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Quantum computing timeline

AN EVOLUTION | Quantum computing timeline
Richard Feynman
proposes building David Deutsch first describes 1st working 2-qubit quantum 1st quantum byte created  IBM successfully tests  Google Sycamore
quantum computers a universal computer based computer demonstrated at by scientists at Innsbruck 16-qubit quantum  declares quantum
to simulate quantum on quantum physics Oxford University (Awustria) computer supremacy
systems, following 1985 1998 2005 2017 2019
theorization by Paul
Benioff
& & Y = & & &
1981 1994 2001 2017 2020
Pefer Shor discovers an integer Shor’s algorithm executed on a Harvard announces Jivzhang created
factorization algorithm for 7-qubit NMR computer at [BM’s 51-qubit quantum by Chinese
quantum computing Almaden Research Center computer scientists
Sources: Indiana University, ScienceNode
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Bit vs qubit

bit
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Superposition & linearity

Qubit register:

[¥) ®¢) © [x)

-
Quantum computation

linput)

loutput) = U |input)

.
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Superposition & linearity

Qubit register:

V) ® |¢) @ |x)
Quantum interference of

uantum computation ) JR
amplitudes {a1} .7 — 027~ 1

2n—1 .
finputy = 3 o ) %

i=0

211
loutput) = U [input) = Z a;U i)
i=0
V.
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Superposition & linearity

Qubit register:

V) ® @) @ |x)
Quantum interference of

uantum computation ) JR
amplitudes {0} i — 0,27

fput) = 3 o )
i=0
2"—1

loutput) = U [input) = Z a;U i)
i=0

Gottesmann-Knill theorem

[Gottesman, arXiv:quant-ph/9807006]
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Entanglement & communication

Teleportation

transmit qubit
from A to B
[Bennett et al, PRL (1993)]

[Bouwmeester et al, Nature (1997)]

Prepare and Share [
a Bell Pair iha b

INCOMING
PHOTON

puss

Superdense coding

transmit 2 bits at the
cost of 1 qubit
[Bennett, Wiesner, PRL (1992)]

[Mattle et al, PRL (1996)]
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Entanglement: resource or not?

Indicates correlations impossible for arbitrary
classical system (quantum nonlocality)

V|O|ates Be” |neq Ua||t|es (the Nobel Prize in Physics 2022)

Handy in communication protocols

If entanglement is upper-bounded = quantum
algorithm can be efficiently simulated classically

[Jozsa, Linden, RSPA (2003)]
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Logic

I\
“II||["ln Proposition
ﬂnu [4: system S possesses property A
I \“\ 1 [Birkhoff, Neuma

1 | PAST

n, Ann.Math. (1936)]
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Proposition

system S possesses property A

[Blrkhoff Neumann, Ann.Math. (1936)]

Classical logic
Phase space P Hilbert space H
Characteristic function x Projection operator Py
splits IP into domains i

splits H into subspaces
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Proposition

system S possesses property A

[Blrkhoff Neumann, Ann.Math. (1936)]

Classical Ioglc
Phase space P

Characteristic function x4
splits IP into domains

Quantum logic
Hilbert space H

FA:TRUE <:>\A—1

Projection operator Py
FAa=FALSE < xa =0

splits H into subspaces

F4=TRUE < P4|S) #0
[4 = FALSE < P4|S) =0
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Classical logic: subsets of P
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Classical logic

Conjunction A (AND) Implication < (ordering)

XA\ XB = XAXB XA S XB S XANXB = XA
Negation = (NOT) Disjunction V (OR)
X-A=1-—Xxa XAVXB = XA+ XB—XANXB
P
X-A
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Quantum logic: projection onto subspaces of H
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Quantum logic

Conjunction A (AND)

PaPg|S), PaPg = PgPa

Pa N Pg)|S) =
G EE) B {anOO(PAPB)”|5>, PaPg # PgPa

Implication < (ordering)
Pa < Pg < (PaAPg)|S)=PalS)

Negation = (NOT)
P-alS) = (1 - Pa)|5)

Disjunction V (OR)
(PA V PB) |S> = (PA + PB — PA A PB) |5>
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Non-commutativity

Example: reflections

A A A

> >
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Non-commutativity

Example: reflections

A
>

Functions commute
XAXB = XBXA J

= quantum logic rules are weaker than the classical ones
= quantum and classical computation should differ ’
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Distributive law
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Distributive law

Classical proposition
xa A (x8Vxc)=(xanxs)V(xanxc) ’

Example: spin s = 1/2 projections

P, and P, — projectors onto x and z axes correpondingly

[P A (PzV P-2) ] |S) = (PcA1)[S) = Px|S)
1

B~ /0\ P.)V (Px /;Pﬁz)] S)

=(0V0)[S)=0
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Common basis: path integrals & P

Zd
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Quantum realm Classical realm

Pa|S) = |A) (A] S) iim ™ In (A] S) = xaSis) 14 Y]
h—0 |

AlSY = | D iS5y 1y lyl/ 1
415) = [Diyle 1 05s =0
0, 055514 v #0

h—0
Pa =-> xa
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Information loss

P4 |S) — pure state
= its von Neumann entropy H (Pa|S)) =0 ’

h—0
Pa =-> xa

H(xa) = —¢alnga — (1 = ¢a)In(1 - ¢a) <In2

_ J Dlylxa
$A = “Tp)]

Maksym Teslyk!'2, Olena Teslyk?



Non-commutativity & information loss

h—0 :
=91 = partial trace Trp

additional entropy:
dim I
H(xn) = H(PaPg|S)) Z loce |2 In x> < Indim M
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Results: general expression

q dim Iy

HEEIS) =3 H (xry ) +HOm) + 2 lomf H (i)

i=1

Cc
§(q+c)|n2+ZIndimﬂk
k=1

g — number of qubits equipped in no conjunction
¢ — number of conjunctions (operator products)

[TTZ, Ukr.J.Phys. (2022)]
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Results: general expression

q dim My
HEIS) =Y H(xry) +HOm) + D o H (xmi)
i=1 1

Cc
§(q+c)|n2+ZIndimﬂk
k=1

g — number of qubits equipped in no conjunction
¢ — number of conjunctions (operator products)

[TTZ, Ukr.J.Phys. (2022)]

The largest loss is generated by non-commuting expressions J
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Results: examples

Fast Fourier Transform Search algorithm

Time (FFT¢) = O (n2") Time (SAc) = O (2")
Time (FFTq) = O (n?) Time (SAq) = O (2"/2)
H(FFTq) = O (n2") H(SAqg) = O <n22"/2>
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Results: examples

Fast Fourier Transform Search algorithm

Time (FFT¢) = O (n2") Time (SAc) = O (2")
Time (FFTq) = O (n?) Time (SAq) = O (2"/2)
H(FFTq) = O (n2") H(SAq) = O <n22”/2>

Quantum algorithm may experience changeover under limy_.o ‘

[Litvinov et al., in ACAMP, NATO Sci. Ser. (2002)]
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Conclusions

The process of quantum logic reduction to its classical
counterpart via limj_ is studied in details

Information loss is estimated for each quantum gate from the
complete set

The largest loss is observed for non-commuting operators

Both quantum Fast Fourier transform and Grover algorithms
demonstrate significant information loss under limj_q

Amount of information loss H (E|S)) depends on E due to a
change in the problem the algorithm solves.
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BACKUP
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Fast Fourier Transform

FFTQ =UgUy---Unq
Uk = HkCren—1Con—2 - - Criet1

Hadamard gate Hy: |q), — 0), +e™1),), q=0,1

= (
V2
Hi = V2 (Pex — P-2x)
c-phase gate C i [q), |q'), — /P ad’ @) la)
Ck,k’ = (1 — ei¢kk’) (PﬁzkaZ’k/ + Pz,k) + /P

o = /2K K
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Grover search algorithm

on %2n/2
SAq = {[2 (HP,H)®" — 15" @ (P_, — Pz)} Uy

U @) 010)» [F) o |F (d)). 02T
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