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Abstract—Video signals transmitted over error-prone wireless
channels are often corrupted by bit errors. Due to their supe-
rior data recovery performance, the reversible variable length
coding (RVLC) has been used as an error resiliency scheme in the
MPEG-4 and H.263 video coding standards. In order to evaluate
and compare the error resiliency performance of RVLC codes,
we develop an error resiliency measure in this letter. Using this
measure, different RVLC schemes are compared for MPEG-4
video sequences. The effects of propagating and nonpropagating
errors are discussed as well.

Index Terms—Error propagation, error resiliency, MPEG-4, re-
versible variable length codes (RVLCs), video coding.

I. INTRODUCTION

EVERSIBLE variable length codes (RVLCs) have been

used as an error resiliency scheme in the MPEG-4 [1] and
H.263 [2] video coding standards. Several RVLC schemes have
been recently reported in the literature, such as Toshiba (adopted
in MPEG-4) [4], Tsai and Wu [5], and Lakovic and Villasenor
[6]. An RVLC codeword usually consists of a variable length
prefix and a fixed-length suffix. The bit error(s) in RVLC coded
data could be “propagating” or “nonpropagating” in nature. If
the corrupted codeword happens to be another valid codeword
of the same length, the error is known as a “nonpropagating
error” because it does not affect the subsequent codewords. On
the other hand, an error that produces a decoded codeword of
different length, affects the decoding of subsequent codewords,
and causes loss of synchronization is known as a “propagating
error.” For example, an error in suffix bit(s) will not propagate,
since the number of suffix bits is fixed. However, an error in the
prefix bits of a codeword can propagate.

No generalized measure is available to determine the error
resiliency performance of an RVLC scheme. A computation-in-
tensive mathematical approach was proposed in [3] to estimate
the number of correctly decoded codewords in a data packet.
Chujoh and Watanabe [4] briefly introduced a mathematical
framework (based on the Markov transition matrix) to determine
the error propagation distance (D.,;,) by computing the average
number of bits between the actual location of the first error to
where the error is detected. However, they did not distinguish
between the propagating and nonpropagating errors for com-
puting D.,,. It must be noted that a nonpropagating error cannot
be detected in the bit stream unless it introduces a syntax error.
Considering the nonpropagating errors for computing D,,, can
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therefore result in an unreasonably large value of D.,. More-
over, the effect of nonpropagating errors is usually not signif-
icant, as they do not affect the decoding of subsequent code-
words.

Since the RVLC coded data can be decoded in the forward
as well as backward directions, better data recovery is achieved
when the percentage of propagating errors (as compared to the
total number of errors) is small and the value of Dy, is short for
propagating errors. In this letter, we study the error resiliency
of various RVLC schemes in terms of the error propagation
distance and the percentage of propagating errors. In Section II,
we shall discuss a mathematical framework, in which D, is
defined as the average number of bits between the location of
the very first propagating error to where the error is detected.
In Section III, we shall evaluate the performance of five RVLC
schemes (Golomb-Rice (GR) [3], exponential-Golomb (EG)
[3], Toshiba (MPEG-4) [1], [4], Tsai and Wu (T&W) [5],
and Lakovic and Villasenor (L&V) [6]) using the proposed
measure, which is followed by the conclusions in Section IV.

II. COMPUTATION OF ERROR PROPAGATION DISTANCE

When a certain codeword z € X (codeword table) is
transmitted, three possible situations can arise at the re-
ceiver: a correct codeword received, an incorrect code-
word with nonpropagating error(s) received, or an incor-
rect codeword with propagating error(s) received. Let the
probabilities of these events be represented by Pi(y) =
Yy PUle)P(a) Pa(y) = Yocxyex—io) Ple)Pla),
Py = 3 exyev—x P(ylz)P(z), in that order. Here,
Pi(y) + P2(y) + P3(y) = 1, and Y is the set of all possible
codes received by the decoder. Here, P»(y) is the probability
of receiving a valid (but incorrect) codeword, and Ps(y) is the
probability of receiving an invalid codeword. In a binary sym-
metric channel (BSC) with a bit-error rate (BER) p(0 < p < 1),
we have

_ (1= ), () = 1(y)
P = ) £ity)

where P(y|z) represents the probability of receiving a code-
word y with length of [(y) when a codeword z with length of
l(x) was sent. The d(z,y) is the Hamming distance between z
and y [4].

We use a Markov transition matrix with (N4 1) states to com-
pute the probabilities that the decoder will transit from one state
to others, in the presence of propagating error(s). We shall use
code tree traversal to describe the decoding procedure. There
are following four types of decoding states.

1) Initial state (I or State 1): The decoder receives the very

first codeword with propagating error(s) at this state, and
the Markov state transition starts.
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2) Synchronous state (S or State 2): The decoder stops at a
valid leaf after decoding an input codeword, and therefore,
one valid codeword is obtained. This state verifies that the
decoder has not detected an error so far. It is not necessary
to distinguish the leaf at which the decoder stops, since
decoding of the next codeword will begin from the root of
the tree.

3) Asynchronous state (A): After decoding a received code-
word, the decoder stops at an internal node of the code
tree and does not output any decoded codeword. A prop-
agating error must have occurred before this state. How-
ever, the decoder is not aware of the desynchronization
and is still waiting for the incoming bits. For example, we
have a codeword table X = {0101 111}, and three code-
words 0 0 101 are transmitted. If the first bit changes due
to error, the decoder will decode 101 O 1. Here, the de-
coder is waiting for more incoming bits after decoding the
fifth bit, and no error is reported. We use the internal nodes
of the code tree to represent different asynchronous states
and identify each of the states, as 3, 4, .. ., or /V state.

4) Error detecting state (E): The decoder stops at a nonexis-
tent leaf while decoding an input codeword. We denote it
as state (N + 1) in this letter.

The Markov transition matrix that represents state transition

during binary code tree traversal is

1 S A1 AN—2 E
I 0 612 i3 Oin  Oint1
A 0 B a3 Oon  Bania
AN,Q 0 01\72 01\73 Ce HNN HN]\TJrl
FE 0 0 0 0 0 0.

For each row (identified by 7) of Markov transition matrix,
we have Ej\zl #;; = 1, where 0;; represents the probability
of decoder transition from state 7 to j. The decoder transition
is dependent on the current state and the received codeword.
Please note that the “I” state precedes all other states, i.e., no
other state exists until the “I” state appears. As shown in (2),
the decoder will not return to the state “I” after decoding the
first codeword corrupted by a propagating error. When decoder
reaches the error detecting state “E,” it stops further decoding.

Fig. 1 shows a code tree and its state flow, with
the corresponding state number, for the codeword table
X = {0,101, 11}. All possible codewords received by the de-
coder are Y = {0,1000001010011100101110111}. Please
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Code tree for (left) X = {0101111} and (right) its state flow.

note that states 1 and 2 share the same node S/I in the code tree.
A similar Markov transition matrix construction is used in [9].

The state transition probability 0;; = >,y P(y), where
Y is the set of all possible decoded codewords, which drives the
decoder from state 4 to j. Here, P(y) = > .y P(ylz)P(x),
where X is the codeword table. For transitions from the starting
state (¢ = 1) where the first codeword with propagating error(s)
occurs, some events [such as receiving a correct codeword or
another valid codeword (with nonpropagating error)] cannot
happen. Therefore, the probability(ies) of receiving a codeword
with a propagating error can be represented as

>

zeX,yeY’
P(y|z)P(z) < 1.

N+1

§= Z 9@':
j=1
= 2

zeX,yeY'—X

P(yle)P(e) = Y Plylz)P(x)

reX,ye X

We redefine 01; = 3} cys_y P(y)/s to guarantee that

Zj\;ll 61; = 1. This satisfies the property of Markov transition
matrix that sum of transition probabilities of every row should

be 1. From (2), we get © as

011 912 91]\7
O=| ... .. ... ... 3)

9N1 9N2 HNN

Let C(g) denote the probability of error(s) being detected ¢
codewords away from the codeword where the first propagating
error occurred. From the Markov transition matrix in (2), we
have

C(q) = ROT™'W (4)

where R = (1,0,0,...,0) is a vector with N elements, and
RO~ fetches the first row of #7~!. Each element in the first row
of #7~1 represents the probability of the transition from initial
state to another state j (state: 2,..., N) after decoding ¢ — 1
codewords. W = (A1x11,0an11,...,0nNy1)T represents the
probability of the transition from state j to the error detecting
state E (i.e., state N + 1) after decoding the gth codeword.

Using (4), the expected error propagation distance (in the
number of codewords) can be represented as

> qClq)=> qROT'W =R <Z q@‘H) W. (5a)
q=1 q=1 q=1
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We have

> g0t —0) 0Tl =(1-0)) ¢0" !  (5b)
q=1 q=1 q=1

Using series expansion in the left-hand side of (5b), we can show
that

(e}

Yo e i 011 = i Ol =(1-0)" (50
q=1

q=1 q=1

Using the right-hand side from (5b) and (5c), we can show that
> ey ¢097 = (I-0) 72, where I is the identity matrix. From
(5a), the expected error propagation distance (D, ) in bits can
be expressed as

Dep = <ZqC(Q)> (Z (P(z)l())

rzeX

— R(I - ©) °W (Z (P@)i(x)  (©

reX

where ) (P(x)l(x)) is the expected codeword length (in
bits) [4]. We use (6) to mathematically compute the error prop-
agation distance of different RVLC schemes in Section III.

III. PERFORMANCE EVALUATION

In this section, we shall study the error resiliency performance
of five RVLC:s for coding the MPEG-4 discrete cosine transform
(DCT) coefficients and the English alphabet table [5]. It must be
noted that the T&W and L&V RVLCs can adapt better to many
different types of sources because they use a Huffman code as
the reference to match the source distribution. We have used
the generalized Gaussian sources [8] parameterized by v (0.3,
0.5, and 0.7) and o (1) to generate the T&W and L&V RVLC
tables. An RVLC scheme can also be parameterized by choosing
a suitable suffix length (K) to match the source distributions.
The parameters of each tested RVLC scheme are optimized for
MPEG-4 encoding in terms of their coding efficiency.

As shown in Fig. 2, the EG (K = 3) and GR (K = 3)
schemes have significantly lower percentage of propagating er-
rors due to the use of more (i.e., 3) suffix bits. Fig. 3(a) shows
the error propagation distance for the RVLC schemes for coding
MPEG-4 DCT coefficients at different BERs, by applying the
mathematical relation in (6). For BER < 1072, L&V (v = 0.3,
K = 1) RVLC has the shortest error propagation distance of
approximately 65 bits. The error propagation distances for EG
(K =3), T&W (v = 0.3, K = 1), GR (K = 3), and MPEG-4
RVLC (Toshiba scheme) are 107, 109, 1200, and 5100 bits, in
that order, for a video packet. We observed the similar results
for the percent of propagating errors and error propagation dis-
tance for coding the English alphabet table.

Table I' shows the relative coding efficiency [using the
efficiency of MPEG-4 RVLC as the 100% and average peak
signal-to-noise ratio (PSNR) performance of the RVLCs]. We
have chosen parameters for each RVLC scheme that achieve

ICIF sequence “akiyo” is encoded, with a fixed quantizer of 6. Only DCT
coefficients are substituted with the test RVLC schemes.
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Fig.3. (a)Error propagation distance of five RVLCs for coding MPEG-4 DCT
coefficients in a video packet. (b) PSNR performance (Y -axis) of five RVLCs
for coding “akiyo” sequence at BER = 5 x 1075,

the best coding efficiency. The standard RVLC decoding and
error recovery scheme proposed in MPEG-4 Annex E [10] has
been used. The reconstructed frame quality at BER = 5 x 10~*



is about 7-9 dB lower than that at BER = 5 x 1075, This may
be due to the fact that error concealment schemes are not so
effective at BER = 5 x 10~ due to the loss of many consec-
utive blocks in the corrupted region of a video frame. We have
concealed the corrupted blocks by using their corresponding
dc values. Here, we assumed that the dc value of these blocks
is not corrupted due to data partitioning. Fig. 3(b) shows that
L&V (with v = 0.3 and K = 1) has the best error resiliency
performance (in terms of average PSNR) at random BER of
5 x 1072 for “akiyo” test sequence, due to its larger Himming
distance dy > 2. Furthermore, L&V (v = 0.3, K = 1) and
T&W (v = 0.3, K = 1) RVLC schemes result in better
performance than the RVLC scheme used in MPEG-4. We
believe that it is due to their shorter error propagation distance.
However, the PSNR performance of the EG (K = 3) and GR
(K = 3) RVLCs is lower than that of the MPEG-4 RVLC,
despite their shorter error propagation distance and higher
proportion of nonpropagating errors. We discuss the reasons for
this behavior in the following paragraph. Similar performance
was also observed for the foreman, mother and daughter, and
coast guard MPEG-4 video sequences. However, we have not
included the results here due to space limitations.

Generally, an RVLC scheme that has shorter error propaga-
tion distance and higher proportion of nonpropagating errors
performs better in terms of PSNR, because /) it enables re-
covery of more data from a corrupted packet during backward
decoding, and 2) it reduces the probability that a corrupted block
is decoded and displayed as an error-free block. However, an
RVLC codeword in MPEG-4 represents a combination of Level
(magnitude of quantized DCT coefficients), Run (number of
“0” magnitude coefficients preceding the current nonzero coef-
ficient), and LAST (flag that indicates if the current coefficient
is the last nonzero coefficient of the block) [1]. Even a non-
propagating error in a codeword can change the value of one or
more of these attributes. Please note that the “Level” and “Run”
changes cause only minor PSNR degradation since the error(s)
are mostly limited to an 8 x 8 block [7]. However, change in
the “LAST” mark breaks the data synchronization, which in-
troduces serious distortion in the decoded bit stream. In such a
case, the nonpropagating error introduces a syntax error, such as
more than 64 decoded coefficients in a block or no data left for
decoding the remaining blocks in the data packet, as discussed in
[7]. Moreover, our observations reveal that these syntax error(s)
can usually be detected only after they have propagated in the
bit stream for long distance. Therefore, the presence of several
nonpropagating errors in an MPEG-4 video packet is likely to
significantly degrade the PSNR of a reconstructed frame. As a
result, a lower proportion of propagating errors (i.e., when the
fraction of nonpropagating errors is large) in the MPEG-4 bit
stream may not always result in better error resiliency.

IV. CONCLUSION

We discussed the mathematical framework to evaluate error
resiliency (i.e., error propagation distance) of an RVLC scheme.
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TABLE 1
RELATIVE CODING EFFICIENCY AND AVERAGE PSNR PERFORMANCE OF
RVLCs FOR MPEG-4 VIDEO SEQUENCE ‘AKIYO’

Codes Coding Avg PSNR (dB)
efficiency Sequence: akiyo
BER=5x10" | BER=5x10"
MPEG-4 100.00% 37.07 28.98
T&W (v=0:3 and K=1) | 100.96% 37.26 29.12
L&V (v=0:3 and K=1) | 102.60% 37.84 29.27
EG (K=3) 103.37% 35.73 28.54
GR (K=3) 104.83% 35.83 28.59

The error propagation distance depends on the code tree struc-
ture as well as source distribution. It may be noted here that the
code tree structure itself depends on the properties of an RVLC
scheme. The error resiliency performance of an RVLC scheme
also depends on the syntax and semantics definitions of the bit
stream. Generally, an RVLC scheme that has shorter error prop-
agation distance performs better in terms of PSNR, because it
enables recovery of more data from a corrupted packet during
backward decoding. It also reduces the probability that a cor-
rupted block is decoded and displayed as a noncorrupted block.
Since the nonpropagating errors do not cause loss of synchro-
nization in the bit stream, they introduce much less degrada-
tion in the reconstructed frame quality as compared to the prop-
agating errors. However, change in the “LAST” mark in the
MPEG-4 bit stream due to nonpropagating error does introduce
the loss of synchronization in the bit stream. Therefore, it causes
significant degradations in the reconstructed frame quality. Due
to the shorter error propagation distance, L&V (v = 0.3, K =
1) and T&W (v = 0.3, K = 1) RVLC schemes provide better
error resiliency performance than the RVLC scheme used in
MPEG-4 with small coding overhead, for test video sequences.
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