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Evaluation of Design Alternatives for the
2-D-Discrete Wavelet Transform

Nikos D. Zervas, Giorgos P. Anagnostopoulos, Vassilis Spiliotopoulos, Yiannis Andreopoulos, and Costas E. Goutis

Abstract—In this paper, the three main hardware architectures
for the 2-D discrete wavelet transform (2-D-DWT) are reviewed.
Also, optimization techniques applicable to all three architectures
are described. The main contribution of this work is the quantita-
tive comparison among these design alternatives for the 2-D-DWT.
The comparison is performed in terms of memory requirements,
throughput, and energy dissipation, and is based on a theoretical
analysis of the alternative architectures and schedules. Memory re-
quirements, throughput, and energy are expressed by analytical
equations with parameters from both the 2-D-DWT algorithm and
the implementation platform. The parameterized equations enable
the early but efficient exploration of the various tradeoffs related
to the selection to the one or the other architecture.

Index Terms—Comparative study, 2-D-DWT, VLSI architec-
tures.

I. INTRODUCTION

T HE INHERENT time-scale locality characteristics of the
discrete wavelet transforms (DWTs) has established them

as powerful tools for numerous applications such as signal anal-
ysis, signal compression, and numerical analysis. This has lead
numerous research groups to develop algorithms and hardware
architectures to implement the DWT. In [1]–[4], VLSI archi-
tectures for the 1- and 2- DWT have been proposed. Addition-
ally, comparisons among the architectures and scheduling algo-
rithms for the DWT, regarding their efficiency when the DWT
is mapped in custom VLSI architectures, has been performed in
[5], [6].

Although the comparisons presented in [5] and [6] are en-
lightening, the related analysis is performed in an abstract level
ignoring implementation platform parameters (e.g., memories’
latency, number of ports, type of filters etc.) that can heavily
affect the results of such a comparison. Additionally, no direct
comparison in terms of energy efficiency has been attempted so
far. Furthermore, the possible optimizations and their effect in
the design parameters are not discussed by prior work. How-
ever, prior work has pointed that none of the alternative archi-
tectures has a clear lead in terms of either memory requirements
or throughput or energy dissipation for all possible sets of pa-
rameters. Hence, the researcher or designer has not yet been
provided with the an analytical comparison that will enable the
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early and secure selection of one among the alternative archi-
tectures for the 2-D-DWT. In this paper, we attempt to fill this
gap. Specifically, the main VLSI architectures for the 2-D-DWT
are analytically described. Additionally throughput and memory
minimization optimizations are presented and their effect is an-
alyzed. The main contribution of this paper is the compara-
tive study of the alternative architectures, which is based on
the development of analytical equations for memory require-
ments, throughput, and energy. Analysis focuses on the forward
2-D-DWT. It is considered that comparison result are also valid
for the inverse 2-D-DWT, since hardware architectures for the
inverse 2-D-DWT use the same resources and a reversed control
flow.

The rest of this paper is structured as follows. In Section II, the
basic background needed to follow this paper is given. In Sec-
tion III, the core structure of any architecture for the 2-D-DWT,
namely the filters, are described and throughput optimizations
are discussed. Section III also describes a memory minimiza-
tion technique applicable in any architecture for the 2-D-DWT.
In Sections IV–VI, the three architecture alternatives for the
2-D-DWT are analyzed. In Section VII, we compare the alterna-
tive architectures, while in Section VIII, some conclusions are
drawn.

II. BASIC BACKGROUND

In this section, the necessary background to follow this paper
is reviewed. Specifically, Section II-A briefly describes the 1-
and 2-D DWT decomposition, while Section II-B presents the
energy model used for the characterization of the alternative ar-
chitectures.

A. The DWT

The 1-D-DWT can be viewed as the multiresolution decom-
position of a sequence [7]. It takes a lengthsequence ,
and generates and output sequence of length. The output is
a multiresolution representation of . The highest resolu-
tion level is of length , the next resolution level is of length

, and so on. We denote the number of frequencies or reso-
lutions levels or levels with the symbol. The 1-D-DWT filter
bank structure, realizing the 1-D-DWT dyadic decomposition,
is illustrated in Fig. 1. Typically, and of Fig. 1 are
convolutional Quadrature Mirror Filters (QMF). We denote
and the number of taps of the high-pass and low-pass

filters respectively, and define .
For the sequence of low- and high-frequency coefficients of de-
composition layer we use the symbols and , re-
spectively. Hence, using mathematical notations, the low- and

1051–8215/01$10.00 © 2001 IEEE
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Fig. 1. 1-D-DWT decomposition.

Fig. 2. 2-D-DWT decomposition.

high-frequency coefficients of decomposition levelare com-
puted as follows:

(1)

(2)

where , ,
and .

The 2-D-DWT binary-tree decomposition is illustrated in
Fig. 2. For each level, the input signal is filtered along rows
and the resulted signal is filtered along columns. In this way,
the 2-D decomposition of an input signal , with
columns and rows, is described by the following equations:

(3)

(4)

(5)

(6)

(7)

(8)

where , ,
, ,

, and .

In the rest of this document, we use the termlayer to indi-
cate both intermediate and output signals, i.e.,, , ,

, , and , while level is used for each decompo-
sition stage.

B. Energy Model

For the energy characterization of the alternative hardware
architectures for the 2-D-DWT, only energy consumed due to
data storage and transfers is taken into account. This suffices
for the purposes of this paper for two reasons.

1) In hardware implementation of data-intensive algorithms,
such as the 2-D-DWT, the energy dissipation due to data
storage and transfers forms the dominant component (up
to 80%) of the total power budget [8]. It is indicative that a
transfer to/from an on-chip memory consumes 4–10 times
more power than one addition, while an off-chip accesses
requires 10–100 times more power than an on-chip access
[8].

2) The different hardware architectures perform exactly
the same number of filtering operations. Thus, it can be
said that energy consumed to arithmetic operations is a
common cost for all architectures.

The energy dissipated on the memory hierarchy is approx-
imated by the energy dissipation due to on-chip memory ac-
cesses plus the energy dissipation due to off-chip memory ac-
cesses

(9)

The energy consumed upon on-chip interconnect (buses) is
much smaller than the internal power consumption of on-chip
memories; thus, the energy cost of an on-chip memory transfer
is approximated by the energy cost of the memory access it-
self. The energy consumed on accesses to the on-chip memories
is estimated using the model presented by Landman in [9] and
[10]. According to this model, the energy dissipated on memory
accesses is a function of the memory size in terms of stored
words, the number of bits per stored word, the number of ac-
cess, the technology, and the number and the type (R or R/W)
of ports. It is assumed that the energy is linearly proportional
to the number of accesses, and sub-linear to memory size. We
also assume supply voltage for all architectures. Thus, the en-
ergy dissipation due to on-chip memory accesses is given as

(10)

For a given supply voltage, the functionof (10) determines
the relation between the memory energy consumption and the
memory size and depends only on technology. Such a function
is described in [8]–[10] and is used for the estimation of memory
access energy cost in this paper.

During an off-chip memory access, power is consumed by the
bus driver, the memory, the processing element(s), chip I/O pins
(bonding wires and pads), the bus wires, and the memory banks.
High-level accurate estimation of the effective capacitance cor-
responding to each one of the above sources of power consump-
tion is very difficult to be made. However, a rough but still useful
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Fig. 3. Parallel filters. (a) Conventional. (b) Throughput optimized.

(for the aim of comparison) estimate can be acquired by consid-
ering typical values for the effective capacitance corresponding
to each one of the above factors [8]. More precisely, the off-chip
memories are assumed to be the most power conscious ones, i.e.,
low-power SRAM [11]. The internal power consumption of the
off-chip memories is also modeled by (10). For the I/O pins, the
bus driver, and the bus wires, a capacitance of 40 pF per bus
line is assumed. It is also assumed that in average half of the
off-chip bus (bit) lines make a transition per off-chip memory
access. Thus the effective capacitance can be derived by mul-
tiplying the number of bus-lines (word-length) with the half of
the 40 pF. This results in the following formula:

(11)

III. COMMON ISSUES

This paper does not cover all architectures proposed in the
past, but focuses on these that are likely to be implemented in
real-life designs. So, to be realistic, we consider RAM-based ar-
chitectures that use parallel filters. We choose these architectures
since they offer the highest regularity/density of storage and
scale more easily, compared to architectures based on systolic or
semi-systolic routing [3], [5]. Finally, we choose parallel filters
because: 1) they offer a throughput equal to one output per cycle
and 2) they can be pipelined at any level, unlike serial filters.

High throughput is imposed by the application domain of
the 2-D-DWT, namely image/video compression, in which
real-time operation is typically required. We reiterate here that
the 2-D-DWT is a computational intensive algorithm, which
has a complexity in terms of filtering operations in the order of

, where , are the input’s dimensions and
a constant. High throughput is also significant for low-power
application, where it can be traded for reduced power supply
[12]. Of course, the high throughput of parallel filters comes
at the expense of a greater number multipliers. Although this
is true, recall that unlike the 1-D case, in architectures for the
2-D-DWT, it is the storage that dominates on design’s size and
complexity, not the number of multipliers [5].

TABLE I
COMPARISON OFPARALLEL FILTER ARCHITECTURES FOR THEDWT

(OSR: operation strength reduction)

A. Parallel Filter Architectures for the DWT

As far as parallel filters for the DWT are concerned, the con-
ventional and a throughput-optimized hardware architecture are
studied.Conventionalarchitectureconsistsofan inputFIFOwith
width equal to . Additionally, the same multipliers are
used for the computation of the low- and high-frequency outputs.
The conventional architecture implements (1) and (2) in an inter-
leaved manner. Specifically, for the even clock cycles, the multi-
pliers are fed with the constant coefficients of the low-pass filter,
while for the odd cycles, the same multipliers are fed with the
constant coefficients of the low-pass filter.1 In this way, a pair of
high- and low-frequency coefficients is produced each two clock
cycles. Throughput-optimized architecture consists of a modi-
fied FIFO that receives two input pairs per clock cycle and a sep-
arate data-path for the low-pass and high-pass filtering. Thus,
throughput-optimized architecture produces a pair of high and
low coefficients each clock cycle. Fig. 3 illustrates the conven-
tional and the throughput optimized parallel filter for a 4/3 DWT.

Although it is expected that the conventional architecture oc-
cupies less area than the throughput-optimized, this is not al-
ways the case. This is because with the throughput-optimized ar-
chitecture, the efficient application of an additional optimization
is enabled. Specifically, multiplication among a variable (input
sample) and a constant can be easily reduced to a number of shift
and add operations, resulting this way in a much smaller imple-
mentation [13]. For example, a multiplication times 3 is reduced
to a left shift by one and an increment by one. In Table I, the area

1Obviously, the same holds for either (3) and (4), (5) and (6), or (7) and (8).
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Fig. 4. Parallelization of filtering operations performed along a 1-D input sequence.

occupied by the nonpipelined conventional and throughput-op-
timized architectures, with and without operation reduction, for
the widely used 9/7 filter is given. It can be observed that the
throughput-optimized architecture with operation strength re-
duction is in all cases faster and, in most cases, smaller than its
nonoptimized counterparts.

Another difference among the two alternative parallel filter
architectures for the DWT is that the throughput-optimized ar-
chitecture receives two inputs in parallel. For DWT RAM-based
architectures, this imposes to use dual-port memories and wider
input-data buses. This is expected to slightly increase the energy
budget for the computation of the DWT, since multiport mem-
ories consume more energy per access than single-ported ones.

The following analysis of different 2-D-DWT hardware ar-
chitectures uses the parameterto model the selection among
conventional and throughput-optimized parallel filter. Param-
eter equals the number of input per cycle fed to the parallel
filter. Thus, indicates the usage conventional, while
indicates the usage throughput-optimized parallel filter.

B. Parallelization of Filtering Operation

According to the decomposition of Fig. 2, the 2-D-DWT is
computed by applying the high- and low-pass filters along row
and columns of a layer. To speed up the process of filtering along
a 1-D input sequence, a linear array of filters can be used. Due
to down-sampling by two, two new input coefficients are re-
quired to produce the next low- and high-frequency coefficient.
Thus, to perform successive filtering operations along a
1-D input sequence, input coefficients
are needed. Hence, such a linear array of parallel filters
requires an input FIFO of width . The first
filter in the array receives input from position 0 up to
of the FIFO, the next filter receives input from position 2 up
to , and so on. In Fig. 4, a linear array of three con-
ventional parallel filters implementing a 4/3 DWT is illustrated.
Obviously, the usage of such a filter array is rational only if

input coefficients can be fetched/stored in one cycle.
In other words, RAMs feeding input coefficients to and storing
output coefficients from such an array should have read
and write ports. Under this constraint, a utilization factor very
close to 100% is realized when such an array is used to filter a
1-D input sequence. We note that realistic values of the product

are in the range of 1–4.

Fig. 5. In-place mapping for the 1-D-DWT.

The usage of a linear array of filters is not the only way to suc-
ceed parallelism for the computation of the 2-D-DWT. Another
option is to employ parallelism among filtering operations of
different layers of the 2-D-DWT. In this paper, this form of fil-
tering operations parallelism is not studied, since this approach
requires a more complex control and does not allow for 100%
utilization factor in the general case.

The following analysis of different 2-D-DWT hardware ar-
chitectures uses the parameter to model the number of par-
allel filters in the linear array.

C. In-Place Mapping for the 1- and 2-D DWT

Typically in any architecture for the 1-D or the 2-D DWT,
two different memory blocks are allocated to store the input
and the output of the transform. We remind that the input and
the output of the transform, and thus also the corresponding
memory blocks, are of equal size. In this subsection, we de-
scribe a in-place mapping scheme that allows to perform the 1-D
or 2-D DWT using only one of these memory blocks. The key
concept is simple:Store filtering outputs in-place of no-longer
needed filtering inputs.

For example, consider the 1-D-sequence of Fig. 5 and assume
that input coefficients are fed from the input memory to the
filter from a FIFO, which we name filtering FIFO . Ad-
ditionally assume that input memory stores coefficient
at address 0, coefficient at address 1, and so on. The
pair of coefficients , is produced by filtering the
three first input coefficients after performing a symmetrical mir-
roring. Since input coefficients and are currently
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Fig. 6. In-place mapping for the 2-D-DWT.

in the and will not fetched again from the , we can
store , in their place (addresses 0 and 1). In the same
way, coefficients and , can be stored at addressed
and respectively. A direct effect of this in-place mapping
is that after the completion along the input, the low-frequency
coefficients of level 1 that will be consumed to produce the co-
efficients of level 2 are not stored in consecutive addresses in the
memory. Specifically, the low-frequency coefficients of level

are stored in the addresses , while
the high-frequency coefficients of level are stored in
the addresses (
and ).

For the 2-D-DWT, consider now the input and decomposition
layers as 2-D arrays of coefficients. In an analogous way, the
coefficients of , of decomposition layers and are
stored in the addresses

where , , and
.

The coefficients of , of decomposition layers ,
, , and are stored in the addresses

where , , and
. An example of 2-D-DWT in-place

mapping for input with size 8 8 is illustrated in Fig. 6.
Note that the addressing expressions required for the in-place

mapping can be implemented in hardware using very simple

structures, since they consist of multiplications among indexes
and a power of two (easily implemented by shifting operations)
and increments by one. Although this is true, this additional
hardware consumes additional energy. However, this energy
penalty is insignificant since addressing is responsible for only
a very small fraction of the total energy budget of architectures
for the 2-D-DWT, which is dominated by the energy dissipation
due data storage and transfers.

IV. A RCHITECTUREI: LEVEL-BY-LEVEL

The level-by-level architecture is the straightforward imple-
mentation of the 2-D decomposition of Fig. 2. Specifically, an
input image is scanned in a row-by-row manner and filtering
along layers is not interleaved. This means that, for each level,
the filtering along columns is performed after the completion
of the filtering along rows. Furthermore, the filtering of level
is initiated after the completion of filtering at level . The
filtering operation schedule is described by the pseudo-code of
Fig. 72, while the hardware architecture is illustrated in Fig. 8.
It is noted that initialization and finalization process (needed at
the image limits) is ignored in Fig. 7, and throughout this paper,
for the sake of simplicity.

The memory (Fig. 8) initially stores the input image.
Thus, the size of in terms of coefficients is

(12)

A linear array of parallel filters is used to perform the nec-
essary filtering operations. The usage of such an array is sensible
only if has read and write ports. Each layer’s
coefficients after their production are written back to
according to the in-place mapping scheme described in Sec-
tion III-C. It must be stressed here that with this architecture,
it is meaningless to introduce local memories to store interme-
diate results (i.e., coefficients of layers , , and ). This

2Routines filter_row, and filter_col are valid forN � p = 2.
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Fig. 7. Level-by-level algorithm.

Fig. 8. Level-by-level architecture.

is due to the large size that such memories would have. For
example, to store the coefficients of layers and requires
a storage mean equal to the initial image size.

A. Number of Memory Accesses

Under the constraint related to the number of ports of
, the number of read (write) accesses to

required to perform the 2-D-DWT with the level-by-level
approach is found as follows. To produce the, layers, we
need to read all the coefficients of layer . Layer
has a size of . Since on each access

coefficients are read (written) in parallel, the production
of , layers requires read (write)
accesses. The size of layer is , hence to
produce the layers and ,
read (write) accesses are needed. In the same way, to produce

and layers, another
read (write) accesses are needed. Thus, forlevels of decom-
position, the number of read (write) accesses is

(13)

B. Throughput

To come up with a formula for the throughput of the
level-by-level approach, we need to define an extra parameter,
namely the latency of . In this way, we name
the number of clock cycles (latency) per access (read
or write). Now, if we assume 100% utilization of all filters in
the linear array, then the number of clock cycles (throughput)
needed to perform the 2-D-DWT is

(14)

Finally, throughput in terms of input coefficients processed per
second is

(15)

where is the clock frequency.

C. Energy

can be stored either off-chip or on-chip, with respect
to integration technology capabilities and image dimensions.
For the case that is stored on-chip, the energy consump-
tion of the level-by-level architecture is estimated using (11).
Replacing in (11) the number of words with , the number
of ports with , the number of bits per word with, and
the number of accesses with (13) results in the formula

(16)

If is integrated on-chip, then the energy consumption
of the level-by-level architecture is estimated using (10), and
thus, the above equation is reduced to

(17)
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Fig. 9. 2-D-RPA.

Fig. 10. Line-based architecture.

V. ARCHITECTUREII: L INE-BASED

The line-based architecture scan input image in a row-by-row
manner and comply to the following concept:Proceed to the
next layer filtering ASAP, without interleaving filtering along a
row. The line-based architecture is based on a algorithm anal-
ogous to the 1-D-RPA algorithm [3]. Although extensions of
the RPA algorithm to the 2-D-DWT are referenced by some re-
searchers (e.g., [5], [6]), such an algorithm—to the best of au-
thors’ knowledge—has not been presented yet. However, archi-
tectures based on the above concept have been described in [14]
and [15], the latter of which is also proposed by the JPEG 2000
committee. In this paper, a recursive algorithm for the 2-D-DWT
is proposed. We call this algorithm 2-D RPA . The 2-D-RPA is
illustrated in Fig. 9 and is the base of the line-based architecture
(see Fig. 10) described here.

A direct consequence of interchanging layers’ filtering ASAP
is that latency is minimized. Additionally, the 2-D-RPA enables
the usage of small local memories for the reused data, which are
the coefficients of layers and for , and

for (see Fig. 2). This feature is highly
favorable in many cases, since localizing memory accesses can
result in lower energy consumption and higher throughput, at
the cost, of course, of higher integration area.

Fig. 11. Local memories with the line-based architecture.

A. Local Memories

To identify how local memories can be used under the line-
based architecture, consider the example of Fig. 11, for which a
filter of length is used. Filtering the first row of layer

produces the first row of layers and . The produc-
tion of layers’ and ( and ) coefficients is
performed by filtering along columns of layer . To pro-
ceed ASAP to the next-layer filtering, rows of are
filtered; then one filtering along each column of the produced
coefficients of layers and must be performed to produce
the first row of coefficients at layers , , , and .
Thus, the storage requirements for interchange betweenand

coefficients production, to , , , and coef-
ficients production is just coefficients.
These storage requirements are satisfied by a local memory, here
called . The size of the is

(18)

Remember that and layers’ coefficients are pro-
duced by filtering along rows of layer and that is pro-
duced in a row-by-row manner. Hence, the storage requirements
to interchange between coefficients production and
and coefficients productions is equal to just one row of
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coefficients of layer . These storage requirements are satis-
fied by a local memory, here called . The size of the

is

(19)

With the level-by-level architecture, the storage requirements
for interchanging between and coefficients production
to , , , and coefficients production is

coefficients. This means that for , the required
intermediate storage is equal to the initial image size. This large
size of inter-layer buffering is the reason of not considering the
usage of local memories in the analysis of the level-by-level
architecture.

B. Number of Memory Accesses

Since each input coefficient is read and written only once, and
the number of ports of all memories is , the number of
read and write accesses to is

(20)

stores the , coefficients, which are interme-
diate results of the 2-D-DWT. These coefficients are produced
(written to ) during horizontal filtering. Each
coefficient is written once to . Thus, the number of write
accesses to equals the total number of and co-
efficients divided by the number of coefficients written during
each access

(21)

All coefficients are consumed (read from )
during vertical filtering. For level , the filtering of all (or

) coefficients that are stored in results in only one
pair of rows of (or ) coefficients. In
other words, to produce a pair of rows of (or

) coefficients, (or ) coefficients must
be read. Since at level the total number of pairs of rows of

(or ) coefficients is , the total
number of accesses to can be found as follows:

(22)

To produce one row of coefficients at layer and ,
coefficients must be read from . Thus, the

number of coefficients read from is equal to the

product of times the number of rows at layer ,
which is . Hence, the total number read accesses from
(write accesses to) is

(23)

C. Throughput

In the following analysis, we use the symbols ,
, and to indicate the number of clock cycles

per , , and , respectively. Thus,
assuming a 100% utilization of all filters in the linear array,
the number of clock cycles to perform the 2-D-DWT with
line-based architecture is

(24)

Hence, throughput in terms of input coefficients processed
per time unit is

(25)

D. Energy

To derive a formula for the energy dissipation of the
line-based architecture, we first consider the typical case
according to which: 1) an input image is stored off-chip and
2) local memories ( and ) are stored on-chip.
This allocation of memory blocks is considered typical mainly
due to the memory blocks’ size. For example, in the extreme
case that , , and , the sum of
sizes of and is less than 20 K coefficients,
which modern technologies allow to be stored on-chip. On the
other hand, size is 64 K coefficients, even when

. Under this allocation, energy dissipation is

(26)
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Fig. 12. Input image scan with the block-based approach.

where

From (26) and (18)–(23), energy dissipation can be ex-
pressed in terms of the basic parameters used throughout this
paper.

Although current technology does not allow for on-chip inte-
gration of , it is expected that in the near future
will migrate on-chip, at least for small image sizes. To estimate
the energy dissipation of the line-based architecture in such a
case, the term should be re-
moved from (26).

VI. A RCHITECTUREIII: B LOCK-BASED

The block-based approach proposed in [6] is based on the
following concept:Produce the next parent–children- tree (pct)
ASAP. The root of a pct is a quadruplet of coefficients at the
highest level of decomposition (i.e., , , , ).
For the production of each new pct, an input image’s block with
size equal to is required. The input image’s (nonoverlap-
ping) blocks are traversed in the order indicated by the directed
lines , as in Fig. 12.3 This block-by-block traversal is a disadvan-
tage for the block-based architecture, since this short-of-input
image scanning is unsuitable for streaming applications and,
furthermore, it requires a rather complex addressing.

A block diagram of the block-based hardware architecture
is illustrated in Fig. 13. The operation of the block-based ar-
chitecture is as follows. A block is fetched from the

to a local (possibly on-chip) memory called inter-pass
memory and denoted as . As mentioned earlier, the size of
the block fetched to is such that allows for the production
of a quadruplet of coefficients at the highest level of decomposi-
tion. Filtering is performed within the limits of the block and the
output coefficients are written back to the , exactly in the

3The blocks near the top and left limits of the image have different sizes to
satisfy initialization needs (further details can be found in [6]).

Fig. 13. Overlapping.

same way as in the level-by-level architecture (see Section IV).
Then the decomposition of the block is written back to
and the next block is fetched in the , and so on.

Since an image is filtered in a block-by-block manner, fil-
tering along a row of the initial image is interleaved several
times. The same holds for all the decomposition layers too.
Recall that two successive filtering operations along the same
column or row share coefficients. This fact imposes the
existence of two extra local memories to store the overlapped
coefficients. To clear this out, let us consider a reference block.
In Fig. 14, the gray rectangles indicate the reference block de-
composition at layers , , and . The green and yellow
rectangles indicate the adjacent blocks decomposition layers in
the horizontal and vertical direction, respectively. To perform
filtering within the green block at layer , we need
coefficients produced during decomposition of the gray block at
the same layer. In a manner similar to perform filtering within
the yellow block at layer , we need coefficients
produced during decomposition of the gray block at the same
layer. To avoid the recalculation of the overlapped coefficients,
which would introduce a speed penalty and increase the size of

, two extra memory blocks are used with the block-based
architecture: the first one stores coefficients of input and of
layers , and is named overlap memory
along rows , while the second stores coefficients
of layers and , and is named overlap
memory along columns .

A slightly different hardware architecture results, if instead
of fetching one block at the time, a super-block of
blocks is fetched in the . Filtering within such a super-block
enables the production of pcts without accessing the

. The differences among initial description and this vari-
ation of the block-based architecture are just in terms of memory
sizes and number of accesses to each memory. For this reason,
from this point forward we will study both in a unified way.
Specifically, we will refer to both alternatives using the name
block based architecture/approachand the oncoming analysis
will consider and as two extra implementation param-
eters.

The pseudo-code of Fig. 15 provides a more compact de-
scription of the basic steps of the data and control flow of the
block-based architecture. In Fig. 15, initialization and finaliza-
tion phenomena are omitted for the sake of simplicity.
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Fig. 14. Block-based architecture.

Fig. 15. Algorithm for the block-based architecture.

A. Local Memories

As previously mentioned, the can store blocks
with size . Thus

(27)

An input image is scanned in a row of (super-)blocks-by-row
of (super-)blocks order. For each block, filtering along all
layers of decomposition is performed. This traversal imposes

to store coefficients for each column
and each decomposition level. The number of columns at
decomposition level is . Hence, the size of is

(28)

The traversal of the block-by-block architecture imposes to
store in the , coefficients for each row and

each decomposition level of a (super-)block. The number of
rows at decomposition levelof a (super-)block is .
Hence, the size of is

(29)

B. Memory Accesses

Since each input coefficient is read and written only once, and
the number of ports of all memories is , the number of
read and write accesses to is

(30)

Since, for each (super-)block, the 2-D-DWT is performed in
the same way as in the level-by-level approach, we can use (13)
to compute the number of coefficients read from per block.
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Of course, in (13) must be replaced with . Addi-
tionally, each block is written back to . The total number
of (super-)blocks is . Hence

(31)

coefficients are fetched/stored from/to for
each column of each decomposition level of each (super-)block.
The number of (super-)blocks is ; the
number of column at decomposition levelof a block is

. Thus

(32)

coefficients are fetched/stored from/to
for each row of each decomposition level of each (super-)block.
Thus in the same way as in the case of , the number
of read (write) accesses to is

(33)

C. Throughput

In the following analysis, we use the symbols , ,
, and to indicate the number of clock cy-

cles per , , , and , respectively.
Thus, assuming a 100% utilization of all filters in the linear
array, the number of clock cycles to perform the 2-D-DWT with
block-based architecture is

(34)

TABLE II
COMPARISONPARAMETERS

Hence, throughput in terms of input coefficients processed
per time unit is

(35)

D. Energy

To come up with a formula for the energy dissipation of the
block-based architecture, we must first allocate each memory
block on- or off-chip. , , and are typ-
ically stored on-chip, since the sum of their sizes is less than 32
K coefficients, even for the extreme case that ,

, , and . For , we con-
sider two cases. According to the first case, lie off-chip,
while for the second case, lie on-chip. In the first case,
the energy dissipation of the block-based architecture is esti-
mated by the following equation:

(36)

In the case that is stored on-chip the term
should be removed from (36).

From (27)–(33) and (36), energy dissipation can be expressed
in terms of the basic parameters used throughout this paper.

VII. COMPARISONS

In this section, we attempt a comparison in terms of memory
requirements, throughput, and energy dissipation of the design
alternatives of the 2-D-DWT presented in Sections IV–VI.
The comparison is based on parametric (13)–(36). Table II
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TABLE III
THE PARAMETERIC EQUATIONS FORMEMORY SIZE, NUMBER OF ACCESSES, THROUGHPUT ANDENERGY DISSIPATION

summarizes the performed analysis parameters, while Table III
summarizes the parametric equations. Although analytical
equations are available, the identification of the conditions
under which the one architecture overcomes the others in a
purely analytical fashion, however, is almost infeasible. For
this reason, we perform the comparison for typical cases of the
2-D-DWT, and draw general conclusions whenever possible.
We consider as typical examples some of the 2-D-DWT
included in the JPEG2000 final committee draft [16], namely
the 2-D-DWT based on the 5/3, 9/7, and 10/18 filters.

A. Memory Requirements

The level-by-level approach has smaller memory require-
ments than the line-based and block-based architectures.
Furthermore, the memory requirements of level-by-level
approach are not modified with input dimensions, nor type of
filter, nor number of decomposition levels.

The only memory block that is required by the
level-by-level is also present in the line- and block-based archi-
tectures. Additionally, the line- and block-based architectures
succeed to store intermediate results in local memory blocks

that are typically stored on-chip. The sizes of the local memories
varies with input image dimensions, number of decomposition
layers, and filter width. Fig. 16 illustrates the sizes of the local
memories with the line- and block-based architectures for 5/3,
9/7, and 10/18 2-D-DWT. As can be observed, the block-based
has 15%–45% smaller requirements for local storage than the
line-based architecture in the majority of cases. This is not true
in cases where the number of decomposition levels is greater
than six (e.g., 7, 2048, or 6, 512), where the the block-based
has 25%–100% greater requirements for local storage than the
line-based architecture.

Furthermore, an interesting observation is that the number
of decomposition levels slightly affects memory sizes for the
line-based architecture, while heavily affects memory sizes
of the block-based architecture. For example in the case of
1024 1024 input image and 5/3 2-D-DWT, the line-based
architecture requires local storage of 9.5 Kcoeffs for three
levels and 11 Kcoeffs for seven levels of decomposition, while
the block-based architecture requires local storage of 5.3 and
22.7 Kcoeffs, respectively. This must be taken into account,
especially in cases that the design goal is a DWT engine
programmable in terms of decomposition levels.
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Fig. 16. Local-memories’ size for the line- and block-based architectures.

Fig. 17. Throughput fort = 5t = 5.

Summarizing the above results to:

• the level-by-level architecture do not use any local memo-
ries and thus has the smaller memory requirements among
the three architectures;

• the block-based architecture requires less local memory
storage than the line-based architecture, when the
number of decomposition levels is in the range of 1–6; if
the number of decomposition levels is greater than 6 then
the situation is reversed;

• the greater the filter length is, the smaller the differences
in terms of memory requirements for the block-based and
the line-based architecture becomes;

• the number of decomposition levels do not, slightly
and significantly affect the memory requirements of the
level-by-level, line-based and block-based architectures,
respectively.

B. Throughput

To perform a comparison among the alternative architectures
in terms of throughput, we consider a typical case according

to which: 1) the clock frequency is 100 MHz and 2) all
memories are dual-ported . Furthermore, two
cases for the relation among the latency of and the
latency of the local memories ( , , ,

, and ) are studied. The first case, according
to which , is representative of the
case that is stored off-chip and all local-memories
are stored on-chip, while the second, according to which

, is representative of the case that
both and local-memories are stored on-chip. It is
noted, that the following comparison ignores image dimensions

, since throughput in terms of Msamples/s does not
depend on them (see Table III).

Fig. 17 illustrates the throughput in terms of Msamples/s of
all three architectures for 5/3, 9/7, and 10/18 2-D-DWT, when

. In the case of the 5/3 2-D-DWT,
the line-based is 11%–21% faster than block-based architecture.
Additionally, the line-based architecture overturns the block-
based architecture by 12% in the case of the 9/7 2-D-DWT for
three decomposition levels. On the other hand, for decompo-
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Fig. 18. Throughput fort = t = 1.

sition levels from 4 up to 7 in the case of the 9/7 2-D-DWT,
and for the whole range of decomposition levels in the case of
the 10/18 2-D-DWT, the block-based is 3%–70% faster than the
line-based architecture. A more detailed analysis of (25) and
(35) results in the conclusion that the line-based is faster than the
block-based architecture either if , or if

. Obviously, in any other case, the situation is
reversed. Finally, as a consequence of ’s latency, for all
filters the level-by-level is slower than the other two architec-
tures.

Fig. 18 illustrates the throughput in terms of Msamples/s
of all three architectures for 5/3, 9/7, and 10/18 2-D-DWT,
when . In this case, the parameter
that defines the comparison outcome is the total number of
memory accesses, since there is no latency difference for
accesses to and local memories. Hence, as expected
the level-by-level architecture, which performs the smallest
possible number of memory accesses, is the one that is faster
than the other two architectures for all filter sets and number
of decomposition levels. The comparison among the other two
architectures leads to the same conclusions as in the case that

, but now the percentage differences are
greater from 5% to 17%.

Summarizing the above leads to the following general state-
ments.

• When is stored off-chip and local memories are
stored on-chip, the faster among the three architectures is
either: 1) the line-based in the case of small filter lengths

, or in the case of a small number of decom-
position levels and filter lengths in the range:

, or 2) the block- based in any other case.
• When both and local memories are stored

on-chip, the level-by-level is the faster among the three
alternative architectures.

• Throughput of level-by-level and line-based architecture
negligibly depends on decomposition levels, while the
block-based architecture throughput increases with the
number of decomposition levels.

C. Energy

One off-chip access is 10 to 100 times more energy con-
suming than one on-chip access, depending on technology,
off-chip buses length, etc. For this reason, the comparison of the
three alternative architectures for the 2-D-DWT is performed
separately for the cases that is stored off-chip and
on-chip.

For the first case, the level-by-level approach is by far the less
energy-efficient architecture, since with this architecture all co-
efficients are fetched from and stored to the off-chip .
On the other hand, the other two architectures access the inter-
mediate results (i.e., coefficients , and , ) from
the local on-chip memories, and thus succeed to significantly re-
duce energy requirements. Hence, for this case, the comparison
in terms of energy dissipation is performed only among the line-
and block-based architectures. Since both these architectures
perform the same number of accesses to the off-chip
[(20) (30)], the comparison among them is focused only in the
energy consumed due to accesses to the on-chip local memories.
Fig. 19 shows the energy consumed due to on-chip memory ac-
cesses for the cases of a 5/3, 9/7, and 10/18 2-D-DWT. From this
figure, it can be observed that in all cases, the line-based con-
sumes more energy due to on-chip memory accesses than the
block-based architecture. The difference in terms of energy dis-
sipation due to accesses to the local memories among the two
architectures is significant and lies in the range of 13%–85%.
This difference is due to the fact that the line-based architecture
performs the dominant majority of on-chip memory accesses to

, while the block-based architecture performs the dom-
inant majority of on-chip memory accesses to the smaller ,
where the energy-cost per access is much lower.

Fig. 20 illustrates the energy dissipation for all three archi-
tectures, for the case that both and local memories lie
on-chip. In this case, the factors that determine the outcome
of the comparison are the number of memory accesses and
the way this accesses are distributed to the memory blocks.
Specifically, to succeed the storage of intermediate results in
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Fig. 19. Energy consumption of local (on-chip) memories with the line- and block-based architectures.

Fig. 20. Energy consumption (Img M and local-memories: on-chip).

the smaller than local memories, the block-based
and line-based architectures have a higher number of memory
accesses when compared to the level-by-level architecture.
Hence, from the energy consumption point of view, on the
one hand, the level-by-level has the advantage of performing
less memory accesses, and on the other hand, the block- and
line-based architectures have the advantage of performing the
majority of accesses to memories with smaller size than the size
of . As shown in Fig. 20, this tradeoff turns in favor of
the block-based architecture for relatively small filter widths
and in favor of the level-by-level architecture for relatively large
filter widths. This is due to the fact that memory requirements
and the number of memory accesses for the level-by-level
architecture do not depend on filter width, while for the block-
and line-based architectures, as the width of the filter increases,
the size of the local memories and the number of accesses to
them also increase [(18), (28), (29) and (23), (32) and (33),
respectively]. Furthermore, it can be observed that the small
image dimensions are in favor of the level-by-level

architecture, while the large image dimensions are in favor
of the block-based architecture. This is rational since the
level-by-level performs all of its accesses to the size of
which increases with image dimensions, while a significant part
of the accesses of the block-based architecture is performed
on memory blocks ( and ) the size of which do
not depend on image dimensions. A detailed analysis of energy
consumption data leads to the conclusion that the most energy
efficient among the three architectures studied here is: (1) either
the level-by-level when

or (2) the block-based
when: . It is noted that when

, the differences
among the block-based and level-by-level architectures in
terms of energy dissipation are negligible . For example,
as shown in Fig. 20, for 5/3 2-D-DWT the level-by-level
consumes on average 9% more energy than the block-based,
while for the 18/10 2-D-DWT and , 512 the
level-by-level consumes on average almost 22% less than the
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TABLE IV
COMPARISONSUMMARY

than the block-based architecture. Finally, the line-based is
5%–55% less energy efficient than the other two architectures.

Summarizing the above results in the following statements.

• In the case that lies off-chip and local memories
lie on-chip, the block-based is the most energy-efficient,
while the level-by-level is the less energy-efficient archi-
tecture.

• When all local memories and are stored on-chip,
then the most energy efficient architecture is: 1) either the
level-by-level when

or 2) the block-
based when: .

D. Discussion

From the comparison performed for the three filters of JPEG
2000, it is evident that the efficient and secure selection of one,
among the alternative architectures, requires a detailed explo-
ration of the various tradeoff. None of the alternative architec-
ture has a clear lead in all cases and/or for all sets of parameters.
The comparison result turns in favor of the architecture that, for
a certain implementation platform and a certain type of filter and
decomposition level of the 2-D-DWT, combines low integration
cost (related to number of filtering units and memory require-
ments), sufficient throughput for the given task, and dissipates
less energy. This sort of exploration is facilitated by the derived
formulas (Table III) and conclusions of this paper, the most im-
portant of which are summarized in Table IV.

Specifically, the exploration performed in Section VII-A–C
indicated that, in cases that technology and cost allow for
the on-chip integration of , the easiest to implement
level-by-level architecture combines relatively high throughput
and low energy dissipation, while requiring the smallest amount
of storage. However, if is stored off-chip (which today
is the typical case), then the level-by-level is transformed to
the slowest and most energy-hungry among the architectures
studied here.

In the latter case and for relatively small filter widths, the
line-based architecture offers high throughput at expense of in-

creased energy dissipation, while the block-based architecture
requires the lowest energy budget at the expense of processing
speed. Furthermore, in the case of relatively large filter widths,
the block-based overturns the other two architectures in terms
of both energy dissipation and throughput. However, the block-
based architecture has the disadvantages of being the hardest
to implement, of not being suitable for streaming applications,
and of significantly modifying its storage requirements when
the number of decomposition levels varies.

VIII. C ONCLUSION

In this paper, alternative hardware architectures for the
2-D-DWT have been analyzed and compared in terms of
memory requirements, throughput, and energy dissipation.
This paper does not cover all architectures proposed in the
past, but focuses on these that are likely to be implemented
in real-life designs. The comparison is based on theoretically
derived formulas for memory requirements, throughput, and
energy dissipation. The formulas are generic in terms of param-
eters of both the 2-D-DWT and the implementation platform.
The comparison has indicated that none of the architectures has
a clear lead for all sets of parameters, but it has also lead to the
identification of strengths and weaknesses of each architecture,
and the conditions under which each architecture overturns the
others in terms of storage requirements, processing speed, and
energy dissipation.
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