
Modeling and Optimization of a

Systematic Lossy Error Protection System

based on H.264/AVC Redundant Slices⋆

Shantanu Rane, Pierpaolo Baccichet⋆⋆ and Bernd Girod

Information Systems Laboratory, Department of Electrical Engineering
Stanford University, Stanford, CA 94305

{srane,bacci,bgirod}@stanford.edu

Abstract. We model the decoded picture quality
at the output of a Systematic Lossy Error Protec-
tion (SLEP) scheme for error-resilient transmission of
H.264/AVC compressed video signals. In this scheme, a
video signal transmitted without channel coding consti-
tutes the systematic portion of the transmission. Error-
resilience is provided by transmitting a supplemen-
tary bit stream generated by Wyner-Ziv encoding. Our
Wyner-Ziv codec uses H.264/AVC redundant slices in
conjunction with Reed Solomon coding. When channel
errors occur, the Wyner-Ziv bit stream allows the de-
coding of a coarsely quantized description of the video
signal, which is used for lossy error protection. We study
the error-resilience properties of SLEP using the model
equations and utilize them for optimization of the SLEP
system.
Index Terms : Wyner-Ziv coding, distributed video
coding, side information, systematic source-channel
coding, H.264/AVC, redundant slices.

1 Introduction

In our recent work [1–3], we have proposed an
error-resilient scheme called Systematic Lossy Er-
ror Protection (SLEP), which uses Wyner-Ziv cod-
ing ideas to achieve error resilience. This scheme
achieves a graceful trade-off between the decoded
video quality and the resilience to channel errors,
effectively mitigating the cliff effect of FEC. In this
paper, we derive a model for the picture quality
obtained using SLEP. Using the model, we study
the error-resilience properties of SLEP and quan-
tify the trade-offs involved. We cast the model
equations into an optimization problem to find the
source/channel rate allocation which maximizes the
received picture quality. The present work was con-
ducted in parallel with the actual implementation

⋆ This work has been supported in part by NSF Grant
No:CCR-0310376

⋆⋆ On leave from I.E.I.I.T. - Consiglio Nazionale delle
Ricerche, Italy, partially supported by MIUR (Ital-
ian Ministry of Education and Research) under Re-
search Project PRIMO - “Reconfigurable platforms
for wideband wireless communications”.

and experimental evaluation of SLEP using redun-
dant slices and flexible macroblock ordering [4].

The SLEP system is based on the systematic
lossy source-channel coding framework in which, a
source X is transmitted over an analog channel A
without coding. A second encoded version of X is
sent over a digital channel D as enhancement in-
formation. The noisy output Y of the analog chan-
nel serves as side information to decode the out-
put of channel D and produce the enhanced version
Z. Thus, source coding with decoder side informa-
tion, i.e.,Wyner-Ziv coding [5], is an integral part
of the lossy source-channel coding configuration.
The term systematic coding is used as an extension
of systematic error-correcting channel codes, and
refers to a partially uncoded transmission. Shamai,
Verdú, and Zamir established information theoretic
bounds and conditions for optimality of this config-
uration in [6].

The remainder of this paper is organized as fol-
lows. Section 2 outlines the principle of Systematic
Lossy Error Protection. In Section 3, we describe
an implementation of the SLEP system using re-
dundant slices, a feature supported in the “Base-
line Profile” of the H.264/AVC standard [7]. In Sec-
tion 4, we model the average end-to-end distortion
experienced by a decoded video packet, and use it
to explain some properties of the SLEP scheme.
Section 5 describes a method to choose encoding
rates for the primary and redundant slices in the
SLEP scheme with the aim of maximizing the av-
erage received picture quality.

2 SLEP Concept

As shown in Fig. 1, consider a compressed video
bit stream which is transmitted across an error-
prone channel without channel coding, comprising
the systematic part of the transmission. For error
resilience, a second independent bit stream is gener-
ated using Wyner-Ziv encoding of the video signal.
The Wyner-Ziv bit stream allows the decoding of a
coarsely quantized description of the original video



signal. Since the video bit stream is generated with-
out consideration of the error resilience provided by
the Wyner-Ziv coder, we refer to the overall scheme
as systematic source-channel coding. The receiver
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Fig. 1. A Wyner-Ziv decoder uses the decoded error-
concealed video waveform as side information in a sys-
tematic lossy source-channel setup.

decodes the compressed video signal, and conceals
erroneous or lost portions. Even after concealment,
some portions of the recovered video signal may
contain unacceptably large errors. These errors are
corrected up to a certain residual distortion by the
Wyner-Ziv decoder.

The Wyner-Ziv bits allow error-free reconstruc-
tion of the coarser second description, employing
the decoded video signal S′ as side information.
The coarser second description and side informa-
tion S′ are then combined to yield an improved de-
coded video signal S∗. In portions where the wave-
form S′ is not affected by transmission errors, S∗ is
essentially identical to S′. However, in portions of
the waveform where S′ is substantially degraded by
transmission errors, the second coarser representa-
tion transmitted at very low bit rate in the Wyner-
Ziv bit stream limits the maximum degradation
that can occur. Instead of the error-concealed de-
coded signal S′, the signal S∗ at the output of the
Wyner-Ziv encoder is fed back to the video decoder
to serve as a more accurate reference frame for de-
coding of the future frames.

3 SLEP using H.264/AVC
Redundant Slices

3.1 Wyner-Ziv encoding

The implementation of the SLEP scheme is shown
in Fig. 2. The following operations are performed
on the encoder side:

1. Generation of Redundant Slices : Each mac-
roblock belonging to the redundant description

is encoded with the same coding mode, mo-
tion vectors and reference pictures of the corre-
sponding primary coded macroblock.

2. Reed-Solomon encoding: Reed-Solomon (RS)
codes perform the role of Slepian-Wolf coding in
this system. A Reed-Solomon code over GF(28)
is applied across the redundant slices, to gener-
ate parity slices, as shown in Fig. 2. The num-
ber of parity slices generated per frame depends
upon the allowable error resilience bit rate, and
can vary slightly from frame to frame. The re-
dundant slices are then discarded and only the

parity slices are included for transmission in the
Wyner-Ziv bit stream.

3. Wyner-Ziv bit stream generation: In addition
to the parity slices resulting from the previous
step, we encode the slice boundaries, i.e., the
number of macroblocks in each redundant slice,
and the quantization parameter (QP).

3.2 Wyner-Ziv decoding

Wyner-Ziv decoding is activated only when trans-
mission errors result in the loss of one or more slices
from the bit stream of the primary coded picture.
It consists of the following operations:

1. Requantization to obtain Redundant Slices:

This step involves the requantization of the
prediction residual signal of the primary coded
picture, followed by entropy coding. This gen-
erates the redundant slices used as side infor-
mation for the Wyner-Ziv decoder. Redundant
slices can be generated only for those portions
of the frame, where the primary bit stream
has not experienced channel errors. Redundant
slices containing errors are treated as erasures.
This simplification is a slight departure from
the SLEP concept of Section 1, which requires a
full re-encoding of the error-concealed primary
video signal. This would incur a large complex-
ity cost because motion estimation would have
to be re-performed at the decoder. The requan-
tization process sacrifices a small amount of
coding efficiency, but requires very low com-
plexity. In addition, since Wyner-Ziv encoding
is applied to the prediction residual of the cur-
rent frame, this method is robust to Wyner-Ziv
decoder failure that would otherwise occur due
to error propagation from previous frames.

2. Reed-Solomon Slepian-Wolf decoding: The par-
ity slices received in the Wyner-Ziv bit stream
are combined with the redundant slices, and
erasure decoding is performed to recover the
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Fig. 2. Implementation of a SLEP system using H.264/AVC redundant slices. Reed Solomon codes applied across
the redundant slices play the role of Slepian-Wolf codes in distributed source coding. At the receiver, the Wyner-
Ziv decoder obtains the correct redundant slices using the error-prone primary coded slices as side information.
The redundant description is used in lieu of the lost portions of the primary (systematic) signal.

slices which were erased from the redundant
bit stream, as shown in Fig. 2. In the language
of distributed video coding, the RS decoder
functions as a Slepian-Wolf decoder, and recov-
ers the correct redundant bit stream using the
error-prone redundant bit stream as side infor-
mation.

3. Concealment of lost primary slices: If Wyner-
Ziv decoding succeeds, the lost portions of
the prediction residual from the primary (sys-
tematic) signal are replaced by the quan-
tized redundant prediction error signal. The
H.264/AVC decoder then performs motion
compensation in the conventional manner, us-
ing the motion vectors recovered from Wyner-
Ziv decoding. This operation results in a quan-
tization mismatch which propagates to the fu-
ture frames, but avoids drastic reduction in pic-
ture quality.

4 Video Distortion Model

We now derive a model for the average end-to-
end distortion incurred by a SLEP system imple-
mented using H.264/AVC redundant slices, extend-
ing the model derived in [3] where we considered
MPEG-2 video transmission. Let the distortion-
rate pairs for encoding the primary and redundant
pictures be denoted by (Dp, Rp) and (Dr, Rr) re-

spectively. As the redundant description is coarser,
Rr ≤ Rp, Dr ≥ Dp.

Let D[i] be the average end-to-end distortion
experienced by a packet in the ith frame (assume it
is a P frame). We consider three distinct scenarios:
(1) There are no errors, and error energy in frame
i is contributed only by the distortion propagat-
ing from the previous frame, denoted as D[i − 1],
(2) Wyner-Ziv decoding is successful and the total
distortion contribution from error propagation and
Wyner-Ziv decoding is D[i − 1] + Dr − Dp, with
Dr −Dp representing the error energy correspond-
ing to the quantization mismatch between the pri-
mary and redundant descriptions, (3) Wyner-Ziv
decoding fails and the resulting distortion from er-
ror propagation and previous frame error conceal-
ment is modeled as D[i − 1] + MSE[i, i − 1], where
MSE[i, i − 1] is the mean squared error between
frames i and i − 1. The derivation of these three
distortions by averaging per-pixel squared errors is
explained in detail in [3]. Combining the three dis-
tortions and weighting each by its probability of
occurrence,

D[i] = (1 − p)D[i − 1]

+ pp
WZ

(D[i − 1] + Dr − Dp)

+ pp
EC

(D[i − 1] + MSE[i, i − 1]) (1)

where p is the packet erasure probability experi-
enced by the Wyner-Ziv decoder, p

WZ
is the prob-
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Fig. 3. SLEP results for the Foreman CIF sequence,
using Rp = 1 Mbps, RWZ = 200 kbps. The error re-
silience increases when the bit rate of the redundant de-
scription is decreased from Rr = Rp = 1 Mbps (FEC)
to Rr = Rp/10 = 100 kbps (SLEP10).

ability that Wyner-Ziv decoding is successful, p
EC

is the probability that Wyner-Ziv decoding fails,
forcing the decoder to use error concealment.

For the implementation of Fig. 2, the success or
failure of Wyner-Ziv decoding is completely deter-
mined by the number of erasures seen by the Reed-
Solomon decoder located inside the Wyner-Ziv de-
coder. Thus,

p
WZ

=
n−1
∑

m=k

(

n − 1

m

)

(1 − p)mpn−1−m (2)

p
EC

= 1 − p
WZ

(3)

where (n, k) are the parameters of the Reed-
Solomon code used in the Wyner-Ziv encoder. Since
n and k differ slightly from frame to frame, the
model uses values of n and k averaged over a GOP
of N frames.

4.1 Changing the redundant description

at constant Wyner-Ziv bit rate

Consider the effect of changing the redundant de-
scription, i.e., varying Rr, with no change in the
systematic bit rate Rp or the Wyner-Ziv bit rate
RWZ . As shown in Fig. 3, increasing the coarse-
ness of the Wyner-Ziv description increases the er-
ror resilience for a constant RWZ , in exchange for
a small loss in video quality at low symbol error
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Fig. 4. The error resilience of SLEP increases when the
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of the primary description bit rate Rp. For SLEP10,
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probabilities. This is due to the quantization mis-
match from Wyner-Ziv decoding, and is expressed
in the difference Dr − Dp in (1). This trade off is
calculated explicitly in the appendix. The results
shown in Fig. 3 are for a wireless scenario, where
symbol errors result in packet erasures at the in-
put of the Wyner-Ziv decoder. The packet erasure
probability p is obtained from the symbol error rate
s using p = 1−(1−s)l, where l is the packet length.

4.2 Increasing the Wyner-Ziv bit rate

As expected SLEP provides superior error-
resilience when the Wyner-Ziv bit rate RWZ is in-
creased, for the same redundant description, i.e., for
constant Rr. In Fig. 4, we observe that the range
of error probabilities over which acceptable decoded
picture quality can be obtained, increases when the
Wyner-Ziv bit rate, RWZ is increased from 10%
to 20% of Rp, the bit rate of the primary descrip-
tion. This is shown for 4 Wyner-Ziv descriptions,
encoded at Rr = Rp =1 Mbps (which is the same as
FEC), Rr = Rp/2 (designated SLEP50 in Fig. 4),
Rr = Rp/4 (SLEP25), Rr = Rp/10 (SLEP10).
The experimental results and the model are in close
agreement as to the above behavior.



5 Optimizing a SLEP system

We use the model to find R∗
p, the optimum bit rate

for encoding the primary pictures, R∗
r , the opti-

mum bit rate for encoding the redundant descrip-
tion and R∗

WZ , the optimum Wyner-Ziv bit rate,
such that average distortion in the decoded video
sequence is minimized for a given worst case packet
erasure probability pe. Recall that, irrespective of
whether video packets are lost or corrupted, the
Wyner-Ziv decoder sees erasures in the recovered
redundant description. In the following, we assume
that the average Wyner-Ziv bit rate is just large
enough to ensure that Wyner-Ziv decoding is suc-
cessful, at the maximum erasure probability pe en-
countered by the system. This is reasonable because
error concealment results in degradation of video
quality, and we wish to avoid it for all p ≤ pe. With
this assumption, we can set p = pe, p

WZ
= 1 and

p
EC

= 0 in (1) and calculate the average distortion
for a GOP of length N frames as follows,

D =
1

N

N
∑

i=1

D[i] = Dp +
N + 1

2
pe(Dr − Dp) (4)

The right hand side of (4) shows that Wyner-
Ziv decoding contributes some excess error energy
which depends upon the quality of the redundant
description Dr, the probability of packet erasure pe,
and the number of frames N across which this en-
ergy can propagate. The above assumption means
that the average Wyner-Ziv bit rate is given by

RWZ =
n − k

k
Rr =

pe

1 − pe

Rr (5)

The total transmitted bit rate is Rp +RWZ . It now
remains to find the rates R∗

p and R∗
r , which maxi-

mize the average MSE D, following which R∗
WZ can

be obtained from (5).

To model the relationship between the distor-
tions Dp and Dr, and their respective H.264/AVC
source encoding rates Rp and Rr, we use the en-
coder model of [8]. According to this model,

Dp = D0p +
θp

Rp − R0p

(6)

Dr = D0r +
θr

Rr − R0r

(7)

where (D0p, R0p, θp) and (D0r, R0r, θr) are pa-
rameters which can be determined from trial en-
codings at the encoder. When the total allowable

bit rate is C, and video packets are erased with
probability pe, then the optimal FEC scheme has

R†
p +

pe

1 − pe

R†
p = C ⇒ R†

p = (1 − pe)C. (8)

D†
FEC = D0p +

θp

R†
p − R0p

(9)

For p ≤ pe, this gives a constant low distortion
D†

FEC . The optimal SLEP scheme is now obtained
by solving the following optimization problem:

Maximize Rp

subject to

Rp +
pe

1 − pe

Rr ≤ C (10)

D = D†
FEC

0 ≤ Rr ≤ (1 − pe)C ≤ Rp ≤ C

From the maximum R∗
p, we obtain R∗

r from (10)
and R∗

WZ from (5). Fig. 6 shows a plot of the op-
timal FEC and SLEP schemes for several maxi-
mum packet erasure probabilities. It is clear the
video quality delivered by FEC has a flat profile for
0 ≤ p ≤ pe while SLEP degrades gracefully in the
same range. Furthermore, when p < pe, the video
quality is higher for SLEP as compared to FEC.

6 Conclusions

A model is derived for the end-to-end average video
quality delivered by a SLEP system, implemented
using H.264/AVC redundant slices in conjunction
with Reed-Solomon coding. This scheme involves
transmission of a Wyner-Ziv bit stream to add er-
ror robustness to a compressed video signal. The
model accounts for the small distortion introduced
due to the quantization mismatch from Wyner-Ziv
decoding, the large distortion due to error con-
cealment, and the effect of error propagation. The
model closely approximates the observed perfor-
mance of the SLEP system, which mitigates the
FEC cliff effect and ensures graceful degradation of
video quality. The model has been used to find the
combination of the primary description bit rate, the
redundant description bit rate and the Wyner-Ziv
bit rate which maximizes the average received video
quality at the decoder.

Appendix: Loss from WZ decoding

We will now calculate the minimum increase in
video distortion that must be tolerated by the
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Wyner-Ziv decoder. Clearly, to minimize the quan-
tization mismatch between the primary and redun-
dant descriptions, the encoding bit rate Rr of the
redundant description must be as close as possible
to the primary description bit rate Rp. From (5)
and (10) the maximum allowable bit rate for en-
coding the redundant description is given by:

Rr = min

(

(C − Rp)
1 − pe

pe

, Rp

)

At packet erasure probability pe, this value of Rr

increases the video distortion by:

∆ = pe

N + 1

2
(Dr − Dp)

where Dr and Dp depend on Rr and Rp through
(6) and (7). Fig. 6 plots this loss in dB, at var-
ious packet erasure rates, for C = 1.1 Mbps, and
Rp = 1 Mbps for the Foreman CIF sequence. Thus,
error resilience at high bit rates is achieved at the
price of increased distortion from the quantization
mismatch between the redundant and primary de-
scriptions.
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