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Abstract

In this paper we investigate stream adaptation policies
forvideo streaming servers which use smooth TCP-friendly
congestion controls to compute the transmission rate. TCP-
friendly congestion controls compute, by specific means, the
rate at which the streaming server can send video data (i.e.
available bandwidth in the network). Of course, this rate
must be supported at application level by an appropriate
stream adaptation mechanism. We seek an optimal adap-
tation policy which maximizes the perceived quality at the
client side and tries to avoid an empty prefetch buffer at the
client side, in the given TCP-friendly conditions. We for-
mulate our problem in an optimization framework and then
devise a gradient ascend algorithm to solve it. The solution
is an adaptation policy that can be used to support TCP-
friendly rate control at codec (application) level.

1. Introduction

Nowadays, multimedia streaming applications make for
an increasing percentage of the data transferred over the
Internet. However, the heterogeneity and the best-effort
nature of the Internet pose great challenges to multimedia
streaming applications. Because a best-effort network like
the Internet does not guarantee a constant level of service,
streaming applications must continuously adapt to changing
QoS parameters of the network. This operation is two-fold:
first, the transmission rate must meet the available band-
width and secondly, the encoded stream must support the
chosen transmission rate.

In order to minimize quality variations among consec-
utive scenes at the receiver, streaming applications often
use smooth TCP-friendly congestion control algorithms like
TFRC (TCP-Friendly Rate Control) [1] [2] and binomial
congestion controls [3] which give more or less stable QoS

conditions in the Internet. This smooth variation of avail-
able bandwidth achieved by TCP-friendly congestion con-
trols is better supported than the saw-tooth variation ob-
tained by TCP’s AIMD mechanism by modern audio-video
codecs through stream adaptation techniques like: FPS (i.e.
Frames per Second) reduction, color to gray-scale reduc-
tion, size reduction etc. However, given a relatively stable
bandwidth like the one given by a TCP-friendly congestion
control, there is still a trade-off between achieving a max-
imum stream quality at the receiver and maintaining a rea-
sonable sized prefetch buffer at the receiver to avoid movie
freezing due to an empty buffer. Applying the aforemen-
tioned stream adaptation techniques on the original stream
in order to meet a specific TCP-friendly bandwidth remains
a challenge because it must deal with this trade-off. In other
words, a stream adaptation policy must maximize the per-
ceived quality of the stream in the given network conditions
(which decreases buffer size in case of insufficient band-
width) and also it must avoid a buffer underrun at the client
side.

In this paper we address the problem of adapting a
layered scalable, DCT-based (Discrete Cosine Transform),
video stream to a transmission rate computed by a smooth
TCP-friendly congestion control and which is assumed to
vary slowly throughout the streaming session. The goal is
to derive a level of stream adaptation that avoids buffer un-
derrun at the client and achieves the maximum perceived
quality at the client in the given network conditions.

The contribution of this paper is, thus, a policy for choos-
ing an optimal stream adaptation level (with respect to
an utility function) for TCP-friendly computed bandwidth.
The paper is organized as follows. In Section 2 we visit
related work. Then Section 3 describes our optimization
problem and a solution to this problem is given in Section
4. Section 5 presents experiments that depict the character-
istics of our adaptation policy and Section 6 deals with im-
plementation issues of our algorithm. The paper ends with



conclusions and future work ideas.

2. Related work

Traditionally, during streaming, the level of stream adap-
tation is set using threshold values for the player’s prefetch
buffer. When the player’s buffer drops under a low thresh-
old value, the stream bitrate reduction level increases sub-
stantially and if the buffer rises above a high threshold
value, the reduction level decreases [4]. In [S] an optimal
stochastic control problem is formulated for choosing the
level of stream adaptation and a heuristic threshold policy
is devised for solving this problem. However, avoiding a
zero sized prefetch buffer at the client side does not seem to
be a real issue here. De Cuetos and Ross develop in [6] a
real-time heuristic for adapting the bitrate of a FGS stream
to the throughput of a TCP or TFRC flow and their solution
fairly tracks an optimum value which maximizes the per-
ceived quality. Our framework differs from the ones above
in that it uses classic optimization theory and does not imply
the use of any thresholds.

In [10] authors integrate the stream adaptation policy
into transport-level congestion control and they develop a
congestion control based on TFRC which considers media
characteristics, but their framework (especially the stream
adaptation process) is focused on MPEG FGS streams,
while ours is useful for general, DCT-based, layered scal-
able video streams.

3. The optimization framework

We consider the process of streaming a pre-recorded or
real-time encoded video from a server to a client over a best-
effort network like the Internet. The client starts prefetching
and after the prefetch buffer reaches a certain level, play-
back of the movie is started. While estimating available
bandwidth is the job of a congestion control implemented at
the server and should be done at a fine granularity (typically
once per round-trip time), adapting the stream is the job of
the application and should be done at a coarser granularity
in order to avoid too much quality variability between con-
secutive frames. In our streaming environment, the avail-
able bandwidth is computed by TFRC based on client feed-
back once per round-trip time or when a packet loss oc-
curs. In the beginning of each streaming second, the current
level of stream adaptation is computed based on the avail-
able bandwidth estimated by TFRC and this adaptation level
is applied on the stream, for the duration of that second.

We use the following notations in our paper:

n number of playing seconds in the video stream

sec | number of current streaming second

X transmission rate given by TFRC
A current size of the client prefetch buffer (in sec-
onds)

b the bitrate of the current streaming second (bytes)

bavg | the average bitrate of the whole stream (bytes/sec)

the level of adaptation (reduction) of the stream in
the current second (a € (0, 1])

Occasionally, we will also use subscript variants of
the above notations, e.g. a; for the level of adaptation of
the i-th second from the stream and b; for the bitrate of the
i-th second from the stream.

The adaptation level a is updated at the beginning of each
streaming second and remains unchanged for the duration
of that second. The level of adaptation a; is a real num-
ber in the interval (0,1] and represents the fraction of the
stream’s bitrate in second ¢ (i.e. a; b;) which is sent to the
client. The rest of the stream second 4, i.e. (1 — a;)b; bytes,
is discarded at the sender. Which exactly (1 — a;)b; bytes
are discarded from the i-th stream second depends on the
adaptation technique being used. For example, if fps reduc-
tion is being used on a stream with 30 frames per second
and a = 1/4, exactly k frames are discarded from the cur-
rent second if and only if the sum of those k frames’ sizes
is approximately 1/4 from the total bitrate of the stream
second. In this paper, we primarily focus on fps reduction,
but other adaptation techniques could be used as well. Of
course, for fps reduction, B-frames must be dropped first
from a GOP (Group Of Pictures) in a timely uniform way
[11] and I- or P-frames should only be dropped from a GOP
if all B-frames from that GOP were previously discarded.

If a = 0 then the current stream second is not sent to the
client at all, but it is discarded entirely at the server side.
When a = 1 the current stream second is sent to the client
as it is, without adapting it.

Optimization problem

We want to model an optimization framework that
would help us develop a stream adaptation policy which
maximizes the perceived quality and maintains a non
empty buffer at the client. In order to do so we seek a
utility function which maximizes benefit (i.e. perceived
quality) and minimizes cost (i.e. low prefetch buffer value).
Consequently, our optimization problem is the following:

maxzU(a) = q(a) — C(a)
L e g

where ¢g(a) is perceived quality function and C(a) is the
cost for choosing an adaptation level equal to a.

Benefit function



We model the quality benefit using rate-distortion
functions. In classical rate-distortion theory one popular
statistical model for DCT compressed data is that of a
Gaussian memoryless source with mean ¢ = 0 and vari-
ance o2, for which we have the following rate-distortion
formula [7]:

D(R) = 02272R )

where D(R) is the distortion obtained when the encoding
rate is R. We use this model for formulating our benefit
function because of its mathematical tractability, although
it is only an approximation (not the best one) of the actual
rate-distortion function of a DCT-based video stream (the
actual rate-distortion function may not be continuous). Be-
cause DCT concentrates much of the entropy of the signal in
the DC-coefficient and after quantization many of the AC-
coefficients become 0, the distribution of DCT coefficients
obtained can be modeled as a normal distribution with mean
0. Although function (2) is only an approximation of the ac-
tual rate-distortion function of the stream, it is good enough
for us, as we associate a higher importance to the cost func-
tion which evaluates the possibility of the prefetch buffer to
become empty.

When distortion is D, the quality obtained (i.e. benefit)
is measured using the PSNR formula:

2

PSNR = 10log;o( 22

)

where max is the maximum power (amplitude) of the sig-
nal and D is the distortion. We note that instead of equation
(2) the rate-distortion function from [8] could also be used.
Using the previously described formulas, we now can spec-
ify the quality benefit of a certain level of adaptation a €
(0, 1]:

Q(a) - 1010910(%2{,)) (3)

where D(ab) = 0?2720

where b is the bitrate for the current second of the stream
and o2 is the variance of the stream’s bitrate. We note that
we have used b as the maximum power of the signal. This
is not entirely accurate for the PSNR formula, but we can
assume that the maximum power of the current stream sec-
ond is achieved when the stream second is not adapted (i.e.
a = 1, bitrate of the current second remains b). After per-
forming some simple computations in equation (3), we can
write the benefit function like this:

b2
q(a) = 10loglo(§) +20ablogip2 4)

You can see in equation (4) that when a decreases, the
quality function also decreases.

Cost function

The cost implied in the process of adaptation is re-
flected in the value of client’s prefetch buffer which
increases at a lower speed (even negative) as the level of
adaptation a gets closer to 1. More specifically, if at the
beginning of the current streaming second, the client buffer
size is /\;, the bitrate of the current stream second is b;
bytes, the available bandwidth computed most recently by
TFRC is X and the value of the adaptation level for this
second is a;, then in the beginning of the next streaming
second, the new buffer size can be approximated by this
relation:
X
Aipr=Ai+— -1 )
a; b;

because 1 second is consumed from the buffer and the buffer
gets a;b; bytes in the current second which is approximately
X;) seconds of the stream. This means, that if Lb -1>0
aftter the current streaming session has passed, an adaptatlon
level of a; has increased the size of the buffer. Conversely,
if - X :
one sécond of time, the buffer can not decrease more then 1
stream second because only 1 stream second gets played in

1 second of time.
We seek a cost function so that obeys the following rules:

e C(a)>0

e if a increases the value of the buffer, then the cost
should decrease

e if a decreases the value of the buffer, then the cost
should increase

e the cost function must be scaled with 1/A and also
with bg, 4, meaning that if the buffer is large, increasing
or decreasing such a buffer must have a small effect
on the cost function (i.e. cost function should have a
small value); also, cost must be scaled with b,,q to
have comparable order of magnitude with the benefit
function (which is o(b)).

The following function obeys the aforementioned rules
and is a good candidate for our cost function:

A) bavg

A
(6)
where k > 0 is a scaling factor which should scale the cost
function with the benefit function, [ > 0 is a general ex-
ponential scaling factor and m > 0 is the second expo-
nential’s scaling factor. The first term of the cost function,
el(1=35) exponentially penalizes the cost of an adaptation
level, a which decreases the size of the buffer (i.e. condi-
tion - — 1 < 0). The second exponential term of the cost
functlon has the role to further penalize the adaptation level

if the decrease of buffer size is greater than W
S€C) Vavg

X X _ b
*J)er*el(l ab ~ (n=sec) bavg

Ca) =k (el(l



By using this last value we wanted to asses the impact of
the current choice for the adaptation level on the buffer size
for the remaining n — sec streaming seconds. We consid-
ered that, if available bandwidth X does not change (this
is the reason we are using TFRC - because it gives a rela-
tively constant throughput), the current stream second has
the right ”'to eat” as much as — 1sec 3. from the buffer A.
If it eats” more than this, the cost functlon must be penal-
ized.

Throughout our paper and experiments, we use the fol-
lowing values for our scaling factors: £k = 1, = 4 and
m = 2.

4. Optimal stream adaptation policy

In order to solve the problem (1), we first obtain the first-
order and second-order derivatives of U (a):

5. = 20b109102 — kﬂ

mk [el( —a5— WA) @fb} bavg

Pl(1—2) 1X.
aZb

A

92 - X 2] bav

e Gl il o
Note that in the following lines we use specific values for
kilom@e k=1,1=4 and m = 2). Next, We observe
that %—Z(O) > 0andif 1 < 2X then function 2 0L (a) <0
(i.e. U(a) is strictly concave) With these in mind we can
use the following algorithm to solve problem (1):

DIfES > 1 then:
Compute a—U(l)’
].])If%U( ) > 0, then since %U(O) > 0 and B—U( )
is continuous on (0,1], we can conclude that U (a) is
increasing on (0,1] and a = 1 is the solution to
problem (1),
1.2) Else, find the maximum of U (a) using a gradient
ascend algorithm [9]; we know a maximum exists
since U( ) is concave if £ > 1;

2)If0 < 2% < 1 then:
U(a) is convex on [%51] (i.e. %—g(a) is increasing) and

U(a) is concave on (0, %%) (i.e. %—g(a) is decreasing). In

this case we use the same gradient ascend algorithm we
used at 1.2) to find the maximum.

The gradient ascend algorithm we use for computing
the maximum at 1.2) and 2) is a simple feasible method
algorithm which starts at a” = 1 and in each iteration
moves towards the optimum, using the following formula:

ak+1 _ ak: +6’“(Ek . ak)

where 3% € (0,1] is the stepsize and @” is a feasible value
obtained as the solution to the following optimization prob-

lem:
{ maz 9% (a*)(a — a*)
€ (0,1]

The solution of the previous maximization problem can be
computed directly and itis a = 1 if %—g (a*) > 0 and a value
close to 0 otherwise. By choosing @ this way, we are sure
we are moving in the right direction (i e. in the direction in
which the value of U is increased; 2 (a)(ak+1 — ax) > 0).
It must be noted here, that we do not need to obtain an exact
optimum since at least for fps reduction we can not drop
from the stream a number of bytes which is less than the
size of the smallest frame from the current second, so an
error of 0.01 from the exact optimum is quite reasonable.

In our experiments we used an initial value of 3° = 0.2
for the stepsize and § was decreased each iteration accord-
ing to 3%+ = 3% /1.05.

5. Experiments

We present in this section some experiments using the
optimization framework we have presented in the previous
sections. In our experiments we have used an MPEG-4
video with the following one second bitrate values:
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Time(seconds)

Figure 1. The 1 second bitrate of the stream

The average bitrate of the stream is 59578 bytes/second.

We implemented our adaptation policy in the ViTooKi
streaming framework [12]. We streamed the video pre-
sented in Fig. 1 from our video server to the video client.
The server and the client ran on two separate Pentium IV
2GHz computers with linux-2.6.16 which are linked by a
traffic-shaped router. There were also 8 TCP flows sharing
the bandwidth shaped by this router. We used two network
setups. In the first setup the router sets the bandwidth to



600 KB/sec and in the second one the bandwidth is set to
540 KB/s. Because our TFRC implementation in ViTooKi
is at application level, while TCP is implemented in the ker-
nel of the operating system, TFRC was less efficient than
TCP in using available bandwidth, so the multimedia flow
received slightly less bandwidth than the TCP flows. The
transmission rate achieved by the multimedia flow in the
first setup is depicted in Fig. 2 where we can see that the av-
erage transmission rate for the whole streaming session was
43752 bytes/sec. For the second network setup the aver-
age transmission rate achieved by the multimedia flow was
38003 bytes/sec (Fig. 3). The adaptation levels computed
by our stream adaptation policy together with the values of
the buffer size in both network setups can be seen in Fig. 4
and Fig. 5, respectively.

We can see that for the first network setup the stream
adaptation required to maintain a non-empty buffer was
small (i.e. a = 1 most of the time, so no adaptation was
performed) even though the average transmission rate of
TFRC was smaller than the average bitrate of the stream
(i.e. 43752 bytes/sec). But for the second network setup
adaptation levels required to maintain a non-empty buffer
were higher because the average available bandwidth was
only 38003 bytes/sec.
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Figure 2. The transmission rate evolution for
the 1st setup

6. Implementation issues

In this section we discuss some implementation issues
related to our algorithm. When solving problem (1) using
a gradient ascend algorithm we do not need to obtain an
exact optimum since at least for fps reduction we can not
drop from the stream a number of bytes which is less than
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Figure 3. The transmission rate evolution for
the 2nd setup
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Figure 4. The evolution of adaptation level «

the size of the smallest frame from the current second, so an
error of 0.01 from the exact optimum is quite reasonable.

Also, during our experiments we have observed that a
number of maximum 10 iterations of the gradient ascend
algorithm are quite enough for solving problem (1) with the
approximation error of 0.01.

7. Conclusions

In this paper we have presented an optimization frame-
work and an algorithm to determine optimal adaptation pol-
icy for video streaming servers using TCP-friendly conges-
tion control which maximizes the perceived quality at the
client side and tries to avoid an empty prefetch buffer at the
client side. Experiments showing that this optimal adapta-
tion policy maintains a non-empty buffer in different net-
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Figure 5. The evolution of the buffer size

work setups were presented. We need however to perform
more tests and to measure also the quality perceived by the
client.
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