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ABSTRACT subsystems produced by this joint design methodology dif-
fer from conventional optical systems in that they typigall

It has been shown that electro-optical imaging systems desoain |arge optical aberrations and thereby produceyblur
signed by integrating optics and digital processing previd j,,50e5. Subsequent digital processing is required for such

system-level advantages such as extended depth-of-fiéld afy 5ging systems to restore the image to the desirable Iével o
lower optical component costs. In such imaging systemslmage quality.

the strength of the optical aberration or blur can drambgica
change with the f-number, and hencdelient digital filters

in the subsequent digital processing are required to corre
the captured images atfféirent f-numbers. However, imple-

The amount of blur in an optical image is characterized
gy the optical system’s point spread function (PSF), which i
a function of the optical aberrations [5]. The optical image

menting such number of filters in hardware requires expensi\/s sampled to create a digital image at the sensor (e.g. CCD)

computational resources, which in turn increase the oIveraY_Vhere the Samp"T‘g IS t)_/plca_lly “T"form- Assumlng the op-
ical system PSF is spatially invariant, the image obsemat

system cost. In this paper, we propose a simple image filte}- : .
ing approach which uses a weighted sum of a set of Comp(g'-']()deI of such imaging systems can be represented by

nent finite impulse response (FIR) filters tdextively apply a

different composite FIR filter for each f-number. The simula- v(m,n) = h(m,n, ®) ® u(m, n) + n(m, n) (1)

tion results demonstrate that our approach achieves tésira

image quality for variable f-numbers, while substantialy ~ whereh represents the impulse response of the sampled sys-

ducing the complexity in hardware implementation. tem, ® the spatial convolution operatarm, n) the sampled

Index Terms— Electro-optical imaging, filter bank, FIR, ©rginal image (i.e. ideal image}(m n) the sampled ob-

sharpening, spherical aberration, extended depth—aﬂ‘,—fielS‘zrved image, ang(m n) the detector noise with variance
wavefront coding o“. The impulse respondedepends on the strength of the

optical aberrations, denoted iy which is represented by the
vector of the wavefront aberration déieients [5]. Typically,
1. INTRODUCTION @ contains the cdécients of defocus and the third-order

or Seidel aberrations, including spherical aberratiomao
Modern electro-optical imaging systems include imaging opastigmatism, field curvature, and distortion. In this paper
tics, sensors, and digital image processors. In traditionavill be only focusing on the systems dominated by spherical
design, these subsystems have been optimized in a sequengtferration withWpso being its coéicient in the wavefront
fashion. First, the optical subsystem is designed to maxiaberration function [5]. In traditionally designed system
mize the optical image quality at the focal plane (minimizethe spherical aberration is relatively small (&4 < 0.5
blur). Second, the digital image processing system is dewave) because it has already been minimized during the opti-
signed to correct any residual artifacts in the digital imag cal design stage. In contrast, in the jointly designed syste
captured at the sensor. Recent research demonstrates #malyzed in this paper, the spherical aberration can be sig-
advantage of an end-to-end design perspective wherein bottificantly larger (e.gWoso = 7 waves). Subsequently, such
the optics and the digital processing subsystems are dmbignsystems require digital sharpening of the observed image to
jointly [1][2][3][4]. Imaging systems designed in this fashion, restore the contrast loss due to aberrated optics. Typijcall
which we call jointly designed imaging system, have superiothe image processing is represented by a spatially invarian
system-level qualities such as extended depth-of-fielidebe digital filter having a frequency responBewhich ideally is
optical sensitivity, and lower component costs [4]. Ogtica either an inverse filter, or a Wiener filter [6]. The Wieneiilt



Digital-optical transfer functions

the digital filters is so large, storing digital filters foll &he
possible states is prohibitively expensive for hardwaragm
processors. We propose affigient method for minimizing
the hardware complexity while achieving high system per-
formance using a specially optimized filter bank. In Sec. 2
we describe the filter-bank architecture and how we optimize
: the filter bank. In Sec. 3 we show some simulated results for
OO e e T8 09 Captured image Processed image the proposed architecture demonstrating the ability topce
high-quality images at low hardware complexity. Finallye w
Fig. 1. The left graph shows the optical system MTF (dashednake conclusions in Sec. 4.
curve), the Wiener filter frequency response (dotted), and

25 xd --- Aberrated optical MTF
B Wiener filter response
2 B — Digital-optical system MTF| |

~ —
0.5 =

—

0

the dlgltal-optlcal SyStem MTF (SOlld) The center and tlgh 2. OPTIMAL EILTER BANK DESIGN
graphs show the images before and after being processed by
the filter. Varying the f-numbers for aberrated electro-optical imagi

systems can induce significant fluctuation in the optical PSF
and hence the MTF. For example, Fig. 2 shows an example
frequency response is given by of optical MTFs Hi(w,v),i = 1,2,3) for a system contain-
X ing significant spherical aberration as the f-number isedari
Ps(w, )H"(w, v) (2) through three settings# 4.3, F# 3.3 andF# 2.8. Variation
Ps(w, v)IH(w, v)? + o2 in the MTF of this type requires set of digital filters with
frequency respond®(w, v)} for each f-number.

Rlw,v) =

where Ps(w, v) is the power spectral density (PSD) of the
unknown image signal [6], anH(w, v) is the optical trans-

. . . . Optical MTFs for Three Different F-numbers
fer function (OTF). The Wiener filter minimizes the mean- 1 ‘ : ‘ :

square-error (MSE) of the estimated signal. The MSE is de- jgggg:: MIEFRas
fined by 08l ——Optical MTF F# 28] |
Emse(H,R) = f f Ps(w, v)|H(w, vV)R(w, v) - 112 0.6}
w Jy &
+ 0?|R(w, v)*dwdy 3) = 04l

Fig. 1 shows an example of the electro-optical systems
with strong spherical aberration and compensating imagie pr
cessing. The dotted curve in the left graph of Fig. 1 shows the ‘
frequency response of a Wiener filter designed for the mod- 0 02
ulation transfer function (MTF) shown as the dashed curve.

The optical MTF of this system is poor (low) relative to tradi Fig. 2. Optical MTFs for an aberrated system having three
tional optical systems due to significant spherical abemat ¢ |\ mbers.

The center graph in Fig. 1 shows an example of a blurry im-

age produced by the optical system with such a poor MTF.

After applying the Wiener filter, the combined digital-agati Storing such a set of filters in the digital processing unit,

system MTF is shown as the solid line in the left graph ofthree in this example, is prohibitively costly. Instead, pve-

Fig. 1. This system MTF is improved considerably with re-pose a filter bank approach where the final filter response is
stored contrast as evidenced by the processed image in th&en by a linear combination of finite impulse response JFIR
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right graph of Fig. 1. filter kernels
Many optical systemsfter variable f-numbers such as K
zoom and aperture settings. Unlike traditionally desigsyed R(w,v) = Z aikFi(w, ) (4)
k=1

tems, changing the f-number of an electro-optical system ca

change the OTF so dramatically thaffdient sharpening fil- where the termg& controls the linear weighting of the set of
ters in the subsequent digital processing are requiredrto coK filter kernels having a frequency resporisdw, v),k =

rect the captured image affidirent f-numbers. Leb; denote  1,2,...,K. The filter responsé&y(w, v) depends on the set
the aberration cdBicients of the optical system at affdir-  of filter kernel codficients in the spatial domain denoted by
ent f-number setting, wherei = 1,2,...,N. Correspond- {fi}. The collection of all the filter kernels are independent
ingly, the OTFH and the filter frequency responBein (2)  of the f-number settings. The weighting termg are chosen
and (3) becoméd; andR, respectively. Because the size of depending on the f-number state of the optical system. We



denote the collection of all filter tap kernels and weightingaccording to
codficients in vector notation dsanda respectively. N

Ideally, the set of filter kernels require significantly less npgnz Emee(Hi, Ri(a,1)) ®)
computational resources than the naive approach of storing =1
and implementing a set of filter for each state. The simplavhere Ens represents the MSE given by (3). We imple-
approach is to use a small set of component filter kernels fonent the filter bank optimization by implicitly constraigin
a larger set of optical states. Another approach involvesus the filter geometry by way of construction of the filter tap co-
nested filter kernels. Fig. 3 shows a block diagram exampleefficient variabled depending on the filter bank properties
of such nested filter kernels. (e.g. non-overlapping property for the nested filter bakky.
spherical aberration dominant systems, the rotationahsgm
try in the filter kernels can also be exploited to largely reslu

Lens
controller the dimension of the parameters to be optimized. The cost
a, function of (5) is non-convex because of the interaction be-
F ® tween the weighting terms and the filter tap ca@cientsf.
Consequently, we rely on an optimization routine in Matlab
) P called “fminsearch”. This function applies a simplex séarc
Input F, o Cuteut method proposed in [7]. While slow, this optimization ap-
proach provides reasonable performance as we will demon-
strate in our next section.
aiS

3. EXPERIMENTAL RESULTS

We demonstrate thefectiveness of the filter bank approach

. . . to correcting variable f-number aberrated optics for themex
Fig. 3. The block diagram shows an example of a filter banlﬁale shown in Fig. 2. In this example, the nested filter bank is

EZzg]gancgﬁ;dinS:LZC;%r:tigZ%rri;rnﬁmm filter kernels comprised of three filter kernels: a77 square center filter, a
: 9x 9 nested square annulus filter, and arx11 nested square

annulus filter. We optimize both the filter kernel ogents
f and the state weighting variabladased on the cost func-

In this example, the filter bank consists of three filterstjon of (5). We use a very simple model for the PSD function
including a basic square filter kernel and two other nonysed in (2) based on the adjacent pixel correlation modél wit
overlapping concentric ring filters. The relationship betw  correlation coéiicient 0.85 as suggested in [6]. The signal-to-
f-number and PSF size motivates this nested filter structureoise-ratio (SNR) is assumed to be 40 dB. F#4.3 state
As the f-number gets smaller the size of the PSF increaséfas the smallest aperture among the threéesifrom the
due to the optical aberration. Thus, thieetive filter size |east amount of spherical aberration, and therefore reguir
required to restore the image increases as the f-number dgre smallest size composite filter using only one filter kerne
creases. Filter kernels designed in this nested fashioit minAt the other extremek# 2.8 siffers from the most spherical
mize the complexity associated with each of the filter kexnel gberration, and therefore requires the largest size caitepos
by minimizing the number of multiplications required for filter using all three filters kernels.
each kernel. Also, if we optimize the weighting ¢eients Fig. 4 shows the frequency responses of the FIR Wiener
aik such that certain cdkcients are zero, then we can savefilters optimized for f-numbersE# 4.3, F# 3.3 andF# 2.8,
circuit power by turning & entire filter kernels. Finally, the respectively designed using (2), and tHeeetive frequency
filter bank approach simplifies the hardware implementatiofesponsesR;(w, v),i = 1,2,3) of the composite FIR filters
of the filters as the individual filter kernels may be imple-constructed using the set of nested component filters. When
mented without requiring complicated control circuitry to the aperture is set t6# 4.3, the two outer component fil-
swap filter coéficients in and out of memory or to compute ters are turnedfdand only the 7 7 center filter is applied.
filter codficients on-the-fly. This provides considerable power consumptidficiency in

Unlike traditional filter banks, the filter kernels compris- hardware when in thE# 4.3 aperture setting. At# 2.8, all
ing the filter bank need not be orthogonal. Of course, in théhree components filters are used. As shown in Fig. 4, the
case of nested filter banks, the kernels are naturally oothog composite FIR filter responses using the filter bank are year!
nal in the spatial domain due to their non-overlapping propidentical to those of the FIR Wiener filters, but requiring-si
erty. Designing filter bank kernels requires non-convex opsificantly less computational resources.
timization. We design our filter bank kernels accordingto a Fig. 5 shows the simulated images before and after ap-
minimum MSE criterion over the collection of optical statesplying the optimized composite FIR filters shown in Fig. 4



Frequency Responses of Composite FIR Filters
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Table 1. MSE values produced by ftierent filtering ap-
proaches for three f-numbers.

[0]

225 F#43] FE33] F#2.8
u“i » Separate FIR Wiener filters | 6.5E-5| 9.9E-5| 1.6E-4
3 Composite FIR filters 9.4E-5| 1.7E-4| 1.8E-4
519 —FIR Wiener fiter F# 43 Single IR Wiener filter 1.5E-3| 1.6E-4| 1.2E-3
\C ——FIR Wiener filter F# 3.3

—

——FIR Wiener filter F# 2.8
—&—Composite FIR filter F# 4.3

0.5 ——Composite FIR filter F# 3.3
——Composite FIR filter F# 2.8
0 ‘ ‘ 4. CONCLUSIONS
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Normalized Spatial Frequency
We have presented a low-complexity filter bank approach to
Fig. 4. The diagram shows the composite FIR filter responseg§ompensate for aberrations resulting froietient f-numbers
for three f-numbers. The composite FIR filters achieve yearlin @ jointly designed electro-optical imaging system. We ap
identical performance to the FIR Wiener filters. ply our approach to the example of a strongly aberrated op-
tical system having variable f-numbers. We demonstrate the
effectiveness of our approach by showing that the composite
for the three f-number settings. The significarftetience of ~FIR filters achieve the nearly identical performance to #ye s
the optical blur for diferent f-numbers can be observed in thearately designed FIR Wiener filters for each f-number, while
top row of Fig. 5, and correspondingly, the images restore#equiring significantly less computational resources irdha
by the optimized composite filters are shown in the bottonyvare than the naive approach. It is, however, beyond the
row, where all three processed images exhibit significantlpcope of this paper to evaluate the hardware complexity for
improved sharpness at the same level. the proposed approach in detail.
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