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Quantum Mechanics

» Very small particles and light behave differently from
objects in normal life
e Mechanics of light and matter at the atomic and

subatomic scale are described by quantum theory
- forming the underlying principles of chemistry and most

) Wavefunctions of
of phyS|cs the electronina

. . hydrogen atom at
e Quantum theory has brought us the information age ﬂa'iﬁée%tneg"h?egry

with its disruptive technologies of areas represent a
. higher probability of
- fransistors, finding the electron.
- lasers,

- nuclear power, and
- superconductivity...
- ...and now also quantum computers!

Picture: Source 4
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« Which route one single quantum particle (reaching either M2 or M3) takes?
- Does it take the route of B1?

- Does it take the route of B2?
- Does it take the routes of B1 and B2 together?
- Does it take neither the route of B1 nor of B2?
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Superposition Experiments

M1

—~P1/ P2
—P1-P2

Classical:

X3 B
P1 —P2j]-P1-P2

Quantum Particle

« Which route one single quantum particle (reaching either M2 or M3) takes?
- Does it take the route of B1? No: Blocking B2 = Observation at M2/M3 changes!

- Does it take the route of B2? No: Blocking B1 = Observation at M2/M3 changes!

- Does it take the routes of B1 and B2 together? No: Another experiment: Always 1
(full) quantum particle is observed either at B1 or at B2 when measuring at B1/B2!

- Does it take neither the route of B1 nor B2? No: Block.B1&B2=>Nothing@M2/M3!
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Superposition Experiments

Allan Adams: "Apparantly, empirically, [quantum particles like] electrons
have a way of moving, electrons have a way of being which is unlike
anything that we are used to thinking about. And so do molecules. And
so do bacteria. So does chalk. It's just harder to detect in those objects.
So physicists have a name for this new mode of being. And we call it
superposition. ... So to build a better definition of superposition than |
have no idea what is going on is going to require a new language. And
that language is quantum mechanics."

Quantum Physics | Course@MIT [Z Youtube &


https://ocw.mit.edu/courses/8-04-quantum-physics-i-spring-2013/
https://ocw.mit.edu/courses/8-04-quantum-physics-i-spring-2013/
https://ocw.mit.edu/courses/8-04-quantum-physics-i-spring-2013/
https://www.youtube.com/playlist?list=PLUl4u3cNGP61-9PEhRognw5vryrSEVLPr
https://www.youtube.com/playlist?list=PLUl4u3cNGP61-9PEhRognw5vryrSEVLPr
https://www.youtube.com/playlist?list=PLUl4u3cNGP61-9PEhRognw5vryrSEVLPr

Quantum Computing
UNIVERSITAT ZU LUBECK

Introduction to Quantum Computing

Double-Slit Experiment with Classical
Waves (e.g., Water)
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Video: Nils Berglund, "Young's double-slit experiment with waves, in 3D" [4 Music: "Seductress" by Francis Preve@francispreve [4

8/29


https://www.youtube.com/watch?v=D1s40lkdWRc
https://www.youtube.com/watch?v=D1s40lkdWRc
https://www.youtube.com/watch?v=D1s40lkdWRc
https://www.youtube.com/channel/UCHF8dGfnDzTO-8K5mYMohXA
https://www.youtube.com/channel/UCHF8dGfnDzTO-8K5mYMohXA
https://www.youtube.com/channel/UCHF8dGfnDzTO-8K5mYMohXA
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https://commons.wikimedia.org/wiki/File:Interfere.gif
https://commons.wikimedia.org/wiki/File:Interfere.gif
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LA/ 5e R. Bach, D. Pope, S.-H. Liou, H. Batelaan: Controlled double-slit electron diffraction, New J. Phys. 15,2013, DOI 10.1088/1367-2630/15/3/03301§ &% 29


https://dx.doi.org/10.1088/1367-2630/15/3/033018
https://dx.doi.org/10.1088/1367-2630/15/3/033018
https://dx.doi.org/10.1088/1367-2630/15/3/033018
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Double-Slit Experiment with "Soccer Balls"

[A+99] & I1 Cryberghost, spinning Buckminsterfullerene (Cg) &


https://doi.org/10.1038/44348
https://doi.org/10.1038/44348
https://doi.org/10.1038/44348
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
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Double-Slit Experiment with "Soccer Balls"

o Interference pattern also visible for huge molecules like Cyg (i.e.,
consisting of 60 Carbon atoms) [A+99]

r1/ak [A+99] & Image: Cryberghost, spinning Buckminsterfullerene (Cgo) &



https://doi.org/10.1038/44348
https://doi.org/10.1038/44348
https://doi.org/10.1038/44348
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif
https://de.wikipedia.org/wiki/Datei:Buckminsterfullerene_animated.gif

Quantum Computing
Introduction to Quantum Computing

RSI
C‘iq Tq

UNIVERSITAT ZU LUBECK

Institut fiir Informationssysteme | Prof. Dr. habil. S. Groppe

Quantum Particle (Schrodinger Equation)

ca/ae Video: Nils Berglund, "Young's double-slit experiment with a quantum particle” (4 Music: "Consort for Brass - Classical Rousing" by Kevin MacLeqgg [Ziog


https://www.youtube.com/watch?v=995uiiudmiI
https://www.youtube.com/watch?v=995uiiudmiI
https://www.youtube.com/watch?v=995uiiudmiI
https://incompetech.com/music/royalty-free/index.html?isrc=USUAN1100681
https://incompetech.com/music/royalty-free/index.html?isrc=USUAN1100681
https://incompetech.com/music/royalty-free/index.html?isrc=USUAN1100681
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Timeline of important events

e 1982: Feynman proposes the concept of quantum computers [F'82]
e 2019: Google announces "Quantum Supremacy" by its 53-qubits
chip "Sycamore" [A+'19]
- 200 seconds on Sycamore versus 10,000 years on the world'’s fastest
supercomputer IBM Summit

- IBM [P+'19]: only 2.5 days on classical supercomputer after deduction of
the problem (i.e., using a better classical algorithm)

- Pan et al. [PCZ'21]: only 15 hours on 512 GPU-cluster using another
classical algorithm for obtaining a large number of uncorrelated samples
» Estimation: a few dozens of seconds on ExaFLOPS supercomputer

- Discussion intensified the excessive hype about quantum technology
e 2023: Next try: Google runs Random Circuit Sampling experiments
on its 70-qubits improved "Sycamore" in seconds instead of 47
years (estimation for #1 classical supercomputer in 2023) [G+'23]
e 2025: DWave solves magnetic materials simulation problems in
20 min instead of 1 million years [K+25] (others disagree [W'25])

[F'82] & [A+19] &2 [P+'19] 4 [PCZ'21] (4 [G+'23] (& [K+'25] & [W'25] &



https://doi.org/10.1007/BF02650179
https://doi.org/10.1007/BF02650179
https://doi.org/10.1007/BF02650179
https://doi.org/10.1038/s41586-019-1666-5
https://doi.org/10.1038/s41586-019-1666-5
https://doi.org/10.1038/s41586-019-1666-5
https://www.ibm.com/blogs/research/2019/10/on-quantum-supremacy/
https://www.ibm.com/blogs/research/2019/10/on-quantum-supremacy/
https://www.ibm.com/blogs/research/2019/10/on-quantum-supremacy/
https://doi.org/10.48550/arXiv.2111.03011
https://doi.org/10.48550/arXiv.2111.03011
https://doi.org/10.48550/arXiv.2111.03011
https://doi.org/10.48550/arXiv.2304.11119
https://doi.org/10.48550/arXiv.2304.11119
https://doi.org/10.48550/arXiv.2304.11119
https://doi.org/10.1126/science.ado6285
https://doi.org/10.1126/science.ado6285
https://doi.org/10.1126/science.ado6285
https://siliconangle.com/2025/03/12/d-wave-claims-achieved-quantum-supremacy-last-others-disagree/
https://siliconangle.com/2025/03/12/d-wave-claims-achieved-quantum-supremacy-last-others-disagree/
https://siliconangle.com/2025/03/12/d-wave-claims-achieved-quantum-supremacy-last-others-disagree/
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Architectures of Emergent Hardware

Multi-Core CPU  Many-Core CPU  Graphics Processing Field Programmable Quantum Computer/Annealer
Unit (GPU) Gate Arrays (FPGA)

W s SERsEsEisicis:

Cores ~10 ~1000 ~100 000

Core
Complexity Complex (optimized for single thread performance) Simple
Computational
Model MIMD + simb m Data-Flow
. Quantum Logic Gates
Parallelism Data Parallel Arbitrary Fluctuation (glob.Min.):
Interference
Memory Model Distributed Quantum Superposition
Power m
Database Op. Query Optimization (Enumeration of Plans), Concurrency Control
Efficient Processing Of
Query Processing
Legend: [ | Computational Unit B Execution Controller Interconnection Network [ | On-Chip Memory

. Plessl, Accelerating Scientific Computing with Massively Parallel Computer Architectures, IMPRS Winter School, Wroclaw, 2012 E% 29


http://www.imprs-dynamics.mpg.de/pdfs/Plessl_talk.pdf
http://www.imprs-dynamics.mpg.de/pdfs/Plessl_talk.pdf
http://www.imprs-dynamics.mpg.de/pdfs/Plessl_talk.pdf
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. Quantum Computer

e use of quantum-mechanical phenomena A)
such as superposition and entanglement B)
to perform computation Ci)

o Different types of quantum computer, e.g. |18>

- Universal Quantum Computer
» uses quantum logic gates arranged in a
circuit to do computation
= measurement (sometimes called
observation) assigns the observed variable to
a single value
- Quantum Annealing
= metaheuristic for finding the global minimum

Energy/4
Cost

Function

A)
B)
S— |S)
C) N Cout>

Quantum Circuit (Full Adder)

Classical Path

for Simulated
AAnneaIing

Local
Minima

of a given objective function over a given set
of candidate solutions

= j.e., some way to solve a special type of
mathematical optimization problem

System Configuration7
Solution

Simulated versus Quantum Annealing

T. Bittner, S. Groppe. Avoiding blocking by scheduling transactions using quantum annealing. IDEAS 20 (5


https://doi.org/10.1145/3410566.3410593
https://doi.org/10.1145/3410566.3410593
https://doi.org/10.1145/3410566.3410593
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Classical versus Quantum Computing

Classical Quantum
Binary Digit (Bit): Quantum Bit (Qubit):
MGl ¢ basisof a2-level system
Unit

» basis of a 2-level quantum system
e canbeinstateOor1

« can be in state |0), |1) orin alinear
combination of both states

Logic Gate:

Quantum Logic Gate:
. e performs on 1 or more bits to e performs on 1 or more qubits to
Operation : :
produce a single bit output change the quantum state of a
single qubit
NOT/Inverter:

NOT/Pauli,-Gate:
Digital Circuit:  Tn—| >—Out

Quantum Circuit: |[In) B |Out)
Alternatively:
Example [Ri& Out

Operation [UNER.

In) 4 X |Out)

In Out
0) 1)
170 1) 0)
Loy + 1)) == (o) + 1)
210) + £]1) 2]0) 4 2 1)
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Digital versus Quantum Circuits

Digital Circuit Quantum Circuit
Building _ .
Logic Gates Quantum Logic Gates
Blocks
A) |A)
A
o T o s |1B) |B)
|Cin> ] |S>
. e, 0 ¢ Gou)

consists of Toffoli and CNOT gates’

|0) and |1) as input: Output is |0) and |1)
analogous to digital circuit.

Superpositions as input: Superpositions as
output with corresponding probabilities for

basic quantum states, e.g.:
A B cin Cout S
ABC, S:
1 out
vz U0 +11) - jo)  10) 1 (joooo) + [1001))

1
= (10) + 1)) |1 g 1)

put Jired [Feynman 1986] 4 18 /29

consists of NAND gates

Inputs Outputs
B Cin

_\_l_\_\oooo>

(9
—\—‘—‘O—‘OOOE
—

e Nel  We iU We N/, )

0
0
1
1
0
0
1
1



https://doi.org/10.1007%2Fbf01886518
https://doi.org/10.1007%2Fbf01886518
https://doi.org/10.1007%2Fbf01886518
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Timeline of Quantum Computers

10* ”#Qubﬂs o 100 log- qubits f GOOgle )
T d u|BM
30 lo D ubits errqlrgcg;rtceetszted X Intel
'|BM Condor: 1,121 qtjl;its (4.12.2023) . Ri .
103 4 . G +Rigetti
| ° +*QuTech
I # Quarks in Universe______ O 0 oo ~USTC
{># AtomsonEarth________ O emormigmed UG o Xanadu
* [ ] | l5k5|jk oo T
102 4 L@ Gates T T ¢+ Quantum Brilliance
I ‘a f S e oQuantinuum
" . ® Quantware
" ® +RIKEN
101 ” + g & x OAQT
| ] mox & Atom Computing
oM Squared Lasers
b3
o Year F QuEra)
2012 2014 2016 2018 2020 2022 2024 2026 2028 2030 2032 2034 'D-Wave .
(Quantum Annealing)

ti/ar Main Data Source [£ IBM [Z IBM'25 [Z Google [Z Quantum Brilliance (2 D-Wave [Z #Atoms on Earth [2 #Particles in Universe 4 19/29


https://en.wikipedia.org/wiki/List_of_quantum_processors
https://en.wikipedia.org/wiki/List_of_quantum_processors
https://en.wikipedia.org/wiki/List_of_quantum_processors
https://research.ibm.com/blog/ibm-quantum-roadmap
https://research.ibm.com/blog/ibm-quantum-roadmap
https://research.ibm.com/blog/ibm-quantum-roadmap
https://www.computerwoche.de/a/2025-kommt-der-erste-4-000-qubit-quantencomputer
https://www.computerwoche.de/a/2025-kommt-der-erste-4-000-qubit-quantencomputer
https://www.computerwoche.de/a/2025-kommt-der-erste-4-000-qubit-quantencomputer
https://quantumai.google/research
https://quantumai.google/research
https://quantumai.google/research
https://doi.org/10.1007/s42354-021-0342-8
https://doi.org/10.1007/s42354-021-0342-8
https://doi.org/10.1007/s42354-021-0342-8
https://www.dwavesys.com/media/xvjpraig/clarity-roadmap_digital_v2.pdf
https://www.dwavesys.com/media/xvjpraig/clarity-roadmap_digital_v2.pdf
https://www.dwavesys.com/media/xvjpraig/clarity-roadmap_digital_v2.pdf
https://education.jlab.org/qa/mathatom_05.html
https://education.jlab.org/qa/mathatom_05.html
https://education.jlab.org/qa/mathatom_05.html
https://www.popularmechanics.com/space/a27259/how-many-particles-are-in-the-entire-universe/
https://www.popularmechanics.com/space/a27259/how-many-particles-are-in-the-entire-universe/
https://www.popularmechanics.com/space/a27259/how-many-particles-are-in-the-entire-universe/
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Noisy Intermediate-Scale Quantum (NISQ)

01011

©

m 10-2 -

'§ Error Correction Threshold
i 10-3 -

‘_,3 Fault-Tolerant QC

‘n 1074 =

>

N -

o 10-5 -

: 1 1 1 1 :
10 100 1K 10K 100K 1M
Number of Physical Qubits

e quantum computers with 50-100 qubits: noise in quantum gates
limits the size of quantum circuits that can be executed reliably

e Such NISQ devices may be able to perform tasks which surpass the
capabilities of today’s classical digital computers with application
areas like quantum chemistry, optimization & machine learning

» 100-qubit qguantum computers are (only) intermediate technologies

[P18] &



https://doi.org/10.22331/q-2018-08-06-79
https://doi.org/10.22331/q-2018-08-06-79
https://doi.org/10.22331/q-2018-08-06-79

Quantum Computing
Introduction to Quantum Computing
UNIVERSITAT ZU LUBECK

Institut fiir Informationssysteme | Prof. Dr. habil. S. Groppe

Suspected Shape of BQP

4 PSPACE problems N . PSPACE is the set of all decision problems that
can be solved by a Turing machine using a

g NP problems ) polynomial amount of space

e NP: nondeterministic polynomial time is the set of
problems that can be solved in polynomial time by

- a nondeterministic Turing machine

4 o ™ |« Aproblem is said to be NP-hard if everything in
S e NP can be transformed in polynomial time into it

\ /

— ——————
-
-

e A problem is NP-complete if it is both in NP and NP-hard

e P: PTIME contains all decision problems that can be solved by a deterministic Turing
machine in polynomial time

e BQP: bounded-error quantum polynomial time is the class of decision problems
solvable by a quantum computer in polynomial time, with an error probability of at most
1/3 for all instances

e Note: Neither PzNP nor PZPSPACE has been proven, and if either of these are equal, the
shape of BQP would be different
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Potential of Quantum Algorithms

e Quantum Algorithm Zoo £

Covered Years 1974-today
#Investigated References fZ%{4)

#Algorithms 64

Superpolynomial: 31,
Polynomial: 27,

Constant factor: 1, Varies: 3, Various: 1,
Unknown: 1

Speedups

Terminology:
o: positive constant

C'(n): runtime of the best known classical algorithm
Q(n): runtime of the quantum algorithm
Superpolynomial Speedup: C' = 2(Q%)

Polynomial Speedup: otherwise


https://quantumalgorithmzoo.org/
https://quantumalgorithmzoo.org/
https://quantumalgorithmzoo.org/
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Very Important Quantum Algorithms 1/2:
Shor's Algorithm’

e ok e factoring integers in polynomial time
23543 ) 1290 ) ,
- Depth of quantum circuit“ to factor integer IV:
factorization in prime numbers O((log N) 2 (lOQ lOQ N) (log 109 lOQ N))
is extremely hard for . .
classical computers - superpolynomial speedup, i.e., almost

exponentially faster than the most efficient
known classical factoring algorithm (general
number field sieve):
O(el.g(log N) 3 (log log N) 3

)

e Important for cryptography — Post-Quantum Cryptography

e Most quantum algorithms with superpolynomial speedup like
Shor's algorithm are based on quantum Fourier transforms

" [Shor, 1994] Z “ [Beckman et al., 1996] 4



https://doi.org/10.1109/SFCS.1994.365700
https://doi.org/10.1109/SFCS.1994.365700
https://doi.org/10.1109/SFCS.1994.365700
https://doi.org/10.1103%2FPhysRevA.54.1034
https://doi.org/10.1103%2FPhysRevA.54.1034
https://doi.org/10.1103%2FPhysRevA.54.1034
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Very Important Quantum Algorithms 2/2:
Grover's Search Algorithm

« Black box function (oracle) f :{0, ..., 2° — 1} — {true, false}
e Grover's search algorithm finds one z €{0, ..., 2% — 1},

such that f(z) = true
- if there is only one solution: % - v/ 20 basic steps each of which calls f
Let f'(b) be runtime complexity of f for testing x to be true:

= O(V2) - f'(b))
- if there are k possible solutions: O( %b - f(b))
e Basis of many other quantum algorithms and applications

Lov K. Grover. A fast quantum mechanical algorithm for database search. STOC'96, 1996 [
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Algorithms (used e.g. in Query Optimization) and
their Quantum Counterparts

Query Optimization Basic Algorithm Quantum Computing
Approach Counterpart

[S+79] & Dynamic Programming [E04] Z [R19] 2 [A+19] (4
[IW87] &, QA: [TK16] & Simulated Annealing [KGV83] &  [J+11] &

[MP18] 2 [Y+20] & [W+19] Reinforcement Learning [BSB81] > >
2 [0+19] &3 % [S+21] @ [DCCO5] &
[GPK94] @ Random Walk [BN70] & [ADZ93] & [A+01] &
[BFI91] & Genetic Algorithm [H92] (£ W+13] @

Ant Colony Optimization [CDM91]

}
[TC19] 3 2 [DBS06] 2

[WNF07] & [G+20] &
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Open Challenges for QC for Databases

e Are QC counterparts of basic algorithms used in query
optimizations suitable for speeding up databases?

e What should be the properties of a quantum computer (e.qg.
#qubits, latencies of gates) to achieve certain speedups?

e How to combine classical and quantum computing algorithms to
achieve good speedups with few qubits?

 What other database domains besides query optimization benefit
from quantum computers?
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QCA4DB: Accelerating Relational Database
Management Systems via Quantum Computing

e Project Website@Quantentechnologien [4

e Project funded by BMBF
- Duration 3 years, 1.8M Euros
e Topics
- Query Optimization
- Optimizing Transaction Schedules
of an open source relational database management system

e Partners
- University of Libeck (Coordinator Sven Groppe)
» Hardware-Acceleration of Databases
» Website: Dhttps:/www.ifis.uni-luebeck.de/~groppe/

- Quantum Brilliance GmbH
= Room Temperature Diamond Quantum Accelerators

» Website: [Dhttps:/quantumbrilliance.com/
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Topics of this Lecture

1. Introduction to Quantum Computing

2. Introduction to the Bloch Sphere

3. Quantum Logic Gates

4. Qiskit and Deutsch-Jozsa Algorithm

5. Introduction to Silq

6. Grover's Search

7. Quantum Annealing Versus Grover's Search: Optimizing Transaction Schedules
8. Quantum Data Encoding Patterns

9. Introduction into Quantum Machine Learning: Data Encoding, Model,
Measurement

10. Quantum Machine Learning: Optimization

11. Quantum Cryptography: Shor, Quantum Key Distribution
12. Quantum Error Correction

13. Summary and What Else?
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Summary and Conclusions

e Quantum Mechanics = Quantum Computers
- Universal Quantum Computing versus Quantum Annealing
Quantum Computing as Hardware Accelerator

Classical versus Quantum Computing

- Bits versus Qubits

- (Quantum) Logic Gate

- Digital Circuits versus Quantum Circuits
Timeline of Quantum Computers
Noisy Intermediate-Scale Quantum (NISQ) technologies
Bounded-error quantum polynomial time problems
Potential of Quantum Algorithms

- Shor (superpolynomial speedup)

- Grover (quadratic speedup)

Quantum Computing for databases
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