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Abstract—Scalable video coding (SVC) is a promising technol-
ogy for video transmission, which can provide different qualities
of videos under different network channels. An Expanding-
Window scheme based on BATS code (EW-BATS) was proposed
to transmit SVC content over erasure networks [1]. When
the number of receivers becomes large, EW-BATS may send
important packets with a large number of times, which incurs
futile redundancy. In this paper, we propose a Sliding Window
BATS (SW-BATS) code to reduce the futile redundancy. By fixing
the length of sliding window, the number of times packets covered
by windows does not vary with the number of receivers, which
can significantly reduce the futile redundancy. On the other hand,
since the packets are covered by windows with a same number
of times, it is a challenge for SW-BATS code to provide UEP
for SVC. Thus, we characterize a joint constraint on window
selection distribution and degree distributions to guarantee the
decoding priority. The asymptotic analysis is carried out using
And-Or tree analysis, in which the decoding performance of
one class is only coupled to two adjacent classes, thus the
approximate analysis on the performance could be more accurate.
Furthermore, when the number of input packets is finite, we
modify the asymptotic analysis by introducing a new term
to characterize the impact of multiple factors to transmission
overhead, such as the number of input packets and channel
status. Simulation results show that the proposed SW-BATS code
scheme can achieve a lower transmission overhead under a same
decoding requirement.

Index Terms—BATS Codes, sliding window, unequal error
protection, erasure networks, decoding performance

I. INTRODUCTION

Video transmission plays an important role in network traffic
and its importance continues to grow. To ensure the smooth-
ness of video playing, Scalable Video Coding (SVC) [2] is
proposed, which divides video content into a basement layer
and multiple enhancement layers. In this manner, SVC can
adjust data transmission rate according to the channel status
and retain reconstruction speed with varying qualities. While
transmitting the SVC content over multi-hop networks, the
packet loss rate may increase exponentially with the number
of hops. [3] points out that the network transmission rate
can reach the channel capacity by applying suitable network
coding scheme. Therefore, many network coding schemes
have been proposed to enhance transmission efficiency.

Random Linear Network Coding (RLNC) approach [4] [5]
can greatly improve the transmission reliability and reach the
channel capacity theoretically. During transmission, the inter-
mediate nodes receive coded packets and performs random
linear combination of them to generate new coded packets
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to send. When the number of input packets is small, RLNC
performs well. However, when the number of packets is large,
the decoding process brings a high computation complexity
since RLNC utilizes Gaussian elimination for decoding at the
receiver. In addition, the intermediate node needs to cache all
the coded packets, which requires high cache capacity and
coding overhead when the number of input packets is large.
Another coding scheme called Fountain Code [6]-[9] uti-
lizes a low complexity Belief Propagation (BP) decoding
algorithm based on the fact that coded packets follow specific
degree distribution. However, for multi-hop networks, the
recoding process at intermediate nodes changes the original
degree of the packet, for which the packets received by
receiver may hardly satisfy the requirements of BP decoding.
To solve this problem, the intermediate node can perform
retransmission or recoding after decoding on the received
packets to ensure the network capacity, which increases the
transmission delay or the computation complexity respectively.
Batched Sparse (BATS) code combines the advantages of
two coding schemes mentioned above [10] [11]. A BATS
code consists of an outer code and an inner code over a
finite field. The outer code is a matrix extension of fountain
code, which is applied to the source and generates batches
of coded packets. The inner code is a random linear network
code, applied to the intermediate nodes. When batches are
transmitted over network, the batch degree remains unchanged
while the intermediate node performs RLNC on the received
batch. Therefore, when decoding at the receiver, the packets
can be decoded by BP algorithm with low complexity. In
addition, since RLNC is performed within the batch, only the
packets in the same batch need to be cached, which reduces
the caching requirement and coding overhead. To measure
the decoding performance of BATS code, [12] provides an
analytical approach of the decoding performance while the
number of input packets tends to infinity. When the number of
input packets is finite, [13] analyzes the decoding performance
by deriving the distribution of stopping time of BP decoder.
The work in [1] applies BATS code for scalable video
content over erasure multicast networks, where each user may
have a channel of distinct quality. An Expanding-Window
(EW) BATS code scheme is proposed to serve receivers
with different requests by grouping the input packets into
overlapped expanding windows according to their importance
levels. The more important packet is covered by window for
more times. Therefore, the EW-BATS code can provide Un-
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equal Error Protection (UEP). When the number of receivers
is small, the EW-BATS code performs well as the number
of input packets increases asymptotically. However, when the
number of receivers increases or the number of input packets
decreases, the performance of EW-BATS code may deviate.
The main reason for the deviation is that important packets
are covered by windows multiple times and will be repeatedly
sent with a large number of times. Thus, EW-BATS code may
incur futile redundancy.

In this paper, we propose a new Sliding Window (SW)
BATS code scheme to reduce the futile redundancy. Our major
contributions are listed as follows.

1) With the introduced sliding windows, each packet will
be covered by windows with a same number of times,
thus decreasing the futile redundancy. When the number
of input packets tends to infinity, we apply and extend
the And-Or tree analysis to obtain the asymptotic de-
coding performance. For the theoretical analysis, since
the decoding performance of one class is only coupled
to two adjacent classes, the approximate analysis on the
performance could be more accurate.

2) Since the important packets cannot obtain priority from
a same number of overlapping windows, we characterize
a joint constraint on window selection distribution and
degree distributions, such that important packets can be
preferably encoded and decoded. By doing so, the UEP
can be guaranteed.

3) When the number of input packets is finite, the asymp-
totic analysis does not hold, and the approximation term
in existing works could be loose [1] [14]. We then
design a novel new term f(9 which takes into account
the factors such as the number of packets requested by
receivers and the channel status. This term will gradually
decrease with the increasing number of input packets
and will be large when the size of class is small. We
note that the new design of this approximation term can
be of independent interest for future works.

Finally, extensive simulations show the superior performance
of SW-BATS code, especially when the number of receivers
is large or the number of input packets is small.

The rest of this paper is organized as follows. The network
model is represented in section II. The SW-BATS code scheme
and its parameter design are provided in section III. In section
IV, some simulation results are given to demonstrate the per-
formance of proposed SW-BATS code. Finally, we conclude
a summary of our results in section V.

II. SYSTEM MODEL

The system model is shown in Fig. 1. Assume that the
scalable video content at source node s is split into K input
packets of length 7', which are then encoded and sent to
n receivers ti,%s,...,t, over a multi-hop erasure network.
To reduce the coding overhead and the encoding/decoding
complexity, the coded packets are split into batches of size
M, within which linear operations are performed during
transmission.

size of M

K input packets

encoding

Erasure-network

g

Server s

A-

Fig. 1. System model.

The channel status between s and receiver ¢; can be char-
acterized by channel rank distribution h()) = [hé’), e hx[) I,
where hg.l ) represents the probability that » independent pack-
ets remains after a batch of M coded packets is transmitted
to receiver t;. Denote p; = %Efa‘iorhg) as the normalized
throughput. Without loss of generality, assume that p; <
p2 < -+ < p,. Since the channel status of each receiver
is heterogeneous, to better utilize the channel, receivers can
request videos with distinct qualities.

According to the properties of SVC, the K input packets can
be divided into one basement class and multiple enhancement
classes, for which we denote the division by a distribution
II = [I4,...,10,,], where ny is the number of classes and
II; represents proportion of the number of i-th class packets
to total input packets. Assume that the smaller the index, the
more important the class is. For the more important class, the
UEP should be provided to guarantee the decoding priority at
receiver. Without loss of generality, we assume n; = n. Since
the n receivers have distinct requirements, it is reasonable to
assume that receiver ¢; only interests in the first ¢ importance
classes, where 1 = 1,2,...,n.

To judge whether a receiver has successfully decoded
requested data, we denote decoding objective as 7, which
represents that the request data is considered to be decoded
successfully if the receiver has recovered (1 — 7)) fraction of
requested data, where n < 1.

The BATS code scheme is to encoded input packets into a
fix number (i.e., M) of coded packets at a time called a batch.
Assume that column vector b, represents the k-th input packet,
where 1 < k < K. All the data waiting for being encoded is
denoted as B by juxtaposing the vectors of all packets. The
operations involved are performed under the finite base field
GF(2%). An i-th batch can be generated by following steps.

1) Choose a degree d; by sampling from a predetermined
degree distribution ¥ = [Uy,..., Up], where ¥; de-
notes the probability of choosing degree j and 1 < j <
D.

2) Select d; packets from B uniformly at random and form
B; by juxtaposing vectors of these d; packets.

3) Generate a d; x M totally random matrix G; called
generator matrix.
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Fig. 2. Tanner graph for the inner and the outer code of a BATS code. Nodes
in the first row are variable nodes, representing input packets. Nodes in the
second and third rows are check nodes, representing batches.

4) Use G;j to encode B;. The encoded batch X; is obtained,
i.e., Xi = BiGi.

After encoding process, the batch is sent by source node
to receiver. During transmission, two linear operations will
occur. One is the packet loss occurred in channels, and the
other is that the intermediate node will perform RLNC on the
received batch. All packet loss and RLNC encoding operations
experienced during the period from the source to the receiver
are uniformly represented by a matrix Hj, which is called
transfer matrix. The final received batch is Y;, where Y; =
X;Hj;. Fig. 2 illustrates an example of encoding process.

At destination, BP decoding algorithm is utilized to decode
the received batch. Batch Y; is decodable if and only if
rk(GiH;) = d;, which implies that received batch retains
information of all input packets encoded into this batch. The
decoding process is as follows: first, choose a decodable
batch ¢ and recover d; packets in B; by solving the linear
equation Y;=B;G;Hj; then, substitute the values of these
decoded input packets for the undecodable batches; repeat
this decoding-substitution procedure until there are no more
decodable batches.

Assume that the receivers successfully decode all the re-
quired packets after generating m batches of coded packets.
The transmission overhead can be denoted by € = %};K
The objective of this paper is to design a coding scheme
that minimizes the transmission overhead while satisfying the
request of each receiver.

III. SLIDING WINDOW BATS CODE

In this section, we propose a new scalable video transmis-
sion scheme called Sliding Window (SW) BATS code.

A. SW-BATS code Scheme Design

Based on the content division II, the input packets are
divided into n overlapping windows according to their impor-
tance levels. Set window size w as the number of importance
classes included. An i-th window includes max(1,7 —w +1)-
th to ¢-th classes, 7 = 1,2, ..., n. Intuitively, a shorter window
overlap leads to less redundancy. Hence, we assume w = 2!,

'We note that the scheme and analysis in this paper can be readily extended
to settings when w > 3.

KTI; packets KTI, packets KTI3 packets KTl4 packets
nputPaciets (0@ .. 8/ 88 .. 8/ @8 . @ 88 .. O
H_J
Important Classes H ‘ l @ ‘ l @ ‘ LT_] ‘

Batches

Receivers

Fig. 3. Encoding process of SW-BATS code scheme.

i.e., the length of first window is set to 1, the length of other
windows is set to 2. Let IT = [IIy, ..., II,] denote the size of
windows, i.e.,

o Hiv i= ]-a
IL; + 114,

o i=2,...,n.

Fig. 3 illustrates an example of encoding progress when
n = 4. During outer coding, the i-th window is selected
according to the probability I';, ¢ = 1,2,...,n. The window
selection probability distribution T' = [['1,T,...,T,] is
predetermined and will be designed in the next subsection.
Then the packets in the chosen ¢-th window are encoded
and transmitted based on the BATS code with the degree
distribution ¥®_ w@ = [¢{V \I/%)Z] denotes the degree
distribution of the i-th window, where \I/y’) represents the
probability of choosing j packets in the i-th window to encode
a batch and D; is the maximum degree of i-th window. After
encoding, the batch is sent to receivers. During transmission,
the intermediate nodes will perform RLNC within the batch.
Server s will repeat encoding operations until each receiver
can recover its request.

The goal of this paper is to minimize the transmission
overhead while ensuring the receivers can successfully decode
the required packets, which is related to optimizing window
selection distribution T’ and degree distributions {¥(?) i =
1,2,...,n} and will be discussed in next subsection.

For SW-BATS code scheme, we utilize overlapping window
to improve the decoding performance of receiver through the
correlation of windows, but do not provide UEP through
overlapping windows. To guarantee the UEP, we propose a
joint constraint on T' and {®®) i = 1,2,...,n}, such that
the important packets can be preferably encoded and decoded,
which will also be illustrated in next subsection.

B. Window Selection and Degree Distributions Optimizations

To ensure the decoding performance of each receiver, we
first illustrate the measure of decoding performance.

The And-Or tree analysis method [15] is introduced to
construct a tree that indicates the decoding relations between
input packets and received batches. [12] has made an extension
of [15] to analyze the decoding performance of classic BATS
code. In this subsection, we will apply and extend the And-Or
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tree analysis to SW-BATS code scheme. For ease of discus-
sion, we refer to input packets as variable nodes and batches as
check nodes, which are also classified by importance classes
and the window indexes respectively.

We first derive the probability of variable nodes and check
nodes being adjacent. For an i-th type variable node, the
probability of being adjacent with a check node is equal to
the probability of being selected when encoding a batch. It
is obvious that an ¢-th type variable node can be selected for
encoding only when the (i —1)-th window or the i-th window
are selected. Therefore, the probability of an i-th type variable
node being adjacent to a random check node is

Pipi | Digapita

P — — + — B
PR, K,

where p; = ZdD;l d\Il((;) denotes the expected degree of the
i-th window. Let ', 1 = 0, such that the expression for p;
is applicable to ¢ = 1,2,...,n. Thus, the probability that an
i-th type variable node is adjacent to j check nodes is

Agi):@)pz(l— )" 1< <m,

where A follows a binomial distribution. On the other hand,
since each batch is encoded by packets, the probability of an
i-th type check node being adjacent to a random variable node
is equal to 1. The probability of an i-th type check node being
adjacent to j variable nodes is \Iléz), which denotes that there
are j input packets used to encode this batch.

Assume that the distance of two adjacent nodes is 1. For i-th
type variable nodes, an And-Or tree G'g;—1 ; can be constructed
by selecting an i-th type variable node and its (20 — 1)-
neighborhood subgraph, which is shown as follows:

1) The root of the tree is an i-th type variable node, which

is at level 0.

2) Each node at an even level is a variable node, called
Or-node, and each node at an odd level is a check node,
called And-node.

3) For j > 1, a non-leaf i-th type Or-node has j — 1
children at the next lower level with probability a; ;,
where o; ; = A(Z 9‘ and 6; = mp; denotes the expected
number of And- nodes that is adjacent to an i-th type Or-
node.

4) For 7 > 1, a non-leaf i-th type And-node has 7 — 1
children at the next lower level with probability j; ;,
where §; ; = \IJ() i

5) An i-th type Or node can only have {i,i + 1}-th
type And-node as children with the probability of
{1% ,le} wherep() M ,j =145+ 1.

6) An i-th type And- node can only have {i — 1 z} th type

Or-node as children with the probability of {ql 154 )}

where q§ 9

With our constructed And-Or tree G751 ;, we can iter-
atively solve the undecodable probability of each node from
bottom up similar to [12]. Then, the asymptotical decoding
performance can be obtained as follows.

—ﬁJ:z—l,z.

Lemma 1: For | > 1,1 < ¢ < n, under the channel
status h = [hg, h1, ..., k), let y;; denote the undecodable
probability of an i-th type variable node after / iterations. We
have

Yi,i = €Xp {

1+€Zh { Zd\l/()

‘d 1
D1
1I; T
Z€ ;S yl 1,9— 1+—yllz)+—7+1 d
s=0 H Hi*f’l d=1
7 — Hz HZ
\Ilfi Y Z&(d,& Tﬂqu,iﬂ + = yzfu)} )
pr i i1
(D

where £(d, s, z) = (dzl)xs(l —x

Note that the decoding performance of each class is in-
terrelated, since the variable nodes and check nodes in our
scheme are classified into multiple classes. This is also the
main difference between (1) and the expression of y; in [12].

Given SW-BATS (L', M) w®@  w™) with And-Or
tree analysis, a receiver with the channel status h can de-
code up to (1 — n) fraction of i-th importance class if the
undecodable probability of i-th type variable node satisfies
lim; ;o ¥1,; < 7. In other words, during iteration, the value of
y1,; 1s monotonically decreasing and eventually converges to
a value that less than or equal to 7. Therefore, the receiver
can successfully decode i-th class if and only if there is
Yri <yi—1; whenn <1, <1,0=2,3,....

However, in (1), the undecodable probability of i-th type
variable node is coupled with two neighboring types. To
analyze the decoding performance of ¢-th class seperatedly,
we first decouple the undecodable probability. Based on the
weighted BATS codes [16], we assume that the decoding
probability of an variable node is positively correlated with
its probability of being selected at encoding, i.e., assume

)dflfs.

log(y1,5) = % log(y1,i),1 <i,j <n.

J

Let A; ; = P, then we have

v = (i)™, (2)

where
Di/T + Dig1 /T
D3 /10 + Ty /T
in which the approximation is obtained by ignoring the differ-
ence of expected degree of each window.

Since the undecodable probabilities are decoupled, (1) can
be expressed as the function of y;_1 4, i.e., yi; = f(yi—1.4)-
Therefore, to guarantee the decoding performance of receiver

t;, under the channel station h(®), the inequality f(y;_1,) <
Yi—1,; must be hold while n < y_1;

Aij =~ 1<4,5<n

< 1. Perform a
logarithmic transformation on both sides of the inequality and
replace y;—1,; with the variable . Then we can obtain the
inequality (3) to guarantee the decoding performance of i-th
class at receiver t;, which poses an inequality constraint on
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T and {¥W i =1,2,....,n}. Let D = Dy = ..., D,, =
[M/?ﬂ — 1. With (1) and (2), we have
M
_ IL; I;
45" p [ Lp ST g(d, s, ka4 =gy 4 L
0 3 AN e

Hi .
ZH) Zf (d,s, = an x>‘“’+1)} +61n(z) > 0,
Hi-i—l
(3)

where n <z < 1.0 = T denotes the effective coding rate,
which represents the ratio of the number of input packets and
batches sent. The objective of this paper is to minimize e,
which is equal to maximize 6 with (3) hold.

Compared to [1], from (3), the decoding performance anal-
ysis of the i-th class involves only two adjacent windows,
which makes the number of inter-related classes smaller during
decoupling and improves the accuracy of analysis.

Since each class is covered by windows for a same number
of times, we cannot obtain UEP from the overlapping win-
dows. Therefore, Lemma 2 is proposed to characterize a joint
constraint on T and {®¥®) i =1,2,... n}, from which UEP
can be guaranteed.

Lemma 2: For any receiver t;, if the following inequality
holds, i.e.,

SDdar, vV f(d, v, x)
1,

H—l

> S dli VP f(d,r, )
N IL; 42

)

4)

where t = 1,2,....n—2,n <z <1 and

1,r=0,
SThe(d s x)r=1,2,.

we have y; 1 < --- <y, for receiver ¢; regardless the value
of [, where 1 <7 <mn.

When Lemma 2 holds for a receiver ¢;, as long as the
least important class of its request can be recovered, the more
important classes can be recovered as well. If there is a sudden
error occurred in a channel and the receiver is unable to decode
all request data with the expected transmission overhead, the
more important data is decoded at receiver with priority due
to UEP, which allows the receiver to obtain the maximum
amount of information.

Based on (3) and (4), we are ready to present the maxi-
mization problem of 6 as follow, where the window selection
distribution and degree distributions are to be optimized.

P1:
r, \Il(l) \Il(n>
s.t. 3),n § r<1li=1,...,n;

f(d,r,x):{ M

@DHn<zxlli=1,....n—2,r=1,..., M,

= ) &)

dTi=1Ti>0i=1,...,n

i=1

qu” v >0i=1,...,n,d=1,...,D.
Note that 6 = 1 e L thus maximizes 6 is equal to minimize e.

Since T; is multiplied by ¥ and is also located at the
exponential position of = in (3) and (4), P1 is not a linear
optimization problem, which is difficult to solve. To simplify
P1, some assumptions are made as follows.

D Let ¥ = n,ol i = 1,2,...,n,d = 1,2,...,D.

Then the exponential number of \if((;) is all 1.

2) Since A;; is correlated with I', we choose to assign
initial value to A; ;. Ideally, if the packets of i-th class
can be successfully received by ¢;, they can also be
received by ;11 to t,,. Therefore, the number of coded
packets encoded by each window is Km respectively.

The initial window selection distribution can be denoted

0) _ 1 /ps _ .
as 'V = ST i = 1,2,...,n. Then A; ; can be

computed as a constant \; ;.

3) Discretize x into a series of points in the interval [, 1].
Note that the ); ; is different with [1], which could be more
closer to the optimal result since we set I‘EO) as the optimal
value of SW-BATS code under ideal scenario.

After simplification, we can obtain a linear optimization
problem P2.

P2: max 6
G, )
D M s (i) r—1
AW I 5 II;
st.y dy hl) [ —d d, s, ——Lgreit 4 L)y
S a3 [ S et et B
\i/(z+1) r—1 L Hx
ngs,f’ L+1)]+91n(x)zo,
My = i i1
n<x<li=1,...,n; (6a)
Yo AV f(dre) | g, dy T f(d )
1I; B Mito 7
n<z<li=1....n—2r=1,..., M, (6b)
n D
5@ _
2 2 =k (60)
1=1 d=1
VW >=0,i=1,....,n,d=1,...,D. (6d)

Assume that receiver t; only receives batches encoded by
first ¢ windows, i.e., y; ;41 = 1 for receiver ¢;, 1 < ¢ < n.
Therefore, it is reasonable to set S\i’iﬂ = 0 for receiver t;.

In addition, the value of 5\1», ; in P2 is not the optimal value,
which may influence the result of §. To obtain the optimal
solution of P2, we first solve P2 with ;\i,j, and then update
the value of 5\” to resolve it. Repeat the process until T°
converges, then we can obtain the optimal result.

C. Finite-length Analysis

When the number of packets to be transmitted tends to in-
finity, the optimal solution of P2 can be obtained via iteration.
However, in practical applications, the number of packets is
usually finite, for which the practical decoding performance
will deviate from the asymptotic case. The main reason is that
the degree distributions obtained in the asymptotic analysis
may be scattered, i.e., the degree obtained by sampling from
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these degree distributions is likely to be larger than the number
of input packets. Thus, one needs to increase the probability
of a smaller degree being selected.

In [1], an additional term was added in the optimization
problem, which shows good performance when the number
of packets is small. However, when the number of packets
increases, the adding term quickly decreases to 0, resulting in
the performance deviation. In this paper, we redesign this new
term, denoted as f () for receiver t;. Intuitively, the larger
the number of packets that can be decoded at receiver, the
larger 6 is, i.e., 0 is positively correlated with the number of
packets that can be decoded. In addition, the effective coding
rate decreases as the decoded portion increases. Hence, we
assume f() = %xcl, where c(i) = KC2MpZ T e
co are parameters thél?lcaﬁ be tuned. When K tends to mﬁmty,
f tends to zero and 6 tends to asymptotic performance. Our
design is different with the design of [1] in two main points:

1) We increase the impact of the number of packets to
I and {¥® i = 1,2,...,n}, which makes it more
representative of their impact on transmission overhead
and is shown in simulation.

2) Compared to [1], we consider the effect of window size
on transmission overhead, i.e., %—" in f (@), Intuitively,

the smaller the window size is, the more it offsets to

asymptotic performance.

Adding ) to the asymptotic optimization problem P2, we
can obtain P3 for finite-length decoding performance.

P3: mag 0
SCO IR 7E)
\Il(z)rl 1 I,
ot 33 [ s ket B
(i+1)
b L
&(d, s, = )|+
1+1 QE:O z+1 Hi+1
Olln(z) — fD) >0,n<z<li=1,...,n
(6b) — (6d).

(7N

Note that similar to [1], P3 is not exact optimal. However,

it will be shown in the simulations that, our design of this
additional term will lead to a good performance.

I'V. NUMERICAL RESULTS

In this section, we simulate and analyze the performance of
the proposed SW-BATS code scheme.

A. Parameter Settings

All simulations are carried out under the GF(2%) base
field. Assume the batch size M = &. For the channel
status simulation of each receiver ¢;, we uniformly and ran-
domly choose a value in the interval [0,0.5] to represent its
channel loss and the corresponding channel rank distribution
follows a binomial distribution. In order to make channel
rank distributions not “strictly ordered” [1], we set h® =

[0.4,0,0,0,0.1,0.1,0.1,0.15,0.15]. For example, if n = 4,
the throughput of all channels is p; = 0.46875, po = 0.625,
p3 = 0.75, pg = 0.875. Set the decoding objective n = 0.01.

B. Asymptotic Performance

In this subsection, we compare the asymptotic performance
of the proposed SW-BATS code and the EW-BATS code [1].
The decoding performance is represented by the transmission
overhead e, which varies with n. Since the content division
also has an impact on decoding performance, we simulate
three cases where the content division is uniformly distributed,
uniformly increasing and uniformly decreasing, respectively.
When n = 4, we simulate the content division as [}1, 411’ i, i]
(1,2 L 3] and [

32 L8 3. o4, 2. &) for these three cases.
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Fig. 4. Comparison of asymptotic performance.

In Fig. 4, each subfigure corresponds to a content division,
which is mentioned above. In each subfigure, the Lower
Bound indicates the transmission overhead incurred in the
ideal scenario, where the i-th coded packets sent by the
source based on the i-th channel status can be successfully
decoded by the receivers t; to t,; the EW-BATS Code line
represents the transmission overhead obtained by solving the
linear optimization problem P2 in [1], and the SW-BATS Code
line is obtained by solving P2 in section III. Simulation result
shows that when n = 2, the transmission overhead of SW-
BATS code is equal to that of EW-BATS code, which agrees
with the theoretical analysis. When the number of receivers n
is larger than 5, the SW-BATS code scheme performs better
than the EW-BATS code scheme as the number of input
packets approaches infinity. The performance gain reaches at
least 17.27% when n = 10 in Fig. 4. We also note that, if
the number of input packets is limited, the SW-BATS code
scheme could also outperform EW-BATS code when n < 5,
which is discussed in the next subsection.

In order to verify whether the decoding priority of the
importance classes is guaranteed at each receiver, we simulate
the decoding performance of each class when n = 4. We take
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transmission overhead e as an independent variable and ob-
serve the decoding performance of each class at each receiver
when the transmission overhead varies. The simulation result
is shown in Fig. 5.
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Fig. 5. Variation of asymptotic decoding performance in relation to transmis-
sion overhead.

Simulation result shows that the more important class has a
smaller fraction of erased packets at the same receiver under
the same condition of transmission overhead, which reflects
the decoding priority of important classes.

C. Finite-length Performance

The transmission overhead will deviate from the asymptotic
performance when the number of input packets is limited. To
obtain the finite-length performance of EW-BATS code and
SW-BATS code, we first design the optimal parameters for
each scheme. Then we simulate actual communication process
and apply coding scheme by using parameters solved above,
through which we can obtain multiple samples of transmission.
With the samples, we can analyze the trend of the decoding
performance with the number of input packets.

In this simulation, we simulate the finite-length performance
of EW-BATS code by solving P3 proposed in [1] as a control
experiment for our scheme. For SW-BATS code, we solve P3
mentioned in III-C, where ¢; = 0.25, ¢co = 0.25. We simulate
the transmission overhead when the number of receivers is 4
and 6 with 2¥ input packets respectively, k = 5,6,...,10.
Repeat each simulation 50 times and plot the mean and
standard deviation in Fig. 6.

In Fig. 6, the performance difference of EW-BATS code
and SW-BATS code is shown as the line EW-BATS code and
the line SW-BATS code, from which we can find that both
coding schemes have high overhead when the number of input
packets K is small. In addition, the standard deviation of the
transmission overhead is also large, since a relatively small
number of samples may make the probability-based window
selection approach lead to a large redundancy. Nevertheless,
the average value of transmission overhead for SW-BATS
code scheme is generally smaller than that of EW-BATS
code scheme. As the number of input packets increases, the
transmission overhead of SW-BATS code scheme decreases
exponentially. However, when n = 4, different from SW-BATS

—F— EW-BATS code
20 —&— SW-BATS code |

Transmission Overhead
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Fig. 6. Comparison of finite-length performance.

code, the transmission overhead of EW-BATS increases when
the number of input packets is large than 256, which implies
that the finite-length analysis of EW-BATS code scheme could
be loose when the number of packets is large. Therefore, as
the number of input packets increases, the performance gap
between the two schemes first decreases and then increases.
In addition, as the number of receivers increases, the benefit
brought by SW-BATS code increases generally. For example,
when n = 4 and K = 64, the average overhead of SW-BATS
code scheme reduces by about 23.09% compared to EW-BATS
code. When n = 6, the average overhead can reduce by about
33.59%, which implies that the larger the number of receiver
is, the greater the gain brought by SW-BATS code.

In addition, for the variation of the standard deviation of
the two schemes, we find that the standard deviation of SW-
BATS code scheme is always smaller, which indicates that the
performance of SW-BATS code scheme is more stable.

D. Scalable Video Multicasting

In this subsection, we explore the performance of SW-
BATS code scheme when the source s is multicasting H.264
SVC coded video stream. Similar to [1], we use Stefan video
sequence, which has a spatial resolution of 352 x 288 and
a temporal resolution of 30 fps. The video sequence is first
segmented into groups of frames (GOFs), each of which
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Fig. 7. The achievable PSNR by EW-BATS code.

contains 16 frames. Then, each GOF is seemed as a source
block and encoded into one base layer and 14 enhancement
layers, which contains K = 3800 packets of 50 bytes.
Assume that there are 6 receivers request for video sequence
of different qualities. The request of each receiver and the
corresponding average Y-PSNR are given in Table L.

TABLE I

REQUESTS OF DIFFERENT QUALITIES AND THE CORRESPONDING Y-SNR.

Index Request Size >7%_,H; Y-PSNR[dB]
1 BL only 400 0.105 25.79
2 BL + 1 ELs 700 0.185 27.25
3 BL + 2 ELs 875 0.23 28.14
4 BL + 3 ELs 1155 0.305 29.00
5 BL + 4 ELs 1550 0.4 29.51
6 BL + All ELs 3800 1 40.28

We use EW-BATS code and SW-BATS code schemes to en-
code the input packets after SVC classification, the simulation
results of which are shown in Fig. 7 and Fig. 8 respectively.
We choose average PSNR as performance metric to measure
the video quality after reconstruction at each receiver. Fig. 7
shows that while the transmission overhead of EW-BATS code
is nearly 9, all receivers can reconstruct the video with their
expected qualities. Compared to EW-BATS code, SW-BATS
code scheme can achieve the same requirements with a smaller
overhead, as shown in Fig. 8.

V. CONCLUSION

In this paper, we propose a SW-BATS code scheme for the
scalable video content multicasting, which may outperform
EW-BATS code when the number of receivers is large or the
number of input packets is small. For future work, it would
be interesting to explore how to design precoding or recoding
scheme that can further reduce the transmission overhead.
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