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INTRODUCTION TO GATE-BASED QUANTUM COMPUTING
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WE COMPUTE WITH QUANTUM COMPUTERS
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Lecture Notes:
Programming Quantum Computers

C O N T E N TS https://arxiv.org/pdf/2201.02051.pdf

1. Quantum Bits and Quantum Gates Hosting . Analog QC

Quantum
annealer

2. Programming and Simulating

Quantum
simulator

Quantum Circuits

QC emulators

3. Applications:

Quantum
computer

1. Quantum Fourier Transform

Quantum
computer

3. Quantum Approximate @

Optimization Algorithm
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QUANTUM BITS AND QUANTUM GATES Important qubits:

A single qubit

1
= 1
o | | +) f| )+ \f\ )
» Definition of a single qubit Computational basis states . .
] . -) = E|0> f!1>
) =0 10)+0n 1) = (1) m=(s) =9
Digital computer: Bit Quantulrgl) computer: Quantum Bit = Qubit |
0) 0)
C \‘{ g
0 >+I1>
2 )
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QUANTUM BITS AND QUANTUM GATES

A single qubit

» Definition of a single qubit Normalization:

[9) = 100 0) 4 oy |1) = (z?)

» Representation on the Bloch sphere

Y : 0, cos ¥
— — P oin — o . 2
1) = cos 5 |0) + €'?sin 5 1) <€w i g>

> Evaluation of the Cartesian coordinates

v (W|o®|) sin ¥ cos
r= Y| =1 @|cYlY) | = | sindsing
r? (Ylo*|) cos ¥
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(Yly) = [l + [ |* = 1
(Wl = (o, ¥1)

Global phase:
¥) = e |g)

Pauli matrices:

. (01 , (0 —i ., (1 0
“={10) =\ o) ¢ = \o <1
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QUANTUM BITS AND QUANTUM GATES

Gates as rotations on the Bloch sphere
RY(m/2) =

» Rotations around the axes of the Bloch sphere

gy _ —if0®/2 _ cos(6/2)  —isin(6/2)
RA0) =e <—isin(9/2) cos(0/2)
yion _ —ibov/2 _ [cos(0/2) —sin(0/2)
R(0) = e = <sin(e/2) cos(6/2)
z _ _—ifc* /2 _ eXp(_ZQ/Q) 0
B(0) = ¢ B < 0 exp(i6/2)
» General rotation gate
Standard gate set:
Rﬁ(e)=6_i9ﬁ'5/2:cosQI—isinQﬁ-E A=
2 gLl (1 1
IV RV
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QUANTUM BITS AND QUANTUM GATES

Multiple qubits Computational basis states:

» Multi-qubit state " (8) e (8) o (3) o (3)
Yo
- ¢1
:Zzpjm:wo\o---00>+w1]0---01>+---+¢2n_1\1---11>: _ Tensor product
=0

aooB a01B ce

i ¢2” 1 lq0q1) = |q0) ® |q1) A®B(aloB a1 B )
» Important two-qubit gates

|00) |01) |10) |11) 00) |01) |10) [11)
1 0 0 0 I 00 O
01 0 0 0 1 0 0
CNOT =CX = = CZ =
0 0 0 1 — D 00 1 0 U e
0 0 1 0 0 0 0 -1

» General controlled gates

()

I

@,

-

I

o = O O N
S~

o o O =
S O = O

B 190 - - qn—1) (if g;, = 0)
zle \QO Qn—1> — .
90 Qis—1) (U@i5)) |@ist1 - an—1) (ifq, =1)
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INTERLUDE: SUPERCONDUCTING QUANTUM COMPUTERS

Resonator y COntl’Ol QUblt

Resonator

Microwave Pulse:

L >
W >
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PROGRAMMING AND SIMULATING QUANTUM CIRCUITS

Input:

Program = Circuit
of Quantum Gates

— H—/T—H L
N

Result of this
program

Option 1:
Compute the

unitary matrix

Member of the Helmholtz Association

> CNOT(H®I)(T®I)(H®I) =
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Output: Bitstrings
”OO“! ”01“7 ”10“! ”11“

v0.85.../00) ++/0.15...|11)

i /4
0 1 62 0 \
2 2
1_67,71'/4 O 1_|_ez7r/4
2 2
i /4
o0 =t o )
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PROGRAMMING AND SIMULATING QUANTUM CIRCUITS

Input:

Output: Bitstrings
”OO“! ”01“7 ”10“! ”11“

Programm =
Circuit of
Quantum Gates

— H—/T—H L
N

Result of this
program

v0.85.../00) ++/0.15...|11)

Option 2: Track

the unitary o /4
. TRI 1 T
transformations — —100) + 110)
\/’ \/’
1 im/4 1 — im/4 1_|_ e'iﬂ'/4 1 — 6'L'71'/4
Hel +; 100) oy B3 00) + ——5—111)
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PROGRAMMING AND SIMULATING QUANTUM CIRCUITS

Input:

Programm =
Circuit of

Quantum Gates

— HM/T

H

!

l

Output: Bitstrings
”OO“! ”01“7 ”10“! ”11“

Option 3: Simulate the circuit
import giskit

clrcult =
circuit.h
circuit.t
circuit.h
circult.c

O 0 1 O\ Lt &~ W —

Member of the Helmholtz Association

iskit.QuantumCircuit (2)

U

from jugcs import Juqgcs

v0.85.../00) ++/0.15...|11)

Measure 00 with 85 %
JUQCS

(Julich Universal and 11 with 15 %

Quantum Computer
Simulator)
Python Package qiskit-jugcs: https://pypi.org/project/giskit-jugcs/
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PROGRAMMING AND SIMULATING QUANTUM CIRCUITS

Simulation with Qiskit Aer H T

gasm_simulator

H T
statevector_simulator

import qiskit

circuit = giskit.QuantumCircuit(2)
circuit.h(0)

circuit.t(0)

circuit.h(0)

circuit.cx(0,1)
circuit.measure all()

backend = giskit.Aer.get backend('gasm simulator')

result = backend.run(circuit,

shots=1000).result()
result.get counts()

{'60"': 846, '11': 154}

Measure 00 with 85 %
and 11 with 15 %

Member of the Helmholtz Association Dr. Dennis Willsch
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import giskit

circult = giskit.QuantumCircuit(2)
circuit.h(0)

circuit.t(0)

circuit.h(0)

circuit.cx(0,1)

backend = giskit.Aer.get backend('statevector simulator')
result = backend.run(circuit.reverse bits()).result()
result.get statevector()

Statevector([0.85355339+0.35355339j, 0. +0.] '
0. 1+0.] , 0.14644661-0.35355339j1,

v0.85...]00) +v0.15. . .]11)
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De Raedt et al., CPC 176, 121 (2007)
De Raedt et al., CPC 237, 47 (2019)

SIMULATING QUA NTUM CIRCUITS Willsch et al., CPC 278, 108411 (2022)

Simulation with JUQCS (large-scale simulations on a supercomputer)

’wOOOOOOOOOOO 0..-

O

¢00000000000 1...

[

wOOOOOOOOOOl 0---0

77DOO()00000001 1---1

77b11111111111 0---0

» Video: Simulation of Quantum Computers on GPUs

https://youtu.be/JUSEYCkh2ac

»JUNIQ: Possible to simulate around 40 gubits (45 with JUQCS-G)

https://junig.fz-juelich.de

[ X ]
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— Here happens a multiplication modulo 2"

QUANTUM FOUR'ER TRANSFORM ~> Can (ab)use QFT for arithmetics!

(addition, multiplication, etc.)
An operation to move registers into phases and back

» The formal definition of the QFT is:

FT 1 i (e o )Y ) /om
|]0]1]2"'> Q|_> Z 62 (Jogrjz- ) (kokika---)/2 ‘k0k1k2>

» Intuition: v kokikz -
2" —1
5) © kz_o e”™ I H12" | k) ¢2mi (G0i1)0/4) )
> Implementation for two qubits: + 2t (Gog1)-1/4|1)
o) S + ¢2mi(G01)2/4)9)
1) —{H 00) |01) y10> 11) + 2™ (Jog1)-3/4)3)
> Verification: (1 1 1 \

L1 . 1 i (o).
SWAP (I ® HYCS (H®I) \joj1>:§ 1 1 _1 J071) 25262 (JO]l)(lﬂokl)/4‘k0kl>

\l —i 1 i) ot

[ X ]
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Draper, arXiv:quant-ph/0008033 (2000)
https://arxiv.org/pdf/2201.02051 .pdf

QUANTUM ADDER

A nice application of the QFT

» We are looking for a quantum circuit to implement the following unitary operation

ADDy,
[0 1) |Yoy1) — [Tow1)|Yoy1 + Tow1)
. Sum'sosl
» Such a modulo-4 adder would also work on superpositions!
» Examples:
2) 1) = 12)[3)
0) + 1) 2) +13)
2) 7% — 12) 7
0) + 1) +12) 2) +13) +10)
2) 73 = 2) 73
0) + (1) [2) +[3) +[0) 0)[2) £+ 10)[3) £+ 10)[0) + [1)[3) + [1)]0) + [1)]1)

V2 V3 V6
L X ]
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QUANTUM ADDER n

A nice application of the QFT 5) & Z 627rijk:/2”|k>
» ldea: > The QFT converts between registers and phases

—> By using bitwise phase shifts, we can implement the addition in the exponent

- This is automatically modulo 4 (< periodicity of the complex exponential function)

> A circuit to realize this idea is:

| | | |
. IQI®QFT, | Addition | I®I®QFT)
|z0) : : * : : A
lz1) — | | —— — A
INIT | | | I |
[yo) — — H— 5 | Z ST H — —A|=> Sum S0
> Intuition: Y1) — : : H : ZHS | Hl—e L A|=> Sum s

s ]> (ZGQﬂ'ikk'/an ) Z 271'@/4:/@/2”‘] ‘k, Z 2mi (j+k) k/zn‘]>‘k/>l—>|j>‘]—|—]€>
k/

k/
o0
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QUANTUM APPROXIMATE OPTIMIZATION ALGORITHM

A very brief overview of the QAOA

» Say we want to find the minimum of the function

E(QO) cey C]n—l) — Z%’Qij%’ And E(SO, cey Sn—l) — th‘Sz‘ + Z Jijsisj
i,] i<j
“QUBO” (q=0,1) “Ising” (s = +1,-1)

» Combinatorial optimization problem
—> discrete optimization is hard!
» ldea: With a guantum circuit, we can create a superposition

) =40 [0---00) + - +dgs g 105 Gp1) + -+ thon g [1---11)

_ Solution to the problem
» Goal: Enhance this term!

[ X ]
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QUANTUM APPROXIMATE OPTIMIZATION ALGORITHM

A very brief overview of the QAOA
> Goal: Enhance this term!

[¥) = 0[0---00) 4~ +Pgzoqz_ |00 Gpa) + - T P2na [1---11)

» Make the quantum circuit dependent on real parameters (51, ...

75}97/}/1 ---afyp)

» Hope: these 2p parameters are easier searchable than the original discrete variables

Repeat for £k =1,...

,p QAOA steps

~ Weighting ~ Mixing |
e B pg—
[90) — H —— R*(2vsho) R®(2Bk) F—1A
I I
‘Q1> H : RZ(Qthl) He—i%JijUfaj Rx(Zﬁk) : /74
| : ©J : |
l : : | :
I I
‘QN—1> H | Rz(2’}/khN—1) Rx(QBk) | /74
Lo - - - - - - -
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QUANTUM APPROXIMATE OPTIMIZATION ALGORITHM

A very brief overview of the QAOA
» Goal: Enhance this term!

) =10 [0---00) + - +Wgseqz_ |0 1) + -+ Y2n1[1---11)
» Look at p=1 QAOQOA step

— H [ R*(271ho) j i R*(251) |
Success probability Wq;;...q;;_l 2 — HH R*(2y1hy) —B—{ R* (271 Jo1) —& l ﬂr R*(2B;)
— H — R*(2v1h2) D— R*(271J12) —D— R*(261)

NI PRP

There are regions
where the success
probability is enhanced!
How to find them?

. : 3. Y. .
> Will be a dedicated topic in this School ©
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THANK YOU FOR YOUR ATTENTION

» Further information:

» Programming Quantum Computers: https://arxiv.org/pdf/2201.02051.pdf
» JUQCS: Video https://youtu.be/JUSEY Ckh2ac
» JUQCS: Paper https://doi.org/10.1016/j.cpc.2022.108411
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