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\J Purpose for the Research
'."’

* To further understand the achievability of CRBs
by MFBD algorithms (PCID is being used for these
results)

— At what SNRs do CRBs start becoming
unachievable?

— In which domain is the achievability of the
CRBs’ best analyzed?

— How do the PCID sample variances degrade as
the SNRs get worse?

* Is this a function of how the SNRs are
lowered (i.e., more Poisson noise, more read
noise, poorer atmosphere, etc.)

— Etc.

We conducted this research to better understand how Cramer-Rao lower bounds can be
used to understand the performance of multi-frame blind deconvolution algorithms such
as PCID. It was clear from previous results that we generated that the image-domain
sample variances from PCID deviated from the CRBs significantly more than was
expected given the signal-to-noise ratios of the data. It was our suspicion that the
Fourier domain was a better place to carry out this investigation. It will be shown that
this is true.



Nz Imaging Model

* Raw measurements {i,(x)}, m=1,...,M, are modeled as

In (%) = h (x) * 0(x) + Ny (x)

where o(x) is the true object, h,,(x) is the point spread
function (PSF) blurring the measured data, and n,(x)
is zero-mean noise for the mt" image

— n,,(x) models both read noise and Poisson noise

— h,,(x) is invertible - derived from atmospheric PSFs

This is the standard simple linear imaging model. The only difference that we impose is
that the PSFs must be invertible. This is necessary to be able to calculate the CRBs.
Although this means that we didn’t use realistic PSFs, we believe that the conclusions
we draw will be extensible to realistic PSFs.



‘\J) PCID Algorithm Description
€°®©r

Blurring functions Noisy and blurred images

True object B,) o —— E hix)= ofx)<h,(x)+n,(x)
L £
o(x) . hix) —— I;(x) = ofx)h, (x)+n,(x) S

-hu_.ix} — ﬂl,‘ _(x)=olx)eh,__(x)+n,__(x)

PCID Processing
Reconstructed

object Minimize this cost function with

respect to 6(x), h,(x), ..., h(x):
a‘] n \ 5 1 i :
| x,)- 1)

% % 0. ]

This is a flowchart of the PCID algorithm showing the cost function, the equations
describing the measurements, and a sample reconstruction. This chart was taken from a
previously-cleared briefing (Case Number RD08-0211)



A /) What Are Cramér-Rao Lower
L d B__p_unds?

* Given a parameter, a measurement that contains
information about that parameter, and a probability
density function that describes the randomness in the
measurement, CRBs can be calculated which are
lower bounds to the variance of any estimate of that
parameter given the measurement

* We will calculate CRBs for estimates of an object’s
pixel intensity values and estimates of an object’s
Fourier energy spectrum values

* We calculate the Fisher information matrix for the
image-domain CRBs and use it for both image-domain
and Fourier domain CRB calculations

Standard textbook description of Cramer-Rao lower bounds.



\_ Our Previous PCID/CRB Results &
Non-blind results

PCID/CRB Ratios
Scenario Mean Minimum Maximum
Nen-blind and unbiased estimation 0.9904 0.9402 1.0326
Non-blind and Tikhonov-regularized
estimation 1.0235 0.9627 1.0768
Blind results
PCID/CRB Ratios
Noise Values
OCNR Two-clirc
Single-pixel read noise variance = 0.1 1.013 1.024
Single-pixel read noise variance = 1.0 1.205 11472
Single-pixel read noise variance = 2.0 1.321 1.306
Photen noise for 10° photons 1.014 0.994
Photon neise for 10° photons 1173 1.181

© C.L.Matson, & etal.,Faatandopﬂnm!mutﬂ-ﬂanllﬂdmnvoruﬂondqmmmfochigh- :
resolution ground-based imaging of space objects,” Applied Optics 48, A75-A92 (2008)

In our previous work, we carried out an extensive number of comparisons between
PCID sample variances and the associated CRBs for non-blind deconvolution. As can
be seen in the top table, there is close agreement between the two.

For blind results, the story is quite different. We were only able to get five comparisons
between PCID and CRBs in time for the paper. We can see that, as the SNRs of the data
decrease, the match gets worse. But the match seems to be much worse that would be
expected from the absolute values of the data SNRs. The purpose of this presentation is
to explore this issue further.

Tables from previously-cleared paper Case Number RD08-0211.



\. ~Z CRBs Can Be Achieved For High-
Y4 SNR Data

i i |
-9 =15 =10 -5 L]
(Power) SNR{d8) 1.3

1. =
35 56 «—— N=
Fig. 3. Maximum likelihood estimator mse, CRB, and AB versus SNR. V' =
10 observations.

This figure is from the referenced paper. The important thing to observe in this figure is
that the MLE MSEs match the CRBs very well for SNRs > 3.5 or so, and then become
much larger than the CRBs. As will be shown, we can’t get this kind of curve using
image-domain CRBs, but we can in the Fourier domain.



\ Z CRB & PCID Calculation
\,,/ Parameters

* Atmospheric PSFs, Dir, = 8, made invertible, two versions
* Read & Poisson noises
* Support constrained restorations

— PSF supports: circles - truth, 4x the area of truth

— Object supports: true and (smallest) circular

* No positivity constraints or regularization used

These are the parameters for the CRB and PCID calculations. The two PSFs used for
the results were generated from simulated D/ro = 8 data, but then clipped by circular
supports. The radius of PSF2’s clipping is twice as large as PSF1’s clipping, so PSF2
has four times the area of PSF1.



*\ 4 Why Regularization And P05|t|V|ty

' Were Not Included

* Regularization and positivity produce biased
reconstructions

— Thus unbiased CRB values are not applicable
* One can incorporate biases into the CRB calculations

— But one must be able to analytically calculate the
bias gradient matrix

— Impossible for positivity

— | believe that it is impossible for blind
deconvolution

* |t is possible for single-frame non-blind
deconvolution, though

In essence, [ don’t know how to calculate CRBs for positivity-constrained or regularized
MFBD. I’'m not sure that there is a way to do so. But since I don’t know how, I don’t
include them in the results.
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. R .
J Baseline Case: Image Domain Results
\ 4 # phatons = 107; read var = 100; true object supp; true PSF supp; PSF1

Sample image CRB-based Normalized PCID variances
reconstruction SNRs per pixel versus SNRs

Bias*2/Var = 0.026

This is the baseline case against which all other results are compared. The CRBs and
PCID sample variances describe how accurately PCID was able to reconstruct the true
object intensity values per pixel. The parameter values used for the baseline case are
shown above, and result in nice-looking reconstructions (left-most figure). The middle
figure is the CRB-based image-domain SNRs. It was generated by dividing the true
object by the square root of the image-domain CRBs. The right-most figure is a
scatterplot. Each point corresponds to a pixel location in the image domain, and each
point is the value of the ratio of the PCID sample variance at that pixel location to the
CRB at that pixel location. This figure corresponds to the figure on slide 8, where in
both figures the horizontal axis is SNR on a log scale. The vertical axis in the figure on
slide 8 is mean square error. The vertical axis in this figure is normalized variance.
Because we are seeking unbiased estimates, normalized variance is equal to normalized
MSE. The term ‘normalized’ means that the sample PCID variances are divided by the
CRBs, so for each pixel, the normalized CRBs are just one. Recall that we want to
replicate the shape of the CRB curve and the sample variance curve in the figure on slide
8, where the CRBs and sample variances are equal to each other for high SNRs, and

deviate at low SNRs, with the PCID sample variances higher than the CRBs. Notice that

this isn’t the case. Thus, the image domain is not the right place to carry out this
analysis.

Recall that the CRBs being calculated are lower bounds to unbiased estimates of the
image intensity values per pixel. We monitor the bias of the PCID reconstructions to see

if they are truly unbiased. On all the slides, the image-domain ratio of bias"2 to variance

(the appropriate measure) is given. Generally speaking, we consider a PCID
reconstruction to be essentially unbiased if this ratio is much less than 0.1.

11



\/’ Baseline Case: Energy Spectrum Results H
g # photons = 107; read var = 100; trw_e object supp; true PSF supp; PSF1

CRB-based SNRs versus Normalized PCID variances Normalized PCID variances

normalized frequency versus frequency versus SNRs
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Bias*2/Var = 0.026

This is the baseline case against which all other results are compared, looked at in the Fourier domain. To
gencrate these results, we calculate the energy spectrum of each PCID reconstruction and calculate sample
variances for the energy spectrum estimate. [t is important to realize that we don’t estimate the energy
spectrum directly from the data, as is the case for speckle imaging. We calculate the PCID reconstructions
directly, and then transform to the energy spectrum domain.

Similarly, we calculate the Fisher information matrix (FIM) corresponding to estimating the object in the
image domain, which is the same FIM used for the image-domain CRB calculations, invert it, and then pre-
and post-multiply it by the appropriate matrices which generate the energy spectrum CRBs from the image-
domain FIM. The image-domain CRBS are the diagonal elements of the inverse FIM matrix. The energy
spectrum CRBs are the diagonal elements of the inverse FIM after pre- and post-multiplying the inverse
FIM by the appropriate matrices.

The plot on the left are the energy spectrum SNRs as a function of normalized spatial frequency magnitude.
Each point on the plot is the average of all the SNR values for a given spatial frequency magnitude. It can
be seen that the SNRs stay above one almost everywhere, on average, for a given spatial frequency
magnitude; however, there is a significant amount of fluctuation in the SNR values that make up the average
SNR at each spatial frequency magnitude. The figure in the middle is the 2-D PCID energy spectrum
sample variance map divided by the CRB energy spectrum map. To more easily see the ratio values that are
on the order of one, the gray scales in the figure (and all the corresponding figures in the following slides)
range between 0 and 4. Notice that the ratios are near one in an approximately circular region centered on
zero spatial frequency. From the plot in the left-most figure, it can be seen that this is the region where the
SNRs are the highest. At the highest-spatial frequencies, the ratios start increasing well beyond one, which
is where the SNRs are the lowest.

As on the previous slide, the ratio of the PCID energy spectrum sample variances to the energy spectrum
CRBs for each spatial frequency are plotted in the right-most figure, where the horizontal axis is SNR on a
log scale, and the vertical axis is normalized PCID sample variance on a log scale. Notice that this figure
shows the shape we were hoping for; that is, the PCID/CRB ratios are close to one for high SNRs, and
become large for small SNRs. The transition between the two regions occurs around an SNR of 1 to 2.

We repeat the image-domain bias”2/var ratio on this sereen to keep it in view. We don’t calculate the
bias”2/var of the energy spectrum estimates, because it is known that energy spectrum estimates are
inherently biased due to measurement noise that is zero mean. When this bias is known, it can be subtracted
out prior to estimating the energy spectrum, For speckle imaging, this bias is known exactly. For blind
deconvolution, it isn’t, so we can’t subtract it out. The variances remain the same, unaffected by the biases,
so that isn't an issue.
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y Case 1: Image Domain Results

//)‘

€« # photons = 10%; read var = 100; true object supp; true PSF supp; PSF1
Sample image CRB-based Normalized PCID variances
reconstruction SNRs per pixel versus SNRs

3

BiasﬂzNar - 0.0025 o0t .19 1.00 10.00 10000 1000.0¢C

Baseline case

Bias*2/Var = 0.026

In all the remaining slides prior to the conclusion slide, the baseline case results are
shown on the bottom half of the page, while the results under investigation are shown on
the top half. We vary the reconstruction parameters one by one and see what their
impact is.

This slides shows the image-domain results for 1078 photons, as compared to the 10"7
photons in the baseline case. Notice that the image reconstruction is clearer, and the
PCID sample variance/CRB ratios are much closer to one. Furthermore, the average
bias"2/var ratio is a order of magnitude lower than for the 1077, as is expected because
there is much less chance of being trapped in local minima in the PCID cost function
minimization.



Case 1: Energy Spectrum Results

\./
p g # photons = 10%; read var = 100; true object supp; true PSF supp; PSF1
CRB-based SNRs versus Normalized PCID variances Normalized PCID variances
normalized frequency versus frequency versus SNRs

et ‘_f P _r
Bias*2/Var = 0.0025

Baseline case
A L R
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s ¥
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Here the energy spectrum results are shown for 1078 photons. Notice that the energy
spectrum PCID sample variance/CRB ratios are much closer to one. What is interesting
is that the plot of the ratios as a function of SNR is essentially the same shape as the
baseline case, just more heavily weighted to higher SNRs because of the larger number
of photons.



‘\/ Case 2: Image Domain Results
495

# photons = 10% read var = 100; true object supp; true PSF supp; PSF1

Sample image CRB-based Normalized PCID variances

reconstruction SNRs per pixel versus SNRs
3 v ~ r

Sevrerreras

BiasﬂzNar: 0‘18 s o 100 1000 10000 1000 00

Baseline case

Bias*2/Var = 0.026

This is the 1076 case. Notice that the image reconstruction is much noisier. Notice also
that the PCID sample variance/CRB ratios are noticeably less than one. Since the CRBs
are lower bounds to the variances of any unbiased estimates of the image-domain

intensity values, the reconstructions must be biased. In fact, they are — notice that the
bias"2/var ratio is 0.18.



\\/ Case 2: Energy Spectrum Results ,,__A

Q.;’ # photons = 10% read var = 100; true object supp; true PSF supp; PSF1 %4)

CRB-based SNRs versus Normalized PCID variances Normalized PCID variances

normalized frequency versus frequency versus SNRs
100000 ooo. v
'mﬂ}\ ]
'-'EC! ]
=
|
i
v;‘ N
ac a2 o -1 ) -2 19 B|3552Ngr=0‘1a
Baseline case
100000 was !
':u::l\ 1 , ..":
A “+1 % 1
b= 1
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! .
m[ i mF
.1 03 ae ae aa ] Bias'\ZNEf =(.026 oot o 1.00 1000 10000 10000¢

These are the energy spectrum results for 10°6 photons. Notice that the SNRs are
significantly lower than the baseline case, and that there are a lot more spatial
frequencies where the ratios are much greater than one. But notice that, again, the shape
of the plot of the normalized PCID variances as a function of SNR is virtually identical
to the corresponding plots for 1077 and 10”8 photon levels for high SNRs. It is only in
the low SNR region that the plots differ. This is an exciting result, because it indicates

that including lower-SNR data points in the estimation process doesn’t increase the
variances of high-SNR locations.

16



\j Case 3: Image Domain Results

4g%  #photons = 107; read var = 100; circ object supp; true PSF supp; PSF1

Sample image CRB-based Normalized PCID variances
reconstruction SNRs per pixel versus SNRs

3

Bias*2/Var = 0.51

Baseline case

0.0t 010 Loo 10.00 10000 1000.0C

Bias*2/Var = 0.026

Here we go back to 10”7 photons, but use a circular object support instead of the true
support. Notice that the majority of the normalized PCID variances are less than one —
indicating that the PCID reconstructions must be biased. In fact they are — the bias*2/var
ratio is 0.51!

17



A 2 o
N\ Case 3: Energy Spectrum Results
';’ # photons = 107; read var = 100; circ object supp; true PSF supp; PSF1
CRB-based SNRs versus Normalized PCID variances Normalized PCID variances
normalized frequency versus frequency versus SNRs
10000
BlasnzNar = 0.51 oot AL 1.00 10.00 100.00 1000.00
Baseline case
100009 1000.0 e |
5 i
s oy
a1 2 : BRI W “’1 a4 A
o8 012 o+ 06 0B 10 BI&S“ZN&I‘ = 0026 0.0t a0 1.00 10.00 100.00 1000.0C

The corresponding energy spectrum results show that the PCID sample variances are
still close to the unbiased CRBs for higher SNRs, so the biases must be coming from the
lower SNR values.



\\ Case 4:Image Domain Results

".;.’ # photons = 107; read var = 100; true object supp; 4*area PSF supp; PSF1

Sample image CRB-based Normalized PCID variances
reconstruction SNRs per pixel versus SNRs

Biash2Var=0094 o0 o0 e om mm s

Baseline case

Bias*2/Var = 0.026

This is an interesting result. When a larger PSF support is used, the PCID
reconstructions are fairly unbiased, but the normalized PCID variances are very large
compared to the CRBs. The amount of noise in the sample reconstruction demonstrates
the large variances.

19



A 2 . H =
N\ Case 4: Energy Spectrum Results A
";.’ # photons = 107; read var = 100; true o_bjact Supp; 4*area PSF supp; PSF1 %J

CRB-based SNRs versus Normalized PCID variances Normalized PCID variances

normalized frequency versus frequency versus SNRs
lmﬂ‘k W
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J m
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Bias'2Var=0.026  °0 ¢ '@ em ms s
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Notice that the normalized PCID variances are very large in the Fourier domain, too.
Furthermore, deviation of the normalized PCID sample variances from one occurs for
much higher SNRs than for any other case considered so far.

20



\ ) L] H
N\ Case 5:Image Domain Results j?j
N

‘;’ de = 10%; no phot noise; read var = 20; true object supp; true PSF supp; PSF1 N

Sample image CRB-based Normalized PCID variances

reconstruction SNRs per pixel versus SNRs

Bias"ZNar - 013 o4 -5 100 1800 1o00a s

Baseline case

B

Bias*2/Var = 0.026

Here we have no photon noise at all; instead, we set the dc value to 1076, and have a
read noise variance of 20 per pixel. The reconstruction looks fine, and the clustering of
the normalized PCID sample variances is similar to the baseline case. Notice, though
that the reconstruction is relatively biased (bias"2/var = 0.13). This shows that biased
reconstructions don't necessarily have correspondingly low variances. If the variances
are lower than the unbiased CRBs, the reconstructions must be biased, but the converse
is not necessarily true.



A Vi 4 =
N\« Case 5: Energy Spectrum Results , s
';* dc = 10% no phot noise; read var = 20; true object supp; true PSF supp: PSF1 “'w-:eJ’
CRB-based SNRs versus Normalized PCID variances Normalized PCID variances
normalized frequency versus frequency versus SNRs
10000 10000 e "y
e 1 e 7
‘Uf 1 3 rap
oo (-5 a4 [-1] o8 Lo Biasﬂz"\far= 0‘13 aot (81 00 1900 10000 1000.0C
Baseline case
o2 -5} as o8 -2 ] 18 Bias“ZNal‘= 0025 oo 8] 100 1200 100 0C 1000 5C

Here are the Fourier-domain results. Notice that the SNRs for the read noise case are a
bit larger than for the baseline case, but that the right-most plots are approximately the
same. Look next at the 2-D map of the normalized PCID variances. Notice that the
variance is high right at dc, and has is higher in ‘streaks’ corresponding to high values of
the object’s energy spectrum. We have noticed this consistently with PCID
reconstructions for the read-noise-only case, but don’t have an explanation at this time
why it occurs.



*\/’ Case 6: Image Domain Results
L)

U1,
o D
;’ # photons = 10" read var = 100; true object supp; true PSF supp; PSF2 \i':{:;f/
Sample Image CRB-based Normalized PCID variances
reconstruction SNRs per pixel versus SNRs
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Baseline case
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Bias*2/Var = 0.026

Here we replace PSF1 with PSF2. Recall that the area of PSF2 is four times as large as
PSF1. This allows lower intensity portions of the underlying PSF to corrupt the images,
and thus lowers the SNRs relative to PSF1. Thus, we also upped the photon level to
1078. Notice that the results look pretty similar to the baseline case, except that the bias
is half of the baseline case.



\j Case 6: Energy Spectrum Results

‘;’ # photons = 10% read var = 100; true object supp; true PSF supp; PSF2 %,

CRB-based SNRs versus Normalized PCID variances

e

N
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Normalized PCID variances

normalized frequency versus frequency versus SNRs
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Bias*2/Var = 0.026

The Fourier domain results are very similar to the baseline case as well.



Ny 4 . i .
\.-f Case 7: Image Domain Results ~ # X
b

T ,.4":}-"
dc = 10%; no phot noise; read var = 2; true object supp; true PSF supp; PSF2 e =~

Sample image CRB-based Normalized PCID variances
reconstruction SNRs per pixel versus SNRs
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Baseline case

oo o0 1.00 oo 10000 1000.0C

Bias*2/Var = 0.026

Here we use PSF2 and remove photon noise, leaving only read noise. Again, PSF2
lowers the SNRs relative to PSF1, so the read noise variance for this case was 2 instead

of 20 as for PSF1. Notice that the reconstruction again is fairly biased. In addition, the
sample PCID variances are larger than the baseline case.

]
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\ J Case 7: Energy Spectrum Results ’;f
4" dc = 10%; no phot noise; read var = 2; true ob;ect supp; true PSF supp; PSF2 "’i
CRB-based SNRs versus Normalized PCID variances Normalized PCID variances

normalized frequency versus frequency versus SNRs
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We see again the structure in the 2-D normalized PCD variance map. We also see an
increased spread in the normalized PCID variances in the right-most plot, but that may
be due to the accuracy for which the sample variances can be calculated.
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Conclusions :

v
&

The Fourier domain seems to be a much better place to evaluate
PCID performance relative to the CRBs

When true object and PSF supports are used in the PCID
algorithm, the PCID sample variances match the CRBs very well
for SNRs > ~2

When larger supports are used, PCID doesn’t necessarily
converge to the global minimum, and reconstructions can be
biased.

Read noise reconstructions tend to be biased, and have more
structured Fourier-domain normalized variances.

Biased reconstructions can lead to lower variances, but not
always.
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\/ Future Work
Q‘,’ )

* Try to extend qualitatively unbiased CRBs to
regularized and/or positivity/constrained MFBD
reconstructions

— Calculate energy spectrum variances and biases in
the high-SNR (low to mid frequency) region

— Assume that the biases in this region are due to
regularization, and scale multiplicatively the CRBs
by these scale factors

— Compare and see

Some thoughts on how to approximate biased CRBs for positivity and regularization by
unbiased CRBs and estimates of the biases
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7z Cramér-Rao Bounds
\ 2

* The variances of any unbiased estimate of the pixel
intensities 6(x) of o(x) are no less than the CRBs (the
diagonal elements of the inverse of the Fisher
information matrix F):

var{6(x)} > diag(F™')

where the element of F in the k' row and the j*" column,

Fy» is given by
F.=E 9 In[pdf (data;o)] 3 In[pdf (data;o)]
J do(x,) do(x )

Standard text-book CRI theory

30



\\ Cramér-Rao Bound Theory For
s Pixel-Based MFBD

* The variances of any unbiased estimates of the pixel
intensities of o(x) and {h,(x)} are no less than the
CRBs (the diagonal elements of the inverse of the
Fisher information matrix F):

var{[c‘:(x),ﬁ1(X).FIz(X)-----F‘M(X)]T} 2 diag(F"‘)

when F is invertible

Standard text-book CRB theory



\/ PCID 8.1 vs. PCID 7.3b: Image Domain Results H "X
N7 R

)
Al

Q‘, # photons = 107; read var = 100; true object supp; true PSF supp; PSF1 %3
Sample image CRB-based Normalized PCID variances
reconstruction SNRs per pixel versus SNRs

8
H
g
&
8
8

Bias*2/Var = 0.024 T

PCID 7.3b

oo

Bias*2/Var = 0.026

Comparison of reconstructions from an older version of PCID (7.3b) and a newer
version (8.1) Notice that the results are very similar,



\J) PCID 8.1 vs. PCID 7.3b: Energy Spectrum Results {1
NN Q5
«r # photons = 107; read var = 100; true objec: supp; true PSF supp; PSF1 \\\\x;#’

CRB-based SNRs versus Normalized PCID variances Normalized PCID variances

normalized frequency versus frequency versus SNRs
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Comparison of reconstructions from an older version of PCID (7.3b) and a newer
version (8.1). Notice that the results are very similar.



Fud rwo of Fe ten
141158 QEAITITONEDN

THLaRITOT 1 10808AT S0 190 TESeT = T G0 1Neeals 1SS BSEINE 01ITETD
1T 3 Jecdod (= Ts -~ L5 ] REPMOIOSNT 2 00V 12892253 17704 81388767  O2eTEeRY
M@t 3 i IDATET 1T REPHITACE 3 001 10708843 1344080 GamISrE  DXENETH)
TagITIar 4 XTeN DT XMoo 1ATEXD REPMOIOIEN 4 0011 12301483 12987508 3RIT) Q4TI
faeiTies  § o TRONGQ 1257 REPEOCION4E & 0010 10458482 134T0 SOeSODS  0JAII2
TLARITIED & 13891000 IED4SE]  SSEIMND 192538 REPMOIOAS0 8 0011 12384137 13880082 24076 OEIToRMT
MARIT04 T NMBITTAS  TDSAMAMT 451538 15ENM0 REPOL.O1 08 4TY T 001 127488 13015045 1SS0 O TEMAMD
MARITIE 8 B)I0A450  SOMGME34  JATEOBMS 1T OSERME REPOACIOI4S2 B 0O1) 12277323 12040058 211B0ITY  OES0OSEDY
14317240 0 BOIG1SAY  S641TTOE  JAITD 14 TOITTE REPMOITI4IZ 0 0010 12220670 14020239 20892705  QETIOSH08
TARIT26T 10 TOMMIT)  ENATRN  JTIMSAT 14245008 REPOACIOASI] 10 OONY 3220733 14084847  M5T02T7  O40T4TOIE
NEQ2AKIT  3TH 1121092 OSAAIIOGGED4 DBBGTEMITEDS BEIS4414  REPOAGZEQONT 00T OO0 14123082 O21BTE4S4EDD 040001 TIEDD 04410007
1MB020558 3270 14123002  OBS411E24E-O4 05TGRAETEDS 10128717 REPOSOZS2008 8368 OO01) 14123002 016555080E-00 035163040600 047093776
115020579 3280 14121902 011181542603 OTSOI01EDS 14727224 REPOOO2E2040 9390 0011 14123002  0.15919168E00 028043680600 0 55152040
ME020801 X081 VI W2 OGMOMOTEDL 0BTRITIOSEDS 94929100 REPOGOZA2080 9400 0010 1123002 O1B0CQISE-0D 034115600600 0 5340009
ME020E22 2282 11902 DSGEBE111ED4 OB1SESGITEDS G14T261T  REPOSCZEZ0T0 401 0011 14123087 O 1B990G25E00 0IGIGGH0NEOD O 46745754
MBI 28] 1IN 0 10500ISE0D 0N15S0652E04 01216799 REPOSOZE2081 G402 001 14123002 O 1STT2041E-00 0-31580015E-00 049913007
TS 84 1ID062  06SOTOISEOM OBINITIELS 10E5ITE2 REFOGOISION 433 0010 MIZIPET  O1VEITITEOELDD O 1RSSMTISELDD O THA01585
MAX2M0eS X8 1MW OMOICISE-OM DS9ASTEMEDS 1089720  REPOAORAZNOR G404 OONY 1IIWE2 O 14SXI741ED) 016041850600 0 M9AIINA
SO TOT o 14121067 0 ASM0MSIAEDM OTIMIETIIEDS STIGN408  REPOGO2EI 113 G408 001 14133997 0 14AMMITES) O 1311SEDD 1145137

Some of the diagnostic output from one of the reconstructions used for the previous two
slides.



‘\/" PCID 8.1 vs. PCID 7.3b: Image Domain Results E ’1
*;’ dc = 10%; no phot noise; read var = 20; true object supp; true PSF supp; PSF1 ""\t-\..,:_/::»fz"
Sample image CRB-based Normalized PCID variances
reconstruction SNRs per pixel - versus SNRs
i
|
Bias"2/Var = 0.15 A
PCID 7.3b 3
Bias*2/Var=0.13

Comparison of reconstructions from an older version of PCID (7.3b) and a newer
version (8.1). Notice that the results are very similar.
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'.'.’ de .
CRB-based SNRs versus Normalized PCID variances Normalized PCID variances
normalized frequency versus frequency versus SNRs
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Comparison of reconstructions from an older version of PCID (7.3b) and a newer
version (8.1). Notice that the results are very similar.
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Some of the diagnostic output from one of the reconstructions used for the previous two
slides.



A » ]
PCID 8.1 vs. PCID 7.3b: Image Domain Results
Nz : >

“.’ # photons = 107; read var = 100; circ object supp; true PSF supp; PSF1 "‘“'?:.*Q.j
Sample image CRB-based Normalized PCID variances
reconstruction SNRs per pixel versus SNRs

b

Bias*2/Var = 21689.5

PCID 7.3b

PO PPN PP

Bias*2/Var = 0.64

Comparison of reconstructions from an older version of PCID (7.3b) and a newer
version (8.1). Notice that PCID 8.1 failed miserably to get close to the global minimum.
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normalized frequency

A 2 .
\/ PCID 8.1 vs. PCID 7.3b: Energy Spectrum Results

'_;" # photons = 107; read var = 100; circ object supp; true PSF supp; PSF1

b

o
e
%/

CRB-based SNRs versus Normalized PCID variances
versus frequency

Normalized PCID variances
versus SNRs
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Bias*2/Var = 0.64

Comparison of reconstructions from an older version of PCID (7.3b) and a newer
version (8.1). Notice that PCID 8.1 failed miserably to get close to the global

minimum.
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s 7
N PCID Output — Circular Object Support
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Some of the diagnostic output from one of the reconstructions used for the previous two

slides.
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‘\j PCID 8.1 vs. PCID 7.3b: Image Domain Results :
"" #pho-tuns =107 read var = 100;.lrue opject supp; 4*area PSF supp; PSF1 k

Sample image CRB-based Normalized PCID variances
reconstruction SNRs per pixel versus SNRs

Bias*2/Var = 1.34 o G @ e o X

PCID 7.3b

Bias*2/Var = 0.094 eet 0.10 1.00 1000 10000  1DOOC

Comparison of reconstructions from an older version of PCID (7.3b) and a newer
version (8.1). Notice that the PCID 7.3b reconstruction is essentially unbiased, and this
shows in the noisiness of the reconstruction. The PCID 8.1 reconstruction is very
biased, but has much higher visual quality.
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A
\j PCID 8.1 vs. PCID 7.3b: Energy Spectrum Results
Q;O # photons = 107; read var = 100; true object supp; true PSF supp; PSF1
CRB-based SNRs versus Normalized PCID variances Normalized PCID variances
normalized frequency versus frequency versus SNRs
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Comparison of reconstructions from an older version of PCID (7.3b) and a newer
version (8.1). Notice the scale difference between the two right-most plots. The PCID

7.3b results are much noisier.
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Some of the diagnostic output from one of the reconstructions used for the previous two

slides.
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