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@ Quantum computation and quantum information by M.A.
Nielsen and |.L. Chuang, Cambridge University Press, 2010
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Course Description

This course isopento all graduate students and
undergraduates. The final grades are based on:

® final exam (60%),

® homework and attendance of the class (20%),

@® areport about quantum information (20%, the
subject can be arbitrary, which is preferably related
to your current research project, recent progress or

your own ideas along one specific area on theoretical
or experimental guantum information)
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http://quantum.ustc.edu.cn
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Explare quantum myxtery enable quontum opplications!
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Satellite-based entanglement
distribution over 1200 kilometers

Q'I.Ial'ltl.l m |Eap5 Retired rescarch « |‘1|'J|:|ph |1:b|.r lissars windher mime Marine pridators \Jm'n.'
China's Micius satellile, lunched in August 2016, has now validated across a record 1200 kilometers the e ! S O sy Susins

“spooky action™ thal Albert Einstein abhorred (1), The eam i< planning other quantum bricks (2-4)

L. Spooky action

Light-arbering crystal —. Micius Entangied phoons were
creales entangled b [ S e by ganl o saparale stations
.y Measuring one phobon's

phaton pairs %
o ‘“ QUANtLM Stale (actantly
q E determines Lhe alher's, no \|
.‘
-' ; matier how far away AYaaa
iR H & ..'.

‘ 'I.I“IP 201

d. Global netwark Pair
Fulure satelliles and
Eround sabons could £. Quantusm key distribution
enabie 3 quanburn Micius will send slrings
intermed. of entangled pholons
4 to the slations, creal ing
i hey hor pivesdrop- proal
Communicaliong

Pair string

3. Quantum teleportation
Micass will send one enangied
photon 1o Earth while eeping
itz mate onboard 'When a third
et con vty e Lnborpwer: SLate
Is enfangler with the ane on
£arth, and their states jointly
moasuned, the propedies of
the last photon are instantty
teleporied up to Micus.

Entangled photon parssent
from.space to Earth

PR LU & LIS

J. Yin et al., Science 356 (2017) 1140-1144
FEREFERARKE BRI




Satellite-to-ground quantum key distribution

Satellite-to-ground quantum key distribution. Nature
http://dx.doi.org/10.1038/nature23655

S.-K. Liao et al., Nature 549 (2017) 43-47
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Ground-to-satellite guantum teleportation

] Traremittar

g RS

L0 Lo CMAoE:

Ground-to-satellite quantum
teleportation. Nature
http://dx.doi.org/10.1038/nature
23675 (2017).

J.-G. Ren et al., Nature 549
(2017) 70-73
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http://dx.doi.org/10.1038/nature
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J. Yin et al., Nature 582 (2020) 501-505
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Quantum simulation

Programmable simulation of
quantum magnets

Observatin of topological phenomna in a programmable lattice of 1,800 qubits
https://doi.org/10.1038/s41586-018-0410-x

A.D. King et al., Nature 560 (2018) 456-460
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ULTRAGOLD ATOMS

IN OPTICAL LATTICES

B. Yang et al., Science 369 (2021) 550-553
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Ultracold GGas of

Triatomic Molecules

T

Creation of an ultracold gas of
triatomic molecules from an
atom-diatomic molecule mixture

F MG 7 AR E bR B
R 2% 1 e AH A R 25 R TP R v
“RTFT Rk, WHTBIIE
SR ¥ 57F H i Feshbach
LR B 10 ) FH R 45 5 AR M T
%ﬁEI’J%P%ﬁV‘¥ B -FIR A
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H. Yang, J. Cao, Z. Su, J. Rui, B. Zhao and J.-W. Pan

Science 378 (2022) 1009-1013
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Counterflow superfluidity in a 2N ¥;F7'Eé EI:U‘

two-component Mott insulator

a _ d .
(33883 = ™™
*9 999 lj oS —
B B farmrﬂ:gn:—:l] =

"EEEEEE v oo

CSF 0.7
[aey-
ferromagnet)

® [W=|Felme=-1 = : : Two-component BHM

® Itis[F=2m=-2) 1 0% |-} Spin-1Heisenberg Alel1]olal]

Flg.1| Frobing the CSF inoptical latcices. a, Ina two-component Bose mixoure, apin-wotr phase ohrained from mean Aeld theory. The solid arrow is the adiabaric
there are two phases, the so-called C5F and the spin-fott phase, The correlated passage (o the C5F phase (vellow star) used in our experiments. €, [Hustration of
C5F of the two components suppresses the number of fluctuations. b, Thisisin the experimental sequence. i, i, State preparation of the doublon-occupied spin-
stark contrast to a conventional superfluid, such as the single-component BHM. Mottchains. i, Adiabatic passage tothe C3F phase. iv, Stern Gerlach separation
c, We encode the two components in the two hyperfine states of “Rb atoms (left) and doublon-splitter operations for spin- and number-resolved detection.

which are denoted by £ and mie. State mapping hetween the two-component B F, Atvpical raw picture {right) of the £ = Gchain after Srern-Gerlach separation
and spin-11leisenbergmaodel {right). d. Phase diagram of the two-component and doublon-splitter operations and the corresponding read-out inthe

RHM, Thedashed lincindicates the phase boundary between the CSF phase and two-component BHM and Heisenberg model {left).

W, sRA MREFEEIEEER
Yong-Guang zheng et al., A RS T, B O R XA
Nature Physics 21, pages208-213 (2025) #gii# (counterflow superfluidity) iX—
Wrar s TR, UESE 1AL XA 7 i
PRI R TE R S AR R . (Nature
Physics) .
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Generation of genuine
T entanglement up to 51
el superconducting qubits

W BIRA B SE B 1514 i & 1
LUARR RS ) & ANERAIE,  RIET T BT E
BV RGP MU ZH 7

S S LD EDEEE s, SR ksl T T A
\, First CZ layer \, Second CZ layer Qubit number ﬁ\%% ﬁ?j& E[/\] Eizz]_‘—\‘ o ‘LZ I’ﬁf )l% %/I\

c d 100 __ %%%?ﬁﬁpgé%ﬁ Hﬁtl:%i& E E‘]éﬂ%
. H1 IR Se 12440 KRB 25114, 78
e N - SRR TESETHHAERR R
-l 1 L EEYE, TSR T g g
: o I TSI LA e 3 T
0zs R A R L
"\ First layer *\, Second layer “, Third layer™\, Fourth layer ° " Oubit1n?umber23 %

S.-R. Cao et al., Nature 619 (2023) 738-742
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Establishing a New Benchmark in
Quantum Computational
Advantage with 105-qubit
Zuchongzhi 3.0 Processor

W E R AR R SR @A R . ARES
, 5 hiFE TR R, MEEE T ER
SETHME ARG E. PEFEREE TR
. R ETFEORME IR 7% BT R K
22 B DA % A [ R 2 B S ) BEIT 9 BT &5 H.
RAAE, RIhiE 7105004 (A145105A]
BEL LR AII82 N R A LU ) S E TR
RINL “MHrhz =57, LI TX “BEFHEIZL
BCORFE” AL R . 5UA LA 5
AR, “Hphz =57 MBS REALAR SR
FF 100 00 ) B2 B H A e DR R 2 LR 15
MES, BB T2024FE10H AT REN
BT R 6/ = 24 [Nature 634, 328 (2024)]
o X RREMESEFIFEEBN “MH
M 5T SR I EAREEE T
HALHE [PRL 127, 180501 (2021), Science
Bulletin 67, 240 (2022)])5, F—XITHiES:
EREFIFEMRBEL . A (EFSITRR
Y SHIHEMm I,

D.X. Gao et al.,
Phys. Rev. Lett. 134, 090601, 2025
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TOP10 System - November 2023
Rmax and R, values are in PFlop/s.
For more details about other fields,
check the TOP500 description.

Rpeak Values are calculated using the
advertised clock rate of the CPU. For
the efficiency of the systems you
should take into account the Turbo
CPU clock rate where it applies.

https://www.top500.org/lists/top500
/2023/11/
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“The number of transistors per chip
doubles within two years”
(Apr 19, 1965)
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. acor Gordon E. Moore,
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Co-founder of Intel
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o The accelerating pace of change... ¥ 2045

— SUrpasses

brainpawer
= : World ; Human lent
Agricultural B.000 Industrial o Light- 20 1 Moon equiva
i 10y WG — 22 yaars Widé = TyEnE — Eonome 1o that of
Revalution yoars | Revolution _]—' bulb landing Web e T o bt ekl
brains
combined
a
10 Surpasses
i - brainpower
€) ... and exponential growth €) ... villlead of human
in computing power... to the
Computer technology, shown - Elngu Ian‘l‘r — ’
here climbing dramatically ‘ 10’

by powers of 10, is now
progressing more each
hour than it did in its
entire first 90 years

——— Apple Il
Al a price of $1,298, Meka
the compact WULES

I
UNIVAC | et Surpasses
The first commer- popular personal FO,000,000,000 brainpovwer of
cially marketed computers mouse in 2015
Col computer, used Lo “nudrgamm
COMPUTER RANKINGS oty e 'I"" Lsbulate the U.5.
By calculations per second b Caneus, Oocipied
por §1.000 computer, with 843 cu. fr.
1,500 vacuum
tubes, helped the T, QO
Analytical engine British crack German
MNever Tully built, codes during WW I
Charles Babbage's
invention was. Whithwired
designed Lo sobve i [ B ! Power Mac G4
computational and .rau 1620 ’ The first personal .
logical problems ENAC S e @ : computer to deliver
- EM EIWAC ?ﬁ".ﬁ'ﬂm miora than 1 billion
Zesed  SSEC floating-point
— |m.t.mmg.- '.iuu? operations per
Tshutator W Natonal second
. Elis 3000
L0000
ELECTROMECHANICAL ~RELAYSe—VACULM TUBES —s +—TRANSISTORS — +————————— INTEGRATED CIRCUITS ————————
T T T T T T T
:glon 1920 1940 1960 1980 2000 2011 2020 1-:‘45

PERIZFRAKRE PRl



120 Years of Moore’s Law
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Is Moore’s Law Ending? . .
' || Chipintroduction

@ Transistors per chip, ‘000 ® Clock speed (max), MHz ® Thermal design power*, w dates, selected
Transistors bought per §, m Pentium 4 Yean | |Core 2 lhm|
i : Log scale
15 Pentium I11 10
10 IFPII[IIIHII[‘
] ll’ﬁﬂt!um | »
—rTTTT710 10°

200204 06 08 10 12 15

8086 386

4004

10
'| 4 L 4 L i 1 ¥ q 4 f a1 Li L] ki 1 " 1 L ] 1 " 1 L a1 [ L 1 L L | Li a1 1 L | L L 1 Li | L L 1 ¥ '| lul
1970 75 80 85 90 95 2000 05 10 15
Sources; Intel; press reports; Bob Colwell; Linley Group; IB Consulting; The Economist *Maximum safe power consumption

Econamist, March 12-18, 2016
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IBM 7nm chip

Beyond silicon: IBM unveils world’s first 7nm chip
With a silicon-germanium channel and EUV lithography(extreme ultraviolet
lithography), IBM crosses the 10nm barrier. =July 2015
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PowarAXOMN = High-spead 25 GT/s Signaling
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25 GTis Dptical-Style Flexible & Modular

Packaging

Signaling Technolagy Mt o £

20 billion transistors

30 billion transistors

05 Jun 2017

Wafer of chips with 5nm silicon nanosheet transistors

IBM Research scientist Nicolas Loubet holds a wafer of chips with 5nm silicon
nanosheet transistors manufactured using an industry-first process that can
deliver 40 percent performance enhancement at fixed power, or 75 percent power
savings at matched performance. (Credit: Connie Zhou)
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6 May 2021 IBM F% R 2nm

According to IBM, the new 2nm process is
capable of fitting 50 billion transistors on a
chip the size of a fingernail—up from the 30
billion transistors on the 5nm node.
https://www.pcmag.com/news/ibm-
unveils-2-nanometer-chip-process-but-
actual-products-are-still-years

The potential benefits of these advanced 2 nm chips
could include:

*Quadrupling cell phone battery life, only requiring users
to charge their devices every four days.

*Slashing the carbon footprint of data centers, which
account for one percent of global energy use. Changing all of
their servers to 2 nm-based processors could potentially reduce
that number significantly.

*Drastically speeding up a laptop's functions, ranging
from quicker processing in applications, to assisting in language
translation more easily, to faster internet access.
«Contributing to faster object detection and reaction time
in autonomous vehicles like self-driving cars.
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20 Oct. 2023 IBM Fi A Al Chip

A new chip architecture points to faster, more energy-efficient Al

The first promising set of results from NorthPole chips were published today in Science.
NorthPole is a breakthrough in chip architecture that delivers massive improvements in energy,
space, and time efficiencies, according to Modha. Using the ResNet-50 model as a benchmark,
NorthPole is considerably more efficient than common 12-nm GPUs and 14-nm CPUs. (NorthPole
itself is built on 12 nm node processing technology.) In both cases, NorthPole is 25 times more
energy efficient, when it comes to the number of frames interpreted per joule of power required.
NorthPole also outperformed in latency, as well as space required to compute, in terms of frames
interpreted per second per billion transistors required. According to Modha, on ResNet-50,
NorthPole outperforms all major prevalent architectures — even those that use more advanced
technology processes, such as a GPU implemented using a 4 nm process.
https://research.ibm.com/blog/northpole-ibm-ai-chip

— : R
How mainframes : =Y ; ' M?H Since the birth of the semiconductor industry,
are rewriting ~ . computer chips have primarily followed the same
the Al playbook A | basic structure, where the processing units and the

=T memory storing the information to be processed are

“ stored discretely. While this structure has allowed for
simpler designs that have been able to scale well
over the decades, it’s created what’s called the von
Neumann bottleneck, where it takes time and
energy to continually shuffle data back and forth
between memory, processing, and any other
devices within a chip. The work by IBM Research’s
Dharmendra Modha and his colleagues aims to
change this, taking inspiration from how the brain
computes. “It forges a completely different path
from the von Neumann architecture,” according to
Modha.



https://research.ibm.com/blog/northpole-ibm-ai-chip
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1BM Quantum

HERON
133 QUBITS
TUNABLE-COUPLER
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HERDH
133 qublts = p

N

IBM Quantum

At IBM Quantum Summit 2023, ‘IBM Quantum
Heron’ was released as IBM’s best performing
quantum processor to date, with newly built
architecture offering up to five-fold improvement in
error reduction. (Credit: Christopher Tirrell for IBM)

IBM Heron is the first in IBM's new class of
performant processors with significantly
improved error rates, offering a five-times
improvement over the previous best records

set by IBM Eagle.

A visual rendering of IBM
Quantum’s 100,000-qubit
quantum-centric

supercomputer, expected
to be deployed by 2033.

(Credit: IB

2824

FLAMIHGO

1,326 qubits

-,

CROSREILL
428 gublta

L3E3

M)

2025

KOCHABURRAR
4,458 gubits

>

Communicationg

— Classical

Qeuntum

We've added a new dimension to our
roadmap: the innovation roadmap, calling out
key advances required to bring about error-
corrected quantum computing at scale. After

demonstrating Condor, our 1,121-qubit
concept processor in 2023, we’ll now focus
on modular scaling by introducing |- and m-
couplers with Flamingo and Crosshill, and in
2026, c-couplers with Kookaburra. These
new breakthroughs will put us on course for
an error-corrected quantum system running
100 million gates by 2029 and a billion gates
by 2033.



An Intel wafer. Chipmakers may
find it more difficult to justify the
huge costs of developing the next
generations of chip technology.
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SRR

Process

e S5NM

CPU

e 1 x Cortex-A77@ 3.13 GHz
e 3 x Cortex-A77@ 2.54 GHz
e 4 x Cortex-A55@2.05 GHz
GPU

e 24-core Mali-G78, Kirin Gaming+ 3.0
Al

e HUAWEI Da Vinci Architecture 2.0

e Ascend Lite*2+Ascend Tiny*1

5G

e SA&NSA,Sub-6G&mmWave

ISP

e Kirin ISP 6.0,Quad-pipeline

System Cache

e 8MB

Memory

e LPDDR 5/4X
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JEL Q000K FH 4 BR T 28 5nm L. 2 #iFE, 153
fedAReE, WH/NRST 2 5E RAgE . BBE9000.2
b A A5G SAR IR TT R, Hrga F PRI T
SGHL AL . FELEE90004= % F+ 2 Cortex-A77 CPU
, KM EENE3.1GHz, BAMERESE /1. 24-core
Mali-G78 GPU 5Kirin Gaming+ 3.05®5RELT, 1T
I8 B W R R A ) vy 1 O Y R AR S . BELREE9000
AR T ZFBEHKI2.0 NPU, KIZE T H AAIE S
, WRERFEFEE AN H, NPURAZ S AL
Rexitl, SRBKRIIFEEIT, MYEZHmE.
%5, BEEE9000F ZKirin ISP 6.0, MV A1 kak
PLISP+NPURR & 2842,  H 4% S AL R S HDRAL
SA R EE 7T, AL IS I e AN S R0 5 3 e
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— ’ m Memory Architecture —
3D TSV Memory Packaging
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£ MILINX
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AMD O
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CoWoS®-S Rapid Progress

® 5 genarations migration in 1 decade.

® Fast increase in interposer size, transistor
count, memory capacity and PUSI (eDTC, etc.)

Bx
Mormalized Transistor Count ' i 2on®
1% 2 e
Interposer area Jx
) & B HEMZa: 178 GEBE
e LI L Mew TSV
Thick Cu interconnect: I
S . o " eDTC Gen-1
mierposer area 21 ; L T
2016 & HEMZ: 48G8 Mewe TIM {Lid package)

nierposer area 1.5x
4 HEMZ2: 16GB
Cu G4 bumps

2011®
2021 IEEE 71st Electronic Components and Technology Conference | Virtual |
Jung 1= July 4, 2021
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What 1s guantum information?

“Information is physical.” 1960s by Rolf Landauer
from IBM Research

Quantum information is that kind of
information which is carried by quantum
systems from the preparation device to
the measuring apparatus in a quantum
mechanical experiment. by R.F. Werner

from New Scientist
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from New Scientist
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If we can harnessthe fuzziness of quantum entities to crunch vast amounts of data
instantaneously, the sky will be no limit. Vlatko Vedral is your guide

Image: Richard Kail/Science Photo Library

from New Scientist
PERIFRAKE B



Spooky action at a distance Wave-Particle Duality

from New Scientist
FERZFRAKRS Bl



“There is plenty of room at the bottom.” (Dec 29, 1959)

“It seems that the laws of physics present no barrier to
reducing the size of computers until bits are the size of
atoms, and quantum behavior holds dominant sway.”

— —Richard P. Feynman (1985)

Nobel prize 1965 from New Scientist
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(Max Planck) (Albert Einstein) (Louis de Broglie)

Il
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mc

Neils Bohr) (Werner Heisenberg)
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Information Technol ogy
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Press release: The Nobel Prize in
Physics 2022

English

English [pdf]

Sweedish

Sweatllsh (pdf |
KUNGL.
VETENSKAPS-
AKADEMIEN

THE WDNAL SIWCDFSA ACADESH OF J0A0MCES
4 October 2022

The Roval Swedish Academy of Sciences has decided to award the Nobel Prize in Physics
2022 o

Alain Aspect
[nstitut d"Optique Graduate School — Université Paris-
Saclay and Ecole Polytechnigue, Palaisean, Franoe

John F. Clauser
LF. Clavser & Assoc., Walnut Creek, CA, UI5A

Anton Zeilinger
Unilversity of ¥Wienna, Ausiria

“for experiments with entangled photons, estabifshing the violation of Sell inequalities and
piarderting quarnitum information scfence”

Entangled states — from theory to technology

Alain Aspect, John Clauser and Anton Zeilinger have each conducted
groundbreaking experiments using entangled quantum states, where two
particles behave like a single unit even when they are separated. Their results
have cleared the way for new technology based upon quantum information,

RERIS AR B



From left: John Clauser, Anton Zeilinger and Alain Aspect won this year's physics Nobel prize.

Nature | Vol 610 | 13 October 2022 | 241
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PHYSICS NOBEL FOR
‘SPOOKY' QUANTUM
ENTANGLEMENT

Award goes to three physicists whose research laid
the groundwork for quantum information science.
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It's a “mystery”. THE mystery. We
don’t understand it, but we can tell
you how it works. (Feynman)
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Peter Shor £7£(1994)

Lov Grover&7£(1997)

Seth Lloyd
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(C. Benntt) (G. Brassard)

Quantum
Communication
Complexity
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Polarization Entanglement Source

PDC

E— extraordinary
Eeied (vertical)

BBO-crystal

Y
-

ordinary g A R
(horizontal) H)alVig + V)alH)g

1
D)y, =—(|H), | Hy, % | V), |V
| @)1 \E(l ) [H) 2| V) [ V),)

W)y = (| H, |V, | V), | H), )

J2

I PG Kwiat et a., Phys. Rev. Lett. 75, 4337 (1995) 60
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« 1Ikm M. Aspelmeyer et al., Science 301, 621 (2003)
« 13km C.-Z. Peng et al., PRL 94, 150501 (2005)
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The DARPA Quantum Network
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NIST Quantum Communication Testbed

High-Speed
Data
Handling
Electronies

1000 Base L3

'hllct*

rﬁ*

=

Bub

[
Quanium ‘
Channels
High Speed
Data
1.25 Gb/s =
f’gm
g“” 1000 BaseLX
WM System

PCT nterface high-speed electronics boards for Alice (left) and Bob (nght).
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1 Mbit/s over 4km (20064F)



SECOQC QK DM 2& ¥ M Fl1 43 Afi

Figure 3. Satellite map with the locations of the nodes of the prototype.
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SECOQC QKD sidH A%,

Node SIE Node ERD Node BRT Node STP Node GUD
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Figure 5. Photographs of the SECOQC network node racks.

RS %: 0.6~10kbps  (20084)
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Tokyo QKD network 2010)
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Tokyo QKD network % 2& 42 1]

® T IGN2plus (Japan's Gigabit Network )
® L5

Ultra-stable frequency dissemination

Fig. 1 Network Layout of the Tokyo QKD Network
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Ultimate Cryptography Sclution for Network Security

Cluantum-Safe Network Encryption
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ID Quantique

2019 SK Telecom Continues to

. Protect its 5G Network with Quantum
2010 FIFA ﬁﬁjﬁ Cryptography Technologies

Durban, South Africa — The
first use of ultra secure
guantum encryption at a world
public event, 3 TAES 256

Viw AT ey _ — .|

SK Telecom Continues to Protect its 5G Network
with Quantum Cryptography Technologies

- SK Telecom applied Quantum Random Number Generator (QRNG) to the subscriber
authentication center of its 5G network

- SK Telecom plans to apply Quantum Key Distribution (QKD) technology to the Seoul-
Daejeon section of its LTE and 5G networks to prevent hacking and eavesdropping

- SK Telecom is playing a pivotal role in global standardization of QKD and QRNG
technologies at ITU-T.
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ID Quantique

Quantique and CryptoNext
partner to deliver next-gen, ooy
quantum-safe messaging _youaeceaty

000

Telefonica, Fortinet & IDQ demonstrate the first
... Quantum-Safe IPVPN connection suitable for
r L ]
] I elefon Ica managed datacentre interconnect

Tth Dotober 202

i . = alefaniza, Fortinel and 100 have joinlly demonstraled the first
H L e e
e P Quantum-3afe IFVPM connaction suitakble for offering a fully managec

datacenter Interconnection senice

IDQ
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MagiQ QPN"

& "_:'.'r_lgr.aph!; Solution for Network
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MagiQ QPN: State of the Art

MagiQ

Quantum Cryptagraphy
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s againes hum nharcm in slgorithea,
7, And Even GANDaT Computing

Features & Benefits

How it Woerks Who Heeds 117

The & ity ot quarturm cryatography lies in its ability to exchangs the encryption keys with absolute security
Quantum ey Distribution. By sending the key bits ancoded at the single pheton level on a photon-by-photon basis,
quantum machanics guarantees that the act of an sawesdropper observing a photon irretrievably changes the
infermation encoded an that photan. Therefore, the savesdropper can neither copy nor clore, nor read the information
encoded on the phaton without modifying it; eavesdropping is instantly detected making this key exchange

N aECrApE Ared NERwCTE A0

o & b beette

{o MRE cumparius Losking fu probect i wcnls
"4 inkgllectual proptetios, potonts and BLsinass

plank

minr claba an

d channl unsampromisingy secure,
[y Lar fewar G Prondsien o L LeTRerL S
e :':_’:':_:"":"_‘T:;:l_“h" the commardand corsrol - gl QPN Enerypled Enerypled QPH Client
= F Echernat Ethernat Ethernat Etharnet
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kD i) QKD

Fiber

QPN implements the S3B84 orotocol, invented by Bennet and Brassard in 1284, This protocol assumas that the sencer
and reciplent ehare an optical Unk (fiber) and a classical {non-guantum) unsecured communication chanrel, for
axampla, a standarc internet link.

QPN sands photons over the fiber to create the secure keys betweer two QPN stations. A photon is an elamentary light
particle that has measurable properties, like palarization, which can be "up® or ‘down’. These can be used to encode
and transmit a value of a bit from one QFN station to the other The transmitting QPN station uses a truly random

number genarator £ comae up with the value of the bit encoded en the photon.

The security of the BBR4 protocol is based an the fundamental Heisenbarg Uncertainty Principle, that states that
observing a photon jeavesdropping) does change its properties, e, In the presence of eavesdropping, the values of the
recerived bits will ditfer from the values of the bits sent. This Fundamental principal eliminates the ability of any
eavesdropper to hide hisfher ‘footprints on the photan.
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Free-Space Quantum Communication

Free-space quantum entanglement distribution (over 100km)
Yin etal., Nature 488, 185 (2012)
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Extended [Data Figure 2 | The Micus satellite and the paviosds. a, A full view ol the Micius sateflile before being asembled into the rocket. b, The
experimental contral box. ¢, The APT control box. d, The aptical transminer. ¢, Left side view of the optical transmitter aptics head. £, Top side view of
the optical transmitier optics head
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The Quantum Institute

at Los Alamos National Laboratory

® S T
& Hp 5 AHE &
. the development of a fully

operational quantum compuiter
would demolish the concept of
national security. Whichever
country gets there first will have
the ability to eavesdrop on the
plans of its enemies. Although
still in its infancy, quantum
computing presents a potential
threat to global security.

Simon Singh, The Code Book
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. Liquid-stateNMR - Electronson liquid He
. NMR spin lattices  Small Josephson junctions
« Linear ion-trap — “charge” qubits
spectroscopy — “flux” qubits
+ Neutral-atom optical * Spin spectroscopies,
lattices Impuritiesin semiconductors
. Cavity QED + atoms « Coupled quantum dots
+ Linear opticswith single ~ — Qubits
photons spin,char ge,excitons
- Nitrogen vacanciesin — Exchange coupled, cavity

diamond coupled
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« Cambridge * New South Wales
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* Delft * NRC
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- Ecole normale supérieure * Oxford

« Geneva  Paris

« HP Labs (Palo Alto and Bristol) * Queensland

* Hitachi « Santa Barbara
* id Quantique - Stanford

- IBM Research (Yorktown Heights and * Toronto

Palo Alto) « USTC

* Innsbruck * Vienna
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 Max Planck Institute-Munich
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Demo: IBM Quantum Experience

Waich & demo of how to use the world's first L ium

compuling platfonm deliverad via the |Bb Clouwd.

| Watch the video

PERIZFRAKRE PRl

Fo
= 1
TR AL el = ?1-:'

Quantum Computing on the Cloud

Hear rom IBM experts about the new cloud-enablsd
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IBM Quantum Computing Lab Tour

50 degres ook at the 1EM Cuanium Computing

at the Thomas J Watson Resegrch Center,

Watch the vides
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Mumber of qubits: 105

illow Chi iy
l OW Ip Average connectivity: 3.47

Quantum Error Correction Random Circuit Sampling
Specifications (QEC, chip 1) (RCS, chip 2)

[ = H -
Single-qubit gate error Y . o
{mean, '-_'.|rr||,.l'!i_-'|r'|=_-r_‘.-|,15.: [_J_IJ._-._.-.-H UD:}'EI 0
Two-gubit gate error ).33% 0.14%
(maan, simultaneous) (CZ) (imwap-like)

Measurement error % 0.67%
{mean, simultanacus) &, measure its) (terminal, all qubits)

Ti time
imean)

Measurement rate

Spisatcn parformancs Azsz =214 XEB fidelity depth 40 = 0
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Google

Quantum error correction below the
surface code threshold
Google Quantum Al

Fig. 1/ Surface code performance, 8. Schematic of o distance 7 (g = 7) surface
eodeona 105-gubit processorn, Eachmeasure gubidt (blue) is associated witha
stabilizer (Mlue-coloured tilel. Datagubits (gobd) farmad = d array, We remove
beakcage from eachdata qubit using 3 neighboasring quibit below it, with additional
leakage removal qubits atthe boundary (greeni. b, Comulative disiributionsaf
errar probabilities meanered on the 105-qubit processor, Red. Pauli errocs for
single-quibit gaves; black, Paull errors for CZ gaves; gold, Paull errors for data
qubitidle during measurement and reser: blue, Idendfication errar for
measurement; teal, weight-4 detection probabilities idistance Taveraged for
280 cyeles). ¢, Logical evror probability p, for a range of memory experiment
durations. Each data point represents10° repetitions decoded with the mewral

Nature volume 638, 920-926 (2025)

d
F (ol
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. | e
- 1w 2
- o
= | O Simatated =
2 | W' YT T
E!n“ l s TAN
: \
o= B 1T Fez15200
T o = 3imean) & o = & {maan) |:
of = 3 (indivichial) o = 5 findividual .—;lE.'I!iI].EH
--- Dot physical quibit @ o=T B .
T T T T T r r
s 100 150 200 250 a 5 7
Ouantum ermor correciion cycéa, Surdace code distance, d

network and is sveraged over thelogical basks O, and £ ). Black and grey, data
fram rel. 17 for comparison, Curves, exponential [its alter averaging p, over
code and basis, Tocompuie ryvalues, we Mt each individual code andbasis
separately and report thedr average Supplement ary Infoarmation), d, Logical
error per cycle, £, reducing with sur face code distance . Uncertaingy on each
paintis lessthany = 107, Thesymbels march those in e Means far f = Jandd =5
are computed from the separace £, fitsFor each code and basis. Line. e
equation (1. determining A. The inser shows simulations uprod = Ll alongskde
experimental points. bothdecoded with ensembled matching synthesis for
comparison. Line,_ fitto simulatiom A, =223 +0.02.



Google

Our quantum
computing roadmap

Qur focus is to unbock the full potential of quanturm computing by developing a large-scale computer capable of complex, emor-comrected
computations., Wa're guided by a roadmap featuring sit milestones that wil lead us toward top-quality guantum computing hardware and software
for meaningful applcations.

MILESTONE 1 MILESTONE 2 MILESTONE 3 MILESTONE 4 MILESTOMNE 5 MILESTOMNE &

BETOND CLASSICAL QUANTUM ERROR BUILDING & LONG-LIVED CREATING A LDGICAL GATE  EMGINEERING SCALE UP LARGE ERROR-CORRECTED
CORRECTION LOGICAL QUEBIT QUANTUM COMPUTER

Dbl Cpbitic 54 Prrmical Crutta: i Physicsl Galits 108

Limgieanl il Brrur Ry + Pl Cutite: B0 Pl Qs 107 becgrcaal Grptont v Bipbm 207 Lesgriae et Errew Rt 00! Frepical Gt 10°
Ll Chial B Rt 10 Lorgical Sl Error Raie: 1077 Rexgcal Dt Ervor Rt 1™

& —& . B . L

2019 2023
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Scaling IBM Quantum technology

1BM ) system One (Released {In development] Mext family of LBEM Quantum systems

2019 2020 2021 2022 2023 and beyond

27 qubits &5 qubits 127 qubits 433 quisits 1,121 qubits Path to 1 million qubits
P rminah i Condaf and bayond

Optirized lattce Scalable readout Mowvel packaging and confrols Miniaturizaticn o° conponenis Integration Buld rew infrastactee,

clisan tm mrar Soerecton

A look at IBM’s roadmap to advance quantum computers from today’s noisy, small-scale
devices to larger, more advance quantum systems of the future. Credit: StoryTK for IBM



https://www.ibm.com/blogs/research/2020/09/ibm-quantum-roadmap/
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IBM = 1115

Learn hla Guantum comeaters smpowier ressarchems 1o tackhe problerms that once taensd
L atest news

unsolvable.
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b\

Boast your quantum credentials with 1BM Quantum Credits: Apply today for Relay-BP: The world s fastast, most Applications are open for the Oiskit
naw Qiskit w2 X developer certification  access to cutting-adga IBM quantum accurata decoder for qLORPC arror afvocate program
capabilities correction codes
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BER Tong breaks records for quantum computing performance »

A true quantum leap.

Introducing the first commercial trapped ion quantum
computer. By manipulating individual atoms, it has the
potential to one day solve problems beyond the capabilities of
even the largest supercomputers.

—

The World's Most Advanced Quantum Computer

Our quantum cores use lasers pointed at individual atoms to perform
longer, more sophisticated calculations with fewer errors than any
quantum computer yet built. In 2019, leading companies will start
investigating real-world problems in chemistry, medicine, finance,

logistics, and more using our systems.

PERIZFRAKRE PRl



Preliminary benchmark test results on lonQ hardware as of December 10, 2018.

Qubits

Qubits are the basic unit of information storage on a quantum computer. After they’re
initialized, logical operations—called gates—are performed on them.

Maximum loaded 160 qubits

Single-qubit gates performed on up to 79 qubits

Two-qubit gates performed on all pairs of up to 11 qubits

Error Rate

Gate fidelity is a measure of the accuracy of a single gate. Gates that manipulate one qubit
at a time are less complex and less error-prone than gates that operate on two qubits. The
following benchmarks were captured on a fully-connected 11-qubit configuration.

Average fidelities
Single-qubit gates >99%

Two-qubit gates >98%"
Best fidelities % @ @
Single-qubit gates 99.97%

Two-qubit gates 99.3%"
Minimum fidelities
Single-qubit gates >99%
Two-qubit gates >96%"

* not corrected for state preparation and measurement errors.

Benchmark: Bernstein-Vazirani Algorithm

The Bernstein-Vazirani Algorithm is a basic test of the ability of a quantum computer to
simultaneously evaluate possibilities that conventional computers must calculate one at a
time. The complexity of the test is determined by the maximum length in bits of an oracle—
an arbitrary number the computer must determine.

10-qubit oracle success rate 73.0%

Classical computer success rate ~0.2%

Powerful Connected Precise
Program Length Fully-connecTed qubiis- 31 ne -quikt gate error: <9.85%

86 bwo-qublt gates addressable palrs- 53 Two-gqubll gate error- €1.0%

PERIZFRAKRE PRl



lonQ Aria Forte Forte Enterprise

v v v

System Availability

Commearcial Avalability
Bystem Salez
Performance

wAD 25 mADQ 34 !

Algaorithmic Qubits (#AQ)

Physical Qubits 25 36 e
I — ’ QT &
206 Fidelity 9.4 G4 Tamg

2 1]
o
O
va )

- 9904%

100G Fidelity

Specifications
Cannectivity All-to-a All-ta-all All-ta-all

Operating System First Gen First Gen First Gen
Acousto-Optic

Laser System
i L Medutator

v v v

Acousto-Optic Deflector Acousto-Optic Deflector

Errar Mitigation
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lonQ Roadmap for Large-Scale, Fault-Tolerant Quantum Computers =S : lONQ
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USTC, g%, Wk, wRbess: PTREE, B, A, N5E

Yan et al., Science 364, 753-756 (2019)
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It's Time to Start Your
Quantum journey

o orf the Cormpeiition. Froms Nirding

40% of |arge
enterprises
sunveyed are alrcady
experimanting with quarmsm
COrmpLtag.

o By 954 Resaarh

®dvantagec

NEXT-GENERATION
EXPERIMENTAL PROTOTYPE
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D-Wave Product Generations D —Wa'\/e
= .

—— -
18y
4,400+ Qubits 40.000+ Couplers 20-Way Connectivity 40% Higher Energy Scale”
Solve mors comgdes Dense connectivity supparts Lephyt™ wodkogy enables Contributes to fastar time-to-solution
compitational prablems compact, high-fidelity embedding of mora and high-quality results
problem embeddings complex problems
Number
of ' ,
Cubits 5 b
- ; 2x Coherence’ A Lowwer Molse Fast Annesl Hybrid Solver Integration
Enhances merall Reduces noise for Fmakabes qquicker, more cobserent Ernalbdes wcaling wia gquantumebeybrid
bqubit perfarmence and drives enhanced salutkoen guanturm computaticns computing, with supgort for up to 2
—— : faster time-to-solution stability million variables
mu il 2] N i y W

mOrmpaned I e Ddae Aovanisde Syilem

D:\wWave

@dvantage:” |

Quantum Performance
QUANTUM COMPUTER

for Business and Science

o=bejuenp@®




Accelerate Quantum
Development with Ocean

The Ocean software fits beoween applications and the compute
FESOIFTES.

Ocean Software
Conutrai~g 1 Hew Mapping
g M:.._I:I:
% m . o

Qubits
A world-class annealing quantum processor

design with continued growth in qubits,
connectivity, and coherence.

PERIZFRAKRE PRl

T Million

Variables

Built to support real-world size applications with

up to 1 million variables and 100,000 constraints
via our quantum-classical hybrid solver senvice in
Leap.

Applications

Mare than 250 early applications across
domains like manufacturing, financial services,
and life sciences already exist using D-Wave
guantum systems today.




Customer
Spotlight

~
8

Ford Otosan created a hybrid

quantum application utilizing
D-Wave gquantum technology
to optimize vehicle production
sequencing in the body shop,
reducing scheduling of 1,000
vehicles from 30 minutes

to less than 5 minutes, a 6x
improvement.

Learn more

PERIZFRAKRE PRl

D-Wave

> . |
darcn

The Jilich Supercomputing
Centre uses a D-Wave
Advantage system to facilitate
breakthroughs in quantum

Al and quantum optimization
and expects to connect it with
the JUPITER supercomputer,
Europe's only exascale HPC
for advanced research.

Learn more

D-Wave's annealing quantum computers are supporting enterprise production
applications and pioneering research and scientific breakthroughs.

M

Japan Tobacco leveraged
D-Wave's quantum hybrid
workflow to improve Large
Language Maodel training for
early-phase drug discovery.
The guantum-enhanced
approach achieved better
learning accuracy with fewer
parameters than classical
methods.

Learn more
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A chip that traps ions is the basis for a Department of Energy testbed quantum computer.

Adrian Cho Science 2018;359:141-142

AY AAAS
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A quantum com pl_ltil‘lg to-do list Adrian cho science 2018;359:141-142

Researchers have several general ideas for scientific
applications of quantum computers.

FIELD TASK

Chemistry Calculate molecules’ energies and
structures, model catalysis.

Materials Design novel materials from the

science atom up.

Nuclear physics Calculate energies and structures of
nuclei and particles such as protens.

Particle physics Optimize search for subtle signals.

DOE Office of Science: Contributions to Quantum Computing

Support for guantum computing research originated in the Advanced Scientific
Computing Research program in 2017 and rapidly spread across the Office of
Science. The research portfolio now includes applications in nuclear and
particle physics, plasma science, chemistry, and materials. It also includes
improving the fundamental building blocks of quantum computers, developing
sophisticated control to make the most of any group of qubits, and computer
science research that will ultimately make quantum computers easier to use.
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Exhibit 1 - Acceleration of Investments in Quantum Computing

Funding ($millions) Deals completed

2,000

A0
1,700
1 500
1,000
500
241 211
32 72 . 138 no
st A g & &
2011 2012 2013 2014 2015 2016 201Y 2018 2019 2020 2021
B Hardware B Sofiware YL investments
sources: PitchBook; BLUG analysis
Mote: PIPE = private t in public equity: SPALC =

2022$8H 25EI (&ﬂ:iﬁﬁ%‘wﬁlﬁm <BCG> ﬁfﬁ Eﬁﬁ??ﬁ*ﬁi

Top 3 investments in 2021

m

PsiQuantum
$450 million raised
(Series D)

i+1

Xanadu
£100 million raised
(Series B)

IONQ
$650 million raised
(/3 PIPE + SPAC)

{Can Europe Catch Up with the US (and China) in Quantum Computing?)
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Exhibit 2 - Quantum Computing Will Create Value Across Several
Industries and Use Cases

iy

Private landscaps

Applications Value ereation potential $hillions)y

Lo High

Cryptography Encryptwnidecrypbon . 40 Zo

(%40 billion to $80 billion)

Sercspacs: Flight route cptimization ; 20 5D
Optimization Finance Porllctio aplimizalion 20 z0
%100 billion to %220 billion} Fimance Risk maragemens 1o 20

Legistizs: Vehicle rauting/network optim zation 50 100
Autorative: sutomated vehicles &l algorthme 1] 10
Machine learming Fimanee: Fraud and money launderisg preventicn i 20 30
(%150 billion to $220 billion) High tech: Search ard ads optimization 50 100

Other: Varied Al applicarions L B0+

Bamospace: Computaticnal r...\_l:l" dynanmics 10 a0
Samapaca Matenals develapmens i 10 20
Automative: Computational fud dynamics o 10
Automeonive: Wat
Simulation Chemistry: Cat
($160 billion to $330 billien) . . -

rals and structund design 10 15

and enzvre design | 20 50

ergy. Sclar-conversicn ! ] a0
Finance: Market simulation g, derivatives pricing) 20 3s
High tech. Bartary design 20 40
Marufacturing: Materials dosign i 20 Eli]

Pharma: Drug discovery and developrent 40 20

sources: Academic research; industry intervisws, BOG analysis

20224E8H 25H, wEtHiEMER (BCG) KAKIB AR E
{Can Europe Catch Up with the US (and China) in Quantum Computing?)
FERZFRAKRS Bl
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Exhibit 3 - The EU’s Competitive Start in Quantum Computing

2013

2016 2018 2019 2020 2021
SIS & B n
Ealn ®
The UK creates a China launches 1ts The EU sets up the France creates a Japan allocates about | Australia invests
Mational Quantum 13th fivesyear plan, Quantum Flagship Mational Agenda on £270 million to a £100 million
Technologies Program, | with projects for program, investing Duantum Technologies | quantum roadmap
investing $300 million « guantum computing  « $1.1 billion with a seven-year &
and communications; investment of $700 I I
announces an million _—
i Canada announces
investment of $10 111 J‘l i't:'('_r-“'::nr-*nli ”?- 5
billion in 2017 - Sk $I<DD¢H-'|;[[1|::-:'| r:w._e:r
The US passes the o i pem— c-:: r I
; — invest ¢ SEVEN YEars
Mational Quantum HvESHTISm i/
Initiative Act, investing |« |srael allocates $400
over $1.2 billion million over six years l I

France announces
a$1.1 balhon
nvesimeint IJlEI-"I

Germany unveils its
Quantum Computing
Roadmap, with a $2.2
billion investment

Sources: Literature search; BCG analysis.

20224E8H25H, W& HER (BCG) KA ARE

{Can Europe Catch Up with the US (and China) in Quantum Computing?)
FERZFRAKRS Bl
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Exhibit 4 - The 2022 Quantu—n_w Computing Country Rankings

- o v
i i ™
Ui} : &
. Tiers = Government support Private initiative Talent
= -
Front-runners and top T —
1 us J— performers, positioned to EIE - — b=
lead globally L] [ =

China Tier 2 .
Strangly positioned with I I -
2 ot ot onathe. B ® == -1
several strengths, likely to L [
UK play leadership roles . [ - e —

. Tier 3
3 Austrabia Started out well, potential
Canada to play leadership roles i
if they address some gaps o - p— = o
Israel Tier 4
Japan Specific strengths, with ] L = @
4 . potential to play major n
Russia n L roles in some areas = 0 = o pe
Switzerland —— or applications — — ———

20224E8H 25H, wEtHE LR (BCG) KAFKIM AR &
{Can Europe Catch Up with the US (and China) in Quantum Computing?)
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Exhibit 7 - The US Has the Most Startups, Private Investments, and
Patents in Quantum Computing

Im

Estimated number of companies?
100

SI:I °
_ [Netherlands
&l
40 o
f tEL
Japan Switzerland = e
0] Germarny Canada
e s China @
) Australia ¢g Israel UK
w ] a r,
- — i ; . /- i
s France Finland
100 200 100 =00 T00 1,800 1,900

Private investments ($millions)?

Percentage of country global share of patents . 10%

20224E8H 25H, wEtHE LR (BCG) KA[KIM ARk &
{Can Europe Catch Up with the US (and China) in Quantum Computing?)
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Exhibit 8 - The EU Is Second Only to the US in Scientific and Educational
Capabilities

i

Scientific articles on quantum computing, by country, in 2021 (%)

20
us
115 ik .
@ China EU ¢ )
10 b i
Canada __ |k
| < Average: 6%
e |Russia
- G
) | Israel | @ — Japan ermany
Finland ¢ -@ |._’
o [La e | L_France
0 [ Switzerland A 20 30 40
Metherlands
Australia Average: 8
Number of universities ranked in the Top 100 for quantum computing
Countries with palicies that target guantum education Number of students in universities 250,000
Sources: EduRank; Web of Science; Literature search; BCG analysis.
Mote: The number of articles and universities for the EU represents the surm of the individual totals for each EU country

2022578 25H, WEWHKHER (BCG) RAMKIB MRS
hERsRAA iy, (Can Europe Catch Up with the US (and China) in Quantum Computing?)



ons Irepped between gald blades serve s mfarmation-carmng qubals ina prototype meEsnhem computer |

Update: Quantum physics gets attention—and brighter
funding prospects—in Congress

By Gabwie| Popkim | Jun. Z7, 100E, 1230 FW

Lamar Smith. Chairman

Oge SCIENCE, SPACE, & TECHNOLOGY

National Quantum Initiative Act

The National Quantum Initiative Act establishes a federal program to accelerate quantum research and
development for the United States’ economic and national security.
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A STRATEGIC VISION FOR
AMERICA’S QUANTUM

NETWORKS

Product of

THE WHITE HOUSE
NATIONAL QUANTUM COORDINATION OFFICE

Feb
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Public sector investments in quantum technologies worldwide

FIGURE 1
Denmark i@
Glohal quantum DIK 2.7 ilfion
efforts: — %406 million
$40 baillican Nethedands =
{estimate) €965 millon
=31 billics
United Kingdom &
&3:45 billicn
Canada () = $4.3 pillicn :
CAD 1.41 bilion = §1.7 billion .
ilion lon - 0
1.8 bilion = $2.2 billion 1

US National
Quantum Inftiative &£

&3, 75 billion

Spain e
£60 million = 357 milion

Switzerland ©
CHF 780 million = $990 milion

Brazil &

BRL 80 millon =512 million

Germary -

€3 bilion = 53.5 bilion

= Sweden
SEK 1.8 Billion
= 5160 million

+ Finland
€24 millicn
= 527 millicn

E |grasl
1.2 billicn
rmillizn

I
- $390

India =
INR 6 Billion
= %736 million

Clatar §
40 rmillion

Thailand &=
THE 200 millign
=586 rlllicn

= Hungary

Austria =
107 million = 5127 million

European Quantum Flagship @
£1 biltioh = $1.1 billion

Mote: Mot sxhaustive; timslines for funding very by couniny
Sources: "Cvendew of Quantum Initiadves Wosddwide 20237, QUIRECA, 12 July 2023, hiip |
Dapartrant of Indusiry, Science and Resourcas, Australia; ETH Domain (ETH Zurich, EPFL, P30,
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HUFE 3.5 billion
=511 millicn

& South Africa
B 54 millicn
= $3 millizn

w Fussia
RUB 100 bilion = $1.45 billien

@ China
515 billion

* South Korea
KARW 3.05 trilllon
=$2.85 billion

» Japen
JBY 80 billon

e al

= 5700 rillion

I @ laiwan, China
TWE & bBillion

Lbtede i
= 5282 millian

P Fhilippines
PHP 360 millicn
=317.2 milion

@ Australia
ALID 293 million
= 5599 million

[
@ MNew Zealand

Ba36.75 million

& Singapore
D 185 million
& 138 milllon

-
=
o
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http://quantum.ustc.edu.cn/
http:.//www.quantumcas.ac.cn/
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