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Abstract: Dual Tree Complex Discrete Wavelet Transform (DTCWT) decomposes nput image into
approximation and six detail sub-bands using row and column processing filter banks. Each filter comprising
of 10 coefficients requires multipliers and adders that are twice larger than that of discrete wavelet transform
computation. In this study, the computation complexity in DTCWT computation is reduced by considering the
redundancy in filter coefficients. A multiplexer-demultiplexer based logic 1s designed to reduce the number of
filters by 75%, a pipeline architecture 13 designed to reduce the number multipliers by 60% as compared with
conventional DTCWT architecture. The designed architecture implemented on FPGA and the design operates

at frequency of >200 MHz.
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INTRODUCTION

Tmage compression plays an important role in today’s
multimedia applications by compressing raw 1image
data with compression ratios >100. Tmage compression
standards such as JPEG 2000 (Pastuszk and
Abramowski, 2016; Taubman and Marcellin, 2002) and
video compression standards such as H.265 (Sullivan
et al., 2012) recommend use of wavelets for image
transformation into frequency sub bands. Encoding
techniques (Taubman, 2000) such as arithmetic coding,
SPIHT enceding and variable length coding encodes
wavelet bands into binary bits. The process of
quantization and thresholding of wavelet bands prior to
encoding determines the compression ratios (Xiong et al.,
2003). The sub-bands of Discrete Wavelet Transform
(DWT) such as LL, LH, HL. and HH (with level 1) consists
of mtensity, vertical, horizontal and diagonal features
(edges), respectively. Given an input image of size N>xN
after level 1 2D DWT decomposition has four sub bands
each of size N/2xN/2. Considering the LI band (dominant
mformation in terms of intensity) and sigmficant features
from all three sub bands, SPTHT encoding logic encodes
the sigmficant mnformation achieving compression. The
significant features from higher sub bands contain edge
mformation in 0, 90 and 45° directions. The mput image to
be compressed may contain edge information in all other
orientations apart from 0°, 90° and 45°. In order to capture
the significant orientations such as 0, £15, £45 and £75°
Dual Tree Complex Wavelet Transforms (DTCWT) has

been proposed by Kingsbury (2001). Discussion on
DTCWT demonstrating 1its advantages 1n 1image
processing applications with regard to shift insensitive
and directionality are presented by Taubman (2000),
Hiong et al. (2003), Kingsbury (2001) and Fang et al.
(2010). Fang et al. (2010) have proposed a new image
compression algorithm that is based on DT-CWT and
SPIHT. DTCWT bands have been effectively utilized to
perform image processing and image compression.
DTCWT computation based on Kingsbury (2001)
proposes real and complex filters to compute orientations
in six orientations. 2D DTCWT level 1 decomposition
requires four filters for row processing and sixteen
filters for column processing (Kingsbury, 2000). The
computation complexity of DTCWT is twice more than
DWT processing. In this study, DTCWT architecture 1s
designed that requires multipliers and adders that are
as that of DWT architecture requirements. The
redundancies in filter coefficients are eliminated and
optimum  architecture 18 designed for DTCWT
computation.

MATERIALS AND METHODS

DTCWT algorithm: The 2D DTCWT architecture for
level 1 decomposition based on the discussions by
Neumann and Steidl (2005) is shown in Fig. 1. The first
stage 1s the row processor with real tree filter
pairs F, = {H,,, Hy} and imaginary tree filter pair F_= {H,_,
H,,} satisfymng the conditions H, = Hy,(n-1). The second
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Fig. 1: Single stage dual trees CWT

stage is the column processor consisting of sixteen filters.
The mput image after two stage filtering gives rise to
sub-bands of which four of them are
approximation (low pass) sub bands and remaining are
detail (highpass) sub-bands. The four low pass bands

sixteen

comprises of two real low pass and two unagmary low
pass bands. Similarly, twelve high pass sub bands
comprises of six real high pass bands and six imaginary
high pass bands. Dencting the DTCWT output of
approximation and detail coefficients as {C, D} for a
given mput 3 at level j, the 4 outputs are represented

as in Eq. 1-4:

cj(afb)J (Zl’ Zz) = (21)((Ai (Z1)i ](AJb (Zl )] (1)

(AL(ZHAL(Z, ) S(Z,Z,))

Dy (Z1,Z,) = (2)ALZ ) J(AL(Z) 2)
(BL(Z,)H(BL (Z,)) 8(Z,.Z,))
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(ALZ)HA(Z,)8(Z, Z,)
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(BL(Z,)H(BL(Z,) 8(Z,, Z,)

The subscript terms a’/b is associated with the sign
(+) m the first term, C, and C, represents the two complex
low-pass sub bands, ID|,(-15"), D', (+15"), D', (-73"), D',
(+75%, DYy, (-45") and D'y, (+45" represents the six complex
high pass sub bands.

The term A, (Z) = H', (Z) and B, (Z) = H', (Z)
represents the low pass and high pass filter coefficients
and are related as in Eq. 5

512

H;, (2) = H, (2), H,,(Z)= H,(Z) = (2" H,{-2")
H‘Db (Zy=2" H,(Z), H‘Ub (Zy=2" H,(Z) = Z’ZHU (-2
(5)

The approximation coefficients obtained after
level 1 decomposition is further decomposed into level 2
sub-bands with the row and column processors.
Multilevel decomposition 1s achieved by decomposition
of low pass bands at each level. The cascaded filter
bank for N levels (j 1, 2, 3, ., N) can be

represented as in Eq. 6

>

ANZ)=H,(Z), ., H (z"*)=H (2"
B’ (Z) = HID (Z), . HJD'1 (ZZJ'Z) Hf (sz-l)

(6)

Table 1 shows the filter coefficients for the first stage
decomposition and Table 2 shows the filter coefficients
for second and third stage decomposition.

Computation complexity in DTCWT: Considering the
input image of size N=xN, each of the N rows consisting of
N pixels is simultaneously processed by four filters
consisting 10 filter coefficients. The number of
multiplications and additions per output sample 1s 10 and
9, respectively. For N pixels the numbers of multiplication
and addition operations are 10 and 9 N, for N rows of N
pixels the number of multiplications and additions are 10
and 9 N’ First stage consists of four filters thus the
number of multiplications and additions are 40 and 36 N°,
The second stage consists of 16 filters thus the number of
multiplication and additionoperations for second stage are
160 and 144 N°. For the first stage the total number of
multiplication and addition operations is 200 and 180 N°,
For level 2 decomposition, the number of multiplication
and addition operations is 200 and 180 (N/2)*. For j stages
of decomposition the total nmumber of multiplication and
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Table 1: DTCWT filters for level 1

similarities in filter coefficients are indicated as h, and g,

Treea Treeb Table 3: Reduced filter coefficients with common terms
Stage 1 Stage 2
Hy. H, Hy, Hy
0 0 0.01122679 0 No. IP HP LP HP 1P HP ILP HP
-0.08838834 -0.01122679 0.01122679 0 o hy hy hy h % & < &
0.08838834 0.01122679 -0.08838834 -0.08838834 1 -y Sy hy h, & & g &
0.69587998 0.08838834 0.08838834 -0.08838834 9 h, hs -hy -h, e g e &
0.69587998 0.08838834 0.69587998 0.69587998 3 hy hy hy -h, . & < .
0.08838834 -0.69587998 0.69587998 -0.69587998 4 h h h h & 2 e Y
-0.08838834 0.69587998 0.08838834 0.08838834 p b 5 b n o _gj gj o
0.01122679 -0.08838834 -0.08838834 0.08838834 s 5 . b b p o o e
0.01122679 -0.08838834 0 0.01122679 - b b h b -g; o - -g;
0 0 0 -0.01122679 s b b by b
3 -y 3 & & & &
9 h h -h -
Table 2: DTCWT filters for higher levels . ! by = - - =
Treea Treeb o
terms. Considering the common terms the number of
i L L, i coefficients for level 1 an ilters are {h,, h,, h,, an
Hy H, Hy H, fficients for level 1 and 2 filt hy, by, hy, by} and
0 0 0 0.03516384
0.03516384 0 0 0 {80 2080 85 80 85 85}
-0.08832942 The responses of four filters denoted as {Y, 5, Yy, Yy,
0.08832942 Y.} for row processing are represented as Eq. 7-20, the
0.023389032 0 0 0.023389032 btained b idari the similarities i
0.76027237 0.58751830 0.58751830 076027237 Fesponses are oblamed by considering the sumilarities in
0.58751830 -0.76027237 0.76027237 0.58751830 filter coefficients, x; represents the input samples:
0 0.023389032 0.023389032 0
-0.11430184 0.08832942 -0.08832942 -0.11430184
0 0 0 0 8., =X, tXp, n=0,1,2,3 ™
0 -0.03516384 0.03516384 0
. . . . - (8)
addition operations is 200 and 180N°. For j stages of Si =h, 8, th, a5,
decomposition the total number of multiplication and
o o . 9
addition operations is: S =h, a,, +h,a,,, (9
(31 landison?| 3 1 S =h,a,,+h (10)
200N° ) — land180N*| } — i=hya, +hoa,.,
i=0 2 i=0 2
. . . . . §'=h,a, +tha (1D
The input image NxN is stored in a memory of size N°. e
The first rows of N pixels are read into the input memory
of row processor. The first stage filter processes the N Y, =5+8 (12)
pixels and the results are stored n four output memory of
§ize N. .Thus, the first stage TOW processer requires ST (13)
intermediate memory of size 4 N. The column processor HR T
consists of four groups of filter bank with each group
comprising of four filters. Thus, the column processor b, =X, .tX,.0=0123 (14
requires 16 N input memory and 16 N output memory. The
total number of intermediate memory required for level 1 d=h b +h b L=0 (15)
decomposition is 37N (= N+4N+16N+16N). Second stage P T T T
decomposition requires 37N/2 memory elements, the total
number of intermediate memory for j stages are: df =h b, th, b, .n=2 (16)

3{ E%]

In order to reduce the computation complexity of
DTCWT processor, a modified architecture is proposed in
the next section.

DTCWT architecture: The DTCWT filter coefficients
shown i Table 1 and 2 15 represented in Table 3. The

d’ =h, b, +hb,,.n=0 (17)
d* =h,b,, +hb, ., n=2 (18)
Y, = d+d! (19)
Y, =d'+d’ (20)
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Fig. 2: Reordered pipeline filter architecture (real)

Table 4: Comparison of hardware requirements
1st stage row processing (1st Stage colwmn processing)

Moditied architecture Generic DTCWT
Parameters with pipeline architecture
Multipliers 16 (6 40 (160)
Adders 24 (96) 36 (144)
Throughput 1T(T) AT (4T
Latency 14T (24T+2N) 24T (48T+2N)
Pipeline stage 4 Nil
Intermediate 36 (144 20 (80)
memory

From the output terms {Y5, Yy}, there are common
terms such as {(X1+2'X1+1)> (X1+3+X1+4)= (X1+5'X1+ﬁ) and (X1+7+X1+8)}=
thus, the number of arithmetic operations can be reduced.
The reduced filter structure for computation of {Y,p, Yy}
15 shown in Fig. 2. The input data is loaded mnto 10 input
registers and requires 10T clocks, the registers contents
are accumulated as the coefficients are similar in 1T clock
period. The intermediate register store the accumulated
sum 1n four registers {a, a., a., and a.;}. The
multiplication array comnsisting of eight multipliers are
used to multiply the accumulated data with the
corresponding coefficients which is designed to perform
the operation in 1T clock period. The succeeding arrays
of adders accumulate the partial products with two
stage addition to compute Y and Yy, simultaneously
with 2T clock periods. Thus, after 14T clock periods the
first output samples are computed. The architecture
shown in Fig. 2 is designed with pipeline approach
with four stages of pipeline. The pipeline stage has a
latency of 14T and throughput of 1T. The pipeline
architecture requires 10 mnput registers, 14 mtermediate
registers and 2 output registers as there are 4 adders, 8
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multipliers and 4 adders in the intermediate stages.
Similarly for computation of {Y;, Yy;} output terms in the
stage 1 filter, the common terms in filter coefficients are
reorganized to minimize the number of arithmetic
operations as in Eq. 7-20. The reduced architecture is
shown in Fig. 2.

The reduced architecture consists of four stage
pipeline scheme. The latency 1s 14 T and throughput 1s
1T. For level 1 row filtering the mumber of arithmetic
operations and timing parameters are summarized in
Table 4.

The level 2 processing 1s performed on the four low
pass sub-bands (approximation coefficients), each of size
N/2xN/2. The level 2 comprises of stage 1 row processing
and stage 2 column processing which are realized using
the pipelined structure as shown in Fig. 3. The common
terms in filter coefficients are simplified into coefficients
represented as {gy, 2, 2 £» 84 85 e, The reduced
output expressions are given in as in Eq. 6 and
the cormresponding reduced architecture 13 shown in
Fig. 4.

The reduced architecture for row processing
comprises of 10 input registers, mto which the input data
15 first loaded. The data path control umt reads
corresponding elements into another register array
represented by ¢ and d. The contents of registers ¢ and d
are correspondingly multiplied by the filter coefficients
and accumulated in two stage adder array. A last stage
accumulator unit designed as butterfly structure
generates the real and imaginary components. The total
number of multiplier and adder umits 13 designed to
be 12 and 12, respectively. Similarly, the column processor
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Fig. 4: Optimal pipelined filter architecture

architecture 15 also designed as per the discussion
presented above. In summary, the pipelined architecture
for level 1 row processing and level 2 row processing is
represented in Eq. 21-24:

Yier =X 8,-Xivz 8:7Xiu

(21)
24X X 8K 8
Yipr =0 85-Xioz 257Xy (22)
g4+X1+3 g3+X1+5 g5'Xi+7 g5
Yipe =-Xos 867X, 857X, (23)

g5 84-Xir 27X 24)
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Yoo =X 81X, 87X,
g3+X1+5 g4-X1+7 g2+X1+9 gU

(24)

The 1D DTCWT real and imaginary output
computation logic presented in Eq. 23 and 24 consists of
four stages. The first and the last stage requires adders,
second and third stage require multiply and accumulate
units.

Area efficient architecture: The top level architecture of
2D-DTCWT for image decomposition 18 shown n Fig. 5.
The architecture consists of row processor, column
processor and an intermediate matrix for transformation.
The mput multiplexer decides the data that can enter mto
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Fig. 6: 2D DTCWT architecture

the module. For first level decomposition the raw input
image is selected, the DTCWT processor generates
twelve sub bands, the low sub band is selected with the
multiplexer at the output and the selected low sub band is
stored mn the mtermediate output memory. The input
memory and transpose memory are of size NxN, the
output intermediate memory 18 of size N/2xN/2. The
architecture is designed for one-level decomposition. The
high pass sub bands are stored in external mntermediate
memory.

For more than one level decomposition, the proposed
architecture need to be modified by including a
demultiplexer at the output stage that can store data mto
multiple output memories. The internal architecture of
DTCWT processing 1s shown in Fig. 6.

516

The nput image of size 512x512 1s processed with
four filter banks {H,,, H,., H,,, H,}, the four outputs after
processing are of size 512x256. The mput image 1s read
row wise and the row processing filters compute the
sub-bands, for each row of the nput 4 outputs are
generated, each of size 512x256. The column processor
processes the row outputs simultaneously with four
groups of filter bank. The column processor consists of
sixteen filters with each filter comprising of 10 coefficients.
With each filter requiring 10 multipliers and 9 adders,
the total mumber of multipliers and adders for column
processing will be 160 and 54. Tn order to reduce the
number of arithmetic units, a modified architecture 1s
proposed and is presented in Fig. 7. In the modified
architecture, the 4 outputs of row processed data 1s
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processed with eight filters by multiplexing the input
samples. At the output of filters, the demultiplexing unit
stores the column processed output into corresponding
memory elements. The numbers of filters in the modified
scheme are reduced by 50% compared with the
architecture shown in Fig. 6.

With multiplexing of mput data the hardware

complexity 1s reduced, however, there 1s increase
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in delay (latency) by two times. In order to reduce the
delay, the multiplexers and filters can be designed to
operate on both edges of the clock.

Figure 8 shows an further improved version of
DWTCWT column processing module. Tn this
architecture, the redundancy in filter banks (Fig. 6) are
minimized by processing the row outputs using four
filters and with multiplexer-demultiplexer logic. Thus,
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Fig. 9: Optimal multiplexed row processor

there is a reduction of 75% in area and increase in delay.
The modified column processors designed are area
efficient.

In order to further reduce hardware complexity,
the row processor umit 1s modified by considering
in the filter coefficients.
processor umit shown in Fig. 6, consists of four
filters. The H,, and H, pair and H, and H,
pair are realized with the architecture shown m
Fig. 9.

The architecture is designed with ten multipliers and
nine adders. Each multiplier 1s loaded with H , coefficient
at time t and H,, coefficient at time t+1. The input remains
common in both time intervals, the multiplied data is
accumulated in the adder array and the demultiplexer
stores the output in the corresponding memory according
to the processing time. The data flow is controlled using
a state machine that sequences the control to the
multiplexer and demultiplexer. The row processor is
designed to operate with 50% reduction in area. The
proposed DTCWT  architecture modeled using
Verilog HDI. and is synthesized using Xilinx ISE
targeting Virtex 5 FPGA. The design is functionally
verified for an input image of size 16x16, the
are verified and compared for its
correctness.

comimon terms The row

1s

results logic

RESULTS AND DISCUSSION

Figure 10 shows the block diagram of the top level
architecture for 2D DTCWT processor. The basic 2D
DWT architecture for image decomposition as presented
by Cheng and Parlu (2008), Mohanty and Meher (2013),
Zhang et al. (2012), Darji et al. (2014) and Hu and JTong

1
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(2013) is modified and 2D DTCWT architecture is
derived. The 2D DWT architecture consists of input
memory, intermediate memory, output memory and
DTCWT processor. The memory controller reads the
individual frame that are stored mn the mput memory and
the processed data is further stored in the output memory.
The memory controller controls the address generation
logic to read corresponding data from the input memory
and store data mn the corresponding location in the output
memory.

The design is synthesized in the ilinx tool, post

place, map and route simulation also have been carried
out. The synthesized netlist of DTCWT is shown in
Fig. 11. The design 1s optimized for power, area and
timing. RTTL, synthesized block diagram of DTCWT is
obtained using Xilinx ISE and the synthesis report is
analyzed for estimation the performances of the proposed
design in terms of area, speed and power. FPGA
implementation results of DTCWT and Inverse DTCWT
are shown in Table 5 and 6.
DTCWT computations of 19200
registers available 2% is the utilization. In case of
inverse DTCWT utilization of 10%. Table 6
presents the power report of DTCWT and Inverse
DTCWT.

The maximum operating frequency of the proposed
design on Virtex-5 pro FPGA is found to be 268 MHz
for DTCWT and 156 MHz for inverse DTCWT. The
operating frequency can be further improved by
utilizing the internal resources such as multipliers
and adders on Vitex 5 platform. Parallel modulation
operations combined with pipelining of DTCWT
and Inverse DTCWT computation can improve the
operating speed at the cost of area.

For out

i
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CONCLUSION

In this study, we have proposed hardware efficient
and ligh throughput architecture for DTCWT
computation. The proposed architecture is optimized to
realize minimum number of multipliers and adders by
minimizing the number of filters coefficients by
rearrangement. The row filters are designed with pipelined
structure and the column filters are designed with
reordered structure. The row processing and column
processing umts are designed to operate in pipelined
process mnproving throughput. The proposed architecture
1s implemented on Virtex 5 FPGA using Xilinx ISE. The
designed architecture is faster, area efficient and achieves
higher throughput as similar to DWT processing modules.
The mtermediate memory stages can be further optimized
with memory reuse techniques. The proposed architecture
can process 1024x1024 frame image in <40 msec by
consuming <3 W of power.
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