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Error-Resilient Pre-/Post-Filtering for DCT-based
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Abstract— Block coding based on the Discrete Cosine
Transform (DCT) is very popular in image and video com-
pression. Pre-/post-filtering can be attached to a DCT-
based block coding system to improve coding efficiency as
well as to mitigate blocking artifacts. Previously designed
pre-/post-filters are optimized to maximize coding efficiency
solely. For image and video communication over unreliable
channels, those pre-/post-filters are sensitive to transmis-
sion errors. This paper addresses the problem of designing
pre-/post-filters which are more error-resilient. Reconstruc-
tion performance is measured by how low the average re-
construction error is, and how uniformly the reconstruction
error is distributed. A family of pre-/post-filters is designed
to provide desired trade-offs between coding efficiency and
robustness to transmission errors. Experiments show that
these filtering operators can achieve superior reconstruction
performance without sacrificing much coding performance.

Keywords— DCT, block coding, pre-/post-filtering, error-
resilience

I. INTRODUCTION

LOCK coding based on the Discrete Cosine Transform

(DCT) [1] is the basis for many international compres-
sion standards from JPEG for image coding to the MPEG
family and the H26x family for video coding. It enjoys
the DCT’s excellent energy compaction capability within a
data block, low complexity, and high flexibility on a block-
by-block basis. Unfortunately, its coding efficiency heav-
ily suffers from ignoring correlation between blocks. More
annoyingly, blocking artifacts (reconstruction discontinu-
ities at block boundaries resulting from quantization mis-
matches) manifest at low bitrates. The problem roots in
the fact that DCT-based block coding partitions the signal
into nonoverlapped blocks, and each block is transformed
and quantized independently.

A remedy to DCT-based block coding is replacing the
DCT with a Lapped Transform (LT) [2]. The key that LTs
can greatly improve coding efficiency and reduce blocking
artifacts is the overlapping property: basis functions of LT's
are longer than the block size. Analysis filtering extends
to the neighboring blocks and correlation between blocks
is largely compensated. A data block is reconstructed by
overlap-adding contributions from several coefficient blocks
and quantization mismatches along the boundaries are sig-
nificantly reduced due to the smoothing effect.

An equivalent but more elegant way to improve DCT-
based block coding system is recently proposed in [3]: em-
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ploying pre-filtering in the encoder and post-filtering in
the decoder along the block boundaries of the DCT cod-
ing framework. Pre-/post-filtering combined with the DCT
can be viewed as a particular implementation of LTs. Here,
the overlapping principle is achieved by pre-/post-filtering.
Among others, two attractive features of the approach are:
o pre-/post-filtering operates in the time domain and is
completely outside the existing DCT-based infrastructure;
o the complicated overlapped operation is implemented by
two simple stages of nonoverlapped block operations (a pre-
/post-filtering stage and a DCT/IDCT stage).

It has been demonstrated that by turning on pre-/post-
filtering, DCT-based block coding can achieve much better
performance at the cost of slightly increased complexity [4],
[5].

Due to the growing interest in image/video delivery
over unreliable channels such as wireless networks, error-
resilient image/video coding has lately received a lot of at-
tention. A comprehensive review on techniques combating
transmission errors can be found in [6]. For block coding, it
has been established that using LT's instead of the DCT can
greatly reduce the visual effect of lost blocks. The reason
is that the information of a data block is distributed into
several coefficient blocks because of overlapping. Thus if
a coefficient block is lost, partial information of that data
block is still available, and the spatial region affected by
the lost block increases making the reconstruction error
less intensive locally.

For data compression, transforms are generally designed
to maximize their coding efficiency under certain com-
plexity and/or regularity constraints. Those transforms
are sensitive to transmission errors. In [7], Hemami de-
signed a set of lapped orthogonal transforms (LOTs), {T6,
T7, T8, T9}, more immune to transmission errors. Com-
pared to conventional LOTs, although T6-T9 bases do not
decrease reconstruction errors on average, errors are dis-
tributed across all transform coefficients more uniformly,
resulting in visually better reconstructions. The robustness
of T6-T9 has been further proven by a multiple description
coder presented in [8]. Using the same design method but
with a different reconstruction method, Chung and Wang
designed another set of error-resilient LOTSs [9].

The problem of designing pre-/post-filters optimized for
coding efficiency has been extensively investigated in [3],
[10], [11], [12]. This paper concentrates on the design of
error-resilient pre-/post-filters. Due to the connection be-
tween pre-/post-filters and LTs, the paper can be viewed
as an extension to Hemami’s pioneering work of design-
ing error-resilient LOTs. However, we shall proceed to
show that the proposed pre-/post-filtering approach pro-



vides many advantages over the conventional direct LOT
design:

o fewer free parameters and constraints are involved;

« pre-/post-filter based LTs are more computationally ef-
ficient than T6-T9;

o orthogonality is not imposed since biorthogonal LTs are
more desirable because they have higher coding efficiency
and are better at eliminating coding artifacts;

o we sometimes do not even impose perfect reconstruction
(PR): several post-filters can be switched between dynam-
ically to improve reconstruction quality;

o unlike T6-T9 which can only improve error distribution,
pre-/post-filters can be designed to improve not only er-
ror distribution but also notably decrease average error,
resulting in improved reconstructions.

The rest of the paper is organized as follows. The next
section reviews the pre-/post-filtering framework and the
relationship between pre-/post-filtering and LTs. In Sec-
tion III, reconstruction criteria are defined and investi-
gated. Error-resilient pre-/post-filters are designed in Sec-
tion IV based on the simple mean reconstruction method.
Section V evaluates the performance of the pre-/post-filters
and the paper is concluded in Section VI.

Notation-wise, we use Iy, Jy, On to denote the N x N
identity matrix, the N x N reversal matrix, and the N x N
null matrix, respectively. Also, [f(4,7)]n represents an N x
N matrix with f(i,j) as its element at the i*" row and the
4" column, where f(.,.) is a certain function. The AR(1)
image model [13] with unit variance o2 and intersample
correlation p = 0.95 is assumed throughout.

II. PRE-/POST-FILTERING

The pre- /post-filtering framework [3] is illustrated in Fig.
1: the N x N pre-filtering block operator P and the N x NV
post-filtering block operator T operate on the boundaries
of the N-point DCT without affecting the existing DCT-
based infrastructure. We can partition P and T into square

N« % submatrices:
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In the encoder, the time domain input signal x is first
mapped into the pre-filtered signal p by P:
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and then the DCT maps p into the frequency domain signal
¢ which is then quantized, entropy coded and transmitted
to the decoder:
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where Cy is the N x N type-II DCT matrix. In the de-
coder, the IDCT and the post-filter T perform the inverse
operations:
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where &, P, X are the received c, the reconstructed p and
x respectively. Here x is segmented into nonoverlapping
blocks of length N and the N-point column vector x, is
the n'" block consisting two %—point halves x!, and x7,

1
X . . R
7 |. The same convention applies to p, c, ¢,

n

D, and %. It can be shown [3] that the pre-/post-filtering
framework generates an N-band 2N-tap (N x 2N) LT with
the following forward transform

ie., X, =

Py P11 Ox Oxn
— 2 2
H=Cy 0x Oy Py Py |’ (6)
and inverse transform
To1 0%
Tin Ox .
F= 0% T020 Cy. (7)
0% T01

Overlapping is realized by
across DCT blocks.
Although any N x N matrix can be used as pre-/post-
filters, we are only interested in pre-/post-filters with a spe-
cific structure as shown in Fig. 2: two stages of butterflies

with an % X % matrix between them:

employing pre-/post-filtering

Lty Jy iy oy iy Jy
P:§ Jy Iy on V Iy —In |° (8)

2 2 2 2 2

1 I% J% I% On In J%
T:§ Jny —In ON U Jn —In ' (9)

2 2 2 2

This simple structure offers near optimal coding perfor-

mance[3]. So pre-/post-filters are uniquely specified by
the % X % matrices V and U. Consequently, designing

pre-/post-filters (NT2 free parameters) is far more tractable
than designing LTs directly (2N? free parameters). Fur-
thermore, pre-/post-filtering is reasonably computationally
efficient (NT2 multiplications per block).

With the above structurally imposed solution, we have

P=JyPJy,T=JnyTIy. (10)
Consequently, rows of H and F are either symmetric or
antisymmetric, and so linear phase is robustly enforced by
the structure[3]. Perfect reconstruction (PR) requires

Uu=v"’ (11)
To impose orthogonality, we need
U=v1=vT (12)

By manipulating V and U, any amount of overlap with
a neighboring block up to % samples is possible. For ex-
ample, if we set V = U = I%, then pre-/post-filtering is
turned off (P = T = Iy) and we go back to the stan-
dard DCT-based system. Overlap longer than % samples
could be desirable for image coding and error concealment
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Fig. 1. The pre-/post-filtering framework
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Fig. 2. Structure of pre-filter (left) and post-filter (right) (drawn for N = 8).

[14]. This can be achieved by using more than one stage of
pre-/post-filtering, each stage can increase the amount of
overlap by % samples. However, this is beyond the scope
of this paper.

The coding performance of a pre-/post-filter pair is mea-
sured via the coding gain of the corresponding LT

1 N-1 2o
N Y im0 O

vt
(Hi:o g; fz)

Grc = 10logy,

where 02 and f? are the i*" diagonal entry of H'R,,H
and FF* respectively whereas R, = [p‘ifjl]mv is the au-
tocorrelation matrix of the input signal. To compute the
coding gain, we always assume PR (U = V1), If the or-
thogonality condition holds, then f? = 1 and (13) reduces
to

1 N-1 9
NZz‘:o 0;
1

N—-1 9\N
(Hizo Ui)

A significant observation is that the coding gain is not
that sensitive to the pre-/post-filter choices as long as V is
well-posed (both V and V~! are far from singular). One
reason for this is that energy compaction is mainly done
by the DCT, which has near-optimal energy compaction
within the data block; pre-/post-filtering only affects the
coding gain moderately by taking away correlation between
blocks. So we can often vary V to achieve other desired
properties without sacrificing much coding efficiency.

Gre = 10log,, (14)

III. RECONSTRUCTION CRITERIA

The imperfect transmission of an N-point coefficient
block c, affects the reconstruction of a 2N-point signal
block [(x%_1)7, (x5,)7, (x},41)T]7. Let us define the recon-
struction error e, and its auto correlation matrix R.. as

Xn—1 X1

e, = | Xn — | xn (15)
ﬁln+1 Xln-i—l

Ree = E{e,el’}. (16)

The it"(i = 0,--- ,2N — 1) diagonal entry of R.., €2, is the
mean squared error (MSE) of the i'" reconstructed sample
of the block.

The expected reconstruction quality is fully specified by
eZ. The objective quality of the reconstructed block in

terms of the peak signal-noise ratio (PSNR) depends on
the MSE for the entire block,

2N—-1
_ = 2
MSE = o Z; e?

Obviously, a reconstructed block with a smaller M SE has
a higher PSNR.

Besides the M SE, the distribution of €? also has a sig-
nificant impact on the visual quality of the reconstructed
image. A more uniform error distribution has less artifacts
and is visually more pleasing. The reconstruction gain can
be defined as

1
= WTI‘(RSE)'

(17)

1
H2N71 2\ 2N
i=0 €

Gr =7 I 2
3N 2ui=0 G

(18)



which measures how uniform the distribution is. A more
uniform error distribution results in a larger Gr. The G
achieves its maximum value of 1 when we have a com-
pletely uniform error distribution, i.e., e% is expected to be
the same for every reconstructed sample. Note that Gy is
defined in the time domain since visual quality is directly
evaluated in the time domain.

If the block post-filtering operation in (5) does not in-
volve any lost coefficients, PR is always preferred (U =
V~1). However, if (5) does involve lost coefficients, a
post-filter that is not a perfect inverse of the pre-filter
(U # V1) may produce better reconstruction quality.
Since the decoder knows the locations of the lost coeffi-
cients, online adaptive switching between the post-filters
according to the availability of the coefficients can be triv-
ially achieved in the pre-/post-filtering framework.

IV. OpTIMAL PRE- AND POST-FILTER DESIGN

From the previous section, an N x N pre-/post-filter
N N

pair is uniquely specified by two 5 X 5 matrices: V asso-
ciated with the pre-filter and U associated with the post-
filter. Designing an error-resilient pre-/post-filter pair is
equivalent to finding a V/U combination to optimize the
corresponding Grc, MSE, and Ggr. Unfortunately, Gr¢,
MSE, and Gr can not reach their optimal values simul-
taneously. We typically set up an optimization procedure
to maximize a weighted sum, Grc — o x 10log; (M SE) +
3 x 10logl0(GR), taking V and U as arguments, where «
and [ are non-negative weights. The choice of the weights
highly depends on the loss pattern. For example, we should
bias Gr¢ more if a small percentage of coefficients was lost.

The key of the design procedure is to find the error auto-
correlation matrix R.. according to the specific loss pattern
and the recovery method. Without loss of generality, we
assume the same simple scenario in [7]: a coefficient block
is either lost or received completely, and a lost block is re-
covered by the mean of its perfectly received neighboring
blocks:

én = §(Cn71 + Cn+1)~

This mean reconstruction method has been proven to be
effective [15]. Other reconstruction methods do not affect
the design procedure; only R.. might take a different form.

Under the pre-/post-filtering framework, (19) is equiva-
lent to

(19)

p(n) = l(pn—l + Pnt1), (20)

2

and so the recovery can be performed in the time domain
after the IDCT.
If we define

To1
A= P
[TH } [ Puo
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it is straightforward to show that the error autocorrelation
matrix R, is given by

Ree :E{enez}

_[ D oy |[Ro Rf |[D" on

| Oy C || R Ro || On CT |
B A oy ][ Ry Rg__DT oy |

_ON B_ _R3 Rg_ | On CT_ (22)
B D oy | [ R Rg__AT on |

| On C__'R,3 Rg__ON BT_
+_A0N__R4 Rg__AT on |

| On B_ Rs R4__ON BT |’

where Ro = [pl" /]y, R1 = [pN 7]y, Ro = (R +RY),
Rz = %1(730 + pNR1), Ra = 3(Ro + pVRz), and R5 =
%Rl + Z(pQNRl + R{)

If the PR condition U = V! is assumed, then we have
A + B =1y and (22) reduces to

[ A oy AT
Re€|:ON B :|R€T’I“|: ON

where the 2N x 2N matrix

On

ol e

2N+i=j 4 p2N+j—i
4

3 ... o o
Rerr = {Ep\z—]\ _ N3 _ N+l 4 P

1)

is consistent with the definition in [7]. This is a direct

consequence of using the same scenario. Noting that the
top-left quadrant and the right-bottom quadrant of R,
are the same matrix denoted as £, and coupling with the
fact that Tr(XY)=Tr(YX), we have

1

_ _ 1 T T

MSE =3=Tr(R..) = - Tr(A"A + B"B)¢)
*1T 21%+J%KJ% J%L s
T8N T Ly 2Ly +K )

(25)

where K=V TV 14+ VTV, and L=V TVl VTV,
If the orthogonality condition V™! = V7 is also assumed,
then K = 21% and L = Oy, and since Tr(E):%Tr(Re,«,.),
(25) reduces to

MSE = ﬁTr(Rew).
So if orthogonality is imposed, a particular pre-/post-filter
pair does not affect the M SE of the entire signal block.
Noticing that an orthogonal transform does not change the
MSE of e(n), this is the exact analogy of Hemami’s con-
clusion that the particular LOT does not affect the MSFE
of the entire coefficient block [7]. However, this is not true
anymore if orthogonality is absent, and some V /U pairs
may give significant lower M SEs, resulting in much better
reconstructions.

It is worth pointing out that our design procedure does
not involve the DCT. This greatly simplifies the computa-
tion of Re.. Moreover, with the help of (10), it is straight-
forward to show that B = JyAJy and C = JyDJy.

(26)
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Fig. 3. Behavior of Gpr¢ (top), MSE (middle), and Gr (bottom) in
the case of N =2 with PR (V=v and U = %)

Next, since Rg = JNRodn, Re = JInR2JIN, and Ry =
JNR4J N, if we denote the top-left and bottom-right quad-
rant of R as U and L respectively, then
L =(CRy — BR,)CT — (CR, — BR4)B”
=IN((DINRoIN — ATNyR2)IND? —
(DINR2IN — AINR)INAT) Iy
:JNZ/L]N;

(27)

so the diagonal entries of R.. are even symmetric, i.e.,

e 1, =€ (i=0,1,...,N—1)ande? (i =0,1,...,N—
1) can be computed as
e; = (DiRo — AiR2)D] + (A Ry — Dy R2)AT, (28)

where we use A; and D, to denote the i" row of A and

D respectively. If PR is desired, (28) can be shown to be
reduced to €2 = A; EAT. Tt not necessary to compute
Ree explicitly, and only a small number of multiplications
(around 4N3, or N3 if PR is assumed) is needed to compute
all e?.

Prior to a more practical example (N = 8), we first study
a simple illustrative example (N = 2) to shed some lights
on how the pre- and post-filters behave.

A. Case N = 2 with PR

In this case, both V. = v and U = % are scalars. So,
Gro, MSE, and Gr are 1-D functions of v. Fig. 3 de-
picts the behavior of G, MSE and Gg for this example.
The first observation is that Gro, MSE and Gr obvi-
ously can not achieve their optimal values simultaneously.
Secondly, we always prefer a positive v since MSE(|v|) =
MSE(—|v]) and Gr(Jv|) = Gr(—|v|) (MSE and Gg are
even symmetric about v) while Gre(Jv]) > Gre(—|v|).
Thirdly, both |v| and |71\ should be far from 0 since other-
wise Gr¢ will be small and MSFE will be large. Finally,
there is a large range of v (v > 1) where Gp¢ is not very
sensitive and thus we can vary v to achieve better M SFE
and/or G without adversely affecting Grc.

When N > 2, experiments show that the aforementioned
observations still hold when determinant of V, |V|, takes
the place of |v|. So, in the optimization procedure, we only
consider the pre-/post-filters with [V| < 0 or |V| ~ 0 or
|V1\ ~ 0. This greatly improves the convergence time as
well as the robustness of the optimization process.

B. N=§

In this case, the optimization involves 32 (16 if PR is
assumed) free parameters, and the MATLAB function
fminsearch can quickly approach a near optimal solution.
Table I tabulates several pre-/post-filter designs and com-
pares the resulting LTs, {P1, P2, P3, P4}, with several
other existing transforms: the DCT, the LOT with the
known maximum coding gain 9.22 dB (LOT,p) [3], the
biorthogonal LT with the known maximum coding gain
9.61 dB (LT,p¢) [3], and T6 and T9 in [7] (we skip T7 and
T8 because they give performance between T6 and T9).
All transforms except for T6 and T9 fit in the pre-/post-
filtering framework. P1 achieves the lowest MSE, while P2
and P3 bias coding performance more. PR is not assumed
for P3 and P4, and online dynamic switching as described
in Section III is necessary. The only difference between P4
and the LT,,; is that P4 can switch post-filters.

As expected, all orthogonal transforms (the DCT, the
LOT,p:, T6 and T9) have the same MSE; yet coding
gains and reconstruction gains vary widely. With the DCT,
G r = 0 and the ill error distribution results in severe block-
ing artifacts. T6 and T9 have better reconstruction gains
than the DCT and the LOT,;, but with much worse cod-
ing gains.

Compared to the orthogonal transforms, none of our de-
signs (P1-P4) is orthogonal, but each can achieve a lower
MSE and/or a higher G without heavily sacrificing cod-
ing gain. Note that P4 has the same pre-filter and thus
the same coding gain as the LTy, while by dynamically
switching the post-filter, it has a lower M SE and a much
higher Gg.

Fig. 4 shows the actual distributions of e? for selected
transforms. For transforms with low reconstruction gains
(the DCT and the LT,,;), the errors concentrate on the
center 8-point block; while for the others, errors are dis-
tributed to other pixels. Clearly P4 has a more uniform
error distribution than the LT,,; does. Finally, note that
on average the error distribution curve for P1 is well under
the others since P1 has a far lower M SE.

V. TRANSFORM PERFORMANCE

Accurately simulating a real image communication sys-
tem is beyond the scope of this paper. We benchmark
transform performance using the following simple setup:
positions of lost blocks are known to the decoder and the
coded information of a block is assumed to be packetized
into one packet. We test the following 5 block loss patterns:
e S0: no loss;

o S1: 25% regular loss as shown on the left of Fig. 5;
e S2: 50% regular loss depicted in the middle of Fig. 5;
e S3: 25% random loss;
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TABLE 1
PRE-/POST-FILTER DESIGNS AND COMPARISONS BETWEEN THE RESULTING LTS AND SOME STANDARD TRANSFORMS.

Transform | AY | U | Gre | MSE | Gg
DCT 14 Iy 8.31 0.200 0
0.8072 0.5594 0.1436  0.1218
-0.5718 0.6992 0.4214  0.0814 T
LOTopt 0.1218 -0.4443  0.8600 0.2193 v 9.22 | 0.200 | 0.44
-0.0814 -0.0286 -0.2492  0.9646
0.9550 0.7833 0.3548  0.2391
-0.5520 0.9008 0.6188  0.2354 _1
LTopt 0.1123  -0.3646  1.0916  0.3904 v 9.61 | 0.212 1 0.37
-0.0295 0.0081 -0.1196 1.1879
T6 Not Applicable Not Applicable 7.83 0.200 | 0.55
T9 Not Applicable Not Applicable 6.50 0.200 | 0.85
-1.6769  0.6005 -0.3369  0.1006
-0.7091 1.2843 -0.4077 0.1601 _1
P1 [ 01774 0.7553 -1.1195  0.1202 } v 6.95 | 0.140 | 0.67
-0.1131 0.1046 -0.8291  0.9090
0.5183 -0.3612 -1.2530 0.8415
0.1582 0.8663 -1.2547  0.5062 1
b2 [ 11711 0.2603 -0.4468  0.4451 } v 8.41 | 0.153 | 0.64
-0.0511 0.2264 -0.2225 0.9502
switching between V~1 and
_8?82‘; 8'2282 'g'gégg :géig’g T 0.3200 -0.5082  0.5482 -0.2454 )
P3 ' ’ ’ ’ 0.2222 0.0874 -0.2836 0.3959 9.17 0.161 0.59
0.5262  -0.4003 0.8138 0.1117 1 1 1714 4531
0.0742 01439 -0.0503  0.9080 -0.4779 01938 - 0.1714 - 0.453
L -0.0801 0.0443  -0.3094 1.1220 |
switching between V~1 and
P T TR W A
P4 0'1123 —0.3646 1.0916 0'3904 0.1654 0.2505 -0.1447 -0.0100 9.61 0.209 | 0.62
_0'0295 0.0081 —0.1196 1.1879 0.0530 -0.0054 0.2076 0.2568
) ) ) ) L -0.0848 0.0348 -0.2124 0.7750 |
08 o S4: 50% random loss.
‘ -&- DCT . . A
§oar ——E—f 2 = For S3 and S4, we repeatedly discard the information of
05 the block at a random position until enough blocks are
Soal ] lost. Scenario SO corresponds to perfect channels; S1 and
8.l i S2 occur in multiple description coding where an image is
o ‘ ‘ coded as several independent descriptions; S3 and S4 simu-
0 5 10 15

o o o
o w IS

MSE per pixel location

o
e

o

pixel location

Fig. 4. Error distribution.

SIS =1 [EYIN)
[
N

Fig. 5. 25% regular block loss (left), 50% regular block loss (middle),
and layers of neighbors (right) where ’0’, ’1’ and ’2’ label the first
layer, second layer and third layer respectively. Black blocks are
lost blocks.

late the case that an image is coded in a single description
and transmitted through a channel with random packet
loss. Large contiguous areas of loss may happen for S3 and
S4. To reconstruct a lost block, we search the nearest layer
of neighbors with at least one received block in a diamond
order as shown on the right of Fig. 5. In other words,
blocks in layer n + 1 are never considered unless all blocks
in layer n are lost. The block is reconstructed as the mean
of the received blocks of that layer. The 8-bit 512 x 512
Lena and Barbara images are used as the test images.

Table II tabulates reconstruction results in terms of
PSNR if the images are transmitted without quantization.
Clearly, a transform with a smaller M SE gives a higher
PSNR. All LOTSs produce about the same PSNR since they
have the same M SE. Here the LT, does not outperform
any of the LOTs. This is one of the reasons that orthog-
onal transforms are more popular in error-resilient coding
so far. P1-P4 offer significantly higher PSNRs compared to
the other transforms. By dynamically switching the post-
filters, P4 consistently outperforms the LT,p,:. Several re-
constructed portions of the Lena image are shown in Fig.
6. Although the images constructed with the DCT, the
LOT,pt, and T9 have the same PSNR, the visual quality
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differs significantly since they have different reconstruction
gains. Comparing to the DCT reconstruction, blocking ar-
tifacts are reduced in the LOT,,; construction, and even
more suppressed in the T9 reconstruction. Although yield-
ing a lower PSNR, the LT,,; reconstruction is visually bet-
ter than the DCT reconstruction. The P1-P4 reconstruc-
tions are superior than the others in term of PSNRs and the
distortion is almost imperceptible in the P1 reconstruction.
Benefiting from dynamic post-filter switching, artifacts in
the P4 reconstruction are visibly less annoying than those
in the LT, reconstruction.

However, the above simulation results only reflect recon-
struction performance. In practice, we have to take coding
performance into account. We use a JPEG-like block-based
coder, L-CEB [4], to simulate an error-resilient block im-
age coding system. The only differences between L-CEB
and JPEG are: 1) LTs can take the place of the DCT in
L-CEB; 2)L-CEB uses more advanced entropy coding. We
assume that block loss occurs after decoding and blocks
belonging to a specific loss pattern are reconstructed prior
to performing the inverse transform. The coding and com-
munication framework is fixed. Only different transforms
are tested, ensuring the comparison is as fair as possible.

Table IIT and Table IV list the reconstruction results in
terms of PSNR for different transforms and different loss
patterns when the images are coded by L-CEB at 1 bpp
and 0.25 bpp respectively. The SO columns only illustrate
coding performance since there is no coefficient loss. Un-
der this real-life communication environment, penalized by
their bad coding performance, the overall performance of
T6 and T9 in terms of PSNR is notably worse than that of
the DCT, the LOT,,; and the LT,,; most of the time. On
the other hand, our new designs P1-P4 generally offer much
more reasonable performances. Again, P4 yields a consis-
tent improvement over the LT,,:. Several reconstructed
portions of Lena and Barbara are shown in Fig. 7 and Fig.
8. The reconstructs from P1-P3 are more pleasing than the
others. The P4 reconstruction has less annoying artifacts
than that of the LT,,; and LOTy; reconstruction.

Our experimental results well illustrate the superior over-
all performance of the proposed transforms P1-P4. Notice
that P1 performs best at 1 bpp. But at 0.25 bpp, P2 or P3
offer better visual quality. This illustrates the fact that we
should design error-resilient transforms according to the
channel bandwidth as well as the expected loss pattern.
With a higher loss percentage, reconstruction performance
is more important. Another rule of thumb is that we should
bias coding performance more at low bitrates. The reason
is that at low bitrates most coefficients are quantized to
zero and quantization errors become the dominant factor.

VI. CONCLUSION

This paper presents the design of error-resilient pre-
/post-filters for the block DCT coding framework. The
proposed solution can also be viewed as a fast and efficient
method to design error-resilient lapped transforms with
low computational complexity. We demonstrate that each
designed pre-/post-filter pair provides a different trade-

off between compression and reconstruction performance.
Hence, a pre-/post-filter pair should be selected based on
the channel characteristics as well as the desired bitrate. To
conclude the paper, our original contributions are briefly
summarized below.

o We revisit the block-based concealment problem from the
new angle of adding pre- and post-filtering linear operators
outside of the traditional DCT coding framework.

e Several novel error-resilient transforms are developed
via: biorthogonal pre-/post-filtering based on invertible
linear operators and non-perfect-reconstruction pre- / post-
filtering based on dynamic switching at the decoder. Both
approaches are proven to be capable of reducing the MSE
of the reconstructed images comparing to the DCT and
previous error-resilient LOT designs.

e Our solutions are highly practical. Every pre-
/post-filter design has a fast-computable separable al-
gorithm.  Standard compliance can be ensured since
pre- and post-filtering operates outside of the existing
coding/communication infrastructucture. The proposed
framework also leads to a much simpler transform opti-
mization process. Most of the time, all free parameters are
grouped together in one square matrix.

¢ Coding and communication simulations suggest that our
current designs provide a significant performance gain over
previous similar concealment approaches, both objectively
and subjectively.
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TABLE I1
RECONSTRUCTION RESULTS IN TERMS OF PSNR (WITHOUT QUANTIZATION) UNDER VARIOUS LOSS PATTERNS

Transform | | S1 | S2 | S3 | S4 | | S1 | S2 | S3 | S4
Lena Barbara

DCT 27.41 | 24.26 | 26.30 | 22.64 26.62 | 23.49 | 26.00 | 21.65
LOT,p 27.42 | 24.23 | 26.32 | 22.66 26.61 | 23.48 | 26.01 | 21.64
LT ope 27.07 | 23.91 | 26.11 | 22.59 26.53 | 23.18 | 25.85 | 21.49
T6 27.40 | 24.23 | 26.38 | 22.68 26.60 | 23.55 | 25.99 | 21.74
T9 27.30 | 24.33 | 26.51 | 22.67 26.59 | 23.42 | 25.93 | 21.66
P1 30.88 | 26.73 | 29.23 | 24.85 || 28.09 | 24.84 | 27.26 | 22.97
P2 29.79 | 26.15 | 28.35 | 24.32 26.75 | 23.39 | 21.97 | 22.17
P3 28.57 | 25.38 | 27.34 | 23.56 27.04 | 23.87 | 26.46 | 22.27
P4 27.15 | 24.05 | 26.30 | 22.90 26.19 | 23.02 | 25.82 | 21.65

Fig. 6. Portions of reconstructed Lena image without quantization, suffering from 25% regular loss. From left to right, top row: original;
DCT (27.41 dB); LOTopt (27.42 dB); middle row: LTop¢ (27.07 dB); T9 (27.30 dB); P1 (30.88 dB); bottom row: P2 (29.79 dB); P3
(28.57 dB); P4 (27.15 dB).
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TABLE III
RECONSTRUCTION RESULTS IN TERMS OF PSNR (CODED AT 1 BPP BY L-CEB) UNDER VARIOUS LOSS PATTERNS

Transform || S0 | S1 | S2 | S3 | S4 || S0 | S1 | S2 | S3 | S4
Lena Barbara

DCT 39.78 | 27.24 | 24.22 | 26.18 | 22.63 37.35 | 26.28 | 23.43 | 25.80 | 21.64
LOT,p: 39.95 | 27.25 | 24.19 | 26.21 | 22.65 38.38 | 26.42 | 23.43 | 25.86 | 21.63
LT 40.26 | 26.94 | 23.88 | 26.01 | 22.59 || 38.87 | 26.20 | 23.16 | 25.72 | 21.49
T6 37.21 | 27.10 | 24.15 | 26.16 | 22.66 32.59 | 25.88 | 23.31 | 25.38 | 21.65
T9 35.64 | 26.89 | 24.20 | 26.18 | 22.63 31.69 | 2547 | 23.25 | 25.18 | 21.63
P1 34.74 | 29.41 | 26.23 | 28.27 | 24.64 || 31.13 | 26.84 | 24.19 | 26.31 | 22.68
P2 38.38 | 29.33 | 26.02 | 28.05 | 24.28 35.76 | 26.37 | 23.30 | 25.90 | 22.14
P3 39.97 | 28.33 | 25.30 | 27.17 | 23.54 37.80 | 26.75 | 23.76 | 26.23 | 22.23
P4 40.26 | 27.02 | 24.03 | 26.20 | 22.86 || 38.87 | 26.02 | 22.98 | 25.69 | 21.74

Fig. 7. Portions of reconstructed Lena image (coded at 0.25 bpp), suffering from 25% random loss. From left to right, top row: locations of
loss; DCT (25.71 dB); LOTopt (25.82 dB); middle row: LTop: (25.73 dB); T9 (24.82 dB); P1 (25.96 dB); bottom row: P2 (27.13 dB);
P3 (26.67 dB); P4 (25.89 dB).

[13] R. J. Clarke, “Application of image covariance models to trans-  [14] R. L. de Queiroz and K. R. Rao, “The extended lapped trans-
form coding,” Int. J. Electron., vol. 56, no. 2, pp. 245-260, form for image coding,” IFEE Trans. on Image Processing, vol.
1984. 4, No. 6, pp. 828-832, Jun. 1995.
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TABLE IV
RECONSTRUCTION RESULTS IN TERMS OF PSNR (CODED AT 0.25 BPP BY L-CEB) UNDER VARIOUS LOSS PATTERNS

Transform || SO | S1 | S2 | S3 | S4 || S0 | S1 | S2 | S3 | S4
Lena Barbara

DCT 33.05 | 26.63 | 24.03 | 25.71 | 22.54 28.23 | 24.83 | 22.87 | 24.46 | 21.32
LOT,p: 33.61 | 26.72 | 24.02 | 25.82 | 22.57 29.78 | 25.29 | 23.02 | 24.90 | 21.43
LT 34.34 | 26.55 | 23.78 | 25.73 | 22.56 || 30.03 | 25.18 | 22.83 | 24.84 | 21.34
T6 28.29 | 26.23 | 23.69 | 25.57 | 22.64 25.43 | 23.65 | 22.35 | 23.39 | 21.10
T9 28.22 | 25.28 | 23.56 | 24.82 | 22.26 24.61 | 23.20 | 22.15 | 22.96 | 20.95
P1 28.05 | 26.45 | 24.85 | 25.96 | 23.84 24.71 | 23.58 | 22.62 | 23.36 | 21.68
P2 31.97 | 28.06 | 25.52 | 27.13 | 24.05 || 27.06 | 24.47 | 22.62 | 24.19 | 21.69
P3 33.72 | 27.64 | 25.04 | 26.67 | 23.44 28.98 | 25.28 | 23.22 | 24.94 | 21.90
P4 34.34 | 26.63 | 23.92 | 25.89 | 22.81 || 30.03 | 25.00 | 22.65 | 24.80 | 21.47

Fig. 8. Portions of reconstructed Barbara image (coded at 1 bpp), suffering from 10% random loss. From left to right, top row: locations
of loss; DCT (29.69 dB); LOTpt (29.61 dB); middle row: LTopt (29.47 dB); T9 (28.29 dB); P1 (28.62 dB); bottom row: P2 (29.45 dB);
P3 (30.05 dB); P4 (29.55 dB).

[15] P. Haskell and D. Messerschmitt, “Reconstructing lost video 1985-1988, Albuquerque, NM, 1990.
data in a lapped orthogonal transform based code,” in Proc.
Intl. Conf. Acoust., Speech, Signal Processing, vol. C-23, pp.
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