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Abstract

We study the application of Unequal Loss Protection (ULP) algorithms to motion-
compensated video over lossy packet networks. In particular, we focus on streaming
video applications over the Internet. The original ULP framework [11] applies un-
equal amounts of forward error correction (FEC) to embedded data to provide graceful
degradation of quality in the presence of increasing packet loss. In this paper, we apply
the ULP framework to baseline H.263, a non-embedded video compression standard,
by investigating re-orderings of the bitstream. The re-ordering process makes the bit-
stream appear embedded, allowing a receiver to display high quality video even at the
high loss rates encountered in wireless transmissions and the current Internet.

1 Introduction

The rapid growth of the Internet and increasing bandwidth and computing power over the
past few years, have heightened the interest in multimedia applications. Streaming media
over the Internet is rapidly increasing in popularity, with future applications to wireless
devices expected. With streaming media, users can request a multimedia file, and after
a small buffering delay can start playing the file as it is being downloaded. When the
network transmission capacity is exceeded on best-effort networks like the Internet, packets
are discarded at random and reliability is commonly implemented by retransmitting lost
packets. However, for multimedia applications, the delay introduced by retransmissions is
often undesirable. Recent research has found that packet losses on the Internet often occur
at high rates [2, 12], and a study by Boyce [4] on the effects of packet loss on the quality of
MPEG video shows that those high loss rates can severely damage video quality due to the
temporal dependencies inherent in motion-compensated video coders.
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The ULP framework [11] was developed to provide graceful degradation of quality in
the presence of increasing packet loss. Graceful degradation provides a user with reduced
but acceptable quality in proportion to the amount of data lost. The ULP framework
accomplishes this by applying unequal amounts of forward error correction (FEC) to protect
embedded data from packet losses. Embedded data have the property that the earlier parts
of the compressed bit stream are most important to the overall quality of the reproduction.
Furthermore, the later parts of the bit stream are meaningless without the beginning parts of
the bit stream. Using this framework, it was shown that graceful degradation of image quality
can be achieved without retransmissions and without any support from the network, such
as priority dropping of packets. In this paper, we focus on streaming video applications for
the Internet and adapt the ULP framework to achieve graceful degradation of video quality.
We concentrate our efforts on motion-compensated video coders, which take advantage of
temporal redundancy to achieve efficient compression. This approach is used by most current
video coding standards, but it makes these coders susceptible to losses. We use the H.263
video coding standard [7, 15] as our test-bed because its techniques are typical of those used
at the low bit rates found on both wireless networks and the current Internet.

1.1 Related Work

Many people have contributed effort towards making multimedia data more robust in the
presence of bit errors and packet losses. See [5] for a good review of many of these error
resilience techniques. Here, we focus on techniques that use unequal amounts of FEC to
combat packet loss in motion-compensated video coders.

Leicher [9] applied Priority Encoding Transmission (PET) [1] to entire compressed MPEG
video sequences using a coarse three-level system. More FEC is applied to I-Frames than to
P-Frames, and to P-Frames than to B-Frames because of temporal dependencies.

In a more recent study, Boyce [3] introduced the High Priority Partitioning (HiPP) scheme
using the data partitioning ideas in MPEG-2 to provide unequal loss protection of MPEG
video. The critical data, such as headers, motion vectors, and low frequency discrete cosine
transform (DCT) coefficients are given high priority, while the remaining high frequency co-
efficients are given low priority. A priority breakpoint specifies a cutoff that decides whether
the coefficients should go into the high or low priority partition. In Boyce’s HiPP scheme,
arbitrary splitting is supported and Reed-Solomon FEC is applied only to the high priority
partition. It puts all I-Frame data into the high priority partition, puts all B-Frame data
into the low priority partition, and splits P-Frame data between the high and low priority
partitions.

1.2 Contribution of this Paper

Our main contribution is in illustrating how the ULP framework can be applied to motion-
compensated video (in particular, H.263 video). The ULP framework allows us to improve
on previous work that uses FEC to protect motion-compensated video in the following ways:

1. We apply ULP over fine grained chunks of data. Leicher protected entire frames and
Boyce protected only the high priority partition. We provide data fragments that are



much smaller and more numerous. By ordering those fragments according to their
relative importance, we provide better graceful degradation of video quality.

2. We optimize the FEC allocation for a given video sequence and estimated network
conditions. In Leicher’s scheme, the user must manually assign priorities to each frame
type, while in Boyce’s scheme, the priority cutoff must be specified.

3. We specify a target transmission bit rate and trade off the encoding bit rate and redun-
dancy rate such that the total bit budget is satisfied. Leicher and Boyce both specify
an encoding bit rate and add additional redundancy.

2 Background

In this section, we begin with an overview of the ULP framework followed by a brief in-
troduction to the H.263 video coding standard. For an in-depth description of the ULP
framework, see [11, 10]. For a good introduction to H.263, refer to [7, 15].

2.1 ULP Framework

The ULP framework [11] operates by applying unequal amounts of FEC to data that are com-
pressed with an unmodified embedded algorithm and transmitted over lossy packet networks.
The scheme can use any embedded compression algorithm and obtain graceful degradation
of quality with increasing packet loss rate. We describe how the ULP framework provides
graceful degradation, and the algorithm used for allocation of source and redundancy.

How ULP Provides Graceful Degradation: The ULP framework is based on Priority Encoding
Transmission (PET) [1], which assigns unequal amounts of FEC to data sent over lossy packet
networks according to user-specified priorities and message fragments. An example of the
protection provided by the ULP framework is shown in figure 1, illustrating a situation where
data and FEC are sent in 6 packets, but only 4 are received. The ULP framework adds FEC
to each message fragment such that the fragment and the FEC form a stream. The message
is divided into L streams, each of which contains one symbol from each of N packets. The
property of this type of redundancy allows a given stream containing both data and FEC
symbols to be successfully decoded as long as the number of lost packets is less than or equal
to the number of FEC symbols. It is important to note that successfully decoding a given
stream depends only on the number (not the order) of packets lost. Since earlier parts of
the data are protected more heavily than later parts, as more packets are received, the more
useful data we receive, and the better the quality.

The ULP Algorithm: The ULP algorithm operates on a description of the source in the
form of a utility—cost curve. Utility measures how much benefit the receiver is likely to
enjoy by receiving and decoding the data, and cost specifies the number of bits used by the
encoder to achieve a given utility. Given as inputs the number of packets to be transmitted,
the length of those packets, the utility—cost curve representing the source, and an estimate
of the packet loss probability in the form of a probability mass function (pmf), the ULP
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Figure 1: A message of 32 symbols of data (numbers 1-32) and ten symbols of FEC (F) is divided
into seven streams and sent in six packets. (a) The data layout before transmission. (b) The data
layout after packets 2 and 4 are lost during transmission. (c) The data layout after FEC is used in

o

recovery.

assignment problem is to find an assignment of FEC for each stream such that the expected
utility at the receiver is maximized. To determine the amount of data and FEC to assign to
each stream, a hill-climbing algorithm was first developed in [11], and improved in [10, 13].

2.2 Baseline H.263

H.263 is a DCT-based, motion-compensated international video coding standard that oper-
ates very efficiently at the low bit rates found on the Internet and wireless networks. The
standard defines various enhancements (via new versions and optional annexes) at the cost of
an increase in complexity. Since we are only interested in demonstrating graceful degradation
of video quality, we concentrate on baseline H.263 (with no enhancements).

For baseline H.263, the coding units are 8 x 8 pixel data blocks. Before being coded, a
block might be predicted from the previous frame using motion-compensation prediction,
which models the pixels as being a translation of pixels in the previously encoded frame.
The original, or motion-compensated pixels are then transformed using the DCT [14], which
decorrelates the block of pixels and compacts its energy into a small number of coefficients.
These coefficients are then quantized and entropy-coded using variable-length codes (VLCs).
There are two types of frames in baseline H.263: intra (I-Frame) and inter (P-Frame). The
I-Frame uses no motion-compensation, while P-Frames do. Inter-frame coding gives very
good compression efficiency; however, it also leads to temporal error propagation since the
P-Frames depend on earlier frames in the video sequence.

3 Applying ULP to H.263

This section details our application of the ULP framework to compressed H.263 video and the
mechanisms that we use to overcome the challenges inherent in that process. A diagram of
the system as it would be used is shown in figure 2, and the differences from the original ULP
system are described below. It is important to note that our encoding technique requires no
change to H.263 itself. The H.263 encoder is just a module in our system.
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motion-compensated video. Protection is provided separately over each independent subsequence.

Creating Independent Subsequences: Video exists as a continual sequence of frames, so
an important design decision is the number of frames to put in a subsequence, where each
subsequences is individually protected using the ULP scheme. This group of pictures (GOP)
size is influenced by our application of interest, streaming media over the Internet. We study
GOP sizes that induce delays of one to three seconds, less than the five seconds common
in current implementations by industry. Also, to ensure that subsequences are independent,
we encode the first frame in a GOP as an I-Frame so that we do not need to be concerned
about error propagation between GOPs.

Reordering the Compressed Bit Stream: The assumption that the data are embedded gives
the ULP framework guidelines for the relative importance of the data and allows the bit
stream to be truncated at arbitrary points. Because H.263 is not an embedded coder, our
approach is to order each GOP in the compressed bit stream to make it appear embedded.
Figure 3 illustrates the main idea for our reordering scheme which we call frequency-based
ordering (because we reorder the VLC codewords from low to high frequency content, re-
flecting their order of importance to visual quality). In the normal H.263 bit stream, data
for each frame are interleaved in raster-order (left to right, top to bottom). This creates the
effect that the important data (such as header information and motion vectors) are spread
throughout the bit stream. While our ordering scheme does not create a truly embedded bit
stream, it is ordered according to relative importance. For example, the first data that we
receive are the I-Frames, allowing us to reconstruct the first frame in a group of pictures.
Next comes various control information like headers and motion vectors. Finally, we group
the kth VLC codewords from each block (where the groups are ordered from low to high
frequency content). The effect of this grouping is that we receive some data from all blocks in
all frames in a GOP, allowing us to reconstruct a coarse version of our video sequence. The
more data we receive, the more VLC codewords from each block we can decode, allowing us
to achieve progressively better quality.

Selecting the Encoding Bit Rate: For a true embedded encoder, the bit stream would be
the same if the encoder were asked to produce a bits, or if it were asked to produce b bits
and those b > a bits were truncated to a bits. With the ordering scheme above, however, an
encoding of a bits will almost certainly be different from an encoding of b > a bits that is
truncated to a bits (due to the monolithic nature of the encoder). Given a mismatch between
a sequence targeted for a bits and one truncated to a bits, generating a single utility—cost
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Figure 3: H.263 bit stream layout and frequency-based bit stream layout. The darker colors
represent data that are more important to the quality of reconstruction.

curve to describe the encoded bit stream is problematic. Instead, we generate a family of
utility—cost curves, where each curve represents a different encoding bit rate truncated at
various points. The ULP assignment algorithm is run independently over each member of
the family, and the encoding bit rate and FEC assignment that yields the best expected
utility is used. We realize that this is not the most efficient algorithm, but it is sufficient for
verifying that our system can provide graceful degradation.

4 Results

In this section, we present some of our experimental results obtained using simulations.
Comparing our ULP system to Leicher’s PET system [9] or Boyce’s HiPP system [3] is
problematic because both of their systems require manual selection of the encoding bit rate
and the amount of redundancy to add. We could use their specified priority ordering and
protect them using the ULP system. However, both Leicher and Boyce only specify two
levels of protection, making ULP ineffective (Leicher specified a third level for B-Frames,
but baseline H.263 does not have B-Frames). Instead, we compare each priority ordering
style by truncating an ordered GOP to simulate the effects of data loss. This gives us an
idea of how well each priority ordering style provides graceful degradation. For the PET-
style ordering, the I-Frame has the highest priority, followed by the P-Frames in order from
the earliest to latest in a GOP. For the HiPP-style ordering, all I-Frame data go into the
high priority segment and P-Frame data are split into the high and low segments, with the
priority cutoff set at the one that provides the most graceful degradation for each experiment.
Representative results are shown in figure 4 for the foreman sequence encoded at 128 kbps,
with 50 frames per GOP, and a 10% truncation within each GOP. We notice that within
a GOP, the frequency-based ordering scheme has the lowest PSNR for the first frame but
the least variation in PSNR among the frames in a GOP. The loss is spread out among the
various frames giving us the best graceful degradation.

For the remainder of the section, we present comparisons of our ULP system with baseline
H.263 to show that our system can provide good graceful degradation in the presence of
packet loss. Given an estimate of the network loss model, we compare our ULP system to
baseline H.263 by looking at expected frame PSNR values and frame PSNR values corre-
sponding to different packet loss rates. The results give us insight into the quality of the
video sequences and how it varies as the video is played. Before going into our results we
describe the methodology used in our simulations.
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Figure 4: Frame by frame PSNR for the foreman video sequence encoded at 128 kbps when each
set of 50 frames experiences 10% data loss. The z-axis plots the frame number of all encoded
frames in the video sequence and the y-axis plots the frame’s PNSR.

4.1 Methodology

For our experiments, we implemented the system illustrated in figure 2. For the H.263 en-
coder and decoder we used the implementation of the TMN version 3.0 H.263 codec [6].
The only change we made to the decoder is to insert duplicate frames into the reconstructed
video sequence when a frame is skipped, which is needed to compare the original and re-
constructed video sequences on a frame by frame basis. We could have achieved the same
effect without changing the decoder, but this implementation was considered easiest. We
use the approximately optimal ULP algorithm described in [10]. We simulate rather than
use an actual network to allow greater control over the packet loss conditions. Finally, we
compare the reconstructed video sequence both subjectively (by viewing the sequences) and
objectively (by examining frame by frame utilities). It is important to note that the graphs
for the frame utilities show sharp drops in utility at the start of each GOP. This is due to the
fact that the H.263+ encoder skips frames at the low bit rates used in our experiments. We
decided to include frame utilities even for skipped frames for fairness since our ULP system
and baseline H.263 will skip different frames (since they encode at different bit rates).

We present results using the 400 frame “foreman” sequence and the first 200 frames of the
“news” sequence. These video sequences were downloaded from the web site: http://kbs.cs.tu-
berlin.de/~ stewe/vceg/sequences.htm. The results presented in this section use a target trans-
mission bit rate of 128kbps and a GOP size of 50 frames (corresponding to a 2 second delay).
We use an exponential loss model with a mean packet loss rate of 10% for each GOP. We sim-
ulate the packet loss by randomly choosing which packets are dropped. This produces some
counter-intuitive results when looking at baseline H.263 where sometimes the performance
looks better at higher loss rates. This happens because the order of packets lost affects the
quality of the reconstructed video. We do not see this effect for our ULP system because
again, only the number (not the order) of packets lost affects successful decoding of the data
as described in section 2. We also experimented with other video sequences and settings of
parameters and found those results to be consistent with those presented in this section.
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4.2 Expected Frame PSNR

In this section, we compare our ULP system to baseline H.263 by looking at the performance
measured in expected frame PSNR. This metric is computed by averaging the performance
over all possible loss rates with the performance weighted according to the probabilities
given by the loss model (exponential with a 10% mean loss rate). The results for the
foreman sequence are shown in figure 5 and the results for the news sequence are shown in
figure 6. The results show that the expected performance of our ULP system is much better
than baseline H.263 due to the packet loss protection used by ULP. Notice again that both
ULP-protected sequences skip frames at the ends of GOPs due to packet loss.

4.3 Frame PSNR at Various Packet Loss Rates

In this section, we compare our ULP system to baseline H.263 by looking at frame PSNR
values for different loss rates. Figure 7 shows the results for the foreman sequence and figure 8
shows the results for the news video sequence where we randomly dropped 0%, 9.38%, and
40.63% of the packets. Both figures show the same trends. For no packet loss baseline H.263
performs better since it encodes at the target transmission bit rate while ULP encodes at
a lower bit rate (and uses redundancy). When experiencing packet loss rates near to the
mean loss rate (9.38% packet loss), we see that the ULP system is able to provide good
quality while baseline H.263 has an unusable video sequence. Finally, at a very high packet
loss rate (40.63% packet loss), ULP still manages to provide a good quality video sequence
which is only slightly degraded. The results show that ULP successfully provides graceful
degradation in the presence of increasing packet loss.
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Figure 7: Frame PSNR values for the foreman video sequence when experiencing no packet loss
(left), 9.38% packet loss (center), and 40.63% packet loss (right) for each GOP (50 frames).
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Figure 8: Frame PSNR values for the news video sequence when experiencing no packet loss (left),
9.38% packet loss (center), and 40.63% packet loss (right) for each GOP (50 frames).

5 Conclusions and Future Work

The goal of this work was to show that we can provide graceful degradation of motion-
compensated video quality in the presence of packet loss. We demonstrated that possibility,
despite the various challenges involved with non-embedded, monolithic, motion-compensated
video coders like H.263. We introduced a frequency-based ordering scheme to make the
encoded bit stream appear embedded, then adapted the ULP algorithm to find the encoding
bit rate and FEC allocation that provide the best expected utility for a given packet loss
estimate. We compared our ULP system to baseline H.263 in the presence of packet loss
to illustrate that our system provides graceful degradation. It is also possible to consider a
system that uses FEC to provide equal loss protection (ELP), where all data are considered
of equal importance and have the same protection. Such a system provides two levels of
quality for its clients. A client receives no data until a sufficient number of packets are
received (allowing the decoding of the original data). Once the client can decode the original
data, the receipt of additional packets does not help the video quality. The advantage of an
ELP system over our ULP system is its simplicity. However, the amount of protection still
needs to be chosen. Preliminary results show that ELP performs relatively well.

One direction for future work is to study the execution time of various stages of the
system operation to verify that our approach is suited to video-on-demand applications.
Another direction for future work is to study the use of the H.263+ or H.2634++ optional
annexes. These annexes would make the ordering process more complex, but may lead to



improved results. Finally, since an assumption of the ULP algorithm is that the source data
are embedded, another direction is to compare the scheme introduced in this paper against
applying ULP to naturally embedded video coders such as 3D-SPIHT |[8].
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