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Part II: Quantum Classification Algorithms
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Abstract: This is a review of quantum methods for machine learning problems that consists of two parts. The first

part, “quantum tools”, presented some of the fundamentals and introduced several quantum tools based on known

quantum search algorithms. This second part of the review presents several classification problems in machine

learning that can be accelerated with quantum subroutines. We have chosen supervised learning tasks as typical

classification problems to illustrate the use of quantum methods for classification.
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1 Introduction

Classification is one of the basic problems for Machine
Learning (ML). There are many applications for
classification tasks, so the problem has been intensively
researched. In this part of the review, we present variants
of Nearest Neighbour (NN) algorithms for classification
problems and two algorithms for binary classification
which is a specific case of the classification problem.

1.1 Algorithms for the binary classification

This review presents two well-known methods for binary
classification: Support Vector Machine (SVM)! and
perceptron!?3!. The main idea of the two methods is
constructing a hyperplane in the feature space to separate
training vectors into two classes. However, the two
methods have different ways of choosing a hyperplane.

1.1.1 SVM

The main computational step of the SVM algorithm is
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the solving of a quadratic programming problem that
is NP-hard. The only solution is discretization and a
brute-force algorithm. The quantum algorithm!! uses
the quantum maximum search®!, which is based on the
quantum Grover’s search algorithm!®!.
quadratic speed-up compared to the known classical
algorithm.

It achieves a

1.1.2 Perceptron

The perceptron method is based on the idea of a
random sampling of hyperplanes and checking whether
a candidate hyperplane classifies training data well. The
quantum algorithm for candidate hyperplane checking
also uses the quantum Grover’s search algorithm and
again provides a quadratic speed-up compared to the
classical algorithm!”-8.

1.2 Nearest neighbour algorithms

The k-Nearest Neighbor (k-NN) algorithm relates an
object to the class of the majority of its k-nearest
neighbors in the multidimensional feature space. In the
learning process, the distances between the unclassified
objects and those that have been previously classified
are calculated. The main disadvantage of this classical
algorithm is its high computational complexity, which
increases quadratically with the number of objects.
Obviously, the k-NN algorithm’s solution to the
classification problem has an inherent parallelism. This
fact is exploited in quantum approaches to k-NN
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classification. In the quantum case, thanks to the
phenomenon of quantum superposition, we can calculate
the distances between the unclassified object and all
other objects in the quantum parallel mode, and encode
this information in amplitudes. A partial measurement
of the corresponding qubits of the quantum register with
a certain probability gives information about the most
appropriate class label for the unclassified object.
Section 4 presents two variants of quantum versions
of k-NN algorithms. The Hamming distance is used as a
metric for vector proximity. Both algorithms can be split

into two stages: the preliminary stage and the main stage.

The preliminary stage of each algorithm (the procedure
presented in Section 4.1) is an algorithm in the quantum
branching program model that is used for reading data.
The main stage of each algorithm is a quantum circuit
that does not read input data. The first k-NN quantum
algorithm®! is an analog of the classical weighted NN
algorithm, where k is a number of all training vectors.
The second k-NN quantum algorithm!?! is an analog of
the classical NN with one parameter: the threshold value
t. This threshold is used for selecting nearest neighbors,
based on a Hamming distance from the test vector of at
most 7.

The third quantum algorithm presented in Section
5 is another interpretation of the NN algorithm. This
algorithm is presented in a quantum query model.
It works with sparse training vectors and can show
up to quadratic speed-up comparing to the classical
algorithm!!". The main idea of the classical approach
is to choose the nearest neighbor and assign its class to
the test vector (i.e., it is the k-NN algorithm for k = 1).
The quantum method can speed-up the nearest neighbor
vector search using the quantum algorithm for maximum
search, which is based on Grover’s search algorithm.

2 Preliminaries

The classification problem is the task of assigning a new
object to one of a set of predefined classes {0, 1,..., D—
1}. Each object is represented as a vector in the R” space,
where each element of the vector is a description of one
of the object’s features. A training set of input vectors
x!,...x™ € R” is required, with the corresponding
output values y',...y™ € {0,...D — 1}.

The NN method is a well-known approach to
classification and clustering problems. We consider the
classification problem!!> 13 in this review. The algorithm

is a metric algorithm, meaning that a metric is defined in

the feature space. Its essence lies in the idea that the new
object belongs to the same class as its nearest neighbor
from the training set. The k-NN method generalizes the
NN method by stipulating that the new object belongs
to the class of the majority of its k-nearest neighbors. In
classification problems with an even number of classes,
k is an odd number, so that the same number of nearest
neighbors will not have different classes. Problems with
an odd number of classes, give rise to an ambiguity
problem that can be solved by applying the weighted
nearest neighbor method, in which the value of a weight
function w; is assigned to the i-th nearest neighbor of
the new object.

The weight function is one of the parameters in the
weighted nearest neighbor method that is chosen by the
researcher. It assesses the degree of importance of the
i-th neighbor for classifying a new object or test object.
This function is non-negative and does not increase in
i. It may depend on the distance (metric value) from the
new object to its i -th nearest neighbor w; = w(d(x, x%)),
where x is a new object; or from the number of the
nearest neighbor w; = w(i). For example, as a weight
function, depending on the number of the nearest
neighbor of a new object, a geometric progression
()= (8i<k) -qi, 0.5 < ¢ <1 can be taken, where
Scondition 18 1 if the condition is true and 0 otherwise. The
definition of w means that the element with the higher
index has a larger weight, but elements with indexes
greater than k do not have any weight.

We thereby obtain a variant of the method of k-
exponentially weighted nearest neighbors, in which the
new object belongs to the class that has the greatest total
weight among its k-nearest neighbors. If w(i) = 1 and
i < k, then the algorithm corresponds to the method of
k-NN.

In general, the weighted nearest neighbor algorithm
can be presented as follows:

y = argmax Z w; (D)
YV €1, k), and yi=y
where Y = {0,1,...,D — 1} and y is the class label
for the new object. The number of neighbors k and the
metrics are parameters of the model, and are chosen by
the researcher.

3 Quantum
Classification

Algorithms for Binary

We start with binary classification because it is the
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simplest version of the problem, but the algorithms can
be modified to deal with more classes. Here we present
the problem formally.

Binary classification problem. Given a sequence
of input vectors x,...,x™ € R"” and a sequence of
corresponding output values y!,..., y™ € {—1, 1}, find
a function F : R” — {—1, 1} that classifies an input

data item.
3.1 SVM

The SVM is a well-known algorithm for the
classification problem!!. For function F, we can write

the following:

F(x) = sign (Z xjw; + wo) = sign((x - w) + wy)

i=1
2)
where x = (x1,...,Xx,) € R”, the coefficients w =
(wy,...,wy) € R” and wy € R are parameters of the
algorithm, (x - w) is the inner product of the vectors, and
the hyperplane (x - w) 4+ wy separates two classes.

As a plane, we choose the farthest one of the nearest
vectors. The closest vectors to the plane are called
“support vectors” and should be such that (x? - w) +

o = y' or, equivalently, y*((x* - w) + wg) = 1. For
finding the parameters of the plane, we should maximize
the distance between different classes with 2/||w||
or, equivalently, minimize 0.5||w||?. The minimization
problem can be solved with the following conditions:

Y w) Fwe) =1, iell,...ml (3
Based on the Kuhn—Tucker theorem, we can replace

the problem by the dual formulation of the Lagrange
function:

L(w. wo. A)=0.5w-w)—> " Ai(y (w-x")—wp)—1)
i=1

—  min max 4
weR?  woER AeR™

with the following conditions fori € {1,...,m}:
L] )ti 2 0
o A =0,0r (x' -w) —wy = y;.
At the same time, we have the following conditions:

d i o
—ﬁ = w—Zkiy’x’ =0;
l—l (5)
— Aiyt =0
awo Z Y

Therefore, we obtaln the next relation between A
and w:
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m
w = Z)Liyixi;

_—— (©6)
Z _

Finally, we obtain the following optimization problem
on the A Variables

L) = Z)L +OSZZA Ajyiy? (x xf)—>max

i=1 i=1j=1
(7
with the following conditions fori € {1,...,m}:

e 1; >0

o YLy =0.

In a case of a non-linear separation between classes,
we can add errors &;; in that case y* (w-x?)4+wg) > 1—
£;. The minimization function is replaced by 0.5||w]|* +
C Y™ | &, where C is a constant that is a parameter
of the algorithm. The Lagrange function in Eq. (4) is
replaced by

L(w,wo.0.1.B) =0.5|lw|[>+C ) &—

i=1

S Al — o]~ 146 - Zﬂ& ®)

i=1
with A; and B; > 0. The relation between /\, /3 and w, &
can be obtained using an equation similar to Eq. (6). At
the same time, we obtain the additional equality C —
Bi —Ai = 0. Because 8; > 0, we get A; < C. The final
minimization problem is

L) = ikri—O.SiikiAjyiyj(xi-xj) — max

i=1 i=1j=1
)
with the following conditions fori € {1,...,m}:
o C 2 /11' 2 0;
[ ] Z:-’;l )L,'yi = 0.

If the input data is not linearly separable, then we can
replace the inner product (x’ - x/) by another function
k(x*,x7), which is called the kernel of the SVM
algorithm. Typically, researchers choose the following
functions as possible kernels: (gci -x_f )¢ and (x*-x/ +1)4
for some constant d; or ¢ V!X =/ I” for some constant
y > 0.

In the general case, L£(A) can have several local
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minimums, and gradient-based methods are unhelpful.
In that case, the problem is NP-hard. We can apply
discretization and then use brute force or analog
algorithms. We can also apply the Grover’s search to this
problem and obtain a quadratic speed-up. A description
of the algorithm follows.

Supposing that ¢ > 0 is a given precision for our
solution, then we can split the segment [0;C] to
points with interval e; these points will be possible
solutions. There are d = 1 + — points for one A;,
so the j-th point is A; = e-j,gforj e {0,...,m}.
Enumerating all possible solutions (A1, ..., A;) with
precision ¢, the solution number ¢ = Y /L, ji- (d +
Di7lis A9,...,AL) = (e j1,...,e jm) for j; €
{0,...,d}and i € {l,...,m}. We can obtain ¢ by
(j1, ..., jm) and vice versa.

With the function f : {0,...,(d + D" — 1} - R
as f(q) = L(A?,...,AL), the problem is a maximum
search for the function f. The quantum version of the
algorithm is presented as Algorithm 1 (QSVM represents
Quantum Supporting Vector Machine).

The complexity of the quantum algorithm is presented
in Property 1 and can be compared with the complexities
given in the subsequent properties.

Property 1. The expected quantum query complexity
of the quantum version of the learning phase for the SVM

C\m/2 , 2
algorithm is height(QSVM) = 0((—) m®+m n).
€
Proof. O(m?n) is required for precomputing all of
the inner products. The maximum search algorithm

then computes the function f. The complexity of
computing f is O(m?) and the size of the search space

m
is (—) . Hence, the complexity of the maximum
€
C\m/

2
search is 0((—) mz) and the total complexity is
€

(0] ((§>m/2m2 + mzn).

Algorithm 1

QSVM (x!, ..., x™). Quantum version of the

SVM learning phase.
fori e {l1,..., m} do > Precomputing all inner products
(xf - x/)

for j € {1,...,m} do
ipi j <—(xi -xj)

end for
end for
q < Grover_max(0, (d + D)™ —1, f)
A=Al
w7 Ayix
return w

For comparison, the classical algorithm has the
following complexity.

Property 2. The query complexity of the learning
phase for the SVM algorithm is height(SVM) =
O<(£>mm2 + m2n>.

Notge that the different approach to the solution given
in Ref. [14] achieves an exponential speed-up.

3.2 Perceptron

The perceptron is a simple Artificial Neural Network
(ANN). It can also be considered as a building block for
ANNGs!?! and as a modification of the SVM algorithm[3!,
Wiebe et al.”>8 suggested a quantum algorithm for
training a classical perceptron that shows a quadratic
speed-up. The algorithm is based on Grover’s search
algorithm[®.,

In the classical model, the function F can be written
as follows:

n
F(x) = sign (Z Xjw; + wo) = sign(x - w + wg)

i=1

(10)
where x = (x1,...,X,) € R” is the input, w = (wy,
..., wy) €R" and wy € R are parameters of the
algorithm; x - w is the inner product of the vectors, the
hyperplane x - w + wy separates two classes, and w and
wo should be chosen such that y*(w - x* 4+ wg) > 0.
There is an assumption that all training vectors are
separated by a margin of y in the feature space.

The idea of the classical algorithm is to invoke
random sampling of (w, wg) and check whether the
hydroplane classifies the training set correctly. The
classical algorithm requires O(mn) to search for the
existence of a pair (x, y’) that is misclassified; that is,

. . 1
yH(w - x* 4+ wyp) < 0. O(log —2) samples need to be
ey

checked to get the correct one with error probability £
for some constant ¢ > 0.

Property 3. The query complexity of sampling
algorithm A for perceptron is height(A) =

1
O(nmlog —2) where ¢ >0 is a constant and
ey

the training vectors are separated by a margin of y in
the feature space.

Quantum algorithm for perceptron training. The
quantum algorithm operates with a quantum register
|¥) of [log, m| qubits. As a function for oracle,
we use fi(i) = Fu(x', y?), where Fp(x,y?) is a
Boolean-value function that is 1 if and only if the
vector x' is misclassified. We use the amplitude
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amplification version of the Grover’s search algorithm
to find misclassified vectors. The query complexity
of the procedure is O(4/mn). As in the classical
case, we invoke random sampling of (w, wy) for K =

1
O(log —2) times. The algorithm is presented as
€

Algorithm 2.

As was proven in Ref. [11], if K = logs,, ¢ for some
¢ > 0, then the algorithm returns the result with error
probability ey2. The complexity of the algorithm is
presented in the following property.

Property 4. The query complexity of Algorithm 2

1
is height(QPerceptron_Trnning) = O (n J/mlog —2)
ey

where € > 0 is a constant and the training vectors are
separated by a margin of y in the feature space.

4 Quantum Nearest Neighbour Algorithms

We consider the classification problem for D classes,
assuming that the input vectors are binary or at least
represented in binary form. Here we present the problem
formally.

Problem. Given the sequence of input vectors
x', ..., x™ e {0, 1}" and the sequence of corresponding
output values y',...,y" €{0,...,D —1}, find a
function F : {0, 1}* — {0,..., D — 1} that classifies an
input data item.

We will call x!,...,x™, y', ..., y™ the training data
and x1,.... x™ the training vectors. The argument of F
is a test vector.

1

4.1 Training set construction

subroutine

superposition

A utility procedure will be used in the quantum
algorithms of this section. The procedure is an algorithm
in the quantum branching program model, and it is

Algorithm 2 QPerceptron_Trnning (x, (xl, e X™)).
Quantum version of the preception training procedure.
found <« False
fori e{l,..., K} do
(w, wp) < Random(N(0,1))
J < Grover(l,m, Fap.wp))
if j = —1 then
found <« True
break;
end if
end for
return (w, wo)

> Stopping the for-cycle
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required to store a superposition of training vectors in a
single quantum state of n qubits; that is, it needs to get
the following quantum state:

I
|T)—ﬁ;|x> (11)
Trugenberger''>! introduced an algorithm for
generating this state unitarily from a simple initial state
of n qubits.

Property 5. If n is an input vector size and m is the
number of input vectors in a training set, then there is an
algorithm A for constructing the quantum state | 7). The
algorithm has the following complexity properties:

o size(A) = 2n + 2;

e height(A) = m;

e time(A) = O(mn).

Let us construct the algorithm A as the proof of the
property.

We use three registers. The first is a register |¢) of n
qubits for storing input vectors x7 ; the second register is
a utility register |u) = |uy) |uz) of two qubits; and the
third is a register |v) of n qubits that is holding memory.
The full initial state is

¥9) = l¢) [u) [v) = 0.....0:01:0,....0)  (12)

This state is split into two terms: one corresponding
to the already stored input vectors and another ready to
process a new input vector from the training set. These
two parts are distinguished by the state of the second
utility qubit |u,). The |0) state is for the stored input
vectors, and |1) is readiness for processing.

Before processing the vector x/, the algorithm
reads it and stores it to the |¢) register. This can
be done using the CNOT operator. The controlling
bit is an input bit xsj and the target bit is the s-th
qubit of |@), wheres € {1,...,n}. If |p)=]0,...,
0) before the procedure, then after the procedure
lp) = |x{,...,x,{). If |¢) = |x{,...,x',{) before the
procedure, then after the procedure |p) = |0,...,0).
Therefore, we can use the same procedure for erasing
the |@) register. That is why we consider an input with
the duplication of each vector x/; that is, the input
is x!, x1, x2,x2,...,x™, x™. For the next part of the
procedure, we assume that |¢) = |x{, e, x‘,{).

For each input vector x/ to be stored, the operations
described below are performed:

yi) = [ [2CNOT(x{ ua, ) lyg)  (13)

s=1
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where x! and u, are the control qubits, and v is the
target qubit.

This operation simply copies the input vector x/ into
the memory register of the processing term, identified
by uz) = [1).

The next operation works as follows. If the contents
of the input vector and the memory register are identical,
then all of the qubits of the memory register are set to
|1) (this will be exactly the case only for the processing
term):

n
¥3) = [ [ NOT(s)CNOT(x{  vs)l9{)  (14)
s=1
where in the CNOT operator, x! is the control qubit and
vy is the target qubit.

The next operation changes the first utility qubit #; of
the processing term to a |1), while keeping it unchanged
for the stored input vectors term:

W) = nCNOT(v......vaun)l¥d) (15
where vy, ..., v, are control qubits and u is the target
qubit.

This is followed by the controlled normalization
operator:

CS' =10)(0|® 1+ 1) (1] ®S/;
j—1 1

J Vi (16)

-1 j—1

Vi J

Si =

forj=1,...,m
Vi) = CS" 1 (ur u) ) a7
This operation separates out the new input vector to
be stored with the already correct normalization factor.
The utility qubit u; is then restored to its original
value:
|yZ) = nCNOT(v1, ..., vp,up)|yg)  (18)
where vq, ..
qubit.
The next operation restores the memory register v to

its original state:
1

wl) = [ ] eNOT(x] . vNOT(we)lyd)  (19)

sS=n

., U are control qubits and u; is the target

where in the CNOT operator, xsj is the control qubit and
v is the target qubit.
When these operations are complete,

i 1 J . k m—j , .
Wé) = ﬁglx’;oo;x ) + ,/T|x1;01;x1)

(20)

The third register v of the processing term and the
second term in the equation above are then restored to
the initial value |0y, ..., 0p):

1
lv9) = [ [ 2ENOT(x] uz. vp)lwd) D)
S=n
where xsj and u, are control qubits, and vy is the target
qubit.

At this point, a new input vector can be loaded into
register |¢) and the sequence of operations reiterated. At
the end of the whole process, the v-register is exactly in
the state |7°).

The time complexity of the algorithm is O(mn).

The algorithm is presented as Algorithm 3, where X
is a training set, m is the length of the training set, and n
is the length of each input vector in the training set. The
algorithm constructs a superposition of input vectors of
the training set X .

In the next two subsections, we describe two quantum
k-NN algorithms. The first is from Ref. [9] and the
second is from Ref. [10]. Both algorithms can be split
into two stages: the preliminary stage and the main stage.

The similarity of these two algorithms lies in the
preliminary stage that prepares a superposition of the
training data using Algorithm 3. Their differences are as
follows:

e They have different mechanisms for computing the
distance between vectors;

e The first algorithm changes the superposition of
the training data in the main stage, while the second
algorithm does not change it until the measurement.

Since the preliminary stage of both algorithms has the
time complexity O(mn), these two algorithms have the

Algorithm 3  Construct_Superposition(X, m, n). Quantum
algorithm for constructing superposition of input vectors of
the training set.
[¥0) = |p;u;v) =< 0,...,0;01;0,...,0)
value
for j € {1,...,m} do
load x/ into the register |@) of [/ 1)
denoted as [y/) A
[W7) < [Ti—1 2CNOT(x{ ,uz, v5)|¥7)
[¥7) < [Tizy NOT(vs)CNOT (x{ . v) |9/
|[¥/) <« nCNOT(vy,...,vn,u1)|¥’)
)
)
)

> The initial

> result state is

[y/) <« CS™ TN (uy ug) |y )
[¥7) < nCNOT(v1, ..., vn, u)|¥’)
[/ < [Ti=, CNOT(x{ . vs)NOT(vy) |y
[¥7) < [smn 2CNOT(x] w2, v5) |9/
erase |¢) using x/

end for

return |v) > superposition in the register v
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same time complexity as their classic counterparts. If
a more efficient way to construct the superposition in
O(n), or to receive the superposition from a quantum
memory device, were to be found, the performance of
these quantum algorithms would be independent of the
number of training vectors. It is impossible to achieve
such an effect with the classical algorithm.

Additionally, if a method of training vectors storage
uses a smaller number of qubits, without affecting the
proportions between the features of the vectors, then it
would be possible to reduce the memory size for these
algorithms.

4.2 Schuld-Sinayskiy-Petruccione (SSP) algorithm

The algorithm, presented in Ref. [9], is a quantum
version of the classical weighted nearest neighbor
algorithm. The idea of the quantum version of
the algorithm is as follows. Firstly, we prepare a
superposition of all vectors from the training set as one
quantum state, using the procedure from Section 4.1.
Second, we compute the Hamming distance between
each training vector and the test vector, and store this into

the amplitude of each training vector in the superposition.

Having done that, if we measure the class qubit, we will
get the appropriate class with high probability. If we
repeat the algorithm enough times, then we can get the
probability distribution, which will carry information
about the average closeness of members of each class to
the test vector (“k < all”).

Only the preliminary stage of the algorithm (the
procedure in Section 4.1) reads input variables; the main
stage is a quantum circuit that does not read input data.

Property 6. If n is the size of an input vector, m is
the number of input vectors in a training set, and D is
a number of classes, then the algorithm SSP-kNN for
classifying a test vector has the following complexity
properties:

o size(SSP-kNN) = 2n + log D + 1;

o time(SSP-kNN preliminary stage) = O (mn);
o time(SSP-ANN main stage) = O(n).

The SSP algorithm can be described as follows.

The first step of the algorithm is preparing a
superposition of all of the training vectors into one
quantum state using the construction of a training set
superposition algorithm from Section 4.1.

fZ|x1,..., n,yj) (22)

The algorithm for constructing the superposition of
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vectors of the training set has O (mn) time complexity.
The test vector is represented as |x) = |x1, ..., X,).

The second step is to prepare the following initial
state:

[¥o) = lel"'

This state is made up of three registers: The first
contains the test vector (n qubits), the second contains
the superposition of the training vectors (n + [log D]
qubits), and the third contains a utility qubit. The part of
the second register that stores y/ and contains [log D]
qubits will be called the “class register”. Initially, we
assign |0) to the last utility qubit.

The third step of the algorithm is to apply the
Hadamard gate to the utility qubit:

Y1) = \/—Z|x1,---,

x),y7;0) (23)

xn,xl,...,

e T
xn’xl""’xéﬂy.]>®

EGO) + 1) 24)

The fourth step is to prepare a state for obtaining

the Hamming distance. We apply the CNOT gate
J J

to [X1,...,Xp5X7,...,Xp) With |xq1,...,x,) as the
control register and |x{,...,x;) as a target register,

and then apply the NOT gate to reverse the states in
the second register:

¥2) = [ [ NOT(x{)CNOT (x5, X)) [y1) =
s=1

v J
7xn’d17---7d;{’ )

\/_Z|X1,...

j=1

1
—(]0) + |1 (25)
ﬁ(l ) +11)
where )
J— 1, if|x§) = |xg);
y 0, otherwise.

The fifth step is to apply the unitary operator U, where
U=e¢%" n=1@D] ®IQoa,,

D = 2(02;1),

s=1

in which o is a Pauli-Z matrix. The operator 7 assigns
the number of zeros in the second register as a phase in
the case of a |0) value of the utility qubit. In the case
of a |1) value of the utility qubit, the operator assigns
the same value, but as a negative. Note that the number
of zeros is the number of unequal bits for |x) and |xj );
that is, the Hamming distance between these vectors.
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Denoting this as dyam(x, x7), the state after applying 7,
is

1 m
[¥3) = U [y2) = Z

2mj=1
(e B iam (x|, .,x,,;d{,... dj,y7;0) +
e TG xedd L dT yT 1)) (26)

The sixth step is to apply a Hadamard gate on the
utility qubit, and write the phase information of the j-th
state into amplitudes:

U,=1Q1R1Q H;

[Va) = Uz |Y3) =
FL
(COS %dﬁam(x,xf)lxl,...,xn;d{,...,d,{,y/;0)+
n%dHam(x,x/ﬂxl,...,xn;d{,...,d,{’yj; 1)
(27

The seventh step is to measure the utility qubit. If
the test vector is close to the training vector, then
the probability of a |0) result is high; otherwise, the
probability of a |1) result is high. The probability of
getting |0) is

Pro = Z cos [ dyam (X, X )] (28)

In other words, 1f there are many training vectors for
which the Hamming distance between them and the test
vector is small, then Pryg is high.

If we obtain a |0) result, then the next step is
to measure the “class register”. We have a higher
probability of getting a class ¢ € {0, 1,..., D — 1} for
classes that have training vectors with smaller Hamming
distances from the test vector. After obtaining a |0)
result from the utility qubit measurement, we have the
following state:

1 D-1
ls) = myzo'”@,yz

7xn;dll7"-7drll7yl;0)
(29)
The probability of obtaining c-result from the “class

|
cos —dHam(x,xl)|x1, e
2n

register’” measurement is

> cos? [ldnam(x,x’)] (30)
2n
I:yl=c
The class ¢ has a higher probability where more
training vectors of this class have a small Hamming
distance from the test vector.

Pr(C) - m - Pr()
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Since for small angles 6 (0 < 111_2), sinf ~ 0, and

cos ) ~ 1 — #2, the following statement is true.
(1) If for b vectors among m vectors of the training

set
n

g 5
then the following double inequality for the probability

Prg is true:
b T\ 2
2 1—(—) <Pro<1.
m 12

(2) If b, vectors among above b vectors belong
to ¢ class, then the following double inequality for
probability Pr(c), conditioned on the probability Pry,
is true:

dHam <

% < Pr(c) <1

For computing the time complexity of the algorithm,
there are n NOT gates and n CNOT gates in the fourth
step, while the fifth step requires 2n gates for the unitary
operator U implementation due to Ref. [16], and there
are two Hadamard gates in Steps 3 and 6. The total
time complexity of the main stage of the algorithm is
therefore 4n + 2.

The algorithm is presented as Algorithm 4 and is
labelled as SSP-ANN(X, m, n, x), where X is a training
set, m is the length of the training set, n is the length of
each vector in the training set, and x is the test vector. If
we obtain a 1-result from the utility qubit measurement,
then we are unable to obtain a class, and the algorithm

Algorithm 4 SPP-kNN(X, m, n, x). Schuld-Sinayskiy-
Petruccione algorithm.

|T') < Construct_Superposition(X,m, n) > Constructing the

superposition of the training set X: ﬁ Z;’;l |x{ X
y7)

|x) < |x1,..., xn) > test vector
|u) < 10) > utility qubit
% |x) [T u) > initial state

) <
|1//) |x)|T) ® H |u) l‘> H gate to the utility qubit
V) < Ha—l X(xs)CNOT (x5, x )“M

|l/f) < Uly)
Hamming distance
[¥) < [x)IT) ® H |u)
ut < Measurement(|u))
if ut is |0) then

¢ < Measurement(|y))

> applying operator U for calculating the

> measuring the utility qubit

> measure register |y)

end if

if ut is |1) then
c <« —1

end if

return ¢
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returns —1 to represent “unknown”.
This algorithm is run enough times as necessary to
obtain a precise picture from the measurement results.

4.3 Ruan-Xue-Liu-Tan-Li (RXLTL) algorithm

In this algorithm, which was presented in Ref. [10], we
are provided with a Hamming distance threshold value
t. The RXLTL-NN algorithm finds all of the training
vectors for which the Hamming distance from the test
vector is at most ¢, then it assigns the most frequent
class among the chosen set of training vectors to the test
vector.

Property 7. If n is the size of a vector, D is the

number of classes, m is the number of training vectors,

and ¢ is the threshold value for the distance between the
test vector and the vectors of the training set (t < n),
then the algorithm RXLTL-NN for classifying the test
vector has the following complexity properties:

¢ 5ize(RXLTL-NN) = 2n + [log,n] +log D + 1;

o time(RXLTL-NN preliminary step) = O(mn);

o time(RXLTL-NN main steps) = O(n?).

The proof of the property is attained by describing
RXLTL algorithm below.

The first step of the algorithm is to prepare a
superposition of all training vectors into one quantum
state using the construction of the training set
superposition algorithm outlined in Section 4.1.

f2|x1,..., n,yj) (3D

The time complexity of this step is O(mn). The
training set superposition does not change in the main
stage until the measurement step. The test vector is
represented as |x) = [x1,..., Xp).

The second step is to prepare the following initial
state:

This state is made up of two registers. The first
contains the test vector (n qubits) and the second is
the superposition of the training vectors (n + [log D]
qubits). The part of the second register that stores y/ and
contains [log D qubits will again be called the “class
register”.

The third step is to prepare the state for computing
the Hamming distance. We apply a CNOT operator
to |x1,...,xn;x{,...,x;§) with |x{,...,x',{) as the
control register and |xy, ...

,Xn) as the target register.
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Then, a NOT gate is applied to reverse the states in the
first register:

1) = [ [ NOT(xs) CNOT(x{ . x5) [0) =

s=1

\/_Z|d],..., di:x], . ...xi.y7y (33)

If bits x; and xs are the same, then dsj = 1; otherwise
dj = 0. The reversing of the states in the first register
is merely a mathematical trick. The Hamming distance
between x7/ and x iS dyam (X7, x) = Y 4_o(1 — dj)

The fourth step is to compute the Hamming distance
using |dj, dzj, ey d,{) and separate the set of training
vectors that have a Hamming distance with the test vector
of at most 7, hence obtaining the following quantum
state:

= (5 i

JjER

Dol dfixxlvT0)) 34y
J¢R
where 2 = {j : dyam(x7, x) < t}.

The incrementation circuit (¢ = a + 1) is used for
computing the Hamming distance. Denoting this as
Incy,, the sum > §_, d{ can be obtained by invoking
Incg; n times. Let us add the third register |a) and the
utility qubit |u). Initially, |1) is assigned to the last utility
qubit. Recalling that the meaning d SJ is reversed, such
that the Hamming distance is less than or equal to 7
1mphes ZS 1 d] > n —t. With g chosen according to
28~1 < 28 (e, g = [logyn]) and [ = 28 —n,
then the condition that the Hamming distance be less
than or equal to t can be rewritten as

Zd’+l
st-"+l+t>2g
=1

If the initial @ = [ + ¢, then the condition that
the Hamming distance be less than or equal to ¢ can
be determined by whether the sum of Y ;_, di +a
overflows or not. g 4+ 1 qubits are required for getting
Y. d SJ + a. For checking the condition after getting
a result of Zg=1 d SJ + a, the most significant qubit is
selected and gets the “overflow check” signal, which
indicates the condition that the Hamming distance be
less than or equal to .

The fifth step is to apply a partial measurement on the
utility qubit |u). The probability of getting a 1-result

n+1—t;
(35)



Farid Ablayev et al.: On Quantum Methods for Machine Learning Problems Part I1: Quantum Classification Algorithms 65

is Pr; = |§2|/m. After the measurement, we get the
following state:

sy =a Yy ldi.....d]:x].....

jeR

X}, y’ia; 1),

1
O (56)

If the result of the measurement of |u) is |1), then the
next step is to measure the “class register”. After the
measurement of the “class register” |y), the probability
of obtaining class ¢ is Pr(c) = Zje{y-/=c} lor]?. We
obtain the class that has more vectors from £2 (the
training vectors with a distance of at most ¢) with higher
probability. The final classification result is an analog
for “majority voting” in the classical NN algorithm.

If |2 =0 -m, o € (0, 1], then Pry = o.

If w-0-m vectors among the above o -m vectors belong
to the ¢ class (where w € (0, 1]), then Pr(c) = wo.

If we repeat the algorithm enough times, we will
obtain the probability distribution, which will carry
information about how close the members of each class
are to the test vector.

The time complexity of the algorithm can be computed

as follows:
1, ifn ==1;
time(Incg,) = {10, ifn==2; (37
n?+n—-5, ifn>=3

We invoke Incg, n times. So the total time complexity
of the main stage of the algorithm is O(n?).

The algorithm is presented as Algorithm 5, and is
labelled as RXLTL-NN(X,m,n,x,t), where X is a
training set, m is the length of the training set, n is
the length of each vector in the training set, x is the test
vector, and ¢ is a chosen parameter. If we obtain a 0-
result from the utility qubit measurement, then we cannot
obtain a class, and the algorithm returns —1, representing
“unknown”.

5 Quantum Nearest Neighbors Algorithm
with Quadratic Speed-up

In this section, we present a classification method that
is developed for non-binary classification problems.
Wiebe et al.l'!l suggested a quantum version of the
NN algorithm with a quadratic speed-up. This quantum
algorithm uses the minimum search algorithm!®! and
subroutines for computing distances between vectors!!!.

In the classical algorithm, the function F can be

Algorithm 5§ RXLTL-NN(X, m, n, x, t). Ruan-Xue-Liu-Tan-
Li algorithm.

|T) < Construct_Superposition(X, m,n) > Construct a
.. e L1 m J
superposition of the training set X: NG > 11X

x,ﬁ_l,yj)
|x) < |xo0,..
g < [logy n]
| <28 —n
a<~t+1
la) < a
lu) < |1)
[¥) < |x;T5a;u)

S Xn—1) > test vector

> initial state

) < T] NOT(xs)CNOT(x! . x0)1)
s=0

fors €{0,...,n—1}do
¥) < 2CNOT(xy,u, ao)|¥)
forr € {0,...,n—2}do
|) <= 2CNOT (x5, ar, u)|¥)
V) < 2CNOT(xs,u,ar+1)|¥)
end for
[V) < NOT(u)|y)
end for
ut < Measurement(|u))
if uz is |1) then
¢ < Measurement(|y))
end if
if ut is |0) then
c<«——1
end if
return ¢

> measure register |y)

written as the k-NN algorithm for k = 1:
F(x) = y;,for j = argmin [|x? — x| (38)
ie{l,...m}

The classical algorithm is a linear search among
vectors X, . .., X,, for the minimum of ||x* — x||. The
procedure for computing the distance between two
vectors has complexity O(n), so the algorithm has the
following complexity.

Property 8. The classical query complexity of the
k-NN algorithm is height(INN) = O (nm).

Quantum version of the nearest neighbor
algorithm. First, the maximum search algorithm®! is
used; second, distance computing algorithms are used
for computing the distance between vectors x’ and x.
Both of these methods were described in the first part of
the paper.

The assumptions are follows:

(1) The input vectors x1, ..., x™ and x are d-sparse
for some 1 < d < n. In other words, each vector x! has
only d non-zero elements.
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(2) Quantum oracles are provided in the form
Oli)7)0) = i) 7 )1x}),
FI)I) — [i)|pos(i. 1)),

where pos(i,[) is the position of the /-th non-zero
element of x*.

(3) There is an 7y, such that 0 < x; < Fmax for any
ie{l,...,m},je{l,...,n}

(4) Each vector is normalized to 1, for convenience.

It is known that for any two vectors a and b, the
following equality holds:

la =51 = llal® + 1bII> = 2(a-b)  (39)
where a - b is the inner product of a and b. Therefore,
the following property holds:

F(x) = y;,for j = argmin ||xi —x|| =

ie{l,....m}
argmax (x' - x)? (40)
ie{l,....m}

The quantum algorithm is presented as Algorithm 6.

The algorithm has the complexity given in the
following property.

Property 9. The quantum query complexity of the
quantum version of the nearest neighbor algorithm is
O(y/mlogm-d?ri.).

Comments. As already discussed, the algorithm
works for d-sparse vectors, where 1 < d < n. This
means that in the general case, we realize the speed-up
if \/m > n. This setup is reasonable for a range of
problems, as problems with d-sparse vectors in training
and testing sets are not unusual.

Another restriction of the algorithm is ryax. Typically,
a prepossessing procedure can be performed that
normalizes data and changes ry,. The complexity of
this procedure is O(mn), but it will be performed only
once, so we do not take account of the complexity of the
peprocessing procedure in the case of a large test set.

6 Conclusion

This paper surveys quantum algorithms for binary
classification and discusses the quantum nearest
neighbor algorithms. It further analyzes the quantum
nearest neighbor algorithms and reveals their quadratic
speed-up over classical algorithms.

Algorithm 6 QNN(x, (1,...,x™)). Quantum version of the
nearest neighbor algorithm.

[x) < x
j < Max_inner_product(|x), (|x1), ..., |x")))
return y’
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