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Laufzeitschranke flirs Sortieren

Satz 5.6. Fiir n Objekte x1, ..., xy,

benotigt man zum Sortieren mindestens 2(nlog(n)),

F—

wenn man die Objekte nur paarweise vergleichen kann.
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Countingsort

Eingabe: Array A[l], ..., A[n] mit Schliisselwerten aus {1, ..., k}
Ausgabe: Sortierte Kopie B[1],..., B[n] von A[l],..., A|n]
1: function COUNTINGSORT(A, B, k)
2 for i -1 to k£ do
3 Cli] 0 > Zahlerarray initialisieren
4: for j < 1tondo
5: ClAlj]] <+ ClA[5]] +1 > Anzahl Elemente mit Wert A[j] um 1 erhéhen
6 for 1 <~ 1 to k do | N
7 Cli] + Cli] + Cli — 1] > Anzahl Elemente mit Wert hochstens ¢ zdhlen \§_
8 for j «+ n downto 1 do |21
9: B|C[A[j]]] «+ Alj] > Element A[j] an die richtige Stelle in B schreiben
10: ClAlj]] + ClA[f]] =1

B

Satz 5.15. Fiirn Objekte mit Schlisseln aus {1, ..., k} bendtigt Countingsort (s. Alg. 5.14)
die Zeit O(n + k). Insbesondere benotigt man fir k € O(n) die Zeit von O(n).
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Radixsort

329 720 720 329
457 399 329 300
657 436 436 436
839 — 457 — 839 — 457
436 657 300 657
720 329 457 720
399 839 657 839
—— S

Eingabe: n Zahlen mit je d Ziffern, die k£ verschiedene Werte annehmen konnen,

Alil, ..., An]

Ausgabe: Sortiertes Array

1: function RADIXSORT(A, d)

2 erzeuge (mit 0 initialisiertes) Array B
3: for i < 1toddo
4: COUNTINGSORT(A, B, 1)
— «

Satz 5.19. Radixsort (s. Alg. 5.18) liefert ein korrektes Ergebnis in der Zeit ©(d-(n+k)).
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Radixsort

e\

Sorting data into either numerical or alphabetic order is one of the most basic office
automation tasks. The Type 80 sorted by reading the punches in one column of a card,
B then routing that card to the corresponding output bin. Sorting by multi-digit numbers or

e names required multiple passes. This sorter was one of IBM's most widely used punched
it card equipment in the pre-computing era. In 1943, there were over 10,000 units on lease.
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Bubblesort

bubbleSort(Array A)
for (n=A.size; n>1; —-n){
for (i=0: i<n-1: ++i){
if (A[i] > A[i+1]){
A.swap(i, i+1)
} // Ende if
} // Ende innere for-Schleife
} // Ende &uBere for-Schleife

ﬁ

I‘ - ———
y
‘/
/
l‘ | -
\& - N - 4

Pmdumuid

NILy
vy %

%+ Technisch
7 ec. S.C ..e 03.02.26 | Sandor P. Fekete | Alternative Rechnerarchitekturen
7 Universitat

*

O .
ol Braunschweig
scv




Bubblesort

Technische

. oy o 03.02.26 | Sandor P. Fekete | Alternative Rechnerarchitekturen
Universitat

Braunschweig




Bubblesort

Quick Sort Bubble Sort

Comparisons: Comparisons:
Sort!

0
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Unsorted

3 8 5 6 4 1
L L L Phase1(odd)

3 8 + 6 1 4
— —

3 5 8 1 6 4
L L L Phase3(odd)

3 O 1 8 4 6

PhaseZ(even)

Phased4(even)

3 1 3 4 8 6
L L L Phased(odd)

1 4 5 6 8
Phaseb(even)

2 1 3 3 4 5 6 8
L I L L1 Phase7(odd)
1 2 3 3 4 5 6 8

L L Phase8(even)
1 2 3 3 4 5 6 8
I I — I

Sorted

geeksforgeeks

Paralleles Bubblesort

growingwiththeweb
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Bubblesort

Unsorted

13_ ? 3 8 < 6 4 1
L L L— phaset (odd)

2 3 3 8 v 6 1 4
— — —
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Coordinated Motion Planning: The Video
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Spaghettisort und andere analoge Verfahren

COMPUTER
RECREATIONS

Analog gadgets that solve a diversity of

problems and raise an array of questions

by A. K. Dewdney

xactly one year ago a collection of
E analog gadgets in these pages set
off an avalanche of similar de-
vices from inspired readers. 1 am still
extricating myself from a vast heap of
wood boards, rubber bands, strings,
balls of polystyrene, fish tanks, lead
weights, canisters, tubing and stop-
cocks. In the process 1 have, | think,
identified the best of these gadgets and
have arranged them into a kind of gal-
lery through which the reader is invit-
ed to wander
Analog gadgets are mechanical de-
vices that solve specific problems by
virtue of the fact that their construc-
tion or behavior is analogous to the
clements of the problem. For example,
the June 1984 column described saG,
the Spaghetti Analog Gadget. Lengths

of uncooked spaghetti were used as an-
alogs for numbers. To sort the num-
bers in decreasing order, gather the
spaghetti into a bundle held vertically
and bring it down rather sharply on a
tabletop; select the longest rod. Con-
tinued selection of the longest remain-
ing rod produces the desired decreas-
ing sequence of numbers. In addition
10 SAG, I presented gadgets for finding
shortest paths, convex hulls and mini-
mum trees. | even displayed a gadget
for factoring numbers that consisted
of mirrors and a laser beam

The latest collection includes sever-
al ingenious new gadgets for solving
problems in statistics, network theory,
algebra and arithmetic. On leaving the
gallery I shall reexamine some impor-
tant issues that arise from the prospect

.-

A gadget for finding the line that best fits a series of data points

* Universitit
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of analog computing: How accurate
are analog computers and how much
time do they really take to compute?
Are there some analog computers that
outperform digital machines?

The first of the new gadgets solves a
certain problem in statistics by means
of a wood board, rubber bands, nails
and a smooth, rigid rod. A set of data
points plotted on a sheet of graph pa-
per may present a linear trend to the
eye. If a linear relation really governs
the points, what straight line best dis-
plays the relation? The gadget suggest-
ed by Marc Hawley of Mount Vernon,
Ind., supplies one possible answer:

Plot the data points on a wood sur-
face and drive a nail partway into the
wood at each point. Next, slip a num-
ber of uniform rubber bands onto the
rod, one band for each nail. Fit the
rod approximately into place and pull
cach band over one of the nails. When
the rod is released, it wiggles and shiv-
ers quickly into an equilibrium posi-
tion [see illustration on this page).

The equilibrium position minimizes
the total energy of the system; there-
fore the sum of the distances from
the nails to the rod has also been min-
imized. In terms of such distances,
the rod’s final position indicates the
straight line that best fits the data. Itis
not such distances but their squares
that appear in the formulas for lincar
regression used by statisticians. Haw-
ley's gadget computes something at
least as complicated.

A charming string gadget was sug-
gested by Jos Wennmacker of Nij-
megen, Holland. Suppose we wish to
know the longest path any message
might travel ina communications net-
work shaped like a tree. This path
will be what combinatorial mathema-
ticians call the diameter of the tree
In order to find the diameter Wenn-
macker reconstructs the tree by knot-
ting together an analogy out of pieces
of string. Each string is scaled to a spe-
cific communications line of the net-
work. Two simple steps complete the
computation. Pick up the string tree at
any node and allow it to dangle freely
Now pick up the tree anew at the low-
est node and dangle it once more. The
longest path in the tree runs from the
top node to the bottom one [see illus-
tration on page 22)

When | initially encountered Wenn-
macker's gadget, my immediate reac-
tion was, “It can't be that simple. Sure-
ly I must continue to select the bottom
node and dangle the tree several more
times.” But one does not need to do
that. Kudos in thiscolumn for the most
clegant argument

In last June's column 1 stated that
the problem of finding the longest path
in an arbitrary network was what theo-

%5  Braunschweig

ce
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1.For each number, break off a piece of spaghetti, whose length equals the
number. This takes linear time.

2. Take all spaghetti in your fist, and slam their lower sides on the table, so they
all point up starting at the table. This takes constant time, thanks to the multi-
processing properties of our universe.

3.Lower your other hand on the bundle of spaghetti. Take out the one which you
touch first. This is clearly the longest one. Continue to lower your hand and to
remove spaghetti, laying them out next to each other, until all spaghetti have
been processed. Again, this takes linear time.

4. Transcribe the spaghetti lengths back to the respective numbers, using linear
time. Done!



Spaghettisort und andere analoge Verfahren

COMPUTER
RECREATIONS

Analog gadgets that solve a diversity of

problems and raise an array of questions

by A. K. Dewdney

xactly one year ago a collection of
analog gadgets in these pages set
off an avalanche of similar de-
vices from inspired readers. 1 am still
extricating myself from a vast heap of
wood boards, rubber bands, strings,
balls of polystyrene, fish tanks, lead
weights, canisters, tubing and stop-
cocks. In the process | have, 1 think,
identified the best of these gadgets and
have arranged them into a Kind of gal-
lery through which the reader is invit-
ed to wander.

Analog gadgets are mechanical de-
vices that solve specific problems by
virtue of the fact that their construc-
tion or behavior is analogous to the
clements of the problem. For example,
the June 1984 column described saG,
the Spaghetti Analog Gadget. Lengths

of uncooked spaghetti were used as an-
alogs for numbers. To sort the num-
bers in decreasing order, gather the
spaghetti into a bundle held vertically
and bring it down rather sharply on a
tabletop; select the longest rod. Con-
tinued selection of the longest remain-
ing rod produces the desired decreas-
ing sequence of numbers. In addition
10 SAG, | presented gadgets for finding
shortest paths, convex hulls and mini-
mum trees. | even displayed a gadget
for factoring numbers that consisted
of mirrors and a laser beam.

The latest collection includes sever-
al ingenious new gadgets for solving
problems in statistics, network theory,
algebra and arithmetic. On leaving the
gallery I shall reexamine some impor-
tant issues that arise from the prospect
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of analog computing: How accurate
are analog computers and how much
time do they really take to compute?
Are there some analog computers that
outperform digital machines?

The first of the new gadgets solves a
certain problem in statistics by means
of a wood board, rubber bands, nails
and a smooth, rigid rod. A set of data
points plotted on a sheet of graph pa-
per may present a linear trend to the
eye. If a linear relation really governs
the points, what straight line best dis-
plays the relation? The gadget suggest-
ed by Marc Hawley of Mount Vernon,
Ind., supplies one possible answer:

Plot the data points on a wood sur-
face and drive a nail partway into the
wood at each point. Next, slip a num-
ber of uniform rubber bands onto the
rod, one band for each nail. Fit the
rod approximately into place and pull
cach band over one of the nails. When
the rod is released, it wiggles and shiv-
ers quickly into an equilibrium posi-
tion [see illustration on this page).

The equilibrium position minimizes
the total energy of the system; there-
fore the sum of the distances from
the nails to the rod has also been min-
imized. In terms of such distances,
the rod's final position indicates the
straight line that best fits the data. Itis
not such distances but their squares
that appear in the formulas for linear
regression used by statisticians. Haw-
ley's gadget computes something at
least as complicated.

A charming string gadget was sug-
gested by Jos Wennmacker of Nij-
megen, Holland. Suppose we wish to
know the longest path any message
might travel ina communications net-
work shaped like a tree. This path
will be what combinatorial mathema-
ticians call the diameter of the tree.
In order to find the diameter Wenn-
macker reconstructs the tree by knot-
ting together an analogy out of pieces
of string. Each string is scaled to a spe-
cific communications line of the net-
work. Two simple steps complete the
computation. Pick up the string tree at
any node and allow it to dangle freely.
Now pick up the tree anew at the low-
est node and dangle it once more. The
longest path in the tree runs from the
top node to the bottom one [see illus-
tration on page 22).

When 1 initially encountered Wenn-
macker's gadget, my immediate reac-
tion was, "It can’t be that simple. Sure-
ly I must continue to select the bottom
node and dangle the tree several more
times.” But one does not need to do
that. Kudos in thiscolumn for the most
clegant argument.

In last June's column | stated that
the problem of finding the longest path
in an arbitrary network was what theo-
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Zahlen und Rechnen

Mike Cowlishaw CC Museum Herrenhausen

,E£S Ist unwurdig, die Zeit von hervorragenden Leuten mit knechtischen
Rechenarbeiten zu verschwenden, weil bei Einsatz einer Maschine auch

der Einfaltigste die Ergebnisse sicher hinschreiben kann.”
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Herausforderungen

1. Realisierbarkeit

2. Skalierbarkeit
3. Genauigkeit
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Jitze Couperus

Gebaute Maschine von 1991

Science Museum London

POWTION OF BABBAGE'S DIFFERENCE ENGINE,

Charles Babbage (1791-1871) Skizze von 1822 Teil-Demo von 1832
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Skalierbarkeit
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Messen = Forschen = Wissen
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Komplexitat

Ein algorithmisches Problem
Gegeben: n Puzzleteile

o)

Fiir n=6:
Fiir n=100: 5.050

Fiir n=5000: 12.502.500

Raffiniert sortiert:

O(nlogn
Gesucht: Eine systematische Methode zum Puzzeln
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5.1 Particle Computation
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Targeted Drug Delivery: Algorithmic Methods for
Collecting a Swarm of Particles with Uniform, External Forces

Aaron T. Becker*!, Sandor P. Fekete*?, Li Huang*!, Phillip Keldenich*?,
Linda Kleist*2, Dominik Krupke*?, Christian Rieck*?, Arne Schmidt*?

Abstract— We investigate algorithmic approaches for tar-
geted drug delivery in a complex, maze-like environment, such
as a vascular system. The basic scenario is given by a large
swarm of micro-scale particles (‘“‘agents”) and a particular
target region (‘“tumor’’) within a system of passageways. Agents
are too small to contain on-board power or computation and
are instead controlled by a global external force that acts
uniformly on all particles, such as an applied fluidic flow or
electromagnetic field. The challenge is to deliver all agents to
the target region with a minimum number of actuation steps.
We provide a number of results for this challenge. We show
that the underlying problem is NP-hard, which explains why
previous work did not provide provably efficient algorithms. We
also develop a number of algorithmic approaches that greatly
improve the worst-case guarantees for the number of required
actuation steps. We evaluate our algorithmic approaches by
a number of simulations, both for deterministic algorithms
and searches supported by deep learning, which show that the
performance is practically promising.

I. INTRODUCTION

A crucial challenge for a wide range of vital medical prob-
lems, such as the treatment of cancer, localized infections
and inflammation, or internal bleeding is to deliver active
substances to a specific location in an organism. The tradi-
tional approach of administering a sufficiently large supply of

Fig. 1. (Left) An MRI image of a brain tumor (marked by the red circle),
located in the cerebellum. (Right) How can the swarm of particles (indicated
by yellow dots) be delivered to the target region?

A promising alternative is offered by employing a global
external force, e.g., a fluidic flow or an electromagnetic
field. When such a force is applied, all particles move in
the same direction by the distance, unless they are blocked
by obstacles in their way. While this makes it possible to
move all particles at once, it introduces the difficulty of
using uniform forces for many particles in different locations
with different local topology to navigate them to one final
destination. In this paper, we investigate how this objective
can be achieved with a small number of actuator steps.

&
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Tilt Assembly: Algorithms for Micro-factories That Build
Objects with Uniform External Forces
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Abstract

We present algorithmic results for the parallel assembly of many micro-scale objects in
two and three dimensions from tiny particles, which has been proposed in the context
of programmable matter and self-assembly for building high-yield micro-factories.
The underlving model has particles moving under the influence of uniform external
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Abstract— We investigate algorithmic approaches for tar-
geted drug delivery in a complex, maze-like environment, such
as a vascular system. The basic scenario is given by a large
swarm of micro-scale particles (‘“‘agents”) and a particular
target region (‘“tumor’’) within a system of passageways. Agents
are too small to contain on-board power or computation and
are instead controlled by a global external force that acts
uniformly on all particles, such as an applied fluidic flow or
electromagnetic field. The challenge is to deliver all agents to
the target region with a minimum number of actuation steps.
We provide a number of results for this challenge. We show
that the underlying problem is NP-hard, which explains why
previous work did not provide provably efficient algorithms. We
also develop a number of algorithmic approaches that greatly
improve the worst-case guarantees for the number of required
actuation steps. We evaluate our algorithmic approaches by
a number of simulations, both for deterministic algorithms
and searches supported by deep learning, which show that the
performance is practically promising.
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lems, such as the treatment of cancer, localized infections
and inflammation, or internal bleeding is to deliver active
substances to a specific location in an organism. The tradi-
tional approach of administering a sufficiently large supply of

Fig. 1. (Left) An MRI image of a brain tumor (marked by the red circle),
located in the cerebellum. (Right) How can the swarm of particles (indicated
by yellow dots) be delivered to the target region?

A promising alternative is offered by employing a global
external force, e.g., a fluidic flow or an electromagnetic
field. When such a force is applied, all particles move in
the same direction by the distance, unless they are blocked
by obstacles in their way. While this makes it possible to
move all particles at once, it introduces the difficulty of
using uniform forces for many particles in different locations
with different local topology to navigate them to one final
destination. In this paper, we investigate how this objective
can be achieved with a small number of actuator steps.
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SpaceAnts: Algorithmic Foundations for Constructing and Reconfiguring LargeScale
Structures with Simple Robots

Applicants = Professor Dr. Sandor Fekete; = Professor Dr. Christian Scheffer
Subject Area Theoretical Computer Science
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5.3 Quantencomputer
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Quantencomputer
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~—~" Quantum

"~ || computing - new
rules thanks to
supercomputers

published on 15.03.2022

With these computers, everything centres around a quantum effect, i.e., the so-called superposition in
combination with smart parallel information processing on the qubits of the quantum computer. Roughly
speaking, superposition means that parallel computing is possible. This is precisely what distinguishes
guantum computers from conventional computers that process information sequentially, one at a time, like
pearls being strung on a necklace. A quantum computer, on the other hand, can calculate all values parallel,
which would mean an exponential increase in performance.
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Quantencomputer
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Quantum Readiness for Optimization Providers
Enabling the Enablers

Sandor Fekete David Gross Tobias Osborne

TU Braunschweig Universitat zu KéIn Leibniz Universitdt Hannover

Read more Read more Read more

Quantencomputing verspricht Durchbriche in der Entwicklung innovativer Losungen
fur industrielle Herausforderungen.

Technische
Universitat

O °
Braunschweig

03.02.26 | Sandor P. Fekete | Alternative Rechnerarchitekturen

34



3 14 L Catase M 5 BoSagiall
STiT2lTe duke 7 r SRR, AN A
: ? I\'_ HD@DDDDD @;QQ3Q§ED
‘ ) 17213 | RYTH o
ﬁD§DDnD t i

Kapitel 5.10:
Unernste Verfahren

Algorithmen und Datenstrukturen
WS 2025/26

Prof. Ur. Sandor Fekete

L e ———————— -
_—_’-"

39




Bogosort
BOGO SORT e
ﬁ” - \ .
i i Ny

L ]
vvvvvvvvvvvvv 4
&&&aa&&&&& ) f:% =

N BRI

'@w e

o’«""'&
‘e £ .
%
b (&7 Teghmss:lle 03.02.26 | Sandor P. Fekete | Alternative Rechnerarchitekturen
> > Universitat

o .

A~
o lena? Braunschweig
sce

36



Bogobogosort

A Lol THHYS 5. ( BO‘joMoSoFU
loper ! R uble., AL ... Alw]
Outh T ° Qr‘ﬁew‘er 40:7

-

T

Mﬁrwﬁ#oq dec Elemete AL‘J{,,,/ ACe]
2.2 [F (f’erwh‘:o»\ ;S'i &oﬁﬁm

29 | j= il
R
2.3 EULSE
Z2.3.1 4
e ———

03.02.26 | Sandor P. Fekete | Alternative Rechnerarchitekturen

1L
%% Technische

vow

S
5 .J
o9
J

Universitat
Braunschweig

7

<
v
Z
v >
O
-4&7

O’VS(:Y‘

37



Quantum Bogosort
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Elektromusik!

Merge sort
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Zusammenfassung

ee
KVICK SOR I idea-instructions.com/quick-sort/ m
v1.2, CC by-nc-sa 4.0
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e e

[KVICK SORT]

[KVICK SORT]
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Algorithmen und Datenstrukturen 2

Sommersemester 2021

Startseite Vorlesungen

Startseite

Algorithmen und Datenstrukturen 2

Die Vorlesung Algorithmen und Datenstrukturen 2 ist eine Wahlpflichtveranstaltupgg -
der Informatik, Wirtschaftsinformatik, Informations- und Systemtechnik; auRerde i St
interessierte Studierende anderer Studiengange.

Algorithmen sind das methodische Herz der theoretischen und praktischen Informatik;
Datenstrukturen ermaoglichen die effiziente Umsetzung von Algorithmen und den effizienten Zugriff
auf Input- und Outputdaten. In dieser weiterfUhrenden Vorlesung werden die folgenden

grundlegenden Begriffe erarbeitet:

e Elementare Aspekte zu Heuristiken
e Exakte Verfahren: Dynamic Programming, Branch-and-Bound
e Approximationsalgorithmen

e Komplexitatsaspekte
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