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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 electronin a
hydrogen atom at

e Quantum theory has brought us the information age different energy

levels. Brighter

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



https://commons.wikimedia.org/wiki/File:Hydrogen_Wave.gif
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Timeline of important events

e 1982: Feynman first proposes the concept of quantum computers
[F'82]
e 2019: Google announces "Quantum Supremacy" by its 53-bit 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) with more disk space
- Pan, Chen and Zhang [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 a modern supercomputer with
ExaFLOPS performance

- Discussion intensified the excessive hype about the current state of
quantum technology

[F'82] & [A+19] &2 [P+'19] 4 [PCZ'21] &



https://doi.org/10.1007/BF02650179
https://doi.org/10.1038/s41586-019-1666-5
https://www.ibm.com/blogs/research/2019/10/on-quantum-supremacy/
https://doi.org/10.48550/arXiv.2111.03011
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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)

Cores ~10 ~1000 ~100 000 ~100/~5000 qubits
Core
Complexity Complex (optimized for single thread performance) Simple Complex

Computational
Model MIMD + simD

Data-Fl Universal/Adiabatic
ata-Flow Quantum computing

|
i

Parallelism Thread and Data Parallel Data Parallel Arbitrary F‘?&‘&ﬂg{{g#{é‘gé%ﬁ:{)
Memory Model Distributed Quantum Superposition
Power ST
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 %/ 58


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

e use of quantum-mechanical phenomena
such as superposition and entanglement |Cy,
to perform computation 0)

e Different types of quantum computer, e.g.
- 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

Cost
Function

A)
B)
S— |S)
C) N Cout>

Quantum Circuit (Full Adder)
Energy/4

Classical Path

for Simulated
/\Annealing

Local
Minima

- Quantum Annealing
= metaheuristic for finding the global minimum
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
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Classical versus Quantum Computing

Classical Quantum
Binary Digit (Bit): Quantum Bit (Qubit):
Meu:l ° basis of a2-level system » basis of a 2-level quantum system
Unit e canbeinstate O or1 « can be in state |0), |1) orin a linear
combination of both states
Quantum Logic Gate:

e performs on 1 or more qubits to
change the quantum state of a
single qubit

NOT/Pauli,-Gate:

Quantum Circuit: |[In) P |Out)

Logic Gate:

et | performs on 1 or more bits to
P produce a single bit output

NOT/Inverter:
Digital Circuit:  In—] >—Out

Alternatively: [ In) 4 X F |Out)
Example [RAAA In Out
Operation [N 0) 1)

1/ 1) 0)

(0 +11)) & ([0) +[1))
S10)+ 4 11) &[0)+ 3 [)

oy A 6/58
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Representation of a Qubit in Bloch-Sphere

 Angels 6 and ¢ can be associated with spherical coordinates on

the so-called Bloch-sphere:
2=10>

0 9
P > = cos 5 |0 > +e‘¢sm§ 11>
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Classical Measurement/Observation

e The state is not destroyed by a measurement/observation in
classical systems:
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Quantum Measurement/Observation 1/2

e The state is not destroyed by a measurement/observation in
quantum mechanical systems for state |0) and |1):

2=10> 2=0>
0 =0 . 0=r1 0 =1 SN
—y -y
1y S C e _/ T »
Lr= 1S —2=|1> -2 91>
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Quantum Measurement/Observation 2/2

« During observation a superposition state collapses to |0) or |1)
according to corresponding probabilities:

z=10>

22/0> 2=10>
> . N
y 9_:( 0=r1
() _
x T 7
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Measurement/Observation along other axis
(here y-axis)

» However, observation typically according to z-axis

z=10>

<

=)

—z=1> f,w~'"T """" """" e

P, — ’
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Generator for True Random Numbers

e Commercially available, see e.g.
-4 https://www.magigtech.com/solutions/network-security/
-[4 https://www.idquantique.com/random-number-generation/

200>



https://www.magiqtech.com/solutions/network-security/
https://www.magiqtech.com/solutions/network-security/
https://www.idquantique.com/random-number-generation/
https://www.idquantique.com/random-number-generation/
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Determining the states (6, ¢) of identical
prepared Qubits

o After one
measurement in one 240>
of the axis (z, y, 2), | L?
the qubit collapsesto ;

04 ) or |1, ) with
a € {z,y,z2}

e As more identical

prepared qubits are

measured in a axis, as
more the measured
distribution of [0, )
and |1, ) is getting
closerto Py, and
P, =0,¢canbe
determined

A

—2=1>
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No-Cloning-Theorem of 1 Qubit

« Only not perfect copying possible of information in one of the (x, y, z) axis, other
information of superposition gets lost

=

> | b - | b -

lp>lp>

=. - + 16 &

*_‘

| =+ | =>

A 14/ 58
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Operations via Quantum Logic Gates

e quantum logic gates for 1 qubit: often rotation around one axis

- Relatively general quantum logic gate: rotation around a specified angle 6:
z = 10 > Rotation operator for rotation around x-axis:

0 . . 0
__—iXx® cos?  —isin?
Rx(0) = e **z = %2 s
—i sing  cosg
---------- - e.g. Pauli-Gate:
o g

1
Rotation Matrix P\IOMEE [ (1) 0 ]
e |In) B |Out)
Quantum Circuit Alternatively: |In) { X} |Out)

In Out
0) 1)
Table of in- & outputs: 1) 0)

L (j0) + 1) |2 (j0) + [1))
3 10) 4 £ [1) | £[0) + &£ [1)
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Controlled NOT (CNOT)-Gate

e "If the control bit is set, then it flips the target bit."

Quantum Circuit Table of in- & outputs Rotation Matrix R |

Inputs Output
Control C' ;arget Target Ty fter )
before 1 O O O
C) C) 0) 0) 0) 01 0 0
|Tbefore> g |Tafter> |0> |1> |1> O 0 0 1
1 0 1 D01 q
1) 1) 0) - -
R- - (|01) +]11)) = = (|01) + [10))

e reversible gate: 2 applications of CNOT retrieves the original input
e Classical analog of the CNOT gate is a reversible XOR gate (i.e.,
they have analogous in- & and outputs for {|0), |1) } inputs)

e |a,b) — |a,a @ b), where @ is XOR
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Bell States via Entaglement
Entaglement | Quantum Circuit | Table of in- & outputs|
A B

| A) |A) o o)

Correlated ’O> 5 ‘B> 1) 1)
L (/00) + |11))

A B

Anti-Correlated ﬁg g |A>> :(1); ;;i
—= (01) + |10))

e Even if the entagled qubits are at different locations, they are still
entagled = quantum teleportation (phenomena appears to happen
instantaneously ignoring speed of light: open question in physics)

- As of 2017 experimentally verified for distances of up to 1200 kilometers

e Succeeding operations on entagled qubits do not change the state

of the other entagled qubits if the operation is not a measurement

Yin et al., "Satellite-based entanglement distribution over 1200 kilometers". Quantum Optics. 356: 1140-1144, 2017 4


https://doi.org/10.1126/science.aan3211

Quantum Computing and Its Applications (QCA'22)

Quantum Algorithms: Quantum Computing for Databases - Optimizing Transaction
NIVERSITAT ZU LUBECK Schedules

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

Digital versus Quantum Circuits

Digital Circuit Quantum Circuit
Building _ .
Logic Gates Quantum Logic Gates
Blocks
|A) |A)
D . s B) B)
Cin) S)
. — e, 0) € Cont)

consists of Toffoli and CNOT gates

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

consists of NAND gates

‘g‘ g C(i)“ cg‘“ g Superpositions as input: Superpositions as
0 0 1 0 1 output with corresponding probabilities for
0 L 0 0 1 basic quantum states, e.g.:
0 1 1 1 0 A B Cin  Cout S
1 0 0 0 1 ABC...S:
1 0 1 1 0 L out>-
101 0 1 0 v (0+1D) o) o) 1 L (/0000) -+ |1001))
1 T 1 1 1 .
v (100 + 1) g 1)

uperflt if uncc atio e B output is nc tmn uire [Feynman 1986] 4 18/ 58


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

10* T#Qubits . =IBM
I ¢ 0 ElIBM Roadmap'20/
. Think’22
108 . - Google
! . Google Roadmap'21
29 > # Quarks.in Universe . _________ - xIntel -
127> # Atoms on Earth |gp Eagle: 127 qubits psmaory - - - - - - - - - - - +Rigett
102 +* = *QuTech
f ° . A . AUSTC
¥ Xanadu Quantum
i . " Technologies
10! + . ; Quantum Brilliance
t - o e +Roadmap21
(Room Temperature)
’ D-Wave
Year
= i '(Quantum Annealing)

2012 2014 2016 2018 2020 2022 2024 2026 2028

oD-Wave Roadmap'21

Main Data Source (4 drr BM [4 Google 4 Quantum Brilliance [ D-Wave [ #Atoms on Earth [4 #Particles in Universe (4


https://en.wikipedia.org/wiki/List_of_quantum_processors
https://research.ibm.com/blog/ibm-quantum-roadmap
https://quantumai.google/research
https://doi.org/10.1007/s42354-021-0342-8
https://www.dwavesys.com/media/xvjpraig/clarity-roadmap_digital_v2.pdf
https://education.jlab.org/qa/mathatom_05.html
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
Wi 10-3 4

‘_,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
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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

\/" BQP ™, |« 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

o 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 4

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
@ (n): runtime of the quantum algorithm
Superpolynomial Speedup: C' = 242(Q%)

Polynomial Speedup: otherwise


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

otk « factoring integers in polynomial time
235 43 ) 1290 ) .
- Depth of quantum circuit to factor integer IV:
2
factorization in prime numbers O((log N) (log log 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):

0(61.9(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]


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

e 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" - (b))
- if there are k possible solutions: O( 2—,:; - 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 [


https://doi.org/10.1145/237814.237866
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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] (£ [R19] @ [A+19] (&
[IW87] &, QA: [TK16] & Simulated Annealing [KGV83] &  [J+11] 2

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

Ant Colony Optimization [CDM91]

}
[TC19] 3 2 [DBS06] &2

[WNF07] @ [G+20] (©

e Please check my lecture about quantum computing:
[Zhttps:/www.ifis.uni-luebeck.de/~groppe/lectures/qc

A 25/ 58


https://doi.org/10.1145/582095.582099
https://doi.org/10.1038/nbt0704-909
https://arxiv.org/pdf/1906.02229.pdf
https://epubs.siam.org/doi/pdf/10.1137/1.9781611975482.107
https://doi.org/10.1145/38713.38722
https://doi.org/10.14778/2947618.2947621
https://doi.org/10.1126%2Fscience.220.4598.671
https://doi.org/10.1038/nature10012
https://doi.org/10.1145/3211954.3211957
https://doi.org/10.1109/ICDE48307.2020.00116
https://doi.org/10.1145/3329859.3329875
http://arxiv.org/abs/1905.06425
https://doi.org/10.1007/BF00453370
https://doi.org/10.1038/s41586-021-03242-7
https://doi.org/10.1007/11539117_97
http://www.vldb.org/conf/1994/P085.PDF
https://books.google.com/books?hl=de&lr=&id=WnSoBtMiU2oC&oi=fnd&pg=PA1&dq=M.N.+Barber,+B.W.+Ninham,+Random+and+Restricted+Walks:+Theory+and+Applications,++Gordon+and+Breach,+New+York,+1970&ots=AxF58L4AL1&sig=PArEXcaS26QhyTZiYKPc5ekxEsA
https://doi.org/10.1103/PhysRevA.48.1687
https://doi.org/10.1145/380752.380757
https://minds.wisconsin.edu/bitstream/handle/1793/59438/TR1004.pdf?sequence=1
http://dx.doi.org/10.1038/scientificamerican0792-66
https://doi.org/10.1155/2013/730749
https://doi.org/10.1007/978-981-13-2285-3_45
https://www-public.imtbs-tsp.eu/~gibson/Teaching/Teaching-ReadingMaterial/ColorniDorigoManiezzo91.pdf
https://doi.org/10.1109/MCI.2006.329691
https://doi.org/10.1007/978-3-540-74769-7_31
https://arxiv.org/abs/2010.07413
https://www.ifis.uni-luebeck.de/~groppe/lectures/qc
https://www.ifis.uni-luebeck.de/~groppe/lectures/qc
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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?

A 26 / 58
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QCA4DB: Accelerating Relational Database
Management Systems via Quantum Computing

e Project Website@Quantentechnologien [4

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

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: [Jhttps:/quantumbrilliance.com/

ahorations are welcomel!



https://www.quantentechnologien.de/forschung/foerderung/anwendungsnetzwerk-fuer-das-quantencomputing/qc4db.html
https://www.ifis.uni-luebeck.de/~groppe/
https://www.ifis.uni-luebeck.de/~groppe/
https://quantumbrilliance.com/
https://quantumbrilliance.com/
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Platform-specific types of DBMS

— = Many-Core

Hardware-
Accelerated

Quantum
Computer

— Federated

Quantum
Annealer

Cloud

Processing in
Cloud

o 3

— Web Cloud

DBMS on Small i

: loT
Devices

Edge

— Embedded
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Using Hardware Accelerator for optimizing
Transaction Schedules

Optimize 101111

< < Transaction
Hardware Transaction= CPU -
Accele-  schedule TrImmm
Result
rator Process
Trans- =
actions / Client \
i i °
i F———— % ™
(L [ ]
y
Transaction J
Quantum ==
Annealer Result J
\_______./
Database Server / Client \

T. Bittner, S. Groppe, Avoiding Blocking by Scheduling Transactions using Quantum Annealing, IDEAS 2020 (4


https://doi.org/10.1145/3410566.3410593
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2 Phase Locking (2PL) versus Strict Conservative 2PL

A A
c : c
n.© ; n.2
S 6 | . | 56 .
o® ‘Transaction T & ® | Transaction T
c | * c
2c o8
<y <7
#*+ O H O ||« ,,>
Y ;
1 I
| i 1 |
| 1 ! 1
‘ ‘ > ] ——
— 7 time / , time
i .. ’ \ .
Locking Release Preclaiming’ ‘Holding all locks
Phase Phase of locks until End of Transaction

(avoids deadlocks) (avoids cascading aborts)

e required locks to be determined by
- static analysis of transaction,
- an additional phase at runtime before transaction processing

T. Bittner, S. Groppe, Avoiding Blocking by Scheduling Transactions using Quantum Annealing, IDEAS 2020 (4
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Optimizing Transaction Schedules

e Variant of job shop schedule problem (JSSP):

- Multi-Core CPU
= Process whole job (here transaction) on core X

- Schedule: V cores: Sequence of jobs to be processed
- What is the optimal schedule for minimal overall processing time?

Blocking transactions not to be processed in parallel
e Example:

- JSSP is among the
" B hardest combinatorial
1- - L e — optimizing problems*
: - = Hardware
p——— accelerating the
H S S B SR A S R optimization of

transaction schedules

Black: Blocking transactions Transaction schedule
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. Quantum versus Simulated Annealing

Energy/4
Cost
Function

Classical Path

for Simulated
AAnnealing

Quantum
Tunnel @/ @&~ '
Effect

Local Quantum Global
Minima Tunnel Minimum
Effect
[ ] [ ] >
System Configuration/
Solution

T. Bittner, S. Groppe, Avoiding Blocking by Scheduling Transactions using Quantum Annealing, IDEAS 2020 (4


https://doi.org/10.1145/3410566.3410593

Quantum Computing and Its Applications (QCA'22)

Quantum Algorithms: Quantum Computing for Databases - Optimizing Transaction
UNIVERSITAT ZU LUBECK Schedules

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

Optimizing Transaction Schedules via
Quantum Annealing

e Transaction Model e Example
- T: set of transactions with |T| =n -T ={tq, 1o, t3}, n=3
- M: set of machines with |M| =k -M = {m4, my}, k=2
-0 C T x T set of blocking transactions -0 ={(ty, t3)}
- i length of transaction i y=20p=1,13=1
- R: maximum execution time _R=2

- upper bound rj = R - |; for start time of
transaction i

e Quadratic unconstrained binary optimization (QUBO) problems
(solving is NP-hard)
- A QUBO-problem is defined by N weighted binary variables

Xi,...,Xx € 0,1, either as linear or quadratic term to be minimized:
E IUZXZ + Z winin, where Wy, W5 eR

0<i<N i<j<N

-I’1=0,I’2=1,I’3=1

T. Bittner, S. Groppe, Avoiding Blocking by Scheduling Transactions using Quantum Annealing, IDEAS 2020 (4
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Optimizing Transaction Schedules via
Quantum Annealing

e Multi-Core CPU

- Process whole transaction on core X

e Solution formulated as set of binary variables
- Xjj,s is 1 iff transaction t; is started at time s on machine m;, otherwise 0

e Example:

i | .
' - Solution:
£ ~ T
i | i X1,1,00 X3,1,2 X4,2,0,
B — X721, X6,2,3 X526,
H X2,3,0: X835
1 2 3 4 5 6 7 8 9 10
Black: Blocking transactions Transaction schedule

T. Bittner, S. Groppe, Avoiding Blocking by Scheduling Transactions using Quantum Annealing, IDEAS 2020 (4
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Optimizing Transaction Schedules via
Quantum Annealing

e Valid Solution

- A: each transactlon starts exactly once
k

A= Z Z Z Xija— 1)

vvv

transactions machines start times

Example: R=2 A= (XLLQ + Xl,g’o — 1)2
T = {t1,t2,t3} with |[T| =n =3 + (X2.10+ Xo11 + X220+ Xo21 — 1)2
M = {mi,ma} with |[M| =k =2 + (X3.10+ X311+ X320+ X321 — 1)?
O = {(t2,13)}
=2 lo=1,15=1
r1=0,ro=1 r3=1

T. Bittner, S. Groppe, Avoiding Blocking by Scheduling Transactions using Quantum Annealing, IDEAS 2020 (4
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Optimizing Transaction Schedules via
Quantum Annealing

e Valid Solution
- B: transactions cannot be executed at the same time on the same machine

transactions without ¢» remaining transactions

—~N =

k n—1 Tiq n p

D Sl L T T Tt PP

7=1 1=1 s1=0 t9o=11+1 s2=q

~— ~—~ ~—

machines start times invalid start times

Example: R=2 B= Xi10X210+X110X211+ X1,1,0X31,0
T={t,ta,t3} With |[T| =n =3 + X11,0X3,1,1 + X2,1,0X3,1,0+ X2,1,1X3,1,1
M = {mi,mo} with | M| =k =2 + X1,2,0X220+ X120X221+ X120X320
O = {(t2,t3)} + X120X321+ X220X320+ X221X321

h=2,1b=113=1
r1=0,ro=1,r3=1

T. Bittner, S. Groppe, Avoiding Blocking by Scheduling Transactions using Quantum Annealing, IDEAS 2020 (4
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Optimizing Transaction Schedules via
Quantum Annealing

e Valid Solution
- C: transactions that block each other cannot be executed at the same time

machines remaining
machines

~~

k Tiq p
for J={1,....k i1}, ¢ =max{0,s1 — l;, + 1}, p = min{s; +l;;,7;
C=F 3 % Y S XX 7= (o VUi = max{0uss o 1= min )

{ti; tis }€O J1=1 s1=0 jo€J s2=q
H/—/ T S~~~

blocking transactions Start times invalid start times

Example: R=2 C= Xo1,0X320+ X21,1X321
T ={t1,ta,ts} With |T| =n =3 + X220X3 1,0+ X221X31.1
O={(t2,t3)}
h=2,00=113=1
ri=0,rp=1r3=1

T. Bittner, S. Groppe, Avoiding Blocking by Scheduling Transactions using Quantum Annealing, IDEAS 2020 (4
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Optimizing Transaction Schedules via
Quantum Annealing

e Optimal Solution
- D: minimizing the maximum execution time
(k-i— 1)s+li—1

n k T
D= Z Z Zws+l¢Xi,j,87 where wgy;, = it )R <1

i=1 j=1 s=0

= Increasing weights: Weight of step n is larger than of
all preceding steps 1 to n-1 = preferring transactions ending earlier

= Weigthsin A,BandC > 1
=> first priority is validity, second priority is optimality

3 3
D= 5X110+ 5X1,2,0

Example: R=2
T =A{t1,te,t3}With |[T| =n =3 + X010+ 5Xo11+ X020+ 2Xo001
M = {my,ma} with |[M| =k =2 +5X31,0+ 5X3,1,1 + X320+ 5X3,2,1
O={(t2,t3)}

lh=2,l1b=1,13=1
r1=0,ro=1 r3=1

T. Bittner, S. Groppe, Avoiding Blocking by Scheduling Transactions using Quantum Annealing, IDEAS 2020 (4
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Optimizing Transaction Schedules via
Quantum Annealing

e Overall Solution
-Minimize P=A+B+C + D

Optimal schedules (transaction 1in blue, transaction 2 in green and transaction 3 in red) for our example:

o ) ) o
c o c o c =
i ey L i
3] 3] S G
£~ = g~ = £~ = £~ =
runtlme runtlme runtlme runtlme
X1,1,0,X2,2,0, X321 X1,1,0,X2,2,1, X320 X1,2,0,X2,1,0,X3,1,1 X1,2,0,X2,1,1, X3,1,0

The result of P is the following value for all 4 different (optimal) schedules:
P=A+B+C+D=-3+0+0+ % =22

If the offsetis added (optional), then the result is:
P=A+B+C+D=-34+0+0+1+3=1

i/ as T. Bittner, S. Groppe, Avoiding Blocking by Scheduling Transactions using Quantum Annealing, IDEAS 2020 5
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Optimizing Transaction Schedules via
Quantum Annealing

e Experiments on real Quantum Annealer , _||asmi s
(D-Wave 2000Q cloud service) |
- first minute free é e
(afterwards too much for our budget) Eg
e Versus Simulated Annealing on CPU g o
e Preprocessing time/Number of QuBits: )

O((’I’LkR)z) RZs R2s R24 R2>

number of transactions and R

| Fig. |k |n |R |O | L,y | i, | req. var. |
2 18 1/ 8.4 0, 4 g
N R (GRDY, 4,5,1 1,0,4 10
4 |4 | {12 13)) 3,2,1,2 1,2,3,2 16
5 12 | ft ), (tats)) | 1,11, 1,1 L1 10

T. Bittner, S. Groppe, Avoiding Blocking by Scheduling Transactions using Quantum Annealing, IDEAS 2020 (4
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Pipelining for further Speedup

dL
ar

’ Transaction

Transaction J

’ Result

Client

Result J

Client

Optimize
Transaction

Schedule

Hardware
Accele-
rator

Quantum
Annealer

Batch i+j

Result of

Batch i+2 Batch i-1

Database Server

T.Bittner,S.Groppe, Hardware Accelerating the Optimization of Transaction Schedules via Quantum Annealing by Avoiding Blocking,0JCC 7(1) 341 / 58
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Caching of & Reusing generated formulas
to minimize preprocessing time

e Following parameters are fixed:
- the number k of machines (system does not change during runtime)

- the number n of transactions (for batches of the same size)
o We observe:
- The (maximal) execution time R and hence upper bounds of start times
r;, ..., "y, depend on the lengths of the transactions,
- the formulas A, B and D depend on the fixed parameters k and n, and on
the lengths of the transactions, and
- the formula C is a sum of sub-formulas depending on k and the lengths of

blocking transactions as well as the identifiers of blocking transactions.
= Caching A, B and D, and sub-formulas of C' with the key of the lengths

of the transactions (orderd by lengths) (Example: using (1, 1, 2) as key)
Further information in paper!

T.Bittner,S.Groppe, Hardware Accelerating the Optimization of Transaction Schedules via Quantum Annealing by Avoiding Blocking,0JCC 7(1) 42 / 58
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Optimizing Transaction Schedules via
Quantum Computing

Transaction b Transaction
Result Result

Client Client

Optimize
Transaction
Schedule

Hardware
Accele-
rator

Quantum
Computer

Database Server

i/ as S. Groppe, J. Groppe: Optimizing Transaction Schedules on Universal Quantum Computers via Code Generation for r's Search Algorithm. IDEAS


https://doi.org/10.1145/3472163.3472164

Quantum Computing and Its Applications (QCA'22)
Quantum Algorithms: Quantum Computing for Databases - Optimizing Transaction

€ UNIVERSITAT ZU LUBECK Schedules

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

Grover's Search Algorithm

e Black box function f :{0, ..., 2% — 1} — {true, false)

e Grover's search algorithm finds one z €{0, ..., 2% — 1},
such that f(x) = 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 - /(b))
- if there are k possible solutions: O(\/Z,j - f(b))
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Motivation - Quadratic Speedup

~— % Linear Search

ot
(@)
]

@ k known in advance:
L 40 —~— Z./N Grover's Search for k = 1
(30 s N ’ __ 5
= 304 —~— 7 -/ 3 Grover’'s Search for k = &5 - N
> —~— = ./ Grover's Search for k = 5
c _ o
S 20 k = 25 - N unknown in advance:
§ 10 1 |
Y— 8. N .. . )
* ~— ST deterministic Grover'’s Search
(') 2(')0 4(')0 6(')0 8(')0 1 600 k = 5 unknown in advance:
Domain size N of function —~— % e y/ % randomized Grover’s Search
8- N et ,
—~— =~ -4/ 7 deterministic Grover’s Search
_ 5 _
k=15 N k=25
known unknown & — unknown &k
randomized deterministic randomized deterministic
10 5 2.48 1.11 3.81 11.85
100 50 7.85 3.51 10.06 37.47
1000 500 24.84 Il [ AL 11.11 31.82 118.48
7000 000 500000 785.40 351.24 1006.23 3746.57

Original Paper % Qiskit Textbook & k sol. 4 in ArXiv 4 Un 1N andomized [ in ArXiv [Z Deterministic (%5 ; 5
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Grover's Search for k Solutions

def grover_k [n:!N, k:IN] (oracle: const uint[n]!— lifted B):!N {

. T 2n
nlterations := [Z . \/;l amp |-

d := O:uint[n]; |0®™)
can . uint[n] : I \/_ l I_ L
for k in [0..n){ cand[k] := H(cand[k]); } H" Repeat E\/Z;“ times items

for k in [0..nlterations) { — [0)[1) ... |s1) ... [s2) ... IN-1)
| x) .’|Z)' _____ L :
I Phase kickback! : Avg.:
: : ' | Manipulating glo- 1 - -
if oracle(cand) { phase(r); } Uoraste Jip o2 O 08 i <= a : i | |
(-1)/®|x) : I-) rid of ancillar qubit | f(s1) = true
-------------- : f(sy) = true
for min [0..n) { cand[m] := H(cand[m]); } H™ | 111~} Phase kickback! |
|
i - . : Manipulating glo- |
fcand!=0 { ph ; 4>_ e
rean { phase(r); J 1_%9 bal phase to get : ﬁ_.
for min [0..n) { cand[m] := H(cand[m]); } H" : I-) rid of ancillar qubit |
______________ I eflect|on around the avg.
}
return measure(cand) as 'N; /7<

1. Original Paper & Qiskit Textbook 2 k solutions [Z in ArXiv 2
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Grover's Search for Unknown Number of
Solutions

e If you apply Grover's search with k£ ~ number of solutions k’, then
there is a high probability for success

« Several ways for unknown k:
N N

- Successively applying Grover's search with k = N, Y 1o +es 5 until

) 929 ) ot
solution is found
= Runtime complexity: With sufﬁciently high probability, a marked entry will be
found by iteration ¢ = log, (%) + ¢ for some constant ¢

:>#|terat|ons§2<1—|—\/_+\/_—|— . k,2c>—0<\/%)

- Next slide: Randomized version with %\ / % iterations...

e These methods need to be called several times in case of not

finding a solution in preceding calls
- The probability for success is high, but never 100%

Scott Aaronson. Introduction to Quantum Information Science Lecture Notes, 2021 4
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Grover's Search for Unknown Number of
Solutions - Silg code

def random(state:!N):(!N)x(!Q) {
upperlimit := (2732 - 5);
newstate := (state - 279470273) % upperlimit;
newstateQ := newstate as !Q;
return (newstate, newstateQ / upperlimit);

def grover_unknown_k[n:!NJ](f: const uint[n] !> lifted B, t: !N !> IB, seed:!N):(!Z)x(!N) {
1 :=6/5;
m:=1 as !R;
state := seed;
while(true){
(zstate, z) := random(state);
state = zstate;
k := floor(z-m) coerce !N;
result := grover_k[n,k]1(f);
if(t(result)){
return (result, state) as (!Z)x(!N);
3
if(m>=sqrt(2*n)){ return (-1, state) as (!Z)x(!N); }
m = min(l-m, sqgrt(n));

\: Original Paper & Qiskit Textbook 2 k sol. & in ArXiv 2 Unki | t Randomized [Z in ArXiv [4
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Optimal Runtime Complexity of Grover's
Search

« Grover's algorithm for K = 1 and any k: optimal up to sub-constant

factors
- Any algorithm that accesses the database only by using the oracle must

apply the oracle at least a 1 — o(1) fraction as many times as Grover's
algorithm

ty 'k = 1 @ in ArXiv 2 Any k (4 in ArXiv 4



https://doi.org/10.1103%2FPhysRevA.60.2746
https://arxiv.org/abs/quant-ph/9711070
https://doi.org/10.1002/3527603093.ch10
https://arxiv.org/abs/quant-ph/9605034

Quantum Computing and Its Applications (QCA'22)
Quantum Algorithms: Quantum Computing for Databases - Optimizing Transaction
UNIVERSITAT ZU LUBECK Schedules

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

Grover's Search as Basic Algorithm Used in
other Approaches

e Solving the collision problem
e Finding Minimum
- Dynamic Programming
e Solving NP-complete problems by performing exhaustive searches

over the set of possible solutions

- results in quadratic speedup over classical solutions
= but no polynomial-time solution for NP-complete problems because
exponential speedup is not reached

- Example: k-SAT
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Applying Grover - Finding Minimum

e Given function f : {0,...., N — 1} —» R
e Algorithm to find minimal f(zx):
1. Choose randomly £’ € N

2. Threshold t := f(z')
3. while(true)

a) 7 := Grover's Search for unknown k with oracle f(x) < ¢
b)if(f(r) < t)t:= f(r)elsereturnt

e Runtime Complexity: O (%\/N + 1—7Olg2(N))

Y

Random!
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Applying Grover - Finding Minimum

e Variants:
- Application-oriented:
» Estimate good initial threshold %, then continue original algorithm at 3. with
threshold ¢

= Example (see also next lecture unit):
= Transactions 11, ..., T} to be distributed to m cores of a CPU
« Total runtime [ = Y2, |T;] of transactions
= Thresholdt > % for max. runtime on all cores

= In some applications, the number k of solutions of the oracle can be
approximately estimated and used to speed up Grover's search

- Domain-oriented:
1) If given domain [start, end] is "small’, then continue original algorithm at 3. with

t:=end
. end—start
m:= —5—
IIl) If Grover's search with oracle f(x) < m finds a solution r, then continue at I)

with domain [start, r] else with [m + 1, end]

A 52 /58
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Overview of Optimizing Transaction
Schedules via Quantum Computing

Transactions Code Check:
Lengths e {0,..,2P -1} > {True, False}

Grover‘s Search

Estimator @' Encoding Scheme of Solution:

for num- b _
ber of 0,...2° ~ 1>«

solutions Transaction Schedule

Core
0

Ta(0,0) Ta(0,m, — 1)

Core

m-1 Tagn-1,00 Tam-1,m, -1
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Encoding Scheme of Transaction Schedules

Algo determineSchedule Example (n=4, m=2):
Input: p:{0, ..., 28.1} 29
Output: {0, .., n-1y""1x

{0, .., n-1}""1
for(x in 1..m-1) x=1:
=p modn U =1
p=pdivn p=7
=[O0, ..., n-1] a=[0,1,2,3]
for(i in 0..n-1) 1=0: i=1: [=2: [=3:
Jj =p mod (n-i) j=3 j=1 j=0 j=0
p =p div (n-i) p=1 p=0 =0 p=0
r[i] = a[j] m[0]=3 |m[1]=1 |m[2] =0 |m[3] =
alj] = a[n-i-1] al3]= a[3] a[l]=a[2]la[0]=a[1]la[0]= [0]
return (i, ..., hyp—1, ) return (1,[3,1,0,2])

e 29 = 000111 01 p;pgry = Core 0 [3,1] 1 = 10, 2] Core 1,
some bits for permutation and some for separators

e b= (m—1)- [loga(n — 1)] + [loga(n! — 1]
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Generated Black Box Function

e Quantum computation: circuit of quantum logic gates
—> circuit is generated dependent on the concrete problem

instance

» Sketch of algo:
1. Determine Separators and Permutation O(m + n)
2. Check Validity of Separators O(m)

O(n - loga (n)) with decision tree
over transaction number
4. Check: Which separator configuration? For current case: O(n)

3. Vi: Determine lengths of i-th transaction in permutation

4a. determine total runtime of core and check if it's below given limit O(n)

O(n - loga (min(n,c)) + c) with
decision tree over conflicting
transactions (forn >> c) or

transaction numbers (forc >> n)

4a. determine start and end times of conflicting transactions

5. Check: Do conflicting transactions overlap? O(c)

Y :0(n-log2 (n) +c)
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Complexity Analysis
Approach | GPU__| _Quantum Computer | __Quantum Amncaling

Preprocessing O(1) O(n? - c) O(m-R?-(c-m+ n?))
Execution [{OJ ("ggnll ‘(n+¢)) O™ - (n-logs(n) +c)) O(1)

Space O(n+m+c) O((n—l—m)-logz(n)) O(m-R?-(c-m+ n?))

Code O(1) O(n?-c) O(m-R?-(c-m+n?))

m: number of machines n: number of transactions ¢: number of conflicts R: max. runtime k: number of solutions
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Summary & Conclusions

e Scheduling transactions as variant of jobshop problem with
additionally considering blocking transactions
- Hard combinatorial optimization problem = hardware acceleration

e Enumeration of all possible transaction schedules for finding an
optimal one

- Hardware acceleration via quantum annealing

» Formulating transaction schedule problem as quadratic unconstrained binary
optimization (QUBO) problem

= Constant execution time

= Preprocessing time increasing with larger problem sizes

- Grover's search: ~ quadratic speedup on Universal Quantum Computers
= Estimation of number of solutions for a further speedup

= Estimation of speedup for suboptimal solutions being a guaranteed factor
away from optimal solution

= Code Generator available at &
https://github.com/luposdate/OptimizingTransactionSchedulesWithSilg
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