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Quantum Advantage

David Deutsch: Toy problem that shows
°  Quantum Advantage

Oracle Is the function
X — .F — X constant -F{o):‘(:&)
NV — — Yofix
3 balanced ‘F(O\*"Ff-ﬂ
(Black Box)

Classical Box: Need 2 queries fioyg fr4)
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David Deutsch: Toy problem that shows

Quantum Advantage

Oracle Is the function
X — .F — X constant -F{o):‘(:[gt)
NV — — Yofix
3 balanced ‘F[o\dfﬁ:ﬂ
(Black Box)

Oracle Is the function
X — i — X constant £ () =]
YV — — Q-FCX
7 S balanced ’ﬁ(o)#‘FC_ﬂ
(Black Box)

Quantum Computation:

Input 1XD1y> = -'- [Io)+ Iv)) q'g_( 0 -M))
( mlo) +(- l) H>)(lo> -147)
Measure 1% qubit in basis |t) = T (lo> T 14))

—» |+% if constant, |-7 if balanced

Quantum Speedup: can solve w/1 query

Quantum Computation:

Input  1XD1y> = -'-(Io)«rh))q%_( 10> ~l)
( ‘fla)

o>+ (- l) H>>llo> -10)
Measure 1%t qubit in basis H:):v.?-_(lo) T 14))

~— |49 if constant, |~ if balanced

Quantum Speedup: can solve w/1 query
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Quantum Advantage Key aspect of Deutsch’s algorithm:
David Deutsch: 1oV Problem that shows We are looking for a global property
*  Quantum Advantage of the function f
N bit binary number
Oracle Is the function Generally: Up¢ [xY[0> = 1x>1fcxd>
X — .F — X constant -F{o) :‘F[g) [ ) N
— — vofc Input  1%.> == (10> -rm]
4 7ola balanced ‘I[(D\=(="FC13 P . i
(Black Box) | )
= '},7,_- 1x)105
R0

Quantum Computation: |

Input IXD1ly> = - CIO>+11>H§_( lo)-M)) compute once

( mfo) #(- l) H>)(lo> -147) l
0utput h"’OOb> = '\"1. Z E®) l‘FCXS)
Measure 1% qubit in basis |t) = T (l0> r 14))

-V

—» |+% if constant, |-7 if balanced

Global properties encoded in state,
Quantum Speedup: can solve w/1 query trick is to extract desired information
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Quantum Advantage Key aspect of Deutsch’s algorithm:
David Deutsch: 1oV Problem that shows We are looking for a global property
*  Quantum Advantage of the function f
N bit binary number
Oracle Is the function Generally: Up¢ [xY[0> = 1x>1fcxd>
X — .F — X constant -F{o) :‘F[g) [ ) N
— — vofc Input  1%.> == (10> -rm]
4 7ola balanced ‘I[(D\=(="FC13 P . i
(Black Box) | )
= '},7,_- 1x)105
R0

Quantum Computation: |

Input 1XD1y> = -'_uo>+n>)3'§(|o>-m>) compult'e once
( f"”lo)#l) H>)(lo> - 1)
Output |y, ? = ,\,,,_ Z 1< [fexsy
Measure 1%t qubit in basis It)rﬁ(lt)) r 14))

-V

—» |+% if constant, |-7 if balanced

Peter Shor: Period finding,
Quantum Speedup: can solve w/1 query QFT, Factoring
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Key aspect of Deutsch’s algorithm:

We are looking for a global property

of the function f

N bit binary number

Generally: U;¢ [x3[0> = I1x >14x)>

1 @U
Input l'u,-,.>=[\§_[w>-rl4))] o>

compute once
I -

(
Output  bioq,) = =7 Z 1 1fex)y
X=0

-

Peter Shor: Period finding,
QFT, Factoring

Next: Will this work with real-world
Quantum Hardware ?

Faulty gates, decoherence!




Introduction and Overview (Preskills Notes)

Quantum Error Correction

Fundamental -

Problem - “-"‘Q

Quantum States are fragile,
especially when entangled

Classical p

Dissipation hel
Computation ° Issipation helps

VW IV VN

logic

operation error damping

No dissipation ®» Errors build up

Quantum Computation ®

% Cannot tolerate dissipation

* Destroys superposition
and entanglement

Whattodo? Error Correction!

Classical Error Correction:

Redundancy protects
against bit flips

Simple example:

o> (000)
Encode:
1-=(111)
Errors: (000) = (100)  correct by

(111) = (017) ~majority vote
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Quantum Computation »

* Cannot tolerate dissipation

% Destroys superposition
and entanglement

Whattodo? Error Correction!

Classical Error Correction:

Redundancy protects
against bit flips

Simple example:

o (000)
Encode:
i-(111)
Errors: (000) = (100) correct by

(111) = (017) majority vote

Von Neumann:

% A classical computer w/faulty components
can work, given enough redundancy

% Classical error correction is well developed
and highly sophisticated...

% Quantum Errors

S>> 11> .
1) Bit Flip -, phaseflip
15— (05

o>~ [o>
152 -11>

Q,bcan changeb
2) Small errors Qo> +bl1D b ge by £
errors accumulate

collapse of

3) Measurement disturbs If} quantum states

li> Cannot protect by

4) No cloning making copies
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Von Neumann:

% A classical computer w/faulty components
can work, given enough redundancy

% Classical error correction is well developed
and highly sophisticated...

% Quantum Errors

o> 11> )
1) Bit Flip -, phase flip
15— (05

10>~ [0>
M= =11>

Q,bcan changeb
2) Small errors Q0> +bl1) b geby £
errors accumulate

collapse of

3) Measurement disturbs E> quantum states

Cannot protect by

4) No cloning » making copies

Example: Peter Shor’s code for bit flip
error when P(error) << 1

105> 10> = 000>
M5 17> = 1191
— -
Q10D +b11S>~alooed +ble41D

Encode: (3 bit code)

collapse of state,
destroys info,
no majority voting!

Single-qubit
measurement

Collective 2-qubit measurement:

_for Ix,y,25 measure 7®2 [ never measure)

X &2 individual bits
- if 1000, [111) these observables =0

- if one bit-flip, at least one observable =1

binary address

- easy to check that (qomjxepg.J = of qubit flip

Ipoo>-> 1010> (1,0) = 2nd bit



Introduction and Overview (Preskills Notes)

Example: Peter Shor’s code for bit flip
error when P(error) <<'1

10> 10> =z |000S>
M52 17> = 1191
— -
Q10 +b 11>~ aloood +bleg1>

Encode: (3 bit code)

collapse of state,
destroys info,
no majority voting!

Single-qubit
measurement

Collective 2-qubit measurement:

_for Ix,y, 2> measure 7®2 [ never measure)

X &2 individual bits
- if 1000, [111) these observables =0

- if one bit-flip, at least one observable =4

binary address

- easy to check that - (‘O@ZIXG??:J = of qubit flip

Ipoo>-> 1010>  (1,0) = 2nd bit

000> = 600>+ E 001>
Small errors:
|44 — (111 ) ¢ &£ 1110>

Quantum mechanics to the rescue !

- mostly no error detected

f} collapse into |000> resp. 111>

- sometime error detected
|f> collapse into [001? resp. [119?

® full bit flip, correct as such

PROBLEMS THATGET
HARDER WHEN YOU BRING
IN QUANTUM MECHANICS

PROBLEMS THAT GET_ EASIER

Source: xkcd.com
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Example: Peter Shor’s code for bit flip
error when P(error) <<'1

10> 10> =z |000S>
M52 17> = 1191
— -
Q10 +b 11>~ aloood +bleg1>

Encode: (3 bit code)

collapse of state,
destroys info,
no majority voting!

Single-qubit
measurement

Collective 2-qubit measurement:

_for Ix,y, 2> measure 7®2 [ never measure)

X &2 individual bits
- if 1000, [111) these observables =0
- if one bit-flip, at least one observable =1

binary address

- easy to check that - (1:)@2/>($2-J = of qubit flip

Ipoo>-> 1010>  (1,0) = 2nd bit

000> = 600>+ E 001>
Small errors:
|44 — (111 ) ¢ &£ 1110>

Quantum mechanics to the rescue !

- mostly no error detected

f} collapse into |000> resp. 111>

- sometime error detected
|f> collapse into [001? resp. [119?

® full bit flip, correct as such

How to implement ?

Quantum circuit + single qubit measurement

Quantum Gates — work on superpositions,
and entangled states
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Controlled-NOT (CNOT)  Truth Table
C ‘ C C|T|CDOT
(Control) ol| O o)
flip T iff C=1 o|L 1
110 1
T D COT |14 o
(Target)

Quantum Circuit for joint measurement

C Measurement in
{10, 11>} basis
yields C®T
T A

Measurement

Circuit maps logical basis states as

CNOT mgl_as. CNOT
C|T C| T C|T C|T
O |0 OO0 6|0 010
1|1 é 1[0 q> 110 » 111
O|1 0|1 Ol1 o |1
110 1141 111 110

/\
r N\

T=0 iff same
T =+ ¢ iff different

Full circuit to obtain Error Syndrome
X @ ® X

y l I y

yé®z X®z

FanY
U

\V/

% iff qubit flip, binary address = (aoez,xeagj
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Circuit maps logical basis states as

CNOT m?ras' CNOT
C|T C|T C|T C|T
O |0 O |0 o |0 0|0
111 é 110 é 110 » 111
Ot 0|1 0|1 o |1
10O 1|1 111 1106

J/\.
r )

T=0 iff same
T + ¢ iff different

Full circuit to obtain Error Syndrome
X L @ X

Vl I Yy
yi A HO—— A y4

y®dz X®z

Y/
fanY
A\ >4

%k iif qubit flip, binary address = ‘(«o@z}xepaJ

End
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Circuit maps logical basis states as

Quantum Phase Error

CNOT mt_eras. CNOT
C|T C|T C|T C|T
O |0 O|0 c |0 0|0
11 é 11]10 é 110 » 111
Ot 0|1 0|1 o |1
1|0 1|1 111 1106

/\
r )

T=0 iff same
T + ¢ iff different

Full circuit to obtain Error Syndrome
X L @ X

Vl I Yy
yi A HO—— A y4

y®dz X®z

FanY
L/

Y/

%k iif qubit flip, binary address = ‘(«o@z}xepzj




