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Abstract—Forward error correction (FEC) codes are widely
studied to protect streamed video over unreliable networks.
Typically, enlarging the FEC coding block size can improve the
error correction performance. For video streaming applications,
this could be implemented by grouping more than one video
frame into one FEC coding block. However, in this case, it leads
to decoding delay, which is not tolerable for real-time video
streaming applications. In this paper, to solve this dilemma, a
real-time video streaming scheme using randomized expanding
Reed-Solomon code is proposed. In this scheme, the Reed-
Solomon coding block includes not only the video packets of
the current frame, but could also include all the video packets
of previous frames in the current group of pictures. At the
decoding side, the parity-check equations of the current frame
are jointly solved with all the parity-check equations of the
previous frames. Since video packets of the following frames
are not encompassed in the RS coding block, no delay will be
caused for waiting for the video or parity packets of the following
frames both at encoding and decoding sides. Experimental results
show that the proposed scheme outperforms other real-time error
resilient video streaming approaches significantly, specifically, for
the Foreman sequence, the proposed scheme could provide 1.5
dB average gain over the state-of-the-art approach for 10% i.i.d
packet loss rate, whereas for the burst loss case, the average gain
is more than 3 dB .

Index Terms—video streaming, randomized expanding Reed-
Solomon, forward error correction, real-time, error resilient

I. INTRODUCTION

EAL-TIME video steaming in lossy network environ-

ments, whether it is wireless or wired, is a challenging
task. High compression ratio video coding, which gains from
the prediction based motion estimation and entropy coding,
makes the coded streams sensitive to transmission losses. In
fact, distortions caused in one frame or even a portion of a
frame will propagate to the following frames, which will result
in serious degradation of the reconstructed video quality [1],
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[2]. Therefore, the study of error resilient techniques for video
coding and video streaming is an important task.

There have been many error resilient techniques proposed
to meet the requirements of video streaming over unreliable
networks, and an overview of error resilient techniques is
presented in [3]. One category of error resilient techniques
uses intra macroblock (MB) refreshment [4], [5] to stop error
propagations; and later in [6], [7], not only the intra coding
modes but also the motion prediction paths are optimally
chosen to minimize the error propagations by taking the lossy
network conditions into consideration. One advantage of these
approaches is that no delay will be caused 2, making them
suitable for real-time video streaming applications. However,
the coding efficiency of intra mode is much lower than inter
mode, therefore the overall coding efficiency is compromised,
nevertheless in [8], it is reported that if intra coding is twisted
with redundant coding in a good manner, the error resilient
performance could be improved. Another category of error
resilient video streaming techniques are based on feedback
information, including Automatic Repeat reQuest (ARQ) [9]-
[11] and feedback-based Reference Picture Selection (RPS)
[12], [13]. These techniques usually cause long delay because
of the network round-trip time, and consequently they cannot
be employed for real-time applications. The third category
of error resilient techniques use the concept of redundant
picture/slice coding with equal or lower quality [8], [14],
[15], which was used in multiple description coding (MDC)
[16], [17]. For the redundant picture/slice coding and MDC
schemes, usually no delay is caused, but when the redundant
version is used to replace the primary one or some of the
descriptions are lost during transmission, there will be mis-
match error and it will propagate all over the group of pictures
(GOP). Whereas for the approaches that use the forward error
correction (FEC) coding with unequal loss protection [18],
[20], [21], the delay depends on the FEC coding block size. In
fact, the need to wait for the whole FEC coding block in order
to recover a lost packet means that an extra delay will be intro-
duced. In [18], the Reed-Solomon (RS) coding block includes
the whole GOP, and one GOP of delay is caused. Another work
that use unequal error protection based on frame dependency
is [19], where the encoding unit includes all the data of one
GOP, so one GOP of delay is caused. In [20], the RS coding
block contains one block of packets (BOP) generated from
different frames, and unequal loss protections are allocated for
different packets based on both the frame position in the GOP
and the data partition it belongs to. For this approach, one

2With the term delay, we refer to the elapsed time between receiving packets
of a frame (in the first attempt of sending) and the time the video decoder
starts decoding them at the receiver side.
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BOP of delay is caused, i.e., the delay depends on the length
of the BOP. In [21], the RS code is implemented at frame level
using adaptive slice grouping and unequal error protection
(UEP), and no FEC coding delay is created. However, for the
frame level FEC approach, usually the quantity of the source
packets is not large enough for the FEC code to be efficient.
Whereas in [22] a cross-layer adaptive error protection scheme
is proposed, where MAC-layer transmission of real-time video
over wireless local area networks (WLANS) is optimized using
cross-layer optimization, and in [23], the authors used a slice
loss visibility (SLV) model to optimize video transmission
over an orthogonal frequency division multiplexing (OFDM)
system.

For the forward error correction coding schemes, the error
correction performance and the FEC decoding delay are two
contradicting requirements. On one hand, enlarging the FEC
coding block size, i.e., grouping video packets from more
than one video frame, can improve the error correction perfor-
mance, however, this will cause some delay equivalent to the
length of the FEC coding block. On the other hand, small FEC
coding block size, i.e., FEC implemented at frame level, will
cause no delay for waiting for the video or parity packets of the
following frames, however, the error correction performance
is compromised. To solve this problem, in our previous work
[24], [25], we proposed the Dynamic Sub-GOP FEC Coding
(DSGF) approach, where the Sub-GOP, which contains video
packets of more than one video frame, is used as the FEC
coding block. It is found that in the DSGF approach, FEC
codes can stop error propagations efficiently, thereby it could
provide better overall video quality than frame level FEC, yet
no delay will be caused for waiting for the video or parity
packets of the following frames. However, in [24], [25], the
FEC error correction capability can only be used by the last
frame of each Sub-GOP, and consequently the video quality
could fluctuate.

To overcome the previous challenges, in this paper, a
Randomized Expanding Reed-Solomon (RE-RS) scheme is
proposed for real-time video streaming applications. In the
proposed RE-RS scheme, RS parity packets are allocated for
each frame of the GOP. They are generated using the video
packets of the current frame and all the previous frames
of the current GOP. At the decoder side, the parity-check
equations of the current frame will be combined with those of
all the previous frames. The lost packets will be recovered if
the combination of the parity-check equations can be jointly
solved. Thereby, these RS parity packets will not only help
to recover the lost packets of the current frame, but also the
lost packets of the previous frames. It is worth noticing that
recovering the lost packets of the previous frames will not
affect their timely decoding and visualization. In fact, during
their decoding time they will be concealed and displayed, so
their later recovering will help reducing the propagated errors.
In this scheme, no video packets of the following frames
will be used in the current RS coding block, thereby each
frame could be decoded and displayed at its display time,
and no extra delay will be needed to wait for the source and
parity packets of the following frames. Moreover, for the RE-
RS scheme, there will be no frame-by-frame video quality

fluctuation problem that affects the DSGF [25] approach,
and more in general Sub-GOP based approaches. It is worth
mentioning that sliding window [26] and expanding window
[27], [28] fountain code protection for SVC [29] have already
been proposed, where they target layered hierarchical data, i.e.,
SVC. To the best of our knowledge, twisting the expanding
window RS code with the reference updating technique for
real-time steaming of non-layered data, i.e., H.264/AVC date,
is novel. In [26]-[28], the LT or Raptor code was used.
However, with the introduction of the RaptorQ code [30] the
performance of these methods would be improved, given that
RaptorQ code requires less overhead.

The contribution of this paper is many fold: firstly, the
expanding window RS code is introduced in combination
with the reference buffer updating technique for real-time
video streaming applications. Secondly, in order to ensure
that the equations of different windows could be jointly RS
decoded, so as to increase the probability of recovering current
and previous losses, we proposed a randomized RS code for
the expanding window approach. Thirdly, we investigated the
parity allocation problem in the new paradigm of expanding
window RS code for video data, and it has been found that
evenly allocating the parity packets among frames is a simple
yet efficient method. Fourthly, a simplified sliding window
scheme is proposed to lower the computational complexity
and the memory requirement without compromising its error
resilient performance too much.

The rest of the paper is organized as follows. A brief review
of systematic RS code is provided in Section II. In Section III
the proposed RE-RS scheme is presented in detail. In Section
IV some experimental results validating the proposed approach
are given. Finally, some conclusions are drawn in Section V.

II. SYSTEMATIC REED-SOLOMON ERASURE CODE

In this section, we will recall some concepts and theory
about systematic Reed-Solomon (RS) erasure code, which will
be used throughout this paper. The systematic RS erasure code
has been widely studied as application layer FEC code to
protect data packets against losses in packet erasure networks.
In RS (N, K) code, for every K source packets, N — K parity
packets are generated to make up a codeword of packets, with
a total length of NV packets. As long as a client receives at least
K out of the N packets, it can recover all the source packets. If
the received packet number is less than K, the received source
packets can still be used, because they have been kept intact
by the systematic RS encoding process. For the RS (N, K)
code, the N and K could be any positive integer under the
following constraint:

{N<2m—1 )

K<N

where m is the number of bits in a symbol. When N < 2™ —1,
it is referred to as the short form of the code. In this case, 2™ —
1— N zero padding packets are added to the K source packets,
which makes the total number of packets 2™ — 1+ K — N
before RS coding, we will call this the full length source code.
The RS code will add N — K parity packets, which makes
the total packet number 2™ — 1. After encoding, the padded
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zero packets are removed to form a so called shortened Reed-
Solomon code, whereas at the decoder side these zeros are
re-inserted. Let us assume the systematic RS code is C' =
(c1,¢2,...,c,) where n = 2™ —1, and among them ¢ symbols
are lost at the decoder side with their indexes being i1, o, ...,
1¢. Thus, ¢;;, = X1, ¢, = Xo, ..., ¢;, = X; are the ¢ lost
variables. The decoder will try to recover the lost packets by
solving the parity-check equations:

CH" =0 2

where H is the parity-check matrix, and it could be denoted
as follows:

1 a .. a3 a?" 2

1 o2 (a2)2m—3 (a2)2m—2
H= .

1 oN-K (aN—K)Q"‘*?’ (aN—K)2m*2

3)
with « being the primitive element of Galois Field GF(2™).
Since H is a full rank matrix and its rank is N — K, so (2)
could be solved when the variable number is not more than
N — K, which also means that it can recover up to N — K
erased symbols.

III. RANDOMIZED EXPANDING REED-SOLOMON SCHEME

For real-time FEC video streaming applications, one com-
mon approach is to perform RS coding in frame level, which
means that the RS coding block contains video packets from
the same video frame. Under this constraint, to recover the lost
packets, the RS decoder does not need to collect source packets
of many frames, therefore there will be no decoding delay. To
analyze this approach, that will be used for comparison, let us
assume the GOP length is L frames, and the ¢-th frame has
S(4) source packets and R(i) RS parity packets. If we want
to have even distribution of the parity packets among all the
GOP frames, then R(7)/S(7) needs to be almost constant over
all the GOP’s frames. In general, the number of generated
slices per frame, S(i), varies from frame to frame due to
different level of motion level and texture complexity, and
because the number of parity packets to be inserted, R(7),
should be integer, so we can write R(i) as following:

[ s if i == 1
R(”:{ Wi, S()] ~ Sy RGE) iri> 1

where ;1 = (N — K)/K is the redundant packet rate of RS
code, and operation [X| is used to get the minimum integer
number greater than or equal to X. In this case, using formula
(4) makes the average inserted redundant packet rate among
several frames approach p. Since in this approach, the RS
parity packets are almost evenly allocated among all the video
frames, so this will be called Evenly FEC in the following. An
simplified example of the Evenly FEC is shown in Figure.1-
(a), where for Vi S(i) = 4, and u = 0.5.

For the Evenly FEC, there are two fundamental problems
that make its error correction performance low:

4)

1) The number of video source packets generated in each
frame is small, which makes the RS code inefficient. To
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Figure 1. Examples of different FEC schemes, where each frame has 4 video
packets and redundant packet rate is 4 = 0.5. (a) Evenly FEC; (b) Sub-GOP
based FEC; (c) proposed RE-RS scheme.
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Table T
THE REMAINING PACKET LOSS RATE AFTER RS CODE CORRECTION WITH
p = 0.2, WHERE RS CODING BLOCK SIZE IS K = 5, 10, 15, 20, 30,
NETWORK PACKET LOSS RATE IS p = 5%, 10%, 15%

D K=5| K=10 | K=15 | K=20 | K =30
5% 1.13% 0.51% 0.25% 0.13% 0.04%
10% | 4.10% 3.03% 2.38% 1.93% 1.32%
15% | 8.34% 7.62% 7.20% 6.91% 6.47%

better visualize the effects of K, the number of source
packets, on the error correction capability of the RS
code, Table I lists the remaining packet loss rate, p/,
after the RS code correction, for different values of K.
This table demonstrates that for the same packet loss
rate and redundancy, the smaller the RS coding block
the lower the performance of the RS codes.

2) The error correction capability of the current frame
cannot help to recover the lost packets of the previous
frames, which may cause the distortion of the unrecov-
ered packets in the previous frames propagate to the
current and following frames. Let us take the first two
frames in Figure.l-(a) as an example. Let us assume
three video packets in the first P-frame are lost, while
other packets are received. In this case, the RS code
of the first P-frame will fail to recover the three lost
packets. Meanwhile, as there is no packet loss in the
second frame, its error correction capability will not
be exploited, and it cannot be used to help recovering
the previous losses in the first P-frame. Whereas if this
error correction capability could be exploited to help
to recover the lost packets in the previous frames, then
it might be possible to recover the three lost packets,
and thereby the propagation distortion from the previous
frames will be reduced.

In order to overcome the above problems of the Evenly FEC

scheme, we could come out with two possible solutions that
are described as follows.

A. Sub-GOP Based FEC Scheme

One solution is grouping video packets of one Sub-GOP,
which contains more than one video frame, into one RS coding
block. Figure.1-(b) shows one example for this case. By doing
this, the K value of the RS code will be increased, and
consequently this will improve the performance of the RS
code. However, for this solution, one Sub-GOP of delay will be
caused if the video frames will be decoded and displayed at the
end of its Sub-GOP. On the other hand, if the Sub-GOP based
approach is to be used for the real-time applications where it
is not possible to wait for the video or parity packets of the
following frames, the average video quality might deteriorate
with respect to the approach that tolerates delay. In [25], we
proposed to decode and display the frames in real-time fashion,
and at the end of each Sub-GOP, if the lost packets could be
recovered by the RS code, the reference buffer will be updated
using the recovered information to stop the error propagations.
In this scheme, although the overall performance could be
higher than that of the Evenly FEC, the video quality fluctuates
frame by frame.

B. Proposed RE-RS scheme

Another solution which we propose in this paper is to use
expanding RS code. This scheme is described in Figure.1-(c),
the RS parity packets are generated using the video packets
of the current frame and all the previous frames of the current
GOP. At the decoder side, the parity-check equations of the
current frame will be combined with those of all the previous
frames. The lost packets will be recovered if the combination
of the parity-check equations can be jointly solved. Thereby,
these RS parity packets can not only help to recover the
lost packets of the current frame, but also the lost packets
of the previous frames. In this scheme, no video packets of
the following frames will be used in the current FEC coding
block, thereby each frame could be decoded and displayed at
its proper time, and no extra delay will be caused.

To better illustrate the expanding Reed-Solomon scheme,
one simplified example is drawn. Let us use the first two
frames in Figure 1-(c), where each frame has 4 video packets
and 2 RS parity packets. We assume packets 1, 2 and 3 in the
first frame and packet 5 in the second frame are lost, whereas
other video packets and parity packets of the two frames are
received. In this case, as described in (2), the parity-check
equations for the first frame could be simplified as following:

X1+aX2+a2X3+01:0 )
X1+ (a2)X2 + (a2)2X3 +Cy=0

and the parity-check equations for the second frame combined
with that of the first frame are as following:

X1 +aX2+a2X3+Cl =0

X1+ (()ZQ)XQ + (a2)2X3 +Cy=0

X1+ aXs +042X3 +044X5 +C3=0

X1 + (az)Xg + (a2)2X3 + (a2)4X5 + C4 =0

(6)

where X1, X5, X3 and X5 denote the four lost packets; C1,
C5, C3 and Cy are constant values, which are determined by
the received packets. It should be mentioned that, in order to
recover the lost packets, the above equations should be solved
in Galois Field of GF(2™). Here we should note that in the
first and third equations in (6), the coefficients for X7, Xo, X3
are the same, and this also happens for the second and fourth
equations. Therefore, for (5) and (6), the rank of coefficient
matrix is 2 and 3, respectively. Hence, (5) and (6) cannot
be solved with three and four variables, respectively. In other
words, all the four lost packets, in this example, cannot be
recovered.

In order to tackle this problem, we need to increase the rank
of (6) to 4, for this reason we propose to randomly reorder the
video packets and the zero padded packets (if any) before the
RS encoding stage. This is a key step to ensure that, with high
probability the coefficients of the parity-check equations for
different frames are independent, thereby ensure the high error
correction performance of the proposed RE-RS scheme. Let us
see an example where we assume that each symbol has 4 bits,
or in other words, the Galois Field is GF(2%), and RS code
(16, 14) is used *, which means that if we have only 4 source

3This means that at maximal three frames could be protected in this case
study.
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packets, 10 zero packets will be added before generating the 2
parity packets to make the full length RS code. Let us assume
for the first RS window, the randomly reordering positions
for the lost packets {1,2,3} become {6,3,11}; whereas for
the second RS window the randomly reordering positions for
the lost packets {1,2,3,5} become {7,1,4,12}. In this case,
the combined RS parity-check equations for the second frame
becomes:

aP?Xi+a?Xo+a%X5+Cy =0

(0[2)5X1 —+ (a2)2X2 + (O[2)IOX3 —+ CQ/ = 0 7
QGXl +X2+043X3+0411X5+03/:0 )
(a2)6X1 + X5 + (a2)3X3 + (Oé2)11X5 + 04/ =0

In the Galois Field GF(2*), the coefficients matrix for (7) is

t

10 0 5 2 10 0

a® a? a o® o «

0[10 044 0420 0 alO a4 a 0
b 1 o o'l T a1 ot
a2 1 ab a2 a2 1 o ot

It is worth noticing that the rank of this matrix is 4, so it is
full rank matrix, and the equations can be solved. Therefore,
by the second frame all the four lost packets can be recovered.

C. Detailed Procedure of RE-RS Scheme

Since our objective is to design FEC video transmission
system for real-time applications while minimizing the delay
caused by the encoding stage, therefore B-frame will not be
used, so the IPPP GOP structure will be used. This choice
is also justified by the fact that video telephony, the most
commonly used applications for real-time system, typically
uses the baseline profile of H.264/AVC, where only I-frames
and P-frames are used [31]. To make the RS code efficient,
fixed length slice scheme in term of byte, will be used to create
slices. In this method, the macroblocks in each frame will
be scanned in raster-scan order and encapsulated into slices
with the constraint that the size of each slice should not be
more than the target length of the slices, therefore, the length
of all the slices except the last ones in each frame will be
very close to the target length. Whereas the last slice in each
frame will be in general smaller than the target length. Thus,
for slices other than the last one, only very few zero bytes
are padded to reach the target packet length. Whereas for the
last slice in each frame, usually more dummy zero bytes are
used for padding. It is important to note that, in the proposed
scheme, the length of the packets used to encapsulate the RS
parity symbols is similar to the length of the packets used
to encapsulate video slice data, and this latter is dictated by
the Maximum Transmission Unit (MTU) of the underlying
networks. So consequently, throughout this paper, the term
packet and slice are used interchangeably, as one packet per
slice packetization method is adopted.

The RE-RS procedure at the video sender side works as
following:

1) RS parity packets are allocated for each frame in the
GOP using (4); that means the redundancy is evenly
distributed among the GOP frames, and R(¢) is the
amount of parity packets inserted for the ¢-th frame.

2) Video packets of the current frame and all the previous
frames of the current GOP are collected. If the total
video packets number is less than 2™ — 1 — R(7), zero
padding is used. All video packets are ordered as they
are generated by the H.264/AVC video encoder, where
the zero padding packets are appended after the video
packets. Let us take the second RS window in Figure
1-(c) for example, the order of the video packets is: 1,
2,3,4,5,6,7,8.

3) The 2™ — 1 — R(i) packets are randomly reordered. Let
us assume that for the i-th frame, the new position for
the k-th packet is O;(k), and O;(k) should meet the
following requirements:

{ O;(k) € [1,2™ — 1 — R(i)]
O;(k1) # O;(k2),Y ki # ko

Here it is important to note that for different frames,
different reordering maps should be used. Moreover, in
order to make the decoder work properly, the sender and
receiver should have the same maps.

4) R(i) RS parity packets are generated using the reordered
2™ —1— R(7) video packets and zero padded packets (if
any). Taking the second RS window in Figure 1-(c) as
example, the generated parity packets are 2-1 and 2-2.

5) Together with the video packets of the current frame,
R(i) RS parity packets are transmitted to the receiver
side.

6) Repeat steps 2-5 for all the video frames in the current
GOP.

®)

At the video receiver side, all the received packets of the
previous frames in the current GOP will be kept in the buffer,
and the decoding procedure of the RE-RS scheme will work
as following:

1) The receiver will collect the video packets of the cur-
rent frame, and together with the previously received
and buffered packets of the current GOP, they will be
reordered using the same reordering map used at the
video sender side.

2) By multiplying the reordered video packets with the
parity-check matrix, the parity-check equations are gen-
erated, as in (2), the parity-check equations for the
current frame include R(4) equations, and they will be
kept for the RS decoding of the following frames in this
GOP.

3) The parity-check equations of the current frame are
combined with all the parity-check equations of the
previous frames of the current GOP. The combined
equations for the i-th frame will include Y, _, R(k)
equations.

4) If the combined equations could be solved, and conse-
quently if it allows to recover some of the non-recovered
packets in the previous frames, then the frames that
these packets belong to and the following frames will be
video re-decoded with all the recovered packets, and the
reference buffer will be updated with the newly decoded
information. It is worth mentioning that the reference
buffer updating technique was also used to exploit the
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late arrival packets to stop error propagations in [32],
[33]. If the combined equations cannot be solved, then
the current video frame will be video decoded with all
the received video packets and the non-arrived slices will
be concealed, then the reference buffer will be updated.

5) Repeat all the above process for all the video frames in
one GOP.

D. Performance of Randomly Reordering

The performance of the proposed RE-RS scheme critically
depends on removing the linear dependency between the
parity-check equations by randomly reordering the source
packets. In order to show that the randomly reordering is good
for this task, let us take a case study, where the parity packet
number for each frame is 1, the lost packet number in the
first frame is n, and in the following n — 1 frames, there is
no packet loss, which means that their parity packets will be
used to recover the lost packets in the first frame. We assume
that for the expanding window of the u-th frame, the position
of the v-th lost packet after randomly reordering becomes 4, 4,
1<u<n 1<v<n)withl <4,, <2™ -1, then the
coefficient matrix of the combined parity-check equations of
the first n frames is:

ot~ =1 el
at2rml giz2=l 0 glan—d

©)
O{in’l_l ain,,2—1 ainm,_l

Typically n < 2 — 1, which means that the elements of the
generated matrix by the randomly reordering process could be
regarded as being i.i.d selected from the Galois Field GF'(2™).
According to [34], the probability that this matrix is full rank
is ] (1 — (2™ — 1)_1). So for example with m = 8 and

i=1
n € [1,10], this probability is almost 0.9961. From this we

could conclude that using the randomly reordering process
can remove the linear dependency between the parity-check
equations with high probability.

Based on the above finding, we could conclude that it is
reasonable to assume that the randomization process achieves
its objective, and this will also be demonstrated by the results
obtained with the video sequences in the experimental section.
From now on, we will assume that the combined parity-check
equations are linearly independent, this means that if we have
“proper” redundant packet rate, all the lost packets could be
recovered by waiting for several frames so as to accumulate
enough parity packets to solve the equations. In the following,
we will study the time interval needed to wait so as to recover
all the lost packets. To do this, let ¢ represent the index of
the current frame and d(k) to denote the lost parity and video
packet number for frame k, with 1 < k& < 4. To recover all
the lost video packets by the decoding time of the ¢-th frame,
the set @ = {d(k),k € [1,4]} should satisfy the constraint:

is two fold, the first is that for V¢ € [0, — 1] the lost packets
among frames [i—t, ] could only be recovered by using the RS
parity packets allocated for these frames, but not the previous
parity packets, i.e., those frames before the (i — ¢)-th frame;
second, the number of the lost packets should be less than the
allocated RS parity packets among frames [i — ¢,]. Later on,
the error correction capability of the following frames could
also be used to recover the lost packets in frames [1, 4], thereby,
all the lost packets in frames [1, ] could be recovered by the
time of decoding the j-th frame with j > i, if the following
condition is satisfied:

c'(i,j)=c@lJci+1)...[JCy). (11)

This is because for Vk € [i,j], C(k) insures that all the
lost packets among frames [1,k] could be recovered. To
numerically evaluate the upper bound performance of the
randomization process for parameter setting {S, i, p}, let us
define the probability that the set {d(k), k € [1, j]} meets the
constraint C’(i,5) by P(C’(i,j)). At this point now let us
evaluate the probability P(C’(i,7)) for a few cases, where
the slice number per frame, redundant packet rate and the
i.i.d average packet loss rate {S,u,p} are {5,0.2,0.1} and
{10,0.2,0.05}, and 10000 trials have been carried out for
10 frames. Figure 2 shows the value of P(C’(i, 7)) for this
simulation. It is observed that for the same value of ¢, the larger
the value of j is, the higher probability P(C’(i,5)) could be.
This is because for larger j, there are more RS parity packets
in the following frames that could help to recover the lost
packets among frames [1,4]. Moreover, we could notice in
Figure.2-(b), where the average packet loss rate is relatively
small in comparison with the redundant packet rate, and a
large number of packets per frame are generated, it is almost
certain that all the lost packets in previous frames [1, j — 3] can
be recovered by frame j. Whereas, in Figure.2-(a) the average
packet loss rate is relatively high and the number of packet
per frame is small, then more time is needed to fully recover
the lost packets.

From practical point of view, it should be mentioned that,
sending the reordering maps to the receiver side costs some
bitrate. Thus, the same reordering maps could be used for
different GOPs. In this case, the overall bitrate cost of sending
the reordering maps could be neglected.

E. Why Evenly Allocating Parity Packets

As described in Section.IIl, in the proposed RE-RS scheme,
the allocated parity packets are evenly distributed among all
the frames using (4). In this section, the reason for allocating
the parity packets in this fashion will be explained. To simplify
the problem, some assumptions will be used: each P-frame has
the same number of slices; the mismatch distortion caused by
losing each slice is the same; and proper redundant packet
rate is used, which means that after certain number of frames,
all the lost packets could be recovered. At this point, let us

C(i)= {9 ZE:O d(i—j) < 23:0 R(i — j),Vt € [0,% — 1]} assume a hypothetical scenario in which some packets are lost

(10)
where R(k) is the number of RS parity packets for the k-th
frame as previously defined. The reason behind this equation

among frames [i1, i1 +t] whereas other packets of the GOP are
received intact. Given the assumption that a proper amount of
redundancy is inserted, these lost packets could be recovered
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Figure 2. The value of P(C’(4,j)) for different ¢, j; (a) each frame has

5 slices and 1 parity packet, packet loss model is i.i.d, with packet loss rate
10%; (b) each frame has 10 slices and 2 parity packet, packet loss model is
i.i.d, with packet loss rate 5%.

after w frames. This means that the concealment distortion and
propagated distortion will affect the frames [i1, i1 +t+w—1]. If
now hypothetically we assume that the same pattern of errors
affects frames [io, i3 + t], i3 # i1, and we want to insert a
certain amount of redundancy to recover these losses, then a
question will rise: whether [i1,4, + t] or [ia,ia + ] should
be protected more? To answer this, if we take the previous
assumptions into consideration, i.e., the frames [i1, 41 +¢] and
[i2,72 + t] have the same number of slices, and each slice
lose leads to the same amount of mismatch distortion, and
the two groups of frames are randomly chosen, then we could
conclude that neither [i1, 41 +t] nor [ia, ia+t] should be favored
in terms of redundancy, therefore the two groups of frames
should be treated equally. In other words, the two groups of
frames should have the same pattern of redundancy. So now
if we generalize this for different ¢, then we reach a further
conclusion that the pattern of redundancy should be uniform.

In Figure 2.(b) we could see that having uniform redundancy
will lead to constant error propagation window, in other words,
if ¢ < j— 3, then P(C'(i,5)) =~ 1. This means that the
distortion will only propagate for no more than 3 frames no
matter the frame position within one GOP is.

F. Sliding Window RS code: A Simplified Solution

The full version of the proposed scheme requires storing
all the video slices and parity packets, so in order to lower
the computational complexity and the memory requirement
for both the RS encoding/decoding and the reference updating
process, one simplified scheme is proposed, where instead of
using the expanding window RS code, sliding window RS
code is adopted. In other words, the RS parity packets will be
generated using the video packets of the current frame and sev-
eral frames before the current frame, for example, W frames,
where W refers to the sliding window size. Accordingly,
at the decoder side, the parity packets in the current frame
can help to recover the lost packets within its window. The
sliding window scheme is based on the assumption that when
proper among of parity packets are inserted, for the current
frame 7, with high probability all the lost packets before this
window, i.e., before frame i — W + 1, are already recovered, so
whether or not the RS coding block includes packets before
frame 7 — W + 1 will make no difference. Otherwise, it will
fail to recover the lost packets within this window. So this
scheme will sacrifice the error resilient performance slightly.
For example, for the reported case in Figure 2.(b), if a sliding
window approach is used, with W > 3, then the performance
will not be sacrificed too much. Moreover, the experimental
results reported in Section IV also show that if proper sliding
window size is used, its performance gap in comparison with
full expanding window approach is not big.

In the proposed system, the decoding process differs from
conventional systematic RS decoding, due to the use of re-
ordering of source packets. It also involves joint decoding/error
correction of codeword packets of both the current and prior
frames. So the fast algorithm of decoder implementation will
be essential for power-constrained devices, and this work is
left for future research.

IV. EXPERIMENTAL RESULTS

Our experimental setting is built on the JM14.0 [35]
H.264/AVC codec *. CIF video sequence Paris, Foreman, Bus,
Stefan and Mobile are used for the simulations. We selected
these sequences, because they represent different motion and
texture characteristics. The GOP structure is IPPP with 30
frames, the beginning 90 frames of each sequence are used
for simulation unless otherwise noted. The reference frame
number is one, in other words, only the previous frame is
used for prediction. One slice is transmitted in one packet,
taking the MTU of networks into account, we set the target
slice length as 400 bytes [36] unless otherwise noted. Since at
high bitrate, the slice number of one GOP could be large, 10-
bit per RS symbol is used, namely Galois Field of GF(210).

“Matlab code of this
http://www.mmtlab.com

work is available for download at
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So the value of N for the RS code (N, K) could be up to
1024, and the value of K depends on N and the per frame
parity packet number evaluated using (4) in Section.Ill. We
use the average luminance Peak Signal-to-Noise Ratio (PSNR)
to assess the objective video quality, which is denoted as
PSNR (72s€), this is obtained by evaluating the Mean Squared
Error (mse) over all the frames and over 200 trials, then the
value of PSNR(7s€) is calculated based on the averaged mse.
It is worth mentioning that in all the following reported results,
the bitrate includes both the video and parity packets. In our
previous work [25], it was shown that the performance of
Dynamic Sub-GOP FEC Coding (DSGF) approach is higher
than many state-of-the-art approaches. Therefore, to have fair
comparison we compare our results with DSGF [25] and
Evenly FEC, both of which meet the real-time constraint and
cause no additional delay.

In the first set of simulations, we study the effects of
allocating different redundant packet rates for RS code. The
network packet loss is i.i.d random packet loss model; for the
same average packet loss rate p = 10%, we try different RS
redundant packet rates, u, including {0.3,0.4,0.5,0.6}. We
do simulations with various quantization parameters (QP) to
span a considerable bitrate range. Figure 3 shows the average
PSNR versus bitrate curves with different RS redundant packet
rates p. In general, the PSNR curve for redundant packet
rate 0.3 is much lower than other cases. The PSNR curves
for u = {0.4,0.5} are very close; while in low bitrate,
higher redundant rate, p = 0.5, can provide slightly better
performance than that of ;1 = 0.4, and vice versa, in high
bitrate, lower redundant rate, u = 0.4, is slightly better. This
is because in low bitrate, the slice number in each frame is
small, which makes the performance of RS code low, and
high RS redundant packet rate is required to compensate
for this. For the PSNR curve of p = 0.6, although at low
bitrate its performance is similar as that of p = {0.4,0.5},
it is less performing in high bitrate. It it worth indicating
that for a fixed total bitrate, higher redundancy means less
bitrate could be used for the video date and vice versa; that is
why having too high redundant packet rate cannot provide the
best performance. In general, the PSNR curves for redundant
rate {0.3,0.4} are similar; consequently, in the following
simulations, we use RS redundant packet rate y = 0.4 for the
10% packet loss rate. Using the same methods, it is found
that for packet loss rate p = {5,10,15,20}%, the proper
RS redundant packet rate is 4 = {0.2,0.4,0.55,0.7}, which
means that x4 should increase almost linearly with p. Therefore,
in later simulations, RS redundant packet rate p = 4p will be
used. The precise relationship between p and p is left for future
investigation.

Figure 4 and 5 compare the performance of the three
approaches in term of PSNR versus bitrate and for i.i.d
average packet loss rate of 5% and 10%, respectively. More-
over, the H.264/AVC error free case is reported with the
same H.264/AVC parameters that we used in the other three
approaches, and this serves to show the up-bound of the
performance. Clearly, for all the video sequences, and in the
whole bitrate range, the RE-RS scheme outperforms the other
two approaches significantly. Specifically, for the Foreman
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Figure 3. Average PSNR versus bitrate for various redundant packet rate
w; CIF Foreman sequence is used; i.i.d average packet loss rate is 10%; RS
redundant packet rate p includes {0.3,0.4,0.5,0.6}.

sequence and 10% i.i.d average packet loss rate, the proposed
RE-RS scheme could provide 1.5 dB and 3.0 dB average
gain over the DSGF approach and the Evenly FEC approach,
respectively.

B0 100 1200 1400 1600 200
Bivate (4bps)

(a) (b)

00 60 800 1000 1200 1400 1600 1800
Biate (bps)

7 (@)

PSNR( 7

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Bitrate (kbps)

(d)

Figure 4. Average PSNR versus bitrate curves; i.i.d average packet loss rate
is 5% and the redundant packet rate ;1 = 0.2 ; (a) Foreman sequence, (b)
Bus sequence, (c) Stefan sequence, (d) Mobile sequence.

To have a better understanding of the performance of the
proposed RE-RS scheme, in Figure 6, its performance is
compared with two ULP schemes [21], [37]. We select these
two ULP schemes because both of them are implemented
at frame-level, which means that they could be used for
real-time applications, and this shares the same objective as
the proposed RE-RS scheme. Meanwhile, these two ULP
schemes are based on different criteria: [21] is based on
the importance of each macroblock, so more protection is
allocated for important macroblocks, whereas [37] is based
on the concept of data partitioning. To have fair comparison,
the same simulation setting as in [21] is used, where 300
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Figure 5. Average PSNR versus bitrate curves; i.i.d average packet loss rate
is 10% and the redundant packet rate ¢ = 0.4 ; (a) Foreman sequence, (b)
Bus sequence, (c) Stefan sequence, (d) Mobile sequence.

33

32t —
31t —
=
=
£ 30 1
1
Z
%
20t g
28} —<— Proposed RE-RS
—%— ULP scheme [21]
—+— ULP scheme [37]
27 i i i ‘ ‘
250 300 350 400 450 500 550
Bitrate (kbps)
Figure 6. Performance comparison between the proposed RE-RS scheme

and two ULP schemes [21], [37] ; CIF Paris sequence; i.i.d 10% average
packet loss rate.

frames of the Paris sequence is used and the packet (slice)
size is 200 byte. The performance curve of [37] is obtained
from [21], which was used as the benchmark. As reported
in Figure 6, the proposed RE-RS scheme outperforms both
the two ULP schemes. The average gap between RE-RS and
[21] is about 1 dB, whereas the performance improvement
over [37] is even larger. Nevertheless, it should be mentioned
that Paris sequence has low movement content, and typically,
error concealment algorithm works well for this kind of video
sequences. So it is expected that for the moderate and fast
movement video sequences, the performance gain of RE-RS
could be even larger.

In Figure 7, with the Foreman and Stefan sequences, the
frame by frame average PSNR curves, which are obtained

by averaging the frame’s mse of all the 200 trials and then
evaluating the per frame PSNR, are plotted for the RE-RS
scheme, Evenly FEC scheme and the DSGF approach. For
the three approaches, the same QP is used to encode the
video sequences, and the same amount of RS redundant packet
rate is inserted to ensure fair comparison. It is shown that
for almost all the frames, the average PSNR of the RE-RS
scheme is higher than that of the Evenly FEC scheme. The
gain increases with frame number, and at the last frame of
the GOP, the average PSNR of the RE-RS scheme could be
up to 5 dB higher than that of the Evenly FEC scheme. In
the first half of the GOP, the peaks of the DSGF fluctuating
PSNR could be as high as that of the RE-RS scheme, however,
the PSNR of the RE-RS scheme is much less fluctuating. In
fact, some PSNR bottoms of the Evenly FEC could be up
to 4 dB lower than that of the RE-RS scheme. Moreover, in
the second half of the GOP, even the PSNR peaks of DSGF
approach fail to approach that of the RE-RS scheme. It is
worth mentioning that similar results are obtained for the Bus
sequence and for the other GOPs of the video sequences. In
Figure 8, the average number of unrecovered packets among
frames [1,14], by the time of decoding frame i, is reported for
Foreman sequence. From this figure it is observed that by the
time of decoding frame ¢, the average number of unrecovered
packets among frames [1, 4] for the proposed method is much
smaller than the other two approaches for most of the frames.
It is also noted that for all the three approaches, the RS code
can recover all the lost packets in the first frame (I-frame),
this is because the number of source packets in I-frame is
large, and consequently the probability that the RS code fails
is almost zero. This also explains why the average PSNR of
the first frame in Figure 7 is higher than the other frames.

In all the previous experiments, i.i.d random packet loss
model is used to simulate the network packet losses. In order
to validate the performance of the proposed RE-RS in different
error distribution models, in Figure 9 the PSNR versus bitrate
curves in Gilbert burst loss model is reported. Since the error
resilient performance of the DSGF approach [25] is much
higher than the Evenly FEC approach, which was reported
in [25], we compare the proposed RE-RS results with the
DSGF approach. As indicated in [38], we set the average
burst length as two. As it is expected, it is found that for
both the RE-RS and DSGF approaches, the PSNR curves in
burst loss environment are lower than that in i.i.d cases. It is
also found that in burst loss cases, the average gain of the RE-
RS scheme over the DSGF approach is 3.4 dB, being larger
than that in i.i.d case, which is 1.5 dB. This is because in
burst loss case, several consecutive packets tend to be lost
together. In this case, with high probability, the RS code fails
to recover the consecutively lost packets. Nevertheless, the
burst packet losses are less catastrophic for the RE-RS scheme,
this is because for the RE-RS scheme, if the RS code fails
to recover the lost packets of the current frame, with high
probability, they will be recovered by the expanding RS block
of the following frames. Then the reference buffer will be
updated, and error propagations will be stopped.

Figure 10 reports the PSNR versus bitrate curves for the
low complexity sliding window schemes in both i.i.d and burst
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Figure 7. Frame by Frame video quality in one GOP; i.i.d average packet
loss rate is 5%, RS redundant packet rate ;. = 0.2. (a) Foreman Sequence;
QP = 26. (b) Stefan Sequence; QP = 32.
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Figure 8. The average number of unrecovered packets among frames [1, 7] by
the time of decoing frame i; i.i.d average packet loss rate is 5%, RS redundant
packet rate ¢ = 0.2; Foreman Sequence; QP = 26.
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Figure 9. Average PSNR versus bitrate curves for the Foreman sequence;
average packet loss rate is 10%, including i.i.d packet loss model and Gilbert
burst packet loss model; for burst loss the average burst length is two.

packet loss environments. It is noted that, for both i.i.d and
burst packet loss models, the simplified sliding scheme outper-
forms the DSGF approach in all the bitrate range. Moreover,
for the i.i.d case and in high and intermediate bitrate, the
performance of sliding window scheme with window size of
4 is nearly the same as that of expanding window scheme,
which suggests that for this simulation scenario RS window
size of 4 frames are enough to recover most of the lost packets.
The PSNR gap between the sliding window scheme and the
expanding window scheme is larger in the burst loss case than
in the i.i.d case, this is because burst packet losses are more
difficult to recover, then it usually needs longer sliding window
size. Meanwhile, in general, this gap is smaller in high bitrate
than in low bitrate for both i.i.d and burst cases, because in
high bitrate, the video packet number in each frame is large,
which makes the RS code more efficient.

V. CONCLUSIONS

Facing one dilemma of traditional forward error correction
coding of video streams, which is either low error correction
performance or long FEC decoding delay, in this paper, a
real-time error resilient video streaming scheme, named Ran-
domized Expanding Reed-Solomon code, has been proposed.
In this scheme, the RS coding block includes not only the
video packets of the current video frame but also all the video
packets of the previous frames in the current GOP. Thus, the
error correction capability of the current frame could also be
exploited to recover the lost packets of the previous frames.
Therefore, the error propagations from the previous frames
could be reduced significantly. To make the parity-check
equations of the frames linearly independent, the randomly
reordering technique has been proposed. Experimental results
demonstrated that the proposed Expanding RS code scheme
had considerable practical value for real-time video streaming
applications.
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(a) 10% i.i.d average packet loss rate, the redundant packet rate y = 0.4; (b)
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