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Why Quantum computers? Exponential speed-up!

‘ Problem-size/Solver-runtime [i8m executive Report (2019)]

Problem size N 2N 10N 11N 24 N
Classical Comp. runtime | 10 secs 2 mins 330years 3300years 14-10°years
Quantum Comp. runtime 1 min 2 mins 10 mins 11 mins 24 mins

| The Quantum Era .c,_GWDG


https://www.ibm.com/downloads/documents/us-en/107a02e97e48fdbc

Why Quantum computers? Exponential speed-up!

Problem-size/Solver-runtime [i8m executive Report (2019)]

Problem size N 2N 10N 11N 24 N
Classical Comp. runtime | 10 secs 2 mins 330years 3300years 14-10°years
Quantum Comp. runtime 1 min 2 mins 10 mins 11 mins 24 mins

Quantum Advantage Era: Tools for classically inaccessible problems

2
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2 Opportunity
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Today Advantage (Qu)bits
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The Qubit (in (bra| — |ket) notation)

bits ——— qubits
quantum
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Array notation explicit example

on [ el

~—~
column vector

Note: this is not essential for this
course
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The Qubit (in (bra| — |ket) notation)

bits ——— qubits Bloch Sphere
loy] *

quantum

la)  =Po|0) +e"¥\/p1|1)
~—~
column vector superposition

where pg = cos?(0/2)

Random outcomes with
p1=1—po =sin?(6/2)

The phase ¢ doesn’t change
probabilities
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The Qubit (in (bra| — |ket) notation)

bits ——— qubits Bloch Sphere
quantum
@)  =+/Pol0) +e"\/p1|1)
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where pg = cos?(0/2)
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Gates
Normalized row vector (q| = [|q)"]*:

(qllg) =1

| Overview

#hGWDG

2/7



Array notation explicit example

(0| — [1, o] (1]— [0, 1]
———
row vector
Note: this is not essential for this
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Gates

Start Apply H-gate Apply Z-gate Apply H-gate

1 1 1 1
0 0o (o] 0
Orthonormal basis states (0] |1) =0 aq-
c: i
Gates, e.qg., 1

0

Normalized row vector (q| = [|q)"]*:

(qllg) =1

X=1){0[+0) (1], H=X+2Z,
change states:

0) +11)

X[1)=10), HIo)= =2
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Valid Quantum circuit (evolution)

Quantum gates do operations on qubits (cf. logic gates in classical
computing)

Probability must be conserved

Gates apply linear/reversible transformations on the statevector of qubits,
i.e. unitary matrices U™t = (U*)7
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The Qubits

Two qubits
|9a,98) = [0), |0)5
~
Alice’s Bob’s
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https://numpy.org/doc/stable/reference/generated/numpy.kron.html

Array notation explicit example

aobo

ao bo N a0b1

alalele |2 o |0] = |20
N—— aiby

Kronecker product

Note: this is not essential for this course
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The Qubits

Two qubits

|9a,98) = [0), |0)5
~—
Alice’s Bob’

wn

Two-qubit gates, e.g.

CX = 14[|0) (O[] + Xal|1) (1/]5
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The Qubits

Two qubits
1Ga, ) = [0), |0)g
~~
Alice’s Bob's

Two-qubit gates, e.g.
CX = 1a[|0) (O] + Xa[|1) (1[]5

entangle states

CXHal0),1]0)5 = %
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The Qubits

Two qubits
da,q8) = [0), |0)g
~~
Alice’s Bob's

Two-qubit gates, e.g.
CX = 14[]0) (O[]s + Xa[|1) (1]l&

entangle states
0),410)5+]1)411
CXHa|0),|0)5 = w
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Advantage, but when? The Quantum Landscape s joues oy
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https://sam-jaques.appspot.com/quantum_landscape
https://docs.quantinuum.com/systems/user_guide/hardware_user_guide/benchmarks/system_benchmarks.html

Toolbox of algorithms & benchmarking & consulting for:

Machine Learning

Anomaly detection

Adaptive support

Predictive modeling

Finance Optimization

Graph problems (Path problems, Cut,...)
Logistics (Max-Flow, Matching,...)

Constrained problems (Coverage, SAT,...)
Chemistry

Pharma
Materials
Batteries
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What does GWDG offer?

We provide various QC services
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https://quics.gwdg.de/en/services/
https://gwdg.de/en/community-pages/qc-intro/
https://www.youtube.com/watch?v=RQWpF2Gb-gU
https://www.youtube.com/watch?v=-UrdExQW0cs

What does GWDG offer?

We provide various QC services
SCC, Emmy and Grete have QC containers to run simulations on
— Qiskit, Qulacs, Cirg, Qsim, Qibo, QuTip...
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SCC, Emmy and Grete have QC containers to run simulations on
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Recommended viewing: Grover’s algorithm and Shor’s algorithm
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Glossary for the interested

Tensor product = Kronecker product

Hilbert space = space of all valid quantum states
Two body gates = Two qubit gates

Bell-pairs = Maximally entangled states like

10041005 + 1) [1)g
V2

Unitary evolution = valid quantum state evolution: reversible and
probability conserving

Hermitian conjugate = transpose together with conjugation At = (AT

LOWDG 1/2


https://numpy.org/doc/stable/reference/generated/numpy.kron.html

Table of some types of quantum hardware

Qubit Coherence Gate Gate Pro Con
Encoding [Time [s] Speed [s] Error

Supercond. le-3 3e-8 le-4 CMOS-fab. Cryo. load
Trapped lon lel le-5 le-6 Identical Slow gates
Silicon Spin le-3 le-7 le-3 Density Charge noise
Neutral Atom 4el 5e-7 le-3 Dynamic layout  Atom loss

NV Centers 2e-3 le-8 le-4 Room temp Fabrication
Photonic le0 le-9 le-3 Scalable link Measurement
Topological lel le-6 le-7 Prot. state Material hard

Not to even mention the number of qubits, available gate sets, etc., all
important to assess the feasibility of algorithms.
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