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9-9:45 The hybrid HPC-QC approach
9-9:45 The HPC-QC landscape: how does
_QC differ fl:om classical HPC? What L5 Systems: HPC-QC integration, facts and
L1 is the relation between HPC and fiction. Co-located and distributed
QC for the foreseeable future? systems. Software control of quantum
error mitigation and correction.
10-10:45 | Introduction to digital QC: .
quantum states, qubits, logic gates, 10-10:45 Over'wew of the software staFk, '
uantum algorithms ranging from ready-made Q-libraries
L2 a i L6 for common tasks to circuit level
assembly and hardware-level coding.
11-11:45 | Overview of different QC hardware
approaches (superconducting, 11-11:45 | Hybrid classical/quantum algorithms
L3 trapped ions, semiconductors) and
QC types (digital, analogue, L7 Methods: Optimisation and variational
adiabatic, annealing). methods: QAOA/QUBO, VQE, and
Hybrid HPC+QC systems, how the T
non-expert end-user will benefit. Applications: Introduction to use cases
for quantum chemistry, optimisation
and finance.
12-13 Lunch
13-16 Introduction to high-level 1213 Lunch
languages for QC (Qiskit, Cirg, Q#) . .
L4 How to download program 13-16 Iil;)-rﬁs—on experience with
packages: Qiskit: E2 - quantum software testing on
y ) simulator including downloading
Hands-on experience with the tool and using it to test
E1l quantum gates and quantum quantum circuits in Qiskit.

circuits:

- Downloading quantum
programming environments: Qiskit
- Execution of simple examples
controlling 1q and 2q gates: 1q
rotations, teleportation.

14-15
- Qiskit applied to use cases for
optimisation
15-16
- Qiskit applied to use cases for
quantum chemistry

Introduction to




NordIQuEst DNelIC

Nordic-Estonian Quantum Computing e-Infrastructure Quest

Institution Country Contact person Position

CHALMERS Sweden Miroslav Dobsicek Research Scientist

CSC Finland Mikael Johansson Quantum Strategist
DTU Denmark Sven Karlsson Assoc. prof.

SINTEF Norway Franz Fuchs Research Scientist
SRL Norway Shaukat Al Professor

UTartu Estonia Dirk Oliver Theis Assoc. prof.

VIT Finland Ville Kotovirta Research Team Leader

NordIQuEst group leaders and Lecturers



How does QC differ from classical HPC?

Reversible/coherent - irreversible/incoherent computing !!



Reversible - irreversible computing

Gate operations, algorithms

Coherent

Incoherent

One big memory.

=> All information kept all the time.

Logically reversible
”No dissipation”

Information /

~

Quantum computer, COHERENT,
-> Superposition, Entanglement
Atom traps, nuclear spins

Josephson Junction circuits

4

/ Semicond QDs, impurities

\ Reversible classical computer

/ — QUANTUM INCOHERENT
P Logically reversible | Ballistic

H Brownian
Micro

Wave computer:

ogically irreversible | Classically coherent

Processors \L

D

Scaled down pP, INCOH.

destroyed all the time.
Logically irreversible.

Dissipation

Quantum device pP,
INCOHERENT

RTD, RTT, QD, SET

SFQ, Josephson flux circuits

Spin valves, Molecular Electronics




HPC-QC = Classical computer + Q-accelerator
CC: Classical gates QC: Quantum gates
C-register C-register Q-register Q-register
state state state state
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- Sl Rotation
t AND,
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. A . c-c-NOT
NOR, ... c-swop
z X, X X X X X,
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Vo> =UM0> R
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Computing FROM/TO memory Computing IN mehéry o

The memory is the storage The memory is the computer




What is the relation between HPC and QC
for the foreseeable future?



Superconducting
qubits
Cloud service

lon trap qubits
Cloud service

IBM
Google
Rigetti
Alibaba
QuTech
(Delft)

Innsbruck

lonQ

Sandia

Honeywell
Amazon

Semiconductor
qubits
Cloud service

Photonic qubits
Cloud service

QuTech
(Delft)



Development Roadmap

Model
Developers

Algorithm
Developers

Kernel
Developers

System
Modularity

On target 9

2019 @ 2020 @ 2021 @

Demonstrate and
prototype quantum
algorithms and
applications

Run quantum circuits
on the IBM cloud

Run quantum
programs 100x faster
with Qiskit Runtime

Quantum algorithm and application modules

Machine learning | Natural science | Optimization

Circuits @

Falcon ()

27 qubits

> o @

Hummingbird @ Eagle
65 qubits 127 qubits

Qiskit Runtime @

Executed by IBM 0

2022

Bring dynamic circuits to
Qiskit Runtime to unlock
more computations

Dynamic circuits @

Osprey @
433 qubits

-

2023

Enhancing applications
with elastic computing
and parallelization of
Qiskit Runtime

2024

Improve accuracy of
Qiskit Runtime with
scalable error mitigation

Prototype quantum software applications

Quantum Serverless

Threaded primitives

Condor
1,121 qubits

Heron
133 qubits x p

Intelligent orchestration

Flamingo
1,386+ qubits

Crossbill
408 qubits

IBM Quantum

2025

Scale quantum applica-
tions with circuit knitting
toolbox controlling
Qiskit Runtime

Beyond 2026

Increase accuracy and
speed of quantum
workflows with integration
of error correction into
Qiskit Runtime

Quantum software applications

Machine learning | Natural science | Optimization

Circuit Knitting Toolbox

Error suppression and mitigation

Kookaburra
4,158+ qubits

Circuit libraries

Error correction

Scaling to
10K-100K qubits
with classical
and quantum
communication



Sweden’s quantum technology programme

Wallenberg Centre for Quantum Technologies
WACQT, 2018-2029 MC2, Chalmers U of Tech, Swede

12 years, 150 M€

Mission: to build a quantum processor
with 100+ superconducting qubits by 2025

https://www.chalmers.se/en/centres/wacqt/Pages/default.aspx qu Transmon Chip uder testing



NordiQuEst HPC-QC ecosystem QDNeiIC

2022-2025

According to plans:
25 qubits by 2023
50 qubits by 2025

Accessible for users via
a LUMI portal




EuroHPC JU

LUMI-Q ..... ? (in preparation)
(CSC, VTT, Chalmers, NelC, IQM ...)

Horizon Europe

OpenSuperQ Plus !

FPA Roadmap 2022-2029:
Chalmers, VTT, CSC, IQM, ....

SGA1 2023-2025 (100q)

SGA2 2026-2029 (1000q)



Why is quantum computing interesting?

Because of hard future limits for classical
High-Performance Computing (HPC):

* End of Moore's Law for semiconductor component scaling
* Scaling of classical computational power will hit hard limits (ultimately -
electrical power)



POWER

Computers:

Big computers and internet servers are built from many parallel PC-type
pProcessors

1 processor typically consumes about ~ 100 W
The computation itself (bit flops) consumes about
1V x 3 GHz x 1070 transistors =5 W

The rest is losses dissipated as heat.

20 000 processors x 100 W > 2 106 W =2 MW
- Needs a dedicated power station!

One is planning for 1000 times more powerful — exaflop - computers > 10° W
=1000 MW

- Requires a dedicated nuclear power station!!



POWER

Internet-of-Things (loT): a rough estimate

1019 people (10 x Kina today)
100 W/person at home (only for loT)
- 1012 Watt = 1000 nuclear power reactors

Moreover: every internet server will need a dedicated nuclear power reactor!!
Suppose the world will need 1000 loT servers

- 2 000 nuclear power reactors needed for internet/loT

- Information processing in the near future will need very big electric
power!

- We need exponential speed-up to be able to solve (approximately!) hard
problems with finite resources (time, memory).

- We may need new computational paradigms = Quantum computing?



The original quantum “killer application”. Shor’s algorithm for factorisation (1995)

Today, the typical killer applications are “use cases”:
 Quantum Chemistry — designing enzymes and catalysers

 Materials science — describing strong electron correlations

« Optimization - logistics, scheduling, ...

-> There is no lack of algorithms and applications.

-> But there is lack (absence!) of large-scale coherent quantum processors



The killer application today

Nitrogenase protein: iron molybdenum cofactor FeMoco

FeMoco

Elucidating reaction mechanisms on guantum computers

M. Reiher, N. Wiebe, K. M. Svore, D. Wecker, and M. Troyer
PNAS 114, 7555-7560 (2017)



Quantum Advantage

Quantum computers offer, in principle,
exponential speed-up for certain classes of hard problems

TTS for a HPC:
- Grows exponentially

time||

Increases

TTS for a quantum

- computer:
oaut tE58059 £55 f\ Grows
problem size - linearly/polynomially

\ J
|

No Quantum Advantage




HPC efficient

Hard for HPC
QC efficient

Complexity

classes
\ P

Hard for QC

— BQP

. QMA
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Complexity classes

Hard for
ordinary
Hard for | quantum
classical | computer
computer |
NTM

Non-deterministic
Turing Machine

DTM 3 QTm
Deterministic Easy for classical Quantl:m
Turing Machine | | computer computer




Complexity classes — Quantum Chemistry

Quantum

Hard for
classical
computer

NTM
Non-deterministic
Turing Machine

DTM \“ QTM

< e i uantum
Deterministic Easy for classical Q ¢
Turing Machine | [ computer computer




QC makes use of some fundamental properties of matter at
“atomic & molecular” levels (like NMR): Bloch sphere qubit =

0>

Energy
Q
o\d
[y
S
— S

-Quantum physics 2-level system '
-Coherence 5

Dy ~—10 GH
-Superposition 0>, 11> B z
-Parallelism al0>+b|1>
-Entanglement qubits

vector on the unit sphere
QC solves problems by generating and interpreting dynamics

of quantum wave patterns in registers of quantum bits  Superposition of 2N registers

(qubits%‘ ) — “quantum matter” of N-qubit registers
) R, a;100..000> +
Zha‘l’(l‘,t) = [WV I V(l‘,t):| \I’(I‘,t) a, 100..001> +

2,100.010>+ |¥(1))

4 L s AL bl

a 2 oo me a,100..011> +
= \umﬂ;i"}_‘.— 2

i 4 1 B9 an_‘| |1 1 ..1 10> +

a,111..111> =2N




Quantum gates and states: superposition and entanglement

¥(t0))>

100..000> +
100..001> +
100..010> +
100..011> +

|11..110> +
|11..111> =
1>]> ... |>

Qubit
(memory)

N

¥ (1))

Rotation
NOT, Hadamard

CNOT
CPHASE

C-Rotation

qubits, n = 2N states

Super-

U [4(¢))>= (v 10..00> osition

+5,(1)10..01>  of 2V

+1,(t)10..10>  states;
Not
+ e possible

+f.(t) 1...11> classically

c-c-NOT

c-swop

Superposition of 2N state
configurations - entanglement

Product state
Not entangled/—
1\ |

>

Y(t)) = U(t,to)|v(to))

register
Reversible

/
A

2.

gates

Series expansion 2

—LH(t—t
U(t,to) = €77 (t=to) Quantum gate circuit

Generic quantum gate



. . Quantum variational methods
Rayleigh-Ritz

E(0) = (W(O)|H|w(9) > Ey; H=Y,1, Quantum state tomography
] ] HPC QC HPC /
Quantum circuit 1 . ,
trial function > |1,l/(9)>\ SR — L l
(HPC-generated) Na
.. . a; |00000> +
Optimisation 2, [00001> + - . ((1) (1))
. y a3 |00010> + £ 3

Quantum Approximate = 2, [00011> + 2 0 e (u —i

Optimization Algorithm 25 TTTRET AR O

(QAOA) = a,|11111> = Bl ((1] _01

o n=25=32
Quantum Variational o
Eigensolver z e
g Evaluate cost
(VQE) [ J function
Update
Machine learning parameters Minimize Y, (W|H;|v)

Cost function FI = Zhl‘a Cio + Z hiOC,jﬁ G,-anﬁ + Z hia,jﬁ,k’}/ Gianﬁ ka—i— .......
io io,jp io,jp.ky



Background for L2 and exercises: Teleportation

Exemplifies:

- Quantum circuits

- 19 Hadamard gate

- Superposition

- 29 CNOT (XOR)

- Entanglement

- Coding— decoding

- Intro to quantum error correction (QEC)



Teleportation

“Alice”
Classical channel
¢ |1p>= al0>+bl1> I [ / k,n=0,1
| H —-'—0 k &
: ' “Bob”
l
| I ]
|0>  — H 2 2 : <> I ' Y n *—
L i
I n
0> e E : ; X x
]
I >
! | 16> [

Bell state; 3-qubit
entangled entangled
pair states



Teleportation - Bell state generation

Classical channel
lyp>= al0o>+bl1> :
H ; ek o
L |
I I IV :
I0> _ H I : \.L/ : 2 3 n L=
I :
0> :U/E : o |2 |
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// \ :
y \\ 00 -> 00
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Teleportation — entangling input state with Bell state

Classical channel

lyp>= al0o>+bl1> | :
H ———=eke
l |
' :
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Teleportation — decoding entangled state + meas’t + restoring (Bob)

Classical channel

X" | Z
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Quantum Error Correction - QEC

Coding

Bit-flip

a|000) + B|111
000) + AI1Y, Parity
d .

Error a|010>

«|000) + B[111)

etection l
4
. /
]
| 0> O‘GB‘() . e:af:;ﬁonlcs
10> O- S-

Correction



Quantum Error Correction - QEC
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