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Abstract : We address the depth of focus enhancement irichiybaging systems, including a
phase mask and a deconvolution filter. A final imagality criterion is introduced to optimize
and compare different masks.

1. Introduction

In a classical imaging system, the object is imageé sensor by an optical system which shouldigeoan image
as good as possible. A post processing step carbthé@nplemented, but the optimization of the aptiad the post
processing is done separately. In an hybrid imagysiem, the optimization of the optics and thet4poscessing
step is performed jointly, and the post processeg correct some aberrations of the optics. Byéhicing a phase
mask into the optical systems, we can obtain amingasystem with a point spread function (PSF)isgéve to the
defocus for a given range of object positions. Tlisred image is then post processed in ordertover its
quality.

Several phase masks can extend the depth of feaah, as the cubic [1] or the exponential phase rfésk
They depend on parameters that are optimized w#hact to an aimed application. In order to optintiem and to
compare their performance, we recently proposeiterion based on the image quality [3] after tlstpprocessing
step. This optimization results from a compromisésgen two antagonistic effects: the variationhef PSF with
respect to defocus, whereas the deconvolutiorr fidieinique, and the noise enhancement due to dekldion,
which increases as the imaging system has a lowiabfiand pass behavior. With usual phase masksjbre
invariant to defocus the PSF is, the more theyatégthe performance after the post processing.

2. Definition of the optimization criterion

We proposed an image quality criterion [3] in orteioptimize the parameters of depth of focus eaimgnphase
masks. It is based on the mean square error betareehjectO(r) and its estimaté(r) . The imagel , (r) of the
object through an optical system at a defoguss:

Iy (r)=hy, (r)0O(r) +n(r), (1)
wheren(r) is the detection noise arfy}, (r) the point spread function of the optical systemafgiven defocugy
given by

g =R [Ax(Ydo +Yd, -1/ 1), @)
with R the radius of the aperture, arfd, d, and d, respectively the focal length, the object distaand the

image sensor plane distance, and the symbafers to the convolution operation. The amoumase in the scene
is quantified by the input SNR defined as:

SNR, (dB) :1OIogloU Soo(V)dV / j Snn(v)va. 3)
The estimate of the object is obtained through redi deconvolution filterd(r), and is equal to

é(r) =d(r)0l, (r). Assuming thain(r) and O(r) are stationary random processes with power spedteresities
S, (V) and Sy (V) , the mean squared error (MSE) between the objetita estimate for a given defocys is:
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MSE,, :<|0(r)—d(r)ml,,,(r)| >
o ) o 4)
= [[d)h, 0 -1 Soo)dv + [|d )] Spn)dv
where the symboll refers to the Fourier transform amd denotes the spatial frequendyISE, is a sum of two

terms: the first one results from the inadequacthefdeconvolution filter with the actual PSF, sitke PSF varies
with the defocus, and the second one is the etrettlie noise enhancement by the deconvolutiom.filte

The criterion is based on the MSE averaged ovedéiseéed defocus range; [ [0, getoamax]

MSEean :%Z MSE,, . (5)
i=1

The deconvolution filter is calculated to minimidMSE,,.,
1w r
= h%, )
- M=
d(v)

18- 2 S
2ol @
ma Soo(V)

and depends on the object spectral content. Howelreruse of a generic deconvolution filter do obange

significantly the image quality compared to theatemlution filter suited for a given scene.
The proposed image quality criterion is the outgpighal to noise ratio (SNR), which depends MISE, ..,

calculated withn > m defocus values :

SNRear(0B) =10100,0| [ Soo (V) /MSEpess ™

(6)

3. Optimization of different phase masks

Thanks to the proposed criterion, the parametetbefifferent phase masks are optimized, and jitoissible to
compare them, according to the noise of the searsthithe desired depth of focus where the imagistgsy should
provides good image quality. In the following, wédlwonsider a desired depth of focys[-10.8108] and an

input SNRSNR, =34dB. The scene is the classical “Lena” image and wWieimiestigate two types of masks.

The first phase mask which makes an optical systsensitive to defocus is the cubic phase maskvHdse
expression isp(X, y) = acub(x3 + y3) with a.,, a mask parameter, and and y the coordinates of the pupil. The
SNR,ean @s a function otr,, is displayed in Fig. 1.

; 5 / T Fig. 1. SNR,ean obtained with the cubic phase mask in functioragf,, for a desired
§ / Eaa depth of focusyy 0[-10.810.8] . With a conventional imaging system without post-
% b / processing theSNR,q4p, is equal to 10.8dB fog J[-10.810.8] and equal to 19dB for
13 / w=0
121
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The optimal mask parameter &, =105, leading toSNR, .., =17.2dB. With lower values ofa,,, the

PSF of the optical system is not insensitive endoginsure good image quality at the extrema ofitsired depth
of focus. With larger values ofr.,,, the noise amplification due to the deconvolutleads to a lower image
quality.
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The second phase mask has an exponential profile] [®hose expression s
(%, y):aexpxz[exr(,@x)—l]+aexpy2[exr(,8y)—l] with @y, and By, mask parameters. Th&NR,.,, as a
function of @, and B, is displayed in Fig. 2.

Fig. 2. SNRea, Obtained with the exponential phase mask in fonotif &', , and

14 ﬁexp. The optimal mask parameters are representedebsahare.

B
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Optimal exponential mask parameters atg, =10 and S,,, = 104 leading toSNR,.,,=185dB. According

to the sameSNR, .., criterion, a better image quality can be achiewsidg this exponential phase mask than with
the previous cubic one, as shown by the imagesileaéd for several defocus in Fig. 3. It can b&ced that the
SNR,can Criterion is correlated with the visual perceptidime exponential phase masks introduces lessaatsef
than the cubic one.

@ =108

3

Cubic
phase mask

Exponential
phase mask

Fig. 3. Images obtaine with the cubic and the agp phase masks at different defocus

4. Conclusion

We defined an optimization criterion that can cdesithe non-invariance of the PSF and the noisaresgment
induced by deconvolution process. This criteriolove¢éd to characterize the performance of depth cafu$
enhancing masks, and has an effective correlatithtive visual perception. So that it can be usedgtimize the
parameters of the masks and to compare them.
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