much more preferable than the occurrence of media playout disruptions; and
2) slowing down the playout rate in scenes with low motion intensity is more tolerable to the
human perception than doing so in high motion scenes. However, few details about these subjective
assessments are provided. Unlike in [6], in which the relevant parameters for AMP, such as the
buffer occupancy thresholds and the playout rate variation factors are pre-specified, that works
adopts a controlled Markov chain to dynamically adjust the values of and limits for these
parameters according to the channel conditions.

The work in [9] proposed another Linear AMP solution that takes into account the buffer
fullness variation as the criteria for determining the need for adjusting the playout process (i.e., for
triggering the AMP process), rather than the buffer fullness levels, as in other works (e.g., [6] and
[7]). Simulation results show that the proposed AMP solution is able to avoid buffer outage,
provides better video quality (measured in terms of the variation of the playout duration) and it is
less sensitive to variable network conditions than other existing solutions. That work focuses on the
application of AMP for video streaming services, without including audio. Similarly than in [6], the
overall system is modeled, including two-state Markov processes to model the packet error

probability and a packet re-transmission strategy.
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In [1], a Linear AMP solution is proposed to enhance the performance of a standard IDMS
solution, by achieving a higher sync accuracy and minimizing the occurrence of long-term (and
noticeable) playout discontinuities (i.e., skips and pauses). In [2], the previous work is extended, by
demonstrating that the use of Linear AMP is beneficial when using different architectural schemes
to exchange the control information and different strategies to choose the reference to synchronize
with in IDMS-enabled systems.

In [5], an arrival process-controlled AMP solution with multiple thresholds to improve the
playout quality in video streaming services is proposed. The first threshold is used in the pre-roll
period to calculate the initial playout instant, based on the jitter for the incoming video frames.
Additionally, two thresholds for the upper and lower buffer fullness levels are used during the
playout period. If the buffer fullness level is below or over these upper and lower thresholds, the
AMP process is triggered to either fast up or slow down the playout rate, respectively, in order to
restore the buffer occupancy into safe ranges. The novelty of the proposed solution resides in that
the playout process is adjusted in a quadratic manner (i.e., Quadratic AMP), and not in a linear (i.e.,
constant) manner (i.e., Linear AMP), as in all the AMP solutions proposed in the other mentioned
works. When the buffer fullness level is within these two thresholds, the playout rate will depend
on the instantaneous frame arrival rate, which is estimated by using a proposed arrival process
tracking algorithm. Theoretical analysis and simulation results show the benefits of the proposed
solutions, in terms of reducing the initial playout delay, and avoiding buffer underflow and
overflow situation. In addition, it is shown that the proposed Quadratic AMP solution outperforms
traditional Linear AMP solutions (such as the ones proposed in [6] and in [9]) in terms of the
smoothness of the playout curve, by using the variance of distortion of playout metric (also used in
this work and defined in Section 4.1). However, no subjective assessments were conducted to
corroborate the benefits on the perceived QoE.

In [10], the impact on the perceived QoE of the application of two different Linecar AMP
solutions was evaluated and compared by adopting a crowdsourcing-based methodology. The first
AMP solution randomly chooses content sections for increasing and decreasing the playout rate.
The second AMP solution takes into account audio-visual features for identifying appropriate
content sections for which the playout rate may be increased or decreased, being therefore content-
aware. Regarding the audio-visual features, the average length of motion vectors between
consecutive frames (i.e., the motion intensity) is selected for video, and the Root Mean Square
(RMS) of the envelope of each frame (i.e., the audio intensity) is selected for audio. The aim is to
trigger the playout adjustments in these content sections in which the probability of noticeability
may be lower, thus minimizing the impact on the QoE, with the assumption that it is preferable to
slow down the playout rate in high motion scenes with low audio volume, and to fast up the
playout rate in slow motion scenes with low audio volume. The evaluations were performed for

different ranges of constant playout rate rations (i.e., Linear AMP) during the same period interval
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using the two AMP solutions. They revealed that there is no significant difference between both
solutions for slight playout rate variations, but that the content-aware AMP solution performs
significantly better in extreme situations in which the playout rate is very low or very high.
Interestingly, it was found that increasing the playout rate does not significantly degrade the
perceived QoE if the content sections in which to perform the playout adjustments (e.g., with no
speech, low audio volume or slow motion video scenes) are properly selected. Therefore, the
decision on when to perform the playout adjustment plays a key role. In that study, it was also
noticed that decreasing the playout rate results into higher QoE degradations than increasing the
playout rate by the reciprocal factor of the decrease. The application area of that work was IDMS,
but the video sequences were evaluated by individual users, and not in the context of a shared
experience.

In [11], the impact on the QoE of increasing and decreasing the playback rate for randomly
selected content sections of different duration is subjectively assessed, by using crowdsourcing. In
that study, the audio-visual features from [10] are used as metrics to quantify the audio and video
distortions caused by the (constant) playout rate variations. Then, a non-linear model is analytically
derived by correlating the values of these metrics and the results of the subjective assessments, with
the goal of estimating the QoE by analyzing the audiovisual contents (i.e., the magnitudes of audio
and video distortion measured by using the above metrics). The subjective assessments revealed
interesting findings. First, it is shown that small distortions in these metrics, especially for audio,
already have an impact on the QoE. Second, adjusting the playout rate for the combination of audio
and video has a higher impact on the QoE than adjusting the playout rate for only video (as done in
other works e.g. [7, 9]), as playout adjustments for audio are more critical to the human perception
than playout adjustments for video. Third, and corroborating the results in [10], increasing the
playout rate for specific content sections has a lower impact on the QoE than decreasing the

playout rate for the same sections by the reciprocal of the increase of the playback rate.

3. AMP Strategies

This Section initially introduces the AMP process, involving a deviated playout curve and a
reference one, together with the relevant aspects of, and parameters in, such a process. Next, it
provides a mathematical formulation and analysis of the interpolation curves between the deviated
and reference playout curves when using the existing Linear and Quadratic AMP strategies. The
duration of the adjustment period when bounding the maximum value of the playout rate variation
to @me in each one of them is also derived. Then, the same expressions are formulated for the
proposed strategy in this work, Cubic AMP. Finally, the Linear, Quadratic and Cubic AMP
strategies are compared in terms of the computational complexity, smoothness of the playout curve
and of the duration of the adjustment period. It is also discussed why higher-order polynomial

interpolation methods are less appropriate than Cubic AMP.
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3.1. Modeling the AMP Process
Let us consider an example consisting of a reference playout curve (Eq. 1), with an ideal playout
rate of § MU/s, and a deviated curve’ (Eq. 2), with a playout rate of u=6-(1+¢) MU/s, being u< 6.

These playout curves are represented in Figures 1 and 2.

Pan (1) = pt )

If no correction is applied, the asynchrony between both playout processes would progressively
increase, with a consequent QoE degradation. For example, if both playout processes start
simultaneously at 7,;=0s, then an allowed asynchrony threshold of 47 MUs between both playout
processes will be reached at #,=4w/(u-6)s. At that moment, the deviated curve must be adjusted in
order to eliminate such asynchrony. If using AMP, it can be done by either speeding up (if the
playout process is lagged compared to the reference), or slowing down the playout rate (if the
playout process is advanced compared to the reference), as shown in Figure 1.b. This way, the
deviated curve will match the reference curve (6-¢) at t,n.= (¢t. + 4T) s, being AT the duration of the
adjustment period.

In such process, three key factors must be taken into account. The first one is the upper bound
within which the playout rate can be varied without degrading the QoE. A value of ¢n=25% is
commonly adopted in literature (e.g., [1, 2, 6, 9]), even though recent studies have put into doubt
this limit and open the door to future research on this matter [10, 11]. Anyway, it seems clear that
an upper value for ...« needs to be bounded for a good QoE. The second one is the duration of the
adjustment process (47), as it also impacts the perceived QoE [4]. The third one is the specific
interpolation method between the involved (deviated and reference) curves, given specific values
of Az, u, 6, and of either @,qx or AT.

The next three sub-sections provide the expressions of the interpolation curves and of the
duration of the adjustment periods for the existing Linear and Quadratic AMP strategies and, most
importantly, for the proposed Cubic AMP strategy. For each one of the AMP strategies, the initial
and final points of the interpolation curves are given by Q. = (¢, , u't)) and Qgne = (tyne , Otsyne),

respectively (see Figure 1.b).

3.2. Linear AMP
Using Linear AMP, a linear interpolation curve (Eq.3) between the deviated curve (Eq. 1) at t=¢,

and reference curve (Eq. 2) at = £ is employed:

piﬁi’w‘" (t)y=at+b, (3)

2 In this paper, without loss of generality, only playout rate skews (¢) are considered, as this factor has a bigger impact
on the deviation of the playout points. Likewise, the provided example is for a negative skew, with results in u< 6,
therefore having a lagged playout process compared to the reference. The same behavior applies for positive skews.
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where a and b are two real parameters. The linear polynomial interpolation curve must start at Q,
point (matching the deviated curve) and end at Qe point (matching the reference curve).

Therefore, it has to meet the next two conditions:

piﬁi’lear (tf) = a‘tl' + b = pdev (tl') = lLl.tT

Linear

pint (tsync) = a.tsync + b = pref (tsync) = H.tsync

4
which is a linear system with a unique solution for the parameters, obtaining:
Linear -1
DU (1) = prt, + (01, = pt,), L, 1] 5)
ame L

Apart from accurately matching the reference playout point at #,. instant, the playout rate (i.e.,
the derivative) of the linear interpolation playout curve must be bounded throughout the AMP
process (i.€., Umax < u(1+|@max|)) to avoid too aggressive playout adjustments, which may be
noticeable or even annoying to the users’ perception. By imposing this condition, the value of the
required duration of the adjustment period (47) and, therefore, the value of #., that guarantees that
the playout rate will be lower than the upper threshold throughout the AMP process will be
determined by the slope (i.e., derivative) of the interpolation curve, setting it to the maximum
allowable value of the playout rate:

1Linear (t) _ H.tsync - /’ltr _ G-AT + (0 _/u)tr
P int p _ AT

sync T

=pu(+.,) (6)

The above expression is a linear equation in A7 where the term (6-u)t. is the allowed

asynchrony threshold 4z, so the expression for the adjustment period can be written as:

AT'Linear = AT
w(l+ @, )-0

To achieve that the playout rate variation will be lower than @uq. throughout the adjustment

(7

process when using Linear AMP, the value of AT7ie.r must be applied to Eq. 5 (¢; is known, and

tsync’: t+ ATLinear)-

3.3. Quadratic AMP.

Using Quadratic AMP, a quadratic (i.e., parabolic) interpolation curve (Eq.8) between the deviated

(Eq. 1) curve and reference curve (Eq. 2) is employed. It can be written as:
p2a(t)y=at’+bt+c (8)

where @, b and c are three real parameters. However, for computational simplicity, it is much more

convenient to write the above expression by making use of a new temporal variable {=(t-t,)/(tsync-
t):

P2 ()= a¢? +b¢ +c, where ¢ = tt‘—t 01

sync T
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where a, b and ¢ are (the new) three real parameters. With this new variable, when t=t, > (=0,
when 7=t,,,c = (=1, and the time derivative can be written as:

dpds 1 dp (10)
d¢ dt  t._ —t dl

Py
&)= »

As in the linear case, the quadratic polynomial interpolation curve must start at Q. point
(matching the deviated curve) and end at Q.. point (matching the reference curve).

Apart from these two conditions, a third one has to be fixed, which can be the derivative of the
playout curve (i.e., the rate) at either the beginning or the end of the adjustment process (see
Figures 2.b1 and 2.b2, respectively) [5], but not at both. As an example, by fixing it at the

beginning of the adjustment process, these three conditions can be formulated as

P (0)=c = ut,

Quad _ _ _ .
Pint (1)_a+b+c_pref(tsync)_gtsync (11)
d
dp 2 1
int — J — ' —
dt (O)_t —¢ b_pdev(tr)_lu
sync T
a) Linear AMP b1) Quadratic AMP
- A
7.
= o 4°° =
2 Abrupt Variation—» o
> , 2
= X/ =
=9 D, =W
S,
< g
f/
@
SR
QO , R
&7 s
ARG .
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2 > . >
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4 ’ L 4
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% e E 407
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Figure 2. Interpolation methods when using the different AMP strategies for lagged
playout curves. The same behavior applies for advanced playout curves.
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This is a linear system with a unique solution for the parameters, which can be solved

straightforward, obtaining:
ua t B tT
P (€)= (0= p)t,,  u(t,, — 1) ¢+ wt,, where &= <ol (12)
Sync T

As in Linear AMP, the playout rate (i.e., the derivative) of the quadratic interpolation playout
curve must be bounded throughout the AMP process (i.e., tmawr < t*(1+|@max|)). By imposing this
condition, the value of AT (and, therefore, the value of #,.) will be determined by the slope of the
quadratic interpolation curve, which needs to be bounded in its maximum point. Therefore, the
maximum point needs to be found and the value of the slope in this point has to be fixed to
e (1F Q).

For that purpose, it is firstly checked that the playout rate dp2“/({)/dt has not a local
maximum when £'€]0,1[ , because its derivative is non-zero:

d [dpgtuad 1 d2 Quad

—a ](§)= (fsync—lf)z' d;‘; ¢)

1 d 2:(0—p)t
—_- . . 2 0 _ o + u(t ,_t — sync
(lsync— tT)Z dé/ ( ( :Ll) sync é, /’l ( sync r)) (tsync— t‘[)z

Then, the maximum slope occurs in one of the two ends of the playout adjustment interval. As

dt
(13)

=0

Quad Qllad 2 0 _ -t ’
dp int (0) — ,U < dplnt (1) — ( ’u) sync + (14)
dt dt (=1,

because 2-(6 — u)t,,. /(t,,.—t. ) > 0, the playout rate has it maximum at {,.=1. By setting the

sync sync

value of the slope to u(1+@ma) in the maximum point ugy:

dpi%;md (1) — 1 dpiglmd (l) — 2(0 - lLl)'tsyl’lc+ ﬂ'(tsync_ tz')

=uwl+e,) (15
dt txyne_ tr dé/ tsync_ t

T

Using tgyn.= (. + AT), the previous equation can be rewritten as
20— p)t, + (20 — u)yAT

AT =1+ 9,,) (16)

As (6-u)-t. is the allowed asynchrony threshold, 4z, the expression for the adjustment period can
be obtained from the previous linear equation in AT as:
2:At At

AT, . = = (17)
Proax 4 — 2(0 — 1)

Quad

1
(s @)~ 0

3.4. Cubic AMP
Our proposal consists of employing a cubic interpolation method (Eq. 18) between the deviated

playout curve (Eq. 1) and reference playout curve (Eq. 2):
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plbie Yy =at’ +bt* +ct+d (18)

mt

where a, b, ¢ and d are four real parameters. However, as in Quadratic AMP, for computational
simplicity, it is much more convenient to write the above expression and the system by making use
of a new temporal variable {=(t-t;)/(tsynt;), resulting in:

PpCH (Y= alP 4 bE P 4 el +d, where (-t—te[O,l] (19)

mt

gme bz
where a, b, ¢ and d are (the new) four real parameters.

As in the previous strategies, the cubic polynomial interpolation curve must start at QO point
(matching the deviated curve) and end at Qs point (matching the reference curve). Apart from
these two conditions, two additional ones have to be fixed, which are the derivatives of the playout
curve (i.e., the rate) at the beginning and the end of the adjustment process. This will ensure a
smooth transition between the involved curves, avoiding bends, as can be seen in Figure 2.c.

Taking into account Eq. 10 and that when ¢= ¢, 2 (=0, and when t= t,,. 2 (=1, the linear
system that determines the parameters can now be written as:

Pt (0)=d = p,,(t,) = ut,

C ubic

1nt (1) a+t b tc+ d p}ej (tsym ) ZLsym'
d Cubic 1
pmt ( ) - _ c= p'dev (tr) = /J (20)
sync T
Cubic
dpmt G . ! —@a+2b+o)=p',, (1,,.)=0
syne b

Thanks to the definition and use of the new temporal variable, it is not difficult to solve this
system, obtaining:

P (§) = =(0 =) (1 + 1) E7+ (0 —p) (2t + 1) €

(-t 1)
+/u‘(tsync_ tr)g + /u'tr’ where é’ = t— € [051]

sme — Lr
As in the other AMP strategies, the playout rate (i.e., the derivative) of the interpolation playout
curve must be bounded throughout the AMP process (i.e., tmar < t*(1+|@max|). By imposing this
condition, the value of AT (and, therefore, the value of #,.) will be determined by the slope of the
cubic interpolation curve, which needs to be bounded in its maximum point.
Therefore, the maximum point needs to be found and the value of the slope in this point has to
be fixed to u(1+@ma). For that purpose, we equal to zero the first derivative, because we want to

find any maximum (g in ]0,1[:

d d Crbzc 1 d2plCi¢bic
ini — . ini =O 22
dt[ P J(:man e (22)

which is the same as
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d 2 __ Cubic

Dint (&) = i(_}(@ —w)(t, + tsync).élz +2:(0 - p)(t, + Zl‘sync)-g

de? dc (23)
+ y-(tsym, —t.)=-6(0—-pu)(t, + tsym,)'cf +2:(0—p)(t, + 2tsym,) =0
From the above expression, the value of (. is:
t +2t
Comn =5 24
3(t1 + tsync)

The playout rate at =0 is u and at (=1 is 6, because of the two last conditions in Eq. 20. Then,

the maximum value of the playout rate u (1 +@max) is fixed in the extremum ey in 0,1,

dp _Cubic l dp _Cubic
. l+ — £t — int
ll’l ( wmax) dt (é’max) l’sync _ l’z_ dé, (é,max) )
(25
0—u)(t +2¢. ) 2:(60-pu)(t +2¢.)°
_ {_( (1 + 20,00 20 (1, +21,,) +u-<tw—n>J
ZLsync tr 3 (ZT + tsync ) 3(tr + tsync )
which gives:
(0 - u)(21,,, +1,)°
- = /u.¢max (26)

(2 42
3 (tsync tr )
Using AT=(tyn-t;), the above equation results in a second order polynomial in 47, whose

solution is:

1 1
0 - /J(l + Ewmax)—‘r 5'\/¢max /u(lu(l + D rmax ) - 0)

20~ W) (1 (14 30,0~ 0)

AT, (27)

Cubic

=3Ar

3.5. Comparison between the different AMP strategies: Benefits of Using Cubic AMP

For a given value of gua, Linear AMP is the best AMP strategy for minimizing the length of
AT, as the maximum playout rate variation is constantly applied throughout the adjustment period.
However, the issue when using Linear AMP is that the playout rate is constant during the
adjustment period, which originates abrupt variations or bends (obviously, depending on the value
of @pmax) at both the beginning and the end of the adjustment process (see Figure 2a). This may be

noticed by users, and even be annoying to them (QoE degradation).

For the same values of u, 4t and @, the duration of the adjustment period (47) when using
Quadratic AMP, given by Eq.17, is two times or more the one when using Linear AMP, given by
Eq. 7, i.e., 4Tpuaa = 2-ATLinear (see Figure 3). In addition, although the variation in the playout rate
can be avoided at either the start or the end of the adjustment process (depending on where the
derivative has been fixed), as can be seen in Figures 2.b1 and 2.b2, it will be greater than in Linear
AMP in the other end. These two issues may also result in a degradation of the user’s perceived

QoE.
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For the same values of u, A7 and @y, the duration of the adjustment period (47) when using
Cubic AMP, given by Eq. 27, is fifty percent longer or more than the one when using Linear AMP,
given by Eq. 7, i.e., ATcuic = 1.5 AT inear (see Figure 3). However, it is 25% shorter or more
compared to when using Quadratic AMP (see Figure 3). As another graphical example, a
comparison between AT ineqr and AT cupic for different values of A7 and .y, given a fixed value of

u=24.98 MU/s, is provided in Figure 4.

O
2

§\ \\\i\\\

AR
LLMMMDMIMINMINNS
A\

Figure 4. Comparison of A7 when using Linear and Cubic AMP

Unlike Linear and Quadratic AMP, Cubic AMP allows avoiding bends (corners) throughout the
playout adjustment process, while significantly reducing the duration of A7 compared to Quadratic
AMP, and keeping a low computational complexity, as a direct expression has been also obtained
to calculate the values of both AT and the playout rate throughout the adjustment process.

The use of higher order polynomial and other types of non-linear and differentiable functions as
the interpolation curve was also assessed. However, it involves much higher computational cost, as
it requires a bigger set of equations and/or more complex mathematical methods to calculate the

expressions for both the interpolation curve and A7. In addition, it does not provide better
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performance, because Cubic AMP guarantees the continuity of the interpolation curve and of its
first derivative — the playout rate —, which are the most relevant ones to avoid bends (corners).

For example, although the computational complexity for calculating the interpolation curve
when using a quartic polynomial is not much higher than when using a cubic polynomial, the main
difference appears when calculating the expression for 47, because the analytical expressions of a
root of a cubic polynomial (in the quartic case) are far more complex than for a quadratic
polynomial (in the cubic case). Moreover, the duration of the adjustment period is thirty percent
longer or more when using a quartic polynomial than when using a cubic polynomial, i.e.: 47T guariic
= 1.3-ATcuic (see supporting document). In the case of polynomial functions of higher order, it is
not possible to obtain a general expression for A7, because the roots of an arbitrary polynomial of
degree higher than three cannot be written as algebraic expressions in terms of its coefficients.

In addition, it must be taken into account than when implementing the selected AMP strategy in
real multimedia systems, the interpolation curve has to be discretized (e.g., per frame duration or
per time interval), which also slightly increases the computational cost. Besides, the selected AMP
strategy can be deployed in heterogeneous consumption devices (some of them with limited CPU
resources), as well as in web browsers (with non-efficient processing and memory resources), so
keeping the computational complexity very low becomes essential.

Therefore, Cubic AMP is the most suitable, and simplest, solution that meets the targeted

requirements of this research work.

4. Evaluation

In this Section, the performance and benefits of using the proposed Cubic AMP strategy, compared
to using the other existing (Linear and Quadratic) AMP strategies, are presented, both through
objective evaluation (in Section 4.1) and subjective evaluation (in Section 4.2).

4.1. Objective Evaluation (Performance and Behavior of the AMP Strategies)

The performance and behavior of Cubic AMP, in comparison with Linear and Quadratic AMP,
has been tested using Matlab®. Without loss of generality, the evaluation has been focused on an
IDMS scenario, which aims to guarantee synchronization between the playout processes of
independent receivers. A compilation of solutions to provide IDMS, applications requiring this
kind of synchronization (e.g., Social TV, multi-party conferencing...) and tolerable asynchrony
thresholds in each of them can be found in [12].

Concretely, two playout processes (of two independent receivers) have been considered,
assuming that the buffering strategy in use (out of the scope of this paper) in both of them was able
to smooth out the effect of jitter and/or packet loss, thus preserving the original timing of the
incoming media contents being played out. However, reasonable playout rate deviations were
considered to (somehow) recreate the effect of congestion and/or clock imperfections, thus forcing

asynchrony situations between the involved playout processes. In particular, the two playout curves
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were modeled as: i) a reference curve with an ideal playout rate of §=25 MU/s; and ii) a lagged
curve® with a skew of p=-0.0008, thus with a (deviated) playout rate of u=6-(1+¢)=24.98 MU/s. In
this case, if no correction is applied, the asynchrony between these two playout processes would
reach a value of 100ms in a time interval slightly superior to 2 minutes (and of 1s in 20 minutes).
Therefore, an allowed asynchrony threshold of A7=2 MUs (i.e., 2:(1/6)=80ms) was set to prevent
from frustrating situations (bad QoE) [12]. Every time the asynchrony between both playout
processes exceeds that threshold, the lagged playout process (including audio and video) must be
adjusted to match the reference playout process, thus achieving synchronization between receivers
(i.e., IDMS).

Figure 5 shows the interpolation processes when using each one of the AMP strategies (Linear,
Quadratic and Cubic), during the same adjustment period (47 Linesr, Which is the required period of
time to reach the reference curve when performing a constant — linear — playout rate variation of
Omax=25%) for all of them. In particular, the interpolation curves were calculated for the time
interval [t,, fync], being t,= 2/(25-24.98)=100s, and tync=t:+ATinear It can be seen that the three
interpolation curves, given by Equations 5, 12 and 21, matched the reference at tyuc s (i.e., Qsyne =
(tgme » Btsync)). Moreover, the path followed by the cubic interpolation curve was very close to the
one followed by the linear interpolation curve. To check the effect of abrupt changes (i.e., bends) in
the playout curves, zoom views at both the start and the end of the adjustment processes are also
shown in Figure 5 (right part). It can be seen that bends at both the start and the end of the
adjustment process occurred when using Linear (L) AMP. Using Quadratic (Q) AMP, the bend can
be avoided at either the start or the end of the adjustment process (depending on where the
derivative has been fixed). However, in the other end, it will be greater than in Linear AMP. Using
Cubic (C) AMP, bends in the playout curve are avoided throughout the adjustment process.

Figure 6 shows the evolution of the derivatives of the three interpolation curves (i.e., the playout
rates) during the playout adjustment process, with the goal of comparing their performance in terms
of the smoothness of the playout curve, the maximum value of the playout rate (and thus, the value
of the playout rate variation) and the duration of the adjustment period (47). On the one hand, this
figure shows the evolution of the playout rate for the three AMP strategies when considering
AT inear (With @max=25%) for all of them (solid lines), as in Figure 5. In this case, it can be seen that
a constant playout rate variation of @u.=25% was performed when using Linear (L) AMP.
Therefore, abrupt changes (i.e., bends) in the playout rate occurred at both the start and the end of
the adjustment process. Using Quadratic (Q) AMP, a maximum playout rate variation of 49.8% had
to be performed (almost double than in Linear AMP, which was 25%) for reaching the reference
point during this time interval. Moreover, an abrupt change in the playout rate occurred at the end

of the adjustment process (as discussed before, it occurs in one of the two ends), which was

3 We have not considered advanced playout points in this Section. However, the behavior of the analyzed AMP
strategies is identical when adjusting both advanced and lagged playout points.
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significantly greater than the ones when using in Linear AMP. Using Cubic (C) AMP, the playout
rate was smoothly adjusted throughout the duration of the adjustment process, thus avoiding bends.
In this case, the maximum playout rate variation was 37.3%, which is also higher than when using

Linear AMP (25%), but significantly lower than when using Quadratic AMP (49.8%).
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Figure 6. Playout Rate Evolution when using each AMP strategy

On the other hand, Figure 6 also represents the evolution of the playout rate curves for
Quadratic and Cubic AMP when the maximum playout rate variation was bounded to ¢u=25% in

both of them (dotted lines). It graphically confirms that Quadratic AMP requires a longer
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adjustment period to reach the reference playout curve (i.e., 47Tguwac>ATcuvic), as analytically
compared in Section 3. It means that Cubic AMP can recover faster from undesired situations (such
as asynchrony or potential buffer underflow/overflow situations) than Quadratic AMP when fixing
the same upper value of the playout rate variation in both strategies.

Although the interpolation curves are applied to the playout curve, and not to the playout rate
(its first derivative), the graphs in Figure 6 show that the playout rate was also adjusted in a
smoother manner when using Cubic AMP than when using Quadratic and Linear AMP, especially
when bounding the playout rate variation to @uu=25% (dotted blue graph). Note also that the
span/zoom in Figure 6 was properly set to allow showing the evolution of the playout rates in all
AMP strategies, for all conditions, in the same figure. It can be a cause why the variation of the
playout rate in Cubic AMP (especially when using 477ixeqr) does not seem as smooth as it really is.
In order to support this, an additional figure (Figure 7) is included, showing the evolution of the
playout rate variation (i.e., the acceleration, which is the derivate of the playout rate, and therefore
the second derivative of the playout curve) for the three AMP strategies. It can be seen that the
acceleration when using Cubic AMP (blue curve) was also smoother than when using Linear and
Quadratic AMP (for the former one, abrupt variations in the acceleration occurred at both the start
and the end of the adjustment process — see red graph —, while for latter one an abrupt variation in
the acceleration occurred at the end of the adjustment process — see green graph —, which was
greater than for Linear AMP), avoiding abrupt changes/accelerations.

The benefits on the smoothness of the playout curve are also evaluated by considering the
Variance of Distortion of Playout (VDoP) metric, given by Eq.30, as in [5]. This metric takes into
account the deviation of the actual playout duration of each n-th frame, S,, from the nominal one,

T=1/0, during the adjustment process:
DoP(n) =|S, - T| (28)

n=1

DoP =>" %(”) (29)

v DoP’(n)
VDoP = " NN —DoP’ (30)

For the analyzed scenario, the VDoP during the adjustment when using Cubic AMP is 17.6%
lower than when using Quadratic AMP, which numerically confirms that the playout curve was
smoother using the proposed Cubic AMP strategy.

Therefore, Figures 5, 6 and 7 graphically show the benefits of using Cubic AMP, as it
outperforms both Quadratic and Linear AMP in terms of the smoothness of the playout curve,
avoiding bends throughout the adjustment process, without involving an increase of the
computational complexity, and it also significantly outperforms Quadratic AMP in terms of the

duration of the adjustment process (gain of 25% or even higher).
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Figure 7. Evolution of the Playout Rate Variation (i.e., acceleration, second derivative of
the playout curve) when using each AMP strategy

4.2. Subjective Evaluation (QoFE tests)

The three AMP strategies have been implemented in a web-based video watching scenario (as
e.g. in [4, 10, 11], see Table 1), by using HTMLS5 and Javascript. It is a very relevant use case,
given the ever increasing usage of online platforms (e.g., Youtube, Netflix...) for consuming media
content delivered via web-based technologies. In particular, two sequences of 30s of a sports
related video clip were considered (with a frame rate of #=25 MU/s). The Video Sequence 1
consists of an excerpt of a first plane interview to a famous sportsman, including natural speech
and human gestures. The Video Sequence 2 consists of a more action-related sequence, with faster
motion, and also including natural speech, gestures and movements by the same characters.

While watching the sequences, a specific playout adjustment condition was performed at a
given instant (#;), to correct a “virtual” asynchrony between the playout processes of two different
receivers (including audio and video) of either 47=+1s (receiver with an advanced playout process)
or Ar=-1s (receiver with a lagged playout process), which is a commonly used threshold for Social
TV scenarios [12]. Concretely, for each video sequence, 13 test conditions were considered: 5
video sequences with the playout adjustment conditions represented in Figure 4 (for both A=+1s or
Ar=-1s), one with a playout skip, one with a playout pause, and the (hidden) reference video
sequence (i.e., the one without playout adjustments), as recommended by International
Telecommunication Union (ITU) in [13].

These test conditions were randomly presented to 24 users (with gender balance, and aged
between 18 and 45), who evaluated the perceived QoE for each of them, by using the Mean
Opinion Score (MOS) metric, with the classical 5-point impairment (or Likert) scale (being 1 the
lowest QoE and 5 the highest QoE, see Table 2), called 5-MOS in this work, and a variant 10-point



23 How to Perform AMP? Cubic Adjustments for Improving the QoE

impairment scale (being 1 the lowest QoE and 10 the highest QoE), called /10-MOS in this work.
The 10-MOS variant was also considered because it provides higher granularity for evaluating the
quality degradation, as well as for discerning any differences between the employed playout
adjustment strategies. Other QoE-related works have also used variants of the 5-MOS metric, using

10-point, and even 100-point impairment scales (e.g., [10, 11]).

Table 2. Mean Opinion Score (MOS) Metric

MOS Quality Impairment
5 : Excellent Imperceptible
4 Good Perceptible, but not annoying
3 Fair Slightly annoying
2 Poor Annoying
1 Bad Very annoying

In terms of MOS ratings, the results for the two considered video sequences slightly vary. It
seems that playout adjustments are slightly more noticeable in fast motion scenes (Video Sequence
2) than in slow motion scenes (Video Sequence 1), both containing natural speech and human
gestures, as noticed in [8] and in [10]. However, the obtained results follow an identical tendency
and behavior regarding the analyzed test conditions, obtaining the same findings in both sequences,
thus corroborating them. Therefore, without loss of generality, we focus the discussion of the
obtained results on Video Sequence 1 (the results for Video Sequence 2 are in the supporting
document).

Figure 8 shows the mean and the 95% Confidence Interval of the obtained results for Video
Sequence 1, for both 5-MOS (in red, and with ‘0’ marks) and 10-MOS (in blue, and with ‘x’
marks), grouped according to the asynchrony value and to the type of test condition. The
significance of the differences between the 5-point MOS ratings for each test condition was
determined by using the Wilcoxon signed rank test, at a significance level of 0.05. It is a non-
parametric statistical hypothesis test commonly used to assess whether two related samples differ
[14], and it is typically used as an alternative to the paired Student’s t-test when the ratings are
discrete and the population cannot be assumed to be normally distributed. For example, it has been
used in related works, such as in [15] and [16].

From the results, several findings can be highlighted:

e Playout skips and, especially, pauses are very annoying to users (as reflected in [3] and
in [4]). In general, AMP strategies provide better QoE than aggressive playout
adjustment techniques.

e Slowing down the playout rate is more critical than fasting it up (as noticed in [10] and
in [11]).

e Cubic AMP provides better QoE than Quadratic and Linear AMP, when both slowing

down and fasting up the playout rate. Indeed, when considering AT77.- as the
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adjustment period in all the AMP strategies, Cubic AMP still slightly outperforms
Linear AMP, while it does not happen for Quadratic AMP.

o Related to the previous point, having a longer adjustment period when using Cubic
AMP compared to when using Linear AMP (50% longer) does not have a negative
impact on the perceived QoE.

e When the playout process is lagged, only the use of Cubic AMP allows correcting the
asynchrony (or recovering from a potential buffer underflow situation) without being
noticed by users, as there are no significant differences between the Reference and
Cubic AMP - Fast Up test conditions (p=0.1050>0.05 for Video Sequence 1, and
p=0.1250>0.05 for Video Sequence 2). This is the unique test condition for which there

are no significant differences compared to the Reference test condition.

It can also be appreciated that the tendencies of the obtained results are very similar for the two
considered MOS variants (indeed, MOS-5 = (MOS-10)/2). In order to confirm the similarity of the
results when using both MOS variants, a new metric, called MOS degradation, has been defined,
with the goal of assessing the degradation of the MOS value for each test condition compared to
the one for the Reference test condition (i.e., the one without playout adjustments):

MOS _reference — MOS _ condition 31)
MOS _ reference

MOS _ degradatio n =

The values of the MOS degradation metric for each MOS variant can be seen in Figure 9. It can
be appreciated that the results in terms of degradation are very similar for each MOS variant
(MOS-5 and MOS-10), except for the aggressive adjustment techniques (i.e., playout skips &
pauses), because the lowest value in both rating scales is “1”. This simple test confirms the very
similar behavior of the results of the subjective evaluation when using both variants of the MOS

metric.
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Figure 8. Impact of the different playout adjustment techniques on the QoE for video
sequence 1.
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Figure 9. MOS degradation for each MOS variant and for each test condition for video
sequence 1.

5. Conclusions and Future Work

In this paper, we have proposed a novel cubic interpolation method for AMP, which we called
Cubic AMP. Our Cubic AMP strategy outperforms the other existing Linear and Quadratic AMP
strategies (based on adopting linear and quadratic interpolation methods, respectively) in terms of
the smoothness of the playout curve (by avoiding bends throughout the playout adjustment
process), and significantly reduces the duration of the adjustment period compared to Quadratic
AMP (gain of 25%), without increasing the computational complexity. It has also been proved and
discussed that the use of higher-order polynomial interpolation methods does not provide any
benefit compared to Cubic AMP. Most interestingly, the results of subjective tests have confirmed

that Cubic AMP provides better QoE than Linear and Quadratic AMP.
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Therefore, our research goal has been met and, given the promising performance of Cubic
AMP, we believe it is an outstanding contribution and will be relevant in the design of forthcoming
AMP solutions and, therefore, multimedia systems. This is because, independently of the goal of
the playout adjustments and the criteria for triggering them (Table 1), the best adjustment technique
for maximizing the users’ perceived QoE must be devised and employed. Therefore, Cubic AMP
can be beneficial not only for IDMS, but also for the other purposes reflected in Table 1 (e.g.,
recovering for buffer underflow/overflow situations, inter-media synchronization...).

Future research will be targeted on determining the allowable thresholds for the playout rate
variation (@m«), for both audio and video (as it has also been noticed that the adjustments of the
playout processes are more critical for audio than for video), when both slowing down and fasting
up the playout rate. We also plan to investigate the impact of the magnitudes of both the
asynchrony thresholds (A7) and the duration of the adjustment period (47) on the QoE. These
research tasks will help to determine the benefits of using Cubic AMP for different values of these
parameters and conditions, and to confirm that, independently of the magnitude of both the playout
adjustment (e.g., the asynchrony that needs to be corrected) and the upper threshold for the playout
rate variation, the specific adjustment technique to be performed plays a key role when performing
AMP. Finally, we also plan to evaluate the benefits of using Cubic AMP in content-aware systems
(as in [8] and in [10]) and, if the results are satisfactory, adopting it in a previously designed event-

driven IDMS-enabled systems [17].
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SUPPORTING DOCUMENT

ANNEX I: Comparison between Cubic and Quartic polvnomial interpolation

The expression for the cubic polynomial interpolation curve for each time ¢ in [t0,t1] is
given by (see Equation 5 in the paper):

P(1)=—(0—p)(t; +to) >+ (0 — ) (2, +10) 72 + pu(ty — to) T+ o

t—tg
t1 — 1o

T =

where

e, 1

The expression for the quartic polynomial interpolation curve for each time 7 in [fo,/1] is
given by:

P(r) = (= 0)(to+2t1) 7 — (1 — 0)(to + 3t1) 7> + plty — to) T + pto

Therefore, the computational complexity for calculating the interpolation curve when using
a quartic polynomial is not much higher than when using a cubic polynomial.

However, the main difference in terms of computational complexity appears when
computing the duration of the adjustment period (47) for both cubic interpolation (47cub)
and quartic interpolation (4 Tquar).

.ﬁfcub = 337_(7‘9?’71(11‘!-[ - 2\‘?‘) - \/-T;‘max,u(-;mamr_(_ — E)
£(de — 3';?710,9:}»(-)

, being @max the upper threshold for the playout rate variation (i.e., @nax=25%).

At guar, = (1444082 — 144630 + 360,04, 1083) / (3(2Tp — 270 + 160,,0.40)) — (108t — 108868 + 18¢,,0.41t0)?/
(027 — 270 + 160000)2))> + (64123 — 64830)/(2(2Tp — 270 + 16@,0211)) + (108putg — 10800 + 480z ittn )/
(27(27p — 270 + 160 mazt)®) — ((108uty — 108t0 + 48 maz rtn) (144utd — 144430 + 36 pmazitd))/

(6(27p — 270 + 160 marp)?))?) 2 — (64ptd — 64130) /(2(271 — 270 + 16@mazir))

—(108uty — 10808 + 48 maritto)®/ (2T(271 — 270 + 160 macit)?) + ((108ute — 108tah + 480, pita)

(14412 — 144430 + 360 mapit2))/ (6(2710 — 276 + 1600000)?)) /3 — (108uty — 10800 + 48 azpito)

J(3(271 — 270 + 160marp)) — (483 — 481360 + 120 aepitd) /(271 — 270 + 160 a2t

—(108uty — 108t08 + 48¢,nawfita)? /(9271 — 270 + 160,0:p)?)) /(48183 — 4820 + 12,0, 182)

J(27p — 270 + 16,00 0) — (1084ty — 10800 + 480,maz pita)?/ (9(27 1 — 270 + 16@umanp)?))?+

((32utd — 32t38)/ (2Tp — 270 + 16 maept) + (108ute — 108t08 + 48¢maritto)® /(27(2Tp — 2760 + 16@mazp)®)
—((108pty — 10808 + 48,0z ptto) (144083 — 144428 + 360,0,1013)) /(6(2Tp — 278 + 160,001)%)) )12
—(32ptd — 32430) /(2T — 270 + 160,,000) — (108uty — 10808 + 480 aepitn)®/(27(271 — 270 + 16@maep)?)
+((108uty — 10800 + 48, a0z pito) (144013 — 144820 + 360,020183))/ (6(27p — 270 + 160,,0001)%) )13

Moreover, the duration of the adjustment period is 30% longer or more when using a
quartic polynomial than when using a cubic polynomial interpolation (see Figure I.1), i.e.:

ATquartic = 1.3-ATcubic
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ANNEX II: Results of the Wilcoxon signed rank tests (significance level of 0.05)

Table II.1. Reference Condition compared to the rest of conditions in Sequence 1

(Hidden) Reference

Cubic AMP — Fast Up

p=0.1050 > 0.05 (No difference!)

Quadratic AMP — Fast Up

p=1.2207e-04 < 0.05

Linear AMP — Fast Up

p= 6.3178e-05 < 0.05

Playout Skip

p= 1.1784e-05 < 0.05

Cubic AMP — Slow Down

p= 4.2594¢-05 < 0.05

Quadratic AMP — Slow Down

p= 8.8871e-06 < 0.05

Linear AMP — Slow Down

p= 6.2562¢-06 < 0.05

Playout Pause

p=9.9959¢-06 < 0.05

Table I1.2. Cubic AMP compared to the other strategies for a lagged playout curve in Sequence 1

Cubic AMP — Fast Up

Quadratic AMP — Fast Up

p=9.7656e-04 < 0.05

Linear AMP — Fast Up

p=9.6166e-05 < 0.05

Playout Skip

p=1.3494e-05 < 0.05

Table I1.3. Cubic AMP compared to the other strategies for an advanced playout curve in Sequence 1

Cubic AMP — Slow Down

Quadratic AMP — Slow Down

p=0.0099 < 0.05

Linear AMP — Slow Down

p=3.3813e-05 <0.05

Playout Pause

p= 1.2456¢-05 < 0.05

Table I1.4. Reference Condition compared to the rest of conditions in Sequence 2

(Hidden) Reference

Cubic AMP — Fast Up

p=0.1250 > 0.05 (No difference!)

Quadratic AMP — Fast Up

p=4.7777¢-05 < 0.05

Linear AMP — Fast Up

p=1.0212e-05 < 0.05

Playout Skip

p= 8.8871e-06 < 0.05

Cubic AMP — Slow Down

p=1.5203e-05 < 0.05

Quadratic AMP — Slow Down

p=6.2562e-06 < 0.05

Linear AMP — Slow Down

p= 9.2555¢-06 < 0.05

Playout Pause

p=1.1033e-05 < 0.05

Table I1.5. Cubic AMP compared to the other strategies for a lagged playout curve in Sequence 2

Cubic AMP — Fast Up

Quadratic AMP — Fast Up

p=2.4414¢-04 < 0.05

Linear AMP — Fast Up

p=5.6994e-05 < 0.05

Playout Skip

p=1.0678e-05 < 0.05

Table I1.6. Cubic AMP compared to the other strategies for an advanced playout curve in Sequence 2

Cubic AMP — Slow Down

Quadratic AMP — Slow Down

p=1.2207e-04 < 0.05

Linear AMP — Slow Down

p= 7.7442¢-06 < 0.05

Playout Pause

p=6.2790e-06 < 0.05
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Figure I1.1. Impact of the different playout adjustment techniques on the QoE for Video
Sequence 2.



