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Transmultiplexation changes the parallel transmission into a serial transmission. Integer-to-integer filters ensure the perfect re-
construction. The paper presents a suitable serialization method which improves the robustness of images transmitted by a trans-
multiplexer system. The solution is based on blocks of sizes adequate to separation filter orders, used in detransmultiplexation.
The proposed method results directly from the detransmultiplexation algorithm. An example of a four-channel transmultiplexer
system, equipped with integer filters, is presented and analyzed to illustrate the suggested method. A simple and effective filter
design method is also presented.
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1. INTRODUCTION

As the development of the Internet and video services pro-
ceeds, there is a growing need for information capacity of
communication networks used so far. Some technical solu-
tions improve the capacity of information streams. Users of
these methods typically share the available transmission me-
dia band in the frequency or in the original (i.e., time or sur-
face) domain. Frequency-division multiplexing (FDM) is an
important method of combining signals of several users into
one signal for the transmission over a single channel. Spread-
ing spectrum solutions, like the code division multiple access,
are the most effective.

Transmultiplexer systems combine several suitably up-
sampled and filtered signals into a single signal by spreading
information simultaneously in the original and in the fre-
quency domain. Transmultiplexers have some important ap-
plications, in particular in telecommunications, to provide
many signals over a single transmission line.

The main task of such systems is preventing image dis-
tortions caused by the change of an amplitude and a phase
as well as an image leakage from one channel into another
[1, 2]. The separation of signals should be perfect and the
recovery of each signal should be performed without distor-
tions. This aim can be achieved by a selection of appropri-
ate filters that ensure a perfect image reconstruction in the
receiver [3]. In many applications there has been a growing
interest in reversible integer-to-integer filter banks. Signals
are then invertible in a finite-precision arithmetic and map

integers to integers. All calculations are provided without di-
visions to omit the rounding errors. Due to this property,
transmultiplexers of such type have additional advantages, a
small memory is needed and a complexity of computations
can be low. Systems equipped with integer filters can be used
to transmit not only images but also encrypted data, lossless
compressed signals, computer software data, or other data
where a change in even one single bit is inadmissible. Due to
properties like these, there is a clear need to seek for reversible
integer-to-integer filter banks.

Most of the modern telecommunications systems send
information in packets and frames instead of predefined
channels. Such techniques optimize the usage of physical de-
vices and are especially efficient in the case of a bursty trans-
mission, which is more and more common in the era of In-
ternet. In such systems user data are split into packets that
can be sent through different paths of the network. Group-
ing in frames or containers gives extra flexibility in introduc-
ing different services like television, Internet, and telephone
communication in the same network and cooperating be-
tween different kinds of networks. In this sort of transmitting
systems some packets can be lost or can be so much delayed
that the system treats them as lost packets.

The goal of this paper is to find a serializations algorithm
of a combined image which can reduce the error, caused by
lost packets. The suitable data preprocessing should be in-
dependent on filters coefficients used to image transmulti-
plexing. The robustness of such services in which loss of the
packet does not implicate the error for the whole block due
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to the coding is considered in this paper. Each packet con-
tains independent information for a very small region of a
combined image.

2. IMAGE TRANSMULTIPLEXING

Multimedia content is more and more popular in many dif-
ferent types of telecommunications. That is why new and
efficient methods of sending several images through a sin-
gle transmission line are sought. Transmultiplexing is easy
to apply because it needs only simple digital processing pro-
cedures: upsampling, filtering, and summing. It is easy to
avoid delays even for slow transmitters and receivers. A cru-
cial point for overall performance of such systems is the qual-
ity of images delivered to the end user. In this context there
is no reduction of quality due to fulfilling the perfect recon-
struction condition. Another advantage is that combined sig-
nal is still an image. Due to this fact it may be easy to apply
any image compression method.

Usually 1D instead of 2D filters are used to filter digi-
tal images. Such approach has several advantages, and two
of them are the most important. Firstly, the design methods
and sophisticated theory obtained for 1D signals can be eas-
ily adapted to an image processing. Secondly, each task pos-
sible to solve by applying the 2D filters can be realized in 1D
techniques as well. These advantages encourage us to adapt
the ideas developed for 1D transmultiplexer systems to im-
age transmultiplexers.

The idea of transmultiplexing is based on multirate fil-
ter banks. Figure 1 shows the classical structure of the four-
channel image transmultiplexer. The input images Xi in
the ith channel are upsampled and filtered vertically and
summed to obtain two combined subimages. These com-
bined subimages are then upsampled and filtered horizon-
tally and summed to obtain the final version of combined
image CI. The luminance of the combined image may be cal-
culated using the following formula, which includes both up-
sampling and digital filtering [3, 4]:

CI(2n + p, 2m + q)

=
�K/2�∑

k=0

�K/2�∑

r=0

hc1(2k + p) · hc1(2r + q) · X1(n− k,m− r)

+
�K/2�∑

k=0

�K/2�∑

r=0

hc2(2k + p) · hc1(2r + q) · X2(n− k,m− r)

+
�K/2�∑

k=0

�K/2�∑

r=0

hc1(2k + p) · hc2(2r + q) · X3(n− k,m− r)

+
�K/2�∑

k=0

�K/2�∑

r=0

hc2(2k + p) · hc2(2r + q) · X4(n− k,m− r).

(1)

The order of 1D combination filters Hc
i is K , and their coeffi-

cients are indicated by hci ∈ �K+1. The operation �·� returns
the greatest integer number equal to or less than the argu-
ment. Indexes’ modifiers p, q ∈ {0, 1} represent upsampling
procedures during computations. In order to speed calcula-
tions up one should use different sorts of filter coefficients

Hc
i . In the presented system the combined image consists of

four times more pixels than each input image.
The combined image can be sent over a single transmis-

sion channel. At the receiver end, the signal is relayed first
to two channels of the detransmultiplexation part, where
the signals are filtered and downsampled horizontally. Then
these signals are relayed to four channels where images are
filtered and downsampled vertically to recover the original
images. Pixels’ luminance of output images Yi can be com-
puted applying the following formulas:

Y1(n,m) =
K∑

k=0

K∑

r=0

hs1(k, r) · hs1(k, r) · CI(2n− k, 2m− r),

Y2(n,m) =
K∑

k=0

K∑

r=0

hs2(k, r) · hs1(k, r) · CI(2n− k, 2m− r),

Y3(n,m) =
K∑

k=0

K∑

r=0

hs1(k, r) · hs2(k, r) · CI(2n− k, 2m− r),

Y4(n,m) =
K∑

k=0

K∑

r=0

hs2(k, r) · hs2(k, r) · CI(2n− k, 2m− r).

(2)

Let the order of 1D separation filters Hs
i be K , and let their

coefficients be indicated by hsi ∈ �K+1. In some applications
a memory organization and arithmetic’s mnemonics, espe-
cially for FPGA devices, encourage designers to apply 2D data
processing instead of 1D, that is, 2D convolution is more effi-
cient in image processing than 1D convolution. 2D FIR filters
Pi j may be directly calculated from 1D filters:

Pc,s
i j (k, r) = hc,si (k) · hc,sj (r), (3)

where k, r ∈ {0, 1, . . . ,K} and i, j ∈ {1, 2} for the case of
4-channel image transmultiplexer. The necessary conditions
for the perfect reconstruction need the first coefficients of
separation filters hsi and the last coefficients of composition
filters hci to be equal to zero. This is why indexes k and r
in the formula (2) may start from 1. It means that a two-
dimensional convolution is based only on previous columns
and previous rows. Additionally, in order to speed calcula-
tions up one should use shifting by 2 columns and 2 rows
during the operation of two-dimensional convolution. The
maximal number of nonzero 2D FIR coefficients is K2.

3. FILTER DESING ALGORITHM

Designing a transmultiplexer system means determining
such coefficients of Hc

i and Hs
i filters that fulfil the perfect re-

construction condition, that is, the equivalent luminance of
input and output image has exactly the same value. The pre-
sented system contains linear and time-invariant elements.
This facilitates mathematical modelling. Unfortunately, it is
not an easy task to find a suitable bank of filters [5–7], al-
though necessary and sufficient conditions given in the z-
domain are known [8, 9]. It is needed to solve the bilinear
equations, which result from the perfect reconstruction con-
dition and the mathematical model of the transmultiplexer
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Table 1: Coefficients of transmultiplexer filters.

Bank 1 Bank 2 Bank 3 Bank 4

Gc
1 =

⎡
⎣2 1

1 1

⎤
⎦ Gc

1 =
⎡
⎣ 1 1

−1 0

⎤
⎦ Gc

1 =
⎡
⎣0 1

1 0

⎤
⎦ Gc

1 =
⎡
⎣2 −3

1 −2

⎤
⎦

Hc Hs Hc Hs Hc Hs Hc Hs

1 1 0 0 1 0 0 0 1 0 0 0 −3 −2 0 0

2 1 1 −1 1 −1 0 −1 0 1 0 1 2 1 2 −3

3 2 −1 2 2 −1 1 1 1 1 1 0 −1 −1 1 −2

−3 −2 2 −3 −2 1 −1 −2 −1 −1 −1 1 1 1 1 −1

0 0 2 −3 0 0 −1 −2 0 0 −1 1 0 0 1 −1
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Figure 1: Scheme of 4-channel image transmultiplexer.

[3]. There are various possible methods to solve this issue.
One can use numerical procedures to determine filter coef-
ficients by minimizing an appropriate defined quantity cri-
terion [6, 7]. Sometimes it is possible to obtain solutions
for simple systems. In general, however, there are no known
methods to solve the obtained set of equations. What is more,
it is difficult even to examine the existence and the unique-
ness of solutions. It is generally known that if filter orders are
sufficiently large, there are solutions and there are many of
them. The previous design methods (see, e.g., [5, 7]) created
filters with real-value coefficients. The perfect reconstruction
condition was fulfilled only theoretically because of the fi-
nite precision of digital calculations. Practically, output sig-
nals were a slightly different than input ones.

The presented algorithm was based on the method de-
scribed in [3]. We assumed M = 2 (number of channels),
τ = 1 (delay), K = 4 (filter order) and

P =
[

1 0

1 1

]
. (4)

Taking into account the above assumptions, transmultiplexer
filter coefficients were calculated applying the following algo-
rithm.

(A) Assume an integer matrix

Gc
1 =

[
hc1(1) hc1(0)

hc2(1) hc2(0)

]
such that detGc

1 = ±1. (5)

(B) Calculate a matrix

Gc
2 = Gc

1 · P · X · P−1 =
[
hc1(3) hc1(2)

hc2(3) hc2(2)

]
, (6)

where

X =
[

0 1

0 0

]
. (7)

(C) Calculate a matrix

Gs
1 =

(
Gc

1

)−1 =
[
hs1(1) hs2(1)

hs1(2) hs2(2)

]
. (8)

(D) Calculate a matrix

Gs
2 = −P · X · (P)−1 ·Gs

1 =
[
hs1(3) hs2(3)

hs1(4) hs2(4)

]
. (9)

(E) Define values of remaining filter coefficients

hc1(4) = hc2(4) = hs1(0) = hs2(0) = 0. (10)

The obtained coefficient values of the combining filters Hc
i

and the separation filters Hs
i for assumed integer matrixes Gc

1

are presented in Table 1.
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Figure 2: The relationship between the error and the amount of
lost packets, continuous case.

4. PACKET TRANSMISSION

Asynchronous transfer mode (ATM) is a worldwide-
deployed backbone technology. This standards-based trans-
port medium is used within the core, at the access, and in
the edge of telecommunications systems to send any kind of
data at high speeds. ATM has been widely adopted because
of its exceptional flexibility in supporting the broadest array
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Figure 3: The relationship between the error and the amount of
lost packets, random case.

of technologies in all over the world, including DSL, IP
Ethernet, frame relay, SONET/SDH, and wireless platforms.
Legacy equipment and the new generation of operating sys-
tems and platforms cooperate efficiently. ATM freely and eas-
ily communicates with both, allowing carriers to maximize
their infrastructure investment. Data are sent in the pack-
ets with 48 bytes of user’s information and 5 bytes of header
information for routing and assembling [10, 11]. The same
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packet standard is in the distributed queue dual bus—access
protocol for MAN networks.

5. ROBUSTNESS

To verify the properties of a transfer system some examples
were analyzed. Four sets of test images [12]:

(i) boats, F-16, Lena, and baboon,
(ii) aerial, Barbra, couple, and frog,

(iii) bridge, man, peppers, and washsat,
(iv) golldhill, monarch, tank, and Zelda,

with 512 × 512 pixels resolution in 256 greyscale levels were
selected for the analysis. Each set of reference images was
transmultiplexed using each of designed filter banks (see
Table 1). Sixteen combined images were calculated, each of
them with resolution 1024 × 1024 pixels. Each packet con-
sists of 48 bytes, which is equivalent to 24 records of 16-bit
length, so each of combined images was divided into 43 691
packets.

Two cases of packet loss in transmission systems were
considered: continuous (i.e., temporary) and random. In
both cases up to 256 packets were lost, which is equivalent
to the loss of 6 columns of the combined image (almost 0.3%
of bitstream). One line (1024 pixels) is equivalent to 42.667
packets. Packets were removed starting from the centre of
combined image. In random case packets were removed from
all parts of combined image. Data from lost packets were
filled by zeros. The mean square errors (MSE) were calcu-
lated and compared for transmitted signals.

The combined image can be serialized in many different
ways before transmission. The standard method for images
is the row or column order. The zig-zag order is used in some
applications, especially to avoid the boundary effects. Due to
2D integer filtering the loss of pixels in the combined im-
age usually causes that the result of 2D convolution does not
fit into 8-bit resolution. In this case the reconstructed pix-
els take the extreme values of 0 or 255 and are clearly visible
as an unpleasant “salt and pepper” noise. It may cause the
rapid growth of the MSE. This is why, based on the mathe-
matical model of detransmultiplexation (2), the data serial-
ization before the transmission should be based on K × K
blocks which are directly connected with the separation fil-
ter orders. In this case, the loss of packets leads to the lower
number of wrongly calculated pixels in output images.

To provide simulations and tests in MATLAB environ-
ment, the column serialization was chosen (COL in Figures 2
and 3). Such choice does not influence the correctness of the
analysis. It results from the properties of 2D convolution. Av-
erage values of calculated MSE for each combined image are
presented in Figure 2 for the case of the continuous loss and
in Figure 3 for the case of the random loss. In the considered
case the loss of a single packet causes the wrong calculation
of 26 pixels in output images. Meanwhile, in the case of K×K
block serialization only 12 pixels are calculated wrongly. This
situation is explained in Figure 4, the column serialization
on the left-hand side and the K×K block-based serialization
that on the right-hand side.

COL K ×K

Pixel of the combined image
Lost pixel of the combined image (consecutive packets)
Proper pixel of the output image
Lost pixel of the output image
2D convolution

Figure 4: Scheme of lost pixels, 4 pixels per packet, k = 2.

The MSE for the column serialization in the case of the
continuous loss of packets has unusual and interesting prop-
erties (see Figure 2). In some cases the increase of amount
of the lost packets during transmission does not increase the
MSE. The reason of such anomaly is presented in Figure 4.
Lost pixels of the consecutive column of the combined im-
age (denoted as circles with a plus sign) are within the same
subsection of the two-dimensional convolution where others
pixels have been lost before (denoted as circles with a cross).
So the calculated pixel of an output image usually is out of
the 8-bit range again, likewise it was before, and has to be
marked as wrong (denoted as a black square). In the extreme
case, the loss of all pixels in the range of size K × K may not
cause the growth of MSE (see Figure 2, channel 1). But on
the other hand increasing the amount of lost pixels within
the subsection may cause that yet a wrongly calculated lumi-
nance would fit into the 8-bit resolution. In such situation
it is possible to observe the reduction of MSE (see Figure 2,
channel 2). These properties strongly depend on filter coeffi-
cients and contents of input images. In the case of serializa-
tion based on K × K blocks such phenomena does not exist.

The reduction of MSE in case of K ×K block-based seri-
alization is clearly seen in the case of a random loss of trans-
mitted packets. Figure 5 presents the output images obtained
in different channels in the extreme case of 256 lost packets.

6. CONCLUSIONS

The transmultiplexing system enables us to transmit a num-
ber of images through one common transmission channel.
With appropriately selected filters for transmultiplexer and
detransmultiplexer, images reconstructed from a combined
image have no distortions. The main advantage lies in a great
variety of realizations that are available by the proper digital
filter design.
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Figure 5: Comparison of images with 256 lost packets during transmission.

The proper data order can minimize errors under ran-
dom or temporary loss of the combined image. The suitable
data serialization before transmission causes the reduction of
MSE for the case of a continuous and random packet loss of
the combined image. Additionally the quality of output im-
ages may be improved by applying an appropriate filter, like
for instance a median filter, to reduce the “salt and pepper”
noise, which results on lost packets.
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pression of transmultiplexed images,” in Proceedings of the
12th IEE Digital Signal Processing Workshop and the 4th Signal



P. Sypka and M. Ziółko 7
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