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MOTIVATION

o SPIM (Single Plain Illumination Microscopy) delivers
images recorded from different angles

A

illumination

microscope
objective

window

filled
Huisken et al, Science, 305, 1007 (2004):hamber




EXAMPLE SPIM IMAGE

 Drosophila egg recorded from eight angles by Zeiss Jena

——— 55.061um

left:
Angle 0

right:
Angle 180

» Image size: (1388 x 1040 x 229) voxels, 8 bit (=>300MB)
» Voxel scaling: (0.38um x 0.38um x 2um)



MOTIVATION II

SPIM 1mages need to be:
Registered

Fused to one single image

Due to the PSF of the system and the thickness of the
biological sample, the image quality in z-direction 1s
decreasing

Structural information 1s missing for almost half of the
object when recorded from one angle

After the fusion more internal structures (e.g. single
cells) should be visible!



MOTIVATION III

Existing SPIM fusion algorithms:
Frequency based
Deconvolution based on optimization of the MSE

New fusion algorithm:

Deconvolution based on optimization of SSIM

“An optimized system is only as good as the
optimization criterion used to design it.”



DEFINITION

MSE = Mean Squared Error

MSE(x, y) = > (% -y,

N 5

SSIM! = Structural Similarity Index Measure
2p,8,4C 20,0,+C, o, +C,

SSIM (X, y)=

,uf+,uy+C o,+0,+C, o,0,+C,

luminance contrast structure

1Z. Wang et al, IEEE TIP, vol. 13, no. 4, pp. 600-612, Apr. 2004



MOTIVATION FOR SSIM OVER MSE

o The structure of the image 1s important for the visual

similarity!!
SSIM SSIM
High Low
(noise not visible ¥ (noise disturbs the
in the structure) ) MSE = 404 smooth structure)
- noise SSIM=0.148 —

identical
reordering




COMPUTATION OF SSIM

SSIM is computed locally within a sliding window that

moves pixel by pixel across the image

For each pixel the result 1s stored in a SSIM map

The SSIM value of the whole image can be obtained by

averaging the values from the SSIM map

image

=

slidi
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SSIM map



PROBLEM OUTLINE

The recorded 1mage y can be described as a convolution
of the original image x and the point spread function h
plus the noise n introduced by the recording system:

y=h*X+n
GOAL of multi-channel restauration:

Find the best estimate for X given the recorded images

The quality of the estimate X is computed maximizing the
structural $imilarity index measure



PROBLEM OUTLINE II

Basic Idea: Turn non-convex problem into a
quasi convex problem

We use the simplified SSIM!:

. 2 : 20 .,
SSIM (x, )= “£ka ¥ 1 204 +Cs
py +u; +C oy +o; +C,
Q Q,

It 1s obtained from the original SSIM index by choosing
C;=C,/2



EXTENSION OF PREVIOUS WORK

Restoration problem was solved using SSIM
optimization for single channel images*

We extend the solution to multi-channel images:

n[n]

o
—l-o" "l
S elirks

N, [n

[n

4S.S. Channappayya, IEEE TIP, vol. 17, no. 6, 2008



PROBLEM FORMULATION

GIVEN:

Recorded image yy, ..., Yu
Blurring filters Hy, ..., Hy,
Probability density function of the noise

GOAL:

Find inverse filters g, ..., gy, such that:

fIn]=g,[n]*y,[n]+...+ gy [n]* yy [n]

Maximizing the simplified SSIM



COMPUTING Q, AND Q, |ssm ()= 2esurC, 20urC;

uy +u; +Coo+o; +C,

Q,

Q, 1s computed by:

Q,

Q, = 2uxE[> oL SV e [i]yk[n — i]] + C1
= A N —1 ) ;
zuogc + (E£] k=1 Zi:m gk|i]yk[n — 1]])2 + C
2p1x (ngeﬁ}q T gMTEPJFM) + €1

pz +(g1Tepy, + ... + gmTepy, )2 + Ci

Q, 1s computed by:

2E((x[n] — px)(Chet Yieo (B[] — w3, )] + Co

— T
Q2 = V. N-1

E[(X[ﬂ]—pﬂx)g]JrE[(ZM i—0 8kl[i] = py)?] + Co

221 1 gl Cxy;j + (2
o +2) L T s T Ky &+ Cs




SOLUTION

T 2 B[ 0y it gklilyk[n — i) + Ch
Q, only depends on . . - P Dy = Dy
1 Oy C€P 0i € & = G et S a7 + G
e — [191900091]T = Q’I'j'x(ngef["’Yl e stk gMTeﬁf'yM) + Ch

vz 4 (g1 Tepty, + ... + gmTepyy,)? + Ch

Constrain giTe to a.
The optimization problem 1s simplified to:

/A

T
g(a): arg mﬂ?@% Q, subjectto: J €=
ge

Where g is a matrix with the rows being the vectors g,,

ooy 8M



SOLUTION II

A boundary Y is set to obtain a quasi-complex
optimization problem:

min: Y min: )/
subject to: subject to:
max: Q, <y <:> min: f (}/)2 0
subject to: subject to:

g'e=qa g'e=qa




LAGRANGE MULTIPLIERS

The overall problem 1s now convex and can be solved by
applying the Lagrange multipliers

Vv, (F()+ aloTe—a )+t Ay (ohe—ay ))=0  (Eq1)

V. (f()+4(gTe—ay )+...+ 4, (ghe-a, ))=0 (Ea2)

min: )}
subject to:

The optimal ¥1s computed using min: /(7)>0

the bisection method Subieﬂrtﬂ:
gle=a



SOLUTION FOR M =2

We obtain a system of linear equations (SLE) from the
Lagrange multipliers (Eq.1 and Eq.2)

y(zKY1Y1g1 T 2KY1Y2g2 B 2CXY1 T 7\'16): O

from
(Eq.1)
Y(ZKY2Y1g1 T 2KY2Y2g2 a ZCX}’z T 7\426): O
T
g ¢~ 0, = 0 from
g, e—a,=0 =

Solve SLE!



SOLUTION FOR g, USING EQ.1

|
g,0=—K'c
Y
o -]
1 -1 -1 K= Kym - KYZYIKYIYIKYIY2
=—K K K e
2,1 yay1 o ylyl L K ~1
y C.= CXYz - Ya¥i Y1Y1CXY1
| R
g, =—Ke



1
SOLUTION FOR g, USING EQ

g1 =80t 7‘1g1,1 T 7‘2&,2

| 3 K-lc
810 -~ _Kyiyl(cxyl Kym )
’ Y
-
811~ LK;ly (I_KYIYZK_lezleylyl
1,1 ° 2,Y 1Y1

g LR R K e
1,2 °

ylyl™ vy,
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IMPLEMENTATION

Filter is implemented pixelwize for a neighborhood of
size KxK (here K = 35)
the covariance ¢, 1s estimated using a heuristic technique

described by Portilla and Simoncelli®

Each block is made zero-mean before computing the
inverse filter; the mean 1s added back after the
computation

Implementation in Matlab R2009a, for images of size
50%50 pixels the computation time 1s 30 sec on a Intel
Core Duo processor with 3 GHz

>]. Portilla and E. Simoncelli, Proc. of IEEE TIP, vol. 2, pp. 965-968, 2003



RESULTS LENA

o Compare single vs. Multiview reconstruction

Original

The original lena
image (top row left) is
distorted by o, = 5,
o=1ando,,=2
resulting in the images
Distorted 1 and
Distorted 2 (top row
middle and right).

After SSIM restoration
is applied the results
are presented for
single-channel

restoration  of Restored 1 Restored 2 Restored 1+2
Distorted 1 and

Distorted 2 (bottom Single-view Single-view Multi-view
row left and middle)
and multi-channel
restoration (bottom
row right).




RESULTS DROSOPHILA

Compare single vs. Multiview reconstruction

The original Original Distorted 1 Distorted 2
drosophila image
(top row left) is
distorted by o,, = 3,
o,,=1ando,,=2
resulting in the
images Distorted 1
and Distorted 2 (top

row middle and MSE: 116.475 MSE: 256.474
: SSIM: 0.961 SSIM: 0.910
right).

SSIM restored 1 SSIM restored 2 SSIM restored multi

After SSIM restoration
is applied the results
are presented for
single-channel
restoration of
Distorted 1 and
Distorted 2 (bottom
row left and middle)
and multi-channel MSE: 83.431 MSE: 188.594 MSE: 49. 611

restoration (bottom SSIM: 0.974 SSIM: 0.942 SSIM: 0.984
row right).




RESULTS CHESSBOARD

o Compare single vs. Multiview reconstruction

The original
checkboard image
(top row left) is
distorted by o,= 30,
o,=1ando,,=2
resulting in the
images Distorted 1
and Distorted 2 (top
row middle and right).

After SSIM restoration
is applied the results
are presented for
single-channel
restoration of
Distorted 1 and
Distorted 2 (bottom
row left and middle)
and multi-channel
restoration (bottom
row right).

Original

h’:‘ - .-
MSE: 1371.04
SSIM: 0.745

Distarted 1
[y e o
L i T e s
ﬂ.‘:' s |
- -5

MSE: 1616.418
SSIM: 0.712

SS5IM restored 2

MSE: 1867.621
SSIM: 0.621

Distarted 2

SSIM:

MSE: 2266.447

=

0.572

SSIM restared multi

Sl =il
MSE: 6
SSIM:

92.040
0.861




RESULTS: INFLUENCE OF NOISE =3

Compare single vs. Multiview reconstruction while
alternating the noise on chessboard image

The influence of 0,9
noise (x-axis) on 0,85
= S.SIM ek 0,8 =O=Singleview
(y-axis) is plotted Iml

) 0,75
for single-channel \ B-Singleview
restoration (red 0,7 - Im?2
and blue) and 0.65 =A-Multiview
multi-channel 0.6 o Im1+Im?2
restoration 0.55 — 7

(green).
O 10 20 30 40 50

o,,=1and o,,=2



RESULTS: INVERSE

FILTER SIZE

Original

Compare single vs. Multiview reconstruction while

alternating the filter size

0,95
The SSIM values of
the single-channel
restored image and
the multi-channel
restored image (y-axis)
are plotted against the
filter size (x-axis).

0,85 -

0,75 -

W

7.=.=i=l=l

0,65

Here results for the

lena image with

0,55

parameters o, , = 3,
o,=6ando =15is
presented.

I 3 5 7 9 11

=O=Singleview
Iml

<-Singleview
Im?2

=A=Nultiview
Iml1+Im2



CONCLUSIONS

Multi-channel SSIM 1mage restoration significantly
improves the single-channel SSIM restoration.

Advantages of multi-channel SSIM restoration:

very effective if the noise level is high

a small filter size is sufficient to achieve optimal
reconstruction results

local structures are preserved



OUTLOOK

Disadvantages of the method:

high computation time

needs an estimate for the original image

Future research:

Compare results with MSE-based methods
application to three dimensional images
significance of the number of distorted
images M
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Backup 1

MSE VS SSIM

MSE SSIM
Fast & easy to compute Models similarity as
Valid distance metric in p;rcelved by human
RN visual system
Natural way to define Natural image signals are
energy of error signal hlghly structured (strong
Convex, symmetric and gelghlziorhqod)
differentiable CPENACNIes
Widely used Symmetric, bounded and

has a unique maximum



Backup 2

DEFINTION II
1 N
mean intensity: =— ) X
= le |
1 & 5 |2
Standard deviation: Oy = EZ(Xi _,Ux)
(signal contrast) -
1 N
Covariance: O, = mz (Xi — M, )(yi — ,Uy)
— 1o

stabalizing constants: Cl . C2 . C3



Backup 3

DISTORTIONS
o Additive noise and blur o Change of luminance and

brightness
o Lossy compression

o Change of contrast
o Gamma distortion

o Spatial shift

SSIM describes the visual
quality good

- Better use Complex Wavelet

SSIM3

3Z. Wang and E. P. Simoncelli, Trans. IEEE ICASSP, vol. 2, pp. 573-576, 2005




Backup 4

PROBLEM FORMULATION II

The mverse filters g, ..., gy are found adjointly by
optimizing the statistical SSIM index?

§ = arg max StatSSIM (x|n}], %[n])

gefRMN

Where:

_ 2:ux:ux + Cl 2Gx>2 + C2

StatSSIM X '
a (x[n], X[n]) w>+u;+C, o’ +o;+C,

Q Q,



Backup 5

STATISTICAL SSIM INDEX
u, = Ex[n]

o2 =E|(x[n]- u,}

oy = E[(x{n]- s, Ny[n]- a1, )



Backup 6

BISECTION METHOD

The optimal % computed using the bisection method

1. Initialize ~ (say 7o) between O and 1.
Set upLimit = 1, lowLimit =~
2. Evaluate the optimal filter.
if f(~) = 0 then
if (upLimit — lowLimit) < € then
Optimal ~ found.
Exit.
else
Set v = (upLimit — lowLimit) /2
upLimit = .
Go to step 2.
end if
else
Set v = (upLimit — lowLimit) /2
low Limit = #.
Go to step 2.
end if



Backup 7

EXPLANATION Kyy - covariance matrix

¢, — Cross covaraince vector

Xy
Explicitly Q, 1s:
. ] "\—*"uf \—-“'.,_1 o TI
Qz — 2E[ X[H] )(-—-.'1*_1 £ ii=0 I\(J:hk[ ] I—Lyk]] '|' {:2
Bl(x[n] — px)2] + E(C3L, Silo" eli] = )] + Co
— 2 E;il £i Tcxvi -+ {:_T'
lf?':a-c‘|‘2‘_‘E 1E;f1 TKViVJHJ—l_CT

And f (7/ )is:



Backup 8

o e
——

y

RESULTS: INFLUENCE OF BLUR STL

Y

Compare single vs. Multiview reconstruction while
alternating the blur STD for the checkboard image

0.as

The SSIM . | | | | —Isingle i1
values of the os s
single-channel 085 [

restored image

and the multi- =l

channel 5 075k

restored image .|

(y-axis) are

plotted against il

the blur size 0sf

0,4 (X-axis) s

1 1.5 2 2.5 3 3.5 4
3TD of BELUR



EXAMPLE?

a) Reference image

b) Mean contrast stretch
c¢) Luminance shift

d) Gaussian noise

e) Implusive noise

f) JPEG compression
g) Blurring

h) Zooming out

1)  Translation to right
Translation to left

Rotation counter-
clockwise

1) Rotation clockwise

Backup 9

Almost 1dentical MSE!!

{b) MSE=10k, S5IM=01.928
CW-S5IM=0.93%

(e} MSE=313, 55IM=0.730
CW-S5IM=0.811

(0 MSE=309, S5[M=1(.580
CW-551M=0.633

(i} MSE=RT1, S5IM=0.404
CW-S5IM=0933

i) MSE=RT3, 55IM=0.394
CW-SSIM=09332

{c) MSE=301, S5IM=0.957
CW-S81M=1.000

[} MSE=300, S5IM=(L576

CW-SSIM=0.514

(h} MSE=654, S51M=(.505
CW-55IM=0925

() MEE=308, S5IM=0.641
CW-S5IM=0.603

ik} MSE=5090, S5IM=D,549
CW-SSIM=0.917

(1) MSE=STT, S5IM=0.55
CW-SSIM=0.916

27. Wang and A.C. Bovik, IEEE Signal Processing Magazine, vol. 26, no. 1, 2009




SOLUTION FOR A USING EQ.2

We obtain a solution for A, and A, by:

Al
A2

T T
211 81,°

T T
1 £2,1C 822C

A, —8,0€

X, —870°

Backup 10
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