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SUMMARY
In this paper, we introduce layered low-density generator matrix (Layered-LDGM) codes for super high definition (SHD) scalable video systems. The layered-LDGM codes maintain the correspondence relationship of each layer from the encoder side to the decoder side.
This resulting structure supports partial decoding. Furthermore, the proposed layered-LDGM codes create highly eﬃcient forward error correcting
(FEC) data by considering the relationship between each scalable component. Therefore, the proposed layered-LDGM codes raise the probability
of restoring the important components. Simulations show that the proposed
layered-LDGM codes oﬀer better error resiliency than the existing method
which creates FEC data for each scalable component independently. The
proposed layered-LDGM codes support partial decoding and raise the probability of restoring the base component. These characteristics are very suitable for scalable video coding systems.
key words: LDPC codes, LDGM codes, layered coding, scalable video
coding, JPEG 2000, multicast streaming, real time streaming, super high
definition movies

1.

Introduction

With recent advances in computational power and the broadband infrastructure, the Internet-based video streaming service is receiving a lot of attention. Since the raw digital image contents are too large to transmit economically, video
standards have been created to compress the data. The international standards MPEG-2 [1] and H.264/AVC [2] are
widely used for digital TV broadcasting service, but unlike
TV broadcasting service, Internet broadcasting service must
be flexible enough to support the many transmission and
end-user environments expected.
In response, several scalable video coding schemes
have been introduced to support multicast streaming over IP
[3]–[6]. These scalable schemes make it possible for each
user to receive an arbitrary image quality. For example, Motion JPEG 2000 standard [4] has extensive resolution/quality
scalability. These scalabilities are suitable to treat super high
definition (SHD) movies (4096 × 2160 pixels) like digital
cinema [7]. Furthermore, thanks to broadband networks,
high quality contents are being multicasted using the Motion
JPEG 2000 [8]–[10] to the movie theaters and this new form
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is called “ODS: Other Digital Stuﬀ/ Online Digital Source.”
ODS is starting to garner attention for new in-theater entertainment including real-time sports, music, pre-show ads
and more [11].
In the case of IP-based broadband video streaming,
packet losses are frequent. Scalability functions lead to error
resiliency because the decoder can process a subset of the
original streaming data. Even though scalable video coding
schemes are error resilient, errors which cannot be restored
do happen occasionally in packet erasure channels. To protect packet data, it is common to use forward error correction (FEC) codes [12]–[15]. Reed-Solomon codes [12]
based on algebraic structures are commonly used for multicast streaming. However, these codes make it diﬃcult to
lengthen the block length because their decoding processes
feature polynomial-time decoding. This feature can be a
cause of low coding eﬃciency and excessive computation
overhead if we treat large data such as SHD contents. Thus,
FEC based on algebraic structures are not suitable for the
emerging applications.
FEC codes based on very sparse matrixes are beneficial
because they oﬀer linear-time decoding and make it possible increase correction capacity in packet erasure channels
[13], [14]. In particular, Low-Density Parity-Check (LDPC)
codes [16], [17] are error correcting codes with a very sparse
matrix; they were the first codes to allow data transmission
rates close to the theoretical maximum, the Shannon Limit.
Moreover, Low-Density Generator Matrix (LDGM) codes
[14], [17] are the first codes to allow linear-time encoding
and decoding. However, the structure of these sparse codes
does not support partial decoding. Therefore, if we use these
codes for scalable video data, performance is low, or scalability is lost.
In this paper, we propose eﬃciently structured LDGM
codes that yield scalable video coding systems; we call them
the layered-LDGM codes. The layered-LDGM codes create FEC data using one sparse matrix that considers the relationship between the scalable components. The result is
that the important components are protected by all received
FEC data. In other words, the layered-LDGM codes raise
the probability of restoring the important components even
though they use only one sparse matrix. Furthermore, the
layered-LDGM codes allow partial decoding in which each
component can start to be decoded before all block data is
received. The performance of these codes are evaluated by
the density evolution method [19] and the potential of the
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layered LDGM codes is clarified. The layered LDGM codes
are also evaluated when applied to a Motion JPEG 2000 system [10].
This paper is organized as follows. In Sect. 2, we describe the LDGM coding process. Section 3 introduces the
layered LDGM codes. Section 4 provides simulation details and compares the performance of the proposed LDGM
scheme to the existing LDGM scheme. Section 4 concludes
this work by listing future directions.
2.

Background

This paper studies the use of a scalable video coding scheme
for the multicast streaming of high quality movies. The
framework is illustrated in Fig. 1. In this framework, SHD
images are compressed by a scalable video coding scheme
and each layer is packetized. Each packet is sent to an error correction encoder and FEC packets are generated. All
packets are delivered to the appropriate users over the Internet. A key point is that the packets are selectively delivered
to meet each user’s request. For example, HD users require
only base layer and its FEC data. SHD users require, in addition, the enhanced layer and its FEC data. In this way,
eﬃcient multicast streaming is realized. More details of the
basic technologies are described below.

Fig. 3. This progression order is called RLCP (resolution,
SNR layer, component, position).
2.2 Internet Burst Packet Erasure Channel Model
This subsection describes the Internet burst packet erasure
model. Sometimes, packet loss is a problem for multicast
video streaming over the Internet. Packet loss can result
from not only network trouble, but also human error and
system terminal shortfalls.
It is well known that Internet packet loss is bursty, i.e.
packet losses are strongly correlated. Some papers examined models to capture the packet loss behavior of end-toend Internet communications; most found strong support for
the Gilbert model [20], [21]. Therefore, we assume that the
Internet follows the Gilbert model.
The Gilbert model is illustrated in Fig. 4. The probabilistic Gilbert model simulates frame deletion based on
packet loss and burst loss rate. In this model, Good state
and Bad state are defined. While in the Bad state, the transmitted packet is lost. On the other hand, the transmitted
packet is surely received in the Good state. In Fig. 4, PGB is
the probability that a packet is lost when the previous packet
is lost. Likewise, PBG is the probability that a packet will be
received when the previous packet is lost. Consequently, av-

2.1 Overview of Motion JPEG 2000 [4]
Motion JPEG 2000 (MJ2) is the leading digital film standard
because it supports images that have large resolution and
high bit-depth, as well as advanced scalability such as SNR
and resolution. In this subsection, we describe MJ2 and its
data structure.
The image part of an MJ2 file consists of JPEG 2000
(JP2) files. The JP2 coding algorithm is shown in Fig. 2.
First, input video images are sent to wavelet decomposition and divided into the subband coeﬃcients. Each subband coeﬃcient is then quantized and sent to EBCOT. In
the EBCOT processes, quantized coeﬃcients are divided
into each code block partition and each code block coeﬃcient is transformed into binary data. This process is based
on occurrence rate. The binary data is compressed by an
arithmetic coder and the compressed data is quantized. This
quantization process is called post quantization. After these
processes, the data is packetized, and the JP2 bit stream is
generated. We show an example of an MJ2 code stream in

Fig. 1

Fig. 2

JPEG 2000 coding algorithm.

Fig. 3 Example of Motion JPEG 2000 stream.
RLCP)

IP multicast streaming framework for scalable video coding using forward error correction.

(Progression order
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2.3.1 Encoding Process

Fig. 4

Gilbert channel model for burst error network.

erage packet loss rate ε and average burst length L are given
by
ε=

PGB
PGB + PBG

and

L=

1
.
PBG

(1)

2.3 Low-Density Generator Matrix Codes(LDGM Codes)
To date, many FEC codes have been introduced. Among
them, LDGM codes have been shown have high potential
and can be advantageously used in many situations [14]. In
particular, [14] shows that LDGM codes are more suitable
for large data applications than the other FEC codes such as
RS codes and LDPC codes. For these reasons, we adopt this
code for multicast streaming. In this subsection, we describe
LDGM codes.
Since LDGM codes are a variant of the LDPC code,
we describe LDPC code to begin with. LDPC codes are a
kind of linear code; parity check matrix H contains mostly
0’s and only a small number of 1’s. LDPC codes are defined
by


(2)
0 = Hm,n Wtn (mod 2)
where Hm,n is a large sparse matrix with m columns and n
rows and Wn consists of n received packets. Wn is a l-byn matrix, where l is packet length. If the LDPC code is a
systematic code, received packet Wn is given by


Wn = Sk |Cm
(3)


c1 . . . cm
= s1 s2 . . . sk
(4)
where Sk consists of k original packets and Cm consists of m
parity packets. The sizes of Sk and Cm are l-by-k and l-by-m
matrices, respectively.
The diﬀerence between LDGM and LDPC codes lies
in the parity check matrix. For example, the sparse matrix
of an LDGM code consists sparse matrix P and staircase
matrix T. The parity check matrix Hm,n is given by


Hm,n = Pm,k |Tm(staircase)
(5)
⎤
⎡
1
1
⎥⎥⎥
⎢⎢⎢
⎥⎥⎥
⎢⎢⎢ 1
1 1
⎥⎥⎥
⎢⎢⎢
= ⎢⎢⎢
(6)
.. ..
⎥⎥⎥⎥
⎢⎢⎢. . . . . . . . .
.
.
⎥⎥⎦
⎣
1
1 1
where Pm,n is a m-by-k sparse matrix made by a random
function and T is a m-by-m square staircase matrix† .

Briefly, at the encoder side, the LDGM coder calculates each
parity packet as the eXclusive OR (XOR) of sparse matrix
P and the original packet. From Eqs. (2)–(6), the relationship between the FEC packets and the original packets are
as follows:


(7)
0 = Hm,n Wtn (mod 2)
⎡ t⎤

 ⎢⎢⎢ Sk ⎥⎥⎥
= Pm,k |Tm ⎢⎢⎢⎢⎣ − ⎥⎥⎥⎥⎦ (mod 2)
(8)
Ctm
 


(9)
= Pm,k Stk + Tm Ctm (mod 2)
The FEC packets Cm can be written as



Pm,k Stk (mod 2)
Ctm = T−1
m

(10)

From Eq. (10), the encoding operation consists of two
 steps:

first compute an intermediate parity vector Vm = Pm Stk ;
then pass Vm through an accumulator to create Cm . These
processes are written as
c1

=

c2
..
.
cm

=
=
=

c1 +
..
.
cm−1 +

k
j=1
k
j=1

P1, j s j (mod 2)

k
j=1

Pm, j s j (mod 2)

P2, j s j (mod 2)

,

(11)

where Pm, j are the matrix elements of each column. From
Eq. (11), the m parity packets Cm can be computed in linear
time.
2.3.2 Decoding Process
The decoding process simply consists of using the belief
propagation (BP) algorithm to solve the system of linear
Eq. (2). BP decoding is a form of message passing and the
steps for a packet erasure channel are as follows:
1) Initialization. At the variable nodes, variables qi are initialized to the received packets and some missing packets
are set to “error.” All variables, qi , are sent to check nodes.
2) Horizontal step. The horizontal step is illustrated in
Fig. 5(a). From Fig. 5(a), the check nodes compute the values of ri as follows:
⎧
⎪
⎪
⎨ ji qi (mod 2) if ∀ j  i, qi  error
ri := ⎪
(12)
⎪
⎩error
otherwise
2) Vertical step. The vertical step is illustrated in Fig. 5(b).
From Fig. 5(b), the variable nodes update the values of qi as
follows:
†
Some papers describe this code as an irregular repeataccumulate (IRA) code [18]. In this paper, we define LDGM codes
as including a lower triangle matrix(T). Therefore, we call this
code an LDGM code.
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Fig. 5

Message passing rule in horizontal and vertical steps.

⎧
⎪
⎪
⎨r j if ∃r j , 1 ≤ j ≤ dv , r j  error
qi := ⎪
⎪
⎩error
otherwise

Fig. 6

Corresponding tanner graph of layered-LDGM codes.

(13)

where dv is the maximum variable degree. The BP algorithm
repeats the horizontal step to vertical step cycle.
3.

Layered LDGM Codes

The LDGM codes have the advantage of being able to encode/decode in linear-time. However, the structure of the
existing LDGM codes does not support partial decoding.
Therefore, if we use these codes for scalable video data,
performance is low, or scalability is lost. In this section,
we introduce eﬃcient structures for LDGM codes that can
realize scalable video coding systems.
3.1 Semi-Random Structure of Layered LDGM Codes
We consider the creation of FEC packets for each layer of
data. Simply, each layer uses a diﬀerent sparse matrix as
follows:



t
Ctm1 = T−1
m1 Pm1,k1 Sk1 (mod 2)



t
Ctm2 = T−1
m2 Pm2,k2 Sk2 (mod 2)
(14)
..
..
.
= 
.

P
StkL (mod 2)
CtmL = T−1
mL,kL
mL
where Cm1 . . . CmL are FEC packets for base layer Sk1 (base
layer) and layer 2 . . . L Sk2 . . . SkL (expanded layer), and m1
is the number of FEC packets for base layer with length k1,
m2 is the number of FEC packets for expanded layer with
length k2. We call Eq. (14) version the “existing method.”
In this case, error resiliency is that determined by
adding FEC packets independently. However, it is not so
useful to restore just the expanded layers. This is because
the expanded layers can not work without the base layer. In
the existing method, FEC packets for the expanded layers
are eﬀective only for those layers.
Our solution is an eﬃcient structure for more eﬀective
LDGM codes (Layered-LDGM Codes). It allows the FEC
packets for the expanded layers to be used in regenerating
the base (or lower) layer; this increases the total block length
and raises the probability of restoring the base layer. The
layered-LDGM codes are made by combining several sparse

Fig. 7

Relationship between each layer and FEC data.

matrixes. The layered-LDGM codes are defined by


0 = HL m,n WtL n

(15)

where the layered sparse matrix which uses layered-LDGM
codes and the received packets which include each layer’s
data WL n are given by
⎡
⎤
0
⎢⎢⎢ Pm1,k1
⎥⎥⎥
⎢⎢⎢ P
⎥⎥⎥
0
⎢⎢⎢ m2,k1+k2
⎥⎥⎥
HL m,n = ⎢⎢⎢
(16)
..
⎥⎥⎥
⎢⎢⎢
0
.
⎥⎥⎦
m ⎥
⎣
PmL,k1+k2+···+kL

T


 

WL n = SL k |CL m = Sk1 , . . . , SkL |Cm1 , . . . , CmL
(17)
The tanner graph of layered-LDGM codes is illustrated
in Fig. 6. From Fig. 6, we can see that the received packets
for the base layer are connected to those of the expanded
layers. The relationship between the layers and FEC packets is illustrated in Fig. 7. From Fig. 7, it is clear that the
proposed structure yields the valuable characteristic that the
base layer is protected by more parity packets, and so is very
suitable for layered video data. Furthermore, the layeredLDGM code can support partial decoding.
The encoding and decoding process of layered-LDGM
codes are same as the basic LDGM codes given in
Sects. 2.3.1 and 2.3.2. If we use partial decoding, two layer
decoding for example, the sparse matrix is given by


Pm1,k1 0
.
(18)
HL m1+m2,n2 =
Pm2,k1+k2
m1+m2

T
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Another example, changing the progression order in JPEG
2000 is described in Appendix B.
Note that the proposed structure requires the inclusion
of a lower triangle matrix like a staircase matrix because
the lower triangle matrix maintains the relationship of each
layer from the encoder side to the decoder side. Our method
is the first code to focus on this feature and was designed to
achieve this goal and fast encoding.
3.2 Array Structure of Layered LDGM Codes
Array LDPC codes were proposed for correcting burst errors and oﬀer easy implementation [22]. In this section, we
describe layered-LDGM codes based on an array structure
(Layered-ALDGM Codes).
We construct the layered-ALDGM codes by replacing
sparse matrixes P with circulant permutation matrixes α.
The sparse matrix P is given by the modified reconstruction
rule
⎤
⎡
I
I
...
I
⎥⎥⎥
⎢⎢⎢I
⎢⎢⎢⎢I
...
α(c−1) ⎥⎥⎥⎥
α
α2
⎥⎥⎥
Pm,k = ⎢⎢⎢⎢⎢ ..
(19)
..
..
..
..
⎥⎥⎥
⎢⎢⎢ .
.
.
.
.
⎥
⎥
⎦
⎣
I α(r−1) α2(r−1) . . . α(c−1)(r−1)
where I is the q×q(q is prime number) identity matrix, c and
r are two integers such that c, r ≤ q and α is the permutation
matrix defined by
⎡
⎤
⎢⎢⎢0 1 0 . . . 0⎥⎥⎥
⎢⎢⎢0 0 1 . . . 0⎥⎥⎥
⎢
⎥⎥⎥
α = ⎢⎢⎢⎢⎢ . . . .
.
(20)
. . ... ⎥⎥⎥⎥⎥
⎢⎢⎢ .. .. ..
⎥
⎣
⎦
1 0 0 ... 0

it in a JPEG 2000 system.
4.1 Evaluation of Threshold Using DE Method
The threshold shows the asymptotic performance of any
LDPC code. In this subsection, we evaluate the thresholds
of layered-LDGM codes using the DE method with several
specific degree distributions. The DE method is described
in Appendix A.
For brevity, we evaluate regular layered-LDGM codes
with rate 10[%]. In general, regular LDPC codes have a regular parity variable matrix in which all variable nodes and
check nods have the same degree. Regular layered-LDGM
codes, on the other hand, the sparse matrixes in which all
variable nodes have the same degree. For example, a regular
layered-LDGM code for two layers has two sparse matrixes
P in which all variable nodes have degree 3. This means, the
regular layered-LDGM codes consist of all sparse matrixes
in which all variable nodes have the same degree.
If a regular layered-LDGM code (variable nodes 3)
treats data with the same layer length, which means that the
base layer and expanded layer have the same length, the regular layered-LDGM code with rate 10[%] is written as
λ(x) = 0.0471x + 0.3176x2 + 0.6353x5

(21)

ρ(x) = 0.3412x + 0.6588x

(22)

28

55

The layered-ALDGM codes are made by substituting
Eq. (19) and Eq. (20) into Eq. (18). As a result, the layeredALDGM codes does not have 4-cycle same as array LDPC
codes.
4.

Simulation Results

We evaluated the performance of our method by using the
density evolution (DE) method [19] and then implemented
Table 1
Threshold
λ2
λ3
λ6
λ9
ρ29
ρ30
ρ42
ρ43
ρ56
ρ82
ρ83

Fig. 8

Error probability versus decoding iteration number.

Relationship between threshold and degree distribution pairs.

Regular LDPC
0.0828
1.0000

k1 :k2 =1:1
0.0802
0.0471
0.3176
0.6353

k1 :k2 =2:1
0.0784
0.0426
0.1915
0.7660

k1 :k2 =1:2
0.0835
0.0526
0.4737
0.4737

0.3412

0.4113

0.2544

k1 :k2 :k3 =1:1:1
0.0739
0.0357
0.1607
0.3214
0.4821
0.1726

1.0000
0.3684
0.3772
0.6588

0.3333
0.5887
0.4940
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where λ and ρ are the distribution pair of the variable node
degree and the check node degree, respectively. They are
define by Eq. (A· 1).
From Eqs. (21), (22) and (A· 4), we can calculate the
error probability after the l-th iteration. In Fig. 8, we illustrate the relationship between error probability and decoding
iteration number. In this case, the probability converged to 0
after the l-th iteration, which means that this layered-LDGM
code has the potential to correct up to p0 = 0.0802. Similarly, we calculated the thresholds of layered-LDGM code
with several specified degree distributions; the results are
shown in Table 1. It shows that the proposed layered-LDGM
codes have good potential to correct error, approaching the
performance of regular LDPC codes, while oﬀering partial
decoding.

frames together. Consequently, we set the LDGM parameters as follows: k1 = 1350, k2 = 2700, m1 = 135, m2 = 270.
4.2.2 Experimental Results
We tested the error resiliency performance of our proposal

4.2 Evaluation in a JPEG 2000 System
4.2.1 Experimental Setup
We considered a real-time high-quality video distribution
service that transfers Super High Definition (SHD) images
[10]. Two image sizes were assumed: SHD class called
4 K (4096 × 2160 pixels) and High Definition class called
full HD (2048 × 1080 pixels). The original material was
compressed by JPEG 2000 and processed to yield a two
layer streaming service. Layer1 supports HD users while
the expanded layer is for SHD users. The base layer bitrate was set to 85 [Mbps] and the expanded layer bitrate
was set to 170 [Mbps]). In other words, HD users receive
about 85 [Mbps] video data and SHD users receive about
255 [Mbps] video data. This bitrate almost matches the digital cinema specification.
If each packet is 1500 [bytes], code block lengths k1, k2
are set to 450 and 900, respectively. FEC overhead is 10[%]
for each layer using layered LDGM codes; m1 and m2 are
set to 45 and 90, respectively. However, it is clear that the
error resiliency is high if we use large block lengths and it is
important that we use LDGM codes. Therefore, we bind 3

Fig. 9 Characteristics of PSNR and packet loss rate for 4k users. The
LDGM and the layered-LDGM consisted of a semi-random structure.
(L = 3)

Fig. 10 Characteristics of PSNR and packet loss rate for 4k users. The
LDGM and the layered-LDGM consisted of a array structure. (L = 3)

Fig. 11 Characteristics of PSNR and packet loss rate for 4k users. The
LDGM and the layered-LDGM consisted of a semi-random structure.
(L = 5)

Fig. 12 Characteristics of PSNR and packet loss rate for 4k users. The
LDGM and the layered-LDGM consisted of a array structure. (L = 5)
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using StEM [7], public content created for digital cinema
evaluation. Figures 9–12 plot the characteristics of PSNR
and packet loss rate for 4k SHD users. Figures 9 and 11 are
for semi-random layered-LDGM codes and Figs. 10 and 12
are for layered-ALDGM codes. The vertical axis plots average PSNR of 2000 frames; the packet loss rate (horizontal
axis) was generated based on the Gilbert model for the Internet. We set burst error length to L = 3 in Figs. 9–10, and
L = 5 in Figs. 11–12, respectively.
It can be seen that the proposed method oﬀers better error resiliency than the existing methods regardless of
the rate. In particular, it should be noted that the pro-

Fig. 13 Decoding success probability for base layer vs average packet
loss rate. (Semi-random structure, L = 5)

Fig. 15

posed layered-LDGM codes show better performance than
the simple unlayered LDGM code. We investigate the reason for the excellent error resiliency of our method. Figure 13 plots the decoding success probability for the base
layer vs average packet loss rate. The probability of 1 means
that base layer decoding never fails. From Fig. 13, the proposed method protected the important base layer more than
the existing methods. In other words, the proposed method
increases error resiliency of the important parts.
To show an example of the the estimated PSNR distribution, we plot the PSNR of each frame in Fig. 14 at a packet
loss rate 4[%], semi-random structure, L = 5. As can be
seen, the proposed layered-LDGM corrects all packet loss,
unlike RS codes and existing LDGM codes which some-

Fig. 14

Frame by frame PSNR for sequence “StEM.” (L = 5)

Reconstructed image of StEM 2715 in Fig. 14.
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error resiliency than the existing RS code, regardless of the
rate.
The layered-LDGM codes basically support any layered coding data form such as resolution scalability, quality
scalability, and temporal scalability. However, we acknowledge that the proposed method may need to be optimized
for each specification. For example, if block length falls below 1000, the proposed method does not oﬀer superior error
resiliency. The goal of creating a position optimal design
method for layered-LDGM codes is a future task.
5.
Fig. 16 Characteristics of PSNR and packet loss rate for HD users.
The LDGM and the layered-LDGM consisted of a semi-random structure.
(L = 3)

Conclusion

We presented novel layered low-density generator matrix
(LDGM) codes for scalable video coding. The proposed
layered LDGM codes are constructed by just one sparse
matrix and do not sacrifice scalability. Moreover, the layered LDGM codes enable lost packet data to be recovered
eﬀectively before all data is received, which enables progressive decoding. Two variants for layered LDGM codes
were introduced: semi-random and array structured. Simulations showed that the proposed method oﬀers better error
resiliency than the existing method which creates FEC data
for each layer independently. Our proposed structure supports partial decoding and raises the probability of restoring the base layer. Its characteristics are very suitable for
scalable video coding. Future work includes developing an
optimal design method for these layered LDGM codes.
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Appendix A: Density Evolution [19]
Density evolution is a tool to evaluate the performance of
LDPC codes. The density evolution method analyzes “error” probability in each degree. If the graph has degree
distribution pair (λ, ρ), the variable node degree distribution
and the check node degree distribution are given by
λ(x) :=

dv


λi x

i−1

and ρ(x) :=

i

dc


ρi x

i−1

(A· 1)

i

where dv and dc are the maximum variable degree and check
degree, respectively.
After the lth iteration, the error probability P(ri =
error) in Eq. (12) and the error probability P(qi = error)
in Eq. (13) are given by

ρk (1 − pvl−1 )k−1
(A· 2)
phl = 1 −

Appendix B: Modification for Progression Order
Change
The layered-LDGM codes basically support a change in progression order. However, it requires slight modification of
the parity check matrix. For example, if we change RLCP
progression to CPRL progression, we need to split each matrix. The parity check matrix that allows low resolution image decoding for RLCP progression is given by Eq. (18). On
the other hand, the parity check matrix which allows low
resolution image decoding for CPRL progression is given
by
⎡
⎤
0
⎢⎢⎢ Pm1,k1
⎥⎥⎥
⎢⎢⎢
⎥⎥⎥
Pm2 ,k1+k2
⎢⎢⎢
⎥⎥⎥
0
Pm1,k1
0
⎢⎢⎢⎢
⎥⎥⎥⎥
HL m,n = ⎢⎢
⎥⎥
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⎢⎢⎢
m ⎥
⎥⎥⎥
⎢⎢⎢
⎥⎥⎥
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⎣⎢
⎦
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(A· 5)
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T

0

T

0

The relationship between the sparse matrix P in Eq. (18) and
the sparse matrix P in Eq. (A· 5) are written as


(A· 7)
Pm1,k1 = Pm1,k1 Pm1,k1 Pm1,k1
⎤
⎡
⎢⎢⎢ Pm2 ,k1+k2 ⎥⎥⎥
Pm2,k1+k2 = ⎢⎢⎢⎢⎣ Pm2 ,k1+k2 ⎥⎥⎥⎥⎦
(A· 8)
Pm2 ,k1+k2
The parity check matrix in Eq. (A· 5) allows partial decoding
the same as Eq. (18). Since the eﬀect of this modification is
very small, the error resiliency performance is almost the
same as that with RLCP progression. In other words, even
if we use CPRL progression, we are able to decode only
low frequency components in the same way as with RLCP
progression. In this way, the proposed layered-LDGM code
supports a change in progression.

k

pvl = p0



λd phd−1
l−1

(A· 3)

d

where p0 is the packet loss rate.
From Eqs. (A· 2)–(A· 3), the fraction of erased messages which are passed in the lth iteration, call it pl , evolves
as
pl = p0 λ(1 − ρ(1 − pl−1 )),

l≥0

(A· 4)

We use the density evolution method to evaluate the proposed method in Sect. 4.1.
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