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Objectives & Prerequisites

AAfter this workshop, you should be
AFamiliar with basics and general trends of quantum computers
AAble to understand simple quantum circuits
AReady to build and run simple quantum computing tasks@IKit

AWe assume that you know
ABasic knowledge of linear algebra and statistics, but not mandatory
ANo prior knowledge of quantum mechanics required

ARecommendationAn account @BM Quantum Experience
https://quantum-computing.ibm.com
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Sc1ence Agenda Sc1ence;“ﬂ,

A What is a Quantum Computer?
A Brief history, guantum mechanics, current status

A Basic Concepts of Quantum Computers

A Qubit, superposition, entanglementlecoherence,
measurement

A Quantum gates, quantum circuits, quantum algorithm

A How does a Quantum Computer work?
A Requirements of quantum computer ot

A Quantum computer design & roadmap nature

A Applications of Quantum Computers
A Quantum optimization
A Quantum chemistry and materials
A Quantum communication
A Case studies: cryptography, Shor algorithm, variational
guantum eigensolver

A DEMO: Quantum Computing witQISKit

Classical supercomputes
ot persormed by quarncum
o forthe Arstdime




About Myself

APh.D. degree, quantum chemist by training, UBIK Chemistry
ASenior Computational Scientist @ Research Computing CenteiCHNC
AEngagement group, training, collaboration, ef@ps://shubin.web.unc.edu/

AResearch Interests: Development of density functional theory and its
applications in biology, energy and drug design (using HPC/HTC cluste
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What Is a quantum computer?

U Quantum Computer

U A computer that usdaws of quantum mechanits performmassively
parallel computinghrough superposition, entanglement, ancotierence

U Classical Computer

U A computer that uses voltages flowing through circuits and gates, which
can be controlled and manipulated entirely by classical mechanics.
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Evolution of Q

The Foundations

From Theory to Practic

uantum Theory & Quantum Techno

Commercialization & Applicatio

1929: Dirac, one of the
founders of quantum physics
writes that physicists now
know all laws necessary to
simulate chemical systems

1965: Feynman’'stheories of I
guantum-electro-dynamics

1994: Shor’s Algorithm 2004/5: Firstphoton

for finding primefactors entanglement +first

sparks hugeinterestin - quantum byte (qubyte)
quantum computing

1980 2010

| 100 cvomum | 99 totuotng )
cryptography (IBM) computer 2010: D-Wave announces

demonstrated first commercially

Jan 2017: D-Wave makes
2000Q system
commercially available

2020 Chinese scientists
claimed 100 trillion faster

of quantum supremacy
May 2017: I1BM announces

16-qubit machine

availableinthe cloud
2018: Intel confirms

I
Sep 2017: Microsoft development of 49-qubit
revealsquantum chip

I I available QC programming language
Mdnn Qa I I ’ 2021
I I 2016: IBM makesa 5-
1925 Schrédinger | 1996: Grover's | qubitQCavailable to _
i database search developers & researchers 2019: Google claimsto
Equation proposed s 2 SRR
I algorithm I for experimentationviaits have reached quantum
cloud portal supremacy for the first
1935: TheEPR paradoxisa 1981: Feynman proposes time

thought experiment
intended to demonstrate an
inherent paradoxinthe early
formulations of quantum
theory; itisamong the best-
known examples of quantum
entanglement

quantum phenomenonto
perform computations

2001: Usinga 7-qubit
computerresearchersat
IBM/Stanford factorthe

number15

Oct 2017: Google
announces OpenFermion:
Open source chemistry
package for QC

2019: 1BM launchesfirst
commercial 20-qubitQC

Nov 2017: IBM announces

20-qubit machine available

in cloud & first working 50-
qubit processor



Brief History of Quantum Computers

A 1981: Richard Feynman proposed to use guantum computing to model guantum systems. He
also describe theoretical model of quantum computer

A 1985:David Deutsch described first universal quantum computer

A 1994:Peter Shor developed the first algorithm for quantum computer (factorization into
primes)

AmMddpp { OKdzYlF OKSNI LINPLI2Z&ASR avdzl yiadzy oAdéE 2N
A 1996 LovGrover developed an algorithm for search in unsorted database

A 1998:the first quantum computers on two qubits, based on N@Rford; IBM, MIT, Stanfoyd

A 2000:quantum computer on 7 qubits, based on NMR {A&Emos)

A 2001: 15 = X5 on 7- qubit quantum computer by IBM

A 20052006:experiments with photons; guantum dots; fullerenes and nanotubes as "particle
traps”
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Brief History of Quantum Computers

A 2007:D-Wave announced the creation of a qguantum computer on 16 qubits

A 2012:D-Wave claimed a quantum computation using 84 qubits

A 2017:D-Wave Systems Inc. announced th&\Rve 2000Q quantum annealer with 2000 qubits
A 2017:Microsoft revealed Q Sharp with 32 qubits

A 2018:Google announced the creation of a-@@bit quantum chip

A 2019: Google claimed quantum supremadth 54 qubits to perform operations in 200
seconds that would take a supercomputer about 10,000 years to complete

A 2019: IBM revealed 53 qubits

A 2020:Chinese researchers claimed to have achieved quantum supremacy using a photonic
gubit system at 100 trillion times the speed of classical supercomputers

A 2020: IBM will build 112fjubit guantum computer in 2023, and 1 milligubit quantum
computer in 2030.
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Quantum Mechanics

Quantum mechanics is the theory that describes the behavior of microscopic
systems, such gshotons,electrons, atoms, molecules, etc.

Nobody understands quantum mechanics!

Gb23 €2dzQNB y20 3J2Ay3 02 o06S loftS i:
aldzRSyda R2y QU dzyRSNEGIYR A0 SAUGKS
Nobody does. ... The theory of quantum electrodynamics describes Nature
as absurd from the point of view of common sense. And it agrees fully with
an experiment. So | hope that you can accept Nature as e & & dzN.R €

o --Richard Feynman
Ll UNC
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Classical vs. Quantum Mechanics

Classical Mechanics Quantum Mechanics
Alt deals with macroscopic particles Alt deals with microscopic particles
ALO A& o0l aSR 2y ABig nded @le Sthrodiriger qgtiation

Y2U0A2Y | yR al EﬂSAf_ng{af
: pbsy0l@briamly discrete
electromagnetic wave theory values of energy are emitted or absorbed
A Any amount of energy may be ¢Z2 N 3 AudntuBer
emitted or absorbed continuously & &3 dz3 & 2F | S§4 5 & Yy 0 S NI

AThe state of a system is defined orincipleand de Brogliéypothesisdual
exactly by specifying their positions nature of matter (both particle & wave),

and velocities the state of a system cannot be specified
AThe future state can be predicted _ €Xactly o o |
with certainty Alt gives probabilities of finding particles at

various locations in space

| UNC
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Quantum Mechanics

A Quantumstates represented by A This theory, which has been
5 A NkeQ|Q &, evolve in time extensively tested by experiments, is

according to the Schrodinger equation: Probabilisticin nature. The outcomes
of measurements on quantum

dy)/dt = —iH(t)|y)/h. systems araot deterministic

A which implies thatime evolutionis
described byinitary transformations A Between measurements, quantum
systems evolve according lioear

V) = Ul). equations (the Schrodinger equation).
dU (t)/dt = —iH (t)U () /h. This means that solutions to the
equations obey auperposition
A where |y> is the quantum state principle linear combinations of

(wavefunction) and H is Hamiltonian ~ solutions are still solutions

| UNC
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Unitary Transformation as Quantum Computing

o [1(0)> PREPARATION::
The Initial preparation of the state defines a
| Ultyto) wave function at time,+0.
1 [la@)>
[ Ut STATE EVOLUTION
a Evolved by a sequence of unitary operations
lU(tn’tn-l) X q)
O

1 MEASUREMENT :
Quantum measurement is projective.

P( )=l |C]~(n)>|2 Collapsed by measurement of the state
—
Ll UNC

INFORMATION Classical Computing Approach using Flow Chart
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Unitary Transformation as Quantum Computin
1) —— —

Vo) — —
U )

%n) —— —

On a quantumcomputer,programsare executedoy unitary evolutionof aninput
thatis given by the stateof the system,| y,>, which canin eitherO or 1 state
Sinceall unitary operatorsareinvertible, we canalwaysreverseor cuncomputéa
computatioron aquantumcomputer

@__ UNC Quantum Computing Approach using Quantum Circuit
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What does a quantum computer look like?

Ion, iontrap-based 32qubit guantum computer IBM 53qubit superconductobased quantum computer



Quantum Computing Rae€orporations
R&D investments reach $10.7 billion by 2024
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THE EUROPEAN QUANTUM COMPUTING STARTUP LANDSCAPE
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Quantum Bit Qubit

Superconducting loops Trapped ions Silicon quantum dots Topological qubits
Google, Honeywell, Intel Microsoft
IBM, lonQ Corporation,
Rigetti, HRL :
DWave DOI: 10.1126/science.354.6316.1090

AThe smallest unit of information in a quantum computer

Alt represents the state of the wavefunction® in Schrodinger
equation

Al ljdzoAdG YIFIé 0S Ay OUKS az2yé om0 3
AI\/Iany WayS to implement a qult A Spin Qubit Looks Like a Transistor
ANuclear spin in NMRi = |0>,®= [1>. 4> B

Dielectric

APhotons in a cavity: 0 photon = |0>, 1 photon =
AEnergy states of an atorg:s.|0>, excited state |1

At 2t F NRT I OGA2Y 2F LJKzﬂzy'é Yl UK § ;
. | ilicon
IT:TI E-ch;ﬁ;g;o N ‘f °, "‘ | Linear Quantum Device
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Quantum Bit Qubit

ASince quantum systems evolve according to linear equations

Schrodinger equation), linear combinations of solutions are & '\ Fedeo
solutions. So, for the state of a qubit|0> and |1>, itS superpoSEEE-. iQB"
also describes the same state 3 “" Sy
AThe general form of a qubit state can be represented by: )y 7 9
al0Y+a,[1Y
wherea,anda, are complex numbers that specify thpeobability £=0>
amplltugesof the corresponding states.

Alay|23 A @dSa 0KS LINPOFOATfAGE OKI/CG
(0) state; Ja,| 2 gives the probability that you will find the qubif in
0KS a2yé om0 adlkaSo |

ANormalization condition: g,| 2+ |a,|2=1

| UNC
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Classical Bit vs. Quantum Bit

CLASSICAL BITS

Acan be in two distinct
states, 0 and 1

Acan be measured
completely

Aare not changed by
measurement

Acan be copied
Acan be erased

IIIIIIIIIII

QUANTUM BITS

Acan be in state |0> or in state [1>
or in any other state that is a linear
combination of the two states

Acan be measured partially with
given probability

Aare changed by measurement
Acannot be copied
Acannot be erased



Advantages of Qubits Bnormous Quantum Powe

AAdding qubits increases storageponentially

A Quantum computer doubles the power with every added qubit
A To double the power of a digital computer 32bits64 bits
A To double the power of a quantum computer 32qubits33 qubits

Al 'y R2 2LISN) GA2ya 2nssibely harabeuhphtdtibd? &
A One math operation on"humbers encoded in classical computers with n bits
requires2” steps or parallel processors, but the same operation 'onuZnbers
encoded by n gubits takelsstep
A A 64bit computer can perform manipulation on 8%t binary numbers at a time.

A A 64qubit quantum computer operates in a space & dmensions, or roughly
16,000,000,000,000,000,000 (16*fpPnumbers to specify the state of the quantum system.

AThis makes complex problems much easier to solve by quantum computer

| UNC
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However, Quantum Systems ABOOKY!
{ OKNJ RA y&:;&m@mm

{ OKNI RAY
Cat in a black
box

a lcannot seriously believe in [the quantum theory] becauseit cannot be
MEonorocy servicns reconciledwith the idea that physicsshould representa reality in time,and
spacefree from spookyactionsat a distanceg AlbertEinstein,March 1947,



Superposition
A Every quantum state can be represented as a sum of two or more other distinct states.

Mathematically, it refers to a property of solutions to the Schrédinger equation; since the
Schriédinger equation is linear, any linear combination of solutions will also be a solution.

A A single qubit can be forced into a superposition of the two states denoted by the addition of t|
state vectors: \

y>=a,(0> +a, [1>

Wherea,anda, are complex numbers and}, |* +|a,|? =1 |
A A qubit in superposition is in both of the states |1> and |0 at the same itk —
A If this state is measured, we see only one or the other state (live or dead) with some probabilit

A The classic example of superpositiofl i® K NI R A yinza$lackBox. /Sinde both a living and
dead cat are obviously valid solutions to the laws of quantum mechanics, a superposition of tt
twohsho%lc{ also be valid. Schrodinger described a thought experiment that could give rise to
such a state.

A Consider a @jubit register. An equally weighted superposition of all possible states would be
denoted by:

—
Ll | UNC |ly>=1]|000>+1|001>+...+1 [111>

Ky Ky Ky
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Entanglement

A When a pair or group of particles is generated, Interact, or snare spatial proximity In a way suc
that the quantum state of each particle of the pair or group cannot be described independently
of the state of the othersgven when the particles are separated by a large distance

A An entangled pair is a single quantum system in a superposition of equally possible states. The
entangled state contains no information about the individual particles, only that they are in
opposite states.

A If the state of one is changed, the state of the othenigantly adjusted to be consistent with
guantum mechanical rules.

A If a measurement is made on one, the other wiltomatically collapse.

A Quantum entanglement is at the heart of the disparity between classical and quantum physics:
entanglement is a primary feature of quantum mechanics lacking in classical mechanics

A Entanglement is a joint characteristic of two or more quantum particles.
A9 Ay aisSA podx dcttolSs Rt a Mistande
C
i UN
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Entanglement

Suppose that two qubits are in states:

a|0) +b|1) a'|0)+b'|1)

The state of the combined system is thi@nsor product

(o) + b|2))(T]0) + b'[1)) = U Joo) + U HO1) + b (10)+ b H11)

Question:what are the states of the individual qubits for
* 3[00)+3|0D)- 3[10)- 3[11)

2. 4(00)+ 411

=1L

anindependentstate

anentangledstate

Il
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/ Heads Decoherenceb @
Decoherence

AQuantum decoherence is the loss of superposition, becautigeot
spontaneous interaction between a guantum system and its
environment.

ADecoherence can be viewed as the loss of information from a system
Into the environment.

AThe reason why quantum computers still have a long way to go
because superposition and entanglement are extremely fragile states.

APreventing decoherence remains the biggest challenge in building
guantum computers.

UNC
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|1l)) /7§ classical bit
Measurement
qubit M
quantum state quantum state

Alf a guantum system were perfectly isolated, it would maintain cohe_rend@-’f collapsed
iIndefinitely, but it would be impossible to manipulate or investigate it.

AA guantum measure is a decoherence process.

AWhen a quantum system is measured, the wave fundtipécollapses to a
new state according to a probabillistic rule.

Alf|y>=a,|0> +a, |1>, after measurementeither | o= |0dor | y6= |14
and these alternatives occur with certain probabilities|af,| 2 and |a,| 2
with |a,| 2 + |a,| 2 =1.

A A quantum measurement never produdegd=a, [0> +a, |1>.

AExample Two qubitsy > =0.316|00y4+0.447|01y+0.548|10y+0.632|11Y
The probability to read the rightmost bit as 0 is |0.32:6]0.548| %= 0.4

UNC
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Quantum Gate

AA quantum gate(or quantum logic gat¢ is a basic quantum circuit
operating on qubits.

AThey are the building blocks of quantum circuits, like classical logic
gates are for conventional digital circuits

ADue to the normalization condition every gate operatldhas to be
unitary: UU ™ = |

AThe number of qubits in the input and output of the gate must be
equal; a gate which acts on n qubits is represented"byZ2 unitary
matrix

AUnlike many classical logic gates, quantum gates are reversible.

| UNC
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Unitary Matrix

Alnlinear algebraacomplexsquare matriXJ is unltary If |ts conjugate

!

transposel’ is also itsnverse that is, if x P11 P12 P13 Pua | [
y' o1 P22 P2z Do 1

UU = UU* — I, J’ _ P21 }*"99 P23 P24 Y

< P31 P32 P33 P34 Z
wherel is theidentity matrix W' | | pa Pa2 Pa3 Paa | | w

AUnitary transformationsre linear transformations that preserve vector norm,;
In 2 dimensions, linear transformations preserve unit cincig(ionsand

reflections.

: a b
AExamples: [ — [—ewb* | af? + b =
[ — il [ €1 cos  e'¥2sinf ]
— e . .
i UNC —e %2g5inf e 1 cosb

INFORMATION o)+ (1) ‘?Q

TECHNOLOGY SE

ES R G 30
ich depends on parametegsb,. andg. * £ ™ Bioch Sphere
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APauliX gate

0) = 1),

Dirac notation

|0) =

1) =

==l

1.

Single Qubit Gate

| 80

1) = 10)

—
—

U — Any state] 0y
_[0 1 ]
=11 o0 X

Matrix representation

11 _[0-1+1-0
0! 11-1+0-0
0] 0-0+1-1]

X

X

1
().
01
11

0 1
1 0.
0 1

1 0

14 1-0+4+0-14

AActing on pure states becomeskassicaNOTgate

UNC
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Single Qubit Gates

Dirac notation Matrix representation  Circuit representation
O —
EHlI’] e 'HTI[0) - i1), |1)—> —i|0) Y—[ : —Y —
o XFy2iKSNI EIIuS gAUK y2Z2 Of !l a
EHTH (& H IgH: [p ”] — Z
mn p
>y ??’ 06 ;'2:’ O 6 _ 1 “Y “Y__
cO 1+ GO e¥r't= 1
- 1) C o S N o p/8 1
UN
L1 BT OOy services PNASE p/8 (T) gate P2=7 o
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Hadamard Gate

AActs on a single qubit
I Corresponding to the Hadamard transform leadingtgerposition

Dirac notation Unitary matrix Circuit representation
1
0) - —([0)+ |1
0)-Z0+1)
1 -2t 1] —H -
Il)*T(I(J)—Il))
2
(joo+ |19/ - |08
(108- [1§/C2 - |18 no classical equivalent!
UNC
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The Amazing{&ate

A After a qubit in state | 08or | 18hasbeenacted upon by a H gate, the state of

the qubit is an equalsuperpositionof | 0dand | 1a Thus,the qubit goesfrom a
deterministicstate to a truly randomstate, i.e., if the qubit is now measured,
we will measure] 0dor | 1dwith equalprobability.

A We seethat H is its own inverse,that is, H! = H or H2 = I. Therefore, by
applyingH twice to a qubit we changenothing Thisis amazing!

A By applying a randomizing operation to a random state produces a
deterministicoutcome!

A Oneof the mostimportant gatesin qguantum computing!

UNC
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CNOT Gate

AControlledNOTgate |005- |00§ |015- |015
AActson two qubits 106- 119 |116- |108

- If the control qubit is set to 0, target qubit is the same
- If the control qubit is set to 1, target qubit is flipped

Matrix representation Circuit representation
1 0 0 O
10 1 0 O
CNOT = 00 0 1 :l\
0 0 1 0 N %
AEquivalent to classical gate operatig®R
o 0 :L 0 1 L 1

TECHNOLO(J’Y SERYICES

Theoutputisd (0 NilaBdonlyif exactlvone of the operandshasa valueof & (i Nilea



Quantumvs. ClassiGates

CCX, TOFF)

Operator Gate(s) Matrix
Pauli-X (X) - 3]
. 0 —1
Pauli-Y (Y) 2 ]
- 1 0
Pauli-Z (Z) [ 9]
1 1 1
Hadamard (H) —H=|- L1 ]
Phase (S, P) —Is} b ¢
1 0
= /8 (T) [o o]
1 0 0 O
Controlled Not ¢ 0 1 0 0
(CNOT, CX) —&b— 0o 0 1 0
e 10 0 0
Controlled Z (CZ) 8 é (1) 8i|
I . o548 22
v 1 0 0 o0
SWAP PO 0}
0 1 0 0
oC T i
Toffoli 6o o 1 0 o 0o o0 o
(CCNOT, ® 0 0 0 1 0 0 0 (o]
(o] 0] (] 0 0 1 0 0
—b— © 5 6 o 0o o 1 o

NOT gate

AND gate

NAND gate

OR gate

NOR gate

XOR gate

X

y = NOT(x)

2= (x) AND (y)

Q

T z = (X) NAND (y)
y —

.

z=(x) OR(y)

!

z=(x) NOR (y)

<

z = (x) XOR (y)
y—

x |y
0o 1
1 0

X y z
0 0 0
0 1 0
1 0 0
1 1 1
X y z
0 0 1
0 1 1
1 0 1
1 1 0
X y z
0 0 0
0 1 1
1 0 1
1 1 1
X y z
0 0 1
0 1 0
1 0 0
1 1 0

36



Quantum Circuit

AA quantum circuit is a model for quantum computation in which a
computation Is a;equencenf quantum gatewith n-qubit register
f AVI{SR 0& da8ANBa&E

At KS OANDdZA (G KIFIa FAESR GoARGKe O
being processed

_H -

Unlike classical circuits,
the same number of wir

O

' i L — H P
is going throughout the circuit (= i
| X £
jo) —HHSHT 90) IH /ﬁ o
j2> ¢ l H |Q2> NP X 7= 37




Bell Stateg How to Generate Entanglement?

| Hadamard gate |/ CNOT gate,

- i q.,
l | 0) H i > 00)+]11)
| 0) ) V2

I
|
|
|
I
|
. D
|

Ly 1) P2)

Using two qubits to generate an entanglement state, also called Bell state,
P with a Hadamard gate and a CNOT gate
Ll UNC
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Quantum vs. Classical Circuits

AClassical Logic Circuits

Il

A Circuit behavior is governed implicitly by
classical physics

,Z\Signal states are simple bit vectors, &g.
= 01010111

A Operations are defined by Boolean
Algebra

A No restrictions exist on copying or
measuring signals

A Small weldefined sets of universal gate
types, el':?'l\iNAND,&’
AND,OR,NOT}, {AND,NOT}, etc.
A Well developed CAD methodologies exist
A Circuits are easily implemented in fast,

scalable and macroscopic technologies
such as CMOS

UNC
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Quantum vs. Classical Circuits

A Quantum Loagic Circuits

—
L0

A Circuit behavior is governed explicitly dpyantum
mechanics

A Signal states are vectors interpreted asa = |, |
superpositior2 ¥ 0 A Yl NB alj dzdo A G-€
number coefficients

2" -1
\ _ . . . \
|Y/_ a C|||n-1|n-l» lh/

. i=0 |, . . .
A Operations are defined by linear algebra over Hilbert
Space and can be representedibyitary matrices
with complex elements

A Severle restrictionsxist oncopyingandmeasuring
signals

A Many universal gate sets exist but thest types are
not obvious

A Circuits must use microscopic technologies that are
slow, fragile, and not yet scalable, e.g., NMR

UNC
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Quantum Algorithms

Alt may be possible to solve a problem on a quantum system much faster (i.e
using fewer steps) than on a classical computer

A Factoring and searching are examples of problems where quantum algorith
are known and are faster than any classical ones

A Implications for cryptography, information security

A What makes a quantum algorithm potentially faster than
any classical one?

A Quantum parallelismby using superpositions of quantum states, the computer is
executing the algorithm on all possible inputs at once

ADimension of quantum Hilbert spacét KS & aAl S¢ 2F 0KS adul o
system is exponentially larger than the corresponding classical system

A Entanglement capabilitydifferent subsystems (qubits) in a quantum computer become
entangled, exhibiting nonclassical correlations

UNC
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Famous Quantum Algorithms

Algorithms

Classical steps

guantum logic steps

Fourier transform

e.g..

-Shor 6s pri me
- discrete logarithm problem
- Deutsch Jozsaalgorithm

f

ac

Nlog(N) =n2"

N=2" _
torizatig

- n qubits
- N numbers

log*(N) =n°

Nhidden information!

- Wave function collapse
prevents us from directly
accessing the information

Search Algorithms

JN

Quantum Simulation

cN bits

kn qubits

UNC
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Quantum Algorithm Zoo: https://quantumalgorithmzoo.org/

ore Quantum Algorithms

Algebraic and | Factoring Solving Exponential Congruences
Number
Theoretic Discrete log Matrix elements of Group
Algorithms Representations

Principal Ideal Verify Matrix Products

Unit Group Subset- sum

Class Group Decoding

Gauss Sums Constraint Satisfaction

Quantum Cryptanalysis

Oracular Searching Graph Collision
Algorithms

Abelian Hidden Subgroup

Matrix Commutativity

Non-Abelian Hidden Subgroup

Group Commutativity

Bernstein-Vazirani

Hidden Nonlinear Structures

Deutsch-Jozsa

Center of Radial Function

Formula Evaluation

Group Order and Membership

Gradients, Structured Search,
and Learning Polynomials

Group Isomorphism

Hidden Shift

Statistical Difference

Polynomial interpolation

Finite Rings and Ideals

Pattern matching

Counterfeit Coins

Linear Systems

Matrix Rank

Ordered Search

Matrix Multiplication over Semirings

Graph Properties in the
Adjacency Matrix Model

Subset Finding

Graph Properties in the
Adjacency List Model

Search and Wildcards

Welded Tree

Network flows

Collision Finding and Element
Distinctness

Electrical Resistance

Machine Learning

Junta Testing and Group Testing

Approximatio
n and
Simulation
Algorithms

Quantum Simulation

Semidefinite Programming

Knot Invariants

Zeta Functions

Three-manifold Invariants

Weight Enumerators

Partition Functions

Simulated Annealing

Adiabatic Algorithms

String Rewriting

Quantum
Optimization

Approximate

Matrix Powers

Class Problem/Algorithm Paradigm
Used
Inverse Function Grover’s Algorithm GO
Bernstein-Vazirani n.a
Number-theoretic Shor’s Factoring Algorithm QFT
Applications
Algebraic Linear Systems HHL
Applications
Matrix Element Group Representations QFT
Matrix Product Verification GO
Subgroup Isomorphism QFT
Persistent Homology GO,QFT
Graph Applications Graph Properties Verification GO
Minimum Spanning Tree GO
Maximum Flow GO
Approximate Quantum Algorithms SIM
Learning Applications | Quantum Principal Component Analysis (PCA) QFT
Quantum Support Vector Machines (SVM) QFT
Partition Function QFT
Quantum Simulation Schrodinger Equation Simulation SIM
Transverse Ising Model Simulation VQE
Quantum Utilities State Preparation n.a
Quantum Tomography n.a.
Quantum Error Correction n.a.
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Quantum Programming

AThere is already a number of programming languages
adapted for quantum computing

AThe purpose of quantum programming languages
IS to providea tool for researchegaot a tool for programmers

AQCL is an example of such language
AIBM QISKitQuantum Information Science Kis another example

IIIIIIIIIII
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Quantum Programming

AQCL(Quantum Computation Language)

/* Remove "//" if starting interpreter with -n option */
// extern operator H(qureg q):;

Clike syntax
procedure FlipColin () {

qureg gl[l]; int x; .
allows combining of

guantum and

reset; _
H (q) ;V/classmal code

measuare g, ;7

if x == 1 { print "Heads"; }
if x == { print "Tails"; }
reset;

}
http://tph.tuwien.ac.at/~oemer/qgcl.html

UNC
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qlo]
ql1]
ql2]

ql3]

c2

Quantum Programming S Qiskit
AQISKit(Quantum Information SciencekKit)

Qiskitis an opersource framework for quantum computing. It provides tools for creating and
manipulating quantum programs and running them on prototype quantum devices on IBM
Quantum Experience ovélloudbased access

In [7]: £from giskit import QuantumRegister, ClassicalRegister, QuantumCircuit

i) I I from qiskit.tools.visualization import circuit drawer
I I import numpy as np
|0) I I qr = QuantumRegister(2)
I I cr = ClassicalRegister(2)
4 = tumCi it
|U) I I qap QuantumCircuit(gr,cr)
| I = gp.rx( np.pi/2,qr[0])
|0) I 1 gp-cx(gr[0],qr[1])

dp.measure(qr,cr)

circuit drawer(gp)

Out[7]:

In [1]: from giskit import * qol ' |0> /%

In [2]: gr = QuantumRegister(2)
cr = ClassicalRegister(2) COO . O

C01 : 0 46

In [3]: ¢ = QuantumCircuit(qr, cr) # ¢ = QuantumCircuit(2,2)
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KACE VWOE

isklIE Tutorials

Tl.g_lln:

Framework for creating. editing. and invoking Naisy Intermediale Scale Caantum
[MISCK] circuits,

Eificient calculation of Clifford circuits in Julia
Shared API for Isingfquadratic unconstrained hinary aptimization samplers.

Basic APD for casily incorparating the [-Wave sysdem as a sampler i the [Wave
Dhcean soliware ssck

Opern souarce sodtware fof anahyzing fermionse quantinm simalaton algarithms.
Simpde yet powerful toalkit for writing bybrid quantum-cdassical progranss.
The electronic sinsciere package for guanium compubers.

An open soifce soltware frasework For guanius Conputing

Priban library for gquantum dircuit rewriling andd oplimisalion using the £X-
calcutus.

A performance orientated QL compiler.

Deconupasing sodver that finds a minimeny vabee of a large guadratic unconstrained
hun.'ur:,' aptlmizston |1rr:l'|l¢-.n| by a;plllnn!;n imbo pheces

Crantum Information Science Kinfor wriling experiments, progranss, amd
an!u:_'n:irm-:.

A collection of lupyter notebooks using Qikin,
Croantum Information Science Kit for JavaSconipt.

Comprehensive, GPU sccelermed framewark l:nrnl-eﬂ.tl-n.purl.ﬁ winiversal vinagd
RLAT DU PROCSssnrs.
Fytbsan tools (o analyzing both classical and quamtam Bayesian networks,

A madern G4+ 11 quanitum computing library.

Pyiban tools for reading, wriling, compiling, sinvulating gquanium computer
circuits.

Dvag-and-drap quantus circudt sisulsior for your browser 1o explore amd
understand snuall quasian chreuits,

A teference implemestalion for a Ouianfum Vinieal Machine in Pylbon,

Compilation, analysis and oplimization framewark for the Scafold quaniom
programming language.

Full-stack |ibrary for designing, simulating. and optimizing contineous variable
quuanbum ofpiical circuits.

eXtreme-scale Acockeratar progrannEing Teamsenwnrk,

Varistional quanium eigensalver buill on XACC for distributed, and shared
METArY syslems.,

Tt el org 10137 1 joumall pone DADBSE1 A0

Frogramming
Languags
Iython

lulia

Python
Iython
Fython
Python
Python
Python, Ced
Python

lulia

C

Iythen, St
Iython

lavaScript

Iython

G4+, Pythan
Python, C++
j:.u.ﬁ;:::p:
Iython

Coa+, Objective C,
LLVM

Python

o

Gt

Licemce
Apache-L0
MIT
Apache. 20
Apache-10
Apache-10
Apache-X0
Apache- X0
Apsche-20
GFL-3.0
Apache-L0
Apache: X0
Apache-20
Apache-10
Apache-20
GPL-3.0
E&[-
3-Clawse
MIT

BS[-
SoChase
Apache-10
Apache-20
BESD-
2-Clanse
Apache: 20
Eclipise PL.-

L&

ES[-
3-Chanse

Supported 05

Winklows, Mac,
Ligiiex

Winglows, Mac,
Limux

Windows, Linux,
Mac

Limus, Mag

Winsdows, Mas,
Limux
Windows, Mac,
Limux
Winsd s, Aac,
Limux
Wind owrs, Mag,
Ligiix

Winlows, Mag,

Limux

Windows, hMac,
Limux

Windows, Linux,
LA ¥

Windows, Mag,
Lisiix

Winadows, Mas,
Limux

Windows, Mac,
Limux

Limus, Mac

Winkows, Mac,
Lisiex
Winglows, Mac,
Limux
Windows, Mac,
Limux

Winsdows, Mas,
Limux
Winedows, Mas,
Limux

Limux, Mac

Windows, Mac,
Limux
Wind owrs, Mag,
[REITY

Winlows, Mag,
Limux

Quantum
Programming
Languages
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How does a

Program
Classical computer Quan:g:lml:rputer q u antu m
Results :
Mea:::ﬁtr:em Cﬁzg‘;?:s”)ds CO m p Ute I WO I'k’:

..................

{ Quantum register

28 g

300K
. Low density metal
Quantum Computer Architecture Memory Interconnect
(Cryo-CMOS) 70K
Control Processor | m** |
(Josephson Junction Logic) . .
High Density
01K |
Lt Superconducting
Quantum Substrate " Controf Wires
(Superconducting Qubit) m

The flow of submitting a job
from a classical computer to a
guantum computer, executing

Submit a job Job Queue Translate Quantum Circuit Execute on the JOb’ and retummg quantum
z R % to Microwave Pulses ” Quantum Computer ~ Mmeasurement results to the
< < “ classical computer.

Measurement Results



Design of Quantum Computg

ARequirements
A Qubit implementation itself;
A Control of unitary evolution;
A Initial state preparation (qubits);
A Measurement of the final state(s).

AOther Considerations
A Systems have to be almost completely isolated from their environment
A The coherent quantum state has to be preserved
A Decoherence times have to be very long >
A Performing operations on several qubits in paralle |
A Physical system with two uniquely addressable Sty e
A A universal set of quantum gates /
A Ability to entangle two qubits

| UNC

— INFORMATION
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Implementation of Quantum Hardware

A Liquidstate NMR

A NMR spin lattices

A Linear iontrap spectroscopy

A Neutralatom optical lattices

A Cavity QED + atom

A Linear optics

A Nitrogen vacancies in diamond
A Electrons in liquid He

A Superconducting Josephson junctions

A charge qubits; flux qubits; phase qubits
A Quantum Hall qubits
A Coupled quantum dots

A spin, charge, excitons

A Spin spectroscopies, impurities in
semiconductors

| UNC

INFORMATION Number of Particles
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Leading Quantum Computer Hardware Candidates

Trapped Atomic lons

lasers

individual photon
atom.s. : » , .
A -. &!__ﬂ ¥

& S

Atomic qubitsconnected through
laser forces on motion or photons

Superconducting Circuits

a - .F"'""K"cvc,-‘w.b

- NM,

*,

Q .-,.sz ZS \
@, ;

A\

Bres

Superconducting qubit
right or left current
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TECHNOLOGY SERVICES

FEATURES & STAOEART CHALLENGES
Avery long (>2 sec) memory Alasers & optics

A 5-20 qubits demonstrated A high vacuum

A atomic qubitsall identical A 4K cryogenics

A connections reconfigurable A engineering needed

IARPA  Lockheed

Investments: DoD Honeywell
Sandia | Y D2@Qi
FEATURES & STADEART CHALLENGES

A connected with wires A short (LO® sec) memory
Afast gates A 0.0% cryogenics
A 5-10 qubits demonstrated A all qubits different

A printable circuits and VLS| A not reconfigurable

LARGE IARPA Lincoln Labs
. DoD Intel/Delft
ITEamEmiE: Google/lUCSB IBM
ANVDiamond and other solid statmtomst
AAtoms in optical lattices

ASemiconductor gated quantum dots



NISQ Noisy Intermediaté&Scale Quantum Era

AJohnPreshillof CalTechntroduced this terminology in 2018
Ahttps://arxiv.org/abs/1801.00862

Av dzl yidzy O2YLMzi SNE OlFYy R2 UG0KAYy3a

ABut they won't be big enough to provide fatdtlerant
Implementations of the algorithms we know about.

ANoisy because we don't have enough qubits to spare for error
correction, and so we'll need to directly use the imperfect qubits at
the physical layer.

AANd 'IntermediateScale’ because of their small (but not too small)
gubit number (50100 qubits).

IIIIIIIIIII



NISQ Noisy Intermediaté&Scale Quantum Era

NISQera
3-5years

Broad quantum advantage
10+ years

Full-scale faulttolerance
20+ years

Technical
achievement

B

Example of
business impact

®

Estimated impact
(operating income)

Ll UNC

Error mitigation

Material simulations that reduce
expensive and time-consuming

trial-and-error lab testing

S2 -5 billion

INFORMATION
TECHNOLOGY SERVICES

Error correction

>

Near-real-time risk assessment for
financial services firms (e.g. quant
hedge funds)

S25-50 billion

Modular architecture

)

De novo drug design with large
biologics that have minimal off-target
effects

$450- 850 billion
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Limiting error rate

10+

102

107

16=

Roadmap of Quantum Computers

Need Both Quality and Quantity

o
. AP
) UanNtity hype K
___________ Error correction threshold |~
@
2 -—
3 4 =
: Useful error
Classically Near-term
simulatable £ applications corrected QC -
()
| 1 | | | | 1 1 1
100 101 102 103 104 10° 10° 107 108
Number of Qubits

_ureb uo1)981109 Jo1is,

1: Quantum Supremacy

2: Look for near-term apps

3: Error correction
Google strategy 4: Full QC
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Quantum Volume

AQuantum volume ¥, Is a metric that measures the capabilities and error
rates of a quantum computer.

ADefined by Nikolaj Mokt al. Quantum Sci. Techn8).030503(2019).

Alt depends on thewumberof qubitsN as well as the number of steps
that can be executed, the circuitpthd: Vg = min[V,d(N)].

AIBMs modified the quantum volume definitiomig, V;; = arg max {min [n, d(n)]}

n<N

Quantum volume

L Manufacturer
(circuit size)
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Applications of Quantum Computers
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Application 1. Quantum FactoringP- shor (1994)

A guantum computer can factor numbers
exponentially fastethan classical computers

15 =3 p

38647884621009387621432325631?%?

OXSI aeo

Importance: cryptanalysis

public key cryptography relies o
iInability to factor large numbers

N

Application2: Quantum Search

Best classical
algorithm:

10%4 steps

Shor 6s ¢
algorithm:

1010 steps

On classical THz
computer:

150,000 years

On quantum THz
computer:

<1 second

A quantum computer can find a marked entry ir
an unsorted databasquadratically fasterthan

classical computers

6SoaIds TAGSY
name in a phonebook)

UNC
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LIK2 Yy S

L. Grover (1997)

uantum

LYLRZNIFyYyOSY

A fast searching of big data
A inverting complex functions
A determining the median or other
global properties of data
A pattern recognition; machine visiorp

K S
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Application 3: Quantum Simulation

Quantum modelling is hardN quantum systems require W

o Yy

solution to2N coupledegns T O

Alternative approachimplement model of interacting system ormgaantum simulatoZ 2 NJ aa i F Y Rl NS
gubits with programmable interactions

o e
” N
v p Y ‘/“
7, it ¢
TP %
L ;
. a0,
N

\ Atomic ions Trapped atoms
- ] ™
Quantum Material DesignUnderstand exotic material properties v ob® .’.;
. . b i 4
or design new quantum materials from the bottom up -i; eed ..

¢ Energy and Light HarvestindJse quantum simulator to program QCD lattice
hgill 0auge theories, test ideas connecting cosmology to information thefa$ (
CFT etc..)

’ﬂ‘"‘ Quantum Field TheoriesProgram QCD lattice gauge theories, test ideas connecting cosmology to
1

—= Information theory AdSCFT etc..) 58
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Minimizing complex (nonlinear) functions by

GaAayYdz GFyS2dzatée al YLX Ay 3é

through quantum superposition

Relevant to
A Logistics
A Operations Research
A VLSI design
A Finance

Example: quadratic optimization
Minimize
Q%ijﬁ N W W

this function maps to energy of
guantum magnetic network

UNC

INFORMATION
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of f(X,%)

Killer Application?

A could crack a large class of intractable
LINPOE SYAaY FI OG2NRAY
problem, etc..

47| A BUT not known if there is always a

guantum speedup

1z

aiNY 89S
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Application 5. Quantum Networks

Distance L
(0.1m 71 10,000km)

Location A Location B

Quantum
Network

Location C

@ * * ¢I, Location D

Uses of a quantum network
A Secretkey generation: cryptography
A Certifiable random number generation X
Avdzl yidzy NBLISIFISNARA O6d&l YL AFTASNRBRE O
A Distributed quantum entanglement for optimal decision making
A Largescale quantum computing

| UNC
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Case Study 1. Quantum Cryptography

A Aliceand Bobwish to establish a secret key, but the communication lines between
them may be compromised. Alice sends randchitg to Bob. For each one, she
picks either basig§0>,|1>} or {|0>°|1>}.

A Bob randomly chooses a basis to measure the bit in. If he guesses wrong, he gets
a random bit.

A If an eavesdroppeEvetries to intercepttheegd A 1 83X aKS R2Say Qi
than Bob) the basis in which they were prepared. If she guesses wrong, the bit
she passes on to Bob will have been disturbed.

A After N bits have been sent, Alice and Bob compare notes as to which bases they
dza SR ® 1 ff O0A0& HKSNB UGUKSANI 6FasSa RAF
should be perfectly correlated.

| UNC
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Case Study 1: Quantum ryptography
BOB

Photon
Detectors

Dast o pt‘“e'

ntal \Iert\ca\

| R

Photon
Source

Alice’s Bit Sequence1 01 1 001 1001110
CAVACACAVAVACACAVAEA YAVA B2 ¥ Bob's Detection
170017 00171700010 O Bob'sMeasurements
17- -1700-100-1 -

Sifted Key O Sifted Key



Measurement

Classically controlled
quantum gates

. N
Bob ) :IqJ)AB:—'O'ilqj)B—' 0; |— |¥)s

A Alice's measurement disentangles A and B and entangles A and Quantu m TEIEpO rtation

C. Depending on what particular entangled state Alice sees, Bob

will know exactly how B was disentangled, and can manipulate B EXpIaI nEd

to take the state that C had originally. Thus, the state C was

“"teleported” from Alice to Bob, who now has a state that looks ) ] _
identical to how C originally looked. 1) Generate an entangled pair of electrons with spin states A and B

A It is important to note that state C is not preserved in the in a particular Bell state
processes: thao-cloningandno-deletion theorems of quantum 5)  ganarate the entangled electrons, sending A to Alice and B to Be

mechanics prevent quantum information from being perfectly . . " .
replicated or destroyed. 3) Alice measures the "Bell state” (described below) of A and C,

A Bob receives a state that looks like C did originally, but Alice no  entangling A and C.
longer has the original state C in the end, since it is now in an 4) Alice sends the result of her measurement to Bob via some
en,tang|9d state with A. classical method of communication.
"1" UNC 5) Bob measures the spin of state B along an axis determined by

;EE%IKN%?I)I(?? SERVICES Alice's measurement 63

H-Gate
ice || I.'???..,}w)AC H A
'illp)AB: \
S 0)—H =
S . 0) CNOT
¥ : l 0) D XMZ|

i CNOT
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Case Study 2: Shor Algorithm of Factoring

ATheorem of Number Theory
Alfa, No(modN) buta?! b2 (modN), thengcda+b,N is a factor of.

ATo Factor N on a quantum computer:
A Selectx coprime toN
A Use QFT on quantum computer to find the period of
f(s) = z° mod N
A Use order ok to compute possible factors of N.
A Check if they work; If not, rerun.

ABest classical algorithm takes tinO(exp(nt/3))
But ShoiQ quantum algorithm takes timO(n>logn)

UNC
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TECHNOLOGY SERVICES 64




Quantum Fourier Transform (QFT)

—1N-1 1N1N1

UFT_ Z Z ac UJr ——Z Zw_y|az
¢ \/_y 0 z= ot VN 20 =0 Y
on/1—1
[p(z0)) = an/l > lzo+il)
=0
;] 21 [(— J#_ — 1 2n-12"/1-1 2mip(zo + 51
7 o T . |UorT IS exp( (?z ]))>
=0 | =2 U - —— /22 =0 =0 -
/_ f I
) Phrm — 2" -1 Dmipa
0 _=}’f (o)) =\% Y ey

p=0[pl=0 mod2"
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Case Study 2: Shor Algorithm of Factoring

18819881292060/$38386972394665043
9807/16356337941/382700763356229888
597152346654853D060606504 A3043317
388011303396716199623212053403187
955065699622133 1687593076925 7059

0)

0)

1)
| UNC
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398075086424064937397]L
255005503864911990643p ¢
234252670840638518957p
946388957261/68583317

472772146107435302536
230719730482246329146
530209711645985217113
520711256363590397527

H

QFT,,

/M

A

lfaQO
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Case Study ¥ariational Quantum Eigensolver

AVQE is a quantum/classical hybrid algorithm that can be used to find
eigenvalues of a matrix H.

AWhen VQE is used in quantum simulations, H is typical the Hamiltonian of a
electronic system.

Alt is run inside of a classical optimization loop.

AThe quantum part has two fundamental steps:
A Prepare the quantum states/}>, often called the ansatz;
A Measure the expectation value)<|H| y >

AThe classical optimization loop does two tasks:
A Use a classical ndimear optimizer to minimize the expectation value by varying ansatz

parameters
A lterate until convergence is reached.
LLLI INFORMATCI%N Nature Communication$, 4213, (2014).

TECHNOLOGY SERVICES New J. Physl8, 023023 (2016).



VQE Procedures

O« O¢ O«

O« O¢ O«

Sta

The Hamiltonian of the system is mapped to a qubit Hamiltonian

A trial wavefunction is picked

A quantum circuit is applied to prepare the desired state. The guantum circuit used in the

variational eigensolver istaadamarcgate applied to each qubit to create a superimposed

state, followed by a 'y and z rotation, (FR)

The energy of the trial state is estimated by a classic optimizer

Varies the parameters of the state to redo the loop
Loops until the energy minimization condition is met

Standard Deviation vs Mumber of Shots

ndard Deviation

L
33333

68



Case Study 3:
Variational Quantum

Classical preparation Classical feedback

- Compute Hamiltonian

- Map second quantized Optimization routine

calculation - Generate initial guess 1

7 (0) t

o ild operators to qubits min E(f} Eigensolver

O cHEmiCAL
" POTENTIAL

Quantum computers
extend their reach

i A____. to solve electronic
: ’ U son | structures of
— small molecules
£ } e ), PAGE242 e
‘ = /I i
o) —{vE ) H . t m@m® X o
State preparation . Measurement Energy computation




energy (narwree)

Case Study Yariational Quantum Elgensolver
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