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ABSTRACT

One of the main drawbacks on integral imaging systems is their limited depth of field. With the current sate of sensor
technology such limitation is imposed by the pixilated structure of cell detectors. So, depth of field only can be opti-
mized by proper selection of system parameters. However, nowadays sensor technology experiments a fast devel op-
ment. Asaresult of it, it is surethat in a close future the number of pixels per elemental image will be high enough to
not influence the system resolution. In this not-too-far context, new ideas should be applied to improve the depth of
field of integral imaging systems. Here we propose a new method to significantly extend the depth of field. The tech-
nique is based on the combined benefits of a proper amplitude modulation of the microlenses, and the application of
deconvol ution tools.
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1. INTRODUCTION

Currently, much visual information is presented to users through computer monitors, TV screens, or even through cel-
lular-phone or PDA screens. The displayed images can have entertainment or information values, or even be aimed at
the diffusion of research results[1]. The information society increasingly demands the display of not only plane images
but also of three-dimensional (3D) images, or even movies [2-5], with continuous perspective information. Although
the search for optimum 3D imaging and display techniques has been the subject of research from much more than for a
century [6], it has been in the lagt several years when technology is approaching the leve required for realization of 3D
imaging systems. The so-called integral imaging (Inl), which is a 3D imaging technique specially suited for the above
requirements, works with incoherent light, and provides with auto-stereoscopic images without the help of any special
glasses. In an Inl system, an array of microlenses generates, onto a sensor such as a CCD, a collection of plane ee-
menta images. Each elemental image has a different perspective of the 3D object. Therefore, the CCD records a set of
the object projections. In the reconstruction stage, the recorded images are displayed by an optical device, such as a
LCD monitor, placed in front of another microlens array. This setup provides the observer with a reconstructed 3D im-
age with full paralax. Inl was first proposed by Lippmann [7], and some relevant work was done in the meantime [8-
12]. Theinterest in Inl has been resurrected recently because of its application to 3D TV and display [13].

Sinceitsrebirth, Inl has overcome many of its challenges. Specifically, it isremarkable that a simple technique for the
pseudoscopic to orthoscopic conversion was devel oped [14]. Some methods were proposed to overcome the limits in
lateral resolution imposed by the CCD [15-17], or by the microlens array [18,19]. Other chalenge satisfactorily faced is
of the limitation in viewing area [22]. Apart from this engineering work, some purely theoretical work has been also
performed to characterize the response in resolution of Inl systems [23,24], or the viewing parameters in the display
stage [25,26].

At present 3D Inl systems still face some problems. One issue is the limited depth of field (DOF). In atypical scene
objectsexist at different depth positions. Since only asingle plane is used to capture the images, it isnot possible for dl
objects to be in focus. Then blurred images of out-of-focus objects, or part of objects, are obtained. Although the DOF
of Inl systems is influenced by many parameters (related with both the capture and the display systems), it is apparent
that to display aclear integral image of an axially elongated 3D object it is essential to capture sharp 2D elemental im-
ages of it. For thisreason, the bottleneck of the DOF in Inl is the limited depth of focus of the microlens array used in
the pickup stage. In systems with low-resolution sensors one can overcome this problem by reducing the numerical
aperture (NA) of thelenses[27]. In the past few years, some new alternative techniques have been proposed to improve
the depth of field of integral imaging systems. These methods are based on the synthesis of real and virtual image fields
[28], or on the use of lenses with non-uniform focal lengths and aperture sizes [29,30].
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In this paper we propose a new method for producing a significant enlargement of the DOF of Inl pickup system. This
enlargement is not accompanied by a deterioration of spatial resolution. The method, whose main featureis its simplic-
ity, is based on an adequate binary modulation of the microlenses amplitude transmittance [31]. To present our tech-
nique we start by carrying out a theoretical analysis of the pickup stage of integral imaging systems, in terms of the
scalar diffraction theory. This analysis explicitly takes into account the fact that the object is a surface object. This as-
sumption allows usto devel op a set of equations, which constitutes a strict description of the diffractive behavior of the
pickup of an integral imaging system. This analysis shows us that, conversely to what is generally assumed, integral
imaging systems are not linear and shift invariant, and therefore it is not valid, stricto senso, to define neither a point
spread function (PSF) nor an optica transfer function (OTF). In a second step, we design an adequate amplitude
modulator, which should be applied to any element of the microlens array. Later, we take advantage of deconvolution
concept to propose a technique for important enlargement of the DOF [32]. We have performed numerica simulations
with computer-synthesi zed objects, to show that the DOF of focusis significantly improved.

2. PRINCIPLES OF INTEGRAL IMAGING

Integral photography was proposed by Lipmann in 1908 [7]. In his scheme, a photography of a self-luminous 3D scene
is taken through a pinhole array (see Fig.1). This pickup setup provides with a set of micro-images, named heresfter to
as the elemental images, each having information of a different perspective of the object. In the display stage properly
processed film is placed infront of the same pinhole array and back illuminated so that each elementa image acts asa
spatially incoherent object. As shown in the figure alows the reconstruction of a real, but depth reversed image of the
3D scene.

Figure 1.- Scheme of the integral photography method proposed by Lipmann.

Figure 2.- Scheme of anintegral imaging system
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The magjor drawback of the scheme proposed by Lipmann is its extremely poor light efficiency, the second problem is
that the film processing inherent to a photographic processis very slow and does not match the current requirements of
3D imaging. A solution of these problems is to substitute the pinhole array by a microlens array and the photographic
film by an eectronic sensor like a CCD. As shown in Fig. 2, now the elemental images are formed in the image plane
of the microlenses. However, now an important problem appears: the limitation in DOF. Due to the imaging properties
of thelenses, now only one plane of the object space isin focus. Then light proceeding from other planes does not focus
onto the CCD. The same problem happens in the display stage. Only points within the object plane are reconstructed
sharply. Other parts of the 3D scene are increasingly blurred. Besides, this blurring effect is more significant when the
pixilation of the CCD (or the LCD in the display stage) is taken into account. Consequently, this new realization of the
integral imaging process gives rise to much more luminous reconstructed images, but with low resolution evenin case
of thein-focus plane.

Other remarkable feature of Inl systems is the facetted form of the reconstructed integral images. When the observer
places the eye in front of the lendets array and 1ooks through it to see the reconstructed image, he/she sees a different
portion of the image through any different lendet. Such image portions are the elemental fields of view (FOVS) pro-
vided by any microlens. Depending on the system geometry, the elemental FOV's, may overlap or may not, giving rise,
in some cases, to reconstructed images divided in multiple facets. Such multi-facet structure can degrade the quality of
the observed image, because it breaks the continuity of its visual aspect. In Fig. 3 we have schematize the observation
of theimage, for the case of real pseudoscopic reconstruction. The image is reconstructed by superposition of projected
elemental images, each one with different perspective. The observer isplaced at adistance D from the microlens array.
Takeinto account that the distance from the observer to the reconstructed image, D —d, , must be larger than the near-
est distance of distinct vision which, for the case of an adult observer, is about 250mm . As heuristically shown in

Fig. 3, the observer’s full FOV is composed by a collection of elemental FOVsarranged in arectangular grid. In Fig. 4
we show an example of the facetted structure of the image. To minimize this detrimental effect, a proper selection of
the system parameter should be done [26].
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Figure 3.- Observation of reconstructed real image. The observed image consists on a rectangular grid of elementa
FOV's. Each elementa FOV is observed through a different microlens.

Other problem that has deserved many research efforts but still has not found, as the best of our knowledge, an op-
timum solution is the pseudoscopi c-to-orthoscaopic (PO) conversion. Asitiswell known, in their standard configuration
Inl systems provide the observer with real, pseudoscopic images, that is, with a 3D reconstruction of the object that is
reversed in depth (see Fig.2). A very smart and simple scheme was suggested by Okano and co-workers [13]. They
proposed to capture the demental images with the standard pickup architecture. Then, each e emental image is rotated
by 180° around the center of the elemental cell. Taking into account the pixilated structure of the e emental images, this
operation only implies a simple pixel mapping. As we show in Fig. 5, when these rotated dementd images are dis-
played at a distance g,=g-2f */(d-f), a virtual, undistorted orthoscopic image is obtained at a distance d,=d-2f from the
lendets array. Although in this scheme there is not degradation of the image due to the introduction of additional ele-
ments or stages, it till has the drawback that the reconstructed imageis virtual.
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Figure 4.- (@) Synthetic object used for the numerical smulation, (b) Reconstructed image as seen by the observed
when set at D =900 mm and amicrolensesfilling factor of 0.5.
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Figure 5. Schematic drawing of the orthoscopic, virtua reconstruction. In the display stage the elementa images are
rotated by 180° around the center of the cell.

3. THEORETICAL ANALYSISOF THE CAPTURE STAGE

We start by describing the capture stage from the point of view of diffraction theory. Let us remark that since the mi-
crolens arrays generally used in typical Inl experiments are of low numerical aperture (NA=0.1), the analysis can be
accurately performed within the frame of the paraxial scalar diffraction theory. In Fig. 6 we show a scheme of the cap-
ture setup. Spatial coordinates are denoted x = (X, y) and z for directions transverse and paralle to the system main
optical axis. We consider a surface object under spatially incoherent illumination. For simplicity we assume quasi-
monochromatic illumination with mean wavelength A . Light emitted by the surface object is collected by the microlens
array to form a collection of 2D elementd aerial images. The images are formed in the so-called aeria pickup plane,
which is set at a distance g from the microlens array. The reference and the aeria pickup plane are conjugated through
the microlenses, so that distances a and g are related by the lens law 1/a+1/g-1/f=0. Any elemental image has a differ-
ent perspective of the surface object. In our scheme arelay system, composed by a field lensand a cameralens, isused
to image the aerial images into the pickup device (usually a CCD camera). Thelateral magnification of the relay system
isadjusted so that the size of the e emental-images coll ection array matches the CCD.

The intensity distribution of incoherent light scattered by the object can be represented by therea and positive function
O(x,2)= R(x)8(z~ f (x)) , (1)

where function R(x) accounts for the object intensity reflectivity, whereas f(x) —z=0 isthe function that describes
the surface.

We consider now the light scattered at an arbitrary point (x,z) of the surface object. It is straightforward, by applica-
tion in cascade of paraxia scaar diffraction equations, to find that the intensity at a given point x'= (X', y") of the aerial
pickup planeisgiven by
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Figure 6. Scheme, not to scale, of the capture setup of a3D Inl system. Object points out of reference plane produce
blurred imagesin the CCD. In the relay system the field lens collects the rays from the outer microlenses; the camera
lens projects theimages onto the CCD.
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H, (x';x,2)=
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where m=(m,n) accounts for the microlenses indexes in the (x,y) directions, and p stands for the constant pitch of the
microlensarray. In Eq. (2) M=—g/(a—2) is amagnification factor that depends on the depth coordinate z. The so-called
generalized pupil functionis:

P, ()= plx, >exp{i E(i—i)xof} | @

AMla-z a

This function accounts for the microlenses pupil function, p(x0 ) together with the phase modulation due to defocus

errors. It isimportant to remark that, in principle, the matter of interest of our researchis not the intendty distribution at
the aerial pickup plane, but the distribution at the pickup-device plane. Note however that since such a distribution is
simply a uniformly scaled version of the onein Eq. (2), it iscorrect to base our study on such an equation.

Assuming non significant overlapping between the elemental diffraction spots provided by the different microlenses,
Eg. (2) can be rewritten in quite good approximation as the 2D convolution between the, properly scaled, 2D Fourier
transform of P, (x, ) and asampling function, that is

Hy (X%, 2)=

P(ﬁ] o X st ). @

Let us consider now the overall light proceeding from the surface object. In this case the intensity distribution in the
pickup planeis obtained as a weighted superposition of the diffraction spots provided by any point of the surface object,
namely

L (x)= j R(x)3(z— f(x))H, (x'; x, z)d*x dz= j R(X)H, (x';x, z= f(x))d*x (5)
Note that function H, () explicitly dependson x'-M ,x, that is:

H, (X';%,2)= H, (xX-M,x,0,2)= H, (X -M ,x; 2). (6)

Then, Eq. (5) can be rewritten as
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jR LX=Mx;z= f(x))d?x . (7

Although Eq. (7) seems to represent a 2D convolution, it does not. This is because function P,(x,) has a strong de-
pendence on the axial position of the corresponding surface points. In other words, function H; (e) is different for dif-

ferent values of z. Besides, factor M, aso depends on z, and therefore parts of the object at different depth are magnified
in different way. Consequently, the impulse response is different at any depth. This fact implies that, the pickup system
isnot linear and shift invariant. Therefore, neither the PSF nor the OTF could be rigorously defined.

As seen above, the acquired image is composed by an array of elemental images of the surface object, each one ob-
tained from a different viewpoint. Let us now focus our attention into the elemental image produced by one of the mi-
crolenses, for example the one in the center of the microlens array (this selection does not subtract any generality from
our study). Theintensity distribution of such an elemental imageis given by

IR O(x'—M ,x;2)d2x , ©)

, 2
5(;-9] . ©)

We assume that the pupil of each microlensisacircle with diameter ¢. In such acase, it isconvenient to express Eqg. (9)
in cylindrical coordinates as follows

where

HE(:7)-

/2 2

Tz
jp(rO)eXp{lka(a 2 }J (ang) o dry

0

HP(r,2)= (10)

4. THE INFLUENCE OF THE DETECTOR PIXEL SIZE

Let usrevisit at this point the concepts of lateral resolution and DOF. The resolution of an imaging system evaluates its
capacity for producing sharp images of the finest features of the object, when it isin focus. In case of diffraction-limited
imaging systems, resolution is usually evaluated in terms of the Rayleigh criterion. According to it, the resolution of the
pickup system under study is determined by the radius of the first zero ring of the Airy disk, Hy(x; z). Note that the
central lobe contains 84% of the energy inthe Airy disk. On the other hand, The DOF of an imaging system isthe dis-
tance by which the object may be axially shifted before an unacceptable blur is produced. In diffraction-limited imaging
systems, the DOF is usually evaluated in terms of the so-called Rayleigh range: the axial distance from the in-focus
plane to the point that produces an spot whose radius has increased by a factor 2Y2. The evaluation of the radii of the
spots produced by out-of-focus points (z£0) ishot as simple as in the in-focus case. This is because as z increases the
spot spreads and neither a central lobe nor zero ring are recognized. In this case we define the defocused-spot diameter
astheone of acircle that encircles 84% of the overall pattern energy. In mathematical terms such diameter, D(2), isthe
one which solves the equation

D/2
IH X,z)dx = 084-'.H0 X, Z)dX . (11)
0

In Fig. 7(b) we represent, with t hick line, the defocused-spot diameter for different values of distance z. We conclude,
from the figure, that if only the limits imposed by diffraction are considered, the resolution limit of the pickup system
under study is of is of 3.33 um, measured in the aerial pickup plane, and the DOF is, for positive values of z, of
+8.5 mm.
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Figure 7. (a) Grey-scale representation of Eq. 10. Any cross-sections correspond to the spot produced by an object
point at a depth z. White lines delimit the back-projected pixel size. The effect of defocus is much more appreciable
for positive values of z; (b) Spot diameter for different values of the fill factor. The black thick lineis used to mark
the back-projected pixd size.

To appreciate the influence of pixilation on the lateral resolution at any depth position of the object, we assumed that
the CCD has 1024x768 square pixels and the array has 34x25 microlenses. Therefore each elemental image has 30x30
pixels. In Fig. 7(a), we have drawn a pair of horizontal lines separated by a digance that equals the back projection of
the pixel size onto the aeria pickup plane. When the intensity spot is smaller than the (back projected) pixd size, the
resolution limit isimposed by the pixilated structure of the CCD. On the contrary, when theintensity spot is bigger than
the pixel size, the resolution limit is imposed by diffraction. In Fig. 7(b) we have plotted a horizontal thick line that
corresponds to the back-projected pixel size. From this figure, some important properties of the captured elemental im-
ages can be deduced: (a) Theresolution limit for objects at z=0 is determined by the CCD pixel size. Thislimit is much
higher than the one imposed by diffraction; (b) For objects in alarge range of axia positions z, the resolution limit is
gtill imposed by the CCD. Therefore thislimit isthe same as for objects at z=0; (c) For objects beyond the above range,
the resolution isimposed by the spot diameter, which rapidly increases as z increases. (d) Therange of axia positionsin
which the resolution limit does not change, defines now the DOF of the capture setup of an Inl system.

Then we can conclude that, contrarily to what is commonly assumed, in alarge rage of depth positions the latera reso-
lution of the capture setup is determined not by diffraction but by the CCD. This fact provides us with one additiona
degree of freedom in the design of the optimum pickup. Specifically, one can safely increase the DOF by use of tech-
niques that in diffraction-limited systems would deteriorate the lateral resolution at z=0. In this sense, one can decrease
the lendets fill factor, defined as the quotient between the diameter of the microlenses, ¢, and the pitch, p. It is known
that decreasing the lendets fill factor, produces the increase of the spot diameter at z=0, but a sgnificant reduction for
larger values of z. Reducing the fill factor does not affect to the latera resolution at z=0 (which is determined by the
CCD), but importantly increases the DOF. In Fig. 7(b), we have represented the evolution of the spot diameter for dif-
ferent values of the fill factor. All the cases represented have the same lateral resolution at low values for z. However,
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Figure 8. (a) Synthetic object; (b) 2D elementd images captured from 49 views; (¢) Enlarged view of the can-
tral image. The object was placed at z=0 and thefill factor was set at ¢/p=1.0
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for example, the DOF obtained with ¢/p=0.5 is 40% longer than the one obtained with ¢/p=1.0. At z=54 mm the reso-
[ution limit obtained with ¢/p=0.5 ishaf of the one obtained with afill factor of 1.

To further illustrate our proposal, we have performed a numerical imaging experiment with a computer-generated syn-
thetic object, see Fig 8(a). In the first step, we have calculated the elemental images assuming that the object was placed
at z=0 and the fill factor is ¢/p=1.0. The images captured from 49 different views are shown in Fig. 8(b). In Fig. 8(c) we
show an enlarged image of the central element m=(0,0). Next, in Fig. 9, we show the elemental images obtained with
the fill factor ¢/p=0.5. There are no differencesin resol ution between thisimage and the one obtai ned with ¢/p=1.0.

Lateral position: y (pm}
Lateral position: y (um}

R TR 1 2 3 : 0.4 0.3 i 0.2 0.4
Lateral position: x (Lim) Lateral position: x {1/m)

Figure 9. (a) 2D elementa images of the object captured from 49 different views; (b) Enlarged view of the centra
image. The object was placed a z=0 and the fill factor was set at ¢/p=0.5.

In Fig. 10 we show the of the central demental image obtained when the synthetic object is axialy displaced to
z=67.5 mm. Note that the magnification factor M, increases with z. It isapparent that for large values of z the resolution
obtained with ¢/p=0.5 is much better than the resol ution obtained with of ¢/p=1.0.

Figure 10. Central elementa image as the object is displaced from z=0to z=67.5 mm. Left-hand image corresponds
to ¢/p=0.5. Right-hand one to ¢/p=1.0.

5. THE BINARY AMPLITUDE MODULATION

In Fig. 11(a) we have represented some cross-sections of Eq. (10). The parameters for the calculation were: ¢=2.0 mm,
=5.0 mm, A=0.5 um, and a=100 mm. Note that, due to the low value for the lens NA, the axial extent of H? is much
higher than the latera extent. In the section z=0 we can recognize the Airy disk pattern, whose extent determines the
lateral resolution of the system. We find that in this case the resolution limit, as defined by Rayleigh, is of 1.61 um, if
measured in the pickup plane, or of 30.6 um if evaluated in the reference object plane. The DOF is usually evaluated by

means of the so-called Rayleigh range, which is defined as the extent of the axial interval in which Hy (0; z) is higher

than +/2/2 times its maximum value [33]. In this case, the Rayleigh range is —3.3mm< z< 3.1mm. Let us remark

that, as we see in the following section, the pixel size of the capture device is a factor that strongly influences the DOF
and the resolution. However, in our calculations at this stage we have considered that the pixels are sufficiently fine.
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Figure 11. Meridian section of function H{(x,z) corresponding to: (a) the non-modul ated lenses; and (b) the ampli-

tude-modul ated lenses. The filters consist in an opague circular mask of diameter 8¢ (with 6 =1/ \/5) centered just
behind each microlens.

Toillustrate the limitations in DOF of an integral imaging system, we have performed a numerical experiment in which
we obtain the eemental images of a computer-synthesized object. Since the aim of the experiment is to appreciate the
improvement in DOF, we have selected as the object the Snellen E tumbling chart, which is usualy used to grade
resolution and defocus errors in visual optics. In the experiment the E patterns are positioned side by side and are lon-
gitudinally located at z=-10.0 mm, z=-5.0 mm, z=+4.6 mm, z=+8.3 mm, respectively, as depicted in Fig. 12. Note
that the axia positions are not symmetric about the reference plane, but corresponds to the same amount of defocus as
defined in terms of the well-known defocus coefficient w,, = zq>2 / 2\a(a—z) [34]. The dementd images were calcu-

lated according to Eq. (7). In Fig. 13(a) we show the central element m=(0,0). It is clear from the figure that the images
of the E patternsin z and z, are highly blurred. Let us remark that, since the imaging system is not telecentric [ 35], the
images corresponding to planes with the same modulus of ®,, but different sign are different. Thisis due to the differ-
ent scale of defocused images. Due to this effect, the elementa image of the E patterns located at z; is much more
blurred than the e emental image corresponding to the E pattern at z,. It is noticeable that in the case of the pattern at z;
one can hardly distinguish the original orientation of the E in the e emental image.
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Figure 12. Scheme, not to scde, of theintegral imaging numerical experiment. The size of the legs of the charts used
in our experimentsis A =51um, which is about two times the Rayleigh resolution limit.

The problem of the limited DOF can be overcome by use of amplitude-modulation techniques. Specifically we propose
the use of binary amplitude modulators. Such kind of modulators have been successfully applied to improve the per-
formance of other 3D imaging techniques such as confocal microscopy [36] or multiphoton scanning microscopy [37].
The technique congsts in obscuring the central part of each microlens. Such an obscuration allows the secondary
Huygens wavel ets proceeding from the outer part of the lenses to interfere constructively in an enlarged axial range.
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Then by simply placing an opague circular mask of diameter D=6¢ (with 0<4<1) just behind each microlens, one can
increase the focal depth of the microlens array. It is known that the higher the vaue of the obscuration ratio 9, the
broader the axial intendity spot. In an ideal case one could obtain infinite depth of focus by approaching the value of &
to the unity. However, such a situation is not convenient from an experimental point of view, because the higher the
value of 6 the smaller thelight efficiency of the system. On the other hand, if one works with only the outermost part of
the lenses, the optical aberrations of the system dramatically increase. For these reasons, we propose to use the binary

modulator of obscuration ratio & =+/2 /2. This modulator has alight efficiency of 50%, and doubles the depth of focus
of the system.

Figure 13. 2D centra elemental images captured with the microlens array. We do not show the whole field of view,
but only a portion of 0.4mmx0.4mm centered at the corresponding optical axis. (a) Image obtained with the non-

modul ated microlenses; (b) Image obtained with the amplitude-modul ated microl enses.
In Fig. 11(b), we have represented some cross-sections of Eq. (10), for the case of amplitude modulation with obscura-

tion ratio §=+/2/2. In this case, the Rayleigh resolution limit is 22.3 um (as evaluated in the reference plane),
whereasthe DOF is-6.8 mm< z<+6.0 mm. If we compare these results with the ones obtained with the non-modul ated
setup (see Fig. 11(a)) we find that the DOF has been doubled, and the 2D density of resolved points has been increased
by a factor of 1.85. Also in this case we have performed the numerical experiment with the same Snellen E tumbling
chart asin the previous section. The central elemental image, m=(0,0), is shown in Fig. 13(b). One observes the notice-
able improvement in DOF provided by the amplitude modulation phase elements method. Note on the other hand, that
the images of objects at z, and z; are slightly more blurred than the ones obtained with the non-modulated architec-

ture. This fact seems to contradict the statement that the binary modulation improves the latera resolution, as defined
by Rayleigh, for objects placed at any depth z Take into account, however, that the Rayleigh resolution limit is defined
for point objects, and therefore it does not hold in case of more elaborated objects. In such a case, the use of binary am-
plitude modulation improves lateral resolution in avery large range of depth positions, but produces a slight worsening
for low values of depth coordinate z.

Summarizing, we have found that the use of binary amplitude-modulated microlens arrays permits an important im-
provement of the DOF of Inl systems. This is because the amplitude-modulation technique allows the impul se response
to change much more dowly with axia displacements of the object. Thus we see that the impulse responses remain
practically invariant over awide range of values of z. In other words, the use of amplitude-modulated microlenses per-
mitsto consider, in quite good approximation that the system is LSl over awide range of axial distances and therefore,
to define an effective PSF, which will be named asH  (x). So in this context deconvolution tools can be applied over a

wide range of axia object positions.
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6. DECONVOLUTION TOOLS: THE WIENER FILTERING

Inreal 2D image acquisition tasks, the recorded signal, i(x), depends not only on the convolution between the input
signal and the PSF, but also on the noise signal. In mathematical terms,

i(x)=s(x)®h(x)+n(x) (12)

In this equation, s(x) represents the input signal, h(x) stands for the PSF, and n(x) accounts for any type of additive

noise. To recover the input signal from the output, one should perform a deconvolution operation. There are two gen-
eral types of deconvolution methods: linear and non-linear methods. The latter are more accurate, but they are al iter a-
tive methods. Since real-time processing is required in Inl for a high number of eemental images, a low-time-
consuming non-iterative method is mandatory.

The optimal linear method for the signal recovery problem is the Wiener filtering [38]. The Wiener filter isgiven by

WRSLIC |S)| (13)

| 1 +|n

where f(u) stands for the Fourier transform of f(x) and * denotes complex conjugation. Since s(x), and therefore
S(u), is unknown, the filter cannot be used to recover the image. However, if we assume that we deal with white noise
and a constant spectrum for the object, this expression can be approximated to

W(u)= _ ) (14)
|ﬁ(u12 + cp?

where (p2 can be understood as the noise-to-signal ratio in the frequency domain (NSRf) and the parameter ce R*
contrals the strength of the filtering. Thisfilter is applied to the spectrum of the recorded signal

5(u)=T(u) W) (15)
and the recovery function o(x) isfinally obtained by performing an inverse 2D Fourier transform of Eq. (15).

In the previous section we showed that by the use of the amplitude-modulated microlenses the Inl. systems can be con-
sidered LS in aneighborhood of the in-focus plane. Then Wiener filtering can be applied to recover the elemental im-
ages by using the effective PSF. After a thorough study of the method, we selected as H (x) the impul se response

provided by an object point placed at z,is=+23 mm. This PSF can be easily obtained by experimental measurement of
the defocused spot produced by one microlens. The deconvol ution procedure is performed by using this measured PSF
[39]. Strictly speaking, only objects placed at this distance will be exactly recovered. Objects placed at other axia posi-
tionswill berecovered quite approximately.

Toillustrate the utility of our method, we have performed a numerica experiment. In the simulation we used the pickup
architecture shown in Fig. 14, were we consider that the microlenses are amplitude modulated. Since the aim of the
numerical experiment is the recovery of an arbitrary object, we selected the spoke target for the simulations. Note that
the target contains information of a very wide range of spatial frequencies. To avoid under-sampling problems in the
central zone of the target due to the pixelated structure of digitized images, we used a modified version of it in which
the central zone was removed. Then we have applied the above-described deconvolution procedure to the acquired €l e-
menta images. The recovered elementa images are shown in Fig. 15 were, to make the experiment more visud, we
have simulated the display process. In our calculations we assume an observer that is placed at a distance D=300 mm
from the microlens array and sees the reconstructed virtual orthoscopic image. We have calculated the observed image
for three different lateral positions of the observer, so that we can visualize the changes in perspective produced when
the observer’s eye is displaced parallel to themicrolens array. This figure, together with Fig. 5, shows that the proposed
method provides a very efficient extension of DOF in Inl.
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Fig. 14. Scheme, not to scale, of the integral imaging numerical experiment. The inner and outer diameters of the
spoke target used in our experimentswere d = 0.4 mm and D = 2.0 mm.
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Fig. 15. Reconstructed image as seen by the observer from three different lateral positions. The series of pictures
correspond to: (a-c) The case in which neither the amplitude modulation nor the Wiener filtering were applied in
capture procedure; (d-f) The casein which both techniques were applied.
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6. CONCLUSIONS

We have proposed a new method to significantly extend the depth of field for 3D image pick-upin Inl. In our two-step
method we first proposed the insertion of a binary amplitude modulator, which alters the system’ s impul se response to
have certain invariance over awiderange of axia distances. Thisfact allowed us to define an effective PSF which, oth-
erwise, could not be defined. In the second step we adapted the Wiener deconvol ution procedure to the Inl sensor. After
applying the deconvolution tool, we have obtained elemental images in which the DOF has been spectacularly ex-
tended. We have illustrated our method with a numerical experiment in which we have recovered the high-frequency
information of a synthetic object even for the most defocused planes. The proposed method has broad applications in
3DTV, 3D display, and 3D recognition.
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