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deputation

Useofclassical computers abstractly

Solveproblems compute functions

f 10,13 Lo is
a

E Lxi a fkn Xu

The fkf depends on the protean we

want to solve I encodes the th of theprotean

E.g Problem multiplied n Ca s a b

E LI E f e I I
T 9
encoded on Shay

T
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Problem Factoritat

integer ft i lot of prime factors

suitably encoded

Each problem is encoded by a family of

functions f f 0,15 20,13M with

a poly u h CCN one for each reput site

a m grows at
most polynominally with u

technically Fa o s th o

Technical port It must beprostate to construct

the functions f
G

systematically and efficiently
9

see Later

equals do we need to compute a

a f
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i fi 10,13
a 20,13M

f I f H fetal Fm El

where foe e i lo 13h 10,13

D Can restrict analysis to Booleanfreeechns

f 10,17 20,13

Iii Define le Zyl fly 11 37 ye ye

Define Iz
i y

E y Stunk
equably

Then HE I E v Iyz E v VI E

v Logical E
O v O o

O false
or I a

1 true
1 v O e

l v 1 1

v is associative

a v b v e av b ve a v Sue

and cough a vs bra
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iii Define bitwise 8

dyk f I
y

Then

Iyle dy Kil n dy kn n r n Pyaku

n n Logical and 0 no o

O false
or I 0

I true
1 no o

l r l 1

n is associative cowcueutehre j

n d v are dishitutire

ar b re ane v bae

tu essence same rules as a o v t

n

dy x

it y z

µ
I y o
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1
logical not i 70 e

T 1 0

fir

Ahoy flat cause constructed from 4chfredreet

and or not gates

plus a copy gate x Cx x

This is called a eset

Notes In fact already either 7 x ny head

or n xvy
nor are universal together

with copy

This gives rise to the

circuit model of computation

The Leuchars f f
G which we can compute

are constructed by conca gaksfrom a
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simple u gak set e.g and or uet copy

sequentially in time fee there are no loops

allowed This gives rise to a circuit for f

The difficulty compiler of

a problem in the ascent model is measured by

the recenter k a of elementary fates
needed

to compute ft E of true steps

We often distinguish
to qualitatively deferent regimes

Kla no polyle efficiently soevelle classe

easyprate

Kla polyla e.g Kla neap ud

teardprofleen

Te uofe We revert reepose that the circuits
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ed for f4 are uniform v e they can be

generated efficiently e.g by a simple n independer

computer program More formally feet should te

generated by a Tunny machine

Eixample

f Multiplication e e

Efficient loeeoxeooe.IOI I O
l O 1 I 0 e

I I0,1 00,0
I O

exe additions

0 ee note gear

fitaka

t.gs Sieve of Erathosteues

20,154 try adent 2T 2K eases

hard legs scaling
No efficient algorithm

know
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Is a typicalprobley ease

f 10,15 Lois

of defeat f 2 KI
T of inputs

fun 19 forFifa
u

But there are only qP
circuits of

length poly14 g elem gates

D As u gets large most fcaeee.UAbe computed

efficiently lie ink poly a operations

Does the computehoralpowerf depend
on the yakset

NI By defreiha any
universalgate set can

simulate any other gate
set with constant

overhead
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Reueak i there is a wide range ofalternative models

of computation some more and some less realistic

CPU

parallel computers

Tunny machines tape readtrite head

cellular automata

a and lots of exotic weasels

Duty All known reasonable models of computation
can simulate each other vile polyle overhead

same computational power on the sense

above

ur Reeks AM reasonable models

of computation have the dome computationalpower
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3

Forquantum computing coming soon
we will

use the Cerone2 model

Gates will te replaced by waiters

But Uuitaries are reversible

while dq cs and or are irreversible

Could such a model even do classical computations

i e can we find a universal fate tet with

only reverskegates

YEI Cla d can te meadereverat

time

X

4
X

Topoeigate y y
z 2

toxy
XOR addition mod 2EE o o o

OD l e lf distr Ul n le o
like lie 1

10
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Toffoligate is severefee

it is its own inverse Shue tox g
to x
y

2

Toffoligate can truncate and or uot copy

by using aeeakas m state o or e

Eg x x

9 ixO x

copying Naud

gives
reversible universal gate set

Set requires anallas

This can te used to caupn G y

why
auallas with essentially the same of gates

fth E y f e toy
btwn Xor
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Replace any gate by
a reversake gate any

awakes Then Xor the result onto the f register

Finally mu Kee circuit backwards to uncompute

the anallas Ahaha cornet can be optimised for

of Deskill's notes

D Everything can te compredreversity

Bret 3 1 gate is

Homework

Graub

Most common model for quantum computation

The circuit model

Quantum system consisting ofgusts
tensorproduct structure

Universalga tert S lui the of

few guestgates Typ A and 2 guthgates Mj

See law for definition of universal

Construct circuits by sequentially applying

209












































































































































elements of S to a subset of guns

14ms Viva n Va 14ms

Mj acting on subsetofqubits

Initial state e

14ms 147127 Kei 107107 107

I lot

y
awakes

encodes instance ofprofles

alternatively we can also have

14in E Io
e

and encode the instance on the circuit

At the end of the computation measure

the fuel state 14mg
on the computational

basis 1107,1173

outcome ly w prob ply Yap
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deok This is a probate scheme it outputs

y w some prob pls In principle we should

compare to class probableSrc schemes see to

We need not measure all qubits

not weakening tracing measuring and

ignoring
outcome

POURS doult help we can Simulate them

Naimah Smarty CP maps
don'thelp

we can freecelek keen StoneJonny thrace awake

Measurements at earwer times
don't help Can

alwayspostpone
them they commute Ifgate

at Lahr time would depend on recces outcome

This dependence can be realised reside the

circuit w controlledgales

cf later t homework
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Whatgale set Reorld
we choose

There is a em ofgates ahaha

lunch more rich

Dik
anti

exacteeuiversality Any a gustgate can be

realised exactly

Requires a continuously of universal

gales country argument

ap
u y Any n gustgate

can be approximated well by fate set

finite gale set sufficient

folomy Reore e approximation

m kill won of 1 gehtgate requires

0 poly cog Ye gates from a

suitable trunk set

A and 2gwht joke alone are receiversal

cf classical 3 bitfates needed
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For approximatecueirnsality almost any angle

two week
will do I

w prob L

More www sets i later

d lluiversaljet
Our exact universal gate set

i e geht rotatrons about
X Z axis

Rx f e

iX

j X in I I

Rz ol e

i K
Z Vo I I

For NEI e
ink

cosHz I isn't M

T R f
as 4k e

smoky
ismolk castle

Rz q
e Hk o

eine
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Can be understood as rotatras oh Block sphere

afaatkfza.ms by angle of Cre rotations

on SOG E 84k Zz

Together Rx and Rz generate all rotations in SOG

Ehler angles and thus ice kecz up
to aphase

Lecuenai For any
U C he 2

re eid Rx a Rz d RxG for some 4 eAr

Proof
Homewotelii

ore twoguestgate
almost all world do

Typically we use controlled Not Cart

Coor f
going K

Coot flips y off x L classicalfate
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Can prove
Thisgate set can create any re gets f

U exactly 1st of course not eferenty
y

has 4 real parameters

Overview of a number of nuportautgates
identities

Proof check
Haeecook

Hadamardgate H

H Ht j HEI

HR.to H Rz o

HRz fHH
RxCoHGraphical

tbuoheha

D TED D

beeportantinatna
rotation true goes right to left

215












































































































































Circuit notation true foes left to right

I
ya Klout Us Uil 14ms

F
Has 12 17 175 Hass

0

I I t
i

only appeal to controlled Z
Lud geht i e a controlled Phase

I H
ez CPHASE

t.IE iE
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Generally For a unitary U C 8421

9
O Ucontrolled 64

controlquest Eff Tiff
Can be nuplemented w 2 caret few

Also for Uefa 2h

niter
Eitel

a offe

T Toto
g

FIEFS

0T

with V EI Irix

Utocontrotted
Given circuit for U in particular a classical

remake arcent we can also tushed controlled U
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Just replace every gate by its controlled versa

in particular Toffoli by

Toffee w 3 controls can he hit

fot 2 from normal Toffee
w wit ya fence class receive reel

Finally some

futheappox.eeceicrsaljakkb.se
Cortot 2 random A gust jabs

Coot Ht T Rz
5
4 Thegate
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