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Chapter 1

Classical Circuits

In this chapter, we present the fundamentals of classical circuits along with a description of the uni-
versal gates.
We consider f:{0,1}" — {0,1}" be a Boolean function taking (z1,...,xn) — (Y1,---;Ym) = f(Z1, .-, Tn).

One of the fundamental questions is to know if there exists a classical circuit computing in an auto-

mated manner the value of f for every input (x1,...,2,). To answer this question, we first need to

present some elementary gates. Recall first that x @y = 1y,,;.
o NOT Gate: For this gate, the output is f(x) =7 = L, (1 — H{Ezl}).
T NOT fx)y=%

Note that this gate is equivalent to the XOR gate, given by a direct sum as the output:

T

XOR

1

e AND Gate: For this gate, the output is f(7) =21 A%2 = 1z —1 and zo=1}-

x
! AND L f(x1,22) =21\ T2

Z2

« OR Gate: For this gate, the output is f(x) =21V 22 = 1{5,—1 or zo—1}- This is the non-exclusive OR.

x1

OR [—— f(z1,22) =21V 22
T2

e COPY Gate: Although it is called a ‘gate’, it is not really one since this operation can be realized
by physically joining two wires together.



COPY f(z) = (z,z)

Example 1.0.1. The following circuit outputs f(x1,x2,23) = (T1Axz2) V (1 Ax3).

NOT
o

Lm OR — f (.1‘1, T2, :E3)
Z3 AND

Definition 1.0.2. A Boolean circuit is a directed (can only go from left to right), acyclic

graph with n bits input and m bits output, whose vertices are logic gates and edges are wires.
We can then answer the question given in introduction via the following theorem.

Theorem 1.0.3 (Emil Post, 1921). Every Boolean function f can be realized by a Boolean
circuit made only of the elementary gates AND, OR, NOT and COPY (universal gates).

Proof. Let f:{0,1}"* — {0,1}"™ be a Boolean function. First note that in general f = (f1,..., fm),
however the theorem needs only to be proven for m =1 as an inductive argument.
Then, consider those vectors aV),...,a%) ¢ {0,1}™ such that f (a(j)) =1forall 1<j<k and
f(b) =0 for all b#a®,...,a®). Furthermore, define Cy(z) = Lfy—q), where z and a are vectors.
Then:

flx)=C,0)(z)V..VC,m(z), (1.1)

a

where the V operations correspond to OR operations.

Observe now that for a € {0,1}", we can write C,(z) as a series of AND operations:

Ca($) :¢a1($1)/\"'/\¢an($n)a (1'2)

where ¢4, () = x; if a;j =1 and ¢, (v;) =75 if a; = 0. Note that the last condition corresponds
to a NOT operation. And so, the computation of f(z1,...,x,) can be realized exclusively with
the gates AND, OR, COPY and NOT.

O

We end this chapter by discussing the irreversibility and reversibility of some gates. The gates AND,
OR and COPY are irreversible, in the sense that we cannot recover the inputs from the outputs. How-
ever, the gate COPY is logically reversible but its inverse deletes a bit, where physically it dissipates
heat. Now, in quantum circuits, irreversible gates are forbidden. Fortunately, the previous gates can

be emulated by reversible gates.



e NOT Gate: The NOT gate is clearly reversible, since applying it twice recovers the original state.

o C-NOT Gate: The Controlled-NOT gate has an output given by the XOR operator f(z,y) =
(x,y®x), where f(0,y) = (0,y) and f(1,y) =(0,y®1)=(1,7). By applying it twice, we note that this

gate is reversible.

C-NOT f(z,y) = (z,yDx)
y —— - Yoo

Equivalently, this can be represented as:

T

yor

y D

o Toffoli/CC-NOT Gate: The Controlled-Controlled-NOT gate has an output given by the XOR
operator f(z,y,2) = (z,y,2+ (xBy)), where as long as =0 or y = 0 we have f(z,y,2) = (x,y,2) and
f(1,1,2) = (z,y,2® 1) = (x,y,%z). By applying it twice, we note that this gate is reversible.

y—— CC-NOT |— vy f(@y,2) = (@,9,28 (z A\y))

——— 2 ® (z A y)

Equivalently, this can be represented as:

xr xXr
Yy Yy
z . z® (z Ay)

Proposition 1.0.4. The set of gates {NOT,C-NOT,CC-NOT} is universal.

Proof. All gates {AND, OR, NOT, COPY} can be retrieved from the gates {NOT,C-NOT,CC-

NOT}.
e NOT Gate: For the NOT gate, it is obvious.

« AND Gate: For the AND gate, let z =0 in a CC-NOT gate to find:




0 & 08 (zAy) =z Ay

e OR Gate: For the OR gate, coupling two NOT gates in one CC-NOT gate and using De

Morgan’s Law in the output state, we find:

NOT T
ot 7
1 @ 10 (ZAY) =TAY=[zVy

o COPY Gate: For the COPY gate, let y =0 in a C-NOT gate to find:

[z]

0 D 0@z =[

As a result of Post’s Theorem (1.0.3), the set of gates {NOT,C-NOT,CC-NOT} is universal.
Remark that, actually, the NOT and C-NOT gates can themselves be retrieved from CC-NOT
gates, but the reverse statement is false.

O



Chapter 2

Fundamentals of Quantum Mechanics

and Quantum Circuits

In this chapter we present the fundamental notions of Quantum Mechanics that will be crucial to
describe Quantum Circuits. To this end, we will also present how we can use these fundamentals to

describe some elementary circuits.

2.1 Dirac’s Notation

The state of a quantum system is described by a unit vector in a Hilbert space H (on C). In this
course, we will only consider the finite dimensional Hilbert space H = CV with N = 2" where n is the
number of qubits. In particular, the state of a single qubit is a unit vector in C2.

The whole idea of quantum computation is to work with qubits in these superposed states in order to
perform simultaneous computations.

In Dirac’s notation, we consider the ket formulation for a column vector:

Qg
o)=| : |eCV, (2.1)
aN—1
and the bra formulation for a row vector:
(6l=(ap - an1)- (2.2)
T T
We then define the scalar product between |¢) = (ao aN_1> and [¢) = (ﬁo 5N—1) by
the braket:
N—
(Ply) = Z a3, (2.3)
i=0

with the associated norm |||¢)|| = /(¢|¢). We furthermore present some properties.

o Positivity: (¢|¢) = SN aul?> > 0.
o Strict Positivity: (¢|¢) =0 if and only if |¢) = ( )T.
e Symmetry: (¥|¢) = 5" Biai = Y05 @il = (9l4).




¢ Bilinearity: On the one hand we have:

N-1 N-1 N-1
(B (aln) +Ble)) = Y (Bt BBa) =a Yy @b+ > qifs = a(plvr) + B (o).
i=0 i=0 i=0

On the other hand we have:

N—

N-1 N-—
(a(pr]+B(pal) [0y = > (cvari + Bazi) Bi Zalzﬂz‘ Z Bi =a (1Y) + B {(¢2ly).
1=0 i=0

2.2 Computational Basis of # = CV
In this section, recall that N = 2". Now, consider the set of vectors e; for the basis of H:
ei=(0 010 - 0)=|rizaz), 0<i<N-1 (2.4)

where x1x9...x, is the binary representation of 7 and the 1 is in the i-th position of e;. Observe
that (@}..2) |z1...x,) = 0/ 2 ---0x),z, , and hence we have an orthogonal basis. Furthermore, any vector

|¢) € CN can be written as:

|¢> = Z Qzy..xp |'771«Tn> = Z Oy ’«T> (25)

Z1,...,2n€{0,1} ze{0,1}m

where (¢|¢) =1 if and only if Zm,...,xne{o,l}|a331--~1n‘2 =1

, T T
Example 2.2.1 (n=1- N =2). Forn=1 we consider ey = (1 0) =10) and e; = (O 1) =

|1). Then any vector |¢) can be written as:

T
|¢) = apeg +arer = (Oéo 041) =ag|0)+a1(1).

We have a unit vector if and only if |ag|? +|a1|? = 1. Hence any vector can be represented on

the unit circle with the |0) vector on the x-azis and the |1) vector on the y-axis.

T
Example 2.2.2 (n=2 - N =4). For n =2 we consider ey = (1 00 O) =100), e; =
T T T
(0 10 0) =|01), ea = (0 0 1 O) =10) and e3 = (0 0 0 1) =|11), where each ket

vector has been written with the binary representation of i (e.g. 01 is the binary representation

of i=1). Then any vector |p) can be written as:
’¢> = Qo ‘00) + a1 ‘01> + 10 ’10> + 11 ’11> .

We have a unit vector if and only if |aoo|? + |ao1]? + a1o)® + Ja11]? = 1.

2.3 Tensor Product

Let Hq = C2?"" be a Hilbert space for n; qubits and Hs = C?"* be a Hilbert space for ny qubits. Now
consider H = H; @ Hy = C2" @ C2"? = 2" (isomorphic). Here, H is a vector space of dimension



2m+12 gpanned by all basis elements |z,y) = |z) ®|y). For all |¢) € H it holds that:

’¢> = Z Azy |x7y> ’ (26)

0<z<2m1-1
0<y<2r2—1

and in particular we have a unit vector if and only if ijy\ax,yP =1

We now make an important remark: every element |¢) in H = H1 ® Ho can be written as a linear
combination of the basis elements |z,y), however not every element |¢) in H can be written in the
product form |¢1) ® |p2) (those are called product states).

In H; ® Ho the conjugation operation yields:

|61) ® |2) = (¢1] @ (¢2]. (2.7)
For the scalar product we obtain:
((¢1] @ (d2l) (|91) @ [tb2)) = (D1]th1) (b2lth2) - (2.8)
Hence, (¢, y'|z,y) = (2'|2) (y'|y) = 0urabyy.-

Example 2.3.1. Consider Hi = C? and Ho = C2, then H = H1 @ Hy = C*. Furthermore, let
|p1) = a0 |0) + a1 |1) € H1 and |p2) = Fo|0) + B1|1) € Ha. Hence in H we have:

|$1) ® |d2) = B0 0,0) +pB1]0,1) + 160 |1,0) + 151 [1,1).

Ezxplicitly, the binary representations are:

|0,0>=|0>®|0>=<(1])®<(1)>:(1 0 0 o)T_eo,
\0,1>—\0>®\1>—<é>®(2>—(0 10 O)T—el,
|1,0>=|1>®|0>=<(1)>®<(1)>=(0 0 1 o)T:e2,
=men=(J)e(})=0 o 0 1) -

2.4 Axioms of Quantum Mechanics

2.4.1 Axiom 1 - State of a Quantum System

The state of a quantum system (isolated from the environment) is represented by a unit vector |¢) in
a Hilbert space H. In particular, the state of a system of n qubits is represented by a unit vector in
H =C?" = Q" "M C2, Note that in general, for n qubits, |||¢)||? # n.



Now, in the computational basis, we consider a set of basis vectors in the form:
{|x1,...,zn),xi€{0,1},1Sign}, (2.9)
where each ket vector satisfies:
(T eons T [T, s Tn) = Oty Ot - (2.10)
Then, every vector in the Hilbert space can be written as:

By =" >y, |1 ), (2.11)

15,20 €{0,1}

where we naturally impose a normalizing condition given by:

1=@o) = Y lamnl. (2.12)

15,20 €{0,1}

Example 2.4.1 (n=1). We can represent vectors in C% on the unit circle:
|¢) = cos(8)]0) +sin(8)[1), (2.13)
where of course cos(#)* +sin(9)? = 1. We can note two particular cases of states that will be

important for later:

1 1
S0+ and, )=

These are vectors at 6 = +45° angle for |+) and at @ = —45° angle for |—) on the unit circle.

+) = (10) =11)). (2.14)

S

2.4.2 Axiom 2 - Time Evolution

An isolated quantum system evolves in time via unitary linear transformations U:

9) —Ul9g), (2.15)

where U is a 2" x 2" unitary matrix, hence satisfying UUT = UTU =1 (i.e. U~! =U") for UT being

the adjoint of U (complex-conjugate transpose). In a quantum circuit, considering two evolutions gives:

lpo) —— s 1) Us — |2)

l1) = Uilepo) lp2) = Uslep1) = UsUn o)

We have norm conservation:

(d1]¢1) = (o] U] Ut o) = (ol T]do) = (olo) =1, (2.16)

and similarly:

(f2lp2) = (61| USUs|61) = (1|1 61) = (p1]¢p1) = 1. (2.17)

10



In words, U = UyU; is also a unitary transformation, where more formally one can check that
UUt = UQUlUIr U; = UQU;r = 1. More generally, it is always the case that any quantum circuit can

be represented by a single unitary transformation U.

Example 2.4.2 (NOT Gate). The NOT gate acts on a single qubit in C?,

|¢) ——— NOT |——— NOT |¢)

The action of this gate on basis states is given by NOT'|0) = |1) and NOT|1) = |0). Then
it follows that NOT (ap|0) + a1 |1)) = ap|l) + a1 |0) (i.e. reflection with respect to the axis
with angle 45°). Let’s now find the matriz representation of the NOT gate, where its matrix
elements are: (0| NOT'|0) = (0|1) =0, (0| NOT'|1) = (0|0) =1, (1| NOT'|0) = (1|]1) =1 and,
(1| NOT |1) = (1]0) = 0. Therefore the matriz is:

0 1
NOT = <1 0) = NOT" = Hermitian. (2.18)

Furthermore, NOT - NOTt = NOT'- NOT =1, hence it is also unitary. We finally note that,
with a simple calculation, NOT |+) = |+) and NOT |—) = —|—).

Example 2.4.3 (C-NOT Gate). The C-NOT gate acts on two qubits in C*> @ C? = C*.

|z1) > |1)

|z2) S, |2 © 1)

The action of this gate on basis states is given by CNOT|00) = |00), CNOT|01) = |01),
CNOT|10) =|11) and CNOT |11) =|10). Of course, this can be generalized as CNOT |z1,22) =
|x1,290@ x1). The matriz representation of the C-NOT gate in the basis {|00),|01),[10),|11)}

s given by:

CNOT = = CNOT" = Hermitian. (2.19)

o O O =
S O = O
— o O O
o = O O

Furthermore, CNOT -CNOT'=CNOT'-CNOT =1, hence it is also unitary. We finally note
that, with a simple calculation, for a state |¢) = apo|00) + a1 |01) + a1 |10) + 11 [11) 4t holds
that: CNOT|¢)> = Qo ‘00> + a1 |01> + a9 |11> + a1 |10>

Remark 2.4.4. Classically, a CNOT gate can emulate a COPY gate. But in the quantum
world, copying a quantum state is impossible (No Cloning Theorem). Let us solve this
apparent contradiction. To this end, consider |¢) ®|0) as input state to the CNOT gate, with
|#) = 20 |0) +n [1):

11



CNOT(|¢)®10)) = CNOT ((ag|0) + e [1)) ®10))
ZOJQCNOT‘O(D—FOQCNOTHO)
= |00) + 1 [11) = Bell State # |¢) ® | ).

Only states in the computational basis can be copied.

2.4.3 Axiom 3 - Measurement Postulate

If an isolated quantum system is in state |¢) € H = C?" and one observes the system through a
measurement equipment, described by an orthonormal basis {|¢o),|®1),...,|¢pan_1)} of H (considering
the computational basis), then the outcome of the measurement is given by {|¢;) 1226 ! with probability

P(i) = [{¢:]1))|>. Note that:

on_1 1 on_1 n_1
YoP@) =Y (i) (eilv) =D (Wlea) (dily) = (| (Z i) (@'!) ) = (W[L|) = (Y[y) =1.
i=0 i=0 i=0 i=0

Observe that:

i) (@3] = 1 (2.20)

0

where 1 is in the i-th row and ¢-th column, and this matrix is a rank-one matrix which is also a

projector matrix (on |¢;)). The graphical representation of a measurement is given by:

/\1/1())
w—
= |¢y_1)

With the addition of a quantum circuit U, the probability is P(i) = |(¢;| U |1))|> and we have:

/ |¢0)
—— U ——U)— A [
T~ |[¢r_1)

12



2.4.4 Axiom 4 - Composition of Quantum Systems

Consider two systems, one with n; qubits defined on a Hilbert space H; = (C2)®n1 (with dimension
271) and the other one with ny qubits defined on a Hilbert space Hy = (C2)*"? (with dimension 272).
Then, we can set a global system consisting of n1 +mne qubits defined on a Hilbert space H=H1 @ Hs =

((C2)®(m+n2) (with dimension 2™%72). Now, not all states can be written as product states: in the

form |¢1) @ |2).

Example 2.4.5 (Product States). All the following are product states:
* 0,0) = [0)10).

e 35(0,1)+0,0)) = [0y ® (510} +[1))).

e 5(10,0) +10,1) +[1,0) +]1,1)) = 5 (10} +[1)) ® 5(10) +]1)).

If we don’t have a product state we have an entangled state.

Example 2.4.6 (Entangled State). The Bell State is an entangled state, since:

1

\/5(!070> +11,1)) # |91) ®[¢2) - (2.21)

Proposition 2.4.7. The state |¢) = apo|00) + g1 |01) + 10 |10) + 11 |11) s a product state if
and only if:

det (O‘OO O‘“) ~0. (2.22)

alp Q11

2.5 Quantum Circuits

In this section, we present fundamental quantum gates with 1-qubit, 2-qubits and multiple qubits
entries. Recall that a quantum circuit operating on n qubits can always be represented by a 2™ x 2"

unitary matrix U.

2.5.1 1-Qubit Gates

Consider the Hilbert space H = C2.

Definition 2.5.1. The NOT gate is defined as:

0 1
X = (1 0). (2.23)

Definition 2.5.2. The Hadamard gate is defined as:

1 (1 1
ne (1), 2as

13



Let’s now observe the action of H on basis states |0) and |1). For vector |0):

1

H10) = \ﬁ(|0>+|1>) =+, (2.25)
and for vector |1): .
HI1) = %(!@ —)=1-)- (2.26)

And of course, with a simple calculation, for any state |¢) = ap|0) + a1 |1) it holds that:

H|@) = aol+) +01|—) = a“j;“ o) + o

Finally note that H is Hermitian and unitary, since H = H' and HH' = HtH =1.

). (2.27)

Definition 2.5.3. The Phase gates Z, S and T are defined as:

1 0
0 e 0 -1 0 e'2 0 < 0 e'a 0 7 + 7

Let’s again observe the actions of Z, S and T on basis states |0) and |1). For vector |0):
Z10) =S50) =T0) = |0), (2.28)

and for vector |1):
Z|1)=—1), S|1)=i|1) and T[1)=€'T|1). (2.29)

Of course, with a simple calculation, for any state |¢) = ag|0) + a1 |1) it holds that:
Z1¢) = ag|0) — a1 [1), S|@) = ag|0) +ia1[1) and T|¢) = ag|0) +e T |1). (2.30)
Finally note that Z, S and 7T are all unitary. Also remark that Z = S? =T and S = T2

Theorem 2.5.4 (Without proof). Any 2 x 2 unitary matriz U can be approximated by a product
of gates H, S and T in the following sense: for all § > 0, there exists V a product of O (%)

matrices H, S and T such that |[U—V|| < 3§ (where ||| is some matriz norm).

2.5.2 2-Qubits Gates

Consider the Hilbert space H = C* and the basis {|00),]01),]10),|11)}.

Definition 2.5.5. The CNOT gate is defined as:

1000
0100

CNOT = (2.31)
0001
0010

We have already studied the action of the CNOT gate on basis states in Example (2.4.3)).

14



Definition 2.5.6. The Controlled-U gate is defined as:

|) [ |z)

y) ——— U ——U%)

Here, U is a 2 X 2 unitary matriz and the output U* |y) is given by:

Uf|y>:{|y>’ ifxzo . (2.32)
Uly), iffz=1

2.5.3 Multiple Qubits Gates

o We have already encountered the CCNOT gate defined on the Hilbert space H = C® and in the
basis {|000),]001),]010),]011),]100),|101),|110),[111)}.

) |z)
) ly)
|2) 5 |z & xy)

Definition 2.5.7. The CCNOT gate is defined as:

CCNOT = (2.33)

e e e P e e e e
S O O O O O O
_ O O O O O o O©
o B O O O O O O

S O O O O O O
SO O O ©O O O ~ O
o O O O O = O O
SO O O O =B O O O

Remark 2.5.8. Classically, it is not possible to create a Toffoli gate from CNOT and 1-bit
gates. In the quantum world however, this is possible using the gates CNOT, H, T and S gates.

¢ We can also consider multicontrol gates, where we now have to use a general Hilbert space H = c2 .

In particular, we can build a circuit with a U gate where U acts on |y) only if 1 =29 = ... =2, = 1.

15



|21) » |z1)

) U g

y)

Theorem 2.5.9 (A.Barenco & al. - Without proof). Any 2" x 2" wunitary matriz U can be
approzimated (with arbitrary precision) by a circuit made only of gates T, S, H and CNOT.

The number of gates needed for this approximation depends on the unitary matriz U (may be

exponential in n).

Remark 2.5.10. Without the T gate, it can be shown that no quantum advantage can be

obtained over classical circuits (Gottesman-Knill Theorem).

16



Chapter 3

Deutsch’s Model and a Quantum
Algorithm

In this chapter, we present the model of Deutsch along with the so-called Deutsch’s problem. We will
then present a classical method of resolution, before moving on to the quantum algorithm called the

Deutsch-Josza’s algorithm.

3.1 Deutsch’s Model of Quantum Circuits

As already mentioned, every circuit can be represented by a single unitary operation U and the
extraction of information happens via a measurement in {|zy...2,),z1,...,z, € {0,1}} with probability
P(|21...20)) = [{21...20[1out)|>. We can now mention two reasons for using a quantum circuit rather
than a classical one:

(i) Simulate quantum physical systems.

(ii) Solve efficiently classical problems involving a Boolean function f:{0,1}" — {0,1}™.

Our aim will be to solve problems involving a Boolean function, and this will be done in 3 generic
stages:

1) Any input of f:{0,1}" — {0,1}™ is a sequence of n bits {z1,...,2,}, which can be encoded into

a quantum state |xi...x,). We will construct superpositions of states given by:

5517---7xne{071}

2) We consider a unitary operation U) performed on [t)), where by linearity:

UDpy = Y e, U |9). (3.2)

z1...xn€{0,1}

3) For the measurement, the outcome |z...z,,) with probability |(z;...z:,| U [4)|? should be high (or

at least > 0) for states |x;...z,) corresponding to the solution of the problem.

In what follows, we consider two assumptions without loss of generality. Note that the following
assumptions may come with some additional cost on the circuit complexity:
o Initial state is |0,0,...,0).

o The final measurement is performed in the computational basis {|z;...2,),21,...,2, € {0,1}}.
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Remark 3.1.1. The circuit complexity is set to be C' = width x depth.

4

Width = number of qubits

4 >

Depth = number of layers

Before we proceed to the study of the quantum algorithm, let us introduce the quantum oracle gate
Uy associated to a Boolean function f:{0,1}" — {0,1} (we consider the case m =1 but this can be
generalized). Observe first that unless n =1 and f is bijective, the evaluation of a Boolean function

f is in general irreversible. A reversible way of evaluating a function f is obtained by augmenting the

memory with an ancilla bit:
(@1, Ty y) = (21, oy Ty D f(T1, s 7). (3.3)

The corresponding quantum circuit, which roughly corresponds to a generalization of a Controlled-U

gate, is given by:

o) ——— L)
U
) ! S
|y> |y@f(m1,. ’xﬂ»

Definition 3.1.2. The quantum oracle, which has to be constructed for every f, acts as:

Ur(|21..20) ®|Y) = |21...20) ® |y ® f(21,...,20n)) - (3.4)

Proposition 3.1.3. U; is unitary.
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Proof. For all basis elements and for every f, we have:

(@42 @ (0 |UUf |21.0.0) @ [y) = (2| @ (/@ F(@l, s 2)] ) ([2120) @ [y ® F(21,020) )
= (al[w1) - (af |on) (' @ F(1, @)y @ f (20,0 00))
= Ot gy ++-Outy 2 (@ fl@),...2)|y® f(@1,....20))
= Oyt gy Oatyzn (U & F(@1, 00, 0) [y D F (21,00, 7))

= Ogt Ot 2 Oy = Lt =12l =an =y}

3.2 Deutsch’s Problem and Classical Method of Resolution

We are given a Boolean function f:{0,1}" — {0,1} and an oracle capable of evaluating f(x) for a
given z at no cost. On top of that, we are informed that either f is constant (i.e. f(z)= f(y) for all
z,y € {0,1}") or f is balanced (i.e. f(x)=1 for half of the z’s and f(x) =0 for the other half). The
aim of the problem is to decide between these two alternatives with the least possible number of calls

to the oracle. Note that we do not know anything a priori about the structure of f.

Classical Method of Resolution
Call the oracle in k different points (M), ...,z*) € {0,1}™
o If f (x(l)) =.=f (x(k)> declare f is constant.

e Otherwise, declare f is balanced.

In the worst case, k= 2"~ 41 calls to the oracle are needed in order to obtain a correct answer with

probability p =1 (since k is greater than half the total number of points).

Probabilistic Algorithm (still classical)
Fix k> 1 and draw k iid points z(1),....z(*) € {0,1}" (with possible replacement). Again:
o If f (x(l)) =.=f (x(k)) declare f is constant.

e Otherwise, declare f is balanced.

The probability of making an error, which can only happen in the first case, is 2,%1 This can be made

as small as required in O(1) calls.

3.3 Deutsch-Josza’s Quantum Algorithm

We now present the quantum alternative to Deutsch’s algorithm, where we will make use of the
Hadamard gate H, the quantum oracle Uy and finally making a measurement. We start with an

initial state:

o) = ( X |0>> ®@|1):=0,0,...,0) ®[1). (3.5)

An extra ancilla qubit |1) is being added to the input to allow for computations later on.
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) ——{"H ——{ 7 ]
o —{ 7T+~
) —— "
|%bo) 1) |12) |1b3) |1ba)
Stage 1: State |¢1) corresponds to a superposition of states:
(n+1) times
= @ Hlwo)=H[0)®..0 H|0)® H|1). (3.6)
Now, recall that H |0) = |O>\J/r§|1> = %Zme{o,l} |z1) and H |1) = |O>\;§|l>. Then we find:
1 1 0)—11) 1 0) —11)
h)=— > [2)®.0— > |z)® =— Y. |re.m)® .
\/izle{m} \/ixne{o,l} V2 22 o1} V2

Stage 2: To find [|¢), state |1)1) has to go through the quantum oracle. Recall that:

Ur(|21..20) @ |y) = [21...20) @Y D f(T1,....20)) - (3.7)

Then:

1 ‘f(xl,'--,xn»_ m
= "7 Z ’$1,...,$n>® \/5‘ >
22 Z1,..,xn€{0,1}
_ 1 5 |21, ey 20) ® '0@‘” if f(z1,...,20) =0
22 1y e{0,1} | [Z15 0 T0) ® |1>\;§‘0> if f(z1,...,2p)=1
L 0) —[1)
=— > |,z @ (—1) ) 2L
22 z1,...,2n€{0,1} \/§
1 0) —11)
=— Z (_1)f(x1,...,xn) ’1’1,...,1’n>® .
e T1,...,on€{0,1} \@

The action of Uy on the ancilla qubit, which is in a superposition state, has now been transferred to

the first n qubits. Note that, from now on, we could forget the ancilla qubit.

Stage 3: We are at the stage of the analysis of the output qubits. Set @™ "™ H := H®". Then:

1 0)—11
W) = (HEm oD o) = = Y (c)fEm gonpe aael2 71 g
27 o enelo} — V2

(*)
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) +(=D™1 1) _ 1 Y ieqo.1)(—=1)*7 |z1). Therefore:

Now, it holds that H |z1) = 7 5
1
() = HE [or,tn) = Hlo) @ 0 Hlzg) = = 3 (—)orbtomls 2y (3.9)
22 eion
Hence, gathering everything together yields:
1 1 0)—|1
[13) = o Z (_1)f(5517~--,1'n) o7 Z (—1)aztetamen o | @ |>\/§|>
2 Z1,...,2n€{0,1} 2 21,..,2n€{0,1}
1 0)—|1
= Z — Z (_1)f($17~'~7xn)+21$1+-~-+zn$n 121, 0y 20) ® | >\&| >
z1,...,2n€{0,1} Z1,...,2n€{0,1}
=0zq,..., zZn

Stage 4: This last stage is dedicated to the measurement of the first n qubits. The state |z1,...,2n)

is observed with probability |a,, .,|%. Let us consider the particular state |00...0), then:

1 Z (=1)f @)

2 _
|a00...0| — | on
x17...7In6{0,1}

2

1 if f is constant

= . (3.10)
0 if f is balanced

Hence if the output is |00...0), f is constant, otherwise f is balanced. Note that this operation has

been made with a single call to the quantum oracle.

Remark 3.3.1. In an actual quantum computer, there is noise, so the probability of a correct

answer is never p= 1. Furthermore, this problem is a toy problem since the full knowledge of f

is required to build the gate Uy.
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Chapter 4
Simon’s Algorithm

Let f:{0,1}" — X be a function such that f(z)= f(y) if and only if either z =y or z G a =y for
some a € {0,1}"\{0}. Note that X will be defined later and a is unknown.

The aim is to discover the value of a # 0 by asking as few questions as possible to the oracle f.
Classically, we will see that this requires O(2") calls, whereas Simon’s quantum algorithm finds the
vector a with probability p > 1 —¢€ in a runtime of poly(n) - |[log(e)| and with a similar number of calls

to the oracle.

Example 4.0.1 (n=3). Consider f(z®a)= f(z) for all x € {0,1}3. The image space X must

be of cardinality 4, where we consider the vector a to be a = (0,1,0).

A T
010 110
011
100 >
)
001 101
3
. . n J—
In fact, in general we require | X| = 27 =21

4.1 Classical Algorithm

The classical algorithm is constructed as follows: draw randomly pairs of points in {0,1}" (with
replacement): (:n(l),y(l)),...,(:L‘(q),y(q)). If one such pair (say j), f (m(j)) =f (y(j)>, compute a =
20 oyl (= 20) @4)) and declare success. On the contrary, if f (:c(j)> #f (y(j)> forall 1 <j<g,

then declare failure.
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Proposition 4.1.1. It holds that P(success) < 5717 .
Note that in order to ensure P(success) > 1 — € we require ¢ > (2" —1)(1 —¢€) draws.

Proof. We remark that:

P(success) :IP’(EI 1<j5<q: f(x(j)) = f(y(j))) < ZIP’(f (:U(j)> =f (y(j)» < 2nq_1. (4.1)

We have used the fact that for a given x there is a unique corresponding y, hence:

P(f («9) = £ (4)) = 2,}_ - (4.2)

O]

A slightly better classical algorithm can be related to the Birthday Problem. This simply corresponds
to the random sampling in a set on N elements. The result is that in general the order of trials until
we observe two identical elements is v N. As a result O (2%> draws only are needed, however this is

still exponential in N.

Towards a better construction, let us generalise this problem using notions of Group Theory. Con-
sider G = {0,1}" be a group associated to a vector space, and let H be an unknown subgroup of G
associated to a sub-vector space. In particular consider H = span {h(l) yeees h(k)} to be a k-dimensional

subspace of linearly independent vectors. Then, Simon’s Problem can be reformulated as follows: find

the hidden subgroup H C G with as few as possible calls to the oracle f:{0,1}" — X satisfying
f(z) = f(y) whenever z6y € H.

Concerning the cardinalities, |G| = 2", H is k-dimensional hence |H| = 2. So f possibly takes 2" %
values, which corresponds to the order | X|. Using Lagrange’s Theorem, a possible option for X is
therefore X = G\ H (i.e. a quotient group) with |X| = |G\H| = |G|\|H| = 2""*.

We have an equivalence relation x ~ y if and only if x©y € H. The group G can then be divided

into 2" % equivalence classes, namely there exists {V(l),..., V(2n_k)} representatives of each class such
that:
znfk
G=[|{vVeH}. (4.3)
j=1

Remark 4.1.2. Note that, in this section, we have used the notation ©. In the context of the
field {0,1}, the notation © is actually the same as . However, in a more general context and

considering a field F = {ay,...,ar}, the notation & is simply a subtraction modulo k. In other

words, x Oy is defined as x By ~! !

1

, where y~ = is the inverse element of y with respect to the set

operation (i.e. y-y~ = id, with the group operation -).
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Example 4.1.3 (n = 3 and k = 2). In the following example, H =
{(0,0,0),(1,0,0),(0,0,1),(1,0,1)} and |X|=2. The equivalence classes are Hand H & (0,1,0).

’

A,

3

4.2 Simon’s Quantum Algorithm

We now present the quantum alternative to Simon’s algorithm, where we will make use of the

Hadamard gate H, the quantum oracle Uy and finally making a measurement. We start with an

initial state: (Note that H®" ®1T,,_}, is the same as H®" @ [#("=F)))
n times (n—k) times
[tho) = ( ® \0>> ® ® 0) ] =10)®..2|0)®]0)®...®0). (4.4)
n times (n—k) times

0) — H ]
o)

0)

(n — k) times

0)

|%0) |%1) [2) [1)3) |4)
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Stage 1: Note that contrary to the Deutsch-Josza’s algorithm, the (n — k) ancilla qubits are left
untouched before the passage through the oracle Uy.

]w1>:(H®”®]In_k)|¢0>:H®”|0...O>®|O...O>:21,21 )3 |x1...xn>®|0...0>:2lg S ) ®lo..

&1t €{0,1} ze{0,1}n
Stage 2: To find |1)2), state |t1) has to go through the quantum oracle. The oracle Uy is defined as:
Ur(lz)@ly)) = |2) @y f(2)), (4.5)
where we note that f(z) is modulo 2. Hence:
UrUyplz) @ y) = Uy lz) @y @ f(2)) = |2) @y @ f(z) @ f(2)) = 2) @]y) . (4.6)

However remark that both y and f(x) are (n — k)-dimensional. So:

U =Usli) =5 3 lhelf@). (4.7

z€{0,1}"

Stage 3: Following what was done for the Deutsch-Josza’s algorithm we have:

1
H®" |z) = oF > =1)™y). (4.8)
ye{0,1}"
So, for |13) we obtain:
1
[s) = (H*" @) o) = 5 > (=)™ [y)@|f (=) (4.9)
x,ye{0,1}7

Let us rewrite this using the set of the representatives of the equivalence classes of G: {V(l), e e }:

on—k

lbg) = Z Z (- VU)@h y| ®’f(v(ﬂ h)>

ye{o, 1}n j=1 heH —_—
:f(V(J ):;fj

2"~ )
Z 2i Z V(])~y (Z(_l)h.y) )@ |f;) .

ye{o,1}n = j= heH
T
Now, the (k x n) matrix representation of H is given by H = (h(l) h(k)) whose kernel is defined
by:
Ker=H"={zc{0,1}": H-2 =0} = {z € {0,1}" : k-2 =0 for all i}, (4.10)

and is an (n — k)-dimensional subspace of {0,1}", remarking also that (H+)* = H. Here, h(") -z is the
usual dot product operation with @ in between each term (addition modulo 2).

Observe now that 3 ,cp(—1)¥" € {0,2%}. Indeed we may consider the following two cases:

e Ifyc H* then y-h =0 for all h € H, so:

Yo (—nrh =2k, (4.11)

heH
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o If y ¢ H' then there exists h(?) € H such that h(?) .y =1 and so:

S (== S () (O — ST = 3 (-1t =0, (4.12)

heH h'eH h'eH heH

Finally we obtain:

an—k _
OEDY (gf_kZ(—DV“"y) W)@ lf;)- (4.13)
yeHL j=1

Stage 4: This last stage is dedicated to the measurement of the first n qubits. Here, the first n qubits
are entangled with the last (n — k) qubits in state |¢)3). Hence the partial measurement of the first n
qubits is more difficult to describe than in the case of Deutsch-Josza’s algorithm.

In general, a measurement is described in quantum mechanics by a complete collection of orthogonal
projectors {P; : 1 < j < d}. In our context, the projectors admit the following properties:

e Applying the projection twice is the same as applying it once: PjQ =P;-P;j=P;

o We consider orthogonal projections, i.e. for all z,y: (Pjz,y— Pjy) =0

o The projections are unitary. Recall that for all operators p, (x,p'y) = (pz,y). Then:
(Pyz,y — Pyy) = (z, Ply— P Py) = (z, Py — P;Pyy) = (x,(P; — P;P})y) =0. (4.14)
As a result and by definition it holds that (Pjz,y — Pjy) = 0 = (x — Pjz, Pjy). Hence:
(x, Ply) = (Pjz,y) = (Pjz, Py) = (z, Py) = P; = P, V1<j<d. (4.15)
e The set of projectors is complete: Z‘;:l P; =1

Example 4.2.1. P; = |¢;) (¢;|, where {|¢;),1 <j <d}, is an orthonormal basis of the Hilbert
space H.

Anyways, back to our measurement! Now, if the system is in state |1)) before the measurement, the

outcome state is:

Pyl : .
[Y') = HP] :¢;|| with probability ||P;|1)]|* = (¢/| PJTPJ- V) = (Y| P |¢).
J
In our case, the measurement of the first n qubits is described by the following complete collection of
projectors:
{Py=y) (yl@L—g,y € {0,1}"}. (4.16)

For a given yo € {0,1}", let us compute the outcome probability (i3] Py, |13) of the state ”22’0% =
0

lyo) ® (some state we do not care about). We then obtain:
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(3] Py |h3) = ( > or Z 1)V yr®<m) (Jyo) <yo®ﬂnk>( > 5iE Z V“'”y’!y’>®!fjf>>

yGHJ- y’EHJ-
n—k
1A @)y V) !
= 2 g 2 DT lyo) (woly') (Fil fir)
Yy’ €HL 33'=1
I D)y VG,
\%E \C Y
- Z 92(n—Fk) Z( D) Y Sy Oy O5-
yy' €eH+ Ji.g'=1

So, the above quadruple sum simplifies to two different results depending on the status of yy:
o If yo & H* then it is equal to O .

o If yo € H' then we obtain:

on—k on—k on—k

Z 1)V vV Do _ 1 12V D0 _ 2" i 1
(n— k) T 92(n—k)

22(n B Z; 1= = g (417)
J:

Hence, in the case of yg € H*, the outcome probabilities are uniform over H-'.

In conclusion, Simon’s algorithm is then the following:

« Run (n—k) times the above circuit. This will output %), ...,y=*) uniformly and independently
distributed on H+.

o If y, .y H) are linearly independent, then these form a basis of H- which is of dimension
(n—k). From this basis, we compute the basis of the dual space H via a classical algorithm (Gauss
elimination - runtime O(n?)). In this case, we declare success.

o If y, .., y(" k) are not linearly independent the declare failure and restart the algorithm (note

that in practice, one can do better than that).
Proposition 4.2.2. It holds that P(success) > 1.

We can represent the situation with a directed graph:

1 2 4 gn—k-1 1

O 1 2 3 ......... n—k—1 n_k‘

Proof. We have to consider the following probabilities:

Py £0)=1- 27% (4.18)

P (ym) ¢ span (yu)) ‘y(n ” 0) _P (y@) ¢ {O’ya)} ‘y(l) ” 0) =1- 2%2—k =1- g (419)
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L 4 1
P (y(S) ¢ span (y(l),y@)) ‘y(l),y@) lin. mdep.) =1- ok = 1- on k2 (4.20)
This process continues until the step (n — k) which is given by:
2n7k71 1 1

P (y(”_k) ¢ span (y(l), ...,y(”_k_1)> ‘y(l) . y(”_k_l) lin. indep.) =1- BT 1— 3= 73

Now, P(success) =P (y(l), ...,y("*k) are lin. indep.) and this can be represented by:

P(success) = nl:[k (1 - ;Z_L) = n_ﬁ_l (1 — 271_1k_2> = nl:[f <1 - 1) = exp (Z log (1 - )) :

i=1 1=0
One can plot the function log(1 —x) and find a linear function g(z) such that log(1—x) > g(z)
on the interval 0 <z < % Given that the function log(1 — ) is concave, with a simple analysis it

is not difficult to show that the required function is g(z) = —(2log(2))x. Therefore:

n—k
1 1
P(success) > exp (—210g(2) Z 21) > exp(—2log(2)) =272 = 7 (4.21)
i=1

where we have used the fact that > 7'~ - 211 <1

O

Of course, a success probability of only i is not satisfactory; we would like a success probability

P> 1—e. Let us therefore repeat independently the whole algorithm 7" times:

T
1
P(failure after T' attempts) = P(failure)” < (2) <e if T> M (4.22)

In the end, we obtain a success probability P > 1—e after O((n—k)-|In(e)|) calls to the quantum
oracle Uy (and a polynomial runtime dominated by the O(n3) computation of the dual basis). This

is to be compared to the ©(2") calls to the oracle f of any classical algorithm.
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Chapter 5

Shor’s Algorithm

Recall that for Simon’s algorithm we were given a function f: {0,1}" — {0,1}"~! such that there
exists a € {0,1}" with f(x@a) = f(z) for all z. The aim was to identify the vector a (i.e. the period of
f). The output was a vector y € {0,1}" uniformly distributed in the set H+ = {z € {0,1}": z-a =0}
where z-a is the dot product Y ;" ; z;a;. Hence after sufficiently many runs of the algorithm we were
able to identify the vector a.

In this chapter, we consider a slight variation of the problem. Given a periodic function f:7Z — Z,
we wish to identify the period r > 1 of the function f (i.e. the smallest value of r > 1 such that
f(z+7r)= f(x) for all x € Z). However here Z is infinite, which makes the problem even more difficult!
In particular, we will be interested in a function f defined by taking a (large) positive integer N and
another number a € {2,..., N} such that gcd(a, N) =1, and then for all x € Z:

f(z) =a”(mod N). (5.1)

Finding the period of f amounts here to finding its order, i.e. the smallest value of r > 1 such that
a"(mod N) =1. Now, in order to deal with the fact that |Z| = co we consider the following three
assumptions:

o Let n = [logy(NN)] be the number of bits needed in the binary decomposition of numbers.

e Let M = 2™ with m > 1 be such that M ~ N? (so that M >>r also as r < N) and view the original
fas f:{0,...M—1} —{0,...,N —1}.

e Let us finally consider for now the strange assumption that M = kr for some k > 1.

5.1 The Quantum Fourier Transform (QFT)

In this first section we present a powerful tool that will be useful for the description of Shor’s algorithm

and in general for multiple other applications, the Quantum Fourier Transform (QFT).

Definition 5.1.1. The Quantum Fourier Transform (QFT) is the unitary transformation

on m qubits, defined as:
2m

QFT|z) = 1,7212—: (zmz)p), (5.2)

z

where |z) is an element of the computational basis (with 0 < x < 2™ —1). In this definition, xz

1s the classical multiplication of two numbers x and z.
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Remark that the QFT is a "true" complex-valued transformation (except in the case m =1). Its usage

may therefore lead to quantum algorithms outperforming classical ones.

Proposition 5.1.2. The action of the QFT on a basis vector |x), with x € {0,1}™, may also

be written as:
1

QFT |z) :éf\/i (yo +exp(2m> |1>) (5.3)

Proof. We start from the definition of the QFT:

2m—1
1

= z_: (27rmz) 12). (5.4)

z

QFT |z) =

Observe that z =37, 2j2™ 77, where z1...2, is the binary decomposition of z € {0,...,2™ —1}.

So we successively find that:

Jj=1 Jj=1

. m m
exp (27;:2) = exp (2m’x Z zj2_j) = H exp (2mizz;277)

27 = ;
= exp ( 7;;1:2) 2) = R exp (2mizz;277) [2;)
j=1

:QFT!x):é(\}i S exp (2mizz;2” |z]) ® 12 (yo +exp(272Tm>|1>>.

j:1 ZjE{O,l} ]:1

We now move on to the construction of the circuit for the QFT. Let = Y7, 2,.2™ % where z1...7,

is the binary decomposition of z € {0,...,2™ —1}. Then:

m

exp (2miz277) = exp <2m' Z szm_k_]) : (5.5)
k=1

Observe that ;2™ %7 is an integer for k <m—j. Thus in this case we have that exp (27ri;vk2m_k_j) =

1, and hence:

QFT |x) :é 12 (0 +exp <2m i xk2m_k_j) |1>)

= yo)+exp(2m;cm2 )|1> ® 5

rotation by imxy, rotation by imxm_1 controlled rotation by iw%

|0) +exp (271'2‘(137-,1_1271) exp (27m'a:m272) ) | ®...

Let us now draw the circuit of the QFT:
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|z1) — * i 1)
o2) — - 2
SWAP .
| ) — I P % ............ 2:21 |thm)
L |z1) |z2)
Generalisation of the 2-qubit SWAP gate
|z2) g |1)

The final task it to find the inverse circuit QFTT. We have that QFT (|z1) ®...® |2y,)) = [¢1) ® ... ®
|thm), or in short-hand notation QFT |x) = |¢). Now as QFT is unitary (we prove this fact below),
it is possible to invert the QFT map and to have that QFT"|+)) = |2). The map QFT" acting on a

basis element |z) is given by:

1 24! 2mixz
2l S _ . 5.6
Q |z) = e ;:0 exp( om > |x) (5.6)

Proposition 5.1.3. The QFT is a unitary operation.

Proof. Directly from the definitions of QFT and QFTT we have that:

t 1 2! 2m y t 2! 27r2xy ! 2miyz
QFTT-QFT|z)=—% Y ex QFT'|y) = — Z > exp(— |2)
22 y=0 z=0 2m
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5.2 Shor’s Quantum Algorithm (M = kr)

In this section, we delve into the details of Shor’s quantum algorithm and in particular with the

assumption that M = kr, where we first present the related quantum circuit.

0) — H }—
|aoFT| |7

0)
|0)

n qubits
0)

|0) |91) |1)2) [3) |1ha)

Let us first remark that the input state is just 1) = [0)®” ®]0)®". As usual, let us now study the
different layers of the algorithm.

Stage 1: State [¢1) is given (as usual) by:

@m n 1 1 2=t
o) = 00T = L Y e o)™ = Y e (657
? Z1,...,2m€{0,1} 2 2=0

We recall that z1...z,, is the binary representation of z, and { |z),0 <z <2™ —1} is the computational
basis of C2™.

Stage 2: To find |1)2), state [¢)1) has to go through the quantum oracle. Recall that:

Upll) @ ly)) = ) @1y f(2)). (58)
Then: -
[42) = Uy} = mDmv %izmw@mWw (59)
0=0 J=0 = f(z0)

Here, we have used the fact that |f(zo+jr)) =|f(x0)) by assumption, and also the following decom-

position of the sum:

I
I
|
0

32



Stage 3: We are at the stage of the analysis of the output qubits. Then:

1 & % .
th3) = (QFT ®1y) |1h2) = =37 . Z Z QFT |z +jr) ®|f (o)) - (5.10)
Here, the QFT acts in the following way:
) 1 22t 2mi(xo+ 7)Y

Thus, gathering everything together yields:

lgm_q
IEERS 5 p (ZHLEIN) ) 5 ooy

zo=0 j5=0 y=0

12 ;‘ o (i) (L gxp(f;jy) )@ 1f(z0)).

Now, we may note that:

1 if y is a multiple of 2™ /r

0 otherwise

So in this case, we should only retain the terms y = k:% for 0 <k <r—1. And hence, [¢3) becomes:

1 =it (2mxgk

[Y3) = . > exp

20=0k=0

PSS T (5.13)

Stage 4: This last stage is dedicated to the measurement of the first m qubits.

Proposition 5.2.1. After the measurement of the first m qubits, the state |13) is projected
uniformly at random onto one of the states ’k¥> with 0 <k <r-—1.

Proof. Measuring the first m qubits in the computational basis leads to the output state:

|1hg) = yo [3) where Py, = |yo) (yo| ®1,, and for 0 <yp < 2™ —1. (5.14)

[ Pyo l903)
This happens with probability P(yo) = (3| Py, |13). Note that (5.14]) looks more complex than
necessary since the output state of the first m qubits is simply |yp). Now let us compute the

probability, where we use the fact that f differs accross 0 <z <r—1:
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P(yo) = (¥3] Py, [¢3)
r—1 . m
- (1 > enp (- 2T0E) (22 ®<f(wo)|) (140) (30l & 1)

zo,k=0 r r
1= 2mixk!
x [ = ex
(1S ()

) k'=0

2o i)

1 = omi(zhk’ — zok)\ / k2™ k'2m
—5 > exp(FEEEE) (BE) ( E aw) fah)
x0,k,z{,k'=0
1 A 2mi(zok’ — zok)
=3 kzk 0exp < " > 5@’%5@%5%7%.
Zo,R,Zq, =

Therefore, among the above four sums over zg, k,z(,k’, only the one over xy remains. Hence:

=0 T (5.15)

P(yo) = Lyrlol=1if there exists 0 < k <r—1 with yo = *2-
otherwise

O]

Proposition 5.2.2. From this measurement, it is possible to extract the value of r with proba-

il R S—
b I = 41n (In(27m))

Proof. With 0 <k <r—1, the output of the circuit is a number yy = @ Hence 4% = %, where
yﬁo is known however k and r are not known a priori.

o If ged(k,r) =1, then simplifying the fraction 3% leads to % and looking at the denominator we
find 7.

o If ged(k,r) # 1, then this procedure fails.

Note that in practice, we do not know a priori whether ged(k,r) =1 or not (since we do not know
k and r), but we can still simplify the fraction 2% and test whether the resulting denominator is
indeed a period of f(z)=a”(mod N) or not (if ged(k,r) # 1 it won’t be). Now, as 0 <k <r—1

is uniform, the success probability of this procedure is:

P(ged(k,r) =1) = ¢ir), (5.16)
where ¢(r) = [{0 <k <r—1:gcd(k,r) =1}| is Euler’s function (e.g. ¢(10) =[{1,3,7,9}| =4). It

can finally be shown that ¢(r) > 5 and hence:

__r
4Inln(r

1

P > = '
(success) > 4Inln(r) = 4Inln(2m)

(5.17)

O]

With these two propositions, we can declare success as O(In(In(2™))) measurements will lead to the

result with probability 1 (compare with Simon’s algorithm).
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5.3 Shor’s Quantum Algorithm (M # kr)

Until now, we have considered the weird assumption M = kr. Let us get rid of this condition and
see where this goes. So remember that we are looking for the smallest value of r > 1 such that
f(r)y=a"(mod N) =1 with 2<a < N —1 such that gcd(a, N) =1 and M = 2™ with m > 1 is such that
M > N2. Here, f is viewed as f : {0,..., M —1} — {0,..., N —1}. Recall Shor’s circuit in the beginning

of the last section, where n = [logy(N)]|. Considering M # kr, some things remain the same:

o) = [0...0) ®0...0) . (5.18)
1 M-1
9= = > |2) ®0...0) . (5.19)
1 M-1
|the) = NoRS lz) @ [f(2)) . (5.20)
Define now, for 0 < zo < r— 1:
A(zo) =inf {j >1:zo+jr>M—1}. (5.21)

Remark that when M = kr we have that A(zo) = M for all 9. Now we can split the sum as before:

r—1 A(zo)— r—1 A(zo)—
= oo+ @ | F(eo+r) e TIPS otinele.  622)
zo=0 j=0 xo =0 5=0

Example 5.3.1. Let r =6 and M =16. Considering the situation below we have that A(xo=
1) = 3 while A(xg=5) =2.

Let us proceed now and compute |i3):

A(wo)—

=13 S e (Woy)( ; <2m;f>)|y>®\f(mo))- (5.23)

zo=0 y=0

(+%)

However note that (xx) is not 0 or 1 anymore! After the measurement of the first m qubits, the state
of the first m qubits is |yo) (with 0 < yo < M — 1) with probability:

P(yo0) = (¥3] (1yo) (yol @ 1) [3) . (5.24)

Let us now compute this probability:
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=

r—1 M-1 9 A(zo)—1 i A(z()—1 oriily/
Z Z exp < e fﬂoy — oy > r exp (_ 7”]1/) Ty exp( myy)
M M/r M - M/r

3'=0

12 2mixgy’ - A1 omijly’ / /
x(r / 0exp< 7 ><M ZO exp( M/r) [y ®|f(z0))

X Oy 0yo,y Ourg xt

zo=0 j=0 j'=0
ot ] At g N
_r?mzo M Z:% ¢ p( Mr )
(k)

In the case M = kr, (x*x) is equal to 1 for yo multiple of % and 0 otherwise:

P(yo)

0 M M (r-H)M

r T

However in the general case, the situation is as follows:

So the output yg of the circuit is not necessarily a multiple of M anymore. Nevertheless, one can show
the following: Let I =J,_ Ik with [}, = [k:— — = kM 7} (note |I;| =1 for all k). Then P(yo € 1) > %

@_
M

W for some k > 1. However remember that we have chosen M > N2 > r2 and thus

2r2
order to understand what to do with this, we need the notion of convergents.
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5.4 Convergents and an Algorithm to find r

In this section, we first start by defining the notion of convergents and continued fractions, which will
be best understood with an example. Suppose we want to approximate the real number x = %’, whose
true value is approximately = ~ 2.355. We may decompose x as follows:

o The first approximation gives:

73 11 approximate value
T 2 e . .
31 "3 2 (5.25)

e The second approximation gives:

73 1 1 approximate value 9 +1 —925. (526)

W) :

e The third approximation gives:

73 1 1 approximate value 1 1 =
— =24 =2+ > 2+ =24 -=2.3. 5.27
9

e The fourth and last approximation gives:

73 1 1 TroxXim 1 5
L I _ cpprodmatevalue, o S —94 > ~2357.  (5.28)
) () 4

We have stopped the approximation since this last step yields a relatively simple calculation. Now,
computing the convergents (which are the approximations at each step) of a real number x is therefore
a way to obtain successive approximations of x. Moreover, the convergence is fast since one digit is

essentially gained at each step. Finally note that if the initial z is irrational, then this procedure never

stops.

1 k
< 5,2, then I is a convergent of x.

Lemma 5.4.1 (Legendre’s Lemma). Let z € R. If ‘CE —%

o If yo € I then |37

We can now present a small algorithm to find the value of r:
y—o—é‘ < 555 for some k.
9 k Y
e By Legendre’s Lemma, 7 is a convergent of 7.

+ Compute all the convergents of 2 = £ along with their denominators (say d;): if one d; is such that
ai(mod N) =1 then r = d;.

Finally remark that the above algorithm will almost surely fail to find the value of r if it turns out
that yo ¢ I. In this instance simply relaunch the whole problem, since P(yp € I) > % then eventually

success will occur.

5.5 Circuit for Uy and the Shor’s Factoring Algorithm

We now end this chapter by finding an explicit circuit for the oracle Uy and finally presenting the

Shor’s factoring algorithm.
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Recall that x is represented on m bits, with m = logy(M) and M > N2. Also recall that z =
S, 2™k so that:

m

f(z) =a"(mod N) = (H ax’ﬂmk) (mod N) = ﬁ ( 2™ mod N)) (mod N). (5.29)
k=1

k=1
(%)

This last step comes from the fact that () may be represented on n bits. This suggests the following

circuit for Uy:

|@> ——————— r |1)

[z-1) — . o)
|mm> ...... |mm>
0) 0—y~ — —-
n qubits Ua Upg B——— U 2"t
0) '  Ja"(mod N))
0) X 1) S - =
j=m j=m-1 j=1

Let us make a comment about the gates {U,,U,2,U,1,...}, where U, corresponds to a multiplication
by a(mod N). The input (say |y)) is represented on n qubits. If N = 2™ which is generally the case,

then since a permutation gives a unitary operation we find:

dN)) for0<y<N-1
Ua\y>={‘ay<mo ) fr0sy< (5.30)

ly) for N<y<2"—1

Now, there is no need to know in advance the order 7 to be able to build the circuit Uy (i.e. no cheating
to construct the gate). Furthermore, the above circuit performs efficiently the modular exponential

with O(n?) = O(log(N)?) gates (equivalent to the runtime of the algorithm).
Proposition 5.5.1 (Factoring Problem). Given a (large) integer N, find a number 2 <a < N —

1 such that a|N. By repeatedly solving this problem, one finds the prime factor decomposition
of N.
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A hardest instance of this problem is when N = pg with p and ¢ large prime numbers (since we have

very few a’s). We may now present the Shor’s factoring algorithm.

Proposition 5.5.2 (Shor’s Factoring Algorithm). This is given in five steps:

(1) Choose 2 <a < N —1 uniformly at random and compute d = ged(a, N).

(2) If d > 1 then a = d solves the factoring problem. Assume therefore d =1 in the following.
(8) Compute the smallest value of r > 1 such that a"(mod N)=1.

(4) If r is odd, declare failure and restart the algorithm at (1).

(5) If v is even, then observe that:

a"—1=(a"?=1) (a2 +1). (5.31)

i=d_ =dy

Also by (3) we have a" —1=kN for some k € Z, thus N|la" —1 = N|d_d.

Then, three different options can happen:

e FEither N|d—_, but this is actually impossible as r is by assumption the smallest value such
that N|a" —1.

e Or N|dy and in this case declare failure and restart the algorithm at (1).

e Or, by computing ged(N,d_) and gcd(N,d4), we have that N shares non-trivial prime factors

with both d_ and d4. Declare success in this case.

Remark that (1) requires O(log(N)?) runtime with Euclid’s algorithm. In (2), the fact that d > 1
happens with low probability. Step (3) is done by using the algorithm described at the end of the
previous section, which is at the heart of Shor’s algorithm (O (log(N)?) runtime).

Note also that Robin & Miller showed in 1974 that the success probability of this algorithm is greater
than or equal to %. Hence by repeating this algorithm 7' times, one can obtain an arbitrarily small

error probability.

Example 5.5.3. Let N =91 and a =3. Then by the above algorithm we have that r = 6. Now
since v is even and by observing that a®—1 = (a® —1)(a®+1) = 26 x 28, we obtain the prime
factorization with ged(91,26) = 13 and ged(91,28) = 7. We declare success since 91 =13 x 7.

Classically, for a and N with order m digits, finding the smallest value of r > 1 such that a” (mod N)=1

i 2
requires a runtime of order exp ((Gi“gn)d log(m)S) with the best known algorithm (i.e. runtime

superpolynomial in m). In comparison, the quantum order finding algorithm described in the previous
section finds the minimum value of r > 1 such that a”(mod N) =1 with a runtime of order O(m?) =

O(log(N )3), opening the door to a polynomial time resolution of the factoring problem (in theory!).

39



Chapter 6
Grover’s Algorithm

Let f:{0,1}" — {0,1} be a Boolean function and A = {x € {0,1}": f(xz) =1}. We are considering

the search problem, namely to identify one element x of A with as few calls as possible to the oracle

f. Consider first the case where A = {z*} is a singleton. Classically, identifying x* may require up to
N = 2" calls to the oracle f, in the worst case scenario. As we will see, Grover’s quantum algorithm
only requires v N = 25 calls to the oracle f to identify z*.

Note that Grover’s algorithm is usually presented solving the following problem: given a directory
of N names in alphabetical order and corresponding phone numbers, it allows to recover the name
corresponding to a given phone number in only /N steps (instead of N steps classically). However, in
order to work, Grover’s algorithm requires us to build the gate Uy, which is not doable in the directory
search problem, as we know nothing about the function f. Nevertheless, we will still look at some
interesting applications of this algorithm later on.

Note also that we will consider, in general, functions f with |A| =M € {1,..., N}. Perhaps surprisingly,
considering this generalization (without focusing solely on the case M = 1) will help us visualize better

how the algorithm works!

6.1 Grover’s Quantum Circuit: |¢1) and [|¢2)

We consider the following circuit, where R is a reflection gate.

0)
o) — T
1)

|ho) |1h1) |92) [¥3)

Let us first remark that the input state is just |[¢) = |0)®" ®|1). As usual, let us now study the

different layers of the circuit.
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Stage 1: State [¢1) is given (as usual) by:

1) = (H0))*" @ H 1) = S mel-), (6.1)

z€{0,1}"

B

where |—) := %(\O) —11)).
Stage 2: To find [¢9), state [11) has to go through the quantum oracle. Then:

|¢2>=Uf|¢1>=jﬁ S ()@ mye|-). (6.2)

ze€{0,1}

So far, nothing is new. Now, remember that in our case, M = |A| = {z: f(x) =1} and thus N — M =
|A¢| = {z: f(X)=0}. Therefore:

[W2) = —= Y. )P mel-) = (Z ) = Z|l‘>®\—
z€{0,1

1} zeAe zeA

Let us now write |P > eac|x) and |S > z). Both |P) and |S) are quantum
\/7 €A f €A

ﬁ“

®|-).

states (normalized to 1) and |1)2) may be written as:

|w2>=( N]‘VM|P>—\/¥ |s>) 81, (63)

2 2
From now on, we forget about the extra |—) state. Note also that ( N_NM) + < ]\]\/{) =1,

hence there exists 0y € [0, %] such that cos(fy) = /25 and sin(fy) = \/¥ . Thus, we may write |¢9)
as |12) = cos(bp) | P) —sin(6p) |.S).
6.2 Geometric Interpretation and the Reflection Gate R

Since |P) and |S) share no common basis element, they are orthogonal. We then obtain the following

picture:

|5)
A

1) = cos(00)| P} + sin(60)|.5)

Ao

> |P)

|9p2) = cos(00)| P} — sin(6o)[.5)
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The action of the gate Uy on state [11) can therefore be interpreted as a reflection with respect
to the axis |P). However note that we do not know the axes |P) and |S) which is exactly what we
are after. More precisely, the aim now is to push as much as possible the state of the system towards
|S), which contains only elements = € A.

A first step in this direction is done by applying the gate R which corresponds to another reflection
with respect to the state |11).

|¢b3)

[1b2)

Building such a gate R does not require using the function f again as we simply have that |¢) =

ﬁzme{0’1}7L. The following figure shows the geometric procedure to build R:

R|¢)

....... 2(th1[g) - |91)

1

length (11]¢)

Thus we see that R|¢) =2 (¢1|¢) [¢1) — |¢). Explicitly, R|¢) may be expanded as follows,

R|¢) =2 (1|9) [v01) — @) = 2|vb1) (h1]8) — |d) = (2|¢1) (1] =) [)
= (2H®" [4po) (o| HZ" = 1) |$)
= H®"(2[¢0) (o] — 1) HE" ),

with |1g) = [0)®" and where we forget again the state |—). Now, to proceed there on, with the
successive application of Uy and R the states evolve from [t1) = cos(6p) |P) +sin(6p) |S) (with angle
+6p) to |1e) =cos(fy) | P) —sin(fp)|S) (with angle —6p) and finally to |i3) = cos(36p) | P) +sin(36y) |S)
(with angle 36p). Therefore, the successive application of Uy and R corresponds to a rotation of
angle 426y (from |¢1) to |13)) which brings the state closer to the state |\S) (corresponding to our
aim). By iterating this operation an appropriate number of times, we can get arbitrarily close to |.S)!

For instance, after k iterations of the G = RUy gate, the state becomes:
]¢<k>> = cos ((2k +1)0o) |P) +sin ((2k +1)60) |S) - (6.4)
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[ ®)

> |P)

6.3 Choosing the Number £ of Iterations

In this section we investigate how to choose k in equation (6.4)) so as to end up as close as possible to

the state |S). We will investigate the two possibilities where M is known or unknown.

6.3.1 M is Known

Let us first assume that M is known. We again divide this case into three subcases.

o M =1 (ie. A={z"}) and N relatively large.
In this first case, sin(fy) = —= and thus 6 ~ ﬁ We target sin ((2k+1)6) =1 to require (2k+1)6y =

VN
5. Therefore, we should choose k = H\/ﬁ — %J Now, let & be the output state where we consider
the previous choice of k. We obtain:
2 1
P(z =2*) = ‘<s‘¢<k>>’ =sin ((2k+1)6p)° =1-0 <N> . (6.5)

Thus, Grover’s algorithm finds x = z* with high probability in k = O(\/N ) calls to the oracle Uy. This

is much less than the classical case of O(N) calls.

: _ N
e Special case of M = 7.

In this case, sin(fy) = /4 = 5 so that 6y = Z. Therefore, sin ((2k+1)6p) = % for k= 1! Thus a single
iteration suffices to reach exactly the state |S), i.e. P(x € A) = 1.

e General M.
First, if M > %N then P(success) > % with a classical algorithm and a single call to the oracle f.

Assume therefore that M < %N , where this means that sin(fp) < @ and hence 6y < 5. Then choose
k=]

=

Proposition 6.3.1. In this case, P(success) >

Note that we can make this probability arbitrarily close to 1 by repeating the experiment multiple

times.
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Proof. By design, k= g — 146 with [6] < 3. Hence, (2k+1)0p = 5 +256, with 2|5|6y < 20|15 < 3.

In other words,

P(success) = sin ((2k + 1)00)2 > sin (7T - ) i =sin (ﬂ-) i =—. (6.6)

6.3.2 M is Unknown

Suppose now that M is unknown, then it seems that choosing & in this case is impossible. Let us
apply the following algorithm:

o Choose z € {0,1}" uniformly at random, where if it turns out that € A then we are done.

e Choose k € {0,...,v/N — 1} uniformly at random and apply k iterations of G = RU ¢. Finally, output

the state measured.

=

Proposition 6.3.2. In this case again, P(success) >

Proof. If M > %N then the first step is successful with probability P > % > %. Assume therefore
that M < %N. Then in this case we find:

P(success) = Z P(success| K = k)P(K =k) = Wi P(success|K = k). (6.7)
k=0 k=0

Remark now that P(success|K = k) = sin ((2k + 1)00)2. Thus, it can be shown (by induction) that

the following summation result holds (or by using trigonometric identities):

VN-1 i
B _ p 1 sin (400\/N)
]P)(SUCCQSS) = ﬁ kzz:o Sin ((2k =+ 1)90) = 5 — m (68)

But, \sin(400\/ﬁ)| < 1 and sin(26) = 2sin(fy) cos(6p) = 24/ 35 /A5 > 2 /& 1 >

Therefore,

=
3

N | =
>~ =
Iy

P(success) >

6.3.3 Conclusion and Applications

Even if M is not known, using Grover’s circuit a random number of times (< v/N) outputs a state
x € A with probability P > i. By repeating the experiment, this success probability can be amplified
arbitrarily close to 1.

We can now mention two applications of this algorithm, where we have seen that we should be able
to build the circuit Uy.

(1) SAT formulas: Let us consider a Boolean function f with n =4 of the form:

f(x1,$2,1'3,.%'4) = (1‘1 \/fg)/\(fl\/xg \/374), (6.10)
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where as usual V denotes an OR and A denotes an AND. Such Boolean functions are called SAT
formulas (SAT as in "satisfiability"). When n is large and the number m of clauses (= expressions in
parentheses) of the formula is also large, it is unclear how to find value(s) of = such that f(z) = 1.

Nevertheless, it is straightforward to implement the circuit Uy associated to f.
(2) Factoring: There is a (non-trivial) way to apply Grover’s algorithm in order to reduce the search

space for factoring large values of IV into product of primes. The improvement is not exponential, but

still quadratic, which is noticeable.
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Chapter 7

Classical Error Correction

This chapter presents the fundamental ideas in classical error correction. We will first introduce the
general problems that can arise in classical codes and some methods to solve these errors. We will then
restrict ourselves to classical binary codes of length n by arguing that error correction is equivalent
to solving a Sphere Packing Problem in n-dimensions. We will finally present some concrete ways to
characterize a more restrictive class of codes, which are linear codes, and see how to construct them
using the generator matrix point of view, the parity-check point of view and finally the construction of
Hamming codes. We end this chapter by mentioning the syndrome decoding procedure for decoding

linear codes.

7.1 Classical Error Correction

Consider a circuit with AND, OR, NOT gates where each component has probability p of failing (as-
sume independence and that this probability is the same for all components). The first idea is to use
a repetition procedure. For instance, consider the circuit below where we want to test an AND gate
by repeating multiple times its outputs, after which we take the majority of outputs (i.e. majority of

1s or 0s) to then produce the most likely output.

AND

AND MAJORITY

AND

AND’

In this circuit we test with three AND gates to produce a larger gate, called AND’, and take the
majority of outputs with the MAJORITY gate. Now, this new gate fails when two or three outputs
from the AND gates yield the wrong true value. Thus, the probability of failure of this gate is p’ := cp?

for some constant ¢. We want p’ < p, thus p must satisfy p < % More precisely,

P(Failure of AND’) = P(All three AND gates fail or two of them fail) = p* + 3p(1 — p) := Panp-
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Theorem 7.1.1 (Threshold Theorem for an AND gate). If it is possible to build an AND gate
with p < %, then it is possible to build an AND’ with p' < p. We may also repeat this procedure
an arbitrary number of times, to create the gates AN. ”,...,AND(k) with respective probabilities

P, ..., p®) Loy}

We understand that the idea of this procedure is to repeat the process of gate testing in order to obtain
2 _ C( Cp2)2 —

%(cp)4 and in general p(¥) = %(cp)Qk. For our example, pl\xp :=p°> +3p*(1—p) =3p* —2p® <pif p< %

smaller probabilities of failure. Note that, in the context of the above theorem, p” = ¢(p’)

(Threshold Theorem). Of course, one caveat in this story, we still need to find a way to construct/build
the MAJORITY gate.

Now, instead of circuits, let us think about transmission of information. Suppose that an input
z € {0,1} goes through a noisy channel C, where the output that you observe is a y € {0,1} with
Plz=y)=1—-pfor0<p< % small. To study this noisy system, we can think in terms of repetition
codes to introduce redundancy into the message. As an example, consider a repetition code of length
3 where we transform bit 0 — 000 and 1+~ 111. These new inputs now go through the same channel
C and we observe an output y1y2ys (independent for each bit). The question is, how to retrieve x

from y1y2y3? Here, we can apply the majority rule.

Example 7.1.2. As an example of the majority rule, we can consider two cases.
(a) y1y2ys = 110 thus the output is 1.
(b) y1y2ys = 010 thus the output is 0.

For the probability that we make a mistake, it will take into account the case of having three bit flips

and the case of having two bit flips. Thus it is given by,
1
P(output = 1|z = 0 is sent) = P(output = 0|z = 1 is sent) = p*> +3p*(1 —p) <p, ifp< 7 (7.1)

We may now introduce some parameters for more general models. Set n = length of codewords
(in the example above n = 3), » = rate (in the example above r = % where 3 bits were sent for 1 bit
of information) and d = distance corresponding to the number of different bits in the codewords (in
the example above d = 3). We want both a large r to obtain lots of information/sec and a large d for
a good error correction. For this last parameter the image to have in mind is,

4

010 110

011

100

v

001 101

x3

where the distance corresponds to the minimum number of edges to go from one codeword to an other

(in the example, from 000 to 111 we need d = 3 edges).
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7.2 Classical Binary Codes of Length n

Binary codes of length n are codes C corresponding to a subset of 'y = {0,1}". In order to transmit
k information bits we require |C| = 2¥ where k < n. In this framework, codewords should be separated
by distance d > 2pn where pn is the average number of errors on one codeword. For the decoding
procedure, we look for the nearest neighbor of the received sequence of bits. To gain some intuition
on why we are looking for the nearest neighbor, let us forget binary for a second and concentrate on
a space L of letters. The following figure shows that the procedure of error correction, seen here in
the context of a typo in a sequence of letters, assigns the error "Helo World!" to the actual codeword
"Hello World!".

L

Hello Pluto!

Hello Saturn!

Helo World!
o

Hello World!

Hello Universe!

Hello Galaxy!

Going back now to binary, a code can be seen as a collection of codewords C = {¢y,...,cor }. Of course,
to view the space F5 one would need to find a way to represent an n-dimensional cube, however we can
simplify the visualization by viewing this space in 2-dimensions. In the following figure, {c¢;}; are the
codewords with their error balls around them and « is the received sequence of bits. Since it landed

in the error ball of ¢;, error correction has associated a with the codeword c¢;.

O O,
90
©

Iy

O
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In this configuration, we set the distance d to be the smallest distance between any two codewords ¢;
and c;,
d = min {distance(c;,¢;) : ¢;,¢j € C,c; # ¢} (7.2)

Now, C can correct up to {d;—lJ errors. The name of the game is to place the 2¥ codewords in
Fy so that the minimum distance d is the largest possible. The largest d becomes the more we can
maximize the error ball around the codewords {¢;}; with no overlap between two error balls, so that
we cover a larger portion of the space. From this point on, the game of arranging those error balls
in F% is a Sphere Packing Problem! Indeed, in the following figure, the packing on the right is more

dense than the one one the left. Thus, it will cover a larger portion of errors in the space F5.

Remark 7.2.1. Remark that this Sphere Packing formalism is a rather crude simplification of
real life situations (it works well for small dimensions). In principle, especially in higher dimen-
sions, one could think of more general partitionings of the space without explicitly considering

n-dimensional spheres.

We can then see that there are three important parameters for the code, which are (n,k,d) [we have
also seen the rate of transmission r = % <1]. It is crucial to note that we cannot choose (n,k,d) as

we like as they are in a tradeoff situation.
Proposition 7.2.2 (Singleton bound). The tradeoff of (n,k,d) is given by k+d <n+1.

Since there are a lot of codewords in C we will need some structure for the rest of the theory. From

now on, we will focus on linear codes which are codes that satisfy,
Ci,CjEC:>Ci@Cj€C, (7.3)

which corresponds to a subspace of C. Note that the XOR @ of two codes will be the bit-wise XOR
of the codes (e.g. 0014101 = 100).

7.3 Generator Matrix, Parity Check and Hamming Codes

As mentioned at the end of the previous section, we now focus on linear codes which are codes
satisfying,
C,‘,CjEC:>C7;@Cj€C. (7.4)

In this section we will briefly present some characterization of linear codes (some ways of constructing
them) with the generator matrix and a parity check before presenting the general ideas of Hamming

codes.
e From the point of view of the generator, we define G to be a k x n generator matrix and consider
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a code C to be the set C={ce€F}:c=u-G,ue F’g} Thus, a code C corresponds to the row space of

G (i.e. the rows of G and linear combinations of them correspond to the codewords).

Example 7.3.1. For the repetition (linear) code C = {000,111} we have that n =3 and k = 1.
Consider then the matriz G = (1 1 1) and take u = (O) ey oru= (1) € Fs.

o From the point of view of a parity check, we define H to be the (n— k) x n parity check matrix
and consider a code C to be the set C = {c € F} : H-c! = 0}.

Example 7.3.2. For the repetition (linear) code C = {000,111} we have that n=3, k=1 and

n—k =2. Consider then the matriz
1 1 0
H= , (7.5)
01 1

and note that for both ¢ = (O 0 0) and c = (1 1 1) we have that H-¢' = 0.

e We finally present the notion of Hamming codes, where we first define the Hamming distance in
F% to be,
du(e,d)={1<i<n:¢ #d}|, Ve eF;. (7.6)

Thus, in other words, the Hamming distance between x and y is just the number of places where x
and y differ (e.g. dy((1,1,0,0),(0,1,0,1)) =2). Also, we define the distance of a code d to be the

minimum distance d between any two codewords,

d=mind(C) = min _dgy(cj,cy). (7.7)
cj,cp€C
i#k
For linear codes, it turns out that the minimum distance corresponds to the minimum weight (i.e.
number of 1s) of a non-zero codeword, as dg(c;,cj) = d(0,¢c; c;) for i,j where ¢;®c¢; € C and ¢; # ¢;

if and only if ¢; © ¢; # 0. Mathematically, this is formally given by,

d= min (e, c;) = mipled, (7.8)
’L;ﬁ] Ci¢0

where |z| is the Hamming weight of x € F4 and corresponds to |z| = {#1s in vector z} = d(0,x).
The idea of a Hamming code is to set a Hamming matrix where column j corresponds to the binary

expansion of j.

Example 7.3.3. Let k=4, n—k =3 and thus n=2""%—1=7. The Hamming matriz in this

case s given by,

0001111
H=[0 1100 11 (7.9)
1010101
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Proposition 7.3.4. For Hamming codes, the minimum distance of a code is d = 3.

Proof. Recall that for linear codes, the minimum distance corresponds to the minimum weight
(i.e. number of 1s) of a non-zero codeword, as dy(c;,c;) = d(0,¢; @ ¢;) for i,j where ¢; ®c; € C
and ¢; # ¢; if and only if ¢; & ¢; # 0.
Now, Hc! =0 implies that at least weight(c) > 1 as H does not have a column of 0s. But is is also
the case that weight(c) > 2 as H does not have identical columns. Finally, if weight(c) =3 then
it is indeed possible that Hc! =0 [e.g. take ¢ = (1 110 00 0)} Thus, mind(C) = 3.

O]

Now, to perform error correction with this code we can use syndrome decoding. The idea is to
assume that the received message is in the form y = ¢+ e where ¢ € C is a codeword and e is an error
vector with a single 1 in it (to denote the bit flip). Note here that ¢+ e may be understood as c®e

since we are working in ). Then, recall that H ¢’ =0 and thus,

Hy" =H(c"+e")=Hc' +He" = HeT (7.10)
=0

where He® is the binary decomposition of the position of the errors. In other words, knowing the

error e will tell us the binary decomposition of the position of the error. He® is called the syndrome.

T
Example 7.3.5. Ife= (O 010 00 0) then Hel = (0 1 1) is corresponding to the
binary decomposition of the number 3. Thus in this case, we know that the error occurred in

position 3.

In conclusion, we have seen that for a k x n generator matrix G and an (n— k) X n parity-check matrix
H such that GHT =0 we have that,

C={recFy:z=u-GuecFs}={zcFy: Ha" =0}. (7.11)

We have also seen that we could use Hamming codes for encoding and make use of syndrome decoding

for the decoding procedure.
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Chapter 8
Quantum Error Correction

This chapter explains how to do quantum information processing reliably in the presence of noise.
We begin by developing the basic theory of quantum error-correcting codes with the bit-flip and the
phase-flip error models. We will then introduce the Shor code to deal with both bit-flips and phase-
flips. Finally, we will briefly study the Steane code which is more efficient than Shor’s code.

One could think that an equivalent argument of performing repetition on classical code is to con-
sider the entangled system |¢) ® |¢) ® |¢) where |¢) = «|0) 4+ F|1). However this cannot happen by the
No-cloning Theorem (cf. Remark [2.4.4))! Instead, our repetition code will consist of taking |0) — |000)
and |1) — |111). This isn’t cloning since only the computational basis may be copied. Thus, for a

general state |¢), we will consider its repetition equivalent to be our "codewords" given by,
|¢) = a[0) + B[1) = [¥)) = |000) + B[111). (8.1)

In the first part of this chapter we consider two error models, one involving bit-flips (via an X gate)
and the other involving phase flips (via a Z gate). Recall from Definition (2.5.3) that a Z gate is

defined as,
1 0 1 0
Z = = . (8.2)
0 em 0 -1

8.1 The Bit-Flip Error Model

This error model is very similar in its construction as its classical counterpart. We first start with

error detection.

Example 8.1.1 (Bit-flip in position 1). Consider a bit flip in position 1, then for an input
state 1) = «|000) + B |111) the error will yield,

[¥) = [¢) = X1 |¢) = (X ®IQT) |¢) = a[100) + §|011). (8.3)
Now, the quantum equivalent of syndromes are given by measurements using the observables Z; 75 :=

ZQ®ZQI and ZyZ3 :=1® Z ® Z with possible eigenvalues A\ = £1. As an aside, remember the

parity-check matrix of the classical repetition code,
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110
HZ(O 1 1>’ 84

where now the first row (1 1 O) corresponds to the observable Z; Zs and the second row (0 1 1)

corresponds to the observable Z5Z3.

e Assume no error has happened such that [¢') = «|000) 4+ §|111). Then, the actions of the ob-
servables Z1Z and ZyZ3 on |¢)') are,

Z1Z5|¢") = a|000) + (—1)(—1)3|111) = «|000) + 3]111) = (+1) [¢"). (8.5)

ZsZ3|¢") = a|000) + (—1)(—1)3|111) = |000) + B|111) = (+1) [¢"). (8.6)

o Assume now that one bit was flipped (without loss of generality assume the first one) such that
|¢") = a|100) 4+ 3]011). Then, the actions of the observables Z;Z5 and Z2Z3 on [¢') are,

7225 |¢/) = —a[100) — B011) = (~1) ). (8.7)

Z2Z3|¢') = a[100) + B[011) = (+1)[¢') . (8.8)

In summary, with the measurements of the stabilizers 775 and Z5Z3 we obtain:
(Z1Z4,2273) = (+1,41) <— no bit flip

(Z1Z3,Z573) = (—1,+1) <— bit flip in position 1
(Z1Z9,Z273) = (—1,—1) <— bit flip in position 2
(Z1Z9,Z973) = (+1,—1) +— bit flip in position 3

The brackets (Z1Z2,Z273) are considered as our new syndromes. Finally observe that [¢) is an
eigenvector of Z1,Z and Z3, as a result we have no state perturbation!

We now move on with error correction. In this case it is relatively straightforward.
(2122,2223) = (+1,+1) — do nothing

(Z1Z9,Z273) = (—1,41) — apply X,
(Z1Z9,Z973) = (—1,—1) — apply X,
(Z1Z9,7Z573) = (+1,—1) — apply X3
After applying X1, X2 or X3 we will get back the state |¢)) = a|000) + 3|111). Note that X1, X2, X3

need to be applied after the Zs to [¢)'), which is not an eigenvector of X1, X5, X3.

In summary, for a bit-flip, |¢) = «|000) + 8]111) — |¢)') = X1 |¢)) = «|100) + 3|011). For error de-
tection we find Z1Z5[¢") = (=1)|¢') and ZaZs|y)') = (+1)]¢'). Finally, for error correction set

X1 [¢) = X1 X1 |[9) = XE o) = [¥).
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8.2 The Phase-Flip Error Model

Recall that the action of Z on the computational basis states is Z|0) = |0) and Z|1) = —|1). For a
phase-flip, set a new code in the form |0) — |+++) and |1) — |- ——) such that |¢)) = a|+++)+
B|]———). Now, the action of Z on |+) and |—) is Z|+) =|—) and Z|—) = |+) (we are in the same

scenario as before).

Now, suppose that we have a phase-flip in the first qubit. Then,
Z1|Y) = al=++)+B|+——). (8.9)

For error detection, we will use the observables X; X5 and X2X3. For error correction, if we have

(—1,+1) we apply Z; to recover the original state.

8.3 Shor’s Code

In the two previous sections we have seen how to deal with bit-flip errors and phase-flip errors on their
own. But how do we handle the situation if we have bit-flip and phase-flip errors together? For this,
we will use Shor’s code which corresponds to a concatenation of the two previous codes. The idea can

be seen in two steps.

e The following transformations are useful to deal with phase-flips:

0)+1) [0 +[1) [0 +]1)

0) = [++4) = 7 7 7 (8.10)
0)—11) _ 10)—[1) _[0)—]1)
B =]——=)= A R x4 (8.11)
e The following transformations are useful to deal with bit-flips:
000) +|111 000) +|111 000) + 111
V2 V2 V2
000) —|111 000) — 111 000) — 111

V2 V2 V2

Here, we note that k=1 and n =9 and codewords are of the form [¢) = a[0)g,.. + 511)gpor-

Proposition 8.3.1. Shor’s code protects against a bit-flip and/or a phase-flip.

Proof. Consider an initial state 1)) = a[0)gy,, + B |1)gpo, @0d suppose that the output state [¢’)
suffered from a bit-flip and/or a phase-flip. For the bit-flip, we may consider the stabilizers
Z14o, Lo i3, Ly Zis, s 2, L7 Zis and ZgZg. These measurements will not perturb the state and
they will indeed provide some information on the bit-flip. Next we can consider the stabilizers
X1 XoX3X4X5Xg and Xy X5XgX7XgXg such that they will provide information on the phase-flip.
Again, these stabilizers will not perturb the state.

O

Remark that these operators commute and [¢)') is an eigenvector of all of them.
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For error correction, the game is just to apply the correct Z gate or X gate. To see how this goes, let

us consider some examples.

Example 8.3.2 (Bit-flip error on bit 3). In this case, only ZyZs3 has eigenvalue —1. Thus one

applies X3 to correct the error.

Example 8.3.3 (Phase-flip error on bit 5). In this case, both X;XoX3X4X5X¢ and
Xy X5 X6 X7XsXg have eigenvalue —1. Thus one doesn’t know where the phase-flip occurred

among bits 4,5 or 6, however one can still correct the error by applying Z4Z5Z¢.

Example 8.3.4 (Bit-flip and phase-flip error on bit 4). In this case, Z4Z5, X1 X2 X3X41X5X¢
and X4 X5X6X7XsX9 have eigenvalue —1. This bit-phase flip can be corrected by applying both
X4 and Zy [note that depending on the order of application, this might generate a global (—1)

phase since X4Z4 = —Z4X4. However, the error will be corrected anyway.]

8.4 Steane’s Code

Recall the Hamming code Hamming(7,4,3) with its parity-check matrix,

0001111
H=|0 1100 1 1], (8.14)
0 1 1 0 1
along with the generator matrix,
0001111
0110011
G= (8.15)
101 0101
1111111

We recall the sets Cy = {c=u-G,u € F3} = {c€F5: Hc! =0} and C# = {c=u- H,u € F3}. Steane’s
code is more efficient than Shor’s code. The insight is to take the classical Hamming code (which
corrects single-bit flips) and turn it into a quantum code via the CSS (Calderbank—Shor—Steane)
construction. The Hamming code (length 7, dimension 4) has a (3 x 7) parity-check matrix H. Its
row-space (dimension 3) is a classical code of distance 4. In CSS language, one chooses two nested
classical codes Cy C Oy here with O = Hamming(7,4,3) and Co = C{-. This nesting gives rise to
a Steane(7,1,3) quantum code. The transformations [0)¢ and |1)g are thus superpositions of the 8
classical length-7 codewords in Cy. We may set the following transformations for |0) ¢ and |1) ¢, where

we are looking for the row-space of H:

0) = 0)g = —= 3 [¢)
V8

L
ceCyy

1
= —=(10000000) + [1010101) + [0110011) + 0001 111) + [0111100) + |1011010) + [1101001) + 1100110}
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1) [1)g=X|0)g=—= > |c®1111111)

cECl

\[

1
= %(11111111> +(0101010) + |1001100) + [1110000) 4 |1000011) 4 [0100101) 4 |0010110) + 0011001} )

The corresponding stabilizers (operators that leave the code invariant) are given by g1 = X4X5 X6 X7,
92 = XoX3X6X7, 95 = Xs X3 X5 X7 and gy = 24757677, g5 = Z2Z3ZZ7, g6 = Z1Z3752Z7 (these cor-
respond to the 1’s in the matrix H). Note that these stabilizers form a group S, which is a group

generated by these stabilizers.

Proposition 8.4.1. The stabilizers commute, i.e. g;g; = gjg; for all i,j.

Proof. We will show this for a specific example, where the rest may be shown in a similar way.
Recall that XzZZ = _ZiXi,

9296 = XoX3X6 X7 2123725727 = Z1 X2 X3 2325 X6 X027 = 21 XoZ3 X375 X627 X7 = g6g2.  (8.16)

In the second equality we have just rearranged the gates in order of their action. For the general
case, remark that there is always an even number of common X’s and Z’s between two stabilizers.
O

Proposition 8.4.2. Codewords are invariant to stabilizers, i.e. g;|0)g=10)g and g;|1)g=|1)g.

Proof. We again prove this for a specific example, where the rest may be shown in a very similar

way.

9110)g 91[ > o) \/g > |e®0001111) = Z )

ceCh ceCh eci

where we have used the fact that [c®0001111) is an element of the group Cz. For |1)4 one finds,

1
91|l g = XuX5X6X7— > [e®1111111) = — > |c® 11111116 0001111)
Jé? ) VB S
ceCyy ceCyy
1
=% > e®00011111111111)
SCECL
\f > le@1111111) = [1) 4,
CGCL

where we have used the fact that ¢® 0001111 is an element of the group CIL{. Thus we have
invariance for gi, and the rest follows. We also have an identical reasoning for Z-stabilizers.
O

Remark 8.4.3. Note that the invariance property demonstrates that 1)) is a codeword of the
Steane code if and only if for all g € S, g(a|0)g+F|1)g) =gl) = |¥).
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Proposition 8.4.4. The Steane code can correct any single error, i.e. either {Xi,Yi,Zi}Z:l.

a bit-flip in position 7, [¢') = X7|¢). Then,

g [V =qaX7[¥) = Xrg1 |v) = X7 |[¢) = |[¢'),

where we have used the invariance of codewords to stabilizers [Proposition (8.4.2))].

Proof. We again prove this for a specific example, where the rest may be shown in a very similar

way. Recall that the X and Z gates commute between each other. For gy = X, X5 X¢ X7, consider

(8.17)

Example 8.4.5 (Syndrome for a bit-flip in position 7). Let |¢') = X7(a|0)g+ B|1)g). Then:
g l¥") = DY), g2|¢') = (FD [, g3[¥) = (FD)[¢), gald’) = (=D [¥"), gs[¢) = (=1) |¢)
and g¢ |V') = (—=1)|¢"). Thus the syndrome is (1,1,1,—1,—1,—1). From the three last positions

in the syndrome (—1,—1,—1), we get the error 111 corresponding to the binary decomposition

of 7, i.e. X error in position 7.

Example 8.4.6 (Other examples of syndromes). Consider the following:
e X3 error — syndrome = (1,1,1,1,—1,—1) — 011 — X error in position 3.
———
e Zy error — syndrome = (—1,1,1,1,1,1) — 100 — Z error in position 4.
——

e Y5 =1iX¢Zs error — syndrome = (—1,—1,1,—1,—1,1) — error in position 6.
110 110

8.5 Building Reliable Quantum Gates using the Steane Code

First recall the seven gates we will consider in this section,

. Py
x=(O Y voixz= (" ), Zz=(Y V), om= L (P 1Y),
10 i 0 0 —1 ACEES

1000
1 1 1
s=(* %, r= Y evor=|® P00
0 i 0 €t 0001

0010

With the Steane code we have the following encoding, yielding a 7 qubit state:

encoding

al0)+3[1) al0)g+B1)g.

o7
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e The idea in this section is the following: On the one hand, for some gate G,

encodin
G(a]0) +81)) === v, (8.19)
and on the other hand, for some gate G,
encodin, G =
al0) 4+ 5|1) g al0)g+B[1)g — G(a]|0)g+5(1)g)- (8.20)

code. We want the two outputs in (8.19) and (8.20) to match, such that [1) g = G(a|0)g+ B|1)g)-
We now understand that we want an alternative to first applying a gate G on a state [¢)) = «|0) + 3|1)

and then encoding it, by first encoding the state [1)) = «'|0) +3|1) and then applying some gate G.

From the point of view of a circuit, we are looking (for example) to go from a circuit of the form,

G

Fan
\/

to one where we consider a gate H as a 7-qubit gate, and CNOT as a 14-qubit gate, [error correction

gate = decoder gate]

G error correction error correction j———

error correction |j——

Proposition 8.5.1. For U ={X,Y,Z}, U is given by U = U Us...U; = U®".

Proof. We check this gate by gate.
o For gate X on the one hand, with |) = «|0) + 3]|1),

X(@]0)+B]1)) = a[1) +50) 2% o |1) + 8]0) - (8.21)
On the other hand,
X(al0)g+B81)g) = aX®7|0)g+BXT|1) g = a|l)g+B0). (8.22)

o For gate Z on the one hand, with |¢)) = «|0) + 81),

Z(a|0) +B]1)) = @[0) = B[1) 25 0]0) g - B1) . (8.23)
On the other hand,
Z(a|0)g+B[1)g) = aZ®|0) g+ BZ%T 1) g = al0)s — 1), (8.24)
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where we have used the facts that |0) ¢ has an even number of 1’s and |1) ¢ has an odd number of 1’s.

e Y =149XZ is also fine since X and Z work independently.

O
—_— U I—
—— U I
7 times in total
— U E——
Proposition 8.5.2. For the gate S, S is given by S = Z1S1...27S7; = (Z8)%7.
. 10
Proof. Since S = (0 »), we have for a state |¢) = a|0) + G|1),
i
. encodin .
S(al0)+B8I1) = a0) +iB 1) === a|0)s +iB1)s. (8.25)
On the other hand, for «|0)+ S |1) cncoding, 10)g +B3]1) g, we need to find a gate S such that,
S(al0)g+81)g) = al0)g+iB1)s. (8.26)

However, remark that S = Sj...S7 = S®7 would be fine for the term «|0)4 (since we get either a
factor of i® =1 or i* = 1) but not for i3|1) ¢ (since we would get —i instead of 7). Thus, by setting
S = 7181...2787; = (Z5)®7 will yield an extra minus sign.

O

— 1 78 t—

7 times in total
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Proposition 8.5.3. For the gate H, H is given by H = Hy...Hy = (H)®".

Proof. For gate H on the one hand, with [¢)) = a|0) + 3]1),

H(a|0>+6|1>):a<|0>\+[2|1>>+6(0>k1>> Steane a(0>5\_/g|1>5)+/3(0>5\}2|1>5>- (8.27)

Steane

On the other hand, for an encoding «|0) 4+ 3|1) —— «|0) g+ 3|1) g we would like,

H(a|0)s+8]1)s) =a <|O>S}2|1>S) +p (‘%ﬂ'l)S) | (8.28)

The tricky part here is to make sure that we would get constant flips in the signs (e.g. when it
hits a qubit |1)). For this, we have to verify two key points. In the following, we will use the
conjugation relations HX = ZH <= HXH =7 and HZ = XH <= HZH = X (recall H? =1).

(i) We need to make sure that H keeps codewords in the code (i.e. maps codewords into code-

words). For |¢)¢ = a|0)g+ (]1) g we require, for all g; € S,

giﬁ|¢>s :F|¢>s- (8.29)

In other words, this is equivalent to verifying that Hg;H € S. This is true, since for example
Fglﬁz (Hl...H7)X4X5X6X7(H1...H7) = (H4X4H4)...(H7X7H7) = Iy Z5ZZ7 € S. It is not dif-

ficult to check that the remaining cases also hold.

(ii) The conjugation relations also hold for H. Indeed,
HXH=(Hy..H))(X1.. X7)(Hy..H7) = (W X0 Hy)...(Hy XoHe) = 20 Z7 = 2. (8.30)

HZH=(Hy..H:)(Z,...27)(Hy..H?) = (H1 Z1Hy)...(H7 Z7 H7) = X1.. X7 = X. (8.31)

Therefore, from points (i) and (ii) we conclude that relation (8.28) holds.
O

We will not explicitly study CNOT — CNOT, however we note that an error in CNOT might
propagate but it will do so into two separate 7-qubit blocks (which is fine). The circuit for CNOT is
given by,

a
v~

D
A\ %4

D
Ay
Finally, we will not study either the gate 7'+ T as it needs more attention than the other gates.
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