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Abstract

This paper proposes a rate-distortion control for motion-
compensated orthogonal video coding schemes and eval-
uates its robustness to packet loss as faced in, e.g., IP
networks. The robustness of standard hybrid video cod-
ing is extensively studied in the literature. In contrast,
motion-compensated orthogonal subbands offer important
advantages and new features for robust video transmission.
In this work, we utilize so-called uni-directional motion-
compensated orthogonal transforms in combination with
entropy coding similar to EBCOT known from JPEG2000.
The approach provides a flexible embedded structure and
allows flexible rate-distortion optimization. Moreover, it
may even permit separate encoding and rate control. The
proposed rate-distortion control takes channel coding into
account and obtains a preemptively protected representa-
tion. Our implementation is based on repetition codes,
adapted to the channel condition, and improves the PSNR
significantly. The optimization requires an estimate of the
packet loss rate at the encoder and shows moderate sensi-
tivity to estimation errors.

1. Introduction

This paper addresses the robustness of video coding with
motion-compensated orthogonal subbands. In contrast to
subband video coding, the widely used hybrid video cod-
ing sends a reference frame and then only the motion-
compensated prediction error for a larger number of fol-
lowing frames. While this improves coding efficiency, it
also introduces the risk that errors propagate when the ref-
erence frame is decoded incorrectly [1]. A number of error-
resilience tools have been studied and became part of, e.g.,
H.264 [2, 3]. A different approach to cope with error
propagation is avoiding the reference frame what motion-
compensated subband transforms do [4, 5, 6]. Fig.1 de-
picts the robust video transmission system of this paper
which is based on motion-compensated orthogonal trans-
forms (MCOT) [1, 6], adaptive spatial wavelets [7], and

Figure 1. Video transmission system.

EBCOT [8]. A similar system was found efficiently com-
pressing previously [6]. Since subband video codecs oper-
ate in open loop fashion and the chosen transforms strictly
maintain orthogonality, the rate can be controlled in the
compressed domain. This simplifies the design of rate-
distortion strategies which anticipate packet loss, a criti-
cal aspect of packet-switched networks [2]. We introduce
a novel loss-aware rate-distortion optimization which takes
a channel model and a channel code into account. It can be
rerun on the bitstream, e.g. for each user at a base station of
a cellular phone network.

2. Robust Orthogonal Video using EBCOT

2.1. Unidirectional Motion-Compensated Orthogo-
nal Transform

The UMCOT is a transform for successive pictures of an
image sequence that maintains orthogonality while permit-
ting motion compensation between pairs of pictures [6]. It
only allows for unidirectional motion compensation and is a
special case of MCOT. Orthogonality is an important prin-
ciple in digital image and video processing. It matches the
quantization cell shape due to scalar quantization of trans-
form coefficients and it conserves the total energy of the
signal. The UMCOT decomposes a pair of pictures into
a temporal low band and high band. Our system operates
with a GOP size of 8 frames. The block size of motion
compensation is 16x16 with a displacement range of ±12.
These parameters have been chosen after several tests (see

1



Section 3). From the UMCOT, we recover a temporal low
band where the energy is accumulated, 7 temporal high
bands and the motion vectors. The high bands are quan-
tized and coded directly, whereas the temporal low band is
further decomposed by an adaptive spatial transform for ef-
ficient coding [7]. The motion vectors are very important
for the decoder. They are used to retrieve the scale counters
which are required to perform the inverse spatial and tempo-
ral transform. A lossless transmission is required to obtain
the appropriate inverse transforms. Hence, a Huffman code
is used.

A special spatial wavelet decomposition has been de-
veloped for the class of MCOT [7]. This adaptive spatial
decomposition exploits the spatial correlation within each
temporal low band and maintains the orthogonal representa-
tion of the temporal transforms. It has to consider the scale
factors that have been used during the temporal decompo-
sition. Our system uses the Haar-like wavelet in [7] and
two spatial decomposition stages, resulting in a high energy
concentration in the final low band (see Section 3).

After the temporal and spatial decomposition, the sub-
bands are quantized before entropy coding. For this pur-
pose, we used the uniform scalar deadzone quantization in
JPEG2000 [9]. The important feature is that it creates an
embedded representation when coded as bit planes, i.e., the
indices can be dequantized with the available bit planes af-
ter truncations. The step size has been set to one and the
rate is controlled by the EBCOT algorithm.

2.2. Entropy Coding

EBCOT is used for entropy coding [8]. The important
features for our system are the quality scalability, the rate-
distortion optimization, and the EBCOT approach to cre-
ate an embedded bit stream. In our system, EBCOT en-
codes the four subbands (LL, HL, LH and HH) from the
spatial transform of the temporal low band and seven tem-
poral high bands from UMCOT for each GOP. The tem-
poral high bands are coded according to HH rules because
motion may be in any direction and no preferred edge di-
rection is expected. We apply pass coding to each of the
code blocks and then arithmetic coding is used to obtain
the embedded block bit-streams. The optimal block size
for pass coding is chosen to be 16x16 (see Section 3). The
whole code block is coded without discarding any of the
bit-planes, thus the bit-streams contain the complete infor-
mation before rate-distortion control. Therefore, we only
need to encode each video once, which will save a lot of
processing time. EBCOT allows a perfect reconstruction of
the quantized coefficients from any input image.

The arithmetic coder needs the probabilities of the sym-
bols. A very simple adaptive estimation is used where we
count the zeros and ones in each context while encoding.
The current counts of zeros 𝑛0 and ones 𝑛1 of the respec-

tive context are used to estimate the probability as

Pr(1) =
𝑛1

𝑛1 + 𝑛0
(1)

whenever a bit is encoded. We initialize 𝑛0 and 𝑛1 such
that we start with equal probabilities. Since the to-be-coded
bit is not contained in the estimation, this method can be
used in the decoder too. As the context is derived from
previously decoded bits, it is no longer possible to decode
the entire codeword at once. Hence, the arithmetic decoder
has to return single bits.

As a pre-processing step for rate control, we calculate a
table of rate distortion points after each pass and for each
code block. Instead of decoding at the receiver side, we
can simply look up the distortion in the table which leads
to a significant increase in simulation speed. We verified
that this approach gives the same distortion values as when
calculated in the image domain.

2.3. Bitstream

Once codewords and their length are determined (see
Section 2.5), they have to be structured for transmission. To
reduce overhead, we transmit the codewords of each sub-
band as a superblock. Each superblock starts with the type
number of the subband. The next elements are the block
number within the subband of the first and the last block in
the considered packet, respectively. We are thereby able to
split too large packets according to the maximum transfer
unit (MTU) of the physical channel. On the other hand, this
structure also allows us to put several superblocks in one
channel packet, e.g. IP packet. The following number of
bit-planes is required to setup the dequantizer appropriately
if bit-planes are truncated. Every superblock ends in the or-
dered codewords prefixed with their length. We determine
the maximum number of bits to represent the start and end
as well as length and send it to the receiver. The latter ac-
counts for the changing properties of the GOPs. However,
the block numbers in fact depend on the video size. It would
be more efficient to negotiate, for example, a Huffman code
during the setup of the channel. The number of bit-planes is
also predisposed to entropy coding since its range changes
depending on the subband.

2.4. Channel

Our channel model is a packet erasure channel. With
a probability 𝑝, transmitted packets are lost in the network
due to congestion, link failures, etc. and do not reach the
decoder. To improve the reliability, we can send the pack-
ets multiple times. These so-called repetition codes have
proved their value for hybrid video coding [2]. However,
the additional data either increases the data rate or the qual-
ity has to be reduced. We can optimize this tradeoff since



any prefix of the arithmetic codewords of the EBCOT code-
blocks can be decoded.

The channel is implemented by dropping packets while
obtaining EBCOT blocks from the bitstream. While we de-
termine the distortion at the receiver, the received packets
are checked for inconsistent duplications and its bits are
checked against the transmitted data for bit errors.

2.5. Rate Distortion Optimization

Our goal is to minimize the distortion 𝐷 at the decoder
subject to a maximum rate 𝑅𝑚𝑎𝑥. Unlike in [8], we further
need an error protection and a loss-aware rate control due to
the lossy channel.

We use up to 𝐿 = 6 quality layers (i.e. repetitions);
each consists of prefixes of the codewords and can thus be
decoded on its own. The layers are labeled by the qual-
ity they can achieve if received. The best quality layer has
the longest codewords. The longer the codewords are, the
more bitplanes are reconstructed. Hence, the dequantization
becomes better and the reconstruction of the subbands im-
proves. On the other hand, the bits of the worst quality layer
are implicitly repeated several times since the codewords of
all other layers begin with these bits. Hence, this layer is
best protected and the received quality is determined by the
worst quality layer, if any layer is received.

To obtain optimal rate distortion performance, we only
use truncation points on the convex hull. They are selected
by minimizing the expectation E{𝐷} subject to 𝑅 ≤ 𝑅𝑚𝑎𝑥

given the probability of packet loss 𝑝. Possibly received
shorter prefixes convey no additional information and are
discarded since we assume no biterrors. Thus, the distor-
tion is only determined by the length of the longest received
codeword. The best quality layer is received with proba-
bility 1 − 𝑝 and inferior layers only come into action if the
𝑙 better ones are lost, i.e., with probability (1 − 𝑝)𝑝𝑙. All
repetitions for a code-block are lost with probability 𝑝𝐿. In
this case, the block will contribute the distortion of the zero-
length codeword. We have therefore a truncated geometric
distribution and E{𝐷} is calculated as

E{𝐷} =
∑
𝑖

E{𝐷𝑖}

=
∑
𝑖

[
𝑝𝐿𝐷𝑖(0) +

𝐿−1∑
𝑙=0

(1− 𝑝)𝑝𝑙𝐷𝑖(𝑛𝑖,𝑙)

]
, (2)

where we assume additive distortion as in [8] and 𝐷𝑖(𝑛) is
the distortion if block 𝑖 is truncated at 𝑛.

Minimizing (2) subject to the constraint

𝑅𝑚𝑎𝑥 ≥ 𝑅 =
∑
𝑖

𝐿−1∑
𝑙=0

𝑅𝑖(𝑛𝑖,𝑙) (3)

is done similar to [8]. We further exploit the concept of
cell problems in [10]. Hence, the minimization problem

simplifies to minimizing [𝑤𝑙𝐷𝑖(𝑛𝑖,𝑙) + 𝜆𝑅𝑖(𝑛𝑖,𝑙)] for each
code-block and repetition where we introduce the weight
𝑤𝑙 = (1 − 𝑝)𝑝𝑙 to account for the different loss probabili-
ties of the repetitions.

Since we have a finite set of possible truncations
𝑚𝑘, 𝑘 = 1, 2, 3, ..., we can simply test them. We update
𝑛𝑖,𝑙 = 𝑚𝑘 whenever[
𝑤𝑙𝐷𝑖(𝑛

𝜆
𝑖,𝑙) + 𝜆𝑅𝑖(𝑛

𝜆
𝑖,𝑙)

]
> [𝑤𝑙𝐷𝑖(𝑚𝑘) + 𝜆𝑅𝑖(𝑚𝑘)]

and after rearranging, we obtain

𝐷𝑖(𝑛
𝜆
𝑖,𝑙)−𝐷𝑖(𝑚𝑘)

𝑅𝑖(𝑚𝑘)−𝑅𝑖(𝑛𝜆𝑖,𝑙)
>
𝜆

𝑤𝑙
. (4)

Similar to [8], we can define a subset of feasible trun-
cation points �̃�𝑘, 𝑘 = 1, 2, 3, ... with strictly decreasing
slopes

𝑆𝑖(�̃�𝑘) =
𝐷𝑖(�̃�𝑘−1)−𝐷𝑖(�̃�𝑘)

𝑅𝑖(�̃�𝑘)−𝑅𝑖(�̃�𝑘−1)
(5)

and select 𝑛𝜆𝑖,𝑙 = max (�̃�𝑘∣𝑆𝑖(�̃�𝑘) > 𝜆/𝑤𝑙). Note that the
slopes do not depend on the weights and thus are deter-
mined only once irrespective of the number of repetitions
by calculating the convex hull of the rate-distortion points
𝐷𝑖(𝑛).

The value of 𝜆 is obtained in a bisection approach. We
start with an interval from zero to maximum slope of all
blocks. This interval is split in the middle. We calcu-
late the rate for that 𝜆 and thereby determine which half
is split again. After several iterations, the smallest value of
𝜆, where 𝑅(𝜆) ≤ 𝑅𝑚𝑎𝑥, is used to calculate the truncation
points.

Noting the rather low complexity and given the small
summary information of rates and slopes, the algorithm can
be rerun at any network node. Thereby it is possible to ac-
count for increasing and changing loss probabilities. An ex-
ample would be a base station which can derive optimal rep-
resentations for multiple users and their time-varying chan-
nels from a single high quality feed.

3. Results

3.1. Energy Concentration

One of MCOT’s features is the high energy concentra-
tion in the temporal low band. Let 𝐸𝑥, 𝐸𝑦 and 𝐸𝐿𝐿 be
respectively the total energy for an input GOP, the energy
of the temporal low band, and the energy of the final low
band after the spatial decomposition. Let 𝑟𝑎𝑡𝑖𝑜1 =

𝐸𝑦

𝐸𝑥
,

𝑟𝑎𝑡𝑖𝑜2 = 𝐸𝐿𝐿

𝐸𝑥
, and 𝑟𝑎𝑡𝑖𝑜3 = 𝐸𝐿𝐿

𝐸𝑦
. Tables 1 and 2 show the

energy concentration in the temporal and spatial low bands.
The results are an average over 200 frames i.e. of 25 GOPs.

We see clearly that we have a better energy concentration
for temporal and spatial transforms with a motion block size



8x8 Motion block 16x16 Motion block
-8:8 displacement -12:12 displacement

𝑟𝑎𝑡𝑖𝑜1 98.45% 99.09%
𝑟𝑎𝑡𝑖𝑜2 96.11% 97.41%
𝑟𝑎𝑡𝑖𝑜3 97.63% 98.31%

Table 1. Energy concentration for 𝐹𝑜𝑟𝑒𝑚𝑎𝑛

8x8 Motion block 16x16 Motion block
-8:8 displacement -12:12 displacement

𝑟𝑎𝑡𝑖𝑜1 99.20% 99.54%
𝑟𝑎𝑡𝑖𝑜2 97.46% 98.32%
𝑟𝑎𝑡𝑖𝑜3 98.25% 98.77%

Table 2. Energy concentration for 𝑀𝑜𝑡ℎ𝑒𝑟&𝐷𝑎𝑢𝑔ℎ𝑡𝑒𝑟

8x8 Motion block 16x16 Motion block
-8:8 displacement -12:12 displacement

𝐹𝑜𝑟𝑒𝑚𝑎𝑛 8.33% 1.19%
𝑀𝑜𝑚&𝐷𝑎𝑢 5.90% 1.15%

Table 3. Contribution of motion vectors for a rate of 1bpp

of 16x16 and a displacement range of -12:12. The slight
difference between the two sequences is due to the fact that
there is less motion in the𝑀𝑜𝑡ℎ𝑒𝑟&𝐷𝑎𝑢𝑔ℎ𝑡𝑒𝑟 sequence.

3.2. Huffman Coding of Motion Vectors

Table 3 depicts the results obtained for Huffman coding
of motion vectors. The Huffman code has been established
from the 5 training videos 𝑆𝑢𝑧𝑖𝑒, 𝑆𝑎𝑙𝑒𝑠𝑚𝑎𝑛, 𝐶𝑎𝑟𝑝ℎ𝑜𝑛𝑒,
𝐺𝑟𝑎𝑛𝑑𝑚𝑎, and 𝐶𝑙𝑎𝑖𝑟𝑒. We used 288 frames of each video
sequence. As for the energy concentration, the results are an
average over 25 GOPs of the two test sequences. The per-
centage represents the contribution of the code of the mo-
tion vectors for a rate of 1bpp.

The implementation with a motion block size of 16x16
offers a lower bit rate for the motion vectors. For energy
concentration and coding efficiency, the motion block size
of 16x16 outperforms the motion block size of 8x8.

3.3. Rate Distortion Performance

Figs. 2 and 3 depict the rate distortion performance for
the luminance signals of the two test sequences. The motion
vector bit streams are taken into account in the rate estima-
tion. The results show the evolution and the improvements
brought to our system. Our first prototype was implemented
with a motion block (m-blk) and pass coding block (p-blk)
size of 8x8. In the end, we arrived at a motion block size
and pass coding block size of 16x16 with an improved rate
control (RC). The difference between the first and the final
system is quite significant and amounts to about 4dB. This
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Figure 2. PSNR over the rate for the luminance signal of the QCIF
sequence 𝐹𝑜𝑟𝑒𝑚𝑎𝑛 at 30fps with 64 frames.
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Figure 3. PSNR over the rate for the luminance signal of the QCIF
sequence 𝑀𝑜𝑡ℎ𝑒𝑟&𝐷𝑎𝑢𝑔ℎ𝑡𝑒𝑟 at 30fps with 64 frames.

is due to the improvement in energy compaction and com-
pression of motion vectors by increasing the block size.

The choice of a proper pass coding block size is ex-
plained as follows. We started with a block size of 4x4,
because the size of the smallest LL subband 44x36 is only
a multiple of 4. Since there are too few coefficients in
one code block, the probability for arithmetic coding is
estimated column by column. However, this block size
does not exploit much redundancy between the coefficients.
Thus, we expect a better performance with a larger block
size while arithmetic coding remains the same for simplic-
ity. We found that the PSNR decreases for a block size of
32x32. The main reason is that one code block covers most
part of the smallest LL band, which is not optimal for cod-
ing. Therefore, we use the block size of 8x8 and 16x16 for
our implementation. As a result, the optimal pass coding
block size is 16x16 for the two videos, as shown in Figs. 2
and 3 .
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Figure 4. PSNR over packet loss probability for 64 frames for
𝐹𝑜𝑟𝑒𝑚𝑎𝑛 at 2bpp and maximum number of copies limited to be-
tween 1 and 6.

3.4. Robustness

The robustness of the proposed video transmission
system is assessed using the luminance signal of the
first 64 frames of the QCIF sequences 𝐹𝑜𝑟𝑒𝑚𝑎𝑛 and
𝑀𝑜𝑡ℎ𝑒𝑟&𝐷𝑎𝑢𝑔ℎ𝑡𝑒𝑟. We assume that the motion informa-
tion is highly protected and will always be recovered at the
decoder without error.

Fig. 4 shows that our rate control correctly selects the
number of repetitions since the curves converge at low loss
probability. In fact, the truncation points for some inferior
quality layers are set to zero below a certain loss rate and the
remaining ones take the same values as if fewer copies were
allowed. However, the computational complexity increases
and we used at most six copies. Fig. 4 additionally demon-
strates the need for protection on the channel since the un-
protected transmission is severely degraded even at very low
loss rates. This is caused by the spatial low band which
introduces considerable distortion if lost. Consequently, it
receives the most and largest copies if one allows the rate
control to (partially) repeat the codewords. The PSNR im-
proves by about 25dB at 20% packet loss despite the fact
that all curves use 2bpp for the entire transmission includ-
ing all copies, overhead, and motion vectors.

Figs. 5 and 6 depict the distortion introduced by
packet losses in the channel for 𝑀𝑜𝑡ℎ𝑒𝑟&𝐷𝑎𝑢𝑔ℎ𝑡𝑒𝑟 and
𝐹𝑜𝑟𝑒𝑚𝑎𝑛, respectively. The loss due to channel cod-
ing depends on the quality of the uncoded case. For ex-
ample, at 5% packet loss, the reduction is smallest with
2.88dB for 𝐹𝑜𝑟𝑒𝑚𝑎𝑛 at 0.5bpp and increases to 6.21dB for
𝑀𝑜𝑡ℎ𝑒𝑟&𝐷𝑎𝑢𝑔ℎ𝑡𝑒𝑟 at 2bpp which had the worst and best
uncoded results in our experiments, respectively. The con-
vergence of the curves at high loss rate becomes obvious
noting that all have to end up in the same point for 100%
loss. The low PSNR of this case should improve if lost low
band coefficients are not set to zero (i.e. black picture) but
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Figure 5. PSNR over packet loss probability for the
𝑀𝑜𝑡ℎ𝑒𝑟&𝐷𝑎𝑢𝑔ℎ𝑡𝑒𝑟 sequence.
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Figure 6. PSNR over packet loss probability for the 𝐹𝑜𝑟𝑒𝑚𝑎𝑛
sequence.

the affected pixels are set to gray. With increasing loss rate,
it becomes more and more likely that all copies are lost. But
the distortion contributed in this case is equal for all bitrates.
Hence, the curves approach each other as the influence of
lost low bands increases.

The PSNR of both the best and the worst quality layer is
plotted in Fig. 7 along with the result of our algorithm. The
quality of both layers converges as the loss rate increases.
This is reasonable since it becomes more likely that the de-
coder has to rely on a repetition which should be of higher
quality. The worst quality layer is better than the overall
result at 50% packet loss. This is again the severe impact
of the low band. It is equally likely lost and taken from the
worst quality in this case according to (2). The ripple at the
inferior layer is caused when repetitions come into action
which were formerly zero.

Fig. 8 evaluates the sensitivity of the rate distortion op-
timization to errors in the estimation of the packet loss rate.
The difference between the resulting PSNR with correct es-
timation and the PSNR where the estimated loss rate was
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Figure 7. PSNR over packet loss probability investigated for dif-
ferent quality layers and algorithms.
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Figure 8. Loss in PSNR over actual packet loss when estimated
packet loss is 0.5, 3, 5 or 10%.

fixed is plotted. The algorithm seems to be sensitive to the
relative error since the error is especially large if either the
assumed or the actual packet loss is low. This relates to
the initial drop in Figs. 5 and 6 since the rate distortion
optimization trades unnecessarily much quality for robust-
ness. However, the error stays below 0.1dB for an interval
of about ±1% around the actual value. The decay of the
PSNR difference towards high loss is once more caused by
the low band and the common value at 100% loss.

4. Conclusion

Motion-compensated orthogonal transforms combined
with adaptive spatial wavelets provide high energy con-
centration while maintaining orthogonality for any motion
field. In our system, the motion vectors are efficiently com-
pressed using Huffman codes. For the coefficients of the
orthogonal subbands, EBCOT achieves high compression
performance without sacrificing flexibility. The resulting
video coding scheme is able to accomplish both an efficient

rate-distortion performance and a robust video representa-
tion. The latter is achieved by a novel loss-aware rate dis-
tortion optimization and basic channel coding with repeti-
tion codes. A single encoding is sufficient to obtain any
desired quality and protection up to a maximum as deter-
mined by quantization. A simple system for packing the
resulting coefficients was implemented and tested. Future
work includes a more complete implementation of EBCOT
and the use of more advanced channel codes.
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