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1 INTRODUCTION

The wavelet zerotree coding systems, including Embedded Zerotree Wavelet
(EZW)[1] and its variants Set Partitioning In Hierarchical Trees (SPIHT)[2]
and Space Frequency Quantization (SFQ)[3][4], have three common procedures:
1) 2-D Discrete Wavelet Transform (DWT)[5], 2) zerotree building and symbol
generation from the wavelet coefficients (illustrated in Figure 1), and 3) quanti-
zation of the magnitudes of significant coefficients and entropy coding, where the
second procedure is an important one. All recently propsed architectures ([6]-[9])
for wavlelet zerotree coding use memories to build zerotrees. In this paper we
contribute to building the zerotrees in a non-memory-based way with real-time
performance leading to the decrease of hardware cost and the increasement of
processing rate which is especially desirable in video coding. One of our main
ideas is to rearrange the DWT calculations taking advantage of parallel and
pipelined processing so that any parent coefficient and its children coefficients
in zerotrees are guaranteed to be calculated and outputted simultaneously.

2 THE ARCHITECTURE FOR REARRANGING
2-STAGE 2-D DWT

2.1 Two Priliminary Devices Used in the Architecture for
Rearrangement

(1)The Processing Unit(PU) shown as in Figure 2 rearranges the calculation of
wavelet filtering so that the filter is cut to half taps based on the symmetry
between the negative and positive wavelet filter coefficients. z, a and ¢ are the
input sequence, low- and high-pass filtering output sequence respectively. While
a datum of sequence z is fed and shifted into the PU per clock cycle, a datum of
a is calculated every even clock cycle and a datum of c¢ is calculated every odd
clock cycle. The PU in Figure 2(a) can be extended to a parallel format as in
Figure 2(b) where if a number of data from sequence z Xg1s, Xk+7, .., Xi are fed
to the PU in parallel at a clock cycle, then x;y9, X8, ..., Xip+1 are fed at the
next cycle. (2)In Figure 3 the TU is a systolic array with (N,,+3)xN cells, where
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Fig. 1. the algorithms of EZW and 2-D DWT

N,, is the width of the wavelet filter and N is the width or the height of the input
(square) image to DWT. N is hundreds or thousands of times greater than N,,
for most applications of 2-D wavelet transforms (e.g. image/video systems). A
cell transfers its content to the next adjacent cell once it receives a datum from
its preceding cell. The leftmost cells in odd rows and rightmost cells in even
rows have output ports and copy their data to outside. The upper-left cell has
an input port and the TU uses it to recieve the input sequence. An element in
matrix X is fed to the TU per clock cycle in the order according to the indices
in Figure 3(b). The TU’s (N, +3) outputs and its newly arrived element belong
to the same column in X. An example for the positions of the X’s elements in
TU after 3N clock cyles of inputting X is illustrated in Figure 3(c).

2.2 the Proposed Architecture and the Analysis of Its Operations

The architecture for the rearrangement of DWT is proposed in Figure 4, and the
corresponding timing of operations is presented in Figure 5. Every four sibling
coefficients in the first decomposition stage are designed to be calculated together
(meanwhile their parent is generated by PUj).



a® a & as a @ a
| Ly |
q 1 Bl
- @T @T @T l= | g ‘ ‘“
]| 09 po-
0| | (1304 | e o] 09— ) (3 g () )
« o % 3 o o [ G ]
XiVi Xivi
ADDé R ‘ ‘ ADDER ‘ Xi=(Pi+i)*h (even clock cycle), Yi=(Pi+qi)*g (odd clock cycle)
# Pi-1=Pi l
(8) systolic fiter Xi=(Pitqi)*h (even clock cycle), Yi=(Pi+qi*g (odd clock cycle), (b)paele iler
Fig. 2. the structures of PU (Processing Unit)
\L INPUT
Y, — T T - ‘ 1 2 | e N 3N BN-L |t PN+
| = = —+ = "+— v, Nri | Nv2) 2N N+1 | N+2 2N
v - A N+l [2ne2| 3N N N-1 *
3 — | T T ... o
............... v
Y Nw+1 =] |
[ [ [ [
v | [ e | | | Y Nw+2 regular row-major indexing snake-like row-major
Yo awez | e’» é’* é’* ﬁf A of matrix X indexing of matrix X
Nw+3 rows , N columns ©
@ (b) c

Fig. 3. A new transpose unit (TU)

Due to the row-major dyadic subsampling, the row-major high/low-pass fil-
tering is alternatively executed by the PU; in Figure 4 point by point in each
row. Based on similar column-major dyadic subsampling, the PU, takes turns
to execute column-major high/low-pass filtering and selects appropriate inputs
from TU; to generate four sibling coefficients consecutively. The order to cal-
culate the siblings is as A, then B, C and D in the example of four siblings
illustrated in Figure 1(a). After PU2’s calculation of point A by taking Yy, ...,
Y nw as inputs, PUs has to calculate B by taking Ys, ..., Ynu+2 as inputs, then
PU, comes back to take Yi, ..., Yy, to calculate C, then PU, takes Ys, ..
Y nw+2 again to calculate D.

In Figure 5 it can be seen that PU, calculates the same kind of column-
major convolution (high-pass or low-pass filtering) during the period when a
row of input image is sequentially fed to the system in N clock cycles, and the
coefficients in four subbands LL;, LH;, HL; and HH; are calculated in turns
in a longer period when four rows of input image are fed. The right column
in Figure 5 is to show the operations of PU; in Figure 4. In PUj; the second
stage of DWT is completed and the parent coefficients are generated. PU3 takes
sequential input of LL; coefficients from PU; to perform row-major filtering in
the first quarter of the period during which four rows of input image are fed
to the system. Then in the next three quarters (i.e., i=4q+1, 49+2 or 4q+3 in
Figure 5), PU3 performs the column-major convolutions by taking the result
from the first quarter’s row-major filtering as input.
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1) DM1 is a demultiplexer that select Nw-point data from Nw+3 outputs of TU1.

2) PU2 is a paralle filter as in Figure 2(b) and has four output ports active at different time.

3) PU3 is the hybrid version of PU that can take either sequential or parallel inputs.

4) Feedback block consists of 2 separate TUs and Demultriplexers to select Lr2 / Hr2 into respective TU and to selecno@giis fnto PU3.

Fig. 4. The architecture for two-stage DWT and the zerotree building

3 THE DESIGN EXTENDED TO GENERAL STAGES
OF DWT

Now we consider what should be done to modify the architecture in Figure
4 for m stages of wavelet decomposition. Because the input image is fed into
the system in the same way as before, the first stage row-major high/low-pass
filtering is still performed in PU; alternatively as designated in Figure 5.

Regarding the first stage column-major high/low-pass fitering performed in
PU,, we note that there are 4™ 1 coefficients in the first stage decomposition
corresponding to the same ancestor in the last stage (stage m) decomposition. To
satisfy the restriction of generating parent and children simultaneously, it is re-
quired that these 4™~1 “kindred” coefficients be calculated together. (Meanwhile
these coefficients’ parents in the intermediate stages of decompostion should be
calculated together too.) Note that these 4™~1 coefficients are located in 2™~1
adjacent rows and 2™ ! adjacent columns in their subband. PU, should al-
ternatively select appropriate inputs among 2™ ! different groups of parallel
column-major data from TU;, and perform column-major filtering to generate
the 4™~1 kindred coefficients in turns, where the coefficeints calculated with the
same group of input belong to the same row. Accordingly, TU; is an extended
version in Figure 3(a) and is supposed to have output ports Y7, ..., Y yw4+a with
M equal to 2™.

PUj carries out the rest computation in DWT. The second stage decompo-
sition is achieved as follows. In the first quarter of the period when 2™ rows of
input image are fed to the system, PUj gets its inputs, i.e., the coefficients in
LL; subband from TU;, and alternatively performs the second stage low/high-
pass row-major convolution. The calculated results, or the coefficients in Lry
and Hry are stored in two TUs hidden in PUj’s feedback block. In the second
quarter, the Lry coefficients are fed back to PU3 to be column-major filtered to
get the results in LLs and LHs. In the third and fourth quarter, the Hrs points



are fed back to PUj3 to be used to calculate out HL, and HH5 respectively. The
PUj; achieves further stage decompositions in the available intervals during its
execution of the second stage decomposition.

By reason of limit space in this paper, the operations of processors are de-
scribed with basic principles and not with many details. To sum up, TU; is
modified to have (N,,+M) rows; PU3’s feedback block has changed a little big-
ger so that it holds N,,+M rows of coefficients in the results of row-major wavelet
filtering; and the switches have become complicated to select appropriate data
at diffrent time.

4 PERFORMANCE ANALYSIS AND CONCLUSION

Since N, (the width of wavelet filters) is far less than N (the width or length
of input image) and the size of boudary effect of wavelet transforms is only
dependent on N,,, in this paper we ignore the boudary effect to simplify our
expressions knowing that it can be resolved by a little adjustment in either
timing or architecture. The area of the proposed architecture is dominated by
PUs and TUs. A PU contains pN,, MACs (Multiplyer and Accumulator Cell),
where p is the number of precision bits of data, thus three PUs contain 3pN,,
MACs. Because a TU is necessary for the column-major filtering in every stage
decomposition, and the number of cells in TU at the i** stage decomposition
is (N/2%)(N,,+2%), where the first item is the length of a row and the second
item is the number of rows in the TU, the total area for TUs is O(mN+N,,N),
where m is the number of stages in DWT. Note that the TUs except TU; are
hidden in PUj3’s feedback block. Thus the whole area of the architecture for m
stage DWT is A=0(pNN,+pNm). The input image is assumed to be fed with
one pixel per clcok cycle. The system’s latency (execution time) T is N? clock
cycles. Thus the product of A and T for the system is O(pN3(N,,+m)), where
N? is the input size of the algorithm. OQur proposed architecture is comparable
to conventional DWT architectures ([10]-[14]) in the aspect of area, latency, the
product of them, or the hardware utilization, even though not only the DWT
but also the zerotree building is achieved in this architecture.

We have proposed a non-memory-based design in which the input image is
recursively decomposed by DWT and zerotrees are built in real-time. The compu-
tation of wavelet-based zerotree coding is strongly featured by the computation
locality in that the calculations of coefficients on a certain zerotree (only) depend
on the same local sub-area of the 2-D inputs. This desirable feature has been
exploited in this paper by calculating children and their parent simultaneously
in the rearranged DWT, so that most intermediate data need not be held for
future calculations.
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(2).The meaning of superscript "k" is explained as the following.(k is an integer) .
Using the simplified expression as in figure 1) we call the calculatiod of as'ramow;, 8l an k
Suppose A corresponds to a part of a component in figure 1 (d). If row-wise signal K aneldn the right side of"r" arrow, and A s fromthe ith row theis Aom the kih row.

If Aand A" are on the lftside of "c"arrow or " artow, hey are corresponding to 2 coefficients inthe same colummaoiart (+)th row respectively.
The meaning of "+"is explained as the following: "
Column-wise signal A A and & are on the rght sde of"c" arrow. Als from Vigs! (e TUs outputgiighe is from Yi+1""NY\/v+i+1 A isfrom Yir2keL, .. qiisons
(they are in the same column)
(2) Because of PU's feature of alternative highilow -pass fitering,we use A and A alternative to get column-wise love bigippias

C C
consecutively. Because of dyadic downsamplings for column-ise convojufien—B— *  #-tB— A

(4) Lrz andHe arefedin2 seperate TUs in PU3's feedback block. The TUs can hold Nw+2r0wsofdataatmoséaﬂarsmyﬁndthatzis?t 2L and‘gH 2 Lr are executed alternatively
point by point, however, He® an@HliL , Hr e executed altenoatfoglyow. This paradox can be resolved by aitde manipulation in 2 TUs in feedback block .
Anyway, during the time of 4q+1<=i<=4q+3, no new data are generateq for Lr , or Hr so the old data in feeteak bioheld until i=4q+4.

(5) This real time algorithm ictates the operations happening in figure 4. The control Signals for PU ;,TU, DM, Ptéedtick block can be easily implemented locally and perioaically. Their details are not
discussed because of the imited length of this paper.

Fig. 5. The timing for the operations in the architecture for two-stage DWT and the
zerotree building



