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http://cqt.site.nthu.edu.tw
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����(Quantum Technology) 	��

Intel Roadmap: 1000 qubits 5-7 years

Google contends its Bristlecone chip 
demoes 1% error rates for readout, 
0.1% for single-qubit gates, and 0.6% 
for two-qubit gates.
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•1982  R. P. Feynman proposed the idea of a 'quantum 
computer', a computer that uses the effects of quantum 
mechanics

•1984 BB84 Quantum key distribution 

•1994 Shor’s algorithm (fast prime factorization)

•1995 Quantum error correction (Shor and Steane)

•1996 Grover’s searching algorithm
•…
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Devoret & Schoelkopf, Science 339, 1169 (2013) 
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Berkeley Lab Supercomputer Breaks New Ground in 
Quantum Computing Simulation
Michael Feldman | April 12, 2017 11:26 CEST

Cori, the fifth fastest supercomputer in the 
world, has been used to model a 45-qubit 
circuit
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Classical computers 50 qubit Quantum supremacy
6���F

https://www.top500.org/project/top500-news-team/


	����������"����������(� Europe Quantum Manifesto, UK National Quantum Technologies 
Programme, Centre for Quantum Technologies in Singapore, �� DARPA call program ,…)
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Eniac 1943

���� (Quantum Technology)
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I think that it is fair to say that no one 
understands the quantum theory…
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https://youtu.be/2Z6UJbwxBZI
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https://www.youtube.com/watch?v=D3koi9jfI7M
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�����	(which-way experiment)

Nature 395, 33(1998)
PRL70,2359(1993)
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Phys. Rev. Lett. 70,2359(1993)

������

Ground state: 6s2S1/2, Excited state: 6p2P1/2
degenerate: mJ

Photons: σ&π polarized
π: ΔmJ=0 two atoms are in the same state
σ: Δ |mJ|=1 two atoms are not in the same state

polarized



π polarized

σ polarized
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Electron version:  Applied Physics Letters 97, 263101 (2010)
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⟩2 → 1, |1
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|α|20�� 0�' 
|β|20�� 1�' 

|"|# + |%|# = '
⟩) = * ⟩0 + ,| ⟩1 = cos 12 | ⟩1 + 345 sin 12 | ⟩0


��
��)



50 ��������
�
��	�

������2"#���

($%| ⟩0 + *%| ⟩1 )×($/| ⟩0 + */| ⟩1 )×00000×($"#| ⟩0 + *"#| ⟩1 )

= 2% ⟩00…000 + 2/ 00. . 00 ⟩1 + 25|00. . 0 ⟩10 +00000 +2/67| ⟩11. . 111 )
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'3!�")%6�Traveling Salesperson Problem�

.5%6

,1 /�65020%6�=-&1
65!"# + %�20� ����)	�
(
�%. '×%#)

BQP = bounded-error 
(correct probability at least 
2/ 3)quantum polynomial time

Computation complexity
classes 

NP = nondeterministic
polynomial time
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 0,1,2,3,…,N=2m-1
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0000…..000
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1111…..111

m ��

0000…..010
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(
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�# → %, % → #

'( ⟩000 + ', 00 ⟩1 + '. 0 ⟩10 + '/ 0 ⟩11 +
'0|1 ⟩00 + '2|1 ⟩01 + '3| ⟩110 + '4| ⟩110 
�'(, ',, '., … . '4 8��

('(, ',, '., '/, '0, '2, '3, '4) → ('0, '2, '3, '4, '(, ',, '., '/)

�����: | ⟩0 → | ⟩: ;| ⟩(
, , | ⟩1 → <| ⟩: ;| ⟩(

,

('(, ',, '., '/, '0, '2, '3, '4) →
(
, ('( − '0, ', − '2, '. − '3, '/ − '4, '( + '0, ', + '2, '. + '3, '/ + '4)



Universal Quantum Gates
�8$" : AND, OR, NOT (combination of 
NAND) :%��('#&
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1 0
0 eiπ /4
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1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟ 	
.-��.��-.���  

| 00〉→| 00〉  | 01〉→| 01〉
|10〉→|11〉   |11〉→|10〉

  UU † = 1
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x-ray

peak : 
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(Grover algorithm)

�x=0,1,2,3,…,N(�!�%)�
���� �
���� ���f(x) = 1 ($
�#)$
, �
�� ��"� f(x) = 0

[ ]

(0) (1) (2) ( )( 1) (

1 = | 0 |1 |2 | N
2

1 | 0 |1 |2 | N1) ( 1) ( 1)
2

f f f f N

m

m
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   | x〉
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   | Q〉
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���� (Oracle)
2

1

3

4

�
 1�����

�
 2�����

�
 3�����

�
 4�����

¹�
1	�
 2�� =0 ¹ ¹
1¹2 1¹3 2¹3

¹
2¹4

¹
3¹4

Value 1 for good coloring

f(x)

⟩|# $ ⟩|%
& × ⟩|# $ ⟩|%

& × ⟩|# $ ⟩|%
& ×…..

= 1
2(,$%)/& /

01#

01&23%
⟩|4

Oracle: ⟩|4 ⟩|5 → ⟩|4 ⟩| 5⨁8(4)

⟩|4 ⟩(|0 − ⟩|1 ) →
⟩|4 ⟩(|8(4) − ⟩| 1⨁8(4) ) = (−1);(0) ⟩|4 ⟩(|0 − ⟩|1 )
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2,000 CPU years

https://quantumexperience.ng.bluemix.net/proxy/tutorial/full-user-guide/004-
Quantum_Algorithms/110-Shor%27s_algorithm.html
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Eavesdropper

Alice

Bob



48

0 1  1  0  1  0

XOR 1   1  0  0  1  0

1   0  1  0  0  0

1   0   1  0  0  0

XOR 1   1   0  0  1  0

0   1   1  0  1  0

�����	��%$, �,� ��"

��)���"�
���"�…�
è!�
#(�"&�(key)

transmission

1   1   0  0  1  0 
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������	��� BB84 (by Bennett and Brassard)

Alice�:0	9
5'Bob��
1,3,4,5
��#

⟩|0 ⟩|1
Alice,Bob�#�;%1/�key

0        0   1   1

Bob ���key(�1,5..) 
�)Alice�3

���(+*

 ��3%key�&(n)��, �.$"%�!, %
&
'
, 240 !

�? 1-�7�<�
"��? 
�.$"%�!:  ½ (6���)+
1/2×1/2 (68��) = 3/4
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Decoy-state BB84
Free space, satellite-based

DPS (Differential Phase-Shifted) 
Optical fiber

E91 (Entanglement-based)
Longer distance, verification of QM

MDI (Measurement-Device-Independent)
Against hacking on detectors

������
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↕ ↔ ↕ ↕

0 π π

EPR↕ ↔

Bell State
“Generator”

Source: MOST_�����
�
���	��(���)



Phys. Rev. Lett. 84, 4729-4732 (2000)
(Ekert scheme, using entangled photons, ��	��	)

60x90 pixels
8 bit color information
per pixel + header
= 49984bits
Venus von Willendorf effigy
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!| ⟩1 + &| ⟩0 !| ⟩1 + &| ⟩0



����(Quantum teleportation)
(Bennet et al. Phys. Rev. Lett. 70, 1895–1899 (1993); 
Nielsen,Knill. & Laflamme, Nature 395, 5 Nov, (1998), record 102KM over optical fibre)

1 2 3

Recombined 1 & 2 using Bell basis

−%&−'

−(%)−%*

Bell measurement on 1&2
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| ⟩↑
| ⟩↓

| ⟩Ψ = 1
2 | ⟩↑ ,| ⟩↓ - − | ⟩↓ ,| ⟩↑ - = 1

2 | ⟩− ,| ⟩+ - − | ⟩+ ,| ⟩− -

| ⟩+ = 1
2 ( | ⟩↑ + | ⟩↓ ) | ⟩− = 1

2 ( | ⟩↑ − | ⟩↓ )

| ⟩−, 3 = 1
2 (456789 | ⟩↑ − 4567:9| ⟩↓ )| ⟩+, 3 = 1

2 (456789 | ⟩↑ + 4567:9| ⟩↓ )

P(+, 3) = 1
2 (1 + cos?3) P(−, 3) = 1

2 (1 − cos?3)
���
&���	 ��	����
&

!" − !#
ℏ = ?

↑ ↓
↑↓

Alice measures in different basis



Programmable quantum simulation

Large-Scale (1800 qubits) Quantum Simulation of Topological State 
of Matter
(D-wave, Nature 560, 457, 2018)

square-octagon lattice

successfully
generating quantum
vortices

!

��
� 
��	������
� (Feynman)
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Google’s team, Phys. Rev. X 6, 031015 (2016)
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J. Martinis’s group, Nature Communication 6, 7654 (2015)

��	
���(Quantum simulation of Fermions)

Any state !: occupied  "# = 1
unoccupied "# = 0

Naturally form a qubit
| ⟩1
| ⟩0

+ Jordan-Wigner transformation: 

)*)+ + )+)* = 0 )*-)+ + )+)*- = .*+

/ = −12
*,+
)*-)+ + )+)*- + 42*

"*↑"*↓
�������

000000011111111



Noisy-intermediate hybrid quantum simulation
--Energies of small molecules, small size of spin systems, 
fermions

Will Zeng, 2016



A. Kandala et al. Nature 549, 242 (2017)

O’ Malley et al. Phys Rev. X 6 , 037007(2016)

H2

Noisy-intermediate quantum simulation



Machine learning: quantum speed up?

Source of image:  https://www.quora.com/What-is-the-difference-between-deep-learning-and-usual-machine-learning

Classical supervise learning

Trained more efficiently ?

!"#$%&' = ")&'%&'

Exponential quantum speedups: given A & ")&'%&' find "#$%&' (HHL algorithm, PRL 103, 150502, 2009)

"#$%&' → | ,"#$%&' = -./ | ⟩000…1 + 5.6 | ⟩00010. . 0 + ⋯ .
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Ø Trapped ion, "9;��$7�,6 (IonQ)
Hyperfine qubits (thousands to millions of years) 
Optical qubits (the order of a second) 
operation time (microseconds)

':5�!�#1

Ø ��$-*���& 5�!� degrade ~ 200km�������

Ø /R����(�+�.�*���MNC�2%N0��������
�&(�)���

Ø ���� (BEC, ~!", the order of a second) 
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Ø Qsv3IMAJCMIH�+OH%NDIH�%DL%ODN;Cphl (D-Wave)

Ø QsvCog	,,�;D�IL�;#JJCDLA�,,�8���	0IIB,A�� DBANND��2-6�

Ø D=svl:uCo:?L	2HNA,�
Bog	1DN#%CD�.#G$LD&BA��#$��

>admS�	�

	�!M�	nE�
	G4�
t@dmR�
	�HM

q=sv
rjbc

Ø /D#GIH&�HDNLIBAH�P#%#H%7�	7"�
�.�INCAL�
�.�
MJDH,AMM�S
	�M 	LIIG�NAGJAL#NOLA�+�;%DAH%A���(��
����	�	
��

;JDH�KO$DNSeV ��;D���&IHIL�	�
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iA>admS�	GM 	nER)4�
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Ø *I�!I1 		0�������$0+�#: 	
���1�1)��

��1��0� �(�1��1
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�0�������
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Vortex	core

-!I1
.)&A

Science 336, 1003 (2012)
PRX 6, 031016 (2016)



A bit of the action  
In the race to build a quantum computer, companies are pursuing many types of quantum bits, or qubits, each with its own strengths and weaknesses. 

C..u.rr.e.nt 

 
 
 

Laser 
 
 
 
 
 
 
 
 
 
Electron 

 
Microwaves 

 
 
 
 
 
 
 
 
 

c 
 

Superconducting loops 
A resistance-free current 
oscillates back and forth around 
a circuit loop. An injected 
microwave signal excites 
the current into superposition 
states. 

 

Longevity (seconds) 
0.00005 

 
Logic success rate 
99.4% 

 
Number entangled 
9 

 
Company support 
Google, IBM. Quantum Circuits 

 
O Pros 

Fast working. Build on existing 
semiconductor industry. 

 

0Cons 
Collapse easily and 
must be kept cold. 

Trapped ions 
Electrically charged atoms. or 
ions.have quantum energies 
that depend on the location of 
electrons.Tuned lasers cool 
and trap the ions.and put 
them in superposition states. 
 
>1000 
 
 
99.9% 
 
 
14 
 
 
ionQ 
 
 
Very stable. Highest 
achieved gate fidelities. 
 
 
Slow operation. Many 
lasers are needed. 

Silicon quantum dots 
These "artificial atoms" 
are made by adding an 
electron to a smallpiece 
of pure silicon. Microwaves 
control the electron's 
quantum state. 
 
0.03 
 
 
-99% 
 
 
2 
 
 
Intel 
 
 
Stable. Build on existing 
semiconductor industry. 
 
 
Only a few entangled. 
Must be kept cold. 

Topological qubits 
Quasiparticles can be seen 
in the behavior of electrons 
channeled through semi- 
conductor structures.Their 
braided paths can encode 
quantum information. 
 
N/A 

N/A 

N/A 
 
Microsoft. 
Bell Labs 
 
 
Greatly reduce 
errors. 
 
 
Existence not yet 
confirmed. 

Diamond vacancies  A 
nitrogen atom and a vacancy 
add an electron to a 
diamond lattice. Its quantum 
spin state. along with those 
of nearby carbon nuclei. 
can be controlled with light. 
 

 
10 
 
 
99.2% 
 
 
6 
 
Quantum Diamond 
Technologies 
 
 
Can operate at 
room temperature. 
 
 
Difficult to 
entangle. 

 

Science (Dec. 1, 2016) DOI: 10.1126/science.aal0442

49 – 72 now,1000 10 -- 60 10

0.01 K domestic researchers: 2-5 qubits   



Devoret & Schoelkopf, Science 339, 1169 (2013) 
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DiVincenzo criteria

Ø A scalable physical system with well characterized qubits.  ?
Ø The ability to initialize the state of the qubits to a simple 

fiducial state. √
Ø Long relevant decoherence times (>104 operation time) √
Ø A “universal” set of quantum gates. √
Ø A qubit-specific measurement capability. √
Ø The ability to interconvert stationary and flying qubits.
Ø The ability to faithfully transmit flying qubits between 

specified locations.

������(quantum network)
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CES 2018: Intel's 49-Qubit Chip Shoots for 
Quantum Supremacy
• Intel has passed a key milestone while running alongside Google and IBM in the marathon to 

build quantum computing systems. The tech giant has unveiled a superconducting quantum test 
chip with 49 qubits (code-named Tangle Lake ): enough qubits to possibly enable quantum 
computing that begins to exceed the practical limits of modern classical computers, i.e., the so-
called “quantum supremacy.”

• But practical quantum computing also requires much more than ever-larger arrays of qubits. One 
important step involves implementing “surface code” error correction that can detect and correct 
for disruptions in the fragile quantum states of individual qubits. Another step involves figuring 
out how to map software algorithms to the quantum computing hardware. A third crucial issue 
involves engineering the local electronics layout necessary to control the individual qubits and 
read out the quantum computing results. 

Intel's 7-qubit, 17-qubit, and 49-qubit 
superconducting quantum chips.

• Intel’s roadmap suggests researchers could 
achieve 1,000-qubit systems within 5 to 7 years.

• 17-qubit arrays have the minimum number of 
qubits necessary to perform surface code error 
correction.

• Intel has developed packaging to prevent radio-
frequency interference with the qubits, and uses 
flip chip technology, enabling smaller and denser 
connections to get signals on and off the chips.

Source: MOST_����
��	������(
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CES 2018: IBM Shows Off The World's 
Largest Quantum Computer
• The promise of the quantum computer is to solve problems that 

typical computers will never be able to tackle, by bringing unheard-
of power and speed to computing through leveraging the principles 
of quantum physics.

• Developing new synthetic materials, allowing for faster machine 
learning, and providing an advanced back-end to power consumer 
apps. These are just some of the potential applications of the first 
ever 50-qubit quantum computer prototype displayed at this year's 
CES conference in Las Vegas, Nevada. 

IBM is also working 
with commercial 
partners in the finance, 
materials, automotive, 
and chemistry 
industries by allowing 
them access to the 
groundbreaking 
computing power 
these devices offer. Source: MOST_����
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Google reclaims quantum computer 
crown with 72 qubit processor

• Google unveiled the world’s largest quantum computer processor to 
date. Dubbed Bristlecone, it’s a 72-qubit gate-based 
superconducting system that blows the previous best, IBM’s 50-
qubit processor, out of the water. The race to build the world’s first 
useful quantum computer is nearing its end.
• The Mountain View company’s Research at Google team created 

the 72-qubit processor by scaling its previous 9-qubit system. Its 
obvious goal is to provide the power and stability necessary for 
quantum computers to become functionally useful.

by TRISTAN GREENE — in ARTIFICIAL INTELLIGENCE 2018 March 6

https://thenextweb.com/google/2017/11/14/ibm-claims-quantum-supremacy-over-google-with-50-qubit-processor/
https://research.google.com/
https://thenextweb.com/author/tristangreen/
https://thenextweb.com/artificial-intelligence/
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Rigetti: 8-qubit and 19-qubit superconducting quantum processors, 
accessible to users over the cloud through our open source software 
platform Forest
IBM Q: 5-qubit and 16-qubit (open free), 20-qubit & 50-qubit (paid)

Available to Taiwan users in 2019

https://www.rigetti.com/products
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Phys. Rev. Lett. 115, 040502 (2015)
(��)', qubit error ratio 4.6% 
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Phys. Rev. Lett. 120, 
030501( 2018)
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2,000 km QKD 
network between 
Shanghai and 
Beijing is underway

QKD network
of 8 nodes
demonstrated

QKD network
integrated with
commercial
communication

QKD network to
transmit sensitive
Genome data

Installing QKD 
network

China
Austria

UK

USA Japan

Source: MOST_�����
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Eniac 1943

Quantum Technology
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200km 1000km
global quantum 
network

Intermediate scale & rate
quantum communication

Near-term 
applications
that are beyond 
the capability of 
classical 
computers 

�

Status
50 -100 qubits 1000 1000-10,000 1000,000…

Universal
Quantum 
computingProbably 5-10 years

Noisy Intermediate
quantum  computing
regime�quantum 
simulation�optimization



Quantum Manifesto (European union)



������
�2	����50�
��

1)�(���



�������
���	
���



+s5n� ]AB6�~g�P

• oN� ]AQ/��8�b0�^5ny8���65)
`\D��J��0g�H4\D2

• �XQm";����dnfB6� �i�� ]AQ\D0
F&@{-�u�Q�o_}2��fe�N����:�*~m
�� VE	��������
��)(
����0�.�XnfM4~j�
���k�8��%Q� ]A� _}2#�qw9�X
t�1\D��,']�fcQ(W0=� _}N���	:
rl28VE$mi�u5<� ae08+s5Qg�0
5nt|s�=>l8]�1!�JR��)`hIqae
MQ�C0x�_}Q1Q8a�XNxzAvae$hp
nW�2Q?2

Source: MOST_����
��	������(
��)



�L&l�
O13���\�C
• QlB2000)02�
��D�\$KlZO1�s!����2009)�[lZO
1<Y�}�¨7�
�eO�\q� _�QllZO�mE�(NSF)B2016)|
o�
O1¥�=-;�:�\�3�D�V�����

• RlI>*"��
O1�s°k<Y�¦=�lZ�
1v�s�B2013)3�
2.7�R¬*"RllZ�
O1T��¤/�
,�(Rlta�
B2015)}�
RllZ�
O1�s8A£o3�1,500�R¬B�
O1�	��n6��zK
�:D{i	}9hc1d���r�
O1dKRlp:.b�

• �]��/�
T�m«N5+2015)�u¢3��� 2,500 ����g�M­D
�
1v�UDN5��4�Gyx�F�
��K�S!���¯®��B 2002
)*"��
T�N5@�IQC���N5@%^(�]�I>���#��/��
ª©�w��K�]�H�?D�
M­1vN5 �(15)P5���;P119��
�)�

• ¡JX`WD��~7)T�(2017-2023)�/��K3,370�¡��/ARC Centre of
Excellence for Quantum Computation and Communication Technology����/�/�
�K3,190�¡� ARC Centre of Excellence for Engineered Quantum Systems��~7)
T�(2017-2023)�j�DN5 �f'�K994�¡�(§��PK���10�747�
�)�

Source: MOST_����
��	������(
��)



6mF�£+qhO'¼ |«y
• 4?2000 c4?qÅh�~ÊÈ¸�JST H!D¢h���pQt�",6
�Y&l�5c`£+t¹¼±�pQ¥B74?2�qÅnPY�2018c
¤r6H10c,O'300À4. (r80ÀT·)A\½�£+³¯7

• ¨9Wjt\���
c>±�À����­¨.�r����	ÀT·�±g¨9W�C*Å
JC¬�6m�*`£+qh,1 ���03�2 �12 ��(03�� 
�)�01.1�5�� el^
en�%y£+±�qÅpQ,16mQJle¿�`¿ÆalBÁÉª
 |oÐpQ7

• ,�H2015c�c<Ì��HÐ\#(C-$�´hÒ`¾],]Âi86
sH£+�d¡¿��®Ö��zÇ�§µ`u*qh��72016c,�
��� ;!�z�¨Ó� |Ç�»s"Î8(*�©h�Öl�¨6
V,H |0¿�©Ôw`ÑÏuh�3v6�8*�ËsÉª¤ £+
±�¡h�72016c85 {6mxÍ£+��¶ÕÃkÄ+°6mt�H
2030chJE�/`£+��º²�mH2017cff@o5ct´O'1,000
À.Hab=�£+d}�z¶Õg¦�7

Source: MOST_����
��	������(
��)





��������

�
	��



��������

���
���	�
��

��� :������
�	����
���������
��



98/5

. 	(�/!##!CB 03� �. 
 /!##!CB ,HEC ����E� !B�#H�!B� 03-4 
�B*�E �CE
�H�B*H$ 3�� BC#C�I� .)/�034 �H�B*H$ 
C$DH*�E -H� � �B� * E��
#�E���)��#� �H�B*H$ .B�CE$�*!CB �B� 3�� BC#C�I 1EC"��*)�

Quantum Technology Centers/Projects in Taiwan 
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Ø �4Rfm� �*_!^m�2[�tH
Ø -�m�J=]r�NWm�Bs'o*��
Ø tHKpq`(continuous variable),*m�=7
Ø tH?0(;Q��(Majorana fermion)*m� �
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1550 nm
cw Laser

Amplitude
Modulator

Phase
Modulator

Mirror

Beam
Splitter

DET 1

Alice Bob

Mirror

DET 2

φ1 φ2

Field Test of Quantum Key Distribution
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Fiber
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Alice’s Bits:  (0,0)

Alice’s Bits:  (1,0)

Alice’s Bits:  (0,1)
Fiber Length: 3.44 km

Source: 1550 nm attenuated
laser pulses (average photon 
number = 0.1)

QKD Protocol: Differential-
phase-shift QKD

Raw Key Rate: ~ 100 kbit/s

Bit Error Rate: ~ 2.5 %

Detectors’ efficiency: 10 %

Field Test of Quantum Key Distribution
���
�
�	��������������

Alice’s Bits:  (1,1)
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vacuum

anti-squeezed

dark noise

squeezed vacuum noise 

Squeezing angle, Φ Φ-10 dB Squeezed vacuum  
at 3MHz 

+20 dB Anti-Squeezed  
at 3MHz 
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Thank you for your attention!


