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ABSTRACT

This paper deals with the optimal allocation of MPEG-2 encoding
and media-independent FEC rates under a total given bandwidth.
The optimality is defined in terms of minimum perceptual end-to-
end distortion given a set of video and network parameters. We
first derive the set of equations leading to the residual loss pro-
cess parameters. That is, the packet loss ratio and the average
burst length after FEC decoding. We then show that the perceptual
source distortion decreases exponentially with the MPEG-2 source
rate. We also demonstrate that the perceptual distortion due to data
loss is directly proportional to the number of lost macroblocks, and
therefore decreases with the amount of channel protection. Finally,
we derive the global set of equations that lead to the optimal dy-
namic rate allocation. The optimal distribution is shown to outper-
form classical FEC schemes, thanks to its adaptivity to the scene
complexity, to the available bandwidth and to the network condi-
tions.

1. INTRODUCTION

Streamed digital video has already begun its penetration in the
market. Although many compression schemes have been stud-
ied, a standard was necessary for widespread communications.
For digital video, attention is now being focused on the MPEG-
2 standard. MPEG-2 aims at diverse applications such as televi-
sion broadcast over satellite, cable and other broadcast channels
(DVB), and digital storage media (DVD).

In general, the distortion the end-user perceives results from
compression artifacts, packet losses, delays and delay jitters. All
lossy compression schemes distort and delay the signal. Degrada-
tion mainly comes from the quantization, which is the only irre-
versible process in a coding scheme. Moreover, delays and packet
losses are inevitable during transfers across today’s networks. The
delay is generally due to propagation and queuing. Information
loss is mainly caused by multiplexing overloads of high magni-
tude and duration that lead to buffer overflow in the nodes.

Interactive video delivery can significantly be improved by
providing sender-side mechanisms [1], like forward error correc-
tion (FEC) mechanisms. FEC means that redundancy is added to
the data so that the receiver can recover from losses or errors with-
out any further intervention from the sender. This work explores
the media-independent FEC scheme. That is, k video packets are
protected by n — k FEC packets within a total of n, regardless of
the underlying video sensitivity [2].

Clearly, under a given channel rate, the addition of FEC pack-
ets reduces the available rate for source coding. The optimal al-
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location between source coding rate and FEC rate under a given
total bit rate is the subject of this paper. Also, this optimal distri-
bution has to be dynamically adjusted according to varying video
and network parameters.

The problem is therefore stated in the following manner. Let
R(t) denote the channel rate available for transmission at time ¢.
Let Rs(t) and Rprc(t) further denote the MPEG-2 source rate
and the rate of FEC packets. The problem is then to find the op-
timal Rs(t) and Rrec(t) at time ¢ that minimize the end-to-end
video distortion' under the constraint Rs(t) + Rrec(t) < R(t)
and a given set of video and network parameters.

The paper is organized as follows: Section 2 briefly describes
the sensitivity of MPEG-2 video to data loss. Section 3 analyzes
the FEC efficiency when the global loss process is modeled by
a two-state markov chain. The source perceptual distortion-rate
function is empirically computed in Section 4. Section 5 then ana-
lyzes the error propagation and derives the degradation due to loss
from the video loss patterns. The optimal rate distribution is the
topic of Section 6. Section 7 shows how our algorithm behaves
under different conditions, and compares the end-to-end distortion
to classical FEC schemes. Finally, concluding remarks are given
in Section 8.

2. MPEG-2 SENSITIVITY TO DATA LOSS

In MPEG-2, data loss spreads within a single picture up to the
next resynchronization point (e.g., picture or slice headers) mainly
due to the use of differential coding, run-length coding and vari-
able length coding. This is referred to as spatial propagation and
may damage any type of picture. When loss occurs in a refer-
ence picture (intra-coded or predictive frame), the damaged mac-
roblocks will affect the non intra-coded macroblocks in subsequent
frame(s), which reference the errored macroblocks. This is due to
inter-frame predictions and known as temporal propagation.

The error visibility may be dramatically reduced by means of
error concealment techniques [3]. The MPEG-2 standard proposes
an elementary error concealment algorithm based on motion com-
pensation. Basically, it estimates the motion vectors for the lost
macroblock by using the motion vectors of neighbouring mac-
roblocks in the affected picture (provided that these have not also
been lost). The encoding process is therefore extended to include
motion vectors for intra macroblocks also.

'We call "end-to-end video distortion” the distortion as perceived by
the end-user.
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3. LOSS PROCESS PARAMETERS AFTER FEC
RECOVERY

Forward Error Correction (FEC) techniques are the preferred error-
control scheme for multicast or interactive applications. In this
paper a very simple media-independent Forward Error Correction
(FEC) mechanism is used. Due to the low bit error rates associated
with the modern communication media, the assumption is made
that decoding is mainly impeded by packet loss. Either the packet
is present and correct or it is lost. These losses are mainly caused
by network congestion and the resultant buffer overflow and queu-
ing delay. In this case, packet-level FEC schemes [4, 5] provide an
efficient way to fight against losses, although the perfect recovery
cannot be guaranteed.

Assume every block of k video packets is protected by (n— k)
FEC packets. If at least k out of n packets are correctly received,
the underlying video information can be correctly decoded. Other-
wise, none of the lost packets can be recovered by the receiver.
Hence the packet loss pattern experienced at the video level is
quite different from the loss pattern observed on the global packet
stream of the lossy channel.

The video loss process after FEC recovery can be represented
by two major parameters. That is, the packet loss ratio , and the
average burst length o . They directly drive the final video quality.
The packet loss ratio 7, simply represents the ratio between lost
and sent video packets. The average burst length oy, is the average
length of consecutively lost video packets.

These parameters are only dependent on the global loss pro-
cess and the FEC parameters k and n. In the remainder of this pa-
per, they will simply be noted m, (k, n) and a, (k,n). The reader
is referred to [6] for the equations along with the complete details
of the computation of 7, and o, when the loss process can be
matched with a renewal error process.

4. MPEG-2 PERCEPTUAL DISTORTION-RATE
FUNCTION

Several studies have already been conducted on the analysis of
the rate-distortion curve for MPEG codecs [7, 8]. They lead to the
conclusion that the distortion evolves somehow exponentially with
the decreasing source rate [9]. However, video distortion was mea-
sured by means of pure mathematical metrics such as the MSE.

The perceptual video distortion as measured by means of the
PDM tool [10] varies exponentially with the quantizer scale factor
(i.e., MQUANT) [6]. The PDM tool relies on a model of the
human visual system (HVS) [11]. Moreover, the average source
rate Rs is also evolving exponentially with the MQUANT [12,
13].

Therefore, the source perceptual distortion-rate function can
be expressed as (see Figure 1):

Ds(Rs) = xs RS9, (1

where the parameters x g and &g are related to the encoding com-
plexity of the set of frames under consideration. Details of the in-
terpretation of Eq. (1) can be found in [14]. This relation holds at
the sequence, group of pictures and even frame level. Figure 1 ex-
hibits an important, though trivial, behavior: for MPEG-2 source
rates below 10 Mbps, a small increase in source rate leads to a
great decrease in perceptual distortion.
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Figure 1: Perceptual distortion as a function of the mean encoding
bit rate. Fitting parameters of Eq. (1): xg = 14.59 10° and {r =
—0.883.

5. PERCEPTUAL DISTORTION UNDER DIFFERENT
LOSS PATTERNS

We now investigate the impact of different packet loss patterns
onto video distortion. In MPEG-2 streaming over IP networks,
a macroblock may be damaged in any of the three following cases:

e (i) it belongs to an RTP packet that has been lost during
transmission,

e (ii) it belongs to a slice that has been affected by a packet
loss (spatial propagation),

e (iii) it is temporally dependent on a damaged area of a pre-
vious reference frame (temporal propagation).

Intuitively speaking the perceptual distortion of the received video
is in average proportional to the number of lost macroblocks, hence
to the number of lost pixels. To emphasize this, an MPEG-2 trans-
mission system has been simulated using a 400 frames sequence
and a very large set of network loss patterns. The resulting linear
proportionality has a correlation factor lying around 0.992. Video
distortion is thus directly related to the number of spatially lost
macroblocks. Equivalently, the distortion is directly proportional
to the number of spatially lost pixels, since macroblocks can only
be entirely lost.

Hence the perceptual distortion is driven by spatial error prop-
agation. Temporal error propagation is clearly a direct consequence
of the lost macroblocks, hence pixels. Furthermore, notice that the
loss of a single packet could be enough to lose the entire corre-
sponding slice. Since an entire slice can be fully lost with the loss
of a single packet, it is desirable that a burst of lost packets damage
the same slice. Accordingly, under a given packet loss ratio, bursts
of lost packets damage fewer pixels than individual lost packets.
Thus the average number of lost bytes (equivalently, the average
number of spatially damaged pixels) decreases exponentially with
oy, Thus we draw the important conclusion that a uniform loss
process corresponds to the worst case with respect to the amount
of degradation due to data loss. The probability B for pixels to be
lost is given by (please refer to [6] for the details):

Rs m,

P=m,+ —"
t=T+ 5P Neay’

@
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where P represents the packet size (i.e., generally 184 bytes of
MPEG-2 video data) and Ns represents the average number of
MPEG-2 slices per second.

Now the effect of network losses has to be analyzed in terms
of distortion. It has been shown that the perceptual distortion is
proportional to the number of spatially lost pixels. Showing the
dependence of 7, and a, from k and n Eq. (2) leads to the distor-
tion Dy, due to data loss:

Di(k,n) = xz (m(k,n)+ M) 3)

2 P Nsay(k,n)

where x is a constant depending on the spatio-temporal complex-
ity of the sequence and the error concealment scheme.

The impact of 7, and a, onto Dr(k,n) for a given source
rate is shown in Figure 2. The distortion Dy, indeed increases lin-
early with m,. Also, under a given =, the distortion decreases
exponentially with c,,. This behavior has also been observed with
the MSE distortion metric. Finally, the mapping between the dis-

Average Burst Length, o,

Figure 2: Perceptual distortion versus the video loss process pa-
rameters {(source rate Rs = 4.75 Mbit/s)

tortion Dy, (k, n) and the number of spatially lost macroblocks L,
(i.e., the value of x 1) is almost independent of the source rate [14].

6. JOINT SOURCE/CHANNEL PERCEPTUAL
DISTORTION

We now address the initial problem. That is, find the optimal
Rs(t) and Rrgc(t) at time ¢ that minimize the end-to-end video
distortion under the constraint Rs(t) + Rrec(t) < R(t) givena
set of video and network parameters.

By the FEC scheme structure, the source rate is expressed as
Rs(t) = £ R(t) and the rate of FEC packets as Rrpc(t) =
2=k R(t). Recall that the distortion Dy, as given by Eq. (3) repre-
sents the average distortion between the compressed video MPEG-
2 sequence before and after transmission. However we need to
come up with the end-to-end distortion D. Consider now only the
video elements (e.g., macroblocks) thgtv are lost but replaced by er-
ror concealment at the receiver. Let Dy, be the average distortion
between these elements and their original version. The end-to-end
average distortion can then be written as

D=Ds(1-P)+D, Pi=Ds+P (D, —Ds), 4
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where P, represents the average probability for a video element
(e.g macroblock) to be lost. Eq. (4) holds for MSE-like distortion
metrics. Assume that it is also verified in average for perceptual
distortion. In this case, we can interpret the second-term in the
righthand side of Eq. (4) as the average distortion due to data loss

Di = P, (D, — Ds). 5

Notice that Eq. (5) holds thanks to the definition of the distortion
Dr.

Our problem now becomes: At time ¢, find the optimal FEC
scheme parameters (k, n) that minimize the end-to-end distortion:

min D(n,k)

k<n<N

xs (& R(t))ss ©)
kR(¢) )

+

) (14 o phia s

given the total bandwidth R(t), the channel state (i.e., p and q in
the Gilbert model [6]) and the video parameters (xs,£s, x1). The
constraint n < NV simply imposes a maximum reconstruction time
for the FEC decoding.

Since the parameters (k,n) only take integer values, Eq. (6)
can be solved easily through numerical methods. The optimal val-
ues of k and n then lead to the optimal rate distribution between
source and FEC rates. In the same time, they define the optimal
media-independent FEC algorithm in terms of the end-to-end dis-
tortion.

7. EXPERIMENTAL RESULTS

The optimal FEC parameters are given in Table 1 for several net-
work conditions and video scenes of different spatio-temporal com-
plexities. The FEC reconstruction delay is set to approximately
6.5 ms (i.e, N = 20 at 4 Mbps and N = 30 at 6 Mbps). Optimal
FEC parameters and hence rate distribution are then numerically
computed from Eq. 6. It is shown that the FEC rate (i.e., %)

R =4 Mbps R = 6 Mbps

Ski Foot Foot News

PLR | ABL | k [ n k Tn k [ n k [ n
0.1 1 14 18|16 | 202329 22| 29
2 1412015120 22]30]19] 30
0.01 1 191201912028 30 28} 30
2 1 1 1 1 {29130]25] 30
0.001 1 1 1 1 1 1 1 [29] 30

2 1 1 1 1 1 1 1 1

Table 1: Optimal FEC parameters for several transmissions condi-
tions and scenes.

decreases when the global loss ratio (PLR) decreases. Moreover
the required FEC rate is lower for the Foot sequence (i.e., high
spatio-temporal complexity) than for the News video scene (i.e.,
low spatio-temporal complexity), at least for PLR < 0.1. This
intuitive result clearly exhibits the joint role of both the source and
FEC rates onto the end-to-end distortion. The evolution of the op-
timal parameters with the increasing global loss burstiness (ABL)
is less straightforward. They indeed result from a tradeoff between
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Figure 3: Perceptual distortion vs frame number for optimal
rate distribution scheme and classical FEC schemes. The se-
quence is composed of 5 different scenes. The available rate R
is set to 4 Mbps for the 204 first frames, and to 6 Mbps for the
196 last frames. The global loss process parameters are set to
(PLR,ABL) = (.1,1).

the decreasing FEC efficiency and decreasing error propagation ef-
fect. The temporal evolution of the distortion through a five-scene
sequence is given in Figure 3. The distortion averaged over slid-
ing windows through Minkowski summation is compared to the
one obtained from classical FEC schemes. Thanks to its adaptivity
features, our rate distribution algorithm outperforms the common
schemes. The proposed algorithm indeed adapts to the scene com-
plexity, to the available bandwidth and to the network conditions.
It has to be noted that large loss ratio values have been chosen
since the length of the sequence is relatively short. However, even
if these values seem relatively high compared to usual mean ratios
on today’s network, they are likely to happen during small time
intervals.

8. CONCLUSIONS

In this paper we considered a joint source and channel coding
problem. More specifically, we proposed a solution to the prob-
lem of optimal rate distribution between media-independent FEC
and MPEG-2. The optimality has been defined in terms of min-
imal end-to-end perceptual video distortion. The efficiency of a
media-independent FEC algorithm has been discussed first. The
exponential source perceptual distortion-rate function has then be
derived from empirical results. Finally, the distortion due to loss
has been shown to be directly proportional to the number of lost
pixels. From this set of equations, the optimal rate distribution, as
well as the optimal FEC scheme are obtained by solving a sim-
ple optimization problem. Finally, the proposed allocation scheme
has been shown to outperform classical FEC schemes due to its
adaptivity to the video scene, to the available bandwidth and to the
network state.
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