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Abstract—In this study, a simple lifting based pipeline
DWT (Discrete Wavelet Transform) architecture is proposed
for the operation of the CDF 5/3 (Cohen-Daubechies-Feauveau
5/3) filter. This scalable architecture is faster and capable of
fulfilling the transformation utilizing the parallel processing
operation units. The symmetric boundary extension method is
used at the signal boundaries to obtain the best result in the
case of 1D/2D. The proposed architecture utilizes the hardware
resources in a quite efficient way by means of the pipeline
technique. The architectural design is constituted by using
RTL (Register Transfer Level) design process and coded by the
Verilog HDL. The proposed architecture is tested for several
1D/2D inputs to examine its operation. The related architecture
is synthesized for the FPGA board to check the results. The
reverse operation is fulfilled by using the same structure only
by changing the shift amounts of the shifting units. The DWT
coefficients are calculated on this architecture for the 1D/2D
situation. The hardware resources are used effectively by
utilizing the constituted architecture in folded structure in the
2D case. Satisfying results have been obtained when the
different numbers of parallel processing units are utilized.
Index Terms—digital systems, discrete wavelet transforms,
multiprocessing systems, pipeline processing, programmable
logic arrays.

I. INTRODUCTION
The wavelet analysis which expands the influence area
continuously has been an important tool since it has been
first introduced for the multiresolution signal decomposition
[1]. The wavelet transform is a very convenient and
effective transform at almost for all kind of application
fields including the JPEG compression algorithms of the
signal and image processing studies [2-7]. The wavelet
analysis is a versatile, efficient and helpful technique in
biomedical applications [8-10], genomic researches [11-13],
and even seismic signal processing [14-15], as well in the
studies of the other research fields [16] for the researchers.
The power of the wavelet transform stems from providing
the better localization in time-frequency domains.
The applications and the designs of the various studies are
implemented by using digital systems which have limited
throughput and memory capacity. Therefore, the efficient
realization of the Discrete Wavelet Transform (DWT) which
provides the sufficient information to analyze and synthesize
the original signal is considerably crucial. The resulted
coefficients from this computationally intensive signal

transform should be calculated by using an effective digital
architecture with satisfying the requirements and
characteristics of the related application. So far, several
architectures and VLSI (Very Large Scale Integration)
systems are proposed for this purpose [4], [17].
The filter banks, which are composed of lowpass, and
highpass filters essentially, are used for the wavelet
transform, and these filter banks are implemented with
different methods. These are convolutional based
approaches including direct form, cascade, polyphase, lattice
structure, and lifting based structure [3-4], [18-20]. Each of
these convolutional based methods has some advantages and
disadvantages depending on the application fields. However,
a systematic and useful method for the biorthogonal wavelet
transform has been proposed. Lifting method for wavelet
transform is the spatial constructions of the wavelet
coefficients by deriving the polyphase matrices [21-22].
This reversible factorization technique consisting of the
lifting steps is preferred substantially and encountered in
literature widely due to the its attractive properties such as
being a transform of providing integer to integer mapping,
in-place processing, and spatial instead of frequency [3],
[20], [23-24].
The lifting method is a filter bank which is utilized to
compute the DWT coefficients using biorthogonal wavelets.
Some of the studies are based on the pipeline technique [2526], some of them uses the folded architecture in which the
use of the single filter output of multiple times for the n
levels [27-28]. Some others utilize the flipping structure [2930]. Each of these architectures has purposed some
improvements considering some different performance
criteria just as hardware complexity, memory requirements,
precision, throughput and latency.
In this study, a simple and efficient architecture is
proposed to realize the lifting based DWT method which is
used in the various studies including today’s important
applications such as image processing and JPEG
compression [31]. So, the parallel processing elements,
which are easily affordable today in terms of cost, are used
in the structure of this 2D pipelined DWT architecture
which is benefiting from the power of the parallel operation
and increasing the system performance. Some efforts in this
point of view are appeared in several studies [32]. The
proposed scalable architecture can be useful for the vector
processors with an appropriate adaptation [33].
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Another crucial issue is that the computation of the 2D
image borders, in other words the decision about the method
which is used for the 2D image border extension is affected
the transform performance at the image borders
significantly. There are some available studies regarding to
this critical issue in the literature [34-35]. Proper one of the
boundary extension methods, including symmetrical, zero
padding, periodic extension, can be used for the
computation of the boundaries of the signal by considering
the limitations and the necessities of the related application.
In this study, the symmetric boundary extension method is
employed to have the optimum performance and not to
increase the hardware complexity.
An architecture for the CDF 5/3 (Cohen-DaubechiesFeauveau) filter which is important for the lossless JPEG
compression is proposed. The application of the shifting
units is sufficient instead of the use of multipliers by taking
the advantage of the dyadic nature of the 5/3 CDF filter.
The FPGA (Field Programmable Gate Arrays) boards are
used to test and examine the designed architectures in
literature frequently [17], [37]. The proposed architecture
has been formed using RTL (Register Transfer Level)
design process. The RTL design process is used for the
algorithmic level design describing the signal flows between
the registers of the complex or large systems synchronized
by a clock signal. So, the proposed design which is obtained
by using the RTL design process has been verified by
simulation and synthesized for the Xilinx Spartan 3e FPGA
board to examine the results. Also, Verilog HDL (Hardware
Description Language) has been used to describe of the
designed architecture.
For the 5/3 CDF filter, reconstruction of the wavelet
coefficients from the original signal is lossless. Because 5/3
CDF filter coefficients are dyadic rational values and so the
integer to integer transform is obtained by using this feature
[38]. The implementations with finite precision should be
constructed when the wavelet filters with irrational
coefficients are used, and this situation leads to the data loss.
However, the original samples are obtained even though the
fractions of the transformed wavelet coefficients are
rounded to the integers when the 5/3 CDF filter is used. The
5/3 CDF filter is known as lossless wavelet transform, and
also the JPEG 2000 standard which is the compression
standard using wavelet method supports the lifting based
filtering mode. Also, this filter belongs to the two-matrix
lifting factorization class.
So, in this study an efficient architecture is proposed for
the widely used CDF 5/3 filter on account of the properties
of the lossless wavelet transform. The realization of the
inverse transform is also required to test the performance of
the proposed architecture.
The rest of the paper is organized as follows. The
background of the wavelet transform is summarized as
looking from the viewpoint of lifting schema in the second
section. The essential constructs of the proposed 2D DWT
processors as well as the general system perspective are
described in the third section. The detailed explanation of
the proposed 1D/2D lifting based architecture is also given.
After that the results and discussions are given, and finally
conclusion section is given.
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II. WAVELET TRANSFORM BACKGROUND AND LIFTING
SCHEMA
DWT uses two sets of functions. These functions are the
scaling functions relating with lowpass filter, and the
wavelet functions relating with highpass filter.
Lifting schema is a convenient method to compute DWT
using biorthogonal wavelets. Lifting method can be used if
there is no appropriate one among the known wavelets for
the application under consideration [38].
The information carried on a signal does not vary from
sample to sample, randomly. There is a correlation between
the adjacent samples. The even indexed samples can be
predicted by using only the odd indexed samples of the data
at hand, and vice versa. The accuracy of the prediction
depends on the correlation between the adjacent samples
and the suitability of the estimation method [21], [39].
Lifting factorization method, also called the second
generation wavelets, is consisted of three steps. These steps
can be summarized as follows;
I) Split: The signal is separated into its even and odd
polyphase components. This operation is also called the
Lazy wavelet. The even indexed samples are the even
polyphase components and the odd indexed samples are the
odd polyphase components of the signal.
II) Predict: The odd samples are predicted using the
adjacent even samples at this step. The detail coefficients in
other words highpass components are computed.
III) Update: The even samples are computed by means of
the odd samples obtained at the previous step. Indeed, the
approximation coefficients, also called lowpass components,
are computed at this step [39].
In brief, the new odd samples are predicted using even
samples and the new even samples are updated using the
new odd samples. The z-transform of a FIR filter, which is a
delay line essentially, can be represented by Laurent series.
q

h  z   hk z  k

(1)

k p

where h k is impulse response of a filter h which has the
finite number of coefficients h k , and the degree of that
Laurent polynomial h is given as abs(h)=q-p.
The polyphase matrix used for the lifting schema is
defined as:

 h  z  ge  z  
P z   e

 ho  z  g o  z  

(2)

where h e (z) defines even low pass coefficients, h o (z)
defines odd low pass coefficients, g e (z) defines even
indexed high pass coefficients and g o (z) defines odd high
pass coefficients.
The related lifting and scaling steps are derived from the
biorthogonal wavelets to realize the lifting based DWT. The
analysis filters of a specific wavelet class should be
represented in the polyphase matrix form. The polyphase
matrix of a wavelet transform filter is decomposed into the
upper and lower triangle matrix, and the diagonal matrix.
Thus, the lifting based architectures are derived.
The P(z) matrix having the determinant value of 1 is
required to perform the wavelet transform. In other words,
the diagonals of the polyphase matrix are 1, and the matrix
is factorized as 2x2 upper and lower triangle matrix. The
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upper triangle matrix defines the prediction step
coefficients, and the lower triangle matrix defines the update
step coefficients.
The (h, g) is complementary filter pair, Laurent
polynomials are s i (z) and t i (z) for 1<= i <= m, and K is a
non-zero constant to factorize the polyphase matrix.
m
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The polyphase matrix can be factorized into lifting steps
routinely. Each finite filter used for the wavelet transform is
obtained by utilizing m times lifting and dual lifting steps
following the Lazy wavelet step. The last one of these steps
is the scaling. In the scaling step, the scaling matrix having
each element is 0 except for the diagonal ones is derived.
The dual polyphase matrix is given as,
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The reverse operation of lifting schema is obtained by
alternating the signs of the Laurent polynomials, the sign of
the s i (z) and t i (z) and running the all operations backward
direction [23]. The lifting schema is a suitable alternative
when the frequency based techniques are not practical.
A. The 2D lifting schema based DWT
The CDF 5/3 filter is a reversible transform valid for the
JPEG 2000 image compression algorithm and coding
standard for lossless image compression. The filter
coefficients are dyadic rationals which can map integer to
integer. The highpass and lowpass coefficients through the
transform are the complements of the each other, and the
original input signal can be reconstructed by means of these
two time series together. The coefficients of this lossless
transform filter are given as follows;
Lowpass: (-1/2, 1, -1/2)
Highpass: (-1/8, 2/8, 6/8, 2/8, -1/8)
The polyphase matrix and factorization of the filter in z
domain can be given in the following form;
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The prediction and update steps of the CDF 5/3 filter are
shown in the factorization given in the Eq. (5). Accordingly,
the calculated new coefficients of the transform i.e. the odd
and even components corresponding to the highpass and
lowpass components in time domain are given as following
equations,

y  2i  1  x  2i  1  0.5 x  x  2i   x  2i  2   (6)
y  2i   x  2i   0.25 x  y  2i  1  x  2i  3 

(7)

where x’s are the signal points and y’s are the calculated
signal samples [20].
III. GENERAL STRUCTURE OF THE PROPOSED SYSTEM
At first, the main system architecture is constructed. The
word length has been chosen as 16-bit in accordance with
the architecture in the system. The system composed of the
main datapath, control and memory units. The system
design has been performed by using RTL design process.
The RTL design process is used for the algorithmic level

design describing the signal flows between the registers of
the complex or large systems. The ASMD (Algorithm State
Machine Diagram) summarizing all the processes relating to
the design and processor is constructed. The processes are
executed depending on this designed chart.
The signal input starts sample by sample, as soon as the
processor becomes ready by the defined enable input, i.e.
start control signal, in the system. The number of signal
sample points is N. The index of the first sample is 0 (even
index). The even indexes show the even samples and odd
indexes are indicating the odd indexed ones. The CDF 5/3
filter needs adjacent 3 samples of the input signal due to its
characteristics. The first 3 samples are received cycle by
cycle a total of 3 cycles, and the transform process starts
immediately when these 3 samples acquired.
Initially, the new odd signal sample shown by the index
“1” is computed. After the calculation of the “1” indexed
odd sample, at this very moment the “0” indexed even
sample is calculated. The symmetric boundary extension is
utilized in order to avoid the performance degradation at the
signal boundaries in the case of 2D transform when the first
new even sample is computed. In this case, a copy of the “1”
indexed new odd sample which is hold by a register is used
for the calculation of the “0” indexed new even sample.
Indeed, the register value containing the new calculated odd
sample is used twice, in that situation. The pipeline
technique is utilized at the datapath unit to provide a
performance increase during the calculations. Considering
the lifting based method, the pipelined technique appears to
be a natural choice so the lifting itself is quite favorable.
The three successive samples are required to calculate the
value of a new sample point, whether the odd or even, when
regarding receive of the signal points into the system or
more specifically the memory unit (or buffer). Therefore,
taking the signal samples as pairs (odd-even or 3 indexed-4
indexed samples) is a necessity due to the data dependency.
However, the time delay is prevented by means of the
pipelined technique and an even new sample is calculated in
each clock cycle, and an odd new sample is calculated in the
other cycle, and so on. The datapath takes the “3” indexed
odd sample while the “1” indexed new odd sample is
computed.
The “4” indexed even sample is taken while the “0”
indexed new even sample is computed. Two very next
neighboring samples are necessary as well as the sample
which just now under computation because of the data
dependency. The pipeline technique is quite useful at this
point, so this technique has been utilized in the proposed
architecture to gain performance.
The pipeline technique is realized by using the extra
pipeline registers. So, the hardware utilization is enhanced
by means of some additional pipeline registers (or buffer
registers) providing that there is no hardware resource is
idle. The accurate input data is processed and transferred to
the proper hardware resource by virtue of the control
signals. The datapath operations are triggered by the clock
signal, and total number of clock cycles of process time for
input signal defines the total latency.
The process continues until the samples are finished. The
symmetric extension is employed at the signal boundary
using the copy of the “(N-2)” indexed sample when the
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processor reaches the boundary. The process time schedule
is shown in the Fig. 1. In the Fig. 1 solid lines; stands for the
unchanged samples and dashed lines stands for the new
calculated samples.

Figure 1. Data dependency diagram for even-odd signal sample points for
the CDF 5/3 filter. It is clearly seen that the 3 adjacent samples are
necessary in the case of the CDF 5/3 filter used. The first three samples are
employed to compute “0” indexed new even. Last even (N-2) sample is
placed for symmetric boundary extension

A. Proposed 1D lifting based architecture
The construction of the 1-D DWT architecture is the first
step to establish the 2D DWT architecture because the 2D
architecture is based on the 1D structure. For this purpose,
the 1D architecture has been formed primarily. The
architecture has been constructed by RTL design
methodology and the model of the architecture is given in
the Fig. 2. The architecture has been composed of the
datapath unit, control unit and the memory unit essentially.
An address unit is also added to organize and direct the
addresses of the memory unit. The datapath executes all
required operations, and the timing issues which are
occurring in the datapath unit are treated by the control
signals generated by the control unit.

Figure 2. Model of processing unit which is designed for the CDF 5/3 filter
architecture. Components which form the processing unit are shown

The pipeline technique provides the efficiency by
reducing the total latency, and this technique is an effective
choice for the proposed lifting based DWT. The registers
hold the 16-bit fixed point numbers resulting from the 16-bit
architecture. Realization of the DWT which utilize the FP
(Floating Point) number format requires excessive hardware
resource and moreover the use of the FP units is expensive
solution. In addition, FP operations are slower as a
consequence of the operation complexity. Low cost
embedded microprocessors and microcontrollers do not
have FPUs (Floating Point Units) generally; hence these
systems do not support the FP (DSPs, FPGAs, etc.)
operations.
These systems support the utilization of the fixed point
format instead of using the FP number format. Especially
the fixed point format is used for the FIR filters. Fixed point
20
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format provides the limited precision, but this format is
more simple and faster to operate. Another advantage is that
the fixed point systems require less hardware resources.
A synthesizable HDL code should be constituted to
realize the architecture after design step. The synthesizable
structures specify that the digital logic elements inside the
FPGA board can implement the system design which is
under consideration. Actually, synthesize operation is the
conversion of the HDL code into circuit or hardware
elements. The RTL design is quite convenient tool for the
special purpose processor design just like in this study. The
designed operations are executed in the datapath with the
help of the control unit at each clock cycle. The design has
some predefined specific properties which are summarized
by the ASMD (Algorithm State Machine Diagram) given in
the Fig. 3. Each state of the processor and the datapath
operations corresponding to these states are described on the
ASMD, distinctly. The control mechanism of the processor
and pipeline registers are shown on the chart.
Datapath operations have been enumerated for
convenience at the ASMD chart, and related operations are
given from (1) to (11). The used decision control signals
which are generated by datapath unit are given in Table I
and the related datapath operations are given in Table II.
In given ASMD chart, the interactions between the
datapath unit, control unit and memory unit are described.
These operations are carried out at each processing unit
simultaneously. Datapath operations could be summarized
as follows. The image has been split into frames by address
unit, and these frames are directed to corresponding
processing units to have been filtered. When Start signal is
asserted, datapath operations get starts, otherwise the control
flow returns to "S_ready" state. "load_first_samples" control
signal provides initialization of the sample counters.
"S_first_there" state acquires the samples which are placed
at the image boundaries. "Flush" signal flushes all the
datapath operations and registers, if this signal is asserted
upon necessity.
After having first three samples, the lifting based
operations starts. One of the required control signals is
asserted at each cycle, and the required pipeline stages are
performed. A new sample point is taken to related register
and at the same time sample counter is incremented. In that
clock cycle, the new odd sample value is also calculated,
and all these operations fulfilled upon activation of
"Calculate1" signal. This stage is corresponding to the Eq.
(6) i.e. the highpass components of the signal.
Using the previously calculated new odd sample values
new even sample value is calculated similar to the previous
step. This stage is corresponding to the Eq. (7) i.e. the
lowpass components of the input signal upon activation of
"Calculate2". After having these boundary samples then all
other signal points are calculated by the help of the "Load1"
and "Load2" control signals, until the sample number
counter reach at the related number of sample count, which
is given by N. When the sample counter reach at the related
number of sample point, N, and then the "Load3" signal is
activated and the other boundary samples of the image are
calculated. All operations are pipelined using required
pipeline registers and control signals.
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pipeline registers which are required for the pipeline
technique. In the datapath, the shifting units are utilized
instead of the multiplier hardware. The shifting units are
simple, efficient and faster considering the operation cost.
The logic circuit schema of the operational datapath unit
which is comprised of the simple datapath components is
shown in the Fig. 4.
TABLE II. DATAPATH OPERATIONS
Operation
Number
1

2

3
4
5

6

TABLE I. DECISION CONTROL SIGNALS GENERATED BY DATAPATH
Signal
Operation
Name
c1

first there sample counter

c2_is_eo

even-odd counter, adjusts the even and odd samples
sequentially

cs

sample counter, gets selected number of input samples

Some processing units which fulfill the transform are
utilized in the designed structure. The model can be seen in
the Fig. 2 for the designed processing unit. Each processing
unit has its own unique id which indicates the corresponding
unit number. The components which are used to constitute
the system architecture are explained.
Datapath unit: This is one of the main blocks of the
system including the hardware resources which the
operations are managed. Datapath performs the DWT with
the help of the control unit signals. This unit includes

c1<= 0
c2<= 0
csample <= 0
even_left <= datasamples
c1<= c1 + 1
csample <= csample + 1
odd_old <= datasamples
c1<= c1 + 1
csample <= csample + 1
even_right <= datasamples
c1<= c1 + 1
c1<= 0
c2<= 0
csample <= 0
odd_new <= odd_old + ((even_left + even_right) >> 1)
odd_reg <= datasamples
c1<= 0
csample <= csample + 1

7

even_new <= even_left + ((odd_new + odd_new) >> 2)
even_left <= even_right
even_right <= datasamples
odd_old <= odd_new
csample <= csample + 1

8

odd_new <= odd_reg + ((even_left + even_right) >> 1)
odd_temp <= datasamples
c2<= c2 + 1
csample <= csample + 1

9

even_new <= even_left + ((odd_old + odd_new) >> 2)
even_left <= even_right
even_right <= datasamples
odd_old <= odd_new
c2 <= 0
csample <= csample + 1

10

odd_new <= odd_reg + ((even_left + even_left) >> 1)
odd_reg <= datasamples
c2<= c2 + 1
csample <= csample + 1

11

even_new <= even_left + ((odd_old + odd_new) >> 2)
c2<= 0

Figure 3. Algorithm State Machine Diagram of the architecture

At each clock cycle and by the help of the related control
signal, next sample is taken and also one of the new sample
values is calculated, and the register transfers are carried
out. Index counters which are datapath controls are related
to the memory unit and these provide to have been taken the
corresponding sample point.

Related Datapath Operation

Control unit: Control unit ensures that the scheduling and
synchronization of all the datapath operations are accurate
and also all the processes are executed without resulting any
complexity. The control unit is a FSM (Finite State
Machine) designed substantially. This FSM is designed
taking into account the lifting based DWT which is fulfilled
by the special purpose processor. The generated control
signals are directed to the datapath and address unit to
manage the transform. The control unit operates in a
cooperative manner with datapath unit because this unit
handles the events taken place in the datapath unit.
Memory unit: This unit stores the signal samples to be
transformed. The address of the input sample which is under
consideration is defined by the index value generated by the
address unit. The new sample values are exchanged with the
old values because of the transform is in-place and the old
sample values are discarded. This part of the system has
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and control unit.
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number of image frames and transfers those frames to
corresponding processing units to be processed in parallel.
This unit is quite helpful for the interactions between the
memory and datapath operations in case of multiprocessor
system architecture. The address unit generates the
addresses for the sample points which are taken from the
memory unit. The related sample is taken from the
generated address and directed to the datapath to be
processed. This unit is also triggered with the clock signal
and directed by the control signals from the control unit.
The address unit with a quite simple structure could be
thought as a kind of index counter directed by the control
signals, simply.
(8)
M  log 2 N
Where N is the number of sample points and M is the
number of address bits. Basically, the registers are the data
storage components and buffers.
The realization of the inverse transform is possible with
some minor changes. It is enough only to change the shift
amount values of the shifting elements in the datapath. So,
the inverse transform could be performed by utilizing the
same circuit.

Figure 4. Datapath architecture of CDF 5/3 filter for symmetric boundary
extension

The used address range depends on the input signal to be
processed. Indeed, the memory can be assumed as a kind of
LUT (Look Up Table) proceeding from bottom to top and a
relevant illustration is given in the Fig. 5.

Figure 5. Model for the 2D CDF 5/3 filter architecture relating with
processing unit s consisting with memory units (allocated memory address
ranges) and datapath units

The results which are obtained from each processing unit
are written to the same address ranges after processing the
input samples. So, the memory requirements are reduced.
Address unit: Address unit has been added to the designed
structure to provide that the progressing to 2D case from 1D
is more easily. Address unit partitions the image into related

22

B. Proposed 2D lifting based architecture
The 2D architecture is composed of almost the same
components with the 1D architecture. Solely, 2D signals
which are images are processed by virtue of a few additional
control signals and multi-processing units to operate in
parallel. The 2D signals are considered as matrix and the
elements of matrix lay out from bottom to top in the
memory.
To perform the lifting based DWT while working with
images beforehand the wavelet transform coefficients of all
the rows of the matrix are computed after that operation the
wavelet transform coefficients of all the columns of the
matrix are computed. Therefore, the approximation
coefficients and horizontal, vertical and diagonal
coefficients of image are computed.
The 2D architecture design has been composed of almost
the same components with the 1D architecture design. 2D
signals which are generally images has been processed by
using a few additional control signals and multiprocessing
units which operate in parallel. The 2D signals are
considered as matrix, and the matrix elements placed from
lower addresses to higher addresses, in the memory.
To perform the lifting based DWT while working with
images or 2D signals, at first step the wavelet transform
coefficients of all the rows of the matrix are computed. After
that operation the wavelet transform coefficients of all the
columns of the matrix are computed. Thus, the
approximation, horizontal, vertical and diagonal coefficients
have been computed for 2D signal input.
So, the datapath and control unit have to operate in
cooperation, and also that control unit has been used for all
the other processing units to coordinate other operations.
Decision signals which are obtained from one of the
processing units are sufficient to direct the main control unit
because all the other processing units fulfils the same
processes by operating in parallel and synchronously. As
well, a single address unit provides carrying out all the
datapath operations for the lifting based wavelet transform.
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IV. RESULTS AND DISCUSSIONS
Some experiments have been performed to test the
performance of proposed system architecture. Designed
architecture is synthesized for the Xilinx Spartan 3e FPGA
board for this purpose. FPGAs offer high performance,
flexible and balanced solutions compared to other common
digital systems. The FPGAs have possibility of high level
parallelism as well. Computation time is one of the crucial
criteria to measure the system performance; it is defined as
the total number of the clock cycles between the input and

original signal

output time instants of the first sample.
1D signal data has been applied to the input of the
designed architecture. The elapsed time which is the
duration of having the first transformed sample after the first
sample input takes 4 clock cycles. In general, the
computation time is technology dependent. Total
computation time is computed using T=N×T CLK where N
denotes the number of clock cycles, T CLK is clock cycle
time. The completion of the whole frame (for N point input
signal) takes N+5 clock cycles beginning from the first
sample input. The original form of the signal samples, the
reconstructed signal with 256 points are shown in the Fig. 6.
The superimposed form of the original and reconstructed
signals is given also given in the Fig. 6. The obtained
approximation coefficients and the detail coefficients are
given in the Fig. 7. The approximation coefficients which
are shown in the Fig. 7 are quite similar to the original
signal and the detail coefficients reveal the fine details of the
signal. The reconstruction error has not been obtained after
the inverse transform.
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The samples stored at the memory unit (MU) are shared
by each processing unit by the help of the address unit
whereby the operations are executed in parallel. Each
processing unit could reach only its permitted address range
to prevent a problem. The number of the processing unit
(PU) is given by L pu . The rows with correct order and
quantity have to be transferred to each processing unit.
Because the number of the processing units, L pu are less
than the row number of the 2D signals, in general. These
operations are accomplished by the help of the control and
address units. A scalable structure has been formed by
adjusting the proper number of PUs. Today’s easily
affordable multiprocessor structures are similar to these
units. Consider an image which is the size of N row xN column ,
and the necessary memory unit which is the size of
(N row xN column )x1. Each individual image row is send to its
dedicated PU so; the control passes to the next row after
finishing the process of a previous row. PUs could fulfil
their assigned task by reaching only their authorized MU
ranges. Each PU has a right to reach only N row / L pu number
of rows.
The second step begins when all the rows are finished and
sent to the in-place memory. All the columns are sent to the
memory after the processing in the second step. The same
hardware architecture is used for this second step by using
the first step output coefficients as the input of the second
step. The architecture is called folded structure when a
single architectural layer is used for more than one
transform step in this manner [27], [28].
The lowpass and highpass coefficients are obtained after
the first step. The transpose of the first step output, wavelet
coefficients, are applied to the input of the same circuit to
complete the 2D transform. The desired output values after
the transform are approximation (LL), horizontal (LH),
vertical (HL) and diagonal (HH) coefficients revealing the
information about the image.
Boundary issue: Another critical issue is the boundary
extension method which affects the performance of the
wavelet transform in case of 2D signal. The boundary
extension problem corresponds to image samples which are
placed at the edges. In this study, symmetric boundary
extension method has been employed. The second sample
and the (N-1)th sample have been used to calculate the
transform coefficients at the frame boundaries, for the first
and last samples. Actually, the relevant register content is
used twice to overcome to this issue. The extension method
is quite appropriate for the lifting schema. All the rows are
processed in parallel and after finishing these steps the
coefficient calculation of all the columns begins in order to
avoid the control and computation overhead.
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Figure 6. The original, the recovered and the superimposed signals to
examine the forward transformation and the inverse transformation

The recovered signal sample values are assessed with an
objective measure and RMSE (root mean square error) [40]
is obtained as zero for the signal points and shown in Fig. 8.
Due to the characteristics of the CDF 5/3 filter this result
has been obtained after recovering the image from lifting
based wavelet transformation. A system which is designed
to use for the lossless wavelet transformation and
compression should provide that the recovered signal points
are exactly the same as the original signal points, after
inverse transformation. Here, this requirement is provided.
To change the shift amounts of the shifting units taking
part in the datapath after reversing the sample point order of
the transformed signal is quite effective. The shifting units
are utilized to implement the multiplication and division
operation when recovering the transformed signal to its
original form. In the inverse transform, the sign of the
scaling factors is changed, merge is exchanged with split,
and the dataflow is reversed. The number of signal sample
points, N, can be altered easily due to the proposed
architecture which satisfies that system is scalable. The 2D
architecture has been tested after the first step, and some
images have been used for trials. Initially, the baboon image
has been used for the 2D lifting based DWT.
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approximation coefficients

Lifting Based DWT Coefficients

breakdown of synchronization between memory unit and
processing unit.
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Figure 7. The approximation coefficients and the detail coefficients after
transformation

Image which has 256×256 sample points defines the
memory requirement at the same time. The number of PUs
is chosen as four for the baboon image.

Original Im age 256x256 pixels

Figure 9. The original baboon image before transformation
Lifting Based 2D DWT of the Classic Baboon Image 512x512
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Figure 8. The RMSE error graphic of the original samples and the
recovered wavelet coefficients

Some particular row ranges of image are assigned to each
individual PU and the coordination of the operations are
organized by means of the CU-AU pair. The load has been
shared between each of the four PUs to reach the best
performance. Predefined address ranges of memory are
related to the corresponding PUs because the PUs can reach
only the allowed memory space. The original image before
wavelet transform is given in the Fig. 9. Approximation
(LL), horizontal (LH), vertical (HL) and diagonal (HH)
coefficients after transform are given in the Fig. 10.
In 2D (image) case, the total computation time for N×N
signal is:


 N 
total comp. time   N  5   
   TCLK
 LPU  


The Classic Baboon Image

(9)

where L pu denotes the number of processing units. The
reconstructed image is shown in the Fig. 11.
When the obtained results are examined it is seen that the
approximation coefficients are so similar to the original
image. A horizontal, vertical and diagonal coefficient
represents the related details of the image. After the first test
the Lena image which is well known and frequently used in
literature is chosen to test the constructed architecture.
512×512 sized grayscale image which is stored at the
memory has been divided into equal sized rectangular
frames. After that, equal number of frames has been
transferred to each processing unit. The system component
which has been designed as the address unit which adjusts
the required range has been employed in order to prevent a
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LL - LH - HL - HH coefficients

Figure 10. The approximation, horizontal, vertical and diagonal coefficients
after the transformation

Recovered Im age 256x256 pixels

Figure 11. The original baboon image after the reconstruction (inverse
transformation)

The number of PUs has been increased to eight using the
scalability property of the architecture for the second image.
The original image and the transform output are shown in
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the Fig. 12 and Fig. 13, respectively. The reverse
transformation is realized by virtue of the obtained
coefficients and the resultant image after the reconstruction
process is given in the Fig. 14.
The Classic Lena Image

Volume 18, Number 2, 2018
The original pixel values and the reconstructed image
pixel values have been compared. For comparison purposes
PSNR (Peak Signal to Noise Ratio) [40] is frequently used
criterion in compression performance. RMSE graphic is
supplied in Figure 15 rather than PSNR which goes to
infinity for zero loss. As expected 2D RMSE is zero for all
pixels.
The Recovery Error
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Figure 12. The original Lena image before transformation
Lifting Based 2D DWT of the Classic Lena Image 512x512

pixel index

0
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Figure 15. The error graphic for the reconstructed Lena image coefficients

V. CONCLUSION

LL - LH - HL - HH coefficients

Figure 13. The approximation, horizontal, vertical and diagonal coefficients
after the transformation
The Classic Lena Image

Recovered Im age 512x512 pixels

Figure 14. The original Lena image after the reconstruction (inverse
transformation)

In this study, an efficient multiprocessor pipelined system
architecture for the lossless CDF 5/3 DWT filter is
proposed. This structure has a simple datapath unit, and all
the operations are shared onto designed processing units.
General system architecture has a hierarchical structure so
that an effective scalability is provided. Thanks to scalability
the number of PUs can be adapted where increasing number
of PUs lead to decrease in computation time since they
operate in parallel. Satisfying results have been obtained
after conducting some test by using different size of images.
The usage of multiplier units has been avoided by using
the characteristics of CDF 5/3 filter in favor of designed
architecture when considering the system hardware. The
control overhead and hardware complexity has been reduced
by the simple construction of the datapath and control unit.
The symmetric boundary extension method has been used
for the image edge points. So, the best system performance
has been tried to achieve especially in 2D image case.
The same hardware components are used twice as folded
architecture to use the hardware resources efficiently in 2D
case. The same hardware resources have been used for the
inverse transform but only changing the shift amounts of the
shifting units. In addition, the pipeline technique has been
utilized at the datapath either to avoid the time delays or to
provide the efficient use of hardware resources.
As a consequence, the proposed architecture performs the
operations of the widely used lossless CDF 5/3 filter with
less hardware components, properly. It exhibits the better
performance compared to the case without pipeline
technique. The proposed architecture can be adapted
efficiently for different applications which are based on
wavelet analysis such as DWT based image compression,
signal denoising, edge detection, speech recognition,
biomedical image processing etc.
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