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About myself...

* M.Sc. Candidate in Computer Science at TUM (attended
several lectures in QC)

* Interdisciplinary work in Quantum Computing at the
Chair of Design Automation (Prof. Robert Wille)

MUNICH

e Contributed to the open-source @ANTUM

TOOLKIT ' -* —— *\C‘\M . |

Q=

e Co-authored a paper rewarded with a Best Paper Award
at the 2024 IEEE International Conference on Quantum
Software (QSW) (https://arxiv.org/abs/2406.11959)



https://arxiv.org/abs/2406.11959
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Quantum computers RENT QUANTUM COMPUTER
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0101 — —= 0101
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CLASSICAL COMPUTER

Classical computers
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Conventional vs. Quantum Physics

* Thus far: Newtonian Physics * Now: Quantum Mechanics
e Describes “our world” * Describes the smallest “things” in our
(larger than the subatomic level) universe
* Based on particles * Described by waves
 Completely deterministic  Completely probabilistic

® —\p—

* Allows to be in more than one state at once

* Measurement collapses back to a single
state (back to “our” world)

True random
Entanglement
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Conventional vs. Quantum Physics

* Thus far: Newtonian Physics * Now: Quantum Mechanics
e Describes “our world” * Describes the smallest “things” in our
(larger than the subatomic level) universe
* Based on particles * Described by waves
 Completely deterministic  Completely probabilistic

ay - |0) +aq - (1)
O or 1 with |a0|2 + |a1|2 =1

Allows to be in more than one state at once

Measurement collapses back to a single
state (back to “our” world)

e True random
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Conventional vs. Quantum Computing

|0)

* Classical bit: 0 or 1 v
e Qubit: Superposition of two basis states

ao - |0) +ay - |1)  with |agl? +|aq]? =1
e Measurement leads to 0 or 1 with probability |ag|? or |aq]|? A

* Represented in terms of vectors

o=l =l

* Operations represented through unitary matrices,

e x=lp o #=zh 4l
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Example of Applying an Operatlon to a Qublt

* Applying the H gate to the | 1> basis state would result in the

following state:

- () ()= () o

* The quantum circuit for the above computation looks as follows:

H— H — z0-)

|0)

1)
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Quantum Circuits / Quantum Software

* Cascades of quantum gates working on qubits OPENQASM 2.0;
include "gelibl.inc";

greg ql4];
« Quantum gates may either be unary gates or working on h ql2];

two gates with a control qubit (black dot) and a target qubit | €* dl2l,ql3];
cx ql0],gqll]l;

h gll];
190) l T P l cx glll,ql2];
t g[0];
q1) o H /I\ N cx ql[2],q9l0];
o cx ql0],qglll;
N

a3)

lq2) — H L
N



R e [ JE)  Shiurm THE EMERGING TECHNOLOGIES: the drivers for
%€ DINSIBIU ___Institut Cluster . : : i p
digital transformation in business and education

SID 2024

Sibiu Innovation Days

24-25 October, Sibiu - RO

IBM Quantum Learning Home Catalog Composer Q Sign in
| Untitled circuit File Edit View Visualizations seed 3474 Sign in to run your circuit {5
e Operations 40 S 7 Freeformalignment « |=':, Inspect (P OpenQASM 2.0 ~

(B Search o- oo s . OPENQASM 2.0; T
include "qgelibl.inc";
1
"EAaAEnE (K] é ares alil;
EEEEEER N

. A ... if al3] é cx qlo], ql1];

h ql1];
10 ox ql2l, ql21;

11 t q[o];

reex frcax @ 12 cx q2], qlo];

13 cx q[e], ql[1];

h ql2];
cx ql2], qlz];

14
15 // @columns [0,1,2,3,4,5,6,7]
. 16
Probabilities @ : Q-sphere  ~ ') @
100 |0000)
9
80
g
= 60
% 11010}
3 40
8 10101) | —*
o
} ] I I l ./
0
iz
(s} ~ < ~ n} n < ~ S g < s in} ~ =] ~
S [w] o~ ™~ <o Q ~y T~ <o (s} ~y Ind 9 i~} 3 g 11111}
§8§§FTegFFSSTEITTIIVT () -

Computational basis states
3n/2

State [ ] Phase angle
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The Basis of the Software for Quantum Computing...

- mll m12 mlzn 7
. q i | m21 m22 mzz‘n
e ..arevectors and matrices!
m31 m32 m32n
Myq My Myon
 Can be represented by 1- or 2-dimensional arrays
(problem: exponential complexity) |Myny  Myny ... Mynyn,
20...0007]
e Solution: Decision Diagrams Xy 001
Xp..010
Xp..011
L dq...1114



Complexity
Qo...0
Law 23:05
.0 5 T L .
242
2:32 :
@o...0 : E
222
Qoo 212 :
[a()l“ |
10
4581 1.1 a1..1 a1 a1 Ly g
#qubits 2 12 22 32 42 305
memory  64B 64KiB 64MiB 64GiB 64TiB '
by hand L1 cache L3 cache RAM HPC




Classical Simulation of Quantum Circuits

Quantum Operation Quantum State Evolved Quantum State
Upo - Ugn-1 a a’
S L
Uv-10 - Un-1n-1] L%N-1 a N_1
Ui,j e C 04 e C

UTU =1 Z|ai|2=1



Classical Simulation of Quantum Circuits

Initial State for every operation ... Final State
0...0) s — _\ V)
L Uoo - Uon-1 % @' Where is the catch?
: - : : ' : 10 ...0) ) N = 2"
: \'UN_LO o Ul D y n qubits B

—

|i) with probability |a;|>



Representation of Quantum States

m Quantum states are commonly represented as vectors
. 1 1 2 2
Consider state \/T—0|000) — \/T—0|011> + \/T—0|101) + ﬁllll)

I
/1o
0

0

—1
/Om

How to represent the vector
as a decision diagram?

L
| /1o
0

~1
/1o




Representation of Quantum States

m Quantum states are commonly represented as vectors
. 1 1 2 2
Consider state \/—_IOOO) — \/T—0|011> + \/T—0|101) + ﬁllll)

10

I
/1o
0

oy \ .
e N ] Pl b




Representation of Quantum States

m Quantum states are commonly represented as vectors
. 1 1 2 2
Consider state \/T—0|000) — \/T—0|011> + \/T—0|101) + ﬁ|111)

U
/\io
0
0
~1
/\To
0

*/ 15
10 Edges to zero can be omitted




Representation of Quantum States

m Quantum states are commonly represented as vectors
. 1 1 2 2
Consider state \/—_IOOO) — \/T_0|011) + \/T_0|101) + \/T—0|111>

10

U
/\io
0
0
~1
/\To
0

“/ s
10 Coefficients stored in edge weights




Representation of Quantum States

m Quantum states are commonly represented as vectors
. 1 1 2 2
Consider state \/—_IOOO) — \/T—0|011> + \/T—0|101) + \/T—0|111)

10

Normalize DD
to guarantee canonicity

U
/\io
0
0
~1
/\To
0




Representation of Quantum States

m Quantum states are commonly represented as vectors

. 1 1 2 2
Consider state \/T—0|000) — \/T—0|011> + \/T—0|101) + ﬁllll)

— 1/ -
O“ 10 Normalize DD
0 to guarantee canonicity
-1
/\/ 10
0
* 5
10
7 0 Representation of quantum
] /\/ﬁ | operations works similarly
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a Functionality
Decision Diagrarits-'/. -\
0 0

1,0

g
\

m ..eventlally alldws for'aicdmpatt representation
1 0

..1. 0 1/. 1/ K 1/ /
_%doe”Be”eS"f‘mﬂ‘fﬁ?z ULW@'@?V cases.

m Greit fdtis?nﬂlalfﬁatlkléor'ﬁﬁi’latl%{m, and more! (
0 0 1

0 -1 !

\—1 0 50 0 1/2 1/2 ;1/2 —1/2/

m ..are acanonical representation!

m Great for verification!




MUNICH

Decision Diagrams — MQT DDVis Web-based GUI 2855

https://www.cda.cit.tum.de/app/ddvis/

Algorithm Quantum Decision Diagram State Vector

gate diffusion g0, gql, 92, 93 {
hg0:hgl:hg2: hag3: —
% q0; x qli x g2; x q3; ! it

h q3: 11110

mcx g0, ql, g2, g3: 1101
hg3; 11100

X q3; % q2; x q1l; x q0; [/ 11011
hq3: hq2; hql; hqo; 11010

1 Vi s 11061 —
11000

greg ql4]; 10111
qgreg flag(1]; 10110
creg cl4]; \ [ 10101

10100
10011 =

Ji initialization /0143631 0.5B963 1

10010 -
10001 -
10000 —
01110
01101 —
01100 —
01011 —
01010 -
01001

(01000
00111
k] Vig 00729532 |0.997335
00110

00101

13 measureq-> ¢ m 00100
00011
L N, 010

L' ;' L' ;' ;' o001 -
V14 Vi 0.0517235 -0.998661

D000 —]

GOtO"I"IE”O :| T T T T T T T T 1
00010203040506070809 1.0

A




. MUNICH
UANTUM
Overview of MQT CUARTIm

» Classical problem I) « Best compilation options « Decoding algorithms

encoding 5 » Reversible synthesis * Automated code
* Quantum solution ‘ » Technology-specific Mapping ‘ construction and

execution O *  Qudit Compilation numerical simulations

Solution Decoding ¥

. : : o Error
imulation Compilation :
Application Simulatio p Correction

Simulation ificati Hardware
- Decision Diagram based s e « Equivalence checking of « Application specific

simulation of gate-based quantum || .- s e | |0y, T quantum circuits physical design for

circuits L ez o | 1Y Eﬁﬁ%izwl.mn : superconducting platform
« Strong & weak simulation SRR E- | I o o 9
+  Noise-aware simulation oz g | U ]| e — " Wﬂ L

: Strong Simulation Weak Simulation 1 : qO it ”m“

Data Structures & Core Methods Check it out!
. Efﬁc_lent data structures _ =  Decision o Tensor oo
» Dedicated core methods (optimal ™ Diagrams g}ﬂ Networks =+ ZX-Calculus

and heuristic) --
- B n C++ and Python ,

ased on C++ and Pytho ¢y SATISMT [ Machine @ Heuristice
Solvers Learning
https://www.cda.cit.tum.de/research/quantum/mqt/




MQT DDSIM

https://github.com/cda-tum/mqt-ddsim or simply pip install mqt.ddsim
(Fully compatible with Qiskit 1.0)

[ N ) ghz_3.py (N ) Terminal

from giskit import QuantumCircuit $ python3 ghz_3.py
from mqt.ddsim import DDSIMProvider

H

circ = QuantumCircuit(3)

circ.h(9)

circ.cx(9, 1)

circ.cx(9, 2)

circ.measure_all()

print(circ.draw()) meas: 3/

provider = DDSIMProvider() {'e00': 50149, '111":
backend = provider.get backend('qgasm simulator')
job = backend.run(circ, shots=100000)

result = job.result() pr O.éEI UM/\U:;(-:THUM
Y

counts = result.get counts(circ)
pr‘int(counts) T AT TOOLKIT PIanQK

600+ Y on GitHub, 1M+ Downloads on PyP|
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Overview: Software Tooling for Quantum

* Programming Language(s): Python, (C++, Rust, etc.)

 Different categories of SDK providers: @ Q o D . Q
iskit 1 _ Cirq

* Quantum SDK and Quantum Computers
(e.g. IBM/Qiskit, Google/Cirq,
Quantinuum/Pytket, Xanadu/Pennylane, ...)

« Quantum SDK and platform /s L aws @2

(Microsoft Azure, AWS Braket, ...) AFUre Ammm':,;‘ket\ e NVIDIA.

* Only Quantum SDK

(e.g. MQT, Classiq, ...) MUNICH
e Functionalities of SDKs similar with differences in @_JANTUM
the details, such as syntax, supported simulators TOOLKIT

or guantum computers

g\llllll

CUDA QUANTUM

* Simulator vs. actual Quantum Computer
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How to get started? auantum
e Quantum Computation and Quantum Information — Nielsen & Chuang “nformation |

I MICHAEL A.NIELSEN
Sl and ISAAC L. CHUANG

* Quantum Mechanics | The Theoretical Minimum
(by Leonard Susskind, Stanford YT Channel)

Understanding

* |BM Quantum Learning platform and Qiskit Youtube channel IQuantum
(Qiskit Summer Camp, Understanding Quantum Information and \
Computation Series, Coding with Qiskit, etc.)

* Codebook and Challenges from Pennylane \7
PENNYLANE
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Thank you for your time!
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References and Bibliography

* https://bloch.kherb.io/

https://review.mastersunion.org/wp-content/uploads/2022/06/Quantum-and-classical-
computer-1.gif

https://devopedia.org/images/article/68/4882.1613047200.ipg

https://quantum.ibm.com/composer/files/new

https://www.cda.cit.tum.de/research/quantum/

https://www.cda.cit.tum.de/app/ddvis/



https://bloch.kherb.io/
https://review.mastersunion.org/wp-content/uploads/2022/06/Quantum-and-classical-computer-1.gif
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