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Motivation: Inverse Problems in Imaging Technische

Gray-value images: z : (2} — M
eg. Q=[1:m|x[1:nfand M={_0_,..., 255}

black white

98 93 90 91 94 94 97 104 101 97
123 114 108 105 97 93 93 95 97 97
111 105 98 96 97 96 94 103 106 104

99 94 91 95 103 109 92 91 98 98

93 95 100 100 93 94 85 79 79 79

99 109 105 89 81 77 78 76 74 75

99 99 91 78 76 76 83 84 77 76

95 85 78 76 83 90 102 100 79 78

82 77 77 83 98 114 123 106 81 81

79 83 95 115 134 141 137 101 91 114

Visual system: Checkerboard shadow illusion of Adelson
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Other Images Technische '

Color images: Many color systems, e.g. RGB system from computer screen,

Visual system: lllustration of the lateral inhibition (Courtesy: M. Bertalmio)

oo FT
‘am

HSV ...

Hyperspectral images:

Monochrome RGB Spectroscopy Multispectral Hyperspectral

Manifold-values images: DT-MRI, IN-SAR

Images on R? and manifolds:
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Motivation: Inverse Problems in Imaging Te;hms_c@e'
Inverse Problem: Find x given y with (known/unknown) forward operator F',

y = noisy(F(z))

Find solution as minimizer of variational model:

=Dr(z,y)+X R : A >0
J (%) ‘di% y) | _(cv) |
ata term regularizer, prior

Examples:

® image restoratlon den0|smg (blind) deblurring, inpainting, superresolution,

g B

computerized tomography (CT) (Video Siltanen)
MRI (Fouriermatrix)

FIB: Focused ion beam
EBSD: Electron backscatter diffraction (M = SO(3)/S)
diffraction tomography

® & 6 O 0 o

SMLM: single molecule localization microscopy
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Motivation: Inverse Problems in Imaging Techmsche'

® Regularizer to make the problem well-posed,
since F' is in general ill-posed /ill-conditioned
- F'(x) = y has no solution (PCA) &=
- no unique solution (inpainting) &
- solution does not depend continuously on input data (compact
operators, deblurring, CT)
mildly ill-posed o,, > Cn™7, v <1,
moderately ill-posed o,, > Cn™7, v > 1,
severely ill-posed singular values decay faster than polynomial speed

¢ Prior for certain class of images: Bayesian (MAP) approach

A Py |x=2¥)Py (¥)
i € argmaxlog (pxiy—y () Baves pxyy(a) = =2

= argmin { — log (py|X:x(y)) — log (px()) }

x

= argmin { Dp(z,y) + AR(z) }

data-fidelity term prior

e.g. Gibbs prior

px(z) = e AR(@) ¢ Ll(Rd)
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Motivation: Inverse Problems in Imaging Techmsche'

Typical regularizer/prior:
® Tikhonov regularizer:
- continuous: R(u) = fQ Vul|*dx = |u|‘24/21
- discrete: R(z) = |||Vz|* |1 = D i i (@it1j — 2i5)% + (T 41 — T 5)°
® Total Variation regularization:

- continuous: R(u) = [Du|rv = SUPsecci(a,r?2), o<1 (U IV ) :|u\W21

- discrete: R(z) = || [Vz| |1 = )_,; ; V(@iv1,5 — i )%+ (Tij41 — @i 5)?

1
argmin {§||y —z||® + )\R(Q})}

x
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MAP EStimation Tefhnis.cf.lle '

(a) Phantom. (b) Gaussian noise. (c) Poisson noise

Right: Phantom of a confocal microscopy image illustrating a neuron. Middle: white additive Gaussian noise Right:

Poisson noise (Courtesy: A. Jezierska, PhD thesis)

¢ argmin, { — log (py|x-.(y)) — log (px(x)) }

( , ly=F@I3 _ _

G2y NT2€ 202 Gaussian noise,
Py | x=2\¥Y) =
| x( ) \ N (F(x);)Yie F(®)i Por :

11 o oisson noise

\ =1 v

Up to a constant
Ll — F(2)] Gaussian,

— log (pY|X:x(y)> — { . Zz y; log(F(z);) + F(z); = KL(y, F(x)) + ¢ Poisson

with Kullback-Leibler divergence (componentwise)

KL(u,v) = ulogu —ulogv — u + v
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Example 1: Removal of Curtaining Effects in FIB Te;hnisF@e'

4
[
ol Ve
*

Model:
T (u,s,1) = If = (u+s+1D)5+ 01(u) + @a(s) + @s(l),
with
pr(u) = wl|Vaullzn + p2l|Azull + e v (u),
pa(s) = [[Vys],
p3(l) = usl[Vaylll2n

€ Video: J.-H. Fitschen
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Example 2: Strain Computation remiscre l

Mechanical

loading system | 4
- "

Areas of
interest

. Micro tensile
specimen

Forcein N

Elongation in pm

Top: Experimental setup for the tensile test inside a scanning electron microscope. Bottom: Load-deformation

diagram with three selected micrographs taken under increasing load.
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Example 2: Strain Computation remiscre l

Model: u = (u1,us)" vector field

J(u) = [[Apu+cp,pli+TGV(u)

where the data term arises from linearizing the brightness invariance assumption:

and the regularizer is

TGV (u) := inf /

M ||Vu—allp+X2 [|[Va|lp  do
Q —~ N——

local feature global feature

Reference: Bredies, Kunisch, Pock 2010, Setzer, Steidl 2008
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Example 2: Strain Computation

Technische

Mechanical
loading system h‘:.\r -
- .

Areas of
interest

]

Micro tensile
specimen

Forcein N

Elongation in pm
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Quality MeaSU res Technische '

¢ MSE: MSE(u, f) := L|ju — f]|3

® PSNR: Peak signal to noise ratio PSNR(u, f) := 10logy, |ma1X||f—H}ilT2f|2)
NI T2

MAE: Mean absolute error MAE(u, f) := || f — ull1.

SSIM: Structure similarity measure (Simoncelli et al. 2004)

Sharpness index (Moisan et al. 2011)

LPIPS: Learned Perceptual Image Patch Similarity (Zhang/Efros 2018)

® 6 o o

Different type of distortions, all with MSE = 210. (a) Original image, (b) Contrast-stretched image, SSIM =
0.9168, (c) Mean-shifted image, SSIM = 0.9900, (d) JPEG compressed image, SSIM = 0.6949, (e) Blurred image,
SSIM = 0.7052, (f) Salt-pepper noise contaminated image, SSIM = 0.7748. Image: Simoncelli et al 2004.
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Motivation: Neural Networks and Deep Learning 7 Tefh"“.c'.!e'

M. Elad (2017) SIAM News: Deep, deep trouble:
Deep learning’s impact on image processing, mathematics, and humanity
Change to: High, high challenge

Figure 1: Model of a NN with three hidden layers, i.e., d = 4, K = 4, ny = np = ng =
5.

NN: ®&(-;6) : RY — R"K of the form
®(;0):= Akoo Ax_100...00 A4
with non-linear activation o: R — R acting componentwise and affine functions
Ap(x) := Wix + by, W, € R""k=1_p,. € R"F

Training of a NN by minimizing

J(0) = Z (P (x5 0); ¥s),

Minimization Algs: stoch. gradient descent algorithm (filtered backprojection, automatic
differentiation), inertial stoch. PALM Refs: Hertrich/Steidl 2022

Fitschen: ,,most stupid method to solve problems”
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Example 1: Deblurring Techmsche'

Helsinki Deblur Challenge 2021 organized by the Finish Inverse Problem Society
Winner: Genzel, MacDonald, Marz (PhD), T. Trippe (Master thesis) TUB

® Goal: deblurring of text images obtained by an optical aperture

Correct focus e-Ink
lowest 1SO L | display
L
R Pl
R

3eamsplitter
mirrar at 45°

Fey

R | MNeutral Central
density Control
filter Unit

Misfocused
high IS0

® 20 levels of increasing defocus blur, 200 samples per level

€ Results:

ZIXDGCiruE ZIXDGCiruE TFZATUNQEZ 2zM bisrpel
KrextmkKeC KrextmkKeC jaxigiuNhg UgEEAUDIT
gSvmImIEKE gSvmImIEKE PwyPYnTapD LmFiQAtsV
ZUYFSIUNTB ZUYFSJUNTS NFYGMvQPwy LxZxvGdD k
NTEXqAPhMa NTEXqAPhMa NRBgTRVztp qLiLnUYKsw
nSxvTbWa¥Ym  nSxvTbWaYm XGCCDNTbsp anUSQzUHc
UNLtUSWXtP UNLEUSWXtP Ydlb sHvRp fFSBTpYUVT
DIJHWwWEUWY  DIJHWWEUWY QMZYcfCEHP UWgBWdscMe
RXEGIKSpXC RXEgGIKSpXC hwugjf YCD nxNBemjY j
CXF XfnulM CXF XfnuLM mzrgnyuLj) SutLMcqlsB
ueBwRquMYc ueBwRquMYc gjSmxAvcNe asqrmfvygh
VPSYZINTM VPSYZtiNTM sSh AfFWsf gVE bmmMQt
UONGZUPGAQ  UQNGzUpgdQ TvLzQgeWiE SRyBDbcHi
FHUxtmckpB FHuxtmckpB LCwIPCssYb 2CFZBCIPBF
fkhUhvPiyh fkhUhvPiyh Rwbt xcYxT 2fiyyMXqkD
PIGWPYrQQs TNUswyRbjq wiifHxXXaEc
mbdaBvWnqs mTDPVeEDjd SWUQUMRAPN
tfdIHkbZwp TSBWRNSEB egSeovDYC
TtEHBAWNQg dmCszMD np
PICZIWGDKW fniCLxztpg
ubcDvzAZeF XSUUPEKZIC
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Example 2: Photo Integrated Circuit Design remiscre l

Master thesis C. Wittmann (with Hertz Institute Berlin)

photo NN simulation

€ LPIPS as loss function
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End Of MOtiVEItiOﬂ TthnisFﬁe'

How to model and minimize variational models in inverse problems
and how NNs can be incorporated?

Let's do some MATH.

A. Maslow (1966):
"If the only tool you have is a hammer,
you treat everything as if it were a nail.”
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(a) Phantom. (b) Gaussian noise. (c) Poisson noise
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Input Hidden Output
layer layer layer

Input 1 —

Input 2 —

Input 3 —

Input 4 —

Figure 1: Model of a NN with three hidden layers, i.e., d =4, K =4, ny = ns = nz =
5, ng = 1.
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ZIXDGCiruE
KrextmkKeC
gSvmImIEKE

ZUYFSIJuNTB
NTEXgAPhMa
nSxvTbwayYm

UNLtUSWXtP
DIJIHWwEuwY
RXEQjKSpXC

cXF XfnulLM
ueBwRgquMYc
VPSYZtfNTM

uQNGzUpQdQ
FHuxtmckpB
ﬂ(hUhvp‘jyh

PlgwpYrQQs
mbdaB . Wng8

tfa )b lwp
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ZIXDGCiruE
KrextmkKeC
gSvmImIEKE

ZUYFSJUNTB
NTEXgAPhMa
nSxvTbhWayYm

UNLtUSWXtP
DIIHWwWEuUwY
RXEgjKSpXC

cXF XfnulLM

ueBwRquMYc
vpSYztfiNTM

UQNGzUpgdQ
FHuxtmckpB
fkhUhvPjyh

PIqwpYrQQs
mbdaBVWnqB
tfdIHkbZwp

TtEHBENWNQg
PiCZiwGDkwW
ubcDvzAZeF

original charackers:

ZIDGECiruE

KrextmkKeC

¢ SvrUImJEKE
OCR_score: 100.0

cnginzl characters:

ZUYFSUNTE
NTEXgAPIMa
nSxuThidfaym

OCR_score: 100.0

original characters:

UMNL:USwXEP

T 1T HWwrZuwd

RHEg)<SpHC
OCR_score: 95.0

orginal charactars:

CXF XFAULM
uadwHquMye
VESYZHNTM

OCR score. 90,0

orgimzl characters:

LGl G gl
FHUKMCAEB
flek Uk v

QOCR. scorc: 100.0

origimed Characiers
Plowavrains
misa By ng B
teal-kb2wp
OCR_score: 90.0

aiginsl charactes:

THCHCA AN
PO GRS

unclvahdet
QCR_score: 1000

L R s ¥

¢

Foaa-y

" “r!-,‘

TFzATuNQEz
jaxigiuNhg
PwyPYnTapD

NFYGMvQPwy
NRBgTRVztp
XGCCDnTbsp

Ydlb sHvRp
QdZYcfCEHP
hwugqjf YCD

mZrgnyULj3
gjSmxAvchNe
sSh AfFWsf

TvLzQgcWTE
LCwIPCssYb
Rwbt xcYxT

TNUswyRbjq
mTDPVeEDjd
TSBWRNSfEB

dmCSzMD np
fniCLxztpg
XSUUPEKziC

orginal charackers:

TFzATuNQEz
Jaxigiulag
Fory PYrTapD
OUR_scora: 100.0

original charackers:

MY GMVQ ey
NRBaTRVztp
#GCCInTEsp

OCR_score: 100.0

crginal characters:

Yeclb sHVRD

QaZvefCEHP

Awueif ¥CD
OCR_score: 130.0

o gina charactare:

mZrgnyL L]

q:LmeAveie

s5h AT
OCR_score: 130.0

orginal charactars:

Tul 2gcWIE
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Rwkt weYxT

QCR seore: 100.0

original characters
Thllsny3hjg
mTORYRED) O
TSEWRN:FER

OCR score: L00.0

i gindl Charsclsms

AmCSMD np
nicLedoy

HEUUERZIL
OCR_scora: 110.0

ZzM bisrpel
UgEEAUDIrT
LmFiQAtsV

LxZxvGdD k
qLiLnUYKsw
anUsQzUHc

FFSBTpYUVr
UwgBwWdscMe
nxNBemjY j

SutLMcqlsB
asqgmmfvygh
gvE bmmMQt

SRyEbcHi
zCFZBCiPBf
zfiyyMXqgkD

wifHxXXaEc
SWUQumRdPN
egSeovDYC

orainal characters:
M bisoe]
UgEEAUDIFT

I mifi) A=y
OCR_sore: 0.0

orqinal charactars:

Ly vidl b

qULIUTKEew

anlE0zUHe
OZR_=core; (000

arginal characters:

OCR_score; 1000

orginal charackers:
SutLMcqisB
asarrfuyg
avE bmmMdt

QTR _stoie; 000

orginal charactars:
SRIJIDHI
eLFZBCT3f
=Fagy Mol D

OCR scare: S00D

oing ina characksrs:
wif=xX¥aFr
SWL L RAFR
egSezivYC

OCR_smare: E0.0
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