
NEXT TWO LECTURES :

QUANTUM COMPUTING BOOTCAMP

→ BASICS YOU WILL NEED LATER ON

→ CERTAIN ADVANCED TOPICS FOR CONTEXT

. . .
IT WILL BE QUITE INTENSIVE . -

,

BUT NOT ALL IS NECESSARY FOR SECOND HALF OF COURSE

I



A DIGITAL COMPUTATION

• Ro,EDuCES TO MANIPULATION M 41
of If

"M SIMPLE
xz

-

l-IIFD-jl.JO- s .
$3#
-17.-

×
.
-

¥-2



A DIGITAL COMPUTATION

"

XOR
"

"
Not

"

AND

• REDUCES TO MANIPULATION X1 Y
,

OF BITS USING SIMPLE Xz - f b

OPERATIONS -1¥-'

D-
"⑤-tjDo- s .

-E.- T

* /-F NAND.

FAINT
NOR

• BOOLEAN CIRCUIT

• f :{ oil 's
"

-* ( on }
"

a f- ( I)=( 1101214,41 , NANDCANDlxorlxnxrlih.ms/,N0R(Iz,X4) ) )

3



A DIGITAL COMPUTATION

"

¥⑤-qx- is
.

• ELEMENTS :

Xz -

-

÷÷÷÷÷÷÷⇒÷:÷÷÷÷÷÷i" -
Fox
.
-1¥

IMPORTANT PROPERTIES

• UNIVERSALITY OF GATE SET Cy ( AKA FUNCTIONAL COMPLETENESS )

E SUFFICES TO IMPLEMENT ANY f : {0,1 )
"

-7 { 011 }
"

HOLDS EG
.
Fok G :{ FANOUT , AND ,NOT ,

XOR }
,
f- { FANOVT ,

NAND}

• ALL BINARY MAPPINGS SUFFICE
. . . BITSTRINGS

'KE ANY COMPUTATION

y



DIFFERENT REPRESENTATIONS OF COMPUTATIONS

" be

CIRCUITS : " -

-

l-IIFD-jl.jo- s .
$3#
-

Fox
.
-1¥-

(BOOLEAN) ALGEBRA : Cj = f- ( I)=( 1101214,41 ,
NAND ( AND lxorlxnxrlixi ,xs) ,N0R( Is ,X4) ) )

XOR X1 X2 X )

CP X 2×4PROGRAM IN LANGUAGE ! cp is XE

( " PSEUDO Assembly " ) NEG x4

NEG XG

MAND 3 X1 X4 Xs XL
(CA

. - -

OR X6X7X6
NEG KG

AND Xz Xb Xf
NEG Xf

RETURN Xz X 6

5



CIRCUITS → ALGORITHMS

• CIRCUITS '
- = SPECIFICATION OF ONE COMPUTATION h → m ( FIXED )
'

-
= LANGUAGE DESCRIBING IN → OUT BEHAVIOR

• ALGORITHM

TYPICALLY HAS A PURPOSE . . .

~
• ( COMPUTATIONAL) PROBLEM (TASK Jj HAS INSTANCE SIZE OF T

t t w
E.9 . E.G . DIMENSION OF

"
SUDOKU PUZZLE

"

ONE PARTICULAR THIS PARTICULAR
-

-

SUDOKU PUZLLE PUZZLE ( EG . gxg)

6



CIRCUITS → ALGORITHMS

• CIRCUITS '
- = SPECIFICATION OF ONE COMPUTATION h → m ( FIXED )
'

-
= LANGUAGE DESCRIBING IN → OUT BEHAVIOR

• ALGORITHM

~

• ( COMPUTATIONAL) PROBLEM (TASK ) ; HAS INSTANCE size n ( SIZE OF T)
=

~ I,

• ALGORITHM SOLVING ) IS A ( COMPUTABLE) RECIPE
"

WHICH TAKES

N ON INPUT AND OUTPUTS CIRCUIT In SOLVING INSTANCES

OF SIZE h

•

"

RECIPE
"
= ANOTHER CIRCUIT / TURING MACHINE

7



CIRCUITS → ALGORITHMS

• CIRCUITS '
- = SPECIFICATION OF ONE COMPUTATION h → m ( FIXED )
'

-
= LANGUAGE DESCRIBING IN → OUT BEHAVIOR

• ALGORITHM

EG
.

T = BINARY ADDITION ; SIZE : h - bits

size 3 → /Ap → Ab! co

"

PATTERN
"

obvious
. .

- C,

t a
,#f¥ "

SIMPLE " ALGORITHM

(azdyao)
b
'
- Cz

"
PATTERN

"
= ALGORITHM

.
. . .Ft .

eine : "

:÷
. ¥

.



FROM LOGIC ( ABSTRACTION ) TO PHYSICS
.
. .

"

Ete
bi

Xz -

-

"

¥¥¥÷÷¥:*: ions

- ANY TWO LEVEL SYSTEM (OR h72 ) Xz#- OPTICAL ( LIGHT(DARK ; POLARIZATION; FREQUENCY? )

#µ:In:÷" """"
×
.
-5¥
BUT ALSO :

• WAYS TO MANIPULATE BIT • READOUT f "
RETURN Ys Yz

"

)
STATES ( CONDITIONALLY ) →

"
MEASUREMENT

"

!! /IIo- eup Bitz IFF Drin .

•
"

LOADING
" ( SET Xp .

. X
,

to ANY VALVE

00 . - O WILL SUFFICE )
→

"

INITIALIZATION "
9



FROM LOGIC ( ABSTRACTION ) TO PHYSICS
.
. .

×
'

eye
be

Xz
-

"

÷÷:÷÷÷:*::÷÷.
- ANY TWO LEVEL SYSTEM (OR h 72 ) Xz#
÷÷÷÷÷÷÷±÷÷÷:

""""

BUT ALSO :

• WAYS TO MANIPULATE BIT • READOUT f "
RETURN Ys Yz

"

)
STATES ( CONDITIONALLY ) →"MEASUREMEN#

!! /- eup Bitz IFF Drin .

•
"

LOADING
" ( SET Xp .

. X
,

to ANY VALVE

00 . - O WILL SUFFICE )
→

"

INITIALIZATION "
to



NEXT
. .

.
TREAT EACH ELEMENT AS A QUANTUM - PHYSICAL SYSTEM . .

.

POSTULATES OF

ELEMENTS QUANTUM MECHANICS

• REGISTER OF BITSTRINGS #¥ (t ) "
STATE SPACE"

• MANIPULATION#t ( 2) EVOLUTION

• READOUTFEI (3) MEASUREMENT POSTULATE

GO FROM DIT TO BITSTRINGS
- E (4) COMPOSITE SYSTEMS

BASED ON NIELSEN & CHUANG .
.
.

TWEAKS POSSIBLE . -

i



•

NEXT
. .

.
TREAT EACH ELEMENT AS A QUANTUM - PHYSICAL SYSTEM . .

.

ELEMENTS OF COMPUTING QM POSTULATES ELEMENTS OF

LINEAR ALGEBRA

• REGISTER OF BITSTRINGS → (t ) "
STATE SPACE" Fa VECTOR SPACES

• MANIPULATION to (2) EVOLUTION ÷ SPECIAL LIN. OPS
.

&
FUNCTIONS OF OPS

• READOUT → (3) MEASUREMENT POSTULATE wa INNER PRODUCTS

GO FROM DIT TO BITSTRINGS -no (4) COMPOSITE SYSTEMS 8-D TENSOR PRODUCTS
( KRONECKER PRODUCT )

*
PLAYS ROLE OF

"
LOGIC

"

;
"

ALGEBRA
"

y,



•POSTULATE A STATE SPACE ( REGISTER)

"THESTATEOFANYCLo#DPhysician-assistedBY A STATE VECTOR i A UNIT VECTOR IN A (COMPLEX) HILBERT SPACE It
"

N

HERE : H= Cl ( only finite dimensional
. - - )

IMPLEMENTATIONS : A SPIN OF ELECTRON , POLARIZATION OF LIGHT
VOLTAGE / CURRENT , ENERGY OF QUANTIZED A. OSCILLATOR

13



•POSTULATE A STATE SPACE FEB THE MATH

N

#= ① IN A NUTSHELL

• XKEIC x at bi ; a .be/R,i=F

O

• eat t.at t.it . . I
N-I*⇒y;;.⇒¢⇒÷÷÷÷÷.,,%EE.EE 147 to> 117 IN- e> ⇒ 14 ) - Eia.lk>

NORM : 11147112 = IIHF VII.⇒ 11147112=1

14



•POSTULATE 1
.

STATE SPACE

t.in#:::i::..::::eiu::::::::em"::÷::÷:::¥
QC INTERPRETATION :

noooo, . - pm . - M

z
"
- i

n- bit REGISTER→ 2
"

configuration Hates 041,2 - i. Y - i - 107,11) . . - 124> → Halk)
1<=0

CLASSICAL STATE O
,
1

,
2 . -

N - 1

QUANTUM STATE 107,117,12) . .

IN - t )
←

"(QUANTUM) AMPLITUDE
"

BUT ALSO 14 ) = dick) WITI { 14kt! I
15



POSTULATE 1
.

STATE SPACE ( REGISTER) •

:i*i÷:÷i÷÷:::::e÷:::::::÷÷::::÷::::÷
QC INTERPRETATION :

noooo, . - pm . - M

z
"
- i

n- bit REGISTER→ 2
"

configuration Hates04,2 - i. Y - i - 107,11) . . - 124> → II. Halk)
K=0

CLASSICAL STATE O
,
1

,
2 - -

N - 1 "
SUPERPOSITION "

Quantum STATE 107,117,12) . .

In .is#BlMHtt:4NEAR0MBWATqqyqyyzam,i
BUT ALSO 14 ) = ! dick) WITI { 14×12=1

16



•

POSTULATE Z - EVOLUTION ( MANIPULATING REGISTER )

VERSION (l) [DISCRETE TIME]

::"i÷÷÷m÷::::::÷:Y:÷÷¥:;⇒se*n⇒"
14+7=014+7

A



•

POSTULATE 2 EVOLUTION → THE MATH

N N
.M : a → e ,

M ( Ex; 14; ) ) = -241414;) (linear ) ; MELK
" )

Given a Basis : M ⇒ [min!!!
"

!!!!!!
,
) mi ;

ee

corvette . Transpose : "⇒ ME
. .fi#a:...a:e.M*l I:÷

.

- "

mi: → I:÷÷ :?:÷
( TRANSPOSE & CONJUGATE )

UNITARY V IFF Uutnutu -- tf tf -- (
' )

UNITARY : NORM PRESERVING
HERMITIAN H IFF H -_ Ht 1114711=11014711 tullus

18



•
POSTULATE Z - EVOLUTION ( GATES )

VERSION (l) [DISCRETE TIME]

t.t.IT#::.:in:.:::::..!ntmi:::.t:o::;⇒sen.n⇒"
14+7=014+7

NB : UNITARIES ARE ALI LINEAR MAPS

MAPPING (PURE) QUANTUM STATES TO (PURE ) Q . STATES
-

norm-1 Vector in EN

Ig



•

POSTULATE Z - EVOLUTION

VERSION 2 ( time - independent , dynamic Schrodinger Equation )

westernismal ith # 14ft ) ) -- AHA 14ft ) ) ; H - Hermitian HAMILTONIAN

NB : BY SOLVING THE DIFF
. EQ .

( t ) INTEGRATING FROM t
,
to tz

WE GET

'" t.!'m:*!!::¥!! " " '" w,!¥¥?*=expfit
th =1 - - - ( USE IN HW) 20



•
MATH LOOKUP :

• FUNCTIONS of OPERATORS : M
,
M2

,
- - Mk

• f- Cx) = Eakxk

⇒ f. ( M ) -- Ea. Mk

expcxl -- ⇐ ¥! ; ⇒ explain. I
'¥7

CAN CHECK : exp ( i M ) is UNITARY IFF M is HERMITIAN
. . .

→ USE SPECTRAL THEOREM
. . .

( TUTORIALS t TAKE HOME ASSIGNMENT)

21



•
POSTULATE 3 : MEASUREMENT ( READOUT )

¥t¥-÷÷÷!!!÷EE screen says
"
H
"

or "v
"

VERSION (t ) : PROJECTIVE ORTHONORMAL BASIS MEASUREMENTS ASSOCIATED TO AN

OBSERVABLE ( NON - DEGENERATE )

LET )H(= CIN BE THE STATE SPACE OF A Q.NL . SYSTEM 5

::::÷::÷:÷÷:::::::÷:::::::i::i::e::::::BULB RETURNS OUTCOME i EI WITH PROBABILITY PµyH=NE4il/
BORN RULE

ORTHONORMAL Basis i= QND
.

LL



MATH AROUND MEASUREMENTS
•

• ( 1,4
.

7,14 ) ) ↳ 44/107 ( INNER product )

Exilis kritis " qq.Opi-EETYYIE.fr :
NB : 1471114 ) ⇒ 24147=0

1114211 =ME

• SPECTRAL THEOREM

VER l : IF M is UNITARY OR HERMITIAN
,
F ON.B

.

{ Hit }i
ST

. M -

- Zdiluixuil

WHERE Nikhil -- Pro;
""

' def .

with ( NB l4iX4il=" outer product
"

190×94.14) : = 4414714 ;) - I. I' e. . . . E - )
23



MATH AROUND MEASUREMENTS
•

• SPECTRAL THEOREM

VER l : IF M is UNITARY OR HERMITIAN
,
F ON.B

.

{ Hit}i
ST

. M -

- Zdiluixuil

WHERE Nikhil -- Pro;
' ""

' def .

with ( NB l4iX4il=" outer product
"

1%1194.14) := 4414714;) - I. I' e. . . . E - )
ki = eigenvalues ; Mi) -= eigenvectors

NB : BASIS CHANGE is UNITARY . . . My ={ Hi) }jMz{ Hi) }i ON Bs

=3 : U s.t.fi/Yi7--Vl4i7

VER 2 : IF this Hermit.am/UNitARy
,
I U St

. .

M -

- U #dUt I -- diagcxa.dz -
- kn )

" M diagonalizes in some ONI
"

,

24



•
"

CANONICAL
"

( COMPUTATIONAL ) BASIS MEASUREMENT ME { 107,117 . -
IN-17)

14> = Each > ⇒ Pack ) = 14447/2=1442

OTHER BASIS ? Mz -- {1%7} ; ⇒ F Ul = Ii>
A

Mr Ma

1417=0147 = ⇐ 8k Ik ) ⇒ Pm.lk) - Keith 1744014714.81
'

-

(KIU -

- futile>It

25



•

n
,
FOR PHYSICISTS . . .

OBSERVABLE := Hermitian operator . O

(BY SPECTRAL theorem) O Cl ) -t{}i
(2) . eigenvectors di ( Oki) -- ditch's)

(1) tht ⇒ define , a basis 4413 ,
indexed by Ii

⇒
"

outcomes
"

° DEGENERACY

°Ef¥¥¥¥¥
, AYE } TUTORIALS / TAKE HOME Assignment

0 MEASUREMENT OF SUBSYSTEM & POST - MEASUREMENT STATE ⇒ TUTORIALS

26



•

POSTULATE 4 COMPOSITE SYSTEM

Let Sy & 52 BE Two Q .M
. SYSTEMS

WITH ICN
,
¢M as STATE SPACES

THEN THE COMPOSITE SYSTEM 512 HAS STATE SPACE

IN ¢M=¢NxM
T

TENSOR PRODUCT
. . .

It



•

THE MATH

④ : ¢
N
× ④

M
↳

µ④h←
"""T

- - - important

,
bilinear

145 147

ON MATRICES ( NUMERICAL VECTORS ) : KRONECKER PRODUCT

A-④ (Btc) =A④BtA④C
(Btc ) A = B A t C Ai::÷÷i÷÷÷:÷::i:÷:"

[In:
"

. .
!:] ② 1133=1%1*4213 - - and

A 0=0 A=o

USEFUL by ④ Oz is UNITARY
. . .

IMB - - Ann Br ]
spectra THEO ON Me M2 ?

zg



•

QUANTUM COMPUTING VULGARIS
. . .

QUBIT = S WITH Q2 =

"
Two (Basis ) STATES

"

107,11 )

(sa . - b.)z ( int )

= y
h 1070×10) - - 107 to> I 10 . .

-0> = 103

REGISTER : ¢ I - - ④ Q2 107 10? - - 1070×117=10 . . e ) ie )
-
-

i

n . i
117 In> -

- 1170417 I 1111.17 = 12"- n )

1,1 . . . A

mm ' """"
i '

i ÷ :
"

:
exponentially many
complex numbers

←g.e)
St

product state : 14µg ) = 14A> 143) ; No ? ENTANGLED
.

ENTANGLING GATE = NOT EXPRESSIBLE AS PRODUCT Up Vz (CNOT )
⇒ INTRODUCES CORRELATIONS

29



•

QUANTUM COMPUTING VULGARIS
. . .

- EVOLUTION OF REGISTER : Any UNiTARYMAP U

- READOUT : COMPUTATIONAL BASIS { 10 .
- 07,100--17,10--107 . . It . - 17 }

MEASUREMENT

(RECALL : TH's t Basis CHANGE
-

→ PROBABILITY of ( bnbny -
- bi ) ,

BORN RULE : P( bn . - b.) =/ Sbn - - be 11100.00>12
-
initialPossible ↳ " computation

"

output .
30



og

REGISTER ✓
Evolution v. S . GATE - SET?

READOUT ✓

• QUANTUM GATE SET & QUANTUM CIRCUITS

GATE SET = { U ; I IEI , Uj is unitary }

• L0CALUNR4

Eg .
Vela'T ) ⇒ U :[7: :!] ; th -- ( bi )
=

147=10710) - - . 107 ( i 107010) - - ④ lo) - 1000--07)
④ ( h-Kun)U'" hey -

- HEE " U He 147

31



QUANTUM CIRCUIT
•

tr tu tz

1147 1427 TENSOR PRODUCT ( Don 'T FORGET H )

-see. F-tdo-fn.IT?:o::siiify
Fiorin representation of some unitary

"" " '

÷:÷÷.÷÷÷÷÷÷÷"t,

32



•QUANTUM CIRCUIT ( 17

Implicit algebra

*
=

" "

( B D) At C) = ④D) (13011141041*01)=43 D) (Aac ) -- (B - A) ④ (D -C )
ALL THEOREMS . -- Implicit IN

CIRCUIT FORMALISM

33



•

Quantum circuit evaluated (2)

1.) initial state

2.) sefuence of gales from Gale set

3.) measurement

i
or :i¥÷

.

b
-

-
- zuni matrices

I -vector .
-

34



•

Some SPECIAL GATES : SINGLE QUBIT GATES

FOR PHYSICISTS Recall : lo) :'-( f )
;

H) : - (9)
i - = ( f : )
j CHECK :

G
"

④ = ( Ef ) ⇐ s XM -

- Kotb > ⇒
"NOT

"

HZH = ?{ oz Iz . If :) ⇐ s Ith :
or ..tn..

READ : III 'MUTATION

GY ④ = ( Q. ) = Ylb> = if-151bar > [ AIB] = AB- BA (A, B- Pauli )

HADAMARD -HD- = fz( f. f) = Hlb) -- tf (b) thin > ) MOST GENERAL :

Suk)⇒u=eia[cost eidsma

"

" s
" to " I i%÷÷÷÷÷:÷" Z - rotation

"
-④- = ( Tgif ) Global =D'd Zoli HZo.tl -2×1

PHASE -

Xp' ( up to PHASES) gf



•

"
Global PHASE IS IRRELEVANT

"

KYoutlua.UA/Yin7l!/4YoutlUzfexpcioifUy)Uo14in7l2O-ElR
For all Uo ,Uy,Uz,t . . .

DEEP WATER
. . .

36



••

Some SPECIAL GATES : TWO QUBIT GATES ( ENTANGLING GATES - -)
' SOME PROPERTIES

¥ =
= cnotlb.br) - lb' " Oth)

-0¥ =p
=

,
I?¥¥j,

4¥ =
= C-U Iban -

- Ibn> U
"
lbs) caagtfhe.mn Prove

( v A )
a- =-D-

-

-

- HEE:o) the- I

÷÷¥÷÷÷÷÷÷÷.in/....e.:..::s:i.=..........oM0LMER-SORENSEN if ( ! § ) -¥

• ISWAPH ) -- expfitlt) ; Ha - × × - you,
! """in : ctrl -swap

• C - Zp 37



Two UNIVERSALITY RESVITSS
-

Ch - { CNOT ) v Suez)
$
all single qubit gates

* ÷:
. "n¥¥I÷÷::

"

::÷÷:*
.
.ec. .se.

Into 2
""

CNOT & SINGLE- qubit gates . . .

§,
wise

SAce : Gi { H ,
% ) ; ANY SINGLE QUBIT UNITARY CAN

BE EXPONENTIALLY EFFICIENTLY APPROXIMATED USING JUST Gz
-
-

CIE . Gg = { CNOT , H ,
V8 ) IS APPROXIMATELY UNIVERSAL

38



TNKYADIANCEDRESULT.ee

TOFFOLI IS UNIVERSAL FOR CLASSICAL COMPUTING

TOFFOLI t tf IS APPROXIMATELY COMPUTATIONALLY UNIVERSAL

- FOR QC .

ONLY REAL MATRICES . . .

CANNOT BE DONE WITH 2-gublt REAL GATES - . .

"COMPUTATIONALLY UNIVERSAL
"

= IF
"
STANDARD

"

QC CAN COMPUTE SOME FUNCTION

EFFICIENTLY
,
SO CAN TOFFOLI TH Q - C

.

0 CLEARY CANNOT PREPARE STATES WITH
COMPLEX AMPLITUDES . .

-

yg



QUANTUM ALGORITHM

FOR PROBLEM (TASK T IS A PERSCRIPTION / TURING MACHINE

THAT GIVEN INPUT SIZE h OUTPUTS

QUANTUM circuit En on N qubits . . .

TYPICALLY A Q ALGO INVOKES MEASUREMENT IN

CLASSICAL ( COMPUTATIONAL ) BASIS t REPETITION & POST- PROCESSING

MUST KNOW : GIVEN A CIRCUIT & INITIAL STATE
,

COMPUTE OUTPUT STATE
,
AND MEASUREMENT PROBABILITIES

40


