
















































Error Correction

Learning Goals

Describe errors in quantum classical systems
Describe repetition codes why they work

Analyze how a repetition code corrects errors

Announcements
CS Lunch Social TINDIA Chat with profst

Friday 12 30 75 SHS 102 friends
PSIO 1 3 Haymaker gift cards

Exit Tickets OH Tues 12 30 1 30

Uf is mathematically same as Us physically use Uf



















































E
w don't know a b Grover

e

What if do too many reflections

Q Algs ACS
Period Finding
Deutsch Josza
Grover



















































If Q Computers are so great why haven't we built one

ERRORS unwanted gates measurement

Classical Computers
Cosmic Rays 1 bit flip 4 GB per day

Super mario glitch Pace maker

Plane dropped

Solution Repetition Code
0 0 1

0 0 0 MAS 0 1 1 MAJ 1

I

0 41 1
Fanout
Encoding Error Correction



















































Sources of Quantum Errors
control laser imperfect

imperfect vacuum

stray electric magnetic fields
anomalous heating

Why won't repetition code work for quantum

A MAJ not reversible

B Doesn't correct phase errors Z

C No fan out because can't copy quant
D There are uncountably infinitely many errors to

deal with



















































Shor's Repetition Code

Encoding
147 9 07 5117

original state
107 of

to protect from 10
errors Don't 14 1437
know a b

14 a 0 6117 107107

142 physical qubits

1437 a 000 b 111 logical qubit
in in

102 117
logical a logical Ket 1
keto



















































Error Correction Circuit

Syndrome Measurement Error Correctio
Error

4 a ooo or

611117
ft

or

c

47Y
eE0

10 Δ Xz E 0,13



















































Syndrome Meas

EF

11111 gg

f

1g ignore

New approach Projective Measurement



















































Projective Measurement
Described by a

set of projectors

Po 10 Xd 04 04

P 105 031

B 10 021 105 051 1 1 1

techicaliEP.IT

Measure 14

Probability of outcome P 4 Pi 4
After outcome i state collapses to

P



















































Po

M Meat P

Idiot
Pa Meat

1

pt
7 p oam

If measure 147 1000 Fo 1001 Be 11107 with M
which outcomes are possible 147 P.ci 4 714
A

PO
Pr Po Po

B P Pr Pi 44 1000000 1111 1000 6 10017 1 1110
C Pa 50100007110001010017
D P3 241 10007

1
000 0007 1



















































If measure 14 1000 Eg 1001 Be 11107 with M
and get outcome P 1001 001 110 110 what is

the resultant state 147

Fff
Pr i 4 714

147 1001 001 110 110 1000 810017 E 1107

11001 001 10077 BE 1110 11 107

147 5 1001 BE 1107

PH F 10017 BE 1107

E 001 1311107



















































Group Exercise

A

J g

For

14 alooo or

b 111
B 1 147

or

c

ancilla 10 f a

qubits 10 syndrome

M 10000001 1111 111 lookoo hoxhof
measurement

outcom

1010 010 1101 1011 sooy001 for you of ancilla
qubits

Rx O COSOItisinox

ex RxO 1 COSOI 1 isinox 1 050 1 isinolo
1 What are possible outcomes what does state collapse to

2 What error correction procedure should be used in
each case



















































Solution 147 1427

Error Error Correction
A

14 alooo or

611117 a
14

or

c

ancilla so
1
1 Hqubits 107

M 10000001 1111 114 1001 001 1110 1101
1010 010 1101 1011 100 1001 1011 011





































































































Error on A qubit outcome or

Error on B qubit Outcome or

Error on C qubit Outcome or

Big Idea with Error Correction



















































Rules for Correcting Proj Meas
Outcome

P 14aXY.lt 4 X4.1t 147 146

If get outcome Pi state collapses
to

α 4 B b a B unknown

We want to be in

8 017 9 12 8,7 unknown

Correct by finding lowest weight correction



















































Correction Rule
Find lowest weight
correction

collapse
ex outcome 1007 10117 Donor 4 21100 β 011

If apply X

If apply Xals



















































Need to Correct More Errors Bigger Code

1027 1000 11117 10007 1111 10007 11117 9 qubit
11h7 1000 11117 1000 11117 10007 11117 Shor code

to
Z error Corrects any
1027 1000 11117 10007 1111 1000 11117 single qubit

error
11h7 1000 11117 1000 11117 10007 11117

Z and Zy
1027 1000 11117 10007 11117 1000 11117

11h7 1000 11117 1000 11117 10007 11117



















































Need to Correct More Errors Bigger Code

1027 1000 11117 10007511117 100078 11117

1147 10007 11117 1000 11117 1000 1 p

9 qubit
Shor Code

to
Corrects any
single qubit

Easiest way
to return to code error

space



















































Which errors can be corrected by Shor's code

1027 1000 11117 10007 1111 1000784 1117

in 10007511117 1000 11117 1000 11117

A Z Zz E X X2

B 2428 F X Xy
C 2,2223 G Y Zy
D Xizz



















































Fault Tolerant Quantum Computing

Shor Code All single qubit errors 9 qubits I logical qubit
Concatenation All 2 qubit errors 81 qubits I logical qubit

1027 1000 11117 10007 11117 100078 11117

11 v7 1000 11117 10007 11117 10007 11117

But more qubits means more chance of error Can only keep
ahead of accumulating errors if error rate is small enough

Best
code Requires 99.9 accuracy 1000 10,000physica

threshold qubits logical qubit

Best qubit
999 for 2 qubits 99.99 for 1 qubit

performance time fluxonium qubit
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