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Introduction

Images are considered as point sets in E" or
R" (continuous) or Z* (discrete).

Morphology implies shape. Morphological
processing is processing with regard to
shape and the element of shape is the
structuring element, SE.

Elementary operations include © (erosion)
and ® (dliation).

Elementary operations are combined to give
O (opening) and @ (closing).

MORPH operations are non-linear.

Erosion, dilation, opening, and closing are

fitering operations that use a finite base of
support. (An output pixel depends upon a

local nelghborhood only.)

Other morphology operations are of “infinite”
extent. In such operations, an output pixel
can depend upon pixel values throughout the
input image.

MORPH operations are used for noise

ical
Image Processing

binary image filtering

shape recognition with MORPH
gray-scale MORPH

image feature enhancement
restoration of AFM images
filtering with multiple SE’s
MORPH edge detection
granularity

skeletonization and distance functions
conditional dilation

geodesic dilation
reconstruction

watershed

MORPH is useful because it is selective
to shape. A priori shape information
can be included in the processing.

reduction, edge enhancement, image
enhancement, shape recognition, object
removal, texture measurement, and
segmentation.
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Images: coordinate sets in Rn or Z"
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SE’s of increasing size can be used to probe various “scales”
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rotationally invariant “disks” are commonly used SE’s
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A={(0,1),(1,1),(2,1),(2,2), (3,0)}

r [ ]
r ° [- o\
[} il I
ole ojo (@
° [ 2 N J
~ ~A®B

A® B = {(0,1), (1,1), (2,1), (3,0)

(0,2), (1’2)v (212)9 (2'3)9 (3' 1)}
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Figure 5.2 illustrates a set A being dilated by structuring
element B which does not contain the origin. As a resuit,
the dilated set is not even guaranteed to have a singie point
in common with A. However, there are ailways transiations
of A® B which can contain A.
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definition of dilation: A e
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A={(1,0), (1,1), (1,2), (1,3), (1,4), (1,5),
(2,1), (3,1), (41), (5,1),}

B ={(0,0), (0,1)}

Ae B ={(10), (1,1), (1,2), (1,3), (1,4}
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Figure 5.3 illustrates the erosion of a set and its corre- -
sponding binary image. i
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A0,0)

/ B
B= {(o,o)) (Oy‘)-g

Ae B - A(O,O) n A-(O,l)

Figure 5.4 illustrates pictorially how the erosion oper-

ation can be represented as the intersection of transiated
sets.
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Figure 5.5 illustrates an erosion of a set A with a struc-
turing element B which does not contain the origin. As a
resuit there is no point of the erosion guaranteed to be in

common with A. However, there are always translations of
A © B which are contained in A.
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defintion of erosion : 9 =1%
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Figure 5.6 illustrates the duality relation between ero-
sion and dilation. The set A eroded by B is the compiement
of the set A° dilated by B. By convention, we understand
that for the compiemented set A® or A°@ B all pixeis out-
side the area illustrated are all binary one pixeis.
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idempotence and extensivity

\
10%0S

5 (
‘ basic filter:

P - -

' opening residues
5 4 (“high” frequency)
=

I-TOs

— idempotence: transform of transform equals transform: JOS =IOSOS

) o willhe .
— anti-extensivity: transform set contained within original set: IOS ¢ T

—» if opening (or closing) equals original set,

‘then I is said to be open (or.closed) with respect to S
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Figure 5.16 illustrates the extraction of the body and
handle of a shape F by opening with L for the body and
taking the residue of the opening for the handle; (a) F,

(b) FoL,and (c) F = Fol.

F (8) F o horizontal segment (¢) F o Vertical segment

Figure 5.17 illustrates the extraction of the tfunk and
arms. oi. a shape £ by opening with vertically and.horizon-
tally oriented structuring-elements._




Figure 5.19 (a) shows a binary image. (b) shows the
opening of (a) with a disk structuring element.
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Salt ¢peppar
viorse.
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(© (d)

Figure 6.18 illustrates the extraction of the basertrunk.—.
horisontal, and vertical areas of a shape F immersed in
sait and pepper background noise by conditioning and then :
opening; (a) original image; (b) opening with a disk of ra~—
dius one, (c) closing with a disk of radius 4, (d) opening::
with a disk of radius 3, (¢) opening with a rectanglie of size-
21x 20, (f) residue of the opening, and (g) opening residue-
of opening with a vertical structuring element.
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iterative filters L05@5 06,85, «-¢

Closing with small SE fills in small concavities

Tn qeneval ) get sowetinng At 1, han do oo single

Geatzastuith-simple opening (or closing) with max SE
= dont get & goa Qpproximadion o tha erlge .
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opening distributions
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intensity

space —

The image is a continuous landscape with hills and
valleys. (No birds.)

° Gfagﬁ-:ca).t wmase = cuvlfece
o 21/ dimensions <«—* 2D bias voxels
e SES ave 2V dimensiomms o wrell

R
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Fic. 1. lllustration of an umbra.
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Figure 5.28 illustrates a function and its umbra.
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Figure 5.29 illustrates a small structuring element k and
its umbra U[k].
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Figure 5.30 illustrates how gray scale dilation can be
conceived by dilating the umbras and then taking the gray
scale dilation to be the resulting top surface.

file B‘ U Bo < forexawmple,can
an€P use He binore,
delinition
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Figure 5.32 illustrates how gray scale erosion can be
conceived by eroding the umbra of f by the umbra of k

and then taking the gray scale erosion to be the resuiting
top.
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SIEMENS

Morphological Enhancenient

¢ Create OPENED_MASK, p(z, y), with an SE
- Erode: e(x,y) = min; [i(z — ¢,y — J) — s(—¢, —17)]
- Dilate: p(z,y) = max; jle(x — 1,y — ) + s(z, 7)]
e ENHANCED_IMAGE = INPUT_IMAGE - OPENED_MASK
o Output image equation: |
o(z,y) = kili(z, y) — p(z, y)] + (1 — k2)p(z, y) + kom







A grey scale salt and pepper filter.
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MODELING A ROBOT GRIPPER TO FIND
GRIP POINTS IN A RANGE IMAGE

N

Image A

/

Truncate , \ «——— valid grip points ——__ A
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The weighted rank order filter.

There is one more obvious generalization:

2 -6

0+1

1 +3
R’th ™ 32-12
25- 3
21+ 1
25+ 2
18 +10
49 - 5
45 +0
51 +4
57 +5

A B

Informal definition:

1) Add the weights in the structuring element B to the
corresponding image pixels A that are contacted.
2) Order the resulting sums.

3) Choose the Rth element in the ordered list.

Note: the order will now depend on the weights.

Popular ranks:
R=1: dilation with a grey level structuring element.
R=M: erosion with a grey level structuring element.



GEOMETRICAL PICTURE OF THE
WEIGHTED RANK ORDER FILTER

Opening and closing can not be defined (not idem-
potent, not antiextensive nor extensive.)

However, if the structuring element is a hemi-
sphere (rolling ball), then an "erosion" by a
weighted rank M-P filter followed by a dilation
with a rank 1 filter with the same weights can be
pictured as a rolling sponge, where P of the largest
image noise spikes are allowed to pierce the sur-
face of the sponge.

Example, R=M-1

The rolling sponge
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Fic. 8. The eight 3 X 3 structuring elements used in the filter of Fig. 9.
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Fic. 9. Upper left: original image: upper right: noisy version of the original image: lower left:
resultant image from a complex binarv morphological filter using the eight structuring elements
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g= max (f°K,),

re(l,....8)
h= mn (g K,),
re(l. ..., 8)

Fic. 10. Upper left: original image: upper right: noisy version of the original image: lower left:
resultant image from a complex gray scale morphological filter using the eight structuring elements
shown in Fig. &; lower right: resuitant image from a simpie morphological filter using a single 3 x 3
square structuring element.



An Example of the GMF:

close
Ky
S
close
g Lk [ O
—— R
. T
close
Kn




Comdhonal Dilshrn — Ctagmenkion weroed)

— 1. .hig‘ﬂ aQrau scalo Hareshold —F bivwmj lwase T

2. low on v N .«--.,.;é “ I

(Tmac;s.. T el \vxclude. exivq Vio 152, pncels (—ul/\mL\
Q. vot COV\\A-QL"{G[ to He N.&Q.. OL cete o !V\&'CVQJ*‘

B Nk Te=I3

4R eOIOT ki D s sl
duk

CT‘&&S uoui %‘(OLO = C‘Jov\% T )

- _ vRCursive qu%ncé\ u_H Tn= Jny

. END

 The acluan}o of HUus Glaor thw 12 Had isolared
_ islavels 1 I will wet eviel up 1w T3y

R




Ec\c:e, et chan

G\ nav o WMAGSLS

&
5

*\ (ke w)
(Xeowd\ K

Gvaj- scalse 1MAQ5e S

)
b)

r\
*

¢k

(fev!)) W«
w) -4+ N3

Mog‘)‘ﬂc\a‘:z Ca.Q_ CO( e \ O‘Sn o

pA
Swwear + ¥ = il \_«C () ‘SCV\):&
new
— _ T

PN v e e

Y\'\Orp"\t b’ =1 f_'(_ ‘£ILM+K>—Q(‘-A\)‘ —_—>
VEW v
\/—_\/——\-
W\\V\'\\Mi?-e
: YV\'W\(M\—%—(.lV\ﬂ < \. \
VWA VA A V340 f—':L =>

P

Wis o sl 2D
7

Suwvarreivie SE,
i

o Alak L S4wmkeh e

- \:): Z-CCn-*k) 6(%3

nNew
"

—

Van Yt et

37- :_f win L-C(Wk‘)) SCV\\}
new

AAX) Mﬁ,a

12 wmoert rosust  Ywawn

MORF~ waa.. gt &ty

O |



T BW\QY.&S o BD .H.Dn.plaoigtl j e

° Voxels ave either @ or 1, G - seale
vorels are Sequieu ted.

¢ all dehnihous 'or © ad @ shil appls

¢* O and @& caw E-Qdm o 2D



Skeleton -
Medial Aws

The skeleton of a set X 1s the locus of the centers of its
maximal balls:

Wi mal disk =2 no other disk tommined within Hha obyect will
euncloie O waay tmallclisk .

Examples:
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Skeletons , grassfires

Let X be a set such that each of 1ts border points is the
origin of a grassfire.

Skeleton of X =

Locus of the points of X where two
different firefronts meet.

Example:




- .

Use of the skeleton

(

e Shape description.
. — Number of triple points and of extremities of the
skeleton. . .

PR T W W T e

_&';’

e Measurement of the length of particles.

e Detection of extremities:

— e

¢ Twage Compression



Some problems with the skeleton :

2

Let X be a set in the plane Z".

o The skeleton S(X) is not necessarily connected, even
though X is connected:

® Nowe can afftct Yo ckele berm dvash Cc.mv_\,

A O~/

_ N

o Tha skileton vansBewmhon 1 wmetr 3.@1@&&:& o
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Maximal balls

Let X € R? be an arbitrary set.
A ball B € X is said to be mazimal in X iff:

Vball B C X,BZ B

Example:

nota
-~ maximal ball

A fouth grinbs
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Reconstruction of “objet” X from “marker” Y:

Rx(Y) = D§{™(Y) = lim DYP(Y)
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~ Hole filling

1. Original image

> REFST:

€ CO
ee

S Py s

ts
x’tmuse, frowme

2. Inversion

4. Inversion

-

/06 ¢



Elimination of the connected components
that touch the edges of the seepe iwmage Qe

1. Original image

2. Reconstruction of the connected components
that touch the edges of the scope

3. Subtraction of these connected components
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Background Removal

Reconstruct background from minima
Subtract background from original

Background
marker image

-
o

/ Constfraint image
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Distance Function

* Associate each point in X to the distance to the nearest edge.

- A definition that is easier to implement: associate each point
in X to the sum of successive erosions of X at that point.

Distance Function

© 1991 William Hayden Connor, Metro Health of Cleveland
Segmentation/Connectivity 03
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(a1 4 iterations 1b) 8 iterations

FIGURE 15.3-3. Example of thinning of a binary 1mage.

(a) Onginal PCB (b) Thinned PCB

FIGURE 15.3-4. Example of thinning of a printed circuit board.




Qeg\ ona)l  Moxima

Local waximum - O pixe,l e & loce) maaxiviuw 10 4+ e

2 ofh of e mexgk\:ows. l\le_iﬁwmrs can bo

Y - comwnockd s 8- Covmectked,

~ P~ O= locad waxiwa

P
FaX %) x# " ]

Q
A
-

ar

B
P

QP%]O V\LQ' AKX mumA *

A regiovuﬂ Mo i S oo loead Moximum,

» TP anu vieighbow of o locad voximum 13 wet

o loceld waxivaum awd 15 eg ual + Yo curent

preel . Hamn all ac\_{aiv\iv\g ﬂc(}}uﬁﬁ oxels are

Not ~0g iavmﬂ. UAO XA, .

O local waxi vauw —)
X viet local uiauma ml LEiékEE_ﬂ

ﬁ ‘qtam VAT KL VAT WA
.

N
m\

5
X

7~

o

\YJJ
T AR




= eude code.

)D{ V\mrgf_ \ wAGe Q Mazx
1A e, Tnlwiage.

JR— read TuTwaase
cegioaad T Loca0  wADN { muua o-@ Tn 'l:ku\e_—* R Max
MR | RHax —™ FTEO
while ( ETro ! Q,vvxp%%)
Lo e e EFTXFoO
‘Pcv- 'V\em\«\\oo\r 7 o-p S
‘-C ( NeE RMax and InImaqeLYa LAT%%LQ
Y1 — FITFEO

o vegional ¢ P Hox ) = o

WIOIKTWAU A 7
‘eV‘d ;Q

2wl [
evd Do







Morphological Restoration
of AFM Images

David L. Wilson

Biomedical Image Processing Laboratory
Department of Biomedical Engineering
Case Western Reserve University
Cleveland, OH 44106

Outline

AFM Imaging
Morphological Model
Morphological Restoration
Modeling of Spheres
Modeling of Biomolecules




Atomic Force
Microscope

Beam
Position
Deatector

XYZ Prezo Translator

Atomic Structure
of PbTeO




AFM Device Measuring a
Restored Tip

I“Phot odiode A}

IA—— Photodiode B

Obj ect
Ti Substrate
Cantilever

.
i

’ PZT
- Feedback

Loop




Tip

Artifact in

AFM Imaging

P sm

Region <1>

Region <2> Region <3>

x - y distance

Morphological Modeling
of AFM




Gray-scale Erosion
and Dilation

Gray-scale Opening
and Closing

":,_"MQL

x-y distance




Measuring a Tip from AFM and SEM
Restored Tip




AFM Equations

¢ All equations
z=s®d t
r=20 t=s® tot=se* t
Z2=sD t=t® s

¢ Generate AFM surface (z) from an

object model surface (s) and tip (t)
z=s®d t

e Generate restored surface from a
model surface
r=set

e Generate restored surface from a
measured surface (z)
r=z0t

* Generate a restored tip image
z=to® s
I’tip =Z @ S

Commutative Property
of Morphology

)/

w
3
)

N\




Measured Widths

Initial Contact with Sphere

Carbon Bucky Single

Height = 0.5 R

Height=1.0 R
: }_ not restored
| restored . "

100 ———

Height=1.5R
50 } :
0 R_— " :
103 162 10! 10°
B (1/nm)




Broadening Due to Tip

Perfectly Obtained Region

Carbon Bucky Single
Tip Ball Atom

P T T BT T
B (1/nm)

Bucky
Ball

restored

not restored

B (1/nm)



Spectrum Analysis
and Filtering

Dimensonal

The 2D DFT is displayed. Stopband and pass-
band can be constructed interactively with a
mouse. If one marks the bright dots in the 2D
DFT, then periodic atomic images can be
obtained from the inverse DFT.

Summary

Tips create a non-linear “blurring”
of imaged objects. The height can
be exactly obtained, but the width

can be greatly increased.

Morphology models the AFM
imaging process.
Morphological restoration can
greatly improve measurements.

Morphological modeling is being
used to understand images of large
biomolecules such as fibrinogen.




Image
Registration

David L. Wilson

Biomedical Imaging Laboratory
Department of Biomedical Engineering
ase Western Reserve University
Cleveland, OH 44106
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Outline

DSA Processing

- 2D applications

- Basic approaches

2D similarity algorithm
- 3D applications

- 3D approaches

- 3D Woods algorithm




DSA Registration

Un-registered DSA Registered DSA

DSA tremendously improves artery conspicuity
when there is no movement between the
contrast and mask acquisitions. The injection
of contrast causes discomfort. Often the
patient moves, and subtraction artifacts resuit.

Registration consists of moving the mask frame
with respect to the contrast frame in order to
correct the motion.

2D Registration
Applications

Digital subtraction angiography
(DSA)

Cellular florescence imaging

Retinal imaging (images of blood
vessels on surface and florescence
dye images of vascular failures
under the surface)

Dental images (examine small
changes in x-ray density over time)

fMRI; images with and without a
stimulus

Register portal images in radiation
therapy with predicted images from
treatment plan




Registration Methods

Motion of 2D Images

* Minimizing the squared error is the same as
maximizing the cross-correlation

£= z zll,u,y) -L(x+ m,y+n)]1
1.y6A

* X and Yy translation SI L G Uyt my el sy en

X,y €

- rotation cmm=3 T hehxmytn
* warping

+ Minimizing the squared error Is the same as
maximizing the cross-correlation

+ Pratt suggests several modifications of the
cross-correlation technique. In particular,
he suggests to normalize the cross-
correlation to remove some of the

In DSA, we normally have relatively dependence upon mean value.

small motions. For this reason, we Cross-correlation is time consuming to
will consider similarity measure compute. One way to speed the calculation
methods that are particularly well- Is to use a search technique and skip some
suited for this problem evaluations.




Registration: X and Y Translation Some Similarity
Measures in 2D Registration

Minimize the sum of the absolute
values

Minimize the sum of the squared
difference

Maximize the sum of the pixel-by-
pixel image product (correlation)

Maximize the sum of the normalized
pixel-by-pixel image product

Minimize the max difference

Maximize the number of sign
changes

search window

similarity window




Sign Change Similarity Surfaces
Similarity

ROI over collimator edge ROI over flat region
(021,1.51) =053
X_ratio =020
) Y_ratio= 0.14
o

3
ol
5003

i

2%

ROI over blood vessels ROI over sharp bone edge
(235,021) = 0.04 (101,-121) = 038
X_ratio = 0.01
Y_ratio = 0.01




Parabolic Model
Optimization

Shift (pixels)




Similarity Registration

* Pre-processing

— Sobel edge image eliminates effects of
changes in mean gray-scale

- morphological pre-processing can remove
collimator edges
+ Similarity measure

— must correspond to visual subtraction
artifacts

— a smooth, highly peaked parameter surface
with no local minima is desirable

- Insensitive to structures such as collimators,
etc.

— In DSA, contrast and mask Images are not
the same; desire a similarity measure which
Is robust to this.

— a “goodness of registration” measure is
highly desirable
+ Optimization routine
- fast
- robust; no false minima

Warping Registration

Contrast
Image

Control points

Similarity window
Search window




Warping Algorithm
(Tran & Sklansky)

Use control points such that similarity
windows overlap slightly (1 pixel overlap)

Similarity measure is the sum of absolute
difference

For each control point, translate in x and y.

A rough, whole pixel search proceeds in 4
directions. The subpixel search starts at
the best value and proceeds at 0.1 pixel
increments.

For each control point, an optimal x and y
shift is obtained.

Between control points, compute an
interpolated shift vector.

Compute a warped mask image and
subtract it from the contrast image.

Sometimes use an exclusion template to
exclude dark arteries from the similarity.
This is done by thresholding after an initial
subtraction.

Images are scaled to correct for gray-scale
variation.

Warping Registration
(CWRU-SCR)

Pre-processing
— Sobel edge image

— morphological filtering to remove collimator
edges

Non-overlapping similarity regions
8x8 regions on a 1024x1024 pixel
image

Search + 15 pixels

At each control point, x and y
translation and rotation.

One search strategy is Powell's
method as described in Numerical
Recipes.

A much faster, more robust, approach
is a heuristic whole pixel search
followed by sub-pixel parabolic
search.




Heuristic Whole
Pixel Search Results of Warping




Applications of
3D Registration

3D Registration

- iMRI; compare images before,
during, and after iMRI treatment

fMRI; compare images with and
without stimulus

PET -PET; compare tumors
following treatment

PET-MRI; correlate tumor hot spots
with anatomy

PET-MRI; correlate brain function
measurements with anatomical
ROI's

In PET-MRI, often create a color-
coded visualization of PET count
value and MRI anatomy

MRI-MRI; changes with Alzheimer's
disease progression




Methods for
3D Registration

Externally attached fiducials

Anatomical fiducials (bone
structure, teeth, etc.)

Hat-to-head, a surface fitting method
(Pellizzari et al.)

3D correlation

Similarity measure (; /rmean) fOr
same-modality registration (Woods
et al.)

Similarity measure for crosss-
modality registration (Woods et al.)

Hat to Head
Surface Matching

The “hat” are points from MRI slices while contours
are the “head” from CT slices. An iterative scheme is
used to minimize the distance between the head and
hat.




PET-PET Registration
Algorithm

General

The algorithm optimizes a similarity
measure calculated over the data
volume. There is a reference study
and a reslice study. Data will be
extracted from the reslice study
assuming 6 degrees of freedom: x, y,
and z translation and rotation about
the x, y, and z axes. Given a new
orientation parameter set, trilinear
interpolation is used to extract new
voxel data from the reslice data.

PET-PET Registration

Original 15
slices of data

Interpolated
Images

Ratlo image
(reslice image/reference)

Masked ratio image




PET-PET Registration

One reference and one reslice volume

Assume same voxel sizes in each volume. Since
PET has thick slices, linearly interpolate slices
along z to create Isotropic voxels.

Initial reslice parameters (x, y, and z rotations and
translations) estimated by user

A new reslice volume is obtained from a the set of
reslice parameters using trilinear Interpolation

+ Each voxel in the resliced volume is divided by

the corresponding voxel in the reference to give a
ratio, r.

The resliced and reference volumes may not
totally overlap, and these regions must be
excluded. The ratio volume is masked by
assigning a value of zero to r values less than
21%. This threshold masks the dark regions In
the figure.

Over the remaining voxels, r,,.., and or are
computed. The ratio, Gr/rmean, Is computed.

An iterative, Newton Raphson search algorithm is
used to minimize this ratio.

Cross-Modality Registration

Cross-modality registration (e.g. MRI-PET)
presents the problem that Images may be very
different. For example, brain white and gray
matter will appear light and dark, respectively,
in a T1-weighted MRI scan, but they will appear
dark and light, respectively, in a PET study
using FDG. Most similarity measures (sum of
the absolute difference, sum of the square
difference, etc.) will be penalized by this
difference in light-dark structures.

If one could segment all structures of interest,
then one could create a scaling factor for each
tissue type that would correct this difference
between structures. The algorithm created by
Woods et al. for PET-MRI data does this in a
brute force way using every MRI pixel value as
a new tissue type. (The Implicit assumption is
that each MRI pixel value will be a unique
tissue type with the same PET response.).




PET-MRI Registration
(Woods et al.)

For each voxel value | in the MRI volume,
calculate the mean a; and standard
deviation o; of the corresponding PET
voxels. Calculate the normalized standard
deviation o = 6,/ g

This ratio should be minimized when
similar PET voxel values match a given MRI
tissue type (a given MRI voxel value).

To make this comparison over the entire
volume, a weighted mean of the normalized
standard deviations (¢”) Is calculated. The
weighting Is based upon the proportion of
the total number of voxels that have a
particular MRI value.

The Newton Raphson algorithm is used to
minimize ¢” .
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Tip Artifact in
AFM Imaging

Derivation of AFM Equations

Probe Tip
] z- height
B |
‘l /“'.. _ I' \

“ .‘.- -

-~ -z= (9 of
-~ H
-~ 1

Region <1> Region <2> Region <3>
x -y distance




