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History of tomography

* 1895: Roentgen discovered X-Rays
and performed the first radiography

* 1917: Radon developed the original
mathematical framework

* 1972: Hounstfield developed the
first X-ray Computerised
Tomography (CT) scanner
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From radiography to tomography

- B | © With a conventional radiograph,
information related to the
dimension parallel to the beam is
lost.

e This limitation can be overcome,
to some degree, by acquiring two
perpendicular images.

* For objects that can be identified
in both images, location
information can be identified.
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From radiography to tomography

With an infinite
number of
radiographies at
different angles

\j the whole
T volume could be
e reconstructed

ey
Set
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Transmission tomography set-up

Detector
Source

S
. Ip I N

Object
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di(x) =-I(x) ‘n o - dx

integrating == [ =],-e"cx
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dI = change in intensity
I,= initial intensity

n = the number of
atoms/cm3

G = proportionality constant
(total probability of a
radiation being scattered or
absorbed)

dx = incremental thickness
of material traversed

x = thickness of material
traversed
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Attenuation coefficient

I=IO.encx N —
I=1,-ehx ,

u: fraction of a beam absorbed or
scattered per unit thickness of
the absorber

o Ny

1
=

Number of atoms Probability interaction
In a cubic cm between matter and
volume of radiation

material
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I = transmitted
intensity

I, = initial
intensity

u = linear
attenuation

coefficient

x = distance
travelled
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Set-up and data reconstruction

Example: OCTOPUS
software
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Tomography instrument
output = radiographies
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Example: . l=— 3D processing

VGStudio Max == ‘we=— —
software ~ | & __ )
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Tomography principle

Reconstruction of
the attenuation
coefficient in a
voxel (3D pixel)
through a
reconstruction
algorithm (back-
projection)

Display of the numerical values of 3D attenuation
contribution
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Reconstruction from projections
(non-diffracting source)

Reconstruction problem:

how to recover an image of the total cross section
of an object from the projection data

There are many reconstruction algorithms

Filtered back-projection reconstruction is most
widely used in CT scanners
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Reconstruction algorithm: parallel geometry

P)=\  fx ) as.

{Eh” line

Line integral — total attenuation
suffered by a beam, along a line (the
ray direction) through the object

2 Coordinate system: x,y (rettangular coordinates);
0, t (polar coordinates)

Using a delta function along the line
AB, this can be rewritten as

Py(t)= I: ruf(x, ¥)6(x cos 8+ y sin 8 —1) dx d)1

Function ‘ collection of all projections
representing
tomoglraphlc Py(t) is known as the Radon
result (ex. .
Attenuation transform of the function f(x,y)
coefficient)

o
® |Instrument Components INSIS 7/26/2012 ®



Parallel projection

3 A projection is formed
by combining a set of
integrals

P —

X
e A
7
G
N

IJ:.
il
7
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\ The simplest projection
N T . > 1]‘o)aral el ray integrals
— Py(t) for a constant 6

o

A
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Reconstruction algorithm: parallel geometry

t| | cosd sind | x

s| |-sin@ cos@|y
Taking the one-dimensional Fourier transform of a parallel projection
we can see that is equal to a slice of the two dimensional Fourier

transform of the original object

Tt y Fourier Slice
Sg (a) _ J'J' f(X, y)e— mw(xcose+ysen8)dxdy Theorem

S,(w) =F(w,0) =F(wcos O, awsen )

Represents the 2-dimensional Fourier Transform of the f(x,y) at a spatial
frequency of (u=wcosb, v= wsenb) — u,v=coordinate in the frequency

plane
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Fourier Slice Theorem

1D FT of
another
projections

V VoA

t /
5 IDFT
\ .
‘\\ -
e projection

The 1D Fourier Transform (FT) of a projection taken at angle 0 = the
central radial slice at angle 0 of the 2D FT of the original object (f(x,y))

Which means: Inverse Fourier Transform (IFT) of the
F(®,0)=Sy(w) give the f(x,y) — ex. Attenuation coetficient map
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Reconstruction from projections

Experimentally the Radon Each line is a projection
Transform is collected for

- a finite set of directions S W

(angles) that corresponds to PR S Sy SN
the lines that pass through I COXTT A *,
the origin TR A
v ” 'E“? p)
- a finite set of points in a KT |
defined direction (points on AN S i P
the lines) ik ol
frequency domain
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Back-projection algorithm or parattet beam)

Recalling the Inverse FT

f(X,y)= j j F (u,v)e?" " dudv

—00—00

Exchanging the coordinate system in the frequency domain

S2€0s 0 _ Tr 2mm(xcosd+ysing)
-y f(X,y)—ij(w,H)e 7 odwd 0

Integral can be split into intervals (0,11) and (11, 2 1)

f (X, y) = IJ. F(CO, 0)e27dw(xc039+ysin6)a)da)dg+Jj' F(Ct), O+ 72_)eZ;zia)[xcos(9+7z)+ysin(0+7z)]wda)d0
00 00
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Back-projection algorithm or parattet beam)

Using the property F(w,0+7)=F(-w,0)
but t=xcosé@+ysiné and f(x,y) may be writter as:

f(x,y)= T{TF(@, 6’)a)ez’mda)} dé

For the Fourier Slice Theorem the F(®,0)=S 4(w)

}d@
Filtered back-
projection = Q, (t)
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Theory of the sampling

Theory is developed in continuum
Measurements are discrete

(radiographies for finite set of angles)

|

We need a passage from the continuum to the
discrete formalism and vice versa

1|

THEORY OF SAMPLING

o
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Theory of the sampling

Sampling is the process of converting a signal (ex. function of
continuous space) into a numeric sequence (a function of
discrete space) — signal quantization

: 1 .
[(x)s =55 sampling frequency

Sampling theorem: in order
-] to recover the signal function

M f(x) exactly, it is necessary to
/ sample f(x) at a rate greater

than twice its highest
T \/ X frequency component (s;)

b
.,

(2s, = Nyquist rate)
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Theory of the sampling

F .
) o) Fourier
Function m /—/ Transform
=X =S
iz ¢, (%) (Fifc,)iis) i
| |
Sampling I : .
| | Sampling
| | .
‘ ‘ | | Fourier
| |
| | |, , . Transform
% _2mpw ojw

After sampling the spectrum F(f) is replicated
infinitely often in both direction
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Errors of the sampling- Aliasing

(Fifc,)iis)

-2nfw

|
|
|
|
I | b
|
|
|
I

2w

The consequences of sampling a signal at a rate below its highest
frequency component results in a phenomenon known as aliasing

G, i)
£=z)

(=) o, (=)

(=)
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Errors of the sampling- Aliasing

- ——

-

Aliasing artifact on a lateral skull X-Ray image
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Optimal reconstruction

bn.‘-l-'(s)
fiz) o, (x) (Fife,n(s)

The only difference
between f and its
sampled version is
that f's spectrum
has been replicated

by the sampling
/M process

.

Xz
(Fif Cutbag i) (F ™ (F(E C D) = £}

Solution: multiply the Fourier transform of the sampled version
by a box filter (function that is 1 in the interval [-o,®]

Window Mietho
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Box windows

o) ) {Fz’;’;‘;}w Multiplying the
“ — sampled
| : spectrum point-
| | by-point with
| | ‘ ‘ | : : the box filter will

extract the
original

/ spectrum from
the sampled

version

) X
A 4

calculate the inverse Fourier transform of the box-filtered
spectrum and (if we have frequency above the Nyquist rate)
this will exactly reconstruct f

o
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Filters

Different filters can be
used to emphasize
different characteristics
in the CT image.
Several filters, shown
in the frequency
domain, are illustrated,

Lak Shepp-Logan Hamming
along with the
3 i S
2 = ) reconstructed CT
& < < images they produced.
Frequency Frequency Frequency \
' I Even more pronounced
increases amplitude roll-off at higher frequencies — high—freguency roll-off, W.ith
linearly as a function of reducing high-frequency noise better hlgh—frequ.ency NOISE
frequency - ramp filter in the final CT image SUfprisee el

o
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Data reconstruction

Projection: Sinogram:
All ray-sums in a direction All projections

Y

gts___..

f(x,y)

| Sinogram
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Step by step
procedure to obtain
results from set of
neutron
radiographies
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Step by step procedure

Step 1: from radiographies to sinograms (Output — sinograms)

hitp:/famw inCT ba 0 Wizard
octopusBinct.ba

Data sets in batch :

O C _|_ I C:\Users\Giulia\Desktop\mush - [ Add dataset

Version 8.6.00 - 64 bit

. i 7] Use pre-set
High performance CT reconstruction package
Mod
Parallel, fan, cone and helical cone beam geometry e
: Parallel =
GPU computing
Distributed computing Last angle (*) Pixel size (mm)
179 0 +
30 surface and volume rendering -
ik (°) Rotation axis position (pixels)
|o =+
Source Detector Distance (mm) Source Object Distance (mm)
m ing 0 0
= V|
©2012in0T - Bhant Univarsity. All rights rassrvad @ inCT UNnG/ERNs‘nErr

Vertical centre (pixels) Horizontal centre (pixels)

.E'Ucbupus 8.6 = B ill"c(tlcr\)ﬂ rotation Skew (°
* — ED -

Sl [clallils] ElElE e

7 Current datacet info Processes executed ‘

| Source directory: C:\\Users\ Giuha', - . !

M \Desktoptumush —— .
Projections: muschl -> musch(d ;:1::.; octhing [ IZ"':::
Mr. of beam profiles: 3 I ete files ["|Open

Mr. of offset images: 0

- - Start Cancel ][ Save preset |
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Step 1: from radiographies to sinograms

g@ Octopus 86

BB preparation  Reconstruction Image operations  Other functions  Help
il - = T - |
= = ) =1 1 e I {f‘
@ Current dataset info Processes executed
- 1539 AR

Pt e8

.

udio s :
Ak hittp:ffarve.inGTba
actepusBinat.ba

CTOPUS

High performance CT reconstruction package

Parallel, fan, cone and helical cone beam geometry
GPU computing
Distributed computing

3D surface and volume rendering

inCT - iNCT  universrer
@2012inCT @ VRS
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Step by step procedure

Step 2: reconstruction algorithm

8 Octopus Reconstruction Module - Parallel beam

SSSSS

Vi atoscale [Clop | - & & &

Reconstructing volume

tart Position
0
End Posibon
% 459
Step W
‘
0:00:11 elapsed
R 0:00: 18 remaining
(9] Viuolee
Recanstruct distributed |¥] Exit on finish
Line Profie
Show line pr
©) Harizontal
Vertical
| Smoothing

L
S
1 314, 0,000

413,12 ,20
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(Output — slices, image stack)
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Step 2: reconstruction algorithm

[@ Octopus 86

v
File Preparation Reconstruction age operations her functions  Help

Current dataset info Processes executed
Source directory: C:\Users\Giulia\ 12112 Sinograms
Desktop\mush 12:11: Normalise
Projections: musch0 -> musch200

Nr. of beam profiles: 3
Nr. of offset images: 0 m

video_ tutorial Desktop 15

CamStudio..:

OctopusB.6
(64 bit)

nofmalised

Sinograms

td

Avidemux 2.5

o
“mgy
—

Winscp376

Cestino

1213

& 4
c PO
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Step by step procedure

Step 3: import image stack in VG Studio MAX

(3D rendering)

VOLUME
GRAPHICS

oooooooooooooooooooo

Edt Object Select Instruments Fiter Measuremerts Analysis Animation Tools Window Help
[Sv[mashnda =]

%@ -]|&

i [[ASces it <] B B [[EF oMb & ||[FScene =] [om =15

T Wi R = -
b
"
VGStudio MAX 2.1 .- —
Preset selection
© 1998 - 2011 Volume Graphics GmbH. All rights reserved. VGL is a registered trademark of \ &, L [Seiect an ertryfrom J_l
Web: http:/iwww. rics.com Email: 7,,1' = Mll‘“““‘h = Iﬂ Opacty manipulation area
Sec e e a9 0f
A 2!
No volume or ROI selected
Ploase select. or ROl in scene tres
=« gaf - B Tt
z o | soc. | o | 5w |
[ I
ok [ EcY sy (o
E— e TR e Frevew 3 Sl elafalls I 2| SSIGISGIEI - #( ] Of | - Rendemng sertogs

e
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Step 3: import image stack in VG Studio MAX

¥ VGStudio MAX 21 [Build:51325 6411 Newp

[E Edt Object Select Instruments Fiter Measurements Analysis Animation Tools Window Help

) New QN d M| &) F = -%-[| @ -] & ] m][[Howe ~1 8 | [[@¥ W Bax] < | [[FScene <] [[mm <15
=] Open. Cii+0 ! N - 1 0f SememEegrEn 5 = =
H Ly Q=S = R0500 ]

[ad Savess... Cil+Shift+S
Import »
BExport »
Merge object...

Save object...

; Pack and go..

Batch processing ...

Save image(s).

Save AVl/image stack.

=u Print image(s).
[ aut
1 CA\Users\Giulia\Documerts\...\animazione_irtemo_3.val
2 C:\Users\Giulia%\Documents\...\vaso_colori_nuovo_1.vgl
3 C:\Users\Giulia\Documerts\.. \vaso_colori_nuovo_2vgl
4 C:\Users\Giulia\Documertts\... \vaso_8.val

# I
i

y

L X I Eam (I [ 50 )

| O | &l |
I cenelcooinatelsysten]
o || DS
& jum
2 Preset selection

— ' Select an entry from the list
LY
— ~Opacity manipulation area
No volume or ROI selected.
Please select volume or ROl in scene tree.
Rl 2|5 ol e
—Appearance
Ambiert I Diff I Spec I Trars.. I Swap I
I

z

1 Irtensity; |0 g

le (SR [ 60 )

Jo ~[= 2| [l | rReﬂdeﬂng settings ] Lj
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Step by step procedure

Step 4: final details with VG Studio MAX

& VGStudio MAX 2.1 [Huik?‘:‘suﬁ 64 bit] : Mpl!)i!.f 3

Fie Edit Object Select hstuments Fiter Measuremerts Analysis Animation Tools Window Help

A ) &
- Too ki)

NN BR

&

[+ METLHK 148

I AN fl= K

7 | | || ED Sices Lekt

<18 B [[&¥ N Ba=] & | [ Voo <] [[mm <]

Prevew 3 Sl slafuls ¢ )7 A g@GSEG S| ¥ o of
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Generdl | Bxtraction | Smplfication |

|

TGS T Gmahon =
No polygon object selected.
= -
0 Ell
Eli
Camera 2ol
General | Sieeo |
Camera orientation
868 s ds 8- -
Position fmm]
x:[a1500 ol v [a1500 ¢ z [1563.480
Focal paint mm]
x[an1500 ¢ v [47500 ¢f z [%38500 &
Up vector
x [0 ol v [7ooo00 &z [0 E |
Projection mode
[Perspectve =
View angle [deg]
[0
‘Sut action
Status information
Volume: 1 has no suface determination
Please determine surface or select gray vakue
=l
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Step 4: tinal details with VG Studio MAX

% VGStudio MAX 2.1 [Build : 51325 64 bit] : New project [P [ —

File Edt Object Select Instuments Fiter Measurements Analysis Animation Tools Window Help

NIRRT S BENM M F|F %0~ P ~| B B [[&¥ cM_Bax] < | [[# Voume <] [[nm <15
» \Voiimeyifgnafcoordinate system Tep 1 0| Vel 1 it cmae! Wﬂﬂﬂj :J
¥ | 0w -]
i
Preset selection
50 [ Select an entry from the list ~| —EI_IV
Opacity manipulation area
- B
K1l N clEdelell |
% Appearance
a Ambient ‘ Diff.. | Spec ‘ Trans.. | Swap |
# |1 = j .
Zek ol
438 ~iall Smimi g« » intensty: [20 &1
coordinate syst u]
J; rccr - s ﬁﬂiﬂﬂ— Rendering settings
< [ Isosurface renderer ~|
&‘ Oversampling: |1.0 3;] [~ Normalize gradients
Transform =lolx]
* Status information
K Volume 1 has locked transformation
Coordinate system
‘ J Scene coordinate system L‘
Pos ‘Rcﬂ ‘ Center | Resolution
= [ E |
| | 3
| E |
: ol
[ o
: y e e e
a1 ~[a] » | Preview:[3 &l x| &[5 +| p_JviIEID ~|

Snap: Off

12:35
11/07/2012

J
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Step by step procedure

Step 5: video creation (Output — videos)

& VGStudio MAX 2.1 [Build : 51325 64 bit] : C:

ione_intemo_3.gl

i Giulia_10_luglio_201

Fie Edit Object Select hsiuments Fiter Measuremerts Analysis Animation Tools Window Help

N W R

|| o

d ¥ ‘ Fu-%-80 -

w1 0]
2]

Voo T ) ssmelhioa sgpeean
pactodal

¥

w

P | |[A¥Sicstek ~| B B [[@5¥ CM_Blax] 4 | |[# Volume +] [[[mm 'j

©  Lght source 2
50 M, Cipping plane 1
=450 R Cipping plane 2
=208 @ Voume 1. Recon_FBP_000u

No volume or ROI selected
Please select volume or ROl in scene tree.

K| 4 S O (GO [ |
- || s @] |02 A7 Aoy | k| bl o sexEn s 2 oe (% O |
Keyframer mode: middie-click In 2D to add/remove camera traiectory handies. Move handes or camera by left-clicking and dragaing = Snap: OF
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Step b: video creation

¥ VGStudio MAX 2.1 [Build : 51325 64 bit] : CL

i Giulia_10_luglio_2012\DocumentiAncient Charm\

Y

_working' :interno_3.vgl

File Edt Object Select Instruments Fiter Measuremerts Analysis | Animation Tools Window Help

0 [=d] % 0 0| 9 & 1S Keyfmmermode ] @ ~[] 2 | ] [[EF Sices et~ B3 (| [ % CW_Bax] % | [ 8 Volume ] [[mm ~15|
\, || Vi g emmlEogren @ [eodwiumeton i Tep 1 0 Vel 1 gid coembetogrten R O B
gl | P10 - a——
4
I
5
Default curves: circle
By Default curves: spiral -
ik Default curves: clip
\ dering
B Preset selection —
Ej‘ | Select an ertry from the list ~| E|+
= P—
S o Opacity manipulation area
‘v 5 7 interval 1
Y 3
f] Lx I )| SEm 7% y = s |
Ll || EG) ~(all | pl@mimi Xl | [ Jes7 ~! gl <« ;
|| Ve 1 gl ceelesie Eem st 1 O 67 am
Ra01000]mm] A /
2 1 ;
& v
E—
; il
- Appearance
Ambient lDlﬁ ISpec.. ITrms. I Swap l
I .
Intensity: |20 5
Rendering settings
] Volume renderer {Phong) L’
| Oversampling: |1.0 g I~ Nomalize gradients
Transform =1o]x]
Status i
2 Volume 1 selected
- Coordinate system
= ] J Scene coordinate system LI
2 Xy Pos ]Rm | Center ] Resolution |
X } e | EiDEm 223 r Position [mm]
JESTI L R | | x: [0000
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Step by step procedure

Step 6: final video after some video editing

Protocorinthian style (VII- VI sec. A. C.)
Necropolis of the Banditaccia - Cerveteri

Aryballos

Little ceramic vase (5.9 cm height)
Original cap sealed and intact

From Civiche raccolte archeologiche
e numismatiche di Milano

Project: ANCIENT CHARM
Coordinator: G. Gorini (Universita degli Studi di Milano- Bicocca)

Animation and video: G. Festa (Universita degli Studi di Roma 'Tor Vergata')

2 DEGLE ST —
H = =

Work performed with financial support by the European Community g E !
"New and Emerging science and technology” contract n. 15311 i
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Step 6: final video after some video editing

Instrument Components 7/26/2012
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