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Abstract—Media streaming over wireless links is a chal- ‘Sgé];#ﬁl‘;ffo“rl x Rx, ¢ Playout
lenging problem due to both the unreliable, time-varying skdp ‘—’J #» lﬁ rate t
nature of the wireless channel and the stringent delivery 7M—~O*
requirements of media traffic. In this paper, we use joint o ety el State | o Dlayout Buffer
control of packet scheduling at the transmitter and content-
aware playout at the receiver, so as to maximize the quality
of media streaming over a wireless link. Our contributions Fig. 1. _ Joint schgduling z_and p_Iayout c_ontrol for streaming pre-stored
are twofold. First, we formulate and study the problem of ~NAL units over a time-varying wireless link.
joint scheduling and playout control within a dynamic pro-
gramming framework. Second, we propose a novel content- playout in order to avoid late packet arrivals (leading to
aware playout control, that takes into account the content of a  puffer underflow and frame losses), but at the expense of
video sequence, and in particular the motion characteristics o annoying slower playout. A novel aspect of our work,
of different scenes. We find that the joint scheduling and . L .
playout control can significantly improve the quality of the 1S that we perform content-aware playout variation; that is,
received video, at the expense of only a small amount of We take into account the characteristics of a video scene
playout slowdown. Furthermore, thanks to the content-aware when we adapt the playout speed. The contributions of
playout, the slowdown takes place mainly in the low-motion this work are twofold:
scenes, where its perceived effect is limited.

1) We study the joint control of scheduling and playout;
_ Index Terms—\(ideo-Aware' Adaptation_ar_ld Communica- we formulate the problem using dynamic program-
tion, 5: Multimedia Networking (5.a: priority-based QoS ming and explore the tradeoff in quality degradation
control and scheduling, 5.f: wireless communications). - . e
between distortion vs. playout variation.

|. INTRODUCTION 2) We introduce the idea of content-aware playout con-
trol and demonstrate that it significantly improves
the user experience. The idea is to vary the playout
speed of scenes, based on the scene content; e.g.

Recent advances in video compression and streaming as
well as in wireless networking technologies, are rapidly
opening up opportunities for media streaming over wire- . .
less links. However, the erratic and time-varying nature scenes with IO.W orno motion may be less affected
of a wireless channel is still a serious challenge for the by playout varlatlon: )
support of high-quality media applications. To deal with _The rest of the paper is struc.tured as _follows. Sgctlon
these problems, various network-adaptive techniques haldntroduces the model/formulation. Section 1l provides
been proposed [1], including radio-distortion optimizeglmulatlon results. Section IV concludes the paper.
packet scheduling [2] and/or power control [3] at the
transmitter, and playout speed at the receiver [4], [5].!l. SYSTEM MODEL AND PROBLEM FORMULATION
In past work [6], we investigated the joint control of We consider a system shown in Fig. 1, which is com-
transmission power at the transmitter and playout speptlsed of a transmitter (Tx) and a receiver (Rx) com-
at the receiver, and achieved significant performance gamsinicating over a wireless communication link. Time is
over individual controls. slotted. The Tx is equipped with a buffer where the content

In this work, we consider the transmission of pre-storegitially stored. The Rx is equipped with a playout buffer,
media units over a wireless channel with time-varying ratehere received frames are queued up to be played out.
We investigate the joint control of packet scheduling at the
transmitter (Tx) and playout speed at the receiver (Rx), & Video Source
as to overcome the variations of the channel and maximizeWe use a video sequence pre-encoded using
the perceived video quality. We briefly note the followind.264/MPEG-4 AVC [8]. Let N be the total number
intuitive tradeoffs faced by the individual controls in thedf frames andn = 1,...,N be the frame index. Each
attempt to maximize video quality. At the Tx side, thdrame can be further divided into a fixed numbéf, of
dilemma is the following: on one hand we want to transmNAL units, i.e. packets for transmission. Léhb, k) be
all media units; one the other hand, during periods that thee £ NAL unit in the n'* frame, k = 1, ..., K. This
bandwidth is scarce, we may choose to transmit the md$AL unit is indexed withl = (n — 1)K + k, has sizeh,
important units and skip some others, depending on théip bits) and leads to a distortion ef; if not received.
rate-distortion values. At the Rx side, the dilemma is thE0 computed;, we decode the entire video sequence
following: on one hand, we want to display the sequend@th this NAL unit missing; this is an approximation as
at the natural frame rate; on the other hand, during b#ite actual distortion may also depend on the delivery
periods of the channel, we may choose to slowdown tisatus of prior and subsequent NALs [10]. The distortion

model can be extended to capture these loss correlations.
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A video sequence can consist of several scenes. EacfThe control parametem is chosen from a range of
scenes contains a group of video frames. Each scene hpessible values. Large values of advance the index
a different amount of motion, which we are interested ifurther (thus helping playout) but may drop more units
characterizing so that we can later take into account {thus introducing more distortion). We assume that for
our content-aware playout control. Finding the appropriatdl practical cases, no more than 50% of units should be
metric to characterize the amount of motion in a scene dsopped, and we limit the range ta € [m;, 2m,], where
an open research problem. In this paper, we define the is the maximum number of consecutive units that can
motion intensityM, as the sum of the absolute valuede transmitted without exceeding the channel e

of all the motion vectors in the sceneaveraged over Hmi -l
the number of frames in the scene. We found that this My = argmax Z by < R @)
heuristic captures well the motion of standard scenes (see k=l

the discussion in Fig. 2). However, our formulation cag content-Dependent Playout and Costs
incorporate more sophisticated metrics if they become

available. Let f be the number of fully decodable frames at the

RX, i.e. frames whose all NAL units have already been
B. Wireless Channel received or dropped at the Tx side; because of the in-
order transmission, the units transmitted in the future will
. " L o _ lrS]eIong to subsequent frames. Note that when some NAL
with transition probabilitiesy;;; in channel state, the units are missing, the distortion has already been captured

bandwidth available to the video stream&s. The rea- .
. <
soning behind this model is the following. Fast fading&yetgi;;i;ll)ﬁu?grhgzlx We constraif < " to capture

e e o < dptaon Range and Tmescalite R can coniol
9 ' ' e value of the playout rate € {ry,rs,...,7,}, Where

SIR dictates the physical transmission rate and packet< ry < ... <1, andr, is the video sequence normal

error rate, thus the channel throughput. Assuming that tﬁa%te (say30fps). New packets arrive every time slot, but

physical and MAC layers use coding and retransm|SS|o\r,1vse adaptr more infrequently, say every’ timeslots, in

to combat channel variations, the wireless channel aPPEeBIFer to avoid noticeable perceived effects of rapid playout

to the application layer as err.or-free .bUt with tlme'Vary'ngariations. Similarly, to avoid large magnitude variations,
throughput. The throughpu®; in state: can be calculated we constrainr to increase or decrease only by one

D1 D i .
asR!(1-PER), where theR} is the physical channel ratelevel, say from the previous t0 r € {res1, 5, re_1}:

the corresponcing codes. s fs feasonable f the chan{JGfiever at the scene boundariescan take any value
P 9 ' N {ry,ra,..., 7 }. When adapting the rate of a group of

varies slower than a packet’s transmission time, which i?ames that span two scenes, we assign the group to the
the case for low mobility or in-home environments. scene where most frames in the group belong to.

Removing units from the Rxet ¢ track the timeslot

_within a cycle of T timeslots:t = 1,2,...T. etc. In the
We assume that alV frames of the sequence residgirst timeslot of a cycle#(= 1) the control chooses a new

at the Tx. This is a realistic assumption, when the medigy|ye fory, to use for the entire cycle. At every timestot
server/proxy is co-Iocat_ed with the Tx or the path betwegf)s remove and display’ = (%1 N |-r(t;1)‘| frames from
the server and the Tx is not the bottleneck. Ldte the iho puffer. This reduces the

. ) : number of full frames in the
NAL unit at the head of the Tx. In this baseline modeIRX by (f — 7).
transmission happens always in-order, the skipped unitstqre rﬁay be timeslots, when the playout control

are dropped and the remaining units at the Tx have Rfgoses to remove more frames than the currently avail-
gaps. Due to space limitations, we omit the extension gfa in the buffer; > f. Then, the Tx is notified to drop

the model that allows for out-of-order transmission ane NALs that miss their deadlines, and the Tx continues
skipped NALSs to be considered fo_r later transmissions. i subsequent units. Then this leads to an additional
For the rest of the paper, the tetime slotrefers to the distortion costD,.(r, f,1) — ;cﬁl-s-(rt_f))K ds., where

time period over which we adjust the transmission rate ( — |(l — 1)/K]| be the frame index of last fully

choosing hO\.N many units to ”"?‘”S”“t)- At ea'ch time slo ecodeable frame at the Rx buffer. At the Tx side, the
the Tx considers the next: units for transmission and . : ‘
N index! is updated tqf. + (r* — f))K + 1.
advances the transmission index fréno [ +m. From the . L .
. . Units arriving to the Rx buffe/t each time slot, packets
consideredn units, some are dropped to conform to the

o . arrive at the Rx. We assume a store-forward operation
channel throughpuk;; which units to drop are chosen so . . .

L ; . i where packets that arrived in the current time slot are not
as to minimize the total distortio®;,,(m, R;,!):

available for display at the same time slot. This is a con-

We model the wireless channel as a Markov cha

C. Transmission Control and Costs

_ l4m—1 servative assumption, as some packets may arrive before
min Z dr subject to Z br < R;, (1) the end of the timeslot; alternatively, appropriate channel
keO k=l,k¢© models could account for the packet arrival distributions.

where® C {I,l+1,..,l +m — 1} is the set of NAL Taking into account both arrivals and playout, in every
= ) PR
indices to be dropped. This minimization can be solved by, _ : I
dv al ith ith h NAL ked by its di . For small values off", the benefit from the control is amplified; in
a gr_ee y a gorithm with eac ranked by its IStortlonC]eneral though, we expect memory to be cheap and fhirs be large
to-size ratlo,dk./bk. enough and have a negligible effect on performance.



. . . TABLE |
time slot, the new NAL indeX’ at the Tx and new receiver

. TESTS
buffer level f' are updated as the following: ESTSEQUENCE
Frame Numbers| Original Video Frame Numbers
, (l0-1)/K|+ @t —fHK+1+m ,rt>Ff in Test Sequencq  Sequence | Original Sequence]
U= I t < 1-60 mother-daughter| 101-160
+m s f 61-120 carphone 171230
g _ Pt K| — K 121-180 grandma 1-60
f (f " ) + (U / J U/ D 3 181-240 foreman 271-330
. ®3) 241-300 mother-daughter| 391-450
Playout Costs.Choosing slower playout extends the 301-360 carphone 281-340
playout deadlines of the NAL units in transmission (thus igi-igg grandma %11-19200
. . . . . - Suzle -
reducing dlstortlon. dueto dr_opplng late un_lts) but may also P mother-daughter SOL5ED
produce an annoying perceived effect. This effect is scene- £41-600 foreman 1424- 1990
dependent. For example, playout speed variations are more
perceptible in scenes with signifigant or constant motion J(i, f; 7t # 1) = min{w(Dyy + Dye)+
(e.g. a camera pan) rather than in motionless scenes. To m ®)
capture this effect we introduce the following two costs: Zqsz(l’,j, fhirmt+1)}
j

o Let Cs = ¢1(r, M) be the slowdown cost due to
playing slower than the natural rat&f; is the motion w is the weighting factor used to explore the performance
intensity of the scene the currentr frames belong trade-off between video quality and playout variations. In
to. If ther frames cross the scene boundary, we takegeneral, there may be additional weighting factors to stress
weighted average of the two costs in the two sceneS, vs. C,,, and alsoD;, vs. D,..
The functiong; should be increasing witli/, and After all NAL units are transmitted{l,,¢} andm are
decreasing with. In this paper, we use the simpleremoved from the state and control respectively; then, the
function: Cs = My(r,, — r). Rx gradually increases the playout rate (adjusting upwards
o LetC, = go(r,7) be the playout variation cost, due toeveryT time slots) and plays out the remaining frames at
variations ofr from one period to the next. The vectorthe natural rate-,:

7' records the padt playout rates and is reset at scene L oy
boundaries. The function, should be decreasing in J(F57) = mrm{CS +Co+ J(f =i} (6)

r and increasing inM;. In this paper, we use therhe system terminates when all the frames are played out:
simple function:C, = |r — rj44/|; i.6. we ignore the , 0.

effect of M, (already accounted for id’s) and we - I1l. SIMULATION

consider only the last chosep,: instead of a longer A. Simulation Setup

history 7. .
We used the JM8.6 version of the H.264/MPEG-4 AVC

These costs extend the ones proposed in [5], [6] t%dec[S], [9]. We simulatedpacket lossby erasing the

including the motion intensity of a scene. However, Ourorresponding NAL units from the RTP stream produced

gaomneercvfggg??“?gvfdgegi? tig(l)légrs]t;o also mcorporag% the encoder. At the receiver side, we decoded the
y P P P ' remaining RTP stream with error concealment enabled. In

E. System State and Optimal Control case when an entire frame is lost, we had to implement

The state of the system i, 4, f,7,¢); | is the unit COPy-concealment, (which was not supported in JM 8.6).
at the head of the Txj is the state of the channel The video sequences were QCIF at 30fps, encoded using

(leading to rateR;); f is the state at the Rx andis the only I and P frames (one | every 10 frames), and packe-
playout history; finally,t € {1,..T} tracks whether we tized using 3 slices/frame and 33MB/slice. The PSNR of

can adjust the playout rate in the current time slot (trd8€ e€ncoded sequenceds.5dB.
for t = 1). The controls exercisedn, r), are subject to ~ OUr test sequencis shown in Table I. We concatenated

the constraints described in the previous subsection. THgENes from various standard sequences, which exhibit
associated costs aré€,, C, for the playout slowdown _d|ffere_nt degrees of mo_uon. Fig. 2(a) shows the motion
and variation costs; an®,,, D, for the distortion cost Intensity M of the resulting test sequence. Recall that
due to packets dropped at the Tx, to meet transmissilﬁ]def'n‘?d as the weighted sum of the absolute motion
rate constraintsId;,) or because they missed their playouY€ctors in each P-frame; for I-frames/ = 0. One can
deadlines D,). The system becomes a controlled Marko¥€€ that our heuristically defined M successfully captures

chain and the optimal control can be computed from if{ge motion characteristics of these well known scenes. E.g.

dynamic programming equations. L&t.) be the optimal SC€ne 4 corresponds to the camera pan in Foreman and
cost to go. has the highest/; the scenes from Grandma and Mother-

Int =1, we control both playout and transmission: Daughter have the lowest.
The parameters for theireless channelare chosen to
J(i, f;7t =1) = min{C, + C, + w(Diw + Drz)+ demonstrate key features of our approach. The rate in the
’ L good and bad state was 262 Kbps and 74 Kbps respec-
Z qij J (U, 3, 557t + 1)} tively. This results in an average channel rate slightly larger
jet 4 than the average video rate (162 Kbps). The transition
) probabilities ([0.67 0.33; 0.33 0.67]) were chosen to lead
Whent # 1, only transmission control is active: to average state durations arouddsec, comparable to
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the coherence time in home or low-mobility environments.
The time slot (for transmission and reception of a group
of packets) is chosen to Beframe durations33ms each),

i.e.0.167sec, to allow for a reasonable number of NALs to |
be transmitted together. The playout rate is adjusted every i o content-aware D7 ]|
T=10 frames. ‘ ‘ ‘
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B. Simulation Results Fig. 4. _Trad_eoff between Video Quality and Playout Cost, for joint
Fig. 2(b) and 2(c) show the playout rate (normalizegPntrol with/without content-awareness.
w.r.t. the natural playout rate) across frames of the test %

ith d with > istortion, the playout variation has a smaller perceived
quence without and with content-awareness, respectiv ect, thanks to the intelligent selection of the preferred

The distortion (due.to droppeq pa}ckets) is the same Reanes for performing the slowdown.
both cases. The main observation is that, as expected, the IV. CONCLUSION
content-aware control chooses to slow down more the low ] ' ) o
motion scenes and leave the high-motion scenes intact; thish this paper, we studied the joint control of packet
reduces the perceived effect of slowdown. A secondafgheduling at the Tx and playout control at the Rx, for
observation is that both controls increase the playout raf§l€o streaming over a time-varying wireless channel; we
in the last180 frames, because buffer underflow is les§how that a small increase in playout duration can result
risky at the end of the sequence. in a significant increase in video quality. Furthermore, we
Fig. 3 shows the tradeoff between % increase in tftoposed to take into account the characteristics, and in
total playout duration due to slowdown and increase iarticular the motion intensity, of a video sequence in
video quality (PSNR of the decoded sequence), Wh&qder_ to adapt the playout control based on th_e charac-
content-unaware playout is used. The curve is obtained I§fistics of each scene in the video sequence; this reduces
varying the distortion weightv betweenD,, + D, and fche perce!ved_ effect ofplayout speed variation for the same
C, + C,. By using only the control at the transmitter (i.eIncrease in video quality.
0% increase in duration) to carefully select the right NAL REFERENCES
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