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All-Optical Integrated System for 2D Data Wavelet Tansform and Compression

Giorgia Parca, Pedro Teixeira, Antonio Teixeira

Abstract— Optical transform is considered as a powerful implementation and signal processing, using onkspa
tool for optical signal/image handling. Efficient skemes for Planar Lightwave Circuit (PLC), [1], [2], [3].
data compression at the speed of light can be impfented, Wavelet Transforms is another powerful tool commonl

enabling lower processing requirements, energy effiency,
lower latency (transmission time), reduced memory sage.
The goal is the development of parallel processingystems

used for data compression, as in the JPEG 200@asthn
[4], pattern recognition, and subband coding, among

for 2D optical data maintaining functionalities in the optical others. The Discrete Wavelet Transforms (DWT), {2jn

domain. be implemented exploiting very simple optical pessi
In this paper we present an all-optical integratedsystem architectures, as well as the DFT.

for wavelet based decomposition and compression &D The non-stationary feature of involved signalsatesd to

optical data. the nature of the image signals and the mechanafms

human vision, must be taken into account. Signath w

space (or time)-varying spectra can be transformed

considering the non-stationary hypothesis. In tase,

image signals can accurately represented jointlgpiace

I. INTRODUCTION and frequency domains.

WT overcomes the Fourier approach limitation in

representing non-stationary signals, since the lloca

spectral decomposition can be performed. It allows

analyzing the incoming signal at different scales o

resolutions, [5].

These powerful tools are supported by different

technologies. The most explored approach is the fre

space image processing [6], [7], whose basic schethe

one called 4f setup and depending on the specific

processing to implement it exploits the spectriéring

and data manipulation through holograms and phase

masks.

Besides the free space techniques, the availaldlity

d passive technologies, with Iow loss and disper§Mh

to perform fast signal processing and compressi@tttly as ngtwork of single mod(_a fibers or planar I|ght\_wav
circuits [1], [3] for the implementation of optical

in the op_tlcal domain, thus pro_vm!mg bit-rate asignal transforms, suggests the possibility to design capti
format independent transmission schemes, almost ; . .

. . integrated architecture for image data processing.
preserving end-to-end optical transparency.

: . The state of the art shows the current developwie8D
The total size of data can be reduced substantially : L
L . S structures and material optimization for the
resulting in lower processing and transmission filoeer . . ;
. . implementation of planar waveguides layered stmactar
storage memory, better use of the transmissionamedi : : . . -
. ) . __three dimensional interferometry, or direct 3D imgs on
Compression can be obtained through mathematical ;
. . . materials, such as sol-gel or glass, through feectmsd
transformations followed by a thresholding operatio

Namely, data reconstruction can be performed usinyg laser [8].

essential features extracted from transformed aathnot ﬂ;r:e:f\aﬁgf r?ggg::ir?reth?éﬂloﬁgt;\"trgtghdeOa'r.n tc;l?:rfo
directly achievable from the signal in its natural b P g 9 g P 9

: . ... the implementation of compact and robust schemealifo
representation. An example of signal decomposition

N . . - optical wavelet transforms.
operation is the Discrete Fourier Transform (DHT]; it The development of integrated 3D structures for all
allows calculating spectral distribution of staton

signals optical processing and image compression is coreside
In literature, there are several studies on Foudiptics the framework of the project CITO — Optical Transfio

showing the effectiveness of opticaly DFT for Image Compression.

Index Terms— optical image processing, optical wavelet
transforms, 3D interferometric  structures, parallel
processing.

The need to increase the capacity of information
exchange motivates the efforts and the recent
developments on exploiting the speed and the sl
of the light for information processing at high alaate.

Reduction of redundancies or unnecessary informasio
crucial and enables faster data transmission, &gdlyem
case of large data amount to be processed andfadst
with real time processing requirements.

Information contained for example in high resolatio
images (for biology, medical diagnosis, environment
monitoring, etc...), need to be processed and cesspd,
by removing the least significant elements, e.graexing
only the visible ones.

New optical technologies have been developed imror
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In this paper, we present the design of an allcapti
architecture for image compression and we demdastra
through simulative approach, the implementationthef
Haar wavelet transform of 2D image data, exploitBiy
integrated passive interferometric structure based
optical asymmetric couplers network.

II. 3D SCHEME FOR2D OPTICAL WAVELET TRANSFORM
AND COMPRESSION

We present an architecture for all-optical image
acquisition, processing and transmitting, whosdding
blocks are depicted in fig.1. This approach allows
handling images with fast signal processing, maiig

all functionalities in the optical domain.

Optical sensors Array Haar OWT Compression

OPTICAL
TRANSMISS

2D DATAACQUISITION @

nxn optical matrix

TRANSFORM

) .|| THRESHOLDING
nxn optical matrix

ENCODING

=
Fig.1 All-Optical System building blocks

The acquisition stage includes light detectionpotigh
optical sensor matrix, and image/2D data samplihgs
obtaining the nxn optical input data matrix.

First processing operation is used to properly es@nt
the optical matrix in a transformed domain, witle thim
to extract some specific features exploiting thergn
compaction properties of wavelet decomposition.

Our approach for implementing the data decompasitio
and reconstruction at the receiver side, is basedhe
Discrete Wavelet Transform (DWT).

Through the next functionality, corresponding to a
thresholding operation, the precision reduction is
performed selecting relevant portions within the
coefficients set.

The selection of portions of interest from the sign
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The low-pass and high-pass filters associated wien
Haar wavelet can be implemented through 3 dB
asymmetric couplers [11], as shown in the next setie
of Fig. 2a), giving as outputs the scaling;X and detail
(d;;) coefficients of the input signal.

In order to implement the optical wavelet transfarfra
set of input data, a 3 dB asymmetric couplers netwan
be designed as in Fig. 2b); in this case the veavel
coefficients are computed up to the M=3 level.

This planar structure can be stacked in order ¢atera
3D interferometry device which is able to receiveeh of
input fields distributed all over a 2D pattern (epixelated
image). The data decomposition can be implemenyed b
properly coupling along the two spatial coordinatese at
time (i.e. horizontally, vertically), allowing thparallel
processing of the 2D coefficients.

Qoo

Y\

a)

o~ o =TT @)
a; n b, = {1/2(as — a)

0)
=3l 4l @

Fig.2 a) Optical 3 dB asymmetric coupler (planatyoek for

decomposition can be implemented through Photonic 1D DWT evaluation:b) 3 dB asymmetric coupler andtseag

Analog-to-Digital Converter or Non Linear devicesd
nonlinear crystals) and uses specific selectiorergai
related to the final applications and quality regmients.

Our focus is the implementation of compact and sbbu
optical transforms exploiting integrated opticsoider to
develop an alternative approach to the existinghoud
based on free space optical computing (e.g. habtyla

This is supported by the existence of methods atidal
architectures able to implement the transform thhou
integrated optics, namely interferometric structubased
on asymmetric couplers networks.

DWT can be evaluated via recursively filtering aada
array by halfband lowpas#[n] = Y r-_ x[k] g[2n —
kland highpassG[n] = X5 _o x[k] h[2n — k] filters,
which include subsampling of factor 2 following the
Mallat pyramidal decomposition algorithm, [10].

matrix S;

For 2D data/images and higher dimensional signal
processing, this network can be expanded in order t
obtain a 3D integrated passive structure for pelralata
processing.

In Fig. 3a) is presented a 3D basic module withxa 2
optical matrix as input, which perform 1 Level DWT.

First asymmetric couplers pairs will produce thestfi
high/lowpass filtering along one dimension (e.g.
horizontal). The four outputs will undergo a funttstage
of high/lowpass filtering along the other dimensigre.
vertical), producing the scaling and detail coédiits of
the 1 Level Haar DWT.

Increasing the input data set, this structure aasdaled
by means of repeating and stacking the basic module



448 ELECTRONICA ETELECOMUNICAGOES, VOL. 5 N°4, DEZEMBRO 2012

presented, in order to build a NxN 3D integratedspae

scheme for all optical DWT, as shown in Fig. 3 b). 1 &

The whole volume will scale with the input data,set MSE(Iorig, laec) ZFZ Z|1m.g(i, b

depending basically on the length and section afdhe i=1j=1 @)
basic module. — Idec(iﬁj)lz

As instance, in case of larger images size, furlafT p?

computation levels are needed) 2D levels can be PSNR(Iorig,Idec) = 10log4o (—) 3)
implemented bym layers (each one with length D) of MSE(IO”Q'I"IEC)

basic stacked modules.

(U} o0
3 TN "
y " s

INPUT IMAGE HAAR WT

a)
TN |
T N\
b) Fig. 4: Sample image (256x256) as 2D input data, 2D
processing with high/lowpass filtering and obtaidedevel
Fig.3 a) 3D basic module for parallel 2x2 data matptical 1 Haar Optical WT.
level DWT; b) NxN 3D integrated passive schemealboptical
DWT. Where I, is original optical matrix, Io.. is the
reconstructed image after compressiois, the maximum
I1. 3D OPTICAL TRANSFORM SIMULATIONS possible intensity value for a pixel.

3D module with 2D data as input was designed andMSE and PSNR are evaluated for different cases, as
emulated through Matlab simulations and one leveH  reported in Fig. 5 and Table I, using a set of shodd
DWT based on the optical asymmetric couplers nekwor values, from 10% to 90% of the parametefFig.5 shows

was performed. degradation due to the compression process.
We considered a grey scale processing of the dpticaln Table | we present some of the simulation rasult
input matrix. obtained for our compression test on 1 Level Haatical

Fig. 4 shows the 256x256 sample image and thersdatai DWT. The output images correspond to the InverseTDW
1 Level Haar wavelet, computed through applying the performed for the synthesis procedure and image
asymmetric coupler network scattering matrix dative reconstruction after applying the thresholding lven DWT
from expanding Eq (1). coefficients.
Considering the schemes presented in Fig. 3 ag basi %
reference, first asymmetric couplers pairs willguoe the
first high (H) and low (L) pass filtering along the
horizontal dimension. As described in Fig.4, theaoted
coefficients will undergo a further stage of highvpass
filtering along the vertical dimension, producinget
scaling and detail coefficients of the 1 Level HB&VT.

The thresholding operation was also tested for the
compression data simulation, setting different atongé N B N
threshold levels defined as a percentage of thermax e
intensity value possible for the sample image. et
Performance evaluation is based on the Mean Square Fig- 5: PSNR and MSE as function of Threshold petags
Error MSE and Peak Signal to Noise Ratio PSNR respect to the parameter

calculation:

N
i)

PSNR [dB]
2 & B

i i i i i i .
0 20 ;0 0 50 60 70 60 90
Threshald [%]
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Reconstructed image Threshold PSNR MSE
W T=10% - TWT sutput mags 10% 29.86 67.14
e— ‘m,]m — 30% 25.76 | 17251
:50% ‘ e 50% 2003 | 646.5
——T— 70% 16.88 | 1.33e3
wr r—u%l st 90% 1429 | 2.42e7

Table I: Reconstructed images and performance eti@ua
Threshold % is referred to the maximum intensityiggpresent

in the image

IV. CONCLUSION

We have investigated an alternative approach fer th

implementation of all optical 2D data processingawiet
transform and image compression can be accomplished
exploiting an integrated scheme based on asymmetric
couplers 3D network and a proof of concept is presk

through simulations results.
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This approach enable the parallel processing afer of
potential in terms of integrability and robustness,

mechanical

perturbation or vibrations, especialfy i

compared to the free space optics approaches. tamtor
practical evaluations will be needed be about Ksse
crosstalk, resolution range (image data), and tacthire
scalability.
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