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number of packels (o be transmitted is ' he increased or decreased,  This teehnigque

is compared to the generally used procedure of indicating in {he vesereation the exnet

number of packets to be sent, a teehnique which requires sipnificoatly e bandwidth,

A
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HYBRTD WHITE-LTCHT REFLECTIVE TRANSFORM PREIROCESSOR FOR

REAL=TIME DIGITAL COLOR THMAGE 'TRALLHMISSTOU

Signal-dependent noise encounterced when sampling video sipnals

at low sampling rate, while using an adaptive video deltamodu-
lator both as an encoder and a video digitizer, is combared by

using a white-light reflective transfonh optical preprocessor.
While the white-light preprocessor works on black and white images,
its main advantage is that it can simultanecous process using a
single source, many color channels. TFurther, the relative lack

of both spatial and temporal cobercnce aids in reducing speckle

and interfercence noise offects. Color video images that have

been preprocessed using this white-light optical preprocessor

and then sampled close to their Nyquist rate are presented.

SUPERRESOLVING THAGE RESTORATION OF NOTISY IMAGES

Superrcesolving image restoration (SIR) in the presence of a
noisy environment is considered. Most SIR algorithms, even in the
absence of noise, can only resolve two point sources one-half
Rayleigh distance aparc. In this report, it is shown thar in

the absence of noise the SIR of two point source spaced one-
ciphth ot a Rayleipgh distance apart is possible. The algorithms
use optimal noise filtering techniques hased on the methods of
Lincar progravem.o. Jor noisy images, the combination ol linear
cipen-value ant optimal noise filtering is used. In this report,
it is shown that for a diffraoction=timited imape of two point
sources gpaced one-half Rayleipgh distance apart, whaase input
Sipnal ctp=-notse ratto is 21db, SIR is achicvable. These results
have dmportant implications in atmospheric optics, seismologpy,
radio astronomy, medical diapnostics and digital bandwidth
compreassion applications where the deconvolut ion of noisy band-

width—compressed imapes is one of the fundamental limitations.
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I. Rescarceh Objectives

L. Frequency Acquisition of n Spread Speetrum Signal

The Phase lLocked Loop (PL1) is a device which uses the f)rin%ipl(: of negative
fecedback to provide and matntain a reference point required (o obiain the information
contained in the received signal,  Usually this reference point is the carrier frequency
of the received signal.  In practical systems the recceived signal is at an unlinown
frequency located within a specificd relatively wide bandwidth.  To acquire the signal,
the PLL is designed to have a narrow bandwidth which precludes rapid acquisition. o
significantly reduce the acquisition time one can cmploy an "acquisition aid",

The acquisition aid studied under this grant employs the Iast Fourier Trans-
form (I'I'T). Il is shown that this technigue greatly enhances the acquisiton eapability
of a PLL system operating in the presence of noise,

2. DMultiple Access using Dynamic Reservations

The need for a multinecess protocol arices whenever a resource is shared by
many independent contending users. Two major factors contribute to such a situation:
() the need to share expensive resources in order to achieve their efficient utilization,

and (b) the need to provide a high degree of conveetivily for communication among
independent users,

The multinccess scheme studied under this grant combines a dynamic allocation
reservation technique with conventional time division multiple access o provide a
system in which the delay time is minimized for a given throughput,

do Hybrid White=Light Reflective Transform Preproeessor for Real-Time

Digital Color Image Transmission

Image processing for the purpose of digital bhandwidth compression of video
images transmitted in a I'(‘Zl]-iill\(‘, covironment is pursucd,

4. Superresolving Image Restoration of Nojsy Images

Reconstruction of objects that have heen degraded by limited bandwidth

channels 19 studied.




II. Status of the H(':;(‘IlI'(_‘_Ilv_!'illll_l:(;_

1. Fregueney Acyuisilion of i Spread Speetrum Svstlen

Qur rescarch is concerned with the use of an acquisition aid which derives
. an "aiding' signal vin a FET processing of the incoming signal,  ‘The schemne
ulilizes an iterative technique, so that by detecting the center Irequency of the
received signal, we can decrease the uncertainty band or frequency window
within which the center frequeney presently resides. When the uncertainty band
is small enough compured o the [inal desired phase locked loop (PL1Y bandwidth
”I , anarrow tracking loop can be switched in to complete the locking procedure.
y :

The possible implementations of the acquisition aid in the PLL or in the
Costas loop are shown in Fig. 1 and I'ig. 2 respectively.  Position A of the
swilches, shown on these figures, is used during acqfisition, while position B3
is uscd to frack the incoming signal once acquisition is obtained.

The center frequency of the received sighal may have a shift with respect
to the transmitter's signal frequency due to the transmitter's oscillalor instabilities
and/or a Doppler shift,  We shall group the total of all these variations into one and
refer to it as the Doppler shift & l'“. Furthermore, we will assume that the Doppler
shift is slowly varying and may, thercfore, be considered constant during the acquisi-
tion process.  Beeause of the Doppler shift, the center frequency of the received

signal is known only to lic in a practicular frequency window A f (I'ig. 3), where

W1
) = -1 1
My =Ty~ 0y )
- and the reccived signal is sampled at the saompling inlervals
- o 1 . "
. Ih‘l = . (2)
Wl

After sampling the received sipnal N] fimes, the acquisition aid

o e




caleulates an N] -~ poinl FIUF of it The bregueney resolution ohitained by the

Nl = point I'I'T is

and substituting Fq. 2 into Eq. ¢ we obtain

2 ATy

1™ TN )

In the time domain we have N, sampled points 'l‘s, sce. apart, and

1
in the frequency domain we have Nl points fH

1

1 7. «part, or equivalently

N1 filters, each of them with a bandwidth of f“1 Iz,
As a possible implementation for the acquisition aid we select as the
received signal's center frequency, the one at which oveurs the maximum of

the magnitude-squared of consceceutive complex N1 - point I'I*T'. The time required

Ao acquire will then he

T =N T
ACQ 1781
The probability r’c ol choosing the correct [requency as the center
frequency of the received signal is proportional {o the ratio of the signal power

P to the noise power I in cach filter:
3 N

(6)
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Subsututing Byl 7 in M. 6 we obtadn the s quation

The digital gipnal used to pencrate the carricer's phase modulation
uses a Non-Return-to-7cero (NRZ) format, [t is veadily shown that tor this
case 904 of the signal power is in the interval = "I) Hz. arouned the received
signal's center frequeney (l'l) is the bit rate of the Nl('/‘..‘;i;;n:xl) and 7070 of the
signal power is in the interval & lI)/'.J. if we reduce the filters! handwidth by

increasing N,, we decerease the noisce power conlained in each [ilter but, at

1’
bandwidths less than fl , the signal power in the filter is reducced as rapidly as
)
the noise power. There is therefore no Improvement in the probability of choosing
the corrcect frequency by reducing the Tilters' bandwidih below [ and in our com-
¢ b
puter simulations of the acquisition aid we used fl as the filter bandwidth.
, :

To increase I’(‘, we use an iterative technique by which we cficcetively
increase the signal-to-noise ratio. As before we ealculate an N] - point FIT
of the N, - sampled points but we store in the processor's memory the magnitude-

1 Yy s
squarcd of the consceutive complex N]/Z - point I'1'I'v Then, the scheme performs

a scceond caleulation of the magnitude~-squared of consceutive, complex N, /2 - point

1
I'I'T of a new set of independent N] sampled points and it adds point-hy-point the
resulting mapgnitudes to the magniludes stored in the memory.,

To lower the probability of sclecting an incorreet frequency as the conter
freauency of the received sipnal, we may nced several iterations, depending on
signal-to-noise ratio.  lowever, this process is limited by the time ol acquisition

required by the system in the acquisition mode,  In general, however,
T = 0N,T

ACGQT 18]

whoere s the number of iterations,

()

M
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Once the iterations of the 1S mapniluwde-squared ealeulations and
their additions are completed, the scheme Tinds the maxinnmm value of the
resulting N]/;’ numbers stored in memory, and it uses the (regueney at which
the maximum appears (o move the center frequency of the rm't-lw-;":: Voltaee
Controlled Oscillator.

Substituling Fq. 2 in Fg. O we ohtain as the acquisition time reguired
by the scheme
K N1

r = —
N¢ 2
ACQ fw]

’ e

1
CALC

where T(’/\I o is the time required by the scheme to caleulate the 1P10s,
magnitudes-squared, and additions,
We present, in Fig. 4, plots of the probahility of sclecting incorrect

frequency Poas a function of the signal-to-noisc ratio l'II /1, and the parameters
¢ )

Awhich is the ratio of the Tilters’ Landwidth, [Rl’ to the signal bit rate, fl .
J
[
x =R
]I)

The computer simulition made only one 117 ealeulation, choosing the frequency
of the maximum of the st of the magnitude-squared of the N]/B conscceulive,
complex, numbers, as the sivnal's center frequencey.

On Figs 5 and 6, we show the results in the case of two iterations,
=2, and three iterations, K= o, x'(-spm:livcly.- Note that for prohabiliiies
of error less than 0.1, A= 1, is optimum, i.c., the filter banchwidth should be

chosen to be equal to the bit rate fl .
)

(1m

(1)

i ==
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2. Mulliple Access using Dyvnamic Reservalions

Our proposcd scheme consists of adynnmic time-assignment systoem
which retains the allocation fairness while allowing nodes to male nne of channel
capacity otherwlise wasted due to light tealtic loads and/or a nonuniform distribu-
tion of traffic among the nodes. In particular, it allows shorter messages o be
sent with delays very close to those encountered when using only fixed TDMA,
while at the sme time allowing longer messages to use more channel capacity.

In this pro;;()s(:(l scheme, time is divided into frames, cach consisting
of one slot (for reservations and acknowledgments) and Reserved Time Slots for
reserved data packets, The number of the Reserved Slots will vary, depending
on the demand of the stations as illustrated below.

Each station will send two hits (0, 0) (or only 0 in this case), (0, 1), or
(1, 1) into the reservation slot which is divided into 2N smuall slots, where N is the
number of stations. ‘The (0,0) vector represents that the station does not have any
packet for transmissions, the (0, 1) vector represents that the station has only one
packet to transmit, and the (1, 1) vector represents that the station has two or more
packets to transmit. One major advantage of this scheme is scen to be that the
reservation time is a very small perceniage of the total frame time, which is not
truc for other existing schemes. The data packets waiting at the stations will be
transmitted into Reserved Slots of the frame, whose number will vary according
Lo the following rules:

a) There will be no time stot rescerved for the station which has sent the
(0, 0) vector;

L)y There will be one time slot reserved for transmission for the station
which has sent the (0, 1) veetor;

¢) ‘The stadjon which has sent the (1, 1) vector will be allotted time slots
(cqual o or greater than two) which will depend on its prior reservation

veewrs as follows:

ii

-

v o A o
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) Two (&) slots will bhe reserved 1or transmission if the first
preceding reservation vector is (U, 0) or (0, 1); in other words
if the sccond bits in the present and the first preceding vector
forms (0, 1).

ii) P time slots where P is cequal to or greater than two will he

reserved for transmission if the {irst preceding vector g
(1, 1y but the sceond preceding vector is (0, 0) or (0,1); in other
words if the sccond bits in the present and the preceding two
vectors form (0,1, 1),
iii) Q time slots where Q is cqual to or greater than P will he
reserved for transmission if the preceding two vectors are
hoth (1, 1); in other words if the second bils in the present

and the preceding two vecetors for (1,1, 1),

Preliminary simulation Resulls

A TORTRAN simulation program was written to find the behavior of
the system.  An exponential interarrival time distribution was used for cach
uscr with separately defined means. A 10-node, 50 kbps channel was used.
Traffic was equul distributed among the nodes. The abscissa is the average
lotal packet delay for all nodes and includes all queucing, transmission, and
propagation times. ‘The ordinate is total channel throughput due to teaffic from
all nodes, when throuphput includes overbhead bits.

The results for two other schemes are also  shown in comparison in

&

1 o 9

Iig. 1. The curves for Robert's :;(:h(rm((, :znd Binder's scheme (=) represent
analytical results. Ditferent values of P and Q are considered in our simulation
program. As can be scen from Fig, 1) the proposcd Round-Rohin dyniumic

scheme pives a significant improvement for short packet delay over the other

reservalion schemes.
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HYLRID WHITE=LTGHT REFLICTIVE TLALGLORH PREPPOCESSOR PO REFAL=

Loy

TIME DIGETAL IMAGE TRANSHIGSTOH

IRTEODICT IO

Altong with the development of saphisticated monitoring and commu- X
nication equipment the need for real-time video imape transmission
is apparent. Dipital signal transmission offers many advantages

over analop transmission when operating over a channel that is

corrupted by noise. This is due to the fact that quantized levels
are more easily discriminated from the effects of noise. In
addition, the digital format allows for time multiplexing, error-

coding as well as cucrypting procedures that are not available 1

on an analog channel. However, when the standard f

sipnal is sampled at the Hyquist rate and encoded using pulse
. | y o

code modulation to four to six quantization levels,
becomes a8-64 Mbo.  In the case of color video sipn
uncommon to require #5-90 Mhs digital bandwidth for
coded digital video rates.  This high digital bandw

unarceptable in manv applications. Various digital

natives have heen explored to reduce the digital ba

our MHz video

the data rate
als, it is nat

color PCH en-

idth is usually
encoding alter-

ndwidth to an

acceptable Tevel.  One such solution is a hard-=wired adaptive

deltamodulator that works at video rates.  This solution is ' ‘

explored in this report. In arder to compress the «digital band-

width it is necessary to operate the M close to i

rate. However, when an ADM runs near its Nyquist r,

s Nyquist

1ite a new noise

source, and eftect thart i gsipgnal dependent and is termed edgpe

htrsyinena, appear e, Thio nojsoe canrce i due to the

adapt ive

. . . ¥
property ob the AR leading: to oncillatory hehaviour near the H

Byquict rate.  for an ADY 1this noise source is the

Pimitation in reducing the digital video bandwidth.

/

frandament gl




In an ALY, the step sice alporvithm s sipnal dependents e to
different initial conditions, scanuning {rom line to Tine, wo well
as frame to trame, a vertica! edpe encountered in the jmape, will
occnr at ditferent positions in the scane  As the campling rate
is decreased, the evror between the steps, and copecially near
the edpes, increases. At low sampling rate the edpe seems 10
“"wipgple™ aboot o a vertical line. This noise not only deprades
tmage quality, but it also leads to upvl'.llr)r" fatipue. To reduce
edpe busyness, the allowable slope overload must he reduced.  The
stope overload is usually reduced by passing the video sipnal
throagh a low pass filter. However, when LPCFJ(iHﬂ the ALY close
to the Nyquist rate, which is inversely proportional to the
cut-uft frequency of the low pass filter, additional artifacts
will occur. A two dimensional preprocessing of the video inape
for the purpose of reducing the possible slope overtoad of the

ALY s an alternative explored in this report,

SHITE=LTGHT DY RETD FPOCLSSoR

ltighty coherent analop spatial transtorm processors sulfer the

disadvantapge that they are sensitive to positional toleranie

error, Jditt noice on the lenses as well as problems with specklie noise.

Ry deereasing the spatial coherence of the transform processor
some of these objections can be circumvented.s It o is known that
an incoherent source, such as an oare iJmp, can acquite spatial
coherence by passing its outpat throaph a pinhole, In this case,
the tipht appears to coanate from o <ingle point sounrces The
Tipht radiating from the pinhole hao ooweaker intensity, comnpared
tao larver cource

, and it repion ot spatral o coberence iy otathien

restracteds However, uarng g low bapht Tece b detecror aand re-

1N
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stricting the size of the Tnput trancparency theae problens can
be overcome. The purpose ol this section is to report on a

white=light transtorm imape bandwidth compressor.,

The arrangement for the white=light transformer follows the
physical Tayont ot a tully coherent nmarrowhband aptical transform
processor.  The source used in this wxpvrimvht is a broadband
200 W Mercury-Xenon arc lamp sonrce.  The arc source output is
first spatial tiltered by focusing its output on a pinhole. The

size of the pinhole, O.37um diameter used for our experiment, was
chosen as a compromise between a small pinhole that would bLlock
most of the Tight as well as create a chromatic diffraction pattern
and a larger pinhole that would restrict the repion of lateral
spatial coherence,  The light form the pivhole is collimated by
/5 6" diameter lens.  The angular spread of the collimated beam
is inwversely proportional to the lateral coherence length of the
white-Tipght transform system.  Instead of the usual telescopic
transform lens conlipuration, we have chosen a refractive trans-—
form system.  The advantape of a reftractive optics, for the usaoal
hiph F o nuamber transtarm system, is that it can be more compact
than its refractive counter part. Further, since a first surface
mirror does not have chromatic abervation, this system is better
suited tor a4 white=lipht processor than chromatically=balanced
telecropic Tennese There are two possible relective transform
systemns: aosystem that uses a single con=-axis parabolic mirror

or a system that unes two oft-axis parabolic mirrors for transform
and retranstorm. In the first conbipguration the spatial filter
most o be el leorive , while o the cecond conlipuration it i the

usual transmisgive filters o either case the object is mount ed




L4

L . ————

2 %

vy !

of f—axis and onlv Lhalt
retranstorm.  While the oft~axys wount iy,
phacse shitt, tar incoheren

carrvies pooinlor ot rean.

axis mirror., oy th

and tmage are abl oboapead
af f—axia monnting helps
series of fijpures the

sampled, video dwagen are present ed,

introduces
additional
Cxper tment

vaoconibaparat ion the object

the preprovessed,

(RN RN EITNAN"
au additional

phase «hitt

single on-

tran.torm
mirror.  The
regions. I'n the

sparsely




A

LIST o trrey tlead [oe

Fignre 1. olor Still Image using 20 Mhs/sec per color

lavnel, no optical tiltering.

Fipure 2. alor Seill Dmape using 20 Mbs/vec per color

bannel with optical tiltering.”

-~

Fipnre 3. wolor Moving Imape using 10 Mbs/sec per color

’
Tonnel, vertically scanned without optical

filtering, The stripe is due to the single
redtlex shutter,
Fipnre 4. Color Moving ITmape using 3.5 Mbs/scec per color
channel, vertically scanned with optical filter,
Figure 5. Slowly-moving Color Imape of Girl at 4.0 Mbho/sec

por color channel without optical tiltering.

Figure 6.

Slowly-moving Color Tmape at 4.0 M/ per

color channe!l with optical filtering,
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The problem of restoring o linecarly depraded tmape Lo been e

. i 1 . .
Subject of extennive investapations Pl The mathematical formala-

tion ot the dmape restavattan problenm {4 cowmon to many diverae
. | ,
freldae such as atmospheric optics l 2, seismolopy f Y, Lpectroscopy

[h], vadio astronomy !'),’:“ as woll as the peneral wuliject of nume—

rical analyain 71

: . I openeral, the invercion of binear depradatjon
can be o copliahed an a0 nnrhier of wave [1 ] When the measarement
etror, that in the noioey o weplipgible and the depradation process
1y well-beboaved, the dirvect dnversion of the degpradation process

can casily he pertormed. VFor a well-conditioned depgradation process,
in the prosence of noice, metheds such s Viener filvering are appro-
priate [8 .. Howover, in many canes Che degradation process s ill-
conditioned, i this cace the oasurement errors are great Ly
arplrtied in the rectoration leading to an dmapge ostimats that i
doninated by noase. In this paper we discass the restoration of
ill-conditioned lincarly depraded images that have bheen corrupted

by appreciable notse.

Whiitle cony types of alle-cenditioned fvoape restoraticn can be considered,
A partacuiar il l-conditioned dmape restoration, the rectoration of

i
A ittt raction ctiuated e e or tanmite extent has bheen o uased as oA
beach ok to compare the varioons lt".'llrt'.ll Ton alporithng, Further,
tods eerde b owervees g g ool sttt ing point far the rectoration of

A severe s bandeiideh conpres ool vindes daagpe L Sucho ornegpe e of
trterest oan dipatal TV applbioation,

It bt been hown I".l')? that for dnagyes of fanite extent, in the
b enc o of nare, spectaal o component soof the signal that have been
tevo e can b reconat v red foom the Tow-passbhand intormation

W analytre contionaty . Phe ext 1,||ml“r o an the cpatayal tre-

quettee y damarn represent s en b cease o thae gt sal resolutron
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SUPERRESOLVING THAGE RESTORATION OF HOLSS

ABSTRACT

Superresolving image restoration (51R) in the presence ol a nojsy
environment is considered. Most GIR :ll)'_()riL‘hm';, even in the
absence of noise, can only resolve two point sources one-half
Rayleigh distance apart. In this report, it is shown that in

L ]
the absence of nuise the SIR of two point source spaced one-
eighth of a4 Rayleipgh distance apart is possible.  The algorithus
use optimil noise filtering techniqnes based on the methods of
linear programming. For noisy images, the combination of linear
eigen-value and optimal noise filtering is used. In this report,
it is shown that for a ditfraction-lTimited image of two point
sources spaced ouwa-half{ Rayleigh distance apart, whose input
signal-to-noise ratio is 21dL, SIR is achieviable. ‘hese resules
have important implications in armaspheric optics, seismalopy,
radio astronoemy, medical diapnostics and dipgital bandwidth
compression applications where the deconvolution of noisy band-

width=-compressed images is one of the fundamental Timitations.
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in the spatial domain.  An imape restoration process which pro-
vides this increase in resolution is called a saperreaolviog g
restoration (HIR) process. A complete survey ot vecent SIF methods
has been piven by Prieden [ 1], In pgeneral, statistical dimape
restoration methods are not superresolving.  Deterministic methods
use varions torms of repnlatization [ 11 | ta provide stability for
the imape restoration. Lincar shift-invariant tilters, while they
provide stability, are also not superresolving. It has been postn-
lated that only non-linear {iltering methods will provide 511 in
the presence of noise [1]. The purpose, and the advance, of rhis
paper is Lo show that the corhination of Yincar shitt-invariant filtering
of the tmave and non=linear rectoration Jo..e provide SR capability
ina realistic noise environment.  The optimal noise filtering uses
Vinear progravming techuiques,  The Linear programming method pro-

vides both cost and time ettective ways Lo produce HIR,

ORI ATTON

The SIKR probiem requires the inversion of a Fredholm intepral
equation of the first kind with a sawpling function kernel.  This
kernel corresponds to colberent imaping. [t is well-known that the
incoherent band=limiting kernel has twice the spatial cut-olf
frequency as compared to the corresponding colicrent sawpling Tunc-
tion kernel. Theretore, the coherent SIP 15 more strinpent and

thue provides o hetter benchimark than the corresponding incoherent

Fernel.

The diceretized tarm of the imape vestoration problem can be formu-

Fated o o colution to the matrix Linear equation

oo HE owon 1

'

wliove £y e 1o quplvd values of the restored Cldesrredy Jitfrae =

tion-limited and the meaosured band=limited dmaes, |u',(.|'([i\'4'|\' n
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is the sampled noise vector and Hoda 0 matris represent oy the i
intepral operator obhtained by using some appropriate quadeature rule.
14

Thevetore, oy and noare N odimensional veotors while B iy an

SN ate natvaexe The wyatem ol Dinear coqguat tons, represented by
the matrix Dol U, i ondetermined sinee there qre N cquat fons and
2N otk nowns . The unbnowns are the components of the 0o dimensional
vectors boand ne Heplecting the noiae vector does not per se
simplity the problem boecause for SR the H, the degpradation,

matrix is vearly sinpgular. Because of the vinpalarity of the I mitrix,

the inverawe Hois highly vostable.

To stabilize the inverse Horatrix, the cigen=values and the eipen-
vectors of the inverse matrix are filtered.  As it is known, the
cigien=vectors of the Hmatrix are the discrete proltate spheroidal
wave sequences L1210 the auatop of the prolate spheroidal wavelunc—
tions of the continuone caces  The eigen-values of the H matrix,
depending on the space-bandwidth prodact, vary between zero and
unity. he high order cigen-cequences, corresponding to rapidly
oscillating functions represent the eigen-values close to zero.

The instability of the inverse matrix is due to near zero eipen-value
of the Homatrix. By filtering (attenuation) of these cigen-values
of the H omatrix, «<table inverse matrix can be constructed. There
are a number of filtering «chemes that have been sugrested both by

s oa well as orfers to do this filtering |13

. Same of these

- . . . . . .

Filtervinge schemen can te deplemented using o real-time optical

imipe proceasor, While these sclhwenmes do stabiltize the inverse
HWmatrix, since they tend to eliminate the high order eipen-values
and precinely thaoe capen-values and ecipen-vectors that contain

the hiph cparial trequency intormat ion necevnary for superresolution,
they are not ST0 met bl Parthier, s<ance this awethod does not take

into gccannt the megasutosent ertors, a crititcal tactor in oa hiphly

unetat be et x inveraion, other methoda mmat he qonght

Tooohtain g adllvtional intarmition or conctraints, must be utilized.

Herbhode ob rwape e o gt ione the tmpase positivity constraints on
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the restored doape to obitain stahylity i}ﬂ‘lﬂ,lhl have teen
deseribedy We use positivity, beoandedopess, derivarive constraint g
topether with cipen=valae filtering to obtaan St The additicngl
filtering can be looked upon as optimal noise filters. This
method of tilrering can be tormulated as a tinear propramming
problem. i this formalation, the superresolving fmage is re-
constructed subject to various optimality conditions. In this
paper we shall use two minimum noise constraints, the so-called

l1 and lgg conntraints.  The l] constraint minimizes the linear
sum of the pasitive and negative sample noise component values,
The lpg, also called minimax constraint, mraimizes the oaximum
noise sample value. This sample value can either he pasitive

or nepative poing sanple noise value. Other noise performance

criteria mav also be used.

A fipure of merit of the SIR is the Rayleiph distance.  The
Rayleigh distance i5 defined in terms of impulse response of
two point soarces.  Two point sources scparated by o Rayleigh
distance in the absence of noise, will have their individual
impulse responses arranged in such a way that the peak value

of oune source impulse response taltls on the zero of the second
sonrce inpualase responses With this definition, the combined
impulae recponse has a donble-humped appearance sipgnitying the
superposition ol two individual source responses.  The Rayleiph
criteria can be related to the space bandwideh product of the

svateme  Since the STR is measured in terms of a Rayleipgh cri-

teria, it i customary to evaluate the SIR alporithm performance

in terms of how well it resolves two ueighbaoring point sources.

‘

1
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BLOUL LG AND Concilston,

The results are presented in g servies ol praple,. To each paph,

the total two-sided spatial bandwidth is unity. By varying the
spatial extent of the imape, the space=bandwidth product and the
corvesponding effect tve Pavieigh aistance is changed.  Io all of

the exampleo, the total mamber of procened camples do thittv=two.
This number allows the replacement of the cumbersome dincrete
Fourier trausform (bFT) with the computationally more efficient

fast Fourier transiorm (FET) alporithm.  The imape to be recon-
structed s a dittraction-fimited impe of two impulses.  The two
impulses are represented on the praph by one sampling point ecach
scparated by two samples. Because the way the graphics package
draws the values between samples, in the Figores, the two impulses
appear as two triaunples, Also 1o the Fipures, the two triangles
are drawn symmetrically io the conter ot the plat. However,

becinne we use an even narbher of sanples, the diffraction=limited
(L) tmape is shightidy aovemetricals The mnsher of sampies uoed
are more than it 10 required by Uygquist theorem.  While the required
numbor of Nvquict sanple io unity here we use thirtv-two samples,
The oversampling 1n necesaary because the impulses are not bhand-
Pimited functions and also we wish to superresolve to closely spaced

fmpulses.

I'm Figo by the nmumerical inastability ol the psendo-inverse matrix
reconstruct ions, even in the absence of noise, is verifiede Hore

the two dwpalaes are geparated hy ()ru'-—('i)',lllh ol the Rayleiph distane e,
The wolid curve represent the deaired while the dotted coarve repre-
Sencs the avtaal reconstanrtione There b o tactor o Six compression
on the numericoal valaces of the dotted carveo Almost all traditional
methods ol repularization, even in the absence ol noise, cannot
reantyve twn dnpalaes with Payleiph wpacing cloner than one-half
Favlergh diastances  In by 2, smootliing io the cipgen-valoe demain
inoantrode eds The condition namber, a meaasure of the raok o) the

Hoatrix, the ratio of the masimm to the vanimum cipon=value {4




L

roduoced tooone o mr b bren s By o tis cop the comdit bonr ngmher in thie

£
fachion, the cipen-valoes of I oomaller than about 10 el e

cortesponding projected cipen-vedctors are eliminated.  7pain the ‘
dotted curve is the reconstruction. While the recanstruction is i
smoother now s coepared to the previoas case, it otill does not
resolve the two dmpalaes, It we are to reduce the condition nnmber
by o tactor of o hundred Coee igs 3y, the reconstructed oo pot

is an even smoother than the previons case. However, the reconstrue -

tion is still not superresolving. In tact, all that the eipen~value

tfiltering docs is to produce g smoothed version of the DL imape.
I | 4

In Fipg. 4, the cettect of noise, rather than the ecigen-value, filtering
on the Dlooduage 0o presenteds Here the dotted corve represents the
measured BLofeoge whit b the solid curve reprecents the desired and
the reconstructed dnape merped togethere The s;acing between the
impulses i one ejphitt of o Fayieiph Tenpgthe The only noise that

has been abded to the DL dmape 1o the unintent ional trancat o aad
propagation crrory which are alwavs present, that leaked intn the
compntat icn, I this noine tiltering ccheme, the I‘ nerm, both
posttive and nepative going noise sanples are allowed.  The l1 norm
minimizea the Lincar sum of positive and tepative noise samples.

Nate the perfect reconstruction of the trianpular waveforms.  [{ for the
the comdit v poatalated in Fipg. 4 a difterent noise tiltering
Soboeae e appdiiedy cee By 50 the reculting reconstruction is o not

an Laathtal s oo the previong cases Here the so-called minimax

ar bonarm s ouneds This norm mindmizes the larpest noise sample
vialue o e it positive of nepative ﬂ“{nﬂ. Figo 9 indicates the cri-
taowl effect of the reconstrn Cion alporithom Tor an il l-conditioned
Gyt e, T wa dnt ity thonyhit that the noise statisties will have
woeritieal vele i s haoe g which o type of optimal noise filter one
o e il dittaenity of veacuring the noiae and the smaltl

v b peepesi o e e v detvinat ton of  the nodee srat it

IKE V"ul"‘)lrln' chae e
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For o realiystic S/ the amount ')ll‘u'rl‘l".llllll Ton muct he cart g led,
o peneral, it has been found that the achicvable cuaperreaalut jon
is a very sensitive function of the inpat S/t. While tor hiph, aidl
laryely unrealintic S/N excellent superresolution is obtafnable,
naing various type ol noise filteringg, onee the S/ veachey roegiia-
tic values catastrophic deterioration in the tecoustracted Tmge
occurs.  This problem is solved by the use of ainultaneous linear
eigen-value and noise filtering on DL imape.« The Tinear tilteriag
smoothes the high spatial trequency, mainly noise, components of
the DL image.  There must bhe safficient smoothing such that the opti-
mal noise filter can accurately track the’remaining lower spatial
frequency component s, In Fig. 6, the reconstruction of two impulscs
spaced one-halt Rayleipgh distance are shown.  The rms noise compo-
nent on the DL o dmape is 0010 This value of rus noise corresponds

to an input S/N of 26 db. While this S/H is stil! rather hiph, to
our knowledpe even with this S/MN, SIR has not been achieved.  The
amount of cimothing, the reduction of the condition nunber, has been
adjuated evperimentally. Note that the DL odmage has appreciable
corners Chat must be smoothed.  Bven with this low S/H, the optimal

l] noise filter shows perfect reconstruction.  The minimax noise
filter under identical conditions, see Fip. 7, has also the two
inpulees resolved., Wt thiere are additional artifacts penerated

in the recanstruction process.  The S/ alter processing is 24 db.

The 2 db drop is the penalty we pay for the SIR. Fiually, in

Fipe B, the dopat 570 i chanped from 26 to 21 db.  The reconstruction
alporithy aoeo both Tinear and o filteving. Hote that the inpuat

!

DE dmagee dees not appreciable change from the previous case.  lHowever,

the reconstracted dmape 05 not as faithtal as in the previous case.
The sample vialae in-hetween the dimpulses does not reach zero as it

did i the previons canes Also, the output S/H drops by 7 db.

Inownmmar gy, the e fipnres show that o combination of lTinear cipen-
Piltering and Finear propramming teclotiques can result in ST in a

Fealto!tao noday envitomment ,
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6.
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LIST OoF CAPTIon,

Unconstrained SR of two dwpulses spaced one—eiphth ot o
Ravleiph dictance apart. tnly computer indoced noaige

precent. The dotted curve e the actaal reconstruc tion
scated down by a factor of six.  The sold curve is the

desirved itmape.

Counstrained SR of two impulues with condition nunber
imited to one million. The dotted carve i the re-

construrtion.  The solid curve is the devired fmage.

Constrained S51R of two impulses with condit ion number
limited to one hundred thousand.  The dotted curve is

the reconstruction. The solid curve is the desired

imaype.

Hoiseless reconstruction of two inpulses wpaced one-
eipghth of a Rayleigh distance apart. HNoise tilter is
an l] norm filter.

Hoiseless reconstruction ol two impulses spaced one-
cipghth of a Kayleigh distance apart. Hoise filter is

A ominimax filter.

Reconstraction of two impulaes one-hall Rayleiph distance
apart . The dnput waveform has a S5/H of 2adb. The input
wavetorm has been cipen=value aud noise Cilteveds  The

noine filter is lI norm tilter.

Recaonstruction of two impuluses one=hall Ravlieiph dictance
apart . The joput waveiorm has a G5/N of 26db. The input
wavelorm has bheen cipgen=value and noise filtered.  The

noise filter is a minimax norm filter.




Fapare 4o Peconstractson of tw o avopal g cne-ioa b Rayleiph dictanee
apart e dhe doput owave o L2000 20dh D T capat wave -
form has seen cipen-valae and vorae -Liltered. fhe polse

tilter i+ an ll Filter,
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