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SYSTEM AND METHOD OF REDUCING light collecting apertures , photo data from a plurality of 
NOISE USING PHASE RETRIEVAL photo sensors , evaluating the photo data to determine the 

absolute magnitude of optical coherence , sending the photo 
CROSS REFERENCE TO RELATED data to an image assessment module , reducing the noise of 

APPLICATION 5 the photo data by manipulating the absolute magnitude of 
the optical coherence to conform to an assumed initial image 

The present application is a Divisional Application of and having an initial image magnitude and initial image phase 
claims the benefit of U.S. application Ser . No. 15 / 738,306 resulting in an estimated magnitude , taking the Fourier 
filed Dec. 20 , 2017 , which is claims the benefit of PCT transform of multiplying the estimated magnitude by the 
application US2016 / 039658 filed Jun . 27 , 2016 and provi- 10 initial image phase to determine an estimated image , apply 
sional application No. 62 / 184,557 filed Jun . 25 , 2015 which ing constraints to the estimated image to determine a desired 
is incorporated herein by reference . image , testing the desired image for convergence and 

whether it is different from the assumed initial image , if the 
FIELD OF THE INVENTION desired image fails the tests it becomes the assumed initial 

15 image , and the process reiterates . 
The present invention relates to image production , in The present invention is a method that , from very noisy 

particular , constructing high quality images despite large coherence magnitude data , simultaneously estimates the true 
amounts of noise in the coherence magnitude measurement coherence magnitudes and constructs the image in a novel 
data . way by doing so in one step . It is shown that because of the 

numerous constraints on both the image and the coherence 
BACKGROUND INFORMATION magnitudes , a substantial portion of the measurement noise 

can be suppressed . 
The present invention relates to producing images by 

solving the problem of loss of phase information when BRIEF DESCRIPTION OF THE DRAWINGS 
solely utilizing photo data , known as phase retrieval . Phase 25 
retrieval is the nonlinear estimation problem in which the These and other features and advantages of the present 
magnitude of the Fourier transform of the quantity of invention will be better understood by reading the following 
interest is known or measured and the phase is unknown and Detailed Description , taken together with the Drawings 
must be recovered by exploiting certain constraints on the wherein : 
object of interest . Prior attempts at solving the phase 30 FIG . 1 shows a flow chart showing the method and system 
retrieval problem have included error - reduction through the of the present invention . 
Gerchberg - Saxton algorithm using a four - step iterative pro- FIG . 2 shows an example image , with bounding rectangle . 
cess , hybrid input - output where the fourth step of error- FIG . 3 shows the Frobenius norm of the total background 
reduction is replaced with another function that reduces the pixel constraint violations for the first iterations . 
probability of stagnation , and the shrinkwrap solution . As 35 FIG . 4 shows a long - term history of the total background 
applied to astronomy , it is the image of an object in the midst constraint violations . 
of a dark background that must be determined . In some FIG . 5 shows the initial variation of pixel ( 15,15 ) in the 
cases , as in flux collector astronomy , only the magnitude of complex plane . 
the optical coherence is measured at various points , and this FIG . 6 shows the shift of pixel ( 15,15 ) toward the right 
is the magnitude of the Fourier transform of the image by 40 half plane . 
virtue of the Van Cittert - Zernike theorem . FIG . 7 shows the evolution of pixel ( 15,15 ) when it 

Presently , in applications to flux collector astronomy remains entirely in the right half plane . 
using a plethora of large , cheap , " light bucket ” apertures FIG . 8 shows the reduction of the imaginary part of pixel 
implementing Intensity Correlation Imaging ( ICI ) . Based ( 15,15 ) and its final convergence . 
upon the Brown - Twiss effect , ICI involves only intensity 45 FIG . 9 shows a histogram illustrating the probability 
fluctuation measurements at each telescope . The time aver- density of the value of pixel ( 15,15 ) . 
aged cross - correlation of these measurements produces esti- FIGS . 10A - D show convergence of images averaged over 
mates of the coherence magnitudes from which the image is multiple coherence magnitude measurement sets : ( A ) 1st 
computed via known phase retrieval algorithms . In contrast data set , ( B ) 10 sets , ( C ) 40 sets , ( D ) 100 sets . 
to amplitude interferometry , no combiner units are required , 50 FIG . 11 shows an averaged root - sum square image error 
and the sensitivity to phase and intensity scintillations due to vs. L , the measurement number . 
atmospheric conditions is negligible . Thus , ICI has the FIG . 12 shows the image error vs. L for various values of 
potential to enormously reduce hardware costs and com- coherence magnitude SNR . 
plexity . However , the multiplier between the intensity fluc 
tuation cross - correlation and the coherence magnitude is 55 DETAILED DESCRIPTION OF THE 
very small , so adequate signal - to - noise ratio in the coher PREFERRED EMBODIMENTS 
ence magnitude estimates requires long integration times . 
The crux of the problem seems to be that , heretofore , the Specific embodiments of the invention will now be 
measurement of coherence magnitude values and determi- described in detail with reference to the accompanying 
nation of the image via phase retrieval are conceived to be 60 figures . Like elements in the various figures are denoted by 
two separate steps . like reference numerals for consistency . In the following 

detailed description of embodiments of the invention , 
SUMMARY OF THE INVENTION numerous specific details are set forth in order to provide a 

more thorough understanding of the invention . However , it 
In general , in one aspect , the invention relates to a system 65 will be apparent to one of ordinary skill in the art that the 

and method of image construction from light collecting invention may be practiced without these specific details to 
apertures . The method comprises receiving , by a plurality of avoid unnecessary complicating the description . 
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In general , embodiments of the invention provide a sys ?ERN = Measured coherence magnitude 
tem and method for constructing a high - quality image . Where the optical coherence magnitude data is repre 
Photo data is received from light - collecting apertures dis- sented by : 
tributed on a surface and sent to a central collection point 
where it can be evaluated . The photo data includes magni- 5 ? = 1G + ?I 
tude measurements of an optical coherence . An image 
assessment module receives this photo data and constructs a 
high - quality image based on the data . ?E = G_O ( N1,4 + iN2 , k ) , k = 1 , ... „ N2 

The embodiment of FIG . 1 provides a flow chart illus- Where o is a positive , real number and N1,4 and N2,4 are 
trating the present invention . Referring to FIG . 1 , in box 20 , 10 all mutually independent Gaussian random variables of zero 
a plurality of light collecting apertures measures photo data , mean and unit variance . The algorithm here recognizes that 
including the magnitude of an optical coherence at many much of the noise in the averaging data is inconsistent with 
relative locations . Each light collecting aperture comprises a the image domain constraints , and can be rendered harmless 
sensor to receive photons and record output subtracting the if both the Fourier domain and Image domain constraints average light intensity resulting in the absolute magnitude of 15 can be made to intersect . Here , the usual image domain the optical coherence . In an embodiment of the invention the constraints ( the background pixels are zero ) are augmented photo data is sent to all other light collecting apertures and by the requirement that the foreground pixels be real - valued at least one aperture is further configured to evaluate the and positive . The algorithm accepts the noisy coherence absolute magnitude of the optical coherence from the photo 
data . It is assumed that an image produced from this photo 20 magnitude data and uses a relaxation technique to project 
data would have substantial amounts of noise such that this data onto a subspace wherein the image domain con 
SNRG2 = 10-8 ( 0-104N2 ) . straints can be satisfied . Run to completion for a single set 
The system then proceeds to box 22 where , this absolute of coherence magnitude data , we have shown by example , 

magnitude data is sent to a central collection point having an that the impact of much of the noise is eliminated , even for 
image assessment module . The image assessment module is 25 extremely large amounts of noise . By running the algorithm 
configured to reduce the noise of an image by applying an for multiple , independent data sets , and averaging the results 
iterative phase retrieval algorithm as described herein and in one can achieve further substantial improvement in image 
boxes 24-34 . The input of the phase retrieval algorithm quality 
includes the absolute magnitude of the optical coherence In box 24 , an initial image is assumed where each pixel 
where the number of coherence measurements equals the 30 represents a random number between 0 and 0.1 . In an 
number of pixels in a desired optical image . embodiment of the invention , during the first iteration , all 

In an embodiment of the invention , the phase retrieval pixels will be zero . In an alternate embodiment of the 
algorithm takes an initial image . During the first iteration , invention , it does not matter what number each pixel rep 
the initial image is an assumed image pixilated into a grid , resents . The system then proceeds to box 26 where the 
N pixels on each side . It is further assumed that at the outset , 35 measurement of the magnitude of the optical coherence is 
the foreground of the initial image can be bounded by a modified from the photo data but calculated closer to the 
simple boundary . As is typical , there may additionally be initial image data resulting in an estimate of the magnitude 
many " background ” or zero intensity pixels within the of the coherence . From the outset , the magnitude of ? 
rectangle as well . In the present embodiment of the inven- obtained in step B and in box 26 is very large owing to the 
tion , the initial image is a square with the same number of 40 noise component , and likewise the magnitudes of g 
pixels on each side however , one having knowledge in the are similarly large . However the average intensity of the 
art understands that the initial image may comprise any image is immaterial to image interpretation , so we often 
geometric shape . Likewise , the optical coherence magni- normalize each image result by its infinity norm , that is : 
tudes comprise a nonnegative matrix of the same dimen- g > g / g , where 
sions . It is convenient to consider both image and coherence 45 
as N2 - dimensional vectors . 
The algorithm is mathematically described below with the 118 | loo = max | gkl . 

steps A - F below corresponding to boxes 24-34 in FIG . 1 . 
G ' = ig 

50 At box 28 , the estimate of the magnitude of the coherence 
? = ( 1- € ? + E | G?l , & = 0.002 calculated at box 26 is multiplied by the phase of the initial 

image . 
G = G_G " ( 1 / 1G ) The system continues to box 30 , where the Fourier 

transform of the result of box 28 is taken to determine an 
8p = 3 " , D 55 estimated image and at box 32 image conditions are imposed 

on the estimated image and at box 34 , the image is assessed 
Epp = rg , + [ 7 - v ] max { 0 , Re ( gp ) } to determine whether it converges or not . In an embodiment 

of the invention , the image conditions include removal of g = ( 1-1 ) .mp + r ( g - Bgpp ) , B = 0.7 imaginary numbers forcing any complex numbers to be real 
The notation is defined by : 60 numbers . In an embodiment of the invention the image 
GECN = Current value of the estimated image ( pixelated ) conditions include requiring all negative values to be posi 

= The true image tive . In an embodiment of the image the value of t is set to 
= Discrete Fourier transform ( unitary matrix , O if the pixel is in the foreground and 1 if it is in the 

F - 1 = 3H ) background . In an embodiment of the invention , each pixel 
G = Ig = The true coherence 65 in the initial image when the image domain constraint 
TER = Projection onto the image pixels constrained to violation , || tg || 22 , is a minimum , and test to see if it is less that 

have zero intensity ( all elements zero or unity ) 0.01 || g || ... If so , the value of t for that pixel is set to unity . 

8p and 

A 

B 

C 

2 

E 

F 

GERN TECNXN 

NXN 
9 

? 



15 

- 

k 

US 11,386,526 B2 
5 6 

Steps D , E , and F and corresponding boxes 30-34 imply incorporating all the background pixels within the projection 
that when the algorithm converges , the following constraints t ; i.e. , filling in the empty spaces in the rectangle in FIG . 1 . 
are satisfied : To illustrate how this can be done in the initial stages of the 

TY? = 0 algorithm , we examine each pixel in the initial rectangle 
5 when the image domain constraint violation , | tg || 22 , is a 

[ 1 - T ] Im ( G ) = 0 minimum , and test to see if it is less that 0.01 || g || 0o . If so , the 
value of t for that pixel is set to unity . 

[ I - 1 ] { \ Re ( JH ( G + ? ) ) l - Re ( JH ( G + ? ) ) } = 0 FIG . 3 shows the constraint violation as a function of 
iteration , along with the image and t values corresponding The rank of t is the number of pixels in the background , 10 to various stages of development . It is evident that t rapidly M. Hence the first equation amounts to 2M constraints on evolves into a tight boundary demarcating the background the noise component , & . The second condition supplies 

N2 - M constraints . Since G << I?I , and the phases of ele pixels . The complete projection can be found in this way 
ments of ? are uniformly distributed , one half of the N2 - M during the processing of the first set of coherence magnitude 
constraints are operative in the early iterations of the algo data , then in the processing of subsequent data sets , the 
rithm , and these constrain ? . Thus , initially , the algorithm projection can be held constant . FIG . 4 shows the evolution 
drives to impose 3 / 4N2 + 1 / M constraints on ? , while 2N2 of the constraint violation over a longer period . After the 
independent conditions would be needed to determine ? first , brief oscillation , associated with refining t , the con 
uniquely . Thus , it is not surprising that steps D , E , and F ; and straint violation steadily decreases by over three orders of 
especially E , strongly drive the algorithm to increase the 20 magnitude in 4000 iterations . In the following , we assume 
effective SNR of the computed image . the refined value of t and focus on the noise reduction 
By relaxing the imposition of zero intensity conditions on characteristics of the algorithm . 

the background portion of the image , this method greatly From the outset , the magnitude of ? obtained in step B is 
reduces the incidence of stagnation . However , if there is very large owing to the noise component , and likewise the 
excessive noise in the coherence magnitude data the algo- 25 magnitudes of gp and g are similarly large . However the 
rithm can still fail to converge . If the Fourier domain average intensity of the image is immaterial to image 
constraints consist of noisy coherence magnitude values , it interpretation , so we often normalize each image result by its 
is generally impossible to satisfy both image domain and infinity norm , that is : g - g / || g | lco , where 
Fourier domain constraints , leading to oscillation and stalled 
convergence . This issue can be addressed by proposing a 30 
formulae of the type step B above , which relaxes the Fourier lg l . = max skl . 
domain constraint in a manner which harmonizes the two 
classes of constraint , achieving intersection between them . A 
significant difference from prior approaches is that the The rank of t is the number of pixels in the background , 
relaxation parameter is chosen to be a positive constant 35 M. Hence the first equation amounts to 2M constraints on 
much less than unity . Another point of difference is step E the noise component , ? . The second condition supplies 
which demands that intensity values within the image fore- N2 - M constraints . Since G << I?I , and the phases of ele 
ground be real and positive . The present approach can ments of ? are uniformly distributed , one half of the N2 - M 
suppress substantial amounts of noise in the computed when constraints are operative in the early iterations of the algo 
used on multiple sets of coherence magnitude data . Specifi- 40 rithm , and these constrain ? . Thus , initially , the algorithm 
cally , very large magnitudes of noise ( very small data SNR ) drives to impose 34NP + / M constraints on ? , while 2N2 
can be successfully handled . independent conditions would be needed to determine ? 

In an embodiment of the invention , the phase retrieval uniquely . Thus , it is not surprising that steps D , E , and F ; and 
algorithm is applied to each measurement for at least one especially E , strongly drive the algorithm to increase the 
iteration and the Fourier transform is applied to construct the 45 effective SNR of the computed image . One may illustrate 
desired optical image as shown in box 34. The system this by following the trajectory of a typical pixel value in the 
proceeds to box 36 , where the desired optical image is complex plane as a function of the iteration number . 
evaluated to determine how much it has changed . Multiple For our example , we choose to follow the evolution of 
iterations may be applied by returning to box 26 until the matrix element ( gp ) k.j ; k = j = 15 which is arrived at in step D. 
change in the image falls into a tolerance level and essen- 50 is computed before the positivity of its real part is 
tially ceases to change as determined in box 38 . imposed in step E , and thus displays the full extent to which 

The following example illustrates various aspects of the the current image estimate fails to satisfy the above con 
invention and is not intended to limit the scope of the straints . Pixel ( 15,15 ) is located on the main body of the 
invention . spacecraft in FIG . 2 . 

During the first hundred iterations ( FIG . 5 ) ( gp ) 15,15 Example makes very large excursions , starting with a substantial 
region in the left half plane . However , one immediately sees 

To illustrate results , we use a fictitious satellite image the influence of Step E , because there is a constant drift to 
introduced and shown in FIG . 2 . the right as shown in FIG . 6 , for iterations 100 to 200 . 

Our example also involves a huge amount of noise , e.g. 60 Further the extent of variation in the real and imaginary parts 
SNR = 10-8 ( 08104/2 ) remains relatively constant . The trend continues until ( itera 

It is assumed that at the outset , that the foreground of the tions 200-300 , FIG . 7 ) the real part of ( p ) 15,15 remains 
image can be bounded by a simple boundary ( a rectangle in entirely positive . At this point , the positivity constraint listed 
this case ) , as illustrated by the dashed line in FIG . 2. As is above becomes inoperative , and step E has no effect . More 
typical , the example has many “ background " ( zero intensity ) 65 over , in the evolution in FIG . 7 , the range of variation 
pixels within the rectangle as well . The above algorithm can contains the value of the real part of ( & p ) 15,15 that the 
be complemented by one of several existing methods of algorithm will ultimately converge to . Hence at this stage , 

? 

55 
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which occurs early in the convergence process , the variabil- Any two coherence magnitude data sets of the same 
ity of ( gp ) 15,15 is comparable to the " signal ” that will be object have a common G but different noise components , say 
converged to . One can say that the signal - to - noise ratio is ?k ) and ? ) . It is observed that ? ( K ) and ? " ) , when operated 
approximately one or greater . This is attained even though on by P , are uncorrelated . Moreover , the standard deviation 
the supplied coherence magnitude data has an SNR of one 5 of each || ? ( ) || is of order u || G || . Since the Fourier operator is 
in one hundred million . Note that the algorithm ( principally unitary , the same properties hold for the computed image , 
steps B and E ) increases the SNR not by reducing the noise g + ? ( k ) , where g is the actual image and ? ( k ) is the kth 
component of the image , but by increasing the signal com- realization of its noisy component . Letting 
ponent . These statements hold for all of the foreground 
pixels . Thus the algorithm quickly reaches a stage where the 
overall SNR is of order unity — a regime in which the Pg [ g ] = v? 
constraints have been shown to effect further reduction of Pg = P [ T [ ... ] ] , we have : E [ P ] [ :) ] P , [ ?0 ] ] 2 v ? l ? l ? ox ; 
noise . 

Beyond the situation shown in FIG . 7 , the only image 
domain constraints that remain operative are the zeroing out where v is a real , positive constant . These relations confirm 
of the background pixels and the imaginary parts of the that a refined image estimate can be found by averaging the 
image in the foreground . FIG . 8 shows the resulting devel results of the algorithm for each of several independent 
opment . The range of variation along the real axis remains coherence magnitude data sets . Suppose there are L such 

sets , then : centered at the eventually determined value , and continually 20 
decreases , while the imaginary part of ( gp ) 15,15 converges to 
zero . At roughly 1500 iterations , ( p ) 15,15 converges to a 
real - valued and positive value . 

Thusly , at the very start of the algorithm the foreground 
image values are widely disbursed , with numerous pixels in 25 
the left - half plane . Steps B and D , however , work to shift all s.d. [ R ] ~ 181 / VT 
pixels to the right , until all their real parts are positive . After 
this stage , the real parts of g do not change appreciably , The improved convergence to the true image is illustrated 
rather it the imaginary parts of g that are diminished . The for our example case for increasing values of L in FIGS . 
pixel values move upward until they come to rest on the real 30 10A - D where we display gz / \ | gz | .o . 
axis . Note that steps B and D work to increase the estimated Comparing with FIG . 2 , even with only ten measurements 
" true ” coherence magnitudes , and correspondingly the esti- ( FIG . 10B ) we see that there is considerable clarity to the 
mated image until the variability of the real parts of the image . The relatively small contrasts between different 
image values increases beyond the noise levels of the components of the image are mostly evident . Later images 
measured coherence data . In effect , the numerous constraints 35 ( FIGS . 10B , C ) show increasing fidelity , and using the color 
on the problem allow us to estimate and suppress much of bar , one notes errors in the 10 % to 1 % range . More quan 
the noise until the effective SNR of the image estimate is titatively , consider the standard deviation of the image error 
greater than one . within the foreground pixels , defined by : 
Now we examine the statistics of the performance of the 

algorithm when it is used to process several independent 40 
magnitude measurements , each a realization of the statistical Eg = || [ 1 – 7 ] ( @ L - @ ) || 2 / rank [ 1 – T ] ensemble given by ( 2.b ) . To illustrate results , we again 
consider the value of ( gp ) 15,15 as in the previous discussion . ? L = 8L / Ilgillo 
In this case we are concerned with the values obtained with ? = g / lglla 
each independent set of measurements once the algorithm is 45 
run to a high degree of convergence . Clearly , since there is 
random variation of the noise components of the different Note that each element of both ?z and ? are contained in 
sets of coherence magnitude measurements , there should ( 0,1 ] . FIG . 11 shows Eg as a function of the number of data 
also be statistical variation in the converged values of sets used in the average . As anticipated , the function is 
( gp ) 15,15 . To explore this , 500 different realizations of the so approximately proportional to 1 / VI . 
noisy coherence magnitude measurements were created , and The above results pertain to the coherence magnitude 
for each , the algorithm was run to convergence ( to a high squared signal - to - noise - ratio , SNRG2 , equal to 10-8 . Now we 
degree of approximation , using 2000 iterations in each case ) . consider the effects of various values of SNRG2 . FIG . 12 
The histogram of the resulting real , positive values of shows E , versus L for SNRõ ranging from 10-2 to 10-10 . 
( gp ) 15,15 is shown in FIG . 9. The results suggest that the 55 Clearly the larger SNRôz , the smaller the initial error . For 
probability density of ( gp ) 15,15 is unimodal ( indeed , approxi- very small values , we notice a “ bottoming out ” or apparent 
mately Gaussian ) with an average value of 3.06x10 % and a lower bound to the image error for the larger values of L. 
standard deviation of 0.75x10 % . This is an SNR of approxi- This appears to be the result of the formidable extent of 
mately four - despite the extremely noisy data , e.g. computation and resultant round - off error and numerical 
SNR = 10-8 60 conditioning . Pending further numerical refinements , SNRG ? 

Similar results are observed for all foreground pixels . This no smaller than 10-10 to 10-11 seems to be the limit to 
indicates that the converged algorithm creates a projection , performance . 
call it P that removes from G + ? that portion which is Implications for ICI Signal Processing 
inconsistent with the satisfaction of the image domain The fundamental data to be collected for ICI consists in 
constraints . Since G is the coherence magnitude of the actual 65 recording the intensity fluctuations observed at each of a pair 
image , P [ G ] is equal to some real , positive multiple , call it of apertures ( separated by some position vector that is in 
u , of GP [ G ] = ?G . proportion to the relative position in the Fourier , or “ u - v ” , 
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plane ) , using appropriate photodetectors . The two data To address the first question , we set SNRôz to the value of 
streams are multiplied and time averaged . The basic discov- the SNR we are prepared to process for each data set . At this 
ery in [ 1 ] was that this ( ensemble ) averaged intensity time as noted in FIG . 12 , an SNR in the range 10-10 to 10-11 
fluctuation cross correlation is proportional to the square of seems to result in the limiting performance . Using the same 
the magnitude of the mutual coherence . Of course , the time 5 parameter values as above , and setting SNR & 2 = 6.4x10-11 , 
average , not the ensemble average can be measured , so the Equation implies that roughly : AT , ~ 100s . 
basic data consists of the square of the modulus of the “ true ” FIG . 12 shows that the limits to accuracy are achieved 
coherence plus noise , as in the model for ? = IG + ? | above . after about 30 data sets , Therefore , Total integration 
Thus the SNR of the time averaged intensity fluctuation time = LAT , = 3000s . Note from FIG . 12 that the normalized 
cross correlation is identical to the SNR of ?2 . Retaining 10 average error is of order 0.005 , implying a final image SNR 

that is well above 100 . only the dominant terms , this takes the simple form : While the principles of the invention have been described 
herein , it is to be understood by those skilled in the art that 
this description is made only by way of example and not as 

SNR.2 = zBVV & AT ly ? 15 a limitation as to the scope of the invention . Further embodi 
ments are contemplated within the scope of the present 
invention in addition to the exemplary embodiments shown B = Average number of photodetections per sec , per Hz ( for and described herein . Modifications and substitutions by one one aperture ) of ordinary skill in the art are considered to be within the Photodetector frequency bandwidth 20 scope of the present invention , which is not to be limited AT = Averaging time period except by the following claims . lyl = Normalized coherence magnitude = IGI / 1G || ..E [ 0,1 ) The invention claimed is : 

Further , assuming the apertures are identical and circular , 1. A system for formulating a high quality image of a B is given by : distal astronomical element for display comprising : 
a plurality of light collecting devices , each said device 

further comprising : 
B = -D2nn at least one aperture on a surface for admitting light and 

for measuring optical intensity at a distal location 
over time , a plurality of apertures determining abso 

D = Aperture diameter lute magnitude of the optical coherence of at least 
n = Detector quantum efficiency one pair of apertures ; and 
n = Photons per second , per Hz , per unit area ( spectral a plurality of photon sensors , each said photon sensor 

irradiance ) configured to receive photons over time ; 
Now , the conventional approach is to let the averaging each said light collecting device configured to deter 

time increase until SNR?2 becomes sufficiently large that the 35 mine the magnitude of optical intensity and to record 
time average well approximates the ensemble average , IGI2 . said optical intensity over time , said intensity outputs 
Then the resulting time averaged data for sufficiently many from each pair of light collectors being multiplied 
points in the u - v plane is input to a phase retrieval algorithm together and time averaged , 
and the image reconstructed . Let us explore how long this each said device configured to determine the fluctuation 
might take using relatively inexpensive hardware on a fairly 40 of light intensity at any point in time by subtracting 
dim object . the average light intensity of each said device from 

For the above purpose , we take a 14th magnitude G - class said optical coherence ; 
star . Using a black body model and assuming -50 % attenu- storage means for storing collected output ; and 
ation through the atmosphere , we estimate : n = 7.5x10-11 a processor for processing collected output , said pro 

Also , suppose 0.5m apertures and a modest detector 45 cessor including : 
efficiency of 20 % . Then B = 3x10-12 . Further , assume an an optical coherence determinator for determining opti 
inexpensive detector with bandwidth of only 10 MHz . To cal coherence of the received photons ; 
obtain reasonable image detail one must be able to detect lyl an image assessment module for formulating an initial 
of order 0.1 , and a minimal required SNR is ~ 10 . Evaluating image , including magnitude and phase , from at least 

one known a priori constraint on the image and said 
determined absolute magnitude ; and 

a noise suppressor for reducing noise of the determined 
Bly12 optical coherence by applying an iterative phase 

retrieval algorithm comprising the steps of : 
( a ) applying said initial image comprising initial 

we obtain the necessary averaging time : image magnitude and initial image phase ; 
AT = 1.4x1017 years . ( b ) manipulating said magnitude of said optical 
Next , we consider the present algorithm , which views coherence to conform to said initial image mag 

data collection and image reconstruction as a unified pro nitude resulting in an estimated magnitude ; 
cess . We take L time averages of the intensity fluctuation 60 ( C ) obtaining an image function from said estimated 
cross - correlations , each of duration ATL , over non - overlap magnitude and said initial image phase , where 
ping time intervals . We accept the noisy data and run the said image function includes representations of 
algorithm to completion for each data set . Then we average pixelated elements into a grid and the coherence 
the images resulting from all L data sets to obtain the magnitude comprises a nonnegative matrix of the 
normalized image error illustrated in FIGS . 11 and 12. 65 same dimensions as said grid ; 
Consider : How long should AT , be ? How many data sets , L , ( d ) transforming said image function into an esti 
are required for our 14th magnitude example ? mated image ; 
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( e ) applying imaging constraints to said estimated determining the absolute magnitude of the optical coher 
image to create an end image by modifying the ence by multiplying the intensity fluctuation of each 
initial coherence magnitude data to conform the pair of said devices ; 
estimate image to the image a priori constraint ; with a noise suppressor , reducing the noise of the received 

( f ) determining an image differential between said 5 data by applying an iterative phase retrieval algorithm 
comprising the steps of : initial image and said end image ; ( a ) assuming an initial image , said initial image for ( g ) evaluating whether said image differential has mulated by an image assessment module from said reached a predetermined no - change threshold ; and determined absolute magnitude , said initial image ( h ) reiterating steps ( b ) - ( g ) to attain the predeter comprising initial image magnitude and initial image 

mined no - change threshold between said initial phase ; 
image and said end image ; ( b ) manipulating said magnitude of said optical coher 

said processor formulating a high quality image of said ence to conform to said initial image magnitude 
distal element for display by applying a second algorithm resulting in an estimated magnitude ; 
including a Fourier transform of said initial image to said ( c ) obtaining an image function from said estimated 
end image by and to formulate said high quality image . magnitude and said initial image phase , where said 

image function includes representations of pixelated 2. The system of claim 1 wherein at least one of said 
and said storage means includes means for send elements into a grid and the coherence magnitude processor 

ing said recorded output to all other apertures and at least comprises a nonnegative matrix of the same dimen 
sions as said grid ; one aperture is configured to determine the absolute mag 

nitude of the optical coherence . ( d ) transforming said image function into an estimated 
image ; 3. The system of claim 1 wherein said coherence deter 

minator utilizes Intensity Correlation Imaging ( ICI ) to form ( e ) applying imaging constraints to said estimated 
an on - going series of images . image to create an end image by modifying the initial 

4. The system of claim 3 wherein said ICI involvement coherent magnitude to conform the estimated image 
measures intensity fluctuations . to a prior image constraint ; 

5. The system of claim 1 wherein said coherence deter ( f ) determining an image differential between said 
minator implements time averaged cross - correlation of the initial image and said end image ; 
collected measured optical coherence . ( g ) evaluating whether said image differential has 

6. The system of claim 1 wherein the input of the phase reached a predetermined no - change threshold ; and 
retrieval algorithm includes the absolute magnitude of the ( h ) reiterating steps ( b ) - ( g ) to attain the predetermined 
optical coherence . no - change threshold between said initial image and 

7. The system of claim 1 wherein the number of coherence said end image and 
measurements equals the number of pixels in a desired said processor formulating said high quality image of said 
optical image . distal element by applying a second algorithm includ 

8. The system of claim 1 wherein the noise suppressor ing a Fourier transform of said initial image to said end 
image by and to construct said high quality image . operates by manipulating the absolute magnitude of the 13. The method of claim 12 wherein at least one of said optical coherence to conform the recorded output to an 

initial image a priori constraint . processor and said storage means includes means for send 

9. The system of claim 1 wherein said light collecting 40 one aperture is configured to determine the absolute mag ing said recorded output to all other apertures and at least 
devices , said photon sensors , said optical coherence deter 
minator , and said processor ; including said image assess nitude of the optical coherence . 

14. The method of claim 12 wherein said coherence ment module and noise suppressor are photonic . 
10. The system of claim 1 wherein said light collecting determinator utilizes Intensity Correlation Imaging ( ICI ) to 

devices are located in outer space . form an on - going series of images . 
15. The method of claim 14 wherein said ICI involvement 11. The system of claim 1 wherein said distal astronomi 

cal element is located on the surface of a planet . includes measuring intensity fluctuations . 
12. A method for formulating a high quality image of a 16. The method of claim 12 wherein said coherence 

distal astronomical element for display , said image con determinator implements time averaged cross - correlation of 
the collected measured optical coherence . structed using a plurality of light collecting devices , each 17. The method of claim 12 wherein the input of the phase said device including a plurality of apertures on a surface 

and a plurality of photo sensors , and a processor , said retrieval algorithm includes the absolute magnitude of the 
processor further comprising a noise suppressor , an optical optical coherence . 

18. The method of claim 12 wherein the number of coherence determinator , and an image assessment module , 
comprising the steps of : coherence measurements equals the number of pixels in a 

55 desired optical image . with a plurality of light collecting devices and an optical 
intensity determinator , receiving photons , measuring 19. The method of claim 12 wherein the noise suppressor 
optical intensity at a distal location over time , and operates by manipulating the absolute magnitude of the 
recording intensity fluctuation output over time , said optical coherence to conform the recorded output to an 

initial image phase . output at any point in time determined by subtracting 
the average light intensity from the optical intensity ; 
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