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ABSTRACT

Recent research demonstrates the advantage of desigaatgebptical imaging systems by jointly optimizing thetiopl
and digital subsystems. The optical systems designed tisisagoint approach intentionally introduce large and ofte
space-varying optical aberrations that produce blurrjcapimages. Digital sharpening restores reduced condit@sto
these intentional optical aberrations. Computationalgimg systems designed in this fashion have several adwesitag
including extended depth-of-beld, lower system costs,ianmtoved low-light performance. Currently, most consumer
imaging systems lack the necessary computational resetocempensate for these optical systems with large abmrsat
in the digital processor. Hence, the exploitation of theaadages of the jointly designed computational imagingesyist
requires low-complexity algorithms enabling space-vagysharpening.

In this paper, we describe a low-cost algorithmic framewamki associated hardware enabling the space-varying b-
nite impulse response (FIR) sharpening required to rettogely aberrated optical images. Our framework leverdiges
space-varying properties of optical images formed usitatianally-symmetric optical lens elements. First, wealiee
an approach to leverage the rotational symmetry of the gpirgtad function (PSF) about the optical axis allowing compu
tational savings. Second, we employ a specially designeld basharpening plters tuned to the specibc radial variatio
common to optical aberrations. We evaluate the computaitafiticiency and image quality achieved by using this low-cost
space-varying FIR blter architecture.

Keywords: Space-varying, sharpening, FIR, Plter bank, optical abems, image rotation, FPGA, multiplexer arrays,
joint electro-optical design, computational imaging syss

1. INTRODUCTION

Recent research demonstrates the advantages of desidgmitig-@ptical imaging systems by jointly optimizing thp-o
tical and digital processing sub-systems. In conventiopdical system design methodologies, the goal has been the
minimization of optical aberrations. On the contrary, ogtisystems designed using the new joint approach inteaitjon
introduce larger aberrations by incorporating low-costagb components that consequently produce more blurrigalpt
images. Further, the new approach entails subsequerdldibérpening to restore reduced contrast due to theseioriah
optical aberrations. Computational imaging systems aesign this fashion provide several system-level advamstage
cluding extended depth-of-beld, lower system costs, apuidwed low-light performanc&* The optical aberrations of
such imaging systems, however, are typically large andhafpace-varying.Hence the exploitation of the advantages of
these systems raises a demanding challenge on digital ipragessing. Currently, most consumer imaging systems lack
the necessary computational resources to compensatesk® tiptical sub-systems with large aberrations. In suck-a sc
nario, achieving a jointly designed electro-optical inmgsystem requires low-complexity algorithms and higficency
hardware architectures. More specibcally, space-vadigitpl blters emerge as major enablers for such processieds.

In the literature, the implementation of space-varyingislin software has been extensively studied, astronomy be-
ing one of the application are&sA number of algorithms for space-varying blters, modulatimnsfer function (MTF)
compensation, or deblurring have been proposed to imptm/péerformance (typically speed of computatié?): These
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algorithms employ fast iterative methods, or fast matctor products using linear interpolation. Many other apphes
have focussed on motion blur correction by coordinate foarsations using mechanical motion mod&sectional pro-
cessingt® 4 and iterative method®. The coordinate transformation appro&ctiansforms the linear shift (space) variant
(LSV) system to linear shift invariant (LSI) degradatiordan the sectioning methods, the image is sectioned into re-
gions, where each section is restored using a separate-spaciant deblurring blter stored in memory. The mapping
approach directs an iteratively designed maximum apastepiter'® or other variations based on a decision-based al-
gorithm. However, the complexity and memory requiremeiitthese algorithms make them impractical for low-cost
hardware implementation.

In this paper, we describe a low-cost algorithmic framewanll associated hardware architecture for the joint design
approach enabling the space-varying image sharpenindregqo restore the aberrated optical images. Our framework
leverages the space-varying properties of optical imageadd using rotationally symmetric optical lenses. Fivat,
describe a low-cost approach, which we call space-vargtagion based Pnite impulse response (FIR) Plter architect
to leverage the rotational symmetry of the point spreadtfandPSF) about the optical axis. This architecture works b
rotating an input image patch centered at the current piegdoprocessed by a certain angle and then performing FIR
sharpening on the rotated image patch. The rotation anglendis on the location of the current pixel in a small set of
angular tiles that are uniformly segmented across the iniBgjs approach takes the advantage of the rotational ptieper
of FIR Plters along the angular direction by using a low-aositi-stage binary multiplexer network for image patch
rotation. Secondly, we employ a specially designed bankafpening blters to leverage the radial variation common to
optical aberrations. The blter bank consists of a set of 2B dharpening Plters, each of which is applied to the same
rotated input image patch. The outputs of the FIR blters iasaily combined using a set of weights to produce the
Pnal bltered output for the current pixel under process. Wéight for each FIR Pblter output is a function of the current
pixel radius, which is dependent on the radial variatiorhia optical PSFs. We evaluate the computatioffatiency in
hardware using the proposed low-cost algorithmic framé&w@ve also show simulation results demonstrating the image
quality achieved by using our novel space-varying FIR Ritehitecture.

The rest of this paper is organized as follows. Section 2gmtssthe approximation model of space-varying bltering
that underlies the proposed architecture. Section 3 explie details of the space-varying rotation based FIR blter
bank architecture. Section 4 describes the hardware ingsitation on a low-end Peld-programmable gate array (FPGA)
platform. Section 5 shows some experimental results r@itettte cost and performance of the proposed architectnde, a
Pnally, Section 6 makes conclusions.

2. APPROXIMATION MODEL OF LINEAR SPACE-VARYING FILTERING
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Figure 1. The diagram shows two example optical systemsdifittrent beld aberrations and the associated PSFs. The systejas
small bPeld aberrations and the corresponding space-amtaPiSFs. The system in (b) has large beld aberrations amdtiesponding
space-varying PSFs. The PSFs have large variations alerrgdius, but are rotationally symmetric about the optiealter.

Figure 1 shows two example optical systems witfietent Peld aberrations and the associated PSFs. The sys&gm i
has small peld aberrations and the corresponding spaagantvPSFs. The system in b) has large beld aberrationsiand t
corresponding space-varying PSFs. The PSFs have largdioas along the radius, but are rotationally symmetricuabo
the optical center. For digital correction of these abéres, the system in a) only requires a single space-inveipier to
achieve desirable image quality, whereas the system ingojiness a large number of space-varying blters which are very
impractical for cost-driven applications.



To address this issue, we apply an approximation model ®sfface-varying bltering process by taking advantage
of the rotational symmetry and the radial correlation of B&Fs across the image beld. In essence, we use a linear
combination of a small Pnite set of bPnite impulse responBR)(Plters (i. e. a blter bank) to represent the radial vianat
and use a rotation of these FIR kernels to represent theangariation. Ideally, the linear space-varying sharpgirhers
(Wiener blters) for an electro-optical imaging system hhedocation-dependent spatial frequency response esqiies

Py(w, vV)H (w, v;m, n) 1
Py(w,v)|H(w,v;m,n)|? + P,(w, V) @)

whereP,(w, v) is the power spectral density (PSD) of the original imagmai (i.e. ideal image), an8,(w, v) is PSD of
the noise added to the original image, ¢) are the spatial frequency coordinatésnd ¢x, n) are the pixel locations in
the image beldH(w, v; m, n) is the optical transfer function (OTF) at the Peld locafjann). We assume that the additive
noise PSD is Rat with power? over the entire spectral frequency range. This ideal Widnitr provides a balanced
trade-df between contrast and signal-to-noise-ratio (SNR). Werassa commonly-used signal power spectral density
model

Rigeal(w, v, m,n) =

o2

- (2)
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wherec; andc, are image correlation céiicients andr? is a parameter which controls the signal poweHere we choose
o2 to achieve the unit signal power.

(m, n) ~ (6;, p))

Figure 2. The image beld is segmented into a set of polarditesy the radial and angular dimensions. Each polar tileesponds to a
distinct space-invariant blter.

We now consider the approximation model of the ideal spaegivg Plters. We brst segment the entire image beld into
a set of polar tiles along the radial and angular dimensisrshawn in Figure 2, where each polar tile is represented by an
index pair, ;,p;),i =0,1,2...,Ny, j=0,1,2,...,N,, whereNy andN, are the predePned angular and radial resolutions,
separately. Each polar tile corresponds to a space-imidelger with distinct frequency response which will be déssd
next. Note that the radial tiling may not be necessarily amif depending on the target optical system characteristics
Next, given a bxed angular tile index, siay 0, we represent the spatial frequency response of the bleadh radial tile
using a linear combination of a small set of blters as follows

K
R(w,v;00,p)) = Z ajpFi(w,v) (3)
k=1

whereK is the predebned total number of the representative bitersthe rank of the blter bank;(w, v) is the spatial
frequency response of thé Pplter of the bler bank, andj is the weight of the Plter kernel for th& radial tile. The

K blter kernels and the associated weights can be optimidzed appropriate optimization techniques (e.g. non-convex
optimization) and error metric (typically mean squareae(MSE)). For proof of concept for the proposed architegtur
we will not discuss the details of the optimization issuehiis paper.



Finally, for each angular tile index, we represent the spatial frequency response of the pltesthting the Plter at
the angl&,.
R(w,v;0;,p;) =R(w ,V ; 00,pj) (4)

where )
w | _| cosAg;) sin(Ag;) w
[ v }_[ cos(\g;) —sin(Ad;) H v }

whereAd; = 6; — 6y

We will show in the experimental results that this approxioramodel provides similar level of image quality of
the ideal model using smalN, and K. Next, we will describe the details of the algorithmic framoek and hardware
architecture based on this approximation model.

3. SPACE-VARYING ROTATION BASED FIR FILTER BANK ARCHITECTURE

Based on the approximation model described in the previectson, we now create a space-varying rotation based FIR
plter bank architecture. The essential idea of the spagéngarotation-based FIR blter bank architecture is toteothe
input neighborhood window of the each pixel being processed certain angle, and then perform FIR bltering on the
rotated input image window using a bPxed FIR blter bank adflbyy some weights. The Pltering process using such an
architecture is an approximation to the ideal space-variiR Pltering process, providing a tradebetween complexity
and accuracy. The alternative approach would be rotatiad-tR blters instead of the input image patch, but this would
cause higher complexity of computation due to the multiptators required for the FIR blter bank.

Figure 3(a) shows the algorithmic architecture of the pemplospace-varying rotation based FIR Plter bank. The
architecture consists of an input image patch rotator, & Biter bank engine, and a controller. The entire input image
is processed according to a bnite set of predePned polsr tileour case, we simply separate the image Mjoadial
tiles andN, angular tiles uniformly. The controller determines the @agindex and radial index of the polar tile where
the current pixel being processed is located. The angulxidetermines the amount of the rotation by which the input
image patch is rotated by the rotator. The rotated imagédpsitben bltered with the FIR blter bank, where each FIR blter
is adjusted by a weight, which is determined uniquely by #tkal index of the current pixel being processed. Figurg 3(b
shows the details of the FIR Plter bank engine controlled bights. The FIR Plter bank consistsiofFIR Plter kernels,
wherek is predetermined. By properly selectig wherek is always smaller thaw,,,, the radial correlation of the blur
is eliminated. The whole FIR blter bank is designed for a Fareglilar location, e.g. 22.5 degree for 8 angular tiles, fvhic
should be properly selected to facilitate simple impleragan for the radial index computation.

4. HARDWARE IMPLEMENTATION

Figure 4 shows the hardware implementation detail for trexalarchitecture described in Figure 3. The componemts ar
shown as block diagrams. The details are as follows:

4.1 Line Buffer

The left most block shown in the bgure is the lindtbu The design of the line fiier on a Xilinx FPGA can incorporate
the use of synchronous serial-in serial-out shift regssterslices (SRL16) or can be designed using block RAMs. The
design with block RAMs uses a counter to address the memdrg. block RAMs used are of typead first. A read
frame is a virtually debPned window of pixels which is equaI\(ﬁFh x V2F,, whereF, andF,, are the maximum height
and width of the plters in the P-Filter Bank. These numberitsfdre chosen at a time to be processed by the rotator and
provide the Plter with the relevant bits to perform the Idigi(sharpening) for the pixel under process.

4.2 Pre-buffer

The pre-bifer block which is built using parallel in - parallel out regiss. These are LUTs since SRL16s cannot be
inferred on the Xilinx fabric for parallel in operation.
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Figure 3. The diagram shows the algorithmic architecturéhefspace-varying rotation-based FIR pblter bank. (a) stiberverall
structure of the rotation-based Plter bank. The architeéhcludes an input image patch rotator followed by an Fiedank engine,
and a controller which determines the angular and radiaitions of the current pixel being processed. (b) shows teld®f the FIR
blter bank engine controlled by weights. The weights arerd@hed by the radial location of the current pixel.

4.3 Rotator:

Figure 5 illustrates the rotator structure using multgstanultiplexers. The structure consists of three stagesnafrp
multiplexers, where the output of each stage switches lmtwre zero degree input and the rotated value at a basi®rotat
angle. Each multiplexer is controlled by the control bit lo¢ ttorresponding rotating angle. The three-stage mutiéple
network can be used for 8 rotation angles: 0, 45, 90, 135,288, 270, and 315 degree, each of which is enabled by a
different set of three control bits. For example, if the rotatingle is 135 degree, the control byte created from the ootati
angle generator is 110, where each bit from the MSB to LSBrotsithe 45, 90, and 180 degree multiplexers, separately.
In this case, the 45 and 90 degree multiplexers are enabilddhea 180 degree multiplexer is disabled, therefore prioguc

an 135 degree rotation at the output. The rotation indicéiseoinput image patch atfilerence angles are created by using
the nearest neighbor interpolation method in Matlab at g time. The fect of the interpolation error on the bltering
result varies with the rotation angles. Thiteet is demonstrated in the simulated results in Sectioin 5.

4.4 Filter Bank

The P-Filter Bank consists of a set of P blters which can b&ded as Multiply-and-Accumulate (MAC), Distributed
Arithmetic (DA) or Shift-and-Add. These architectures ewal documented in the literature.
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Figure 5. This diagram illustrates the rotator structur@gisnulti-stage multiplexers (Mux). The structure corsist three stages of
binary multiplexers, where the output of each stage swittietween the zero degree input and the rotated value atsrbtsion angle.
Each multiplexer is controlled by the control bit of the @sponding rotating angle. The three-stage multiplexexnaort can be used
for 8 rotation angles: 0, 45, 90, 135, 180, 225, 270, and 3@jBede each of which is enabled by ddrent 3-bit control signal.

4.5 Filter Weight MAC

This block weights the blter outputs using some predebnéghige The weights are determined from the control logic
block based on the radial tile to which the current pixel hgka

4.6 Control Logic

The controller generates the selecting signals for theipteder rotator and the weights to be assigned to the bltek ba
based on the radial tile index of the current pixel. It cotss@f Pve major parts: coordinate counter that outputs the X
and Y coordinate values, linear function computation thetedts the angular tile boundaries, rotation Index bloek th
computes the angular position of the current pixel, radiusase p?) generator that computes radius value of the current
pixel, and radial index block that computes the radial lmcabf the current pixel, and selects the associated set ightse

for further blter bank computation

5. EXPERIMENTAL RESULTS

In our experiment, we simulate the deblurring results bylypp the space-varying rotation based FIR blter bank for
an optical system having large lateral color aberrationke goal of this experiment is to analyze the image quality
performance of the space-varying rotation based FIR bilts by comparing with the results using ideal spaceivgry
Wiener blters. For both bltering processes, we use 10 rdldisland 8 angular tiles, which are all uniformly segmented
over the entire image. The FIR Plter bank used in the expeatimeludes only two FIR Plters, one is ab rotationally
symmetric FIR Plter, and another one is & 9 rotationally asymmetric FIR Plter. For simplicity, theseo kernels are
not optimized, instead they are set to be the FIR Wiener$ttesigned for the image center and the outer polar tile on
the image edge, separately. The weights of the two Plterekefor each radial tile are simply determined by the cubic
function of the radius.

Figure 6 shows the comparison of the simulation resultsvior different sharpening bltering approaches: the ideal
space-varying Wiener blters and the space-varying rotdiased FIR Plter bank using 2 kernels. Figure 6(b) shows
the the captured image which is unprocessed. Figure 6(e)sstiee ideal space-varying Wiener blter result obtained by
applying a distinct IIR Wiener plter to each polar tile detbbg the 10 radial tiles and 8 angular tiles. Figure 6(d) shows
the space-varying rotation based FIR blter bank result ygua FIR blter kernels with 8 rotation angles. The results
demonstrate that the quality of the image processed by #exriel space-varying rotation based FIR blter bank is close
to that of the image processed by the ideal space-varyingé&Vielters, where both methods produce similar sharpness
around edges.

We perform exhaustive experiments for analyzing the impletation complexity of the proposed architecture on a
Xilinx Spartan-3E FPGAs. We test a set of 2-kernel and 3-&FiR blter banks with various blter sizes. The inputimage
is set to VGA (640x 480) and 8-bit depth. We debne the polar tiles by separdimgntire image into 8 angular tiles and
10 radial tiles uniformly. The cd&cient bit precision of each blter kernel is set to be 12 bits.



(a) Original (b) Captured

(c) Ideal space-varying Wiener blters (d) Space-varyitgtion based 2-kernel FIR blter bank

Figure 6. The bgure shows the simulated results for téfemint sharpening bltering approaches. (a) shows the afi@ideal) image.
(b) shows the unprocessed captured image. (c) shows theipragessed by ideal space-varying Wiener blters. (d) stmevsnage
processed by the rotation-based FIR blter bank using 2 RER kdrnels and 8 rotation angles.

A major challenge in the design of the space-varying bltes toaassess its feasibility on a low-end FPGA like Xilinx
Spartan-3E. In this section, we present implementationtseand observe that the occupied area (number of slices) fo
the design is practical. Figure 7 and Figure 8 show the numi@ercupied slices and LUTs for the space-varying rotation-
based FIR blter architecture containing the 2-kernel akdrB8el FIR Plter banks, separately, versus the number ef Plt
taps. The number of blter taps is the total of the taps of alkdrnels in the blter bank. For example, for a 2-kernel blter
bank containing a & 5 and a 7 11 kernel, the total number of the Plter taps is 5+ 7 x 11 = 102. Note that there are a
few bumps in the bgures, where the occupied area decreasesmgil number when the blter tap number increases. This
is due to the fact that the complexity of the space-varyingtoo is a function of maximum width and height of the plter
bank kernels, but is not directly dependent on the total remobblter taps.

Figure 9 and Figure 10 show the minimum clock periods for thece-varying rotation-based blter architecture con-
taining the 2-kernel and 3-kernel FIR blter banks, sepltatersus the number of blter taps. Pipelining techniquesd
be used #iiciently for achieving the desired clock frequency. The ctaxity optimization for the pipelined architecture is
a design problem and is addressed using many techniqueedeétehe literaturet’

6. CONCLUSIONS

We have presented a novel low-cost space-varying FIR bitaitacture suitable for jointly designed computatiomahg-
ing systems. We achieve the low cost by taking advantagdseofarrelation of both the radial and angular properties
of the target optical systems. We show that the implemeantatf this architecture is feasible on the low-end Xilinx FP-
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GAs. In addition, we want to emphasize that this architectuuld also be a feasible low-cost solution on ASIC or SOC
(system-on-chip).
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