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the origin. The step size ¢ is constant within any
given subband, but is allowed to vary between sub-
bands as part of the optimization. The sequence of
integers produced by performing a raster scan of the
quantized data in each subband is input to a run-
length coder which outputs two bitstreams, one con-
taining runs only and the other containing levels only.
Within the level stream, each integer is represented
using b bits, where b is the fewest number of bits that
will permit representation of all possible output lev-
els. The b-bit symbol for each level includes one bit
to identify the sign and b — 1 bits representing the
magnitude. A similar approach (without a sign bit) is
used for representing runs. In addition, the runs are
subject to an entropy coding step using exp-Golomb
codes [4, 5, 6] is applied. The bitstreams representing
the runs and levels are placed into fixed length pack-
ets of size Nz and Ny respectively. The data in each
packet are protected using a BCH code, with fixed
length headers used at the start of each packet to pro-
vide synchronization information [1}. The number of
information bits in each packet is a function of the
channel code rate, or equivalently, of the number of
errors, tz and tp, correctable by the BCH codes used
to protect run packets and level packets respectively.
As with the quantizer step size, {7 and {f will be cho-
sen on a subband specific basis using rate-distortion
considerations.

When this coding algorithm is used, it is possible to
derive formulas (not presented here for space reasons,
but available in [1]) that accurately predict the ex-
pected channel-induced distortion as a function of the
step size ¢, the correction capability tz and tg of the
BCH codes, and other parameters. The distortion de-
scription is purely analytical only when an analytical
description of the source is available. For example, the
distortion formulas require data such as the expected
run length, which can be calculated analytically for
a source model such as a i.i.d. generalized Gaussian,
but must be found experimentally if the input data is
a list of coefficients from a wavelet subband.
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2 Rate-distortion Calculations

The goal is to make the parameter choice that min-
imizes the total distortion subject to a constraint on
the overall bit rate. This means choosing, for each
subband, a rate in bits/pixel, the quantization step
size ¢, and the protection levels ¢tz and {7 to use in
the run and level BCH codes. There is some potential
confusion because the term “rate” can describe the
coding rate in bits per pixel for a given subband, the
BCH code rate for the run packets, and the BCH code
rate for the levels. These three rates are of course dis-
tinct, and are all be subject to optimization. To make
the problem tractable we fix the packet sizes to be
Nz = Np = 255, though it would also be possible to
make packet size a parameter to be optimized on a
subband by subband basis.

We begin the process by calculating a set of rate
distortion curves for all of the subbands. To find each
point on the R(D) curve for a given subband requires
that the distortion equations be applied for each pos-
sible combination of {7, {1, and ¢. Although the step
size ¢ appears in the equations for channel-induced
distortion, it is also of course the key factor in source
coding distortion. To account for the source distortion
we introduce an additive term to the channel distor-
tion equations to obtain an expression giving the over-
all (source plus channel) distortion. In theory there
is a small cross term that should also be considered,
but in practice the effect of this term is small under
the conditions used here, and treating the distortion
sources additively is reasonable. Since we are using
BCH codes of length 255, there is a relatively small
set of possible combinations of ¢tz and {7, and even
when we consider approximately 100 different possi-
ble choices for g, it 1s possible using the distortion
equations to perform a search to find the combina-
tion of (tz,%r,¢) that will result in the lowest overall
distortion subject to a subband rate constraint. This
minimization must be performed at each rate of inter-
est, and gives a set of points approximating the R(D)
curve for the subband.

Because of the granularity imposed by the re-
stricted set of available BCH code rates and by the
fixed packet size, the achievable R(D) values are not
guaranteed to lie along a strictly convex path. This is
problematic when applying the algorithm of Westerink
because the assumption of a monotonically increasing
slope is not met. To handle this we fit the calculated
R(D) points using a convex function.

3 Results and Discussion

After fitted R(D) curves were determined for each
subband, we applied the algorithm of Westerink et al.
[3] to obtain the choice of subband rates and corre-
sponding distortions giving the lowest total distortion
subject to a total rate constraint. Once the operating
point on each fitted R(D) curve is identified, for the
actual coding we used the closest experimentally de-
termined (i.e. achievable}) R(D) point. Although the
distortion minimization was performed in the wavelet
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domain, we have found that this corresponds well,
though not perfectly, to distortion in the image do-
main.

The rate-distortion optimizations were performed
on 4 image/channel combinations: The 512 x 512
Lena, Goldhill, and Barbara images for a binary sym-
metric channel (BSC) with bit error rate (BER) 1072,
and the Lena image for a BSC with BER 10~3. For
1073 our results may be overly optimistic — this is
because the formulas used to obtain the distortion
assume that all errors are detected, which is not al-
ways the case for the high-rate codes used at 10~5.
Figure 1 shows the wavelet domain PSNR curves for
these images as a function of overall (including source
coding, channel coding, packetization, header infor-
mation, etc.) coding rate.

Figure 2 shows, for the same images, the fraction of
the total bits that are used for source coding as a func-
tlon of bit rate. Two characteristics of these curves are
particularly noteworthy: First, there is a very high de-
gree of consistency for the source bit percentage for all
three of the images coded at BER 10~2. By contrast,
in the Lena image at BER 102 the percentage, as
expected, is much higher.

Table 1 gives the optimal parameter settings for
each subband for the Lena image at .25 and .5 bpp
and BER’s of 102 and 10~3. The subband number-
ing scheme is shown in Figure 3. The three numbers
shown in each table entry represent grom left to right)
the fraction of the total number of bits to allocate to
the corresponding subband, the fraction of the bits in
that particular subband used for source coding, and
the quantizer step size. This helps to clarify the ex-
tent to which channel code rates vary with subband
in an optimized unequal error protection approach.

The graphs and figures presented above, coupled
with other analysis using the framework presented
here, lead to the following observations:

1. The overall percentage of bits to allocate to
source as opposed to channel coding is primarily a
function of the channel BER, not of the image. Fur-
thermore, this percentage is approximately constant
across the .25 to .5 bits/pixel coding range. The de-
pendence of this percentage on BER is expected. How-
ever, the almost complete lack of dependence on the
image is more noteworthy.

2. Comparisons between our PSNR numbers and
those previous reported in the literature must be made
with caution since our results are in the wavelet do-
main while the other cited results are in the image
domain. With this caveat, we note that at a BER of
1072 the PSNR results we obtain are typically 2-3 dB
below those provided by the Said and Pearlman al-
gorithm [7] for the noiseless case. The differences are
smaller at .25 bpp than at .5 bpp. Our PSNR values
are close to, but lower than (by a few tenths of a dB)
Eh]e source/channel results at BER 1072 reported in
2].
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transformed image data. Formulas from [1] were used
to determine the optimal quantization step size and
error protection to use for each subband for each
image as a function of channel BER. While joint
source/channel coding in image processing has often
included the idea of applying error protection to image
subbands in accordance with their importance, based
on the results here we believe that joint source chan-
nel coding approaches that assume fixed rate FEC de-
serve more investigation, particularly for image source
coding algorithms involving run-length coding. Use of
equal error protection makes it possible to leverage ex-
isting and emerging communications networks which
often have error handling built in at network layers
that are inaccessible to a source codec. Even in a sys-
tem in which FEC is not under the control of the image
coder there is still ample opportunity to optimize the
quantizer, and to employ resynchronization markers
and other strategies to match an expected residual bit
error rate.

An advantage of our approach in contrast with
previous work in joint source/channel image coding
is that it supports rate distortion optimizations that
would be prohibitively costly to carry out using brute
force simulation. The disadvantage that accompanies
this, however, is that the framework, and possibly the
results presented here are specific to the source and
channel coding techniques we are using. More work is
needed to determine the extent to which these results
apply in other joint source channel coding environ-
ments.
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Figure 1: Wavelet domain PSNR for the images Lena

(BER = 10~? and 10-3), Goldhill (BER = 10~2)
and Barbara (BER = 1072).
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Figure 2: Fraction of the total number of bits used for
source coding for the images Lena (BER = 1072 and
10~3), Goldhill (BER = 10~%) and Barbara (BER =
1072).
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Figure 3: Subband numbering scheme.

Sub Lena Lena Lena Lena
BER 0.01 BER 0.01 BER 0.001 BER 0.001
No 0.5 bpp 0.25 bpp 0.5 bpp 0.25 bpp
1 |.023,.67,21 | .043,.64,41 | .019, .80,21 | .031, .88, 41
2 |.019,.70,21 | .039,.70,21 | .016, .88,21 | .031, .88,21
3 {.019,.70,14 | .031,.75,26 | .016, .88, 14 | .027, .86, 26
4 1.019,.70, 16 | .031,.75, 32 | .016, .88, 16 | .031, .88, 16
5 |.056,.72,25 | .097,.71,40 | .055, .91, 18 | .086, .88, 32
6 |.041,.76,21 | .054,.78,35 | .041, .80, 18 | .047, .90, 35
7 |.041,.71,21 | .051,.76,39 | .041, 92,15 | .054, .84, 37
8 1.123,.70,22 | .163, .66,41 | .125, .89, 16 | .128, .83, 41
9 |.058,.64,29 | .078,.75,39 | .068, .88,18 | .078, .88,32
10 | .060, .66, 27 | .082,.74,39 | .064, 92,17 | .078, .91, 32
11 1.206, 76,19 | .191,.75,40 | .183, 90,18 | 202, .83, 34
12 | .097,.67,23 | .078,.74,42 | .080, .82,23 { .089, .86, 36
13 |.095,.73,20 | .054,.71,41 | .107, .85, 15 { .066, .89, 34
14 | .136,.74,22 Not sent .136, 91,19 | .035, .83,45
15 | .004, 35,40 | .008, .35,40 | .029, .84,21 | .008, .44, 39
16 Not sent Not sent .004, 38,25 | .008, .38,25

Table 1: Optimal parameter settings in each subband
for the Lena image at .25 and .5 bpp, for BER’s of 102
and 10~3. The three numbers shown in each entry of
the table represent (from left to right) the fraction of
the total number of bits allocated to the corresponding
subband, the fraction of bits used for source coding in
that particular subband, and the quantizer stepsize.



