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Optical implementation of the wavelet transform by using
a bacteriorhodopsin film as an optically addressed spatial light modulator

Joby Joseph, F. J. Aranda, and D. V. G. L. N. Rao
Physics Department, University of Massachusetts, Boston, Massachusetts 02125

B. S. DeCristofano, B. R. Kimball, and M. Nakashima
U.S. Army Natick Research, Development and Engineering Center, Natick, Massachusetts 01760

(Received 30 January 1998; accepted for publication 16 July)1998

An optical system utilizing the photoinduced dichroism in a bacteriorhodopsin film has been
demonstrated for the optical implementation of wavelet transforms. The dichroism, induced by the
image of a wavelet filter on a bacteriorhodopsin film leads to polarization rotation of the Fourier
components of an image. The polarization-rotated Fourier components of an input scene are
analyzed with a polarizer to give the wavelet transform components. The dichroism is induced with
beams whose profiles are determined by wavelet filters in order to perform the optical wavelet
transform. ©1998 American Institute of Physid$§0003-695(98)03637-7

Wavelets are functions that allow the representation oheeded. We describe an optical system for the implementa-
data by slicing it into different frequency components andtion of the WT in which a bacteriorhodopsibR) film can be
subsequently studying each component with a resolutiomsed as interface between the computer display and the op-
matched to its scale. They have advantages over traditionéical system. The optically induced anisotropy in a bR film
Fourier methods in analyzing physical situations where thenakes it work as an optically addressed spatial light modu-
signal contains discontinuities and sharp spik@e wave-  lator in this applicatiort**3
let transform(WT) represents a signal or a two-dimensional ~ Recently, bR has been used to demonstrate a real-time
scene in terms of a family of functions that are derived fromspatial light modulatdf' and an optical storage deviceRe-

a single basic function or wavelet by dilation and translationsearchers have implemented applications such as pattern
operationg® The wavelet transform has shown promising recognition, optical logic gate$, spatial filtering,**’
applications in the fields of image compression, multiresoluinterferometry, phase conjugatiohincoherent-to-coherent
tion image analysis, transient signal, and image proceéging. conversion, and spatial light modulatioh:® In this letter,
Optics with its inherent advantages of speed and ease &f€ demonstrate the use of the photoinduced dichroism ex-
parallel processing has been utilized by many researchers fébited by bR films, for the optical implementation of the
the implementation of wavelet transforms. Many opticalWavelet transform. The bR is employed as an optically ad-
schemes have been developed for one-dimensional as well §5¢ssed spatial light modulator, in which a computer-
two-dimensional wavelet transformatiémtt generated wavelet filter can be imaged on the bR film. The

Optical implementation of two-dimensional wavelet PR film is kept at the Fourier plane in a 4f imaging system.
transformation is most commonly obtained as correlation ofichroism induced by this image leads to polarization rota-
the Fourier transforniFT) of the input image with different tion for wavelet filter _sele_cted Fourier components of an in-
scaled versions of the wavelet filters. These wavelet filter®Ut Sc€ne. The polarization-rotated Fourier components are
(FT of wavelets are generated as band pass filters. The sca@@lyzed with an analyzer in order to obtain the wavelet
ing operation for the WT can be implemented in an opticalff@nsform components of the input scene.

system with a combination of lens&Zhe scaling operation The Fourier transform represents an input signal in terms

can also be performed using a computer, in which case a?uf sinusoidal functions, whereas the wavelet transform rep-

interface between the computer and the optical system jeesents the signal in terms of nonsinusoidal functions called
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FIG. 1. Schematic of an experimental setup for optical implementation ofFIG. 2. Experimental arrangemefi)- mirror, (L)- lens, (P)-polarizer,
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(a) (d)

FIG. 3. Experimental result$a) input rectangular slit(b) Fourier transform

of the slit formed at the plane of the bR filng) wavelet filter used(d)
wavelet transform component corresponding to the filter ugdyavelet
transform component obtained by replacement of the bR film with the filter
shown in(c).

()

wavelets! In the two-dimensional case, the WT of a signal a VanderLugt type correlator can be employed for the prod-
s(x,y) is given by'*° uct of the FT of the signal with the wavelet filtefg/Fs).°
The use of bR in optical image processing and related
W(ax:ay:bxuby):f f s(x,y)h% (x,y)dx dy, (1)  applications is based on the fact that absorption of light trig-
' gers the photocycle of the bR molecule with a complex se-
where h, ,(x,y) represents the wavelets that are derivedi€S Of intermediate St?ﬁQTZZ When the wavelength of ac-
from a fundamental waveldt(x,y) (called a mother wave- tinic light is ~570 nm, induced dichroism predominates over

let). In the Fourier domain, a WT can be expressed as induced birefringence as expected form the Kramers-Kronig
dispersion relation. The presence of dichroism produces a
W(u,v) =FT[W(ay,ay,by,by)] rotation of the plane of polarization of a probe beam passing
1 through the dichroic parts of the filif:?223
= W S(u,v)H} (u,v), 2 A schematic of an experimental setup for optical imple-

mentation of the WT using a bR film is shown in Fig. 1.
whereS(u,v) is the FT ofs(x,y) andH,(u,v) is the FT of ~ Wavelet filters generated on a computer are displayed on its
the scaled functiom[ (x/ay),(y/ay)]. display device. A wavelength filté¥ filters 570 nm at which
The optical implementation of a WT is based on E2). bR exhibits maximum photoinduced dichroisR1 is a po-
which shows the WT as the product of the FT of an inputlarizer and lens. 1 images the displayed wavelet filter onto a
signal and the FT of the wavelets, in whi¢h,(u,v) are bR film after reflection from a beam splittéBS). LensL2
bandpass filterevavelet filters. A basic 4f optical system of forms the FT of a coherent input scene~&&70 nm onto the
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bR film. P2 is a polarizer aligned at 45° to polarizBrl.  slit of width 1 mm[Fig. 3@], with an average intensity of
Lens L3 forms an image of the input scene on a charged.1 mWi/cnf. Figure 3b) shows a portion of the Fourier
coupled device(CCD) camera. An analyzerA, is kept transform of the slit formed at the plane of bR film and Fig.
crossed to the polarizeP2. The polarization of the probe 3(c) shows the wavelet filter used. The wavelet filter used
beam is rotated when it passes through a dichroic mediunhad an outer diameter of 1.425 mm and inner diameter of
The image of the wavelet filter formed on the bR film in- 0.75 mm, with an average intensity of 10 mW/cririgure
duces dichroism, and the Fourier components of the inpus(d) shows the wavelet transform component captured by the
image which pass through these dichroic parts have thei€CD camera corresponding to the wavelet filter used. Fur-
polarization rotated. These polarization-rotated componentther components of the WT can be obtained by scaling the
pass through the analyzer and are detected by the CCD camwavelet filter. For comparison, Fig(€ shows the WT com-
era. The output of the analyzer is equivalent to a correlatioponent obtained when the bR film is replaced with the wave-
between the FT of the input image and the wavelet filterJet filter of Fig. 3c).
hence as per Eq2), the image captured by the CCD camera  An experimental system has been demonstrated for the
will be the WT component of the input scene, correspondingptical implementation of the wavelet transform using the
to the wavelet filter formed on the bR film. photoinduced anisotropy of a bR film as an optically ad-
The bR film used in the experiment, a wild-type bR film dressed spatial light modulator. Even though laser light is
purchased from Wacker Chemical IN&JSA), had a thick- used in our system for the wavelet filter image with the avail-
ness of 35um, and was sandwiched between glass platesability of bR films with low light sensitivity, it may be pos-
Studies of the photoinduced dichroic characteristics of thesible to implement the optical wavelet transform as shown in
film showed that the dichroism reached a maximum for arFig. 1. The results shown in Fig. 3 clearly establish the use of
illuminating beam of intensity of~10 mW/cnf. Figure 2  a bR film and photoinduced dichroism for optical implemen-
shows the experimental setup used for the demonstration ¢dtion of the wavelet transform.
optical implementation of wavelet transform. In this experi-
ment, the beam carrying the wavelet filter image as well as
the beam bearing the input scene are derived from an Ar—Kr, _
laser operating at a wavelength of 570 nm. The linearly po-zG' Strang, Am. SCi82, 250 (1994.
O. Rioul, and M. Vetterli, IEEE Signal Process. Mag. Oct,(199)).
larized output from the laser was made circularly polarized3m. 0. Freeman, Opt. Photonics News8 (1993.
using an/4 plate and a 50/50 BS divided the beam into two *Special sections on wavelet transforms, Opt. EBgllingham 31, 1823
parts. The transmitted part, after passing through a variablg(lggz?: ibid. 33, 2103(1994. .
. . . Special section on applications of limited-extent waves, Appl. GBt.
attenuator and a beam expander, illuminated the input scenesyzqg (1994,
A lens of focal length 64 cm was used to form the FT of the Y. zhang, Y. Li, E. G. Kanterakis, A. Katz, X. J. Lu, R. Tolimieri, and N.
scene onto the bR film. Lens2 of focal length 10 cm forms _P. Cavaris, Opt. Letd?, 210(1992. _ _
an image of the scene onto a CCD camera. The polaFizer ;islhgesngg(’lgé;u’ D. Roberge, and H. J. Caulfield, Opt. E@igllingham
is aligned for maximum vertical transmission and the ana-sp "mendiovic and N. Konforti, Appl. Opt32, 6542 (1993.
lyzer is kept crossed to the polarizBd. The reflected part °H. H. Szu, Y. Sheng, and J. Chen, Appl. OBL, 3267(1992.
from the BS, after beam expansion, illuminates a WF pre-°E- Freysz, B. Pouligny, F. Argoul, and A. Ameodo, Phys. Rev. L6#1.
pf_:lred ona transpare_ncy sheet. PoIarFZ@ri_s aligned at 45° 11\7("‘58(#533'& Roberge. and H. H. Szu, Opt. Ef@sellingham 31, 1840
with respect to polarizeP1. The wavelet filter transparency  (1992.
is kept at a distance of 2 cm before the bR film, to form an'2H. Inman, L. R. Lindvold, and P. S. Ramanujam, Opt. L&, 225
image of the wavelet filter on the bR film. 13&9351; and N. Shimizu. Apol. OpS, 1848(1996
Since the analyzer is kept crossed to the polarRer g Tﬁo?r:;nN. Hamplar;,lzcu.y Bg%éhlg, and D. Oesterhelt, Opt. L1651
when the WF bearing beam is cut off, there is no light to be (1997
collected by the CCD camera. Under the illumination of the™®R. B. Gross, K. Can Izugi, R. R. Birge, A. A. Jamberdino, and W. Ni-
bR film with the WF image, the bR film becomes dichroic ,,P1ack Proc. SPIELE62 186 (1992,
. . . D.V.G. L. N.Rao, F. J. Aranda, D. Narayana Rao, Z. Chen, J. A. Akkara,
according to the profile of the WF. The Fourier components ., w. Nakashima, Opt. Commuh27, 193 (1996.
of the input scene, passing through the dichroic parts of thej. joseph, F. J. Aranda, D. V. G. L. N. Rao, J. A. Akkara, and M. Na-

film, undergo polarization rotation. A band of the kashima, Opt. Lett21, 1499(1996.

i atinm. ; ; 8J. D. Downie, Appl. Opt33, 4353(1994.
polarization-rotated Fourier components is passed throughD_ Roberge and Y. Sheng, Opt. Er@ellingham 33, 2290(1994.

the analyzer to be collected by the CCD camera. Hence, thep osterhelt, C. Brauchle, and N. Hampp, Q. Rev. Biopt8s,. 425
image formed at the CCD plane, in the presence of a WF (1991).
image on the bR film, is a wavelet transform component oiZR R. Birge, Sci. Am3, 90 (1995. .
the input scene N. M. Burykin, E. Ya. Korchemskaya, M. S. Soskin, V. B. Taranenko, T.
. ’ . . V. Dukova, and N. N. Vsevolodov Opt. Commus¥, 68 (1985.
Figure 3 shows the experimental results of optical wavesg_ g povgalenko, M. Kiotz, G. J. Salamo, and G. L. Wood, Appl. Phys.
let transformation. The input scene used was a rectangularLett. 68, 287 (1996.
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