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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 early and secure selection of one among the alternative archi-
for the 2-D discrete wavelet transform (2-D-DWT) are reviewed. tectures for the 2-D-DWT. In this paper, we attempt to fill this
Also, optimization techniques applicable to all three architectures gap. Specifically, the main VLS| architectures for the 2-D-DWT
are described. The main contribution of this work is the quantita- . ! . i
tive comparison among these design alternatives for the 2-D-DWT. ar_e fan_alyt_'ca”y d'es.crlb.ed. Additionally throughput.and memory
The Comparison is performed in terms of memory requirementsy minimization Optlmlzatlons are presented and thell’ eﬁect IS an-
throughput, and energy dissipation, and is based on a theoretical alyzed. The main contribution of this paper is the compara-
analysis of the alternative architectures and schedules. Memory re- tjye study of the alternative architectures, which is based on
quirements, throughput, and energy are expressed by analytical 1ha gevelopment of analytical equations for memory require-
equations with parameters from both the 2-D-DWT algorithm and .

ments, throughput, and energy. Analysis focuses on the forward

the implementation platform. The parameterized equations enable ; ; ; .
the early but efficient exploration of the various tradeoffs related 2-D-DWT. Itis considered that comparison result are also valid

to the selection to the one or the other architecture. for the inverse 2-D-DWT, since hardware architectures for the
Index Terms—Comparative study, 2-D-DWT, VLSI architec- inverse 2-D-DWT use the same resources and a reversed control
tures. flow.

The rest of this paper is structured as follows. In Section Il, the
basic background needed to follow this paper is given. In Sec-
tion 111, the core structure of any architecture for the 2-D-DWT,

HE INHERENT time-scale locality characteristics of thenamely the filters, are described and throughput optimizations
discrete wavelet transforms (DWTs) has established thefre discussed. Section IIl also describes a memory minimiza-
as powerful tools for numerous applications such as signal angbn technique applicable in any architecture for the 2-D-DWT.
ysis, signal compression, and numerical analysis. This has leadSections IV=VI, the three architecture alternatives for the
numerous research groups to develop algorithms and hardwau®-DWT are analyzed. In Section VII, we compare the alterna-
architectures to implement the DWT. In [1]-[4], VLSI archiive architectures, while in Section VIII, some conclusions are
tectures for the 1- and 2- DWT have been proposed. Additiograwn.
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]. In this section, the necessary background to follow this paper

A|th0ugh the Comparisons presented in [5] and [6] are eif$. reviewed. SpeCiﬁca“y, Section II-A brleﬂy describes the 1-
lightening, the related analysis is performed in an abstract le@d 2-D DWT decomposition, while Section II-B presents the
ignoring imp]ementation p|atf0rm parameters (e_g', memorie%ﬂ.ergy model used for the characterization of the alternative ar-
latency, number of ports, type of filters etc.) that can heavihitectures.
affect the results of such a comparison. Additionally, no direct
comparison in terms of energy efficiency has been attemptedsoThe DWT
far. Furthermore, the possible optimizations and their effect inThe 1-D-DWT can be viewed as the multiresolution decom-
the design parameters are not discussed by prior work. HQYgsition of a sequence [7]. It takes a lengfrsequencd N [n],
ever, prior work has pointed that none of the alternative archjng generates and output sequence of leagtiThe output is
tectures has a clear lead in terms of either memory requiremegigy|tiresolution representation &V [n]. The highest resolu-
or throughput or energy dissipation for all possible sets of pgon level is of lengthiv/2, the next resolution level is of length
rameters. Hence, the researcher or designer has not yet bgen and so on. We denote the number of frequencies or reso-

provided with the an analytical comparison that will enable thgtions levels or levels with the symbal The 1-D-DWT filter

bank structure, realizing the 1-D-DWT dyadic decomposition,
Manuscript received November 17, 2000; revised October 7, 2001. This pajgrllustrated in Fig. 1. Typically[»] andw[n] of Fig. 1 are

was recommended by Associate Editor R. Chandramouli __convolutional Quadrature Mirror Filters (QMF). We dendfg
N. D. Zervas, G. P. Anagnostopoulos, V. Spiliotopoulos, and C. E. Goutis are

with the VLSI Design Laboratory, Department of Electrical and Computer Eng?d .V, T[he number Of taps of the h'lgh-pe(iﬁn]) and low-pass
neering, University of Patras, Patras GR-26500, Greece (e-mail: zervas@ee(up[n]) filters respectively, and defin®yy = max{Ng, Nr}.

atras.gr; anagnost@ee.upatras.gr; bspili@ee.upatras.gr; goutis@ee.upatraggpthe sequence of low- and high-frequency coefficients of de-
Y. Andreopoulos is with Pleinlaan2, Department ETRO, Vrije Universiteit

Brussel, Brussells, Belgium (e-mail: vandreop@etro.vub.ac.be). Comp_OSition layer; we use the Symbomj [n] ?‘nd Hjn], re-
Publisher Item Identifier S 1051-8215(01)11036-0. spectively. Hence, using mathematical notations, the low- and

I. INTRODUCTION

Il. BASIC BACKGROUND

1051-8215/01$10.00 © 2001 IEEE



ZERVAS et al: EVALUATION OF DESIGN ALTERNATIVES FOR THE 2-D-DWT

Fig. 1.

HH
H, )=
h(n) cols HL
W) HH,
rows @'_‘@_L)H1 P adi)
w(n) 2

cols
LL
rows

w(n) ! LH
LL,

1-D-DWT decomposition.

Fig. 2. 2-D-DWT decomposition.

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

Np—1

Lj[n] = Z wlt] x Lj[2n —1] @)
Ngot

Hjpilnl = > hl]l x Li[2n —1—1] 2)
1=0

wherej = {0,1,...
andLo[n] = IN[n].
The 2-D-DWT binary-tree decomposition is illustrated

L—1},n=1{0,1...,N/2+ — 1},

Fig. 2. For each level, the input signal is filtered along ro
and the resulted signal is filtered along columns. In this wa§/‘,9

the 2-D decomposition of an input signéV [M][N], with M

columns andV rows, is described by the following equations:

Agl wli] x LL;[row][2m — 4]
Hji1[row][m] = Ngl hli] x LL;[row][2m —1 -] (4)
LL; 41 [n][col] = Agl wli] x Lj[2n — i][col]
LH; 41 [n][col] = Ngl hi] x L;[2n — 1 — i][col]
HL; 1 [n][col] = A;;l wli] x H,[2n — i][col]
HH; 1 [n][col] = Ngl hi] x H;[2n — 1 — i][col]

®3)

Ly afrowlfm] =

()

(6)

()

(8)

wherej = {0,1,...,L — 1}, row = {0,1... N/2/ — 1},
m={0,1...,M/2tt — 1}, col = {0,1...,M/2+ — 1},
n=1{0,1...,N/2Ft1 — 1}, andLLo[n][m] = IN[n][m].
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In the rest of this document, we use the tdayer to indi-
cate both intermediate and output signals, ig., H;, LL;,
LH;, HH;, and H L, while levelis 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) Inhardware 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]. Itis indicative that a
transfer to/from an on-chip memory consumes 4-10times
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

Enviev = E Eon_cuip_Mem; + E Eon_cuip_Mem;- (9)
i i

The energy consumed upon on-chip interconnect (buses) is
much smaller than the internal power consumption of on-chip

ir{nemories; thus, the energy cost of an on-chip memory transfer
V\)§ approximated by the energy cost of the memory access it-

If. 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

Eoxn_cuip = N_Accesseson_crip

-f (N_words, N _bits, N_ports). (10)

For a given supply voltage, the functigiof (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-
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ering typical values for the effective capacitance corresponding COMPARISON OFPARALLEL FILTER ARCHITECTURES FOR THEDWT

to each one of the above factors [8]. More precisely, the off-chip

_ : P TFilter Arch. FPGA ASIC
memories are assumed to be the most power conscious ones, i.e., (xcv300-5, 0.22um) |  (AMS 0.6um)
low-power SRAM [11]. The internal power consumption of the Delay | Area | Delay | Area
off-chip memories is also modeled by (10). For the I/O pins, the ' {ns) | (CLBs) | (ns) | (mil?)
bus driver, and the bus wires, a capacitance of 40 pF per bus <onventional 28 1117 | 63.17 | 7203
ine i d ltis al d that i half of th Conv. + OSR 26 735 62.62 | 5474
ine is assumed. It is also assumed that in average half of the  TrrGuzrpu: opt. 51 1856 1 61.98 | 19638
off-chip bus (bit) lines make a transition per off-chip memory Thr. Opt. + OSR || 21 704 47.84 | 6262

access. Thus the effective capacitance can be derived by mul- _ ,
tiplying the number of bus-lines (word-length) with the half of (©SR: operation strength reduction)
the 40 pF. This results in the following formula:
Eoﬂ_chip = [N_bitS - N_ports - 1075 VD2D
+ f (N_words, N _bits, N_ports)]

- N _Accessesos_Chip-

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. Conventional architecture consists of an input FIFO with
width equal toNVy. Additionally, the samé&Vyy multipliers are
used for the computation of the low- and high-frequency outputs.
Ege conventional architecture implements (1) and (2) inan inter-

This paper does not cover all architectures proposed in . :
. . eaved manner. Specifically, for the even clock cycles, the multi-
past, but focuses on these that are likely to be implemented in

real-life designs. So, to be realistic, we consider RAM-based grllers are fed with the constant coefficients of the low-pass filter,

chitectures that use parallelfilters. We choose these architectuv}lehéIe for the odd cycles, the same multipliers are fed with the

since they offer the highest regularity/density of storage and nstant coefficients of the low-pass filteln this way, a pair of

. . .hlgh— and low-frequency coefficients is produced each two clock
scale more easily, compared to architectures based on systolic or - . . .
Cycles. Throughput-optimized architecture consists of a modi-

semi-systolic routing [3], [5]. Finally, we choose parallel filters: . . . i
because: 1) they offer a throughput equal to one output per cﬁ(l, ed FIFO that receives two input pairs per clock cycle and a sep

and 2) they can be pipelined at any level, unlike serial filters, 2 ate data-path for the low-pass and high-pass filtering. Thus,

High throughput is imposed by the application domain Ttf1roughput-opt|m|zed architecture produces a pair of high and

the 2-D-DWT, namely image/video compression, in whic ow coefficients each clock cycle. Fig. 3 illustrates the conven-

) o ) ) : |?nal and the throughput optimized parallelfilter for a 4/3 DWT.
real-time operation is typically required. We reiterate here tha Although it is expected that the conventional architecture oc-
the 2-D-DWT is a computational intensive algorithm, which 9 P

has a complexity in terms of filtering operations in the order gipes less area thn the throughput-optlmlzed, this _|s_not al-
O(kN x M), whereN, M are the input’'s dimensions arid ways the case.Tms_ IS becal_Jse_thh thethrogghput-optm_nze_d ar-
a constant I'-|igh thromjghput is also significant for Iow-powecrh'tecmre'the efficient application of an additional optimization

application, where it can be traded for reduced power supp'> enabled. Specifically, multiplication among a variable (input

[12]. Of course, the high throughput of parallel filters comessgmple) and a constant can be easily reduced to a number of shift

at the expense of a greater number multipliers. Although thafgd add operations, resulting this way in a much smaller imple-

is true, recall that unlike the 1-D case, in architectures for ﬂ%entanon [13]. For example, a multiplication imes 3is reduced

2-D-DWT, it is the storage that dominates on design’s size aF%a left shift by one and an increment by one. In Table I, the area

complexity, not the number of multipliers [5]. 10bviously, the same holds for either (3) and (4), (5) and (6), or (7) and (8).

(11)

I1l. COMMON ISSUES
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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 i | - 1' T | = | o | =
the widely used 9/7 filter is given. It can be observed that the Bz ; B : ; |
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- I i e T Vi Yok | P e
chitecture receives two inputs in parallel. For DWT RAM-based ,..../[ | S PR
architectures, this imposes to use dual-port memories and wide! -
input-data buses. This is expected to slightly increase the energy MR R e I el
budget for the computation of the DWT, since multiport menkig 5. in-place mapping for the 1-D-DWT.
ories consume more energy per access than single-ported ones.

The following analysis of different 2-D-DWT hardware ar- ) ) )
chitectures uses the paramejielo model the selection among The usage_ofa linear array of f||t_ers is not the only way to suc-
conventional and throughput-optimized parallel filter. Paran¢€€d parallelism for the computation of the 2-D-DWT. Another
eterp equals the number of input per cycle fed to the parall@Ption is to employ parallelism among filtering operations of
filter. Thus,p = 1 indicates the usage conventional, while: 2 different layers of the 2-D-DWT. In this paper, this form of fil-

Il|l|I lI|l|I I|||I II|I|_=I|J|I!II;I| EIM, | )
| |
|

indicates the usage throughput-optimized parallel filter. tering operations parallelism is not studied, since this approach
requires a more complex control and does not allow for 100%
B. Parallelization of Filtering Operation utilization factor in the general case.

The following analysis of different 2-D-DWT hardware ar-
hitectures uses the parameigry to model the number of par-
éel filters in the linear array.

According to the decomposition of Fig. 2, the 2-D-DWT is
computed by applying the high- and low-pass filters along ro
and columns of alayer. To speed up the process of filtering alofl
a 1-D input sequence, a linear array of filters can be used. Due .
to down-sampling by two, two new input coefficients are reS- In-Place Mapping for the 1- and 2-D DWT
quired to produce the next low- and high-frequency coefficient. Typically in any architecture for the 1-D or the 2-D DWT,
Thus, to performNgy successive filtering operations along dawo different memory blocks are allocated to store the input
1-D input sequence¥yw + 2 x (Npy — 1) input coefficients and the output of the transform. We remind that the input and
are needed. Hence, such a linear arrayVet; parallel filters the output of the transform, and thus also the corresponding
requires an input FIFO of widtiVy, +2 x (Npy —1). The first  memory blocks, are of equal size. In this subsection, we de-
filter in the array receives input from position O upAg; — 1  scribe ain-place mapping scheme that allows to performthe 1-D
of the FIFO, the next filter receives input from position 2 upr 2-D DWT using only one of these memory blocks. The key
to Nry + 1, and so on. In Fig. 4, a linear array of three conconcept is simpleStore filtering outputs in-place of no-longer
ventional parallel filters implementing a 4/3 DWT is illustratedneeded filtering inputs
Obviously, the usage of such a filter array is rational only if For example, consider the 1-D-sequence of Fig. 5 and assume
Ny X p input coefficients can be fetched/stored in one cycléhat input coefficients are fed from the input memory to the
In other words, RAMs feeding input coefficients to and storinfjiter from a FIFO, which we name filtering FIFOF F'). Ad-
output coefficients from such an array should hake; x pread ditionally assume that input memory stores coeffici&i(0)
and write ports. Under this constraint, a utilization factor versgt address 0, coefficientV(1) at address 1, and so on. The
close to 100% is realized when such an array is used to filtepair of coefficientsL,[0], H1[0] is produced by filtering the
1-D input sequence. We note that realistic values of the prodtictee first input coefficients after performing a symmetrical mir-
Nry x p are in the range of 1-4. roring. Since input coefficients N[0] andI N[1] are currently
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Fig. 6. In-place mapping for the 2-D-DWT.

in the F'F and will not fetched again from theV _Mem, we can structures, since they consist of multiplications among indexes
storeL,[0], H; [0] in their place (addresses 0 and 1). In the san@ad a power of two (easily implemented by shifting operations)
way, coefficients. [¢] andH; [¢], can be stored at addressed and increments by one. Although this is true, this additional
and2-i+1 respectively. A direct effect of this in-place mappindhardware consumes additional energy. However, this energy
is that after the completion along the input, the low-frequen@enalty is insignificant since addressing is responsible for only
coefficients of level 1 that will be consumed to produce the ca-very small fraction of the total energy budget of architectures
efficients of level 2 are not stored in consecutive addresses in thethe 2-D-DWT, which is dominated by the energy dissipation
memory. Specifically, the low-frequency coefficients of levetlue data storage and transfers.
j(L;[4]) are stored in the addrességfi] ~ IN[27 - 4], while
the high-frequency coefficients of levg{H,[:]) are stored in IV. ARCHITECTUREI: LEVEL-BY-LEVEL

y P o110 P
the addressefl;[i] ~ IN[2/-i+2"71] (i =0, 1., N/2/ =1 The level-by-level architecture is the straightforward imple-

andj = 1,2,...,L). . . . .
For the 2-D-DWT, consider now the input and decompositi()'?1]em"’\.‘tIon of.the 2-D decpmposﬂmn of Fig. 2. Speuﬁcglly, an
ut image is scanned in a row-by-row manner and filtering

layers as 2-D arrays of coefficients. In an analogous way, i : . )
coefficients ofrow, col of decomposition layers; andH; are afgn_g Ia)_/ers IS not mterleaV(_ed. This means that, for each Ie_vel,
. the filtering along columns is performed after the completion
stored in the addresses L e )
of the filtering along rows. Furthermore, the filtering of leyel
i1 ; is initiated after the completion of filtering at levgl— 1. The
Lj[row][col] ~IN [2' -Tow] [2' - col] ' filtering operation schedule is described by the pseudo-code of
H;[row][col] ~IN[2/71 . row][27 - col 4+ 277] Fig. 72, while the hardware architecture is illustrated in Fig. 8.
It is noted that initialization and finalization process (needed at
wherej = 1,2,...,L, row = 0,1,2,...,N/29~1 — 1, and theimage limits) is ignored in Fig. 7, and throughout this paper,

col =0,1,2,...,M/2/ — 1. for the sake of simplicity.
The coefficients ofrow, col of decomposition layer#/ L, The memorymg_M (Fig. 8) initially stores the input image.
LH;, LL;, andH H; are stored in the addresses Thus, the size ofmg_M in terms of coefficients is
LL;[row][col] ~IN[2’ - row][2? - col] Img M Size = N - M. (12)
LHjrow][col] ~IN[2 - row 4 2/7*][2 - col] A linear array of Ny parallel filters is used to perform the nec-
HL;[row][col] ~IN[27 - row][27 - col + 2771 essary filtering operations. The usage of such an array is sensible
HH;[row][col] ~IN[2 - row + 277 1][27 - col + 2771 only if Img_M hasNry; x p read and write ports. Each layer’s

coefficients after their production are written backita.g_M

according to the in-place mapping scheme described in Sec-

col = 0,1,2, .., M/2 —1. An example of 2-D-DWT in-place _t|qn 1-C. _It must be_ stressed here that Wl_th this archl_tecture,
it is meaningless to introduce local memories to store interme-

mapping for input with size & 8 is illustrated in Fig. 6. : . g L ' .
Note that the addressing expressions required for the in—ple(\jé%te results (i.e., coefficients of layets;, L, andLL;). This

mapping can be implemented in hardware using very simpl€Routines filter_row, and filter_col are valid fo¥gy - p = 2.

wherej = 1,2,...,L, row = 0,1,2,...,N/2/ — 1, and
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filter_row(row, j)
begin{filter_row}
Jor( col=0to M/2"-1)
/* Lj+1, Hj+1 production*®/
Img_M[2" srow][2 xcol], Img_M[2"" xrow] [2" xcol+1)] -> FF:
Silter(FF) -> Img_M[2"" srow] (2" xcol], Img_M[2" xrow] [2 x(col+1)];
end({filter_row}

begin{2D Level-by-Level Algorithm}
for(j=1to LEVELS)
Jor(row=0to N/2"'-1)
filter_row(row, j);
Jor(cols=0 to M/2-1)
filter_col(col, j);
end{2D Level-by-Level Algorithm}

filter_col(col, j)
begin {filter_col}
Jor(row=0to N/2"'-1)
/¥ LLj+1, LH]+1 production*/
Img_M[2" xrow] [2 ><col] Img_M[2" xrow+1)][2 xcol] -> FF;
Silter(FF) -> Img_M{[2"" xrow][2 xcol], Img_M[2"" =(row+1)][2 »col];
/* HHj+1, HLj+1 production*®/
Img_M[2" srow][2 xcol + '], Img_M[2"" xtrow+1)][2 xcol + '] -> FF;
Silter(FF) -> Img_M[2" xrow][2 xcol + 2"'], Img_M[2"" xrow+1)][2 xcol + 2"'];
end{filter_row)}

Fig. 7. Level-by-level algorithm.

[ CE] B. Throughput
—————— TD=-1WT ﬂ.hlr\-] - o = X
| Ao | RN =1y To come up with a formula for the throughput of the
{11 I al -hv- 1
__", 2 ] i level-by-level approach, we need to define an extra parameter,

namely the latency ofmg_M. In this way, we namé,,
_ ‘*;——l—;:‘ g the number of clock cycles (latency) peng_ M access (read
h TR T Y I ] img Mem | or write). Now, if we assume 100% utilization of all filters in
X the linear array, then the number of clock cycles (throughput)
needed to perform the 2-D-DWT is

s 1 | N _Cycles :N_Readshng_M “Timg_ M
™

" 8 N-M tImg M
Fig. 8. Level-by-level architecture. :g <1 - 4_L> TP (14)

Finally, throughput in terms of input coefficients processed per
is due to the large size that such memories would have. Fsicond is
example, to store the coefficients of layéfs andL; requires fclk

a storage mean equal to the initial image size. Throughput = N _Cycles |
-1
3 1 tim
A. Number of Memory Accesses =falk - [3 <1 - 4—L> ﬁ} (15)

Under the constraint related to the number of ports
Img_M, the number of read (write) accesses fong M
required to perform the 2-D-DWT with the level-by-levelc Energy

approach is found as follows. To produce g, L, layers, we Img_M can be stored either off-chip or on-chip, with respect

need to read all the coefficients of layBL;_;. LayerLL,_;
to integration technology capabilities and image dimensions.

has a size of N/2/7!) - (M/2/~!). Since on each access h thatue. M is stored hib, th
Nry -p coefficients are read (written) in parallel, the productloEOr €case ng-A 1S stored on-chip, the energy consump-

i Jj— ; f the level-by-level architecture is estimated using (11).
of H;, L; layers requiresV - M/ (2261 Ny - p) read (write) o- O €. -
oduce the layors L AL H (N/2j_l) : (M/2j)' hence to Sfeptlj?fslr\]/g|tlrr1]]£711) the;ler?lzen:s;:v;rgi!liﬁr vﬂ\i)r:jh\?v:d;rgﬁzr
produce the layersL; andLH;, N - M/ (2 - 2*0=D Npy - p) p e D

(}he number of accesses witkx (13) results in the formula
read (write) accesses are needed In the same way, to produce

HL; and HH; layers, anothetV - M/(2 - 220U Npy - p) E =[d-Npy-p-1071 V3,

%herefdk is the clock frequency.

read (write) accesses are needed. ThusLftavels of decom- 16 1\ N.-M
position, the number of read (write) accesses is + (V- M.d, Nry-p)] - = < )m (16)
N Readimg_ v =N _Writesgug ar If Img_M is integrated on-chip, then the energy consumption
I of the level-by-level architecture is estimated using (10), and
N-M Z 2 thus, the above equation is reduced to
NFU 22(j—1)

8 1 N -M 16 1 N-M
1—— . 13 E=f(N-M,d N l—— ) ——. (17
- ( 4L)NFU,p a9 I o)y (1 42 ) oo @)
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begin{2D Recursive Pyramid Algorithm)} L. 5 H
Sfor(row=1to N) f o 1
r_2D_DWT(row, 1);
end{2D Recursive Pyramid Algorithm}
:J_V N2
r_2D_DWT{(row, j)
begin{r 2d_DWT}
if(row is odd)
iftrow=1) o :
Li[1]=filter_row(j-1, 1); md |
else e
k=(row-1)/2; N " w2 L %
Lj[row-1]=filter_row(j-1, row-1); Dr‘_‘r_:\l:l E],'_‘:]:I [ Fows vor_uun H M T H T
Lijfrow] = filter_row(j-1, row); ' ,
LLj[k] = filter_col(j, row); — "
else
if(row-floor(Nw/2) > 0) T cois I cois |
r_2d_DWT(row-floor(Nw/2))/2, j+1); y "
else T T
. L, HL,, RERNEN SRR
end{r_2d_DWT} Nz
Fig. 9. 2-D-RPA. B e
Mi2i M2
Heg
i i S
3 LI iy ' Fig. 11. Local memories with the line-based architecture.
E £ = ki " | |
E‘ ‘Iln‘“-"“” [t . ﬁT_I‘ i S A. Local Memories
=) |
| | C—— 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 Ny = 3 is used. Filtering the first row of layer
. _ _ LL;_, produces the first row of layeis; andH ;. The produc-
Fig. 10. - Line-based architecture. tion of layers' LL; and LH; (HH; and HL,) coefficients is
performed by filtering along columns of layér, (H;). To pro-
V. ARCHITECTUREII: L INE-BASED ceed ASAP to the next-layer filteringyy, rows of LL;_; are

The line-based architecture scan input image in a row-by-rdlijered; then one filtering along each column of the produced

manner and comply to the following conceptroceed to the coef_ficients of Iayers;j and H; must be performed to produce
next layer filtering ASAP, without interleaving filtering along g€ firstrow of coefficients atlayedsL;, LH;, HH;, andH L.

row. The line-based architecture is based on a algorithm an&[?us: the storage requirements for interchange betdgemd
ogous to the 1-D-RPA algorithm [3]. Although extensions off; Coefficients production, t L;, LH;, H H;, andH L; coef-

the RPA algorithm to the 2-D-DWT are referenced by some ri¢ients production is jusiVy x (M/2_J + M/2’) coefficients.
searchers (e.g., [5], [6]), such an algorithm—to the best of alhese storage requw_ements are sat|sf!ed by alocal memory, here
thors’ knowledge—has not been presented yet. However, arcifiledCols_M. The size of the&ols M is

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-pwTols-M Size = Z Cols_M Size;

is proposed. We call this algorithm 2-D RPA . The 2-D-RPA is i=1 .

illustrated in Fig. 9 and is the base of the line-based architecture _ 1 1

(see Fig. 10) described here. =2Nw M; 2% 2Nw - M <1 - 2_r> .
A direct consequence of interchanging layers’ filtering ASAP = (18)

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 layerd.,; andH; for j = 1,2,...,L, and Remember that,; ., andH;_, layers’ coefficients are pro-
LL;forj=1,2,...,L — 1 (see Fig. 2). This feature is highly duced by filtering along rows af L; layer and thai.L; is pro-
favorable in many cases, since localizing memory accesses daned in a row-by-row manner. Hence, the storage requirements
result in lower energy consumption and higher throughput, @t interchange betweebL; coefficients production and ;.

the cost, of course, of higher integration area. and H;; coefficients productions is equal to just one row of
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coefficients of layel.L;. These storage requirements are satiproduct of A//2/ times the number of rows at laydr; 1,
fied by a local memory, here call&lows_M. The size of the which is N/27. Hence, the total number read accesses from

Rows_M is (write accesses tdyows_M is
L—-1 .
Rows_M Size = Z RJOWS_M_SiZGj N—ReadSRows_]\l N_ertesg{fylvs_lll )
J=1 _N.MZL (2_3)
Ly 2 Nrvu-p
= §:M<1—2—L>. (19) :N~M <1_i>' 23)
I=t 3Nru - p 4L

With the level-by-level architecture, the storage requirements
for interchanging betweeh; and H; coefficients production ~- Throughput
to LL;, LH;, HH;, and HL; coefficients production is In the following analysis, we use the symbalg,, M,
(N/2771)2 coefficients. This means that fgr= 1, the required tcois-M, andtrows_m t0 indicate the number of clock cycles
intermediate storage is equal to the initial image size. This larger Img_M, Cols_M, and Rows_M, respectively. Thus,
size of inter-layer buffering is the reason of not considering tlssuming a 100% utilization of all filters in the linear array,
usage of local memories in the analysis of the level-by-levilie number of clock cycles to perform the 2-D-DWT with

architecture. line-based architecture is
B. Number of Memory Accesses N Cycles =timg_np - N Readsimg_pr + tools_m
Since each input coefficient is read and written only once, and - N _Readscols_y + trows.M + NV _Readsrows_am
the number of ports of all memories v - p, the number of _N-M . n 2Nw - tcols_.m 1_ 1
read and write accesseskog_M is T Npy op | e M 3 4L
tRows_J\l 4
N-M — 1 =-—=]]. 24
N_Readsrmg_M = N_Writesrmg_M = (20) * 3 < 4L >:| ( )

Nry-p’

o ) ) Hence, throughput in terms of input coefficients processed
Cols_M stores thel;, H; coefficients, which are interme- per time unit is

diate results of the 2-D-DWT. These coefficients are produced

(written to Cols_M) during horizontal filtering. EaclL;(H) o B

coefficient is written once t&ols_M. Thus, the number of write Throughput = fe <

2Nwtcols_m
3

t
NFU D |:Irng_1\l +

accesses t@ols_M equals the total number df; andH; co- 1 Frome 1 4 -1
efficients divided by the number of coefficients written during . <1 - 4—L> "‘:V;‘ <1 - 4—L>D (25)
each access
N_Writescols_M 2723 : (é\_j%) D. Energy
Nru - p To derive a formula for the energy dissipation of the
_ 4N - M < _ i) 1) line-based architecture, we first consider the typical case
3Nru - p 4L /- according to which: 1) an input image is stored off-chip and

2) local memories@ols_M andRows_M) are stored on-chip.
All L; (H;) coefficients are consumed (read frdols_M)  This allocation of memory blocks is considered typical mainly
during vertical filtering. For leve}, the filtering of allZ; (or  due to the memory blocks’ size. For example, in the extreme
H;) coefficients that are stored ifols_M results in only one case thatV = M = 1024, Ny = 9, andL = 6, the sum of
pair of rows of LL; — LH; (or HL; — H H;) coefficients. In  sizes ofCols_M andRows_M is less than 20 K coefficients,
other words, to produce a pair of rowsiot; — LH; (or HL;—  which modern technologies allow to be stored on-chip. On the
H Hj) coefficients, 2Ny - M/27 L; (or H;) coefficients must other hand,Img_Mem size is 64 K coefficients, even when

be read. Since at levgl the total number of pairs of rows of vy = A7 = 256. Under this allocation, energy dissipation is
LL; — LH; (or HL; — HH;) coefficients isN/27, the total

number of accesses €ols_M can be found as follows: Energy =N _Accessesimg_n
—11 372
2Nw Eéjil % OLil % . [dNFUp]_() 'VDD
N_Readscols_m = Nru - p +f (Tmg_M _Size, d, Nry-p)]
2N - M 1 29 + N_Accessescols_m
T W3Npy < B 4_L> - (22) -f (Cols_M _Size, d, Ny - p)

To produce one row of coefficients at layy,; andH,, 1, + N_Accessespows_v

M /2 coefficients must be read froows_OM;. Thus, the -f (Rows_M Size, d, Npy-p)
number of coefficients read froRows_M; is equal to the (26)
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Fig. 13. Overlapping.

-
BTl same way as in the level-by-level architecture (see Section IV).
Then the decomposition of the block is written bacl tag_M
Fig. 12. Inputimage scan with the block-based approach. and the next block is fetched in tliEM, and so on.
Since an image is filtered in a block-by-block manner, fil-
where 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 sharéVy — 2 coefficients. This factimposes the
existence of two extra local memories to store the overlapped
From (26) and (18)—(23), energy dissipation can be e¥pefficients. To clear this out, let us consider a reference block.
pressed in terms of the basic parameters used throughout {Rigjg. 14, the gray rectangles indicate the reference block de-
paper. composition at layers L, _1, L;, andH;. The green and yellow
Although current technology does not allow for on-chip interectangles indicate the adjacent blocks decomposition layers in
gration of/mg_M, itis expected that in the near futufeig_M  the horizontal and vertical direction, respectively. To perform
will migrate on-chip, at least for small image sizes. To estimafmermg within the green block at laydF L, _;, we needVyy —2
the energy dissipation of the line-based architecture in such@efficients produced during decomposition of the gray block at
case, the ternd - Npy - p(40 - 1071%/4) - V3, should be re- the same layer. In a manner similar to perform filtering within

N_Accessesmem _block=N _Readsmecm_block +IN _Writesmom _block -

moved from (26). the yellow block at layed;_;, we needNy, — 2 coefficients
produced during decomposition of the gray block at the same
VI. ARCHITECTUREIIl: B LOCK-BASED layer. To avoid the recalculation of the overlapped coefficients,

The block-based approach proposed in [6] is based on yhich would introduce a speed penalty and_increase the size of
following conceptProduce the next parenthildren- tree (pct) IPM., two extra memory blocks are use.d.W|th the'block-based
ASAP The root of a pct is a quadruplet of coefficients at th@rchltecture‘: the first one stores qoefﬁments of input and of
highest level of decomposition (i.€.L;, LHy, HHy, LH;). '&YersLL;(j =1,2,...,L—1) andis named overlap memory
For the production of each new pct, an input image’s block wif§ond rows(OM.Rows), while the second stores coefficients
size equalt@” x 2" is required. The inputimage’s (nonoverlap®f 1ayersL; and H; (j = 1,2,..., L), and is named overlap
ping) blocks are traversed in the order indicated by the directBgmery along columngOM.Cols).
lines , as in Fig. 12.This block-by-block traversal is a disadvan- A slightly different hardware architecture results, if instead
tage for the block-based architecture, since this short-of-ingRftfetching one block at the time, a super-blockléf- x Nx
image scanning is unsuitable for streaming applications artiocks is fetched in thE?M. Filtering within such a super-block
furthermore, it requires a rather complex addressing. enables the production &y x Nx pcts without accessing the

A block diagram of the block-based hardware architectufég-M . The differences among initial description and this vari-
is illustrated in Fig. 13. The operation of the block-based a@tion of the block-based architecture are justin terms of memory
chitecture is as follows. 2% . 2L block is fetched from the Sizes and number of accesses to each memory. For this reason,
Img_M to alocal (possibly on-chip) memory called inter-pas@om this point forward we will study both in a unified way.
memory and denoted &BM. As mentioned earlier, the size ofSpecifically, we will refer to both alternatives using the name
the block fetched t&PM is such that allows for the productionP!ock based architecture/approaetnd the oncoming analysis
of a quadruplet of coefficients at the highest level of decompodill considerNx and Vy- as two extra implementation param-
tion. Filtering is performed within the limits of the block and theters-

output coefficients are written back to theM, exactly in the ~ The pseudo-code of Fig. 15 provides a more compact de-
scription of the basic steps of the data and control flow of the

3The blocks near the top and left limits of the image have different sizes mOCk'based arCh'teCtur?' In Fig. 15, |n|t|a||zaF|0n and finaliza-
satisfy initialization needs (further details can be found in [6]). tion phenomena are omitted for the sake of simplicity.
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Fig. 14. Block-based architecture.

begin{Block-Based Algorithm}
Jor(x=0to N/(Nx2"L) )
Sfor(y=0 to N/(Ny2"L))
fetch a block from Img_Mem/[x (Nx2"L)] [y (Ny2"L)] and store it to IPM;
for(j=0to L)
Jor(row=0 to Nx2"L/2")
fetch Nw_2 coefficients from OM_Rows[j] [row] and store them to FF;
filtering along row at level j;
*output coeffs are stored in IPM, in-place of input coeffs*/
store last Nw_2 coefficients from FF and store them to OM_Rows [rows];
for(col=0 to Ny2"L/2")
fetch Nw_2 coefficients from OM_Cols[j][col] and store them to FF;
filter along col at level j;
/*output coeffs are stored in IPM, in-place of input coeffs*/
store last Nw_2 coefficients from FF and store them to OM_Rows[rows],
output IPM to Img_Mem/|[x (Nx2"L)][y (Ny2"L)],
end{Block-Based Algorithm}

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

A. Local Memories each decomposition level of a (super-)block. The number of
As previously mentioned, tH®M can storeVy - Ny blocks OWS at decomposition levelof a (super-)block igvy- - 2% /2.
with size2” - 2L Thus Hence, the size 0DM _Rows is
IPM_Size = Ny - Ny - 47 27 &Ny -2t
D1Z€ = INX - INy - . ( ) OM_Rows_Size = (NVV — 2) Z >
7=0

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
OM _Cols to store Ny — 2 coefficients for each column

. B, Memory Accesses
and each decomposition level. The number of columns at
decomposition leve] is AM/27. Hence, the size dDM_Cols is Since each input coefficient is read and written only once, and
the number of ports of all memories My - p, the number of

=2Ny(Nyw —2)(2F —1).  (29)

L=l s read and write accessesliag M is
OM_Cols_Size = (Nyw — 2) —
2i
j=0 . N -M
1 N Readsmmg_p = N_Writestmg_nvr = N o (30)
=2M (Nw — 2) <1 - 2—L) . (28) Fup

Since, for each (super-)block, the 2-D-DWT is performed in
The traversal of the block-by-block architecture imposes the same way as in the level-by-level approach, we can use (13)
store in theOM _Rows, Ny — 2 coefficients for each row and to compute the number of coefficients read friiiM per block.
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Of course Img_M in (13) must be replaced wittPM. Addi- TABLE I
tionally, each block is written back thrg_M . The total number COMPARISON PARAMETERS
of (super-)blocks isV - M/ (NX - Ny - 4L)- Hence Par. || Typical Values | Description
N 2", n=18,... Input image dimension
N Readsipy; =N_Writesipy M 2™, m=7,8,... | Input image dimension
N-M d 8,9,...,32 Number of bits per coeflicient
:W L 1,2,...,7 2D-DWT levels of decomposition
8NX'NY'4L 1 . Nw 2,3...,15 max. filter width
. <— <1 — —L> + Nx-Ny-4 ) P 1,2 1: Parallel filter, 2: Parallel,
3Nry-p 4 throughput-optimized filter
_ SN-M ' <1 _ i) L NM. (31) Ney || 1,2,3,4 Number of filters in a linear array
3Npu-p 4L tm 1,2,...,20 Access latency for memory m
fetke 10 - 400MHz Clock Frequency

Nw — 2 coefficients are fetched/stored from@I_Cols for
each column of each decomposition level of each (super-)block
The number of (super-)blocks /¥ - M/ (Nx - Ny - 4%); the
number of column at decomposition levebf a block is/Ny -

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

2L/2j. Thus 1 8tipMm 1
Throughput = fen <m |:tlmg_1\4+ 3 <1—4—L>
N —Rea‘dSO]\/[_ROVVS =N —WriteSO]\/[_ROVVS 1 1
Nw—2 N-M L =1 2w
- . N+-2L. il
Nrup Ny -NydL ™" 23 -
j=0 . <tOM_Rows+tOM_Cols):| (35)
_2N-M-Ny-2(1 1 (32) Ny Ny
NFU -p-NX 2L 4L )

D. Energy
Nw — 2 coefficients are fetched/stored from&aM _Rows
for each row of each decomposition level of each (super—)bloc[h
Thus in the same way as in the caseldfl_Cols, the number
of read (write) accesses @M _Rows is

To come up with a formula for the energy dissipation of the
ock-based architecture, we must first allocate each memory
block on- or off-chipIPM, OM_Rows, andOM_Cols are typ-
ically stored on-chip, since the sum of their sizes is less than 32
K coefficients, even for the extreme case that M = 1024,
N _Readsom_cols =N _-Writeson_cols L =6, Nyw =9,andNy = Ny = 2. Forlmg_Mem, we con-
_2N-M-(Nw - 2) <i _ i) (33) sider two cases. According to the first cakag_A/ lie off-chip,
~ Nrpu-p-Ny 2L 4L )~ while for the second cas&ng_M lie on-chip. In the first case,
the energy dissipation of the block-based architecture is esti-
mated by the following equation:

C. Throughput Energy =N_Readspmg_ys
In the following analysis, we use the symbois, as, tien, - [d-Ngy-p- 1071 V2,
toM_cols, aNdton_rews tO indicate the number of clock cy- ) .
cles peflmg_M, IPM, OM_Cols, andOM_Rows, respectively. +/ (Img M Size, d, NFU P)]
Thus, assuming a 100% utilization of all filters in the linear +N Readsipy-f (IPM.Size, d, Npu-p)

array, the number of clock cycles to perform the 2-D-DWT with +N _Readsom_rows f (OM_Rows_Size, d, Npy-p)
block-based architecture is +N _Readson_cols-f (OM_Cols_Size, d, Npy-p) .
(36)

N Cycles =N _Cyclespeaqs = timg m-IN-Readsimg v

In the case thatImg_ M is stored on-chip the term
+ tipm- NV Readsmem $ P

d - Npy - p(40 - 10712 /4) - V3, should be removed from (36).

+ toM_Rows N -Readsom_rows From (27)—(33) and (36), energy dissipation can be expressed
+tom_cols NV Readson_cols in terms of the basic parameters used throughout this paper.
N-M : St (1
T Npy -p| me-M + 3 Y VIl. COMPARISONS
1 1 In this section, we attempt a comparison in terms of memory
+ 2(Nyw —2)- 5L 1L . T .
24 4 requirements, throughput, and energy dissipation of the design

' tOM_Rows_’_tOM_Cols (34) alternatives of the 2-D-DWT presented in Sections IV-VI.
Ny Ny ’ The comparison is based on parametric (13)—(36). Table I
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TABLE Il
THE PARAMETERIC EQUATIONS FORMEMORY SizE, NUMBER OF ACCESSES THROUGHPUT AND ENERGY DISSIPATION

Memory Size Number of Accesses

Level-by-Level

16 TY _N-M
Img_-M NM 3 (1_4_L) Npy-p
Line-Based
Img M NM NM
Cols_M 2Nw - M (1- %) (Nw +2) 2 (1 - L)
Rows M M (1 - 2—25) 3?\/1\;[1,\/{;7 (1 _ '44T)
Block-Based
Img M NM NM
TPM Nx - Ny 4 Ve (L= 3r) +N-M
OM Cols 2M (Nw —2) (1- %) TP D (0 - 1)
OM __Rows 2Ny (Nw —2) (2F — 1) MW (L 1)

Throughput
8 1\ Hmgm 71
Level-by-Level AT (§ (1 - ZIT) N )
. =T
Ling-Basea Py [ o + P2 (= ) 4 Bt (1= )]}
=T
Block-Based Jeir - (——_Np‘ln-p [tImg_M + 8lrpn £ (1 - 4—15) +2(Nw —2) (2—1L- - 4—15) (w M]\;ym” + lomcols s )])
Energy
Level-by-Level
N i 1o-12
Img_M B(1-4) Nfiyp . [d-NFU pA010T . y2 4 f(N-M,d,Npy -p)]
Line-Based
. 10—12
Img.M * R Jd Ve - p B2 VB L+ (N M,d, New )]
Cols.M (Nw +2) 5202 (1- &) - f(2Nw - M (1= 5¢) ,d, Nev - p)
N M 1 p)
Rows_M s (1- %) - f (M (1- %) ,d,Nru - p)
Block-Based
. .10—12
Img.M * 5 (1- ) 25 - [0 New p 297 VB L+ F(N M4, Nrw -p)]
T6N M T L
IPM 4N[n3}1\2?v”'p ~2)(1 - 4_L)1-|- N-M]-f(Nx Ny -4 1,d, Nrpu -p)
M- = 1 1 L

40-10~1
1

*

if I'mg_M is stored on-chip then the term d - Npy - p . V[%D must be removed.

summarizes the performed analysis parameters, while Tablethat are typically stored on-chip. The sizes of the local memories
summarizes the parametric equations. Although analyticaries with input image dimensions, number of decomposition
equations are available, the identification of the conditiorayers, and filter width. Fig. 16 illustrates the sizes of the local
under which the one architecture overcomes the others ilmamories with the line- and block-based architectures for 5/3,
purely analytical fashion, however, is almost infeasible. F&7, and 10/18 2-D-DWT. As can be observed, the block-based
this reason, we perform the comparison for typical cases of thas 15%—45% smaller requirements for local storage than the
2-D-DWT, and draw general conclusions whenever possiblae-based architecture in the majority of cases. This is not true
We consider as typical examples some of the 2-D-DWIih cases where the number of decomposition levels is greater
included in the JPEG2000 final committee draft [16], namelhan six (e.g., 7, 2048, or 6, 512), where the the block-based
the 2-D-DWT based on the 5/3, 9/7, and 10/18 filters. 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

The level-by-level approach has smaller memory requirtre-based architecture, while heavily affects memory sizes
ments than the line-based and block-based architectureSthe block-based architecture. For example in the case of
Furthermore, the memory requirements of level-by-levglo24x 1024 input image and 5/3 2-D-DWT, the line-based
approach are not modified with input dimensions, nor type afchitecture requires local storage of 9.5 Kcoeffs for three
filter, nor number of decomposition levels. levels and 11 Kcoeffs for seven levels of decomposition, while

The only memory blockImg_A) that is required by the the block-based architecture requires local storage of 5.3 and
level-by-level is also present in the line- and block-based arclai2.7 Kcoeffs, respectively. This must be taken into account,
tectures. Additionally, the line- and block-based architecturespecially in cases that the design goal is a DWT engine
succeed to store intermediate results in local memory blogikogrammable in terms of decomposition levels.

A. Memory Requirements
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Summarizing the above results to: to which: 1) the clock frequency is 100 MHz and 2) all

the level-by-level architecture do not use any local memgemories are dual-portedVry - p = 2). Furthermore, two
ries and thus has the smaller memory requirements amog@ses for the relation among the latencyiaf_Mem and the
the three architectures: latency of the local memoriedKM, OM_Cols, OM_Rows,
the block-based architecture requires less local memofyols-M, andRows_M) are studied. The first case, according
storage than the line-based architecture, when th&0 Whichtrys v = Stioca-nems = 5, is representative of the
number of decomposition levels is in the range of 1-6; ¢@se thatimg_M is stored off-chip and all local-memories
the number of decomposition levels is greater than 6 thé@fe stored on-chip, while the second, according to which
the situation is reversed; timg_ M = tocalLmems = 1, IS representative of the case that
the greater the filter length is, the smaller the differenceoth Img_A and local-memories are stored on-chip. It is
in terms of memory requirements for the block-based af@ted, that the following comparison ignores image dimensions
the line-based architecture becomes: (N, M), since throughput in terms of Msamples/s does not
the number of decomposition levels do not, slight§epend on them (see Table IlI).
and significantly affect the memory requirements of the Fig. 17 illustrates the throughput in terms of Msamples/s of
level-by-level, line-based and block-based architecturesl] three architectures for 5/3, 9/7, and 10/18 2-D-DWT, when
respectively. timg_M = StlocalLmems = 5. IN the case of the 5/3 2-D-DWT,
the line-based is 11%—-21% faster than block-based architecture.

B. Throughput Additionally, the line-based architecture overturns the block-
To perform a comparison among the alternative architectutegsed architecture by 12% in the case of the 9/7 2-D-DWT for
in terms of throughput, we consider a typical case accorditlgyee decomposition levels. On the other hand, for decompo-
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sition levels from 4 up to 7 in the case of the 9/7 2-D-DWTC. Energy

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 theOne off-chip access is 10 to 100 times more energy con-

line-based architecture. A more detailed analysis of (25) asdming than one on-chip access, depending on technology,

(35) results in the conclusion that the line-based is faster than fifechip buses length, etc. For this reason, the comparison of the

block-based architecture eitherdfyy < 7, or if (7 < Ny < three alternative architectures for the 2-D-DWT is performed

15) A (L < 3). Obviously, in any other case, the situation iseparately for the cases thatg M is stored off-chip and

reversed. Finally, as a consequencémg_A's latency, for all on-chip.

filters the level-by-level is slower than the other two architec- For the first case, the level-by-level approach is by far the less

tures. energy-efficient architecture, since with this architecture all co-
Fig. 18 illustrates the throughput in terms of Msamplesksficients are fetched from and stored to the off-chipg_M.

of all three architectures for 5/3, 9/7, and 10/18 2-D-DWTOn the other hand, the other two architectures access the inter-

when t1,e v = tocalmems. IN this case, the parametemmediate results (i.e., coefficients;, L, andLL;, j # L) from

that defines the comparison outcome is the total number tbk local on-chip memories, and thus succeed to significantly re-

memory accesses, since there is no latency difference frce energy requirements. Hence, for this case, the comparison

accesses tbmg_A/ and local memories. Hence, as expecteid terms of energy dissipation is performed only among the line-

the level-by-level architecture, which performs the smalleahd block-based architectures. Since both these architectures

possible number of memory accesses, is the one that is fagierform the same number of accesses to the off-¢hig_M

than the other two architectures for all filter sets and numbg0)=(30)], the comparison among them is focused only in the

of decomposition levels. The comparison among the other twoergy consumed due to accesses to the on-chip local memories.

architectures leads to the same conclusions as in the case Eigit19 shows the energy consumed due to on-chip memory ac-

trmeg_M = Stlocal_mems, DUt NOW the percentage differences areesses for the cases of a 5/3, 9/7, and 10/18 2-D-DWT. From this

greater from 5% to 17%. figure, it can be observed that in all cases, the line-based con-
Summarizing the above leads to the following general statimes more energy due to on-chip memory accesses than the
ments. block-based architecture. The difference in terms of energy dis-

« WhenImg_M is stored off-chip and local memories aresipation due to accesses to the local memories among the two
stored on-chip, the faster among the three architecturesagchitectures is significant and lies in the range of 13%-85%.
either: 1) the line-based in the case of smalll filter length&his difference is due to the fact that the line-based architecture
(Nw < 7), or in the case of a small number of decomperforms the dominant majority of on-chip memory accesses to
position levels L < 3) and filter lengths in the range: Cols_M, while the block-based architecture performs the dom-
7 < Nw < 15, or 2) the block- based in any other case. inant majority of on-chip memory accesses to the sméka,

« When bothImg_M and local memories are storedwhere the energy-cost per access is much lower.
on-chip, the level-by-level is the faster among the three Fig. 20 illustrates the energy dissipation for all three archi-
alternative architectures. tectures, for the case that bath.g_M and local memories lie

» Throughput of level-by-level and line-based architecturen-chip. In this case, the factors that determine the outcome
negligibly depends on decomposition levels, while the# the comparison are the number of memory accesses and
block-based architecture throughput increases with thbe way this accesses are distributed to the memory blocks.
number of decomposition levels. 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.
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Fig. 20. Energy consumptiod{:g_-M and local-memories: on-chip).

the smaller thanimg_M local memories, the block-basedarchitecture, while the large image dimensions are in favor
and line-based architectures have a higher number of memofythe block-based architecture. This is rational since the
accesses when compared to the level-by-level architectueel-by-level performs all of its accessedtag_M the size of
Hence, from the energy consumption point of view, on thehich increases with image dimensions, while a significant part
one hand, the level-by-level has the advantage of performinfjthe accesses of the block-based architecture is performed
less memory accesses, and on the other hand, the block- andnemory blocksIPM and OM_Rows) the size of which do
line-based architectures have the advantage of performing tiee depend on image dimensions. A detailed analysis of energy
majority of accesses to memories with smaller size than the sansumption data leads to the conclusion that the most energy
of Img_M. As shown in Fig. 20, this tradeoff turns in favor ofefficient among the three architectures studied here is: (1) either
the block-based architecture for relatively small filter widththe level-by-level when((Ny > 11) A (N x M < 2'9)) v

and in favor of the level-by-level architecture for relatively larg¢(5 < Ny < 11) A (N x M < 2!7)) or (2) the block-based
filter widths. This is due to the fact that memory requirementshen: (Nyw < 5) vV (N x M > 2'9). It is noted that when
and the number of memory accesses for the level-by-leygh < Nw < 11) A (217 < N x M < 219)), the differences
architecture do not depend on filter width, while for the blockamong the block-based and level-by-level architectures in
and line-based architectures, as the width of the filter increasesms of energy dissipation are negligipte3%). For example,

the size of the local memories and the number of accesseasoshown in Fig. 20, for 5/3 2-D-DWT the level-by-level
them also increase [(18), (28), (29) and (23), (32) and (3%pnsumes on average 9% more energy than the block-based,
respectively]. Furthermore, it can be observed that the smathile for the 18/10 2-D-DWT andV x M = 256, 512 the
image dimension§N x M) are in favor of the level-by-level level-by-level consumes on average almost 22% less than the
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TABLE IV
COMPARISON SUMMARY

[ Level-by-Level | Block-Based [ Line-Based

Storage I Min. | Max. for: L <6 [ Max. for: L >6
Throughput Img M and Local_Mems: On-Chip
High | Low ] Low
Img_M: Off-Chip and Local_ Mems: On-Chip
(Nw > V{T < Nw <15 A(L <3)
Moderate High
Low (Nw > 15) V(7T < Nw < 15) A{L > 3)
High [ Moderate
Latency High [ Tow [ Low
Energy Img M and Local Mems: On-Chip
(N >IDAN XM <2 V{(E< Nw <IIJA(N X M < 217))
Low Moderate
(N S D AN x M > 819) High
Moderate [ Low
Img M: Off-Chip and Local_ Mems: On-Chip
High ] Low [ Moderate
Ut. Factor || ~ 100% | ~ 100% [ ~ 100%
Control i Simple [ Moderate | Complex
Streaming Yes [ Yes [ No

than the block-based architecture. Finally, the line-baseddseased energy dissipation, while the block-based architecture
5%-55% less energy efficient than the other two architecturegquires the lowest energy budget at the expense of processing
Summarizing the above results in the following statementsspeed. Furthermore, in the case of relatively large filter widths,

« In the case thafmg_M lies off-chip and local memories the block-based overturns the other two architectures in terms
lie on-chip, the block-based is the most energy-efficierftf both energy dissipation and throughput. However, the block-
while the level-by-level is the less energy-efficient archpased architecture has the disadvantages of being the hardest
tecture. to implement, of not being suitable for streaming applications,

« When all local memories anbing_M are stored on-chip, and of significantly modifying its storage requirements when
then the most energy efficient architecture is: 1) either tH8€ number of decomposition levels varies.
level-by-level wher((Nw > 11) A (N x M < 2'9)) v
(5 < Nw < 11)A (N x M < 2'7)) or 2) the block-
based when{Ny, < 5) Vv (N x M > 219).

VIIl. CONCLUSION

In this paper, alternative hardware architectures for the
2-D-DWT have been analyzed and compared in terms of
D. Discussion memory requirements, throughput, and energy dissipation.

From the comparison performed for the three filters of JPEENS paper does not cover all architectures proposed in the
2000, it is evident that the efficient and secure selection of orR@st, but focuses on these that are likely to be implemented
among the alternative architectures, requires a detailed exglbreal-life designs. The comparison is based on theoretically
ration of the various tradeoff. None of the alternative architeé€rived formulas for memory requirements, throughput, and
ture has a clear lead in all cases and/or for all sets of paramet8RE9Y dissipation. The formulas are generic in terms of param-
The comparison result turns in favor of the architecture that, fgfers of both the 2-D-DWT and the implementation platform.

a certain implementation platform and a certain type of filter ant'® comparison has indicated that none of the architectures has
decomposition level of the 2-D-DWT, combines low integratiod clear lead for all sets of parameters, but it has also lead to the

cost (related to number of filtering units and memory requir(j',dentification of strengths and weaknesses of each architecture,

ments), sufficient throughput for the given task, and dissipatégd the conditions under which each architecture overturns the

less energy. This sort of exploration is facilitated by the derivetihers in terms of storage requirements, processing speed, and
formulas (Table I11) and conclusions of this paper, the most inf€ergy dissipation.

portant of which are summarized in Table IV.
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