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Quanteninformationsverarbeitung

« Untersuchung grundlegender Begriffe und Aussagen der Quantenmechanik
(z.B. Komplementaritat, Indeterminismus, Verschrankung) im Hinblick auf
neuartige Anwendungen

Quantencomputer — Effizienz
Quantenkryptographie — Sicherheit
Quantensimulation — Reduktion

« Information is physical* = Prinzipielle Mdglichkeiten und Grenzen von
Computern und jeder Art von Informationsverarbeitung werden durch
physikalische Gesetze bestimmt.

* Neuer Fokus: Maschinelles Lernen und kinstliche Intelligenz

Dunjko & Briegel, Machine learning and Al in the quantum domain,
Rep. Progr. Phys. 81, 074001 (2018); arXiv:1709.02779
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Konzepte und Grundlagen

der Quantenmechanik Anwendungen



Basic concepts

Principle: Quantum information is represented by quantum states
lw)eH (Hilbert space) of a physical system.

Unit of information: 1 Qubit measures the information content that can be
conveyed by communicating a quantum mechanical 2-state system.

Two-state system: Any system equivalent to spin 3, such as

- Polarisation state of photon Iv)
- Magnetic moment of nucleus )VM“ V_ lup)
: b " | dow
- Selected subspace of atomic 1 g A
energy eigenstates "Rb: F=2 === =< [0)

F=1 ——+ |])



Basis states: |0) and |1) (abstraction) generalize classical bit values O and 1.

Different from classical binary information, any

superposition
|w>:a|0>+,8|l> e H

is allowed

e}acus{-ates
Example photon: |0)=|h) h \mu":ucll%

1) =|v) <—£—>v unbiaseol

f

Vs, |0> (|0 / \/__‘+450> X45° Complementary
|1> (|O /\/_ —|—45°> _45° observables

- Tafeleinschub: Notation >



Tensor products suchas |0)[0)[0), [0)|0)[1), [0)|1)|0), -+ € HOH®H

define a quantum register. » - - - «a

Linear superpositions  |¥) = @|0)|1)[0) + B|1)|0)[1) +---

of register states are (typically) entangled states.

Entanglement leads to correlations in the data, some of which may be

algorithimcally interesting (such as period of a function).



Quantum information processing: Sequence of unitary operations (or CP maps)
on quantum register, which may be interrupted and steered by
measurements (or POVMs).

Universal quantum computer: Device that can be programmed to execute
any unitary transformation Uwith arbitrary precision.

Unitary transform 1 2" Amplitudes

- N\

U _ } I‘V‘) - Z a17|:1">
. z€{0,1}n

P e— B |z) =|z0, Z1,. .. Tn-1)

Superposition of different ,numbers" X2 x,2°+x2' +---+x, 2"
- Exploited by quantum algorithms.



Quantum information processing: Sequence of unitary operations (or CP maps)
on quantum register, which may be interrupted and steered by
measurements (or POVMs).

Universal quantum computer: Device that can be programmed to execute
any unitary transformation Uwith arbitrary precision.

X)) — ~

Unitary transform 2" Amplitudes

y

|x5) | U _} |‘H'> = Z (I_—,,-lili)
_ . z€{0,1}n

B |z} =|z0, 21, ... Tpn-1)

\
Xp-1/

Deutsch-Josza

Superposition of different ,numbers" x2 x,2° +| Quantum Fourier

- Exploited by quantum algorithms. Shor factoring
Grover search




Elementary protocols using entanglement

Bell states 1970 = & [loh)o%+ 1] Tafeleinschub: EPR
475, = & [loyoy - I l,) = 6 10,
15, = & [lo%)1%+ 113,105 ) - 6 18D,
45 = [y I 10) = 6e6 107,

basis o£ maximally eutomgled +wo -qubit stades
Das:s , 4

They can be -\-1ams{-ovwed iwto each other by Local umi’rm% +mus-go1'-a+ic>us

/ ugegl.éz,éx_éxéz%
®
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Dense coding (Bennett & Wiésner " 92)

(0) Alice prepares Rell state |¢+>AB and sends Pwhc\eB 4o Deb:

Alice o—i—o —_——,—_—_—_—_—_——_—_—_— - —_——— > Dob

A B

(1) Bob applics owe o‘% 4 uw\;’rma opuc.-l-ious to particle -

‘[u_se{LG,,d.‘d,é,}
¢+

® —0

(2) Dob sewds thde D beck 4o Alice
‘/— one out of b Dell stetes Bru € {¢" "V. ¢ 'tl/ §

o——0

A B

(3) Alice measuwres state, usimg & "Rell stete Ow«q\azﬂ"

BDob can couvcy 2 bits of classical iuf&imakou

L possible ‘I'CShH'SI, by sSeuding 6 Single G.wm. two-skhe patcle
P / g *3-4¢ 4 P

Bur:  Holevo's Tuesrewa 12




*Roughly: Using one q.m. fwo-state system, you
can encode max. 1 bit of classical information

Remark: .No contradiction to Holevo's theorem*: ©
If you count also step (0), there are in total )
2 qubits exchanged between Alice and Bob" e
2

More precisely:  Bob does not encode his message in a single, isolated
particle, but in a (non-locally) entangled two-particle

SYST@I’T\. 1
Bob lhas

Not separable into occess o o
two isolated particles!

L - dimensioncl

Hilbet space '

N.B.: Interesting mainly from a conceptual perspective.
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Teleportation (Bennett et al. 1993)

1. Bell messuienment 3 uwtary Hvafo
] U
p
Alice \°7>C /7, 1t PAB ./> I‘P>B Bob
C A B
|1’>r\/ 2. cleassical ‘ue{0|1'2.3§
Commumcahon

3-step pictocol - Note V\ecess;-l-\/ of Z"As\ep,'

A-ﬁu —— o ° l"P)
roo

undet undettmined

Remarhes 1. Q-lformekon 19> nevu copied.

2. Becwmse og step 2, wo ?ossibili\y of Su‘;ulum‘uc\ COmmumiceHou 12



Teleportation (details):

4. Bell mecsurement 3 uwtary tefo
- u
Alice \‘?>CN A 1% s :/’ |‘P>B Bob
C A B
f
|:|5r\/ 2. clessical ‘Ae{o,alz_;}
Commuwncahon
2 - Qukit imticl stete :
; i -
(aloy +ps,) @ E[|0>A||>C |'>A‘°>c]
LR T B S
L 1W) @ (alody - 112,) Ug = 6.
+—I¢+/CA (eIt ’{Sl")] Ug = 6«
+.;: |¢-> ouu, {s|o>] Ugp = 624

II i

Alice's measuvement vesult BDob's uw'h.g haus{—mwc.{-'-ow
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Teleportation (details):

1. Bell mensuiement 3 uwtary tefo
- u
r
Alice \q>c —/ - I‘\l' >AB e/’ l‘P)B Bob
C A B
|:|3r\/ 2. classical ‘Ae{o,qlz_;}
Cowmmumwcahon

2 - Qubkit imticl steate :

(atoy+fiy) @ {10515 = 11y 1oy ]

Teleportation is a fundamental protocol of QIT

> Applications both in quantum communication (noisy channels)
and in quantum computation (gate teleportation model).

>Inspiring conceptual role (e.g. g.m. non-locality)

+.;:| a® ouu, {s|o>] Ugp = 624
u f
14

Alice's measuvement vesult BDob's uw'h.g haus{—mwc.{-'-ow




Entanglement-based quantum key distribution (Ekert 91)

0 \v7 Source ewnts SCQW’/ 0-. W > 0
| ,””, ® \l / ) |
Wﬂ of. EPP ?ails (m m
Alice weasuves: 01011010100 --- Bob wmeasures - 10100101011 ---
Yandom Yandowm

AN e

.S{'v;c-l-l:j‘ cowelated
A\

Candidate -Fo'c [/ c1|aP-\-01,mec, &2

seciet  ideubical Sequeuce of Jandow nubeas
(\Du‘\', weed choice oL Aiffeent direchouns ...)
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Stabilizer description of Bell- and similar states

o Cowsidu Gaa'm Rell $+G+€‘ SO% 'd>+>ab= '%[IOZIOZ"\QUZ]

e It sahsfies fwo etc«c._‘uqlug e(iual'iblﬂs‘, X, yb]¢+> = |¢'> X, X > = +1

S
2,2, 10> = 14> $2,2,>= +1
shict covrelgtions
{ "'MI“AU\MQ‘C: (YaVed = +1 ele.

<’<a> = <Y:./ = <za> =0 Nownhow }

K,z x.x
e The obauvcbles X el ae cclled stabiliza o'oud‘m o,@ stele \¢+>
K.= 2.2,
we cou nite |¢+>= ||,|> = |K;.K¢>
In staudesdh Q.M. +uvw'uo|°¢a: C.sco. Cowpme eq Hyd»o‘h« atou. {H.c.Lz}
tatmstates - lm.t‘w& etc.
WM 16



Ealmlvc.kwl'; XoZy 16> = 14>

= 1> = L. | [o)loh, « 15,11,
Z,%, 16> = 14> ¥ 'T[ l

;—l: Bell stete ; (ro‘h’rcd basis)
Gewneclisckows: XaZ,2e W6 = (&
« 2.4, x. 14> = 14>
c GHZ stcte
b oL
. b" o T 2o |O)=14
) fableE => l¢> = |K.'K,.--~'km>
fo- ell vehices ceV
Gvaph state
Gieph  G=(V,E) (2)

NB. N qubits ~ 277 diffeest guaphs 17



lEalv‘l\lc.'C\a“’ : )(a Zb l¢> = |¢> = I¢> = f%[ Io)zlo>x * ||>z||>x}
Z. )(b |d>> = ld’>

— & Bell state . (mh‘rcd basis)
a b :
Gewesclischows: | Graph states are natural multi-particle
< b generalisations of the Bell state.
(V]
c They form useful entanglement resources for
applications in quantum information processing
b ab
° b" X a T 2. |¢> = |d’>
fapie € => 4D = 1%, K, KD
a

fo- ell vehices ceV
Gvapl« state

(2)

Graph 6=(VE) ND - l\lquloi’rs ~ 27 diffeent "r"P‘“ 18



More examples of graph states:

@ / ® [ [ ® ®
Graph code 2D Cluster state
Resource for encoding a qubit Resource for universal

into the CSS [7,1,3] code quantum computation

see review article: Hein et a/. quant-ph/0602096 (Varenna Lecture Serié;)



Models for quantum computation

Finite state
qe K machine
Read &
write Tape

julofr]1]ofujufuu]

Quantum Turing Machine

One-way quantum computer;

Measurement-based QC

Controlled interactions
(1& 2 bit quantum gates)

W initiatisation Beadiof

T =
o/ | =1 1/
=
. %) LS
. ) | ey 5
Iz} 22—
L]
L]
-
% i) = P
n-1/ LZ) 7

>  fime

Quantum logical circuits

Role of entanglement explicit

—> 3-SAT

Quantum adiabatic evolution
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One-way quantum computer

information flow

: 3
1. Create entangled cluster state ‘r t ottt LS I |
Of QUbl.‘.S (e.q. via ISinq inTraCTion) | ® ® ® 1‘ ® ® ® ® ® ® ®
K@) =g O SRR 3N R R NE I
| >C | >C o f f T f ? 1‘ ® @ ® @
quantum gate
N I R

2. Measure individual qubits in certain ol

measurements: © in Z direction

t in X direction
X in X-Y plane

Quantum algorithm —> Measurement pattern

RauBendorf & Briegel, PRL 86, 5188 (2001)
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A E
Artificial agents - N —
Agent Sensors <
\l, Percepts =
@
£
Agent program E
>
L
| i
Actuators .
\ Actions

* Modern platform to discuss concepts of artificial intelligence
- Computers vs. agents; robotics; embodied artificial intelligence

e Existing schemes in QIP can be described as (simple) agents
- A-E framework for qguantum machine learning and A.l.

Dunjko et al., PRL 117, 130501 (2016)

*from Russel & Norvig, Artificial Intelligence,
A modern approach, Prentice Hall, 2010.



Quantum artificial agents

/ )
Agent Sensors < Percepts -
(D)
—————— (,_;.;_‘71{3\"'“':"':1”{“ @ o
@D A - S
c
LU
K Actuators Act
ctions
Four different classes: CC, CQ, QC, QQ (agent, environment)
General framework: Dunjko & Briegel, Machine learning and Al in the quantum

domain, Rep. Prog. Phys. 81, 074001 (2018)

Projective simulation (PS): Agent model for deliberation and learning,
based on episodic & compositional memory

3wy Sci. Rep. 2, 400 (2012)

~~ -

percept



Projective simulation learning agents

Memory -
(ECM)

Episodic memory:
Stochastic network of clips

Physical
world

Agent's world lines:

o* History of percepts s
and actions a

Applications of PS:
— Robot playing
— Animal behavior

— Quantum experiment
- Fiction

Compositions
&
variations

on episodic

memory

Given perceptual input s, the PS agent
simulates conveivable future situations
before taking action a.

Scientific Reports 2, 522 (2012)



Collaboration with
Thomas Miller

@ Konstanz
Experimental artificial agency
Which role will A.l. play in future basic research?
Learning agents can be used for the design of novel
quantum experiments. .oy et al., PNAS 115, 1221 (2018)
g —

Episodic memory:
Stochastic network of clips

N

Percepts Quantum-

PS agent v)

environment

>
Actions  \ Y,

Physical
world

Agent's world lines:

History of percepts s
and actions o
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