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Introduction
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Alternate Approach

This is NOT what we are going to do!

2D: Gray-Level (GL) Image

mapped into 3D while
using GL as the third
Dimension

» Relief
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Similar in higher Dimensions:

2D:

embedded in 3D:
points (0D)
lines (1D)
triangles (2D)

More on Reliefs

1D: Gray-Level Strip
mapped into 2D while
using GL as the second
Dimension.

Intersections at constant GL,
may yield both: points (0D),
AND line segments (1D)!

embedded in 4D:
points (0D)
lines (1D)
triangles (2D)

Furthermore: Too many Elements, Orientations not always clear ...
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Numerical Representations of Elements

Instead: Manifolds of Co-Dimension 1

are numerically approximated best by:

Line-Elements in 2D » Contours
“DICONEX”
Triangles in 3 D » Surfaces
“VESTA”
“STEVE”

Tetrahedrons in 4D

» Hyper-Surfaces

Such Choices may lead to Size Correction Factors for the particular Tiling.
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Higher Dimensions

This presentation refers to the invention
disclosure GSI / P309, “Verfahren zur Hyper-
flachenkonstruktion in n Dimensionen.”

German Patent Application
No.s 10 2011 050 721.3
& 10 2011 051 203.9

mmmmmmmmm

PCT Application
No. PCT/EP2012/058873
(EP2715673 A1,
US20140104270 A1,
WO02012163657 A1)

WO 2012/163657 A1 Il

Cf., also

B. R. Schlei, “STEVE - Space-Time-Enclosing
Volume Extraction,” arXiv:1302.5683 [cs.CG].
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Proposed Literature:

“HYPERSPACE

A scientific odyssey
through parallel
universes, time warps,

and the 10th dimension,”
by Michio Kaku,

¢ o o *”:‘ Oxford University Press,
e 1st edition (1994).

MICHIO KAKU

FLATLAND

“FLATLAND

A Romance of Many
Dimensions,”

by Edwin A. Abbott,
1st published in
1884 by Seeley & Co. 5 R B T
of London.
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Further Introductory Remarks

1854 - Georg Friedrich Bernhard Riemann, geometry on non-flat, i.e., curved, surfaces.

In contrast to Euclidean geometry, e.g., the Triangle Angle Sum Theorem:

3D

2D [y

A (51>

Oé_|_6_|_,ycc:771800

Positive Curvature

“ _
Flat Curvature

Negative Curvature

Riemannian geometry works in n dimensions (Differential geometry).
It enabled Einstein’s General Relativity Theory (published in 1915; generalization
of the Special Theory of Relativity, originally proposed in 1905 by Albert Einstein).

No intersection

1884 - A 2D “flatlander”
perceives a
3D object,
i.e., a sphere.

Point intersection
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Circle intersection

Analogously:

A person in 3D
could actually
observe an inter-
section of a 4D
object with his
world.
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Grids
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Example: Pixels, Voxels and Structured Grids in Numerical Hydrodynamics

Grid Points of Hydrodynamic Lattices may be viewed as Centers of Pixels in 2D, or
Centers of Voxels in 3D.
3D IMAGE DATA

Each Center may be characterised by Field Quantities /
such as Temperature, Energy Density, Baryon Density, 5
Fluid Velocity, ... etc.

Pixel = Picture Element (2D) 1
A
\ 2D IMAGE DATA
t [V
Al o] K

- . o .
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o . RN 2 .
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o
.
.
.
o
0

>
i r Voxel = VOlume piXEL (3D)

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH B. R. Schlei - 30.10.2018 10



Single ND Picture Elements: Pixel, Voxel, Toxel, 5-Cube, and 6-Cube

The Spheres indicate the center of each Picture Element.
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N-Dimensional Neighborhoods (N = 1,2,3,4)

(d)

12
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2 Dimensions

GSI Helmholtzzentrum fir Schwerionenforschung GmbH

B. R. Schlei - 30.10.2018

13



Example: Skeletonization of Handwritten Characters

Original Segmented

GSI Helmholtzzentrum fir Schwerionenforschung GmbH

Skeleton (before and after Pruning)
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Example: Polymeric Foams

B. R. Schlei, L. Prasad, A. N. Skourikhine, Proc. SPIE 4476 (2001) 73.

Micrograph of a Polymeric Foam:

Histograms for single void cells [ 1 unit = 1 pixel ]

0 Area 2000 0 Aspect 10 Width 100 0 Length 100

Result: Automated Generation of Statistics.

GSI| Helmholtzzentrum fir Schwerionenforschung GmbH

KEY STEP: Void Splitting

B. R. Schlei - 30.10.2018
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Example: Intelligent Video Camera, Version 1.0

3 Intelligent Vision (Bernd R. Schlei, LANL, T-1, Copyright 2000)

# SONY - EVI

) s . Rel. Time [%] Shape(s) Features Vi d eo C a m e ra
i e in.C. L. 1 egmentation T -
Exit | St | S mﬁl : o ge:_ ﬁL‘:zI Eg::g:: Ez:;f' — — # National
Bm VGA Fracti 31 Prune Terminals | Rho ﬁ 0.8 E;lar.r?g.;ll?‘llf:ing T e —— o ” Instru me nts
2 b 1 vz e (NGEONN [ESRION] |ISESEION ERE 2] Frame Grabber

# LabWindows/
CVI based GUI

Select 1 IIT
Shape Feature
Extraction is
invariant under

Select 2 IIT .
- Translations

ﬁ\ - Rotations

TR - Scaling

Fr./sec Buffer # Interf.

/W
—
» Los Alamos
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A few References on Contour Extraction

Many Papers have been written on Contour Extraction in Binary Images.
Here is a selection:

[1] H. Freeman, IRE Trans. Electronic Computers, EC-10, 2, June 1961, 260 — 268.

[2] H. Freeman, in Picture Processing and Psychopictorics, B. S. Lipkin, and A. Rosenfeld,
Eds. Academic Press, New York, 1970, 241 — 266.

[3] H. Freeman, Computational Surveys, 6, 1974, 57 — 97.

[4] Z. Kulpa, Computer Graphics and Image Processing, Vol. 6, 4, December 1977, 434 — 451.

[5] T. Pavlidis, Algorithms for Graphics and Image Processing, Computer Science Press,
Rockville, MD, 1982.

[6] Y.-T. Liow, Computer Vision Graphics and Image Processing, 53(3), 1991, 313 — 321.

[7] S. Di Zentro, L. Cinque, S. Levialdi, IEEETrans. Pattern Analysis and Machine Intelligence,
18(1), 1996, 83 — 89.

[8] E. Bribiesca, Pattern Recognition 32 (1999) 235 — 251.

[9] N. L. Jones, M. J. Kennard, A. K. Zundel, Computers & Geosciences 26 (2000) 831 — 837.

[10] S. Kaygin, M. M. Bulut, Pattern Recognition Letters 22 (2001) 1169 — 1178.

[11] Y. B. Bai, X. W. Xu, Computers in Industry 46 (2001) 65 — 74.

[12] M. Ren, J. Yang, H. Sun, Image and Vision Computing 20 (2002) 125 — 131.

[13] B. R. Schleli, in Vision Geometry XI, Eds. L. J. Latecki, D. M. Mount, A. Y. Wu,

SPIE Vol. 4794 (2002) 63 — 70.

In the Following, we shall discuss the Approach of
Freeman [1 — 3] in more Detail.
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The Chain Code Algorithm

W. K. Pratt, Digital Image Processing, Wiley-Interscience, New York, 2001. (Papers by H. Freeman.)

[ o | 4 4 4 4
3 w % 1 S5\ 4 4
| 5 AT
4 <%0 | | )
v 61 15
5167 | bl 12
8 Neighbors [ | & ;IZ 1
0 ————'|1
000
1. A Code Table is used for Boundary Coding.
2. “Active” Pixels are traced along the Shape
Boundary and result in a Chain Code:

071070001122234434444556666

Problem: The Contours of the Chain Code Algorithm may be self-intersec-
ting and degenerated, i.e., NOT all enclosed Areas are > 0!
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DICONEX — Dllated CONtour EXtraction

. 2 4 B. R. Schlei,
=P Disconnect ol o SPIE Vol. 4794 (2002) 63;
Pixels. Image and Vision Computing
27 (2009) 637 — 647.
1
= =)
image
vision
> SEann
=) Connect
Pixels.
3 5

1: Initial Distribution of “Active” Pixels.
2 | 3: Left /| Right-Turning Vectors.
4/ 5: Dilated Contours. ) st 3-Step A|gor|thm

“Vectors — Connect — Shift”
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4 Neighbours

Features of DICONEX Contours

1 1. Only four Pixel Neighbours have .
to be considered during DICONEX (’. _\]
2 0 Contour Construction. [\_Q
2. DICONEX Contours are never BE
3 self-intersecting or degenerated !

Displacement of DICONEX Contours:

m—)

<=
Initially given Gray-Level Images provide additional
Spectral Information, which allow the Dislocation of 100 --§->
the Points, which support the DICONEX Contours: .
5

)
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. Example: Extraction of 1+1 D FOHS (Part 1)

Temperature Field Dilated Contours (DICONEX)
(Color Coded Gray-Level Image) with Shifted Point Normal Vectors

Objective: Provide FOHS for
Teixel = Tria 2 Ts= 139 MeV.

Pixel

B. R. Schlei, Image and Vision Computing 27 (2009) 637 — 647.
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Example: Extraction of 1+1 D FOHS (Part 2)

Dilated Contours (DICONEX) Final 1+1 D Freeze-Out
Shifted with Respect to “Hyper-Surface” after Removal

Temperatures along of unphysical Edges
Shifted Point Normal Vectors

B. R. Schlei, Image and Vision Computing 27 (2009) 637 — 647.
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Single- and Double-Inclusive Momentum Spectra

The Knowledge of a Freeze-Out Hyper-Surface (FOHS) and its corresponding Field
Quantities (e.g., from Relativistic Hydrodynamics) allows to calculate both, Single-
Inclusive Momentum Spectra and Bose-Einstein Correlations.

Single-Inclusive Momentum Spectra are
given by (i.e., Particles of 1st Generation):

EdNZ _ 5 / k* d(fu
7 3 7 .
dk (2m)3 Js exp (k Uy ,ul> L
1y

: FOHS Space-Time Coordinates

: FOHS 4-Normals

: Particle 4-Momenta

: 4-Velocity of Fluid

Bose-Einstein Correlations (e.g., for
identical Pion Pairs) are given by:

02(/;1, ];2) =1+

(al (F1)a(kz)

(al (E)a(k,)

(al (F)a(ky)) (@l (2)a(kz))

VEil; <GT(/€1)Q(EJ)>

L0 + k) do ()

I exp

Ty (@)

= (271r)3 / [%(ki“ + ’%"‘)““(x“)] -1

- expliz, (ki — k)]

Tf: Freeze-Out Temperature

B. R. Schlei, U. Ornik, M. Plimer, R. M. Weiner, Phys. Lett. B293 (1992) 275.
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[4i : Chemical Potentials (e.g., for B,S)
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3 Dimensions
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B. R. Schlei - 30.10.2018
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Fluid Expansion and Cooling in HYLANDER-C (e.g., S+S @ 200A GeV)

U. Ornik, M. Plumer, B. R. Schlei, D. Strottman, R. M. Weiner, Phys. Rev. C54 (1996) 1381.

DICONEX Contours enclose
Pixels (Fluid Grid Points)
with

T

= Tpig 2 T, = 139 MeV.

Pixel

Note the Break-Up of ONE Contour into TWO Contours between Images t; and t;.
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Blob-Pixel Contours vs. Voxel Faces

While Building Temporal
Correlations between . .
the Contours, one may Discontinue

encounter Approach.
Correspondence STOP !
Problems. )

Correspondence Problems

Rather

Begin

Blob-Pixel Here.
Contours \ GO | j

Initially Given Connectivity

Voxel Faces

Consider a Temporal Stack
of Blob-Pixels (= Voxels).
Use only Voxel Faces,
which separate the Shapes
Interior from its exterior
Regions.
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The Marching Cubes Algorithm

W. E. Lorensen, H. E. Cline, Computer Graphics, 21 (1987) 163. /

1. 2x2x2 Voxel Cubes are inspected for their .7 . . . 7 -
Configurations of “active” Voxels AR CGEIARIYA /
(Volume Scan or Random Access)_ A “’ ........ “.. ... ........ ; : .
There are 256 = 28 different Configurations /
of “active” Voxels in a 2x2x2 Cube. K 1S  — AN

A

2. However, only 15 principal
Configurations remain.
Surface Templates are provided
by a Look-Up Table.

The 15 Cube Combinations

http://exaflop.org/docs/marchcubes
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Problems with and Fixes for the Marching Cubes Algorithm

Problems with the Marching Cubes Algorithm:

1. The exact Location of the Surface is not always
known from the Configuration of “active” Voxels.

2. As a Result, the Marching
Cubes Algorithm is not
guaranteed to produce a
closed Surface :

Fixes for Marching Cubes Algorithm through:
- Static Analysis (Uniform Orientation, Face Adjacency, Simplex Decomposition)
- Interpolation Analysis (Closest Orientation, Interpolation, Subdivision, ... etc.)

S. Hill, J. C. Roberts, in “Graphics Gems V”, eds. A. W. Peath, Academic Press, 1995, p. 98.; and Ref.s therein.

A Surface Construction Algorithm that requires Fixes
is not really desirable !
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3D: VESTA — Volume-Enclosing Surface exTraction Algorithm

B. R. Schlei,

“Volume-Enclosing Surface Extraction,” [ __ «weuuime J—
Computers & Graphics 36 (2012) 111, ko
doi: 10.1016/j/cag.2011.12.008.

Voxels, which are in Contact with another Voxel only through
one single Edge may be disconnected or connected.
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VESTA - Surface Cycles

3-Cycle 4-Cycle 4-Cycle 5-Cycle 7-Cycle
6-Cycle 6-Cycle Z 6-Cycle
A\ /\; -\
./ S
N

Some N-Cycles are planar, some are non-planar !
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VESTA - Surface Cycle Break-Up

3-Cycle 4-Cycle 4-Cycle 5-Cycle 7-Cycle
S » as Ll
‘ %
. ‘ sl
L W] il Hiw
6-Cycle 6-Cycle Z 6-Cycle Z 6-Cycle

Break-Up into Triangles allows for Acceptable Shape Adaptation
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VESTA vs. Marching Cubes Algorithm

Holes may (@) S

appear while SR
using the
original MCA \< o
ie.W.E Lorensen, < ~

H. E. Cline,
Computer Graphics,

21 (1987) 163. ’ \~ \,O
(1987) e

AN
\\

d
VESTA: A

Ambiguities will
be explicitly
resolved. o

B. R. Schlei, o
Computers -
& Graphics 36 O——o
(2012) 111 — 130.
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In general,
there are
more than one
solutions
possible!

(b) low resolution,
disconnect mode

(c) low resolution,
connect mode

(e) high
resolution,
disconnect mode

(f) high
resolution, connect
mode

32



VESTA Surface Manipulations

While using the actual
Temperature Values
within a Voxel and one
of its Neighbours, one
may dislocate the Face
Centers of the VESTA
Surface with respect to
T¢(or g, or n, ... etc. ).

This usually leads to a
Surface Smoothing.

Surface Smoothing

Surface Tiles with all of
their Components t < 0,
orr £ 0, have no meaning
for 2+1 D
Hydrodynamics.

They are therefore

_ removed.
Surface Tile Removal
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Rendering of Corresponding Field Quantities

Here, all other Field Quantities, such as Energy Density €, Speed of Sound coz, etc.,
are constant, and therefore not shown.
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FOHS and Normal Vectors

do,, |are the Normal Vectors for
each FOHS Triangle; their
Lengths are equal to their
corresponding Triangle Area.

are the Centers of Mass for
each FOHS Triangle; all
related Field Quantities are
evaluated at these Points.
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3D: Surface Extraction for Data Sets from Computed Tomography (CT)

3D Image Data from X-Ray Micro-Tomography,

. . B. R. Schlei, “Volume-Enclosing Surface Extraction,”
courtesy, Jerry Seidler et al., Univ. WA, Seattle. Computers & Graphics 36 (2012) 111,

doi: 10.1016/j/cag.2011.12.008.
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4 Dimensions

GSI Helmholtzzentrum fir Schwerionenforschung GmbH

B. R. Schlei - 30.10.2018
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4D Analogies with 2D and 3D (Part 1)

2D

_

Pixel,
Edges,
Edge Centers,

. etc.

Faces,
Face Centers,
. etc.

Generalisations via Analogies
DICONEX =mp VESTA =p STEVE

(STEVE = Space-Time Enclosing Volume Extraction,
B. R. Schlei ( Copyright © 2003 - 2018) )

GSI| Helmholtzzentrum fir Schwerionenforschung GmbH

7. o
2
Toxel,
Volumes,
Volume Centers,
. etc.
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2D:
3D:
4D:
nD:

2D:
3D:
4D:

nD:

4D Analogies with 2D and 3D (Part 2)

4 Edges e

6 Faces Y = Tlme t t+0.5

8 Volumes I T e e

2n Hyper-Faces ....... e ) N SEE—
| o= o R, -
v P e a8 \ .....

4 Line Segments A PN\ \

8 Triangles e e N e \0 ........

16 Tetrahedrons ...................................................... '---...--.._ .::5"."" ] '.':~..:_..:......_.._..

2" Hyper-Triangles t-=05 e e

= (n - 1)-Simplices

Furthermore:

",
Lr}
.
......
"
"y,

e,
.
o,
.
..........
",
Yea,
vea,
N

2D: 2 Pixels, which touch in only one Point may be connected or disconnected.
3D: 2 Voxels, which touch in only one Edge may be connected or disconnected.
4D: 2 Toxels, which touch in only one Face may be connected or disconnected.

nD: 2 Hyper-Voxels, which touch in only one Hyper-Edge may be connected or

disconnected.

GSI Helmholtzzentrum fir Schwerionenforschung GmbH
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Transition Elements

2D 3D

(a) (b)

4D

P
|
-

7

(c)
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STEVE - Construction of a Single Tetrahedron

In 3D one has

-
— e
—

\
=F ==
| R E—
D=

—
_— e

=
e

—
e

24 initial Vector
Pairs.

(b)

(d)

GSI Helmholtzzentrum fir Schwerionenforschung GmbH

\
\

— | Since a Tesseract is
bounded by eight
3-Cubes,

in 4D one has

% 192 initial Vector
Pairs.

(c

p Al A

B. R. Schlei - 30.10.2018 41
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STEVE’s 4D Frame of Reference

NOTE: in the field of digital image processing,
the y-direction is arranged from top to bottom.

Numbering
Convention:

always start
with “0” Il

(time varying voxe

Neighbourhood

11

GSI| Helmholtzzentrum fir Schwerionenforschung GmbH

0-Site Position:
Site Center ID: 0

1
2
3
4
5
6
7
8
9

Sample Input File:
71

(W1 denotes ASCII)

=t

CREATOR: FFFSTEVE (written by Bernd R. Schlei) Copyr
: toum S tmin / tmax
coxnum S oxmin S oxanax
;oynum S oymin S o2anax
0.000000 1.000000 : zonum / zmin / zmax
D.}UUUEIEI . # of I:Dlmrm? iao—'_.'a_.lue
'%_';'_E'ﬂ - 0-Site Positions (t/x/y/z)
AR will be counted:
- from past to future (t)
- from left to right (x)
- from top to bottom (y)

- from front to back (z)

i
2
2
2
1
0
0
0.
0.
0

.000000e+00
0. 000000e+00
0. 000000e+00
0. 000000e+00
0. 000000e+00
I min/max values are

measured always at
the Site Centers !!!

(OB 0. 000000e+00
(kB 0. 000000e+00
WA (0. 000000e+00
k¥ 0. 000000e+00
('R (0. 000000e+00
(R 2. 55N000e-01

More columns (# of columns>1)
may be added for further field
values at the given sites.

The first column will always be
evaluated with respect to the
above given iso-value.
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Rotation of 2+1 D Image Data and FOHS Intersections

Rotation of cylinder symmetric 2+1 D Image Data at fixed Times results in 3+1 D
Image Data. This enables the Extraction of 3D FOHS Intersections for fixed Times.

FOHS at t4

—
A

xyz-Data

z-Positions: ]
Linear
Inter-
polation
Such Rotations will aid
— the Validation Process for
fully 3+1 D FOHS
Extraction Algorithms and
Ya Rotate Computer Codes.
|7> . r-Entries b
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Blob-Pixel Contours vs. VESTA Surface

Correspondence Problem Correspondence solved !

While Building Temporal Correlations between the Contours, one may encounter
Correspondence Problems.

Instead, consider a Temporal Stack of Blob-Pixels (= Voxels). Use only Voxel Faces,
which separate the Shapes Interior from its exterior Regions, and construct
VESTA cycles (= Triangular Surface Tiling).
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Discrete Time-Sequence of Isothermes

VESTA Rendering of FOHS from 2+1 D Hydrodynamics at fixed Times (t; < ... <ty).

Correspondence
Problem
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4D: STEVE — Space-Time-Enclosing Volume Extraction

Infinite Numbers of Intersections are
possible for the continuous Hyper-Surfaces.
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Movie 1: Example of a Propagating Surface

Initial
Surface
Tile

Final
Surface
Tiles

. GSI Helmholtzzentrum fiir Schwerionenforschung GmbH B. R. Schlei - 30.10.2018
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Movie 2: Time-Sequence of (Continuous) FOHS Intersections
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Definition of FOHS 4-Normals

L. D. Landau and E. M. Lifschitz, “The Classical Theory of Fields”, Pergamon Press, 1951.

Freeze-Out Hyper-Surface Element 4-Normal: |do* = \/—¢dS*, u = 0,1,2,3.

g = det(g'*),with ¢'* ,i.e., the “Metric Tensor”’, and (S’ = — L ekm .S i

where ¢i#im s the “Completely Antisymmetric Unit Tensor” of fourth rank.

Conversely, we also have (S};,, = €51, dS"-
The Projections of the Volume of a Parallelepiped are spanned by three 4-Vectors:

dz¥, dxf, dxf, pn = 0,1,2,3.

They are given by the Determinants
dz’ dxb drl
[dS* = | dat dat daf
dz! dzb dx}

— \/_—gd5123
— \/—_gdSO32
— \/—_gdSOB
— \/__gd5'021

d,au points to the Exterior of an enclosed Space-Time Region.
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Movie 3: 3D Intersections of Envelope in 4D Transversal Trace-Space

Y sy
v \ -:‘. - % g8

4D Image Data for STEVE Input,
courtesy, Peter Spadtke, GSI.
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Medical Image Data

GSI Helmholtzzentrum fir Schwerionenforschung GmbH

4D-CT

B. R. Schlei - 30.10.2018
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3+1D Image Data from Computed Tomography,
courtesy, Christian Graeff et al., GSI.

A Series of 9 CT Images (256 x 256 x 150 voxels),
2-Byte Hounsfield Scale.

My Threshold: 250.0 HU = GL 123.

GSI Helmholtzzentrum fir Schwerionenforschung GmbH

3D: Surface Extraction for Data Sets from Computed Tomography (CT)

B. R. Schlei, “Flood fill segmentation for images from
time-varying computed tomography,” submitted to
GSI Scientific Report 2017.
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Movie 4: Time Sequence of 3D VESTA-Renderings from (Discrete) 4D-CT

z [a.u,]

»= 255 I

Mowie by
Bernd B, Schlei,

Copyright 2018,
All Rightz Reserved,
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Movie 5: 3D Intersections of Continuous Hyper-Surface from (Discrete) 4D-CT

z [a.u.]
»= 205

Movie by
Bernd B, Schlei,

Copyright 2018,
All Rights Reserwved,
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Normal N-Vectors of Hyper-Surface Elements

Normalized normal vectors (gray) that are attached to the centers of the
oriented (N = 1)-simplices, which enclose the active N-dimensional picture
element sites with ID 0 within the shown ND-cells: (a) in 2D (b) in 3D, and (c)

in 4D, respectively.

\\
(a) (b) E.g., covariant 4-Normal
w\ —
do,(x")=(do,,do,,do,,do,)
k% _
~—] at contravariant Event
— xX'=(x,y,z,t)

(c)
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Towards Magnitudes of Velocities for a Hyper-Surface

2D ,t dit

» X

} dx }
dr' = (dx,dt), dxr <0, dt>0

dr  —dny dr , 1
drn = (dng,dng) = (dt, —da:) dt - dn, ’ dr = (cos ¢,sin¢) = . (dng, dny)
_dx —dny _,_@’_@d_f?_ —dny (dn,. dn,)
ST dn, ST T dtdr  dn? dn2
4D The Hyper-Surface in Spacetime is equivalent to a 3D Velocity Field.
3-Velocity |v=(v,,v,,v,)=— _d(;t -(do,,do,,do,)
do,+do,+do,

B. R. Schlei, “Visualizing velocity field strengths
Magnitude V= \/V2+ V2+ V2 with hyper-surfaces in spacetime,” submitted to
X y z GSI Scientific Report 2017.
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Movie 6:

Movie by

Bernd B, Schlei,

Copyright 2018,

All Rightz Reserved,

Magnitudes of Velocities for a Hyper-Surface from 4D-CT

v [a,u,]

»= 255 .
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Summary and Outlook
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Summary

 Nowadays, more explicit considerations of Higher Dimensions may be useful.

* Higher dimensional Objects can be observed via Projections, Intersections, etc.

* We are capable of constructing Manifolds of Co-Dimension 1 very efficiently!

No. of Paths

No. of Templates

3D
4D
5D
6D
7D
8D
9D
10D
11D

ND

(VESTA) 24
(STEVE) 192
1920

23,040

322, 560

5,160, 960

92, 897, 280
1,857, 945, 600
40, 874, 803, 200

N
sz

=2

MCA) 256
65, 536

4,294, 967, 296
~ 1.845 x 1019
~ 3.403 x 1038
~ 1.158 x 1077
~ 1.341 x 10154
~ 1.798 x 10308
~ 3.232 x 10616

92"

Note: The estimated number of atoms in our universe is ~ 1080,

<4 Our Technology does NOT use Templates.

<4 Topological Ambiguities can be resolved

in a purely DATA-DRIVEN Manner.

GSI Helmholtzzentrum fir Schwerionenforschung GmbH

e We can handle Dimensions > 5

comparatively easy!

e This all has led to:

B. R. Schlei, “Method for
Hyper-Surface
Construction in N
Dimensions”,

U.S. Patent 9,607,431 B2,
Mar. 28, 2017,

E.P. Patent 2 715 673 B1,
Nov. 22, 2017.

Ametica

The Director of the United States
Patent and Trademark Office

Has received an application for a patent for
a new and useful invention. The title and
description of the invention are enclosed.
The requirements of law have been com-
plied with, and it has been determined that
a patent on the invention shall be granted
under the law.

Therefore, this
United States Patent

Grants to the person(s) having title to this
patent the right to exclude others from mak-
ing, using, offering for sale, or selling the
invention throughout the United States of
America or importing the invention into the
United States of America, and if the inven-
tion is a process, of the right to exclude oth-
ers from using, offering for sale or selling
throughout the United States of America, or
importing into the United States of
America, products made by that process,
Jor the term set forth in 35 US.C. 154(a)(2)
or (c)(1), subject to the payment of mainte-
nance fees as provided by 35 U.S.C. 41(b).
See the Maintenance Fee Notice on the
inside of the cover.

Fvcbatte Z Zoa

Diecor of he Uned SttesPatent and rademrt Offe
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Outlook: roseN — RObust (hyper-)Surface Extraction in n dimensions

2D 3D 4D i 16 Tetrahedrons
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Backup Slides
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Towards 4D: Tesseract and 3D Cubical Subspaces
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Intersections of a 4D Hypersphere with STEVE

(a) (b)

GSI Helmholtzzentrum fir Schwerionenforschung GmbH

(c)

(d)

(h)

L L
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Intersections of a 4D Hypersphere with MCA

(a) (b)

(L L)
(h) o

NO-GO: Appearance of Numerical Artefacts!
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