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Turing

Physics of Information:
von Neumann

Notions: What is a computation ?
What is computable

Formulation of Computer Science
that is Device Independent

-
1937 Turing Machine:

Church — Turing Thesis:

Everything that is computable can be
computed on a Turing Machine with
at most polynomial overhead.

https://www.youtube.com/watch?v=E3keLeMwfHY
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Church — Turing Thesis:

Everything that is computable can be
computed on a Turing Machine with
at most polynomial overhead.

Landaur: Information is Physical!

Example:  Erasure = Dissipation

Is there a way around it ?

Reversible Computation!

But we need a different gate set!
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NAND Gate: Toffoli Gate:
N o o
:}-—n lanb) b ¥ b

b —o|
C & co oAb
>
> <
irreversible reversible

Information

is Physical!

Quantum Information

Quantum States are

Carl Caves:
states of knowledge

Physics is Information! En
8-21-2023

New properties of QM

Measurement:

[AB]#0 = 2AAB> % [([Ac]>]

Acquire Info » Disturb system

Randomness:

Outcome fundamentally unpredictable

“Collapse” of wavefunction

Cannot Copy

of a single quantum if i
No cloning theorem

Cannot determine state
initially unknown

r pure state, entangled

1 =-\;§ (100) ¢ 1113)

Entanglement:

Non-local

correlations g= -?’: ( IOOXOOHI“KHU

t mixed state,

not entangled
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New properties of QM

Measurement:

[Ag]#0 = anaR> & (¢[ag])]

Acquire Info » Disturb system

Randomness:

Outcome fundamentally unpredictable

“Collapse” of wavefunction

Cannot Copy

of a single quantum if )
No cloning theorem

Cannot determine state
initially unknown

r pure state, entangled

16> ?‘2_.- (1009 ¢ 11))

Non-local = é ( [ooXOof-r—lﬂ)(i”)

correlations
t mixed state,
not entangled

Entanglement:

Quantum Computing

Does QM impact Computation?

Quantum
Peter Shor (1994): YES! » Fourier

Transform
———

Factoring !

DFT on N bits OL(N>]  steps
FFT on “ w [I\JZM ] “«
QFTon « y[l\) LDSN] “u
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Quantum Computing

Does QM impact Computation?

Quantum
Peter Shor (1994): YES! Q Fourier

Transform
.

Factoring !

DFT on N bits OL(N=]  steps
FFT on “u w[I\JlM ] “
QFTon « y[l\) LDSN] u

Efficient Factoring

Factoring N =p<g #® RSAencryption

large integer —T 1— large prime numbers
- easy to verify solution Loa h  steps

- very hard to solve O[n] steps
- .
Exponential in # of digits

QFT ®» Solvable

s 2
Preskill Ch. 1, p. 5-6 Tec o (18" plloglogm™®
Best Classical Algorithm
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Quantum Computing

Does QM impact Computation?

Quantum
Peter Shor (1994): YES! Q Fourier

Transform
.

Factoring !

DFT on N bits OL(N=]  steps
FFT on “u w[I\JlM ] “
QFTon « y[l\) LDSN] u

Efficient Factoring

Factoring N =p<g #® RSAencryption

large integer —T 1— large prime numbers
- easy to verify solution Loa h  steps

- very hard to solve O[n] steps
- .
Exponential in # of digits

QFT ®» Solvable

" 24
Preskill Ch. 1, p. 5-6 Tec o (18" plloglogm™®
(1998) 130 digits in 1 month

-
400 digits in 1019 years
(2022) 24 yrs = 16 Moores Law doublings

216= 65,536 B 400 digits ~ 150kYrs

6
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Quantum Computing

Does QM impact Computation?

Quantum
Peter Shor (1994): YES! Q Fourier
Transform

-
Factoring !

DFT on N bits OL(N=]  steps
FFT on “u w[I\JlM ] “
QFTon « y[l\) LDSN] u

Efficient Factoring

Factoring 11=p<9 5§ RSAencryption

large integer —T 1— large prime numbers
- easy to verify solution Loa nh  steps

- very hard to solve O[n] steps
-

Exponential in # of digits

QFT » Solvable

s 2%
Preskill Ch. 1, p. 5-6 Tec o7 (%)™ plloglogui™

(1998) 130 digits/month
- Polynomial

400 digits/ 101°years in # of digits

Shors algorithm: [[L%VLP] ‘

130 digits/mo. ® 400 digits/3 yrs if Quantum

7
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Efficient Factoring Quantum Complexity

Simulating

Benioff, Feynman » QM is hard

Simulating Physics with
computers (1982)

) [1> N ;
qubit u> =G0y +bhfq
—_— O 4 2*blr>

N qubits & [olto1ot... 010>=[x) € &

o |

N bit integer = X : logical basis state

2N - dimensional
Hilbert Space

—~— rviytliviiimail

400 digits/ 10%years  in # of digits !

L
General State: | 19>=> alx>
X=0

Shors algorithm:

130 digits/mo. ® 400 digits/3 yrs if Quantum



Introduction and Overview (Preskills Notes)

Quantum Complexity

Benioff, Feynman » qula}:mg
Simulating Physics with Q IS har
computers (1982)

112
qubit %4> =alop+bfa?

—_— |0

N qubits B [otioroti... 010> =1X) e&

v

v

N bit integer = X : logical basis state

2N - dimensional
Hilbert Space

W~

L
General State: | 1g>=> a,lx>
X=0

Simulating Physics with Computers
Richard P. Feynman
Department of Physics, California Institute of Technology, Pasadena, California 91107

Received May 7, 1981
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Quantum Computation

* A classical computer can simulate a QC

* Notion of computability unchanged

Simulation is hard :
N bits 3"V prob.amp/’s

[
N=loo—> 2 %~ 1030 p.a.s

N =300 = 9.g°°~ 0% p.a’s

10%° >> # of particles in the
visible universe

Jeff Kimble: Hilbert Space is a
mighty big place

End

08-23-2023

% Is it possible for a classical computer
to efficiently simulate QM ?

% Use probabilistic local algorithm
(the most general kind)

John Bell
Bell’s Theorem:

No local probabilistic theory
can reproduce all of QM
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% Is it possible for a classical computer
to efficiently simulate QM ?

% Use probabilistic local algorithm
(the most general kind)

John Bell
Bell’s Theorem:

No local probabilistic theory
can reproduce all of QM

Non-Local Correlations

Key to Quantum Information

Generic Pure State in
23N dimensional space
near max entangled

Thought experiment:

«

Pasadena Tucson Albuquerque

Local state close to random 9"'2—';, T

{

3_2 ‘[_ v max value of S
Shannon Info S = -2 Loy } (wei)

iz ~(N¢l
Von Neuman Info S =-Tr [?LOQQ] ~N-2

entropy —1

Almost all info in N - body state in
Non-Local correlations

11
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Non-Local Correlations

Key to Quantum Information

Random Pure State in
23N dimensional space
near max entangled

P
» ®» ®

Pasadena

Thought experiment:

Tucson Albuquerque

Local state close to random S""z-l-" T

{
L

h . s 2 a~ max value of S
Shannon Info = -2 Log @

i’lP. OQP N’t_z“(”“)
Von Neuman Info S =-Tr [?L09?]

entropy —T

Almost all info in N - body state in
Non-Local correlations

OK - Plausible QM can do more

Where does the QC’s power come from?

Visualization of Computation

input

output

9'1 Q‘l

2, 2

2 Ay

N[ o

[ J

° :> U _"I/ °

[ J [

[ J ([

[ J ([

%9 W
memory machine that does memory
register  Physical process of register

computation

Classical: Register is in one X ’9191?3---9:\)
of the logical states ‘ I -

binory 4

Reversible transformation

U:Xﬁg_

12
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OK - Plausible QM can do more

Where does the QC’s power come from?

Visualization of Computation

input output
9, %,
2, 2
% 7
N o
[
° :l-> U "‘I/ )
[} [
[ J [
[ J [
%9 2y,
memory machine that does memory
register  Physical process of register

computation

Classical: Register is in one X ’9197_?3---9-:0
of the logical states ) I -
bwnory 4

Reversible transformation Vs x—ag_

Quantum: Register can be in any coherent
superposition of logical states [x >

Unitary transformation  U: [x>—>ln >

Maps basis to basis )

§1x5] = fly>

Quantum Parallelism

[%ia> = > 0 1x> =
K
= 1%, 2 = V%, 9= 20,095 = 2b 1x>
® »®
Machine processes 2" inputs “in parallel” !

Beware: measurement collapses Q. Register
into a single basis state at random

We get one random result out of 2"

13
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Quantum: Register can be in any coherent
superposition of logical states [x >

Unitary transformation  U; x> —>ly?

Maps basis to basis v: §1x] ~> flq?i

Quantum Parallelism

Quantum Sampling

(%inD = ZG& Ix> = Problem
* \/

= Yoy ? = Ultl‘;..> = Ea,g"a‘) = Zb& Ix>

Machine processes 2" inputs “in parallel” !

Beware: measurement collapses Q. Register
into a single basis state at random

We get one random result out of 2V

Quantum Algorithms look for global properties

of functions - symmetry, periodicity, etc.

% Classical -> requires many function evaluations

% Quantum -> desigh U so measurement gives
answer with high probability

% T classes of problems (sampling problems)
which are classically hard but quantum “easy”

Google “Quantum Supremacy”

Expertinsightinto current research
News &views
Quantum information
o
Quantum computing
o
takes ﬂlght Ko %0 %0 o 0 %0
OxQ OxQ OxQ OxQ OxQ Ox
- . KK KK KX
William D. Oliver ‘X‘ ‘X’ ‘X’ ‘X’ ‘X’ ‘X
A programmable quantum computer has been reported to x’ ‘x’ ‘x’ ‘X’ ‘X’ ‘X’
outperform the most powerful conventional computers in e "ol B 3 v
aspecific task — amilestone in computing comparable in A
: - ) A Ko Ko Ko o S 5
importance to the Wright brothers’ first flights. See p.505 eVl 3 s B v S
AN A NA N AN A ¥

14
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Quantum Algorithms look for global properties

of functions — symmetry, periodicity, etc.

% Classical ® requires many function evaluations

% Quantum ) design U so measurement gives
answer with high probability

%  classes of problems (sampling problems)

which are classically hard but quantum “easy”

Google “Quantum Supremacy’

’

Expertinsight into current research
News & views
Quantum information
o
Quantum computing
L]
takesflight Ko Ko Ko 5 Ko K
QxQ QxQ QxQ QxQ QxQ Ox
William D. Oliver xq qu qu qu qu qu
X K K K K X
A programmable quantum computer has been reported to 9 v v O "¢
outperform the most powerful conventional computersin DVl s 3 B S
aspecific task — a milestone in computing comparable in 95 v v v "
importance to the Wright brothers’ first flights. See p.505 e ol B 3 v v
P AV A N AN A ¥ AW/

Boson Sampling

An example from Optics/Photonics
Setup

Mirrors Beamspliters

4
4

Photon
Counters

Single photon
inputs

4

Beware: Boson behavior at Beamsplitters
hard to predict photon statistics
across outputs.

Exponential in #’s of Beamsplitters

15
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Quantum Algorithms look for global properties

of functions — symmetry, periodicity, etc.

% Classical ® requires many function evaluations

% Quantum ) design U so measurement gives
answer with high probability

%  classes of problems (sampling problems)

which are classically hard but quantum “easy”

Google “Quantum Supremacy’

’

Expertinsight into current research

News & views

Quantum information

Quantum computing
takesflight
Ko oK e %% o5 o

William D. Oliver
A programmable quantum computer has been reported to 10 0 3 O "¢

outperform the most powerful conventional computers in e ol 9 s v v

aspecific task —a milestone in computing comparable in 1 v 2 B "¢

importance to the Wright brothers' first flights. See p.505 Do 1O O O
AN AN A VAN AW/

X X X X

a

p ™ @ Adiustabie coupler

X
X

M
ses@%{s@%@%‘
o o o o
WALV AW AV A

X
X
X
X
X

X
X
X
X
X

X
X
X
X
X

Boson Sampling

An example from Optics/Photonics
Setup

Mirrors Beamspliters

4
4

Photon
Counters

Single photon
inputs

4

An optical quantum computer developed by a team of Chinese researchers including those from the University of
Science and Technology of China. (courtesy of Han-Sen Zhong of the research group)

16
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Quantum Algorithms look for global properties

of functions — symmetry, periodicity, etc.

% Classical ® requires many function evaluations

% Quantum ) design U so measurement gives
answer with high probability

%  classes of problems (sampling problems)

which are classically hard but quantum “easy”

Google “Quantum Supremacy’

’

Expertinsight into current research

News & views

Quantum information

Quantum computing

ta kes ﬂ lght xbxbxbxbxbx‘v‘xbxbxbxbx
xO OxO OxO OxO OxO oxo

William D. Oliver VA VA VAN AV A
OxO OxO OxO OxQ OxQ Ox
A programmable quantum computer has been reported to 63

outperform the most powerful conventional computers in e ol 9 s v v

aspecific task —a milestone in computing comparable in 1 v 2 B "¢

importance to the Wright brothers' first flights. See p.505 Do 1O O O
AN AN A VAN AW/

X X X X

a

p ™ @ Adiustabie coupler

X
X
X
X
X

X
X
X
X
X

Boson Sampling

An example from Optics/Photonics
Setup

Mirrors Beamspliters

4
4

Photon
Counters

Single photon
inputs

4

Imagine aligning that thing...!

17
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Back to Universal Computation

Visualization of Computation

input output

9, 9

2, 2

% 7

[ ] [ ]

20 U (2D

[ J [ ]

[} [

[ J [ ]

9 I
memor macl]me that does memory
register  Physical processof ;0

computation

Classical: Register is in one X ’9197.93o--9~n)
of the logical states ) i g

binory

Reversible transformation

U:X—ag_

What might be inside the machine ?

Wave interference w/classical fields ?

Logical new amplitudes
ogica am| s
basis §states" = “results
! Multi-port interferometer 1
@,
1
p’,‘\'-l
I T— implements U 41
complex
amplitudes

Note: N - qubit register © 2N “paths”

Beware of Resource Scaling !

End 08-23-2023
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