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Quantum Parallelism

Quantum parallelism is a fundamental feature of many
quantum algorithms.

Allows quantum computers to evaluate a function f(x) for
many different values of x simultaneously.
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Quantum Parallelism
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Superposition Preparation

This procedure can easily be generalized to functions on
an arbitrary number of bits, by using a general operation
known as the Hadamard transform, or sometimes the
Walsh— Hadamard transform.
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Superposition Preparation
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Boolean Quantum Circuits
f = Toxr1 + zpI0
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Parallel Evaluation of f
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Tracing the Circuit
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Effect of Entanglement

If we measure the extra qubit and finds
|0>, then the system collapses to

%(\000>+\001>+\100>+\110>)®\0>

If we measure the extra qubit and finds
11>, then the system collapses to

%(\010}+\011>+\101>+\111>)®\1>



General Form (Marking by Entanglement)
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Marking the Solutions by Phase Shift
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General Form (Marking by Phase Shift)
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Deutsch-Jozsa Algorithm



D-e,d\’icx\--go—?‘s‘“‘ A&mc(i\'\\m

?fb\O\{M\" G{M Mum\‘(\ﬁ-ﬁ\d‘v\ g-g“c_kurvx g('ﬁ\ uJ\A\C)’\ S ?Wwis.‘as
-\-’o\r)f__ o Nn€ ﬁ‘?wﬁ\'(\‘f\é% e

@ ‘?QY\(S Cam&'w\-* \/1()%(.'#:\:\: o N S?‘-ﬂ\:\

& ‘ﬂ’-&\c’\ S \OU&MC»J /<. eqw&;\'u L) gb‘*‘\“"l& f‘“\ﬁ"‘)TJ
o eaw, N A Rov oY P 'S
Tw &mgs QL»—Q "—M‘e; “s < s;\-@_,gb " \ \—o;_}s

ERANEOWPS R Q-ﬂ*:;/ VSt V2 Yo X e X S AAY

; Q“xﬁ owa Y X L Sty
A wﬂlﬂi S ouad c\u.dfm ‘.dfel?mnce—




Example

X2

X]

Xo

X]

X0

Balanced Function

Constant Function



\..3\' Q—Q‘ﬁ\ Merny 0 '\h?uj{ S

Ew /

The Quant S —
e Quantum % —
Circuit 3| _J‘——‘i\__' Ufr \» \—
5L | S\
é{i‘.}\o ———\E\——\
V\
\ oS \\A@)\f\ \ }* " TR
Vg
I\ AN Dy Ry
) ? A N



Tracing the Algorithm
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Grover’'s Quantum
Search Algorithm



Unstructured Search Problem

Consider an unstructured list L of N items.

For simplicity and without loss of generality we will assume that
N = 2" for some positive integer n.

Suppose the items in the list are labelled with the integers {0, 1, ...,
N —1}, and consider a function (oracle) f which maps an item i € L
to either 0 or 1 according to some properties this item should

satisfy, 1.e. f: L — {0, 1}.

The problem 1s to find any i € L such that f(i) = 1 assuming that
such 7 exists in the list.



Classical Searching

In conventional computers, solving this problem needs

O(N/M) calls to the oracle (query), where M is the number of
items that satisfy the oracle.

The unstructured search problem can be considered as a general
domain for a wide range of applications in computer science,
for example:

The database searching problem, where we are looking for an item in an
unsorted list.

The Boolean satisfiability problem, where we have a Boolean expression
with n Boolean variables and we are looking for any variable assignment
that satisfies this expression.



Quantum Circuit for Grover’s algorithm
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Grover’s Diffusion Operator G
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Steps

Prepare a quantum register of n + 1 qubats. The first n qubits
all in state |0> and the extra qubit in state |1>.

Apply the Hadamard gate H on each of the n + 1 qubits in

parallel.

Iterate the following steps ¢ times,
Apply the oracle U, .

Apply the diffusion operator G on the first n qubits.

Measure the first n qubits to get the result with probability P,

Grover diffusion operator
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Example: Search for 7.
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Example: Search for 7.
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Example: Search for 7.
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Example: Search for 7.
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Example: Search for 7.

= | o= stap: 115 o)
QK Q hlLJ 3 ste::c.:unt:ﬂs EE.?I chart center

>
()
[H
i;

[5/5] graup_gatel1 gatefgatefgate gatel Zgate] gate || || | - ||
gat... gat...|gat...|gat...|gat...|gat...|gat...|gat...|gat...|gat...|gat...|g E auto |refresh pruh rEﬂ Imﬂ ﬂdEIW data dump

qubit 0 § 0> 100 __

quoic_1 § 0> 0800

o 600

qubit_2 § 0>

d
&
H

o 400

LT 1%
=] [=] [E] é
&

&
]

qubit_ 3 § 10>
0. 200 ]

qubit_a § 11> -E -
a
ll [» 0 1 2 34567 889 1011121371415
state: [+0.47:00110> 0.17-00111> + 0.... | &l < |38 | #]

huhits: qubit_0 qubit_1 qubit_2 qubit_3

3" |teration



Example: Search for 7.
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Example: Search for 7.
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Inversion about the Mean

Apply the Diffusion Operator G on the first n qubits.
The diagonal representation of ¢ can take this form

G = H®"(2]0) (0] — I,) H®",
where the vector |0) usedis of length N = 2", and I,

1s the 1dentity matrix of size 2™ x 2", Consider
a general system [10) of n-qubit quantum register:

N—1
W)y = a;l5).
j=0

The effect of applying G on |v') produces,

N-1
Gly) =) _ [-a; +2(a)] 1),
5=0
where, (a) = + Ej o @; is the mean of

the amplitudes of the states in the superposition,
1.e. each amplitude a; will be transformed according
to the following relation:

a; — [—a; + 2 {(a)].
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