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Abstract

The vehicle routing problem (VRP) is an example of a combinatorial optimization problem that has attracted academic
attention due to its potential use in various contexts. VRP aims to arrange vehicle deliveries to several sites in the most
efficient and economical manner possible. Quantum machine learning offers a new way to obtain solutions by harnessing
the natural speedups of quantum effects, although many solutions and methodologies are modified using classical tools to
provide excellent approximations of the VRP. In this paper, we employ 6 and 12 qubit circuits, respectively, to build and
evaluate a hybrid quantum machine learning approach for solving VRP of 3- and 4-city scenarios. The approach employs
quantum support vector machines (QSVMs) trained using a variational quantum eigensolver on a static or dynamic ansatz.
Different encoding strategies are used in the experiment to transform the VRP formulation into a QSVM and solve it. Multiple
optimizers from the IBM Qiskit framework are also evaluated and compared

Keywords Vehicle routing problem - Ising model - Variational quantum eigensolver - Quantum encoding - Quantum support

vector machine - Parameterized circuit

1 Introduction
1.1 Quantum computing

Quantum computing has provided novel approaches for
solving computationally complex problems over the last
decade by leveraging the inherent speedup(s) of quantum
calculations compared to classical computing. Quantum
superposition and entanglement are two key factors that
give a massive speed up to calculations in the quantum
domain compared to classical counterparts (Montanaro 2016;
Jordan 2024; Horodecki et al. 2009). Because of this,
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addressing optimization problems by quantum computing is
an appealing prospect. Multiple approaches, such as Grover’s
algorithm (Grover 1996), adiabatic computation (AC) (Farhi
et al. 2000), and quantum approximate optimization algo-
rithm (QAOA) (Farhi et al. 2014), have been proposed to
use quantum effects and, as such, have served as the basis
for solving mathematically complex problems using quan-
tum computing. The performance of classical algorithms has
generally been found to be subpar when applied to larger
dimensional problem spaces (National Academies of Sci-
ences (2019)). On a multidimensional problem, classical
machine learning optimization techniques frequently require
a significant amount of CPU and GPU resources and long
computation time. The reason for this is that ML techniques
are needed to resolve NP-hard optimization problems (Dasari
et al. 2020).

1.2 Vehicle routing problem

The vehicle routing problem is an intriguing optimization
problem because of its many uses in routing and fleet
management (Harwood et al. 2021), but its computational
complexity is NP-hard (Kumar and Panneerselvam 2012;
Mohanty et al. 2023). Moving automobiles as quickly and
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cheaply as feasible is always the objective. VRP has inspired
aplethora of precise and heuristic approaches (Harwood et al.
2021; Srinivasan et al. 2018), all of which struggle to pro-
vide fast and trustworthy solutions. The VRP’s bare bones
implementation comprises sending a single vehicle to deliver
items to many client locations before returning to the depot
to restock (Feld et al. 2019). By optimizing a collection of
routes that are available and all initiate and conclude at a
single node called the depot, the maximum reward sought
by VRP is often expressed as the inverse of total distance
traveled or mean service time. Even with just a few hundred
delivery locations, finding the best solution to this problem
is computationally challenging.

To be precise, in every VRP with parameters (n, k), there
are (n — 1) locations, k motor vehicles, and a depot D (Azad
et al. 2023; Harwood et al. 2021). The solution is a col-
lection of paths whereby each vehicle takes exactly one
journey, and all k vehicles start and conclude at the same
location, D. The best route is one that requires k vehicles to
drive the fewest total miles. This problem may be thought
of as a generalization of the well-known “traveling sales-
man” problem, whereby a set of k salesmen must service
an aggregate of (n — 1) sites with a single visit to each
of those places being guaranteed (Harwood et al. 2021). In
most practical settings, the VRP issue is complicated by other
constraints, such as limited vehicle capacity or limited time
for coverage. As a consequence, several other approaches,
both classical and quantum, have been proposed as potential
ways forwards. Currently, available quantum approaches for
optimizing a system include the quantum approximate opti-
mization algorithm (QAOA) (Azad et al. 2023), the quadratic
unconstrained binary optimization (QUBO) (Glover et al.
2020), and quantum annealing (Irie et al. 2019; Crispin and
Syrichas 2013; Office 2019).

1.3 Quantum support vector machine (QSVM)

The goal of the support vector machine (SVM) technique
is to find the best line (or decision boundary) between two
classes in n-dimensional space so that new data may be clas-
sified quickly. This optimum decision boundary is referred
to as a hyperplane. The most extreme vectors and points that
help construct the hyperplane are selected using SVM. The
SVM method is based on support vectors, which are used
to represent these extreme instances. Typically, a hyperplane
cannot divide a data point in its original space. In order to
find this hyperplane, a nonlinear transformation is applied to
the data as a function. A feature map is a function that trans-
forms the features of provided data into the inner product of
data points, also known as the kernel (Havlicek et al. 2019;
Rebentrost et al. 2014; Kariya and Behera 2024).

Quantum computing produces implicit calculations in
high-dimensional Hilbert spaces using kernel techniques by
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physically manipulating quantum systems. Feature vectors
for SVM in the quantum realm are represented by den-
sity operators, which are themselves encodings of quantum
states. The kernel of a quantum support vector machine
(QSVM) is made up of the fidelities between different feature
vectors, as opposed to a classical SVM; the kernel conducts
an encoding of classical input into quantum states (Havlicek
et al. 2019; Leporini and Pastorello 2021).

1.4 Novelty and contribution

e In this work, we propose a new method to solve the VRP
using a machine learning approach through the use of
QSVM.

e In this context, we came across recent and older works in
QSVM (Kariya and Behera 2024; Gentinetta et al. 2024;
Rebentrost et al. 2014) and VQE algorithms (Cerezo
et al. 2021), which are used to solve optimization prob-
lems such as VRP. However, none of them use a hybrid
approach to arrive at a solution.

e Our work implements this new approach of solving VRP
using gate-model simulation of a 3-city or 4-city problem
on a 6-qubit or 12-qubit system, respectively, using a
parameterized circuit that is proposed as a solution to
VRP.

e We apply quantum encoding techniques such as ampli-
tude encoding, angle encoding, higher-order encoding,
IQP Encoding, and quantum algorithms such as QSVM,
VQE, and QAOA to construct circuits for VRP and assess
the results and summarize our findings.

e We evaluate our solution using a variety of classical opti-
mizers, as well as fixed and variable Hamiltonians to draw
statistical conclusions.

1.5 Organization

The paper is organized as follows. Section?2 discusses the
fundamental mathematical concepts such as QAOA, the Ising
model, quantum support vector machine, amplitude encod-
ing, angle encoding, higher-order encoding, IQP encoding,
and VQE. Section 3 discusses the formulation and solution of
VRP utilizing the concepts covered in the preceding section.
Section 3.2 includes the fundamental components of circuits
required to solve VRP using QSVM. Section4 covers the
outcomes of the QSVM simulation consisting of two sub-
sections. Section4.1 covers the outcome of simulation results
of all the encoding schemes used, Finally, in Sect.4.2, we
conclude by comparing the results of QSVM solutions using
various optimizers in the Qiskit platform on the VRP circuit
and discuss the feasibility of higher qubit solutions as the
future directions of research.
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2 Background

Dealing with methods and processes for resolving combi-
natorial optimization problems is the foundation of solving
routing challenges. The objective function is then derived
by converting the mathematical models into their quantum
counterparts. We arrive at the objective function’s solution
by iteratively maximizing or minimizing the mathematical
model. In this section, we provide an outline of our solution
strategy’s key concepts.

2.1 QAOA

The quantum approximate optimization algorithm (QAOA)
was proposed by Farhi et al. (2000, 2014) using an adia-
batic quantum computation framework as the algorithm’s
foundation. It is a hybrid algorithm because both classical
and quantum approaches are utilized. Quantum adiabatic
computation entails transitioning between the eigenstates of
the driver Hamiltonian and the problem Hamiltonian. The
Hamiltonian problem can be expressed as

Clz) =) Cul). (1
a=1

It is well known that the combinatorial optimization problem
may be effectively addressed by determining the eigenstate
of C with the maximum energy. Likewise, we use driver
Hamiltonian as

B=Y ot @)
j=1

Here, (rj’.‘ denotes the o* Pauli operator on bit z j» and B is
the mixing operator. Let us additionally define two operators

Uc (y)=e "¢, Up (B)=eFP. 3)

This enables the system to develop under C for y time and
B for g8 time. Essentially, QAOA creates the following state,

1B.¥) =Us (Bp) Uc (vp) --- U (B2) Uc (v2) U (B1) Uc (y1) Is)
“

Here, |s) represents the superposition state of all inputs.
The expectation value of the cost function > ', (8,7 |Cq
|B,y ) provides the solution, or an approximate solution to
the problem (Zhou et al. 2020).

2.2 Ising model

The Ising model is a well-known mathematical representa-
tion of ferromagnetism in statistical mechanics (Singh 2020;
Brush 1967). In the model, discrete variables (+1 or —1)
represent magnetic dipole moments of “spins” in one of
two possible states. Each spin can interact with its neigh-
bors because they are organized in a network, commonly
a lattice (when there is periodic repetition in all directions
of the local structure). The spins interact in pairs, with one
value of energy when the two spins are identical and another
value when they are dissimilar. However, heat reverses this
tendency, permitting the formation of alternative structural
phases. The model is a condensed representation of reality
that allows phase transitions to be identified. The subsequent
Hamiltonian describes the entire spin energy:

HCZ—Z JijUin—hZO’i, (5)
(i.J)

where J;; is the interaction between adjacent spins i and j,
and A is an external magnetic field. At & = 0, the ground
state is ferromagnetic if J is positive. At 4 = 0, the ground
state is antiferromagnetic if J is negative in a bipartite lattice.
Thus, for the purpose of clarity and within the scope of this
paper, the Hamiltonian can be expressed as

o= =Y dpoici ~ Yoo ®
(i,j)

Here, o, and o, represent the z and x Pauli operators,
respectively. For the sake of simplification, we can presume
the following conditions to be ferromagnetic (J;; > 0) if
there is no external impact on the spin: # = 0. The Hamilto-
nian may therefore be reformulated as follows:

He=-Y" Jijofo; = — > ofa}. (7
(i) (i)

2.3 Quantum support vector machine

SVM (Rebentrost et al. 2014; Kariya and Behera 2024)
is a supervised algorithm that constructs hyperplane with
W - X + b = 0such that w - X + b > 1 for a training point
X; in the positive class, and w - X + b < —1 for a training
point X; in the negative class. During the training process, the
algorithm aims to maximize the gap between the two classes,
which is intuitive as we want to separate two classes as far
as possible, in order to get a sharper estimate for the classi-
fication result of new data samples like x(. Mathematically,

we can see the objective of SVM is to find a hyperplane that
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maximizes the distance 2/|w| constraint to y; (w-x; +b) > 1.
The normal vector W can be written as W = Y ', o X;
where «; is the weight of the i’ training vector X;. Thus,
obtaining optimal parameters b and ¢; is the same as finding
the optimal hyperplane. To classify the new vector is anal-
ogous to knowing which side of the hyperplane it lies, i.e.,
vi (Xo) = sign(w.X + b). After having the optimal parame-
ters, classification now becomes a linear operation. From the
least-squares approximation of SVM, the optimal parameters
can be obtained by solving a linear equation

Fb,ar, a2,3, ..o o)’ = (0, y1, y2, y3, o ym)” - (®)

In a general form of F', we adopt the linear kernels K; ; =
k(Xj, Xj) = X;.Xj. Thus, to find the hyperplane parameters,
we use matrix inversion of F: (b, a!)T = F~1(0, y1)T.

2.3.1 Quantum kernels

The main inspiration of a quantum support vector machine is
to consider quantum feature maps that lead to quantum kernel
functions, which are hard to simulate in classical computers.
In this case, the quantum computer is only used to estimate a
quantum kernel function, which can be later used in kernel-
based algorithms. For simplicity, assuming the data points
x, z € X, the nonlinear feature map of any data point is

®(x) = Ux) [0")(0"| U (x). 9)
The kernel function « (x, z) can be computed as

K, y) = (@) | $())I*. (10)

The state |¢(x)) can be prepared by using a unitary gate
U(x), and thus |¢(x)) = U(x)|0). Thus, the kernel fuction
becomes

K(x,2) = ‘(0 ‘U'T(x)U(z)‘ o))z. (11)

From the above, we can say that the kernel « (x, z) is sim-
ply the probability of getting an all-zero string when the
circuit UT(x)U(z)|0) is measured or this kernel is an |0")
to |0") transition probability of a particular unitary quantum
circuit on n qubits (Havlicek et al. 2019; Glick et al. 2024).
This can be implemented using the following kernel estima-
tion circuit (Fig. 1).

2.4 Amplitude encoding (AE)

In the process of amplitude embedding (Araujo et al. 2021),
data is encoded into the amplitudes of a quantum state. A
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Fig.1 Schematic diagram depicting quantum circuit for kernel estima-
tion

N-dimensional classical data point x is represented by the
amplitudes of an n-qubit quantum state |1, ) as

N
W) =D xili) (12)
i=1

where N = 2", x; is the i-th element of x, and |i) is the i-th
computational basis state.

In order to encode any data point x into an amplitude-
encoded state, we must normalize the same by following

N
> xili), (13)

Xnorm 7
i=1

N
where Xuorm=/ Y iz |Xi|%.

2.5 Angle encoding (AgE)

| wxnorm > =

While the above-described amplitude encoding expands into
a complicated quantum circuit with huge depths, the angle
encoding employs N qubits and a quantum circuit with fixed
depth, making it favorable to NISQ computers (LaRose and
Coyle 2020; Qiskit 2024). We define angle encoding as a
method of classical information encoding that employs rota-
tion gates (the rotation could be chosen along x, y, or z axis).
In our scenario, the classical information consists of the node
and edge weights assigned to the vehicle’s nodes and path-
ways which are further assigned as parameters to ansatz.

x) =) R (x) [0"). (14)

where x; represents the classical information stored on the
angle parameter of rotation operator R.
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2.6 Higher-order encoding (HO)

Higher-order encoding is a variation of angle encoding where
we have an entangled layer and an additional sequential oper-
ation of rotation angles of two entangled qubits (Qiskit 2024).
This can be loosely defined as follows:

n n—1 n
X) = @) Rexi—1.x) Q) CXiipt QR (xi) [07). (15
i=2 i=2 =1

Similar to angle encoding, we are free to choose the rota-
tion.

2.7 1QP encoding (IqpE)

IQP-style encoding is a relatively complicated encoding
strategy. We encode classical information (Paddle Quantum
2024)

Ix) = (Uz(x)H®")" |0"), (16)

where r is the depth of the circuit, indicating the repeating
times of Uz (x)H®". H®" is a layer of Hadamard gates acting
on all qubits. Uz (x) is the key step in IQP encoding scheme:

Uz0) = [] Rzz; (xixj) Q) Rz (xi) . (17)
k=1

[i.jles

where S is the set containing all pairs of qubits to be entangled
using Rzz gates. First, we consider a simple two-qubit gate:
Rz, 7,(0). Its mathematical form e 1321972 can be seen as a
two-qubit rotation gate around ZZ, which makes these two
qubits entangled.

2.8 VQE

Variational quantum eigensolver (VQE) is another hybrid
quantum-classical algorithm used for the estimation of the
eigenvalue of a matrix or Hamiltonian H (Peruzzoetal.2014)
of significant size. The primary objective of this approach is
to ascertain a trial qubit state from a wave function |¢(§))
that relies on a collection of parameters 6 = 01,62, -,
which are often referred to as the variational parameters. The
expectation of an observable or Hamiltonian H in a state
W(é)) can be expressed as follows:

E@) = (Y @) H|Y(0)). (18)

By spectral decomposition

H =mY) (Yl + 220V (bl + o A Al ¥)n (Vs
19)

where A; and |); are the matrix H’s eigenvalues and eigen-
states, respectively. Additionally, because H’s eigenstates are
orthogonal,(l/f,- | lﬁj> = 0Ifi # j.The wave function |1ﬂ(§))
can be expressed as a superposition of eigenstates.

Y ©®) = a1@) V) +@2@)P)y + ...+ @)Y, 20)
Hence, the expectation is given by

E@) = |a1(0)*h1 + l02(0) 222 + ... + [a (0) 2.
1)

Hence, E (5) > Amin- The VQE method involves the iter-
ative adjustment of the parameters 6 = 01,6, ...1in order to
minimize the value of E (5). This property of VQE is advan-
tageous when attempting to solve combinatorial optimization
problems; specifically, the approach involves using a param-
eterized circuit to establish the trial state of the algorithm,
with the cost function denoted as E (67), which is also the
expected value of the Hamiltonian in this state. It is possible
to derive the ground state of the desired Hamiltonian by iter-
atively minimizing the cost function. A classical optimizer
uses a quantum computer to calculate its gradient and assess
the cost function at each step of the optimization process.

3 Methodology
3.1 Modelling VRP in QSVM

By mapping the cost function to an Ising Hamiltonian H,,
the vehicle routing problem can be solved (Lucas 2014). The
solution to the problem is determined by minimizing the Ising
Hamiltonian H,.. Consider a graph with n vertices and n — 1
edges and an arbitrary connectivity. Assuming we must route
a vehicle between two non-adjacent vertices in the graph,
consider a binary decision variable x;; whose value is 1 if
there is an edge between i and j with an edge weight w;; > 0
and 0 otherwise. Now, the VRP problem necessitates n x (n —
1) selection variables. We define two sets of nodes for each
edge from i — j: source s [i] and target #[j]. s [i] contains
the nodes j to which i sends an edge j € s[i]. The collection
t [j] comprises the nodes i to which the node i delivers the
edge i € t[j]. The VRP is defined as follows (Azad et al.
2023, Qiskit: Vehicle Routing 2024):

VRP(n, k) = min W;iXii, 22
(n. k) MZ i (22)

i i €O
where k and n represent the number of vehicles and locations

respectively; there are n — 1 locations for vehicles to traverse
if the starting point is considered to be the Ot/ location or
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Depot D. Notably, the following restrictions apply to this
(Mohanty et al. 2023):

> xj=LVie{l...n—1},

je s [il
Y xj=LViell, - n—1)
jerlil
> woy=k
je s [0]
2. o=k
jer 0]
ui —uj+ Qxi; < 0 —gq;, Vi~ j,i,j#0,
qi <u; < Q,Vi,i #0. (23)

The first two restrictions establish that each node may only
be visited once by the delivering vehicle. The middle two lim-
itations enforce the requirement that after product delivery,
the vehicle must return to the depot. The last two restrictions
enforce the requirements for eliminating sub-tours and are
constrained on u;, with Q > ¢; > 0,and u;, Q, ¢; € R. For
the VRP equation and constraints, the VRP Hamiltonian can
be expressed as follows (Azad et al. 2023).

Hyrp = Hy + Hp + Hc + Hy + He,

Hy = E Wi Xij,

i—j

2
mea Y (1= % w).
iel,-,n—1 je s il
2
S Sl (B e
iel,--,n—1 je tli]
2
H;j=Alk— Z xoj | »
J€ s[0]
2
H,=A|k-— Z xjo | - (24)
je to]

A > 0 is indicative of a constant. The vector representation
of the collection of all binary decision variables x;; is

T
T = [X0,1): X020 X(1L.0)s X(1,2)s  Xu—1n-2)] - (25)

Using the antecedent vector, we can construct two new
vectors for each node: 7 ;7 and Z 7y (at the start of the
section, we defined two sets for source and target nodes, so
two vectors will represent them).

T =X3x; =1, x;=0k#i Vj,ke{0,---,n—1},
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T =X¥oxi=1 xu=0k#i Vjke{0,---,n—1}.

(26)
—»T -
Z Xij = Zg1i1%>
Jjeslil
_ 2T =
Z Xji = 2 X 27
Jjetli]

These vectors will contribute to the development of the
QUBO model of VRP (Date et al. 2019; Glover et al. 2020;
Kochenberger et al. 2014; Guerreschi 2021). The QUBO
model of a connected graph G = (N, V) is specified as
follows:

f(X)oupo = xT0x +g'x +c, (28)

min
x€{0,1}(NxV)
where Q is a quadratic edge weight coefficient, g is a linear
node weight coefficient, and c is a constant. To determine the
coefficients in the QUBO formulations of Hy g p as shown in
Eq.24, the equations in Eq.27 are first substituted in terms
of Hj, and H,, respectively. Subsequently, the expression of
Hy gp is expanded and rearranged in accordance with Eq. 28.

n—1

T T =2
H=A Z [ZS[i]ZS[i] + ZT[i]ZT[i]:I X
i=0

n—1
+w'E—24% [ng + Zi[i]] x
i=1
—24k gy + 2y | B+ 2400- D+ 248 (29)

Hence, in the QUBO formulation of the Eq. 24, the coef-
ficients Q(n(n — 1) x n(n — 1)), g(n(n — 1) x 1), and c are
derived. The coefficients associated with the QUBO formu-
lation of Eq.24 are shown below.

0=4 I:[ZT[O]’ oo ZT[nfll]T [zr101, - 2700-11]
+ @, @J(n—1,n—1)],
g=W—24Ak ((eo ® Jn-1) + [ZT[O]]T> ,
+2AJn ® Jn-1)
c=2A(n—1) 424K 30)

J is the matrix containing all ones, 1 and
ep = [1,0,--- .., O]T are the identity matrices. The binary
decision variable x;; is converted to the spin variable s;; €
{—1, 1} using the formula x;; = (s;; + 1)/2.

From the aforementioned equations, we may expand
Eq.28 to form the Ising Hamiltonian of VRP (Glover et al.
2020).

H[SZ—Z Z JijsiSj—Z his; +d. (31
i

i i<j
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The following are definitions for the terms J;;, A;, and d:

Qij . .

Jij = —#, Vi<,
& Qij Qi
=Tt

(32)

d=c+Y 4% ZQT
i i J

3.2 Analysis and circuit building
3.2.1 VRP

In the current section, we proceed to create a circuit based
on gates using the IBM gate model. The implementation of
this model is carried out using the Qiskit framework (et al.
2024), enabling us to effectively execute the aforementioned
formulation. In the context of a given vehicle routing problem
(VRP) that incorporates qubits, the initial state is established
as |[+)®"=D _This state represents the ground state of H,, .,
which is achieved by applying the Hadamard gate to each
qubit that has been initialized to the zero state. Subsequently,
we proceed to build the subsequent state.

|ﬁ, y) — e*imerﬁpe*iHc)’p.“

_._e—imer/SOe_iHc)’O|+)”®(’l_1). (33)

The energy E of the state |8, y) is computed using the
expectation of H. from Eq.18. Again, based on the Ising
model, the term H, can be expressed in terms of Pauli oper-
ators as follows:

HC = — Z Z J,’jO’iZO';

i i<j

(34)

— Z hio} —d.
i

Thus, the expression for a single term of state in |8, y) as
Bo, yo reads as follows:

e~ HmirPog=iHevo  The first term He can be expanded as
follows:

! ijvo0ioj cos Jijyol +i sin Jijyooioj,
= ¢Mii"100)(00] + e ~"ii7101)(01]
+e 7 i0110)(10] 4 €0 11 (11,

=M 35)

It can be noted that, by the application of CN OT (C X) gate
before and after “M,” the diagonal elements of the above
matrix can be swapped.

CX(M)CX = €'71i70)00)(00] — e~ "71i70]01)(01]

+e ur[10)(10] — e 11)(11],  (36)

Expanding the matrix and observing the upper and lower
blocks, we can rewrite

10] _ [ein 0 w10
|:0 1:| © [ 0 e—iJijy0:| =1® i |:O e—2i~’ijV01| :

37

[(1) 6_2?1’_1_ ),Oi| is a phase gate. Looking at the 2nd term of

H., we get
HC = Zh,‘O’iZ,
i
eMi%i — cos h;vol + i sin yyoi,

h; Lo +isinh; 1o
coshivo | o4 isinhiyo |y |-
ehivo
:|: 0 eihiV():|' (38)
Figure 2a picturizes the fundamental circuit with two
qubits and gate selections for H.. Similarly, Hy, is merely a

rotation along the X axis, as depicted by the U gate in Fig. 2b.

Fig.2 a Circuit example
illustrati.ng gate operations for — H rant (](97 (b, )\) R (](07 ¢’ )\) —
H.. b Circuit example
displaying gate selections with
an additional u gate for Hpx, J— H
(a)

(b)
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] Ry(el)

U (6:1,0.0) . x| x|
U (0,0,0) U (65,0, 0) — Ry (02)

— Ry(02) R, (6,.02) —

D
%

()

Fig. 3 Plot illustrating different encoding methods for two qubits. a Amplitude encoding, b angle encoding, ¢ higher-order encoding, and d IQP

encoding

The above sample circuits can be used for the solution of
VRP combined with the VQE and QAOA approach. How-
ever, in this paper, we are focusing on a machine learning
solution of VRP by use of QSVM; thus, we need to construct
a QSVM circuit using various encoding schemes. Simple
interpretation and implementation of encoding schemes are
described in upcoming sub-sections.

3.2.2 Amplitude encoding

As we look into AE, a single qubit state is represented by
[¥)(0) = cos(6/2)]0) 4 sin(0/2)[1), (39)
for two qubits

[¥(0)) = «|00) + B|01) + y[10) + 5]|11),
= [0)(«|0) + BI1)) + [1)(¥]0) + 8]1)),

0 1
I e <a| ;2++ﬂﬁ|;2>)

0) + 31
+|1>\/y2+52%. (40)

Now, applying Ctrl U and Anti-CTRL U on the above
state, we achieve

10)\/a? + B2|0) + |1)4/ y2 + §2]0)

= ( a? + B210) + y2+82|1)) |0). 41
Here, §; = tan™! sl 6, =tan~' 2 93 = tan—! £
9 1 - W? 2 - y’ 3 - o

Combining VRP and amplitude encoding circuit eliminates
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the need of Hadamard gates and H,,,, components, and we
end up with the following skeleton circuits (Fig. 3a).

3.2.3 Angle encoding

For a two-qubit scenario, angle encoding translates to the
following example. We define the R, gate as follows:

. 0
Ry(6) = e Y02 = cos 5~ isinf/2Y,

| cos8/2 —sin6/2
- [sin9/2 cosf/2 i| (42)

100)
Ry (0 0 . 6 0 .0
ﬁ (cos El|0)+sm %Il)) <cos ?2|0) + sin EZH)),

0 0 0 0
= cos = - cos —2|OO) + cos L sin —2|01)
2 2 2 2

0 7 0 0
+sin§1 ~cos§|10) +sin%sin52|11)

0 ) 0 )
M Cos = - cos —2|00) +cos—l - sin —2|01)
2 2 2 2
0 ) 0 . 0
+sin51~cos§|11)+sin515in32|10). (43)

3.2.4 Higher-order encoding

For a two-qubit scenario, HO encoding translates to the fol-
lowing: We define the R, gate as follows:

: 0
Ry(0) = e 19/ = cos S —isin0/2y,

| cos0/2 —sin6/2
- [sin9/2 cosf/2 :| 44
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[00)

Ry(61) 0 ) 0 .0
BEALA cos—1|0)+s1n—1|1> cos—2|0)+sm—2|1) ,
Ry (62) 2 2 2 2

0 % 0 %
= cos ?l - COs ?2|OO) + cos E] - sin ?2|01)

0 0 0 %
+sinEl-cos52|10)+sin?lsin32|11)
0 % 0y -6 01 -6
%cos%-cos%lm (cos 12 2IO)—{—sin 12 2|1)>

0 0 01 -6 01 -6
+cosEl~sin?2|0) (—sin 12 2|0)—{—cos 12 2|1))

6 6 01 -6 61 - 6
+sin%cos?2|1)<cos 12 210) + sin ]2 2|1)>

N ) . 01-6; 016>
+s1n?~sm?|1)<—sm 5 |0) + cos 5 |1)>.

(45)

3.2.5 IQP encoding

For a two-qubit scenario, IqpE translates to the following:

H H
100) = | 4+ +),

= %(|00) +101) + [10) + |11)),

1 . . .
Rz (1) _(|00)+6102|01>+610]|10)+el(9|+92)|11>)
Rz(6) 2

ST 2000) + ¢ 2101) + ¢ 1) + e’(9'+92)'10>>

R7(01.62) %(|00)+ei02(1+01)|01>_I_ei91(1+02)|11>

+ei91(1+92)|10) +ei(01+02)|11>). (46)

4 Results
4.1 VQE simulation of QSVM and VRP

We build the Hamiltonian with a uniform distribution of
weights between O and 1, and then run it along with the
ansatz viaIBM’s three available VQE optimizers (COBYLA,
L_BFGS_B, and SLSQP). We run the circuit up to two lay-
ers and gather data using all of the available optimizers. We
run the experiment again with a fixed Hamiltonian and, sub-
sequently, a set of variable Hamiltonians to see whether the
QSVM and encoding approach can effectively reach the clas-
sical minimum. Our results indicate that COBYLA is the
most efficient optimizer, followed by SLSQP and L BFGS
B. In the sections that follow, we will have a look at the results
obtained using various QSVM encoding schemes. We define
two terms—accuracy and error—in the context of outcomes’
interpretability. An error occurs when the solution deviates

from the classical minimum more often than it reaches it,
whereas accuracy is defined as the number of times the solu-
tion reaches the classical minimum. Percentages based on the
distribution of the outcomes are used to evaluate both terms.

Acc =

El

T
T—-N

Err =

47

T = Total number of Simulation runs
N =Total number of times solution reaches classical min-
imum

4.1.1 Amplitude encoding

With a large number of gates, the AE circuit has proven to be
the most complex of all encoding circuits. We can simulate
no more than six qubit computations due to this complexity.
Despite its complexity, AE has a high, nearly perfect accuracy
rate (100%) and a very low error rate (0%) for 50-iteration
fixed Hamiltonian simulations. The trend is present in both
the first and second layers. The first layer accuracy for a vari-
able Hamiltonian simulation is 96%, and the second layer
accuracy is 94% across all optimizers. Figure 4 depicts the
results of 50 iterations of simulating SVM with amplitude
encoding on a VRP circuit with fixed and variable Hamil-
tonian. The decline in accuracy, however, can be attributed
to simulation or computational errors, as all the errors are
greater than 100% and are therefore considered aberrations.
Most likely, the simulation hardware cannot accommodate
the VQE procedure.

4.1.2 Angle encoding

Angle encoding is the second encoding (Fig.5), follow-
ing amplitude encoding; we have experimented with SVM
VRP simulation, which yields high accuracy and low error
rates. Observing Tables 1 and 2, angle encoding is the sec-
ond most precise encoding employed in our investigations.
For fixed Hamiltonian simulations over 50 iterations with 6
qubits angle encoding, the first layer, including all optimiz-
ers, achieves 100% accuracy and 0% error. In the second
layer simulation (over 50 iterations), the accuracy decreases
to 98% for COBYLA, 96% for SLSQP, and 86% for
L_BGFS_B, which is a greater decrease than the other two.
These declines are attributable to optimizer-dependent statis-
tical errors. Similarly, for 12-qubit simulations of SVM VRP,
the accuracy rates are higher in the first layer, which consists
of COBYLA at 100%, SLSQP at 92%, and L_BGFS_B at
88%, reiterating that the accuracy is highly dependent on
the optimizer. As we move to the second layer of 12-qubit
simulations on fixed Hamiltonian, we observe a decline in

@ Springer



34 Page100f17

Quantum Machine Intelligence (2024) 6:34

Fig.4 Plot illustrating
Amplitude encoding results for
QSVM solution of VRP. a
Amplitude encoding 6 qubits fix
Hamiltonian and b amplitude
encoding 6 qubits variable
hamiltonian
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Amplitude_Encoding_6Qubit_Variable_Hamiltonian
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precision as the level of optimization rises. In this case,
COBYLA winds up with 80%, L_BGFS_B with 70%, and
SLSQP with 84%. Here, SLSQP’s accuracy loss is less than
that of the other two optimizers. The variable Hamiltonian
with 12 qubits demonstrates a comparable trend. On the ini-
tial layer, we observe high accuracy with COBYLA at 96%,
L_BGFS_B at 86%, and SLSQP at 90%. Moving to the sec-
ond stratum, the accuracy figures drop significantly, with
COBYLA at 76% and L_BGFS_B at 62%, while SLSQP
maintains excellent accuracy at 86%. In every scenario of
our investigation, it is evident that over optimization reduces
accuracy rates.

4.1.3 Higher-order encoding

After amplitude and angle encoding, higher-order encoding
is the third most prevalent encoding in our SVM VRP simula-
tion experiment. This is also the third most accurate encoding
in our experiment. For both 6 qubit and 12 qubit simulations,
HO encoding yields moderately accurate results; however, as
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the number of circuit layers is increased, the accuracy of the
HO encoding scheme deteriorates, rendering it inappropriate.
Figure 6 depicts the statistics of the HO encoding scheme for
fixed and variable Hamiltonian simulations of SVM VRP
circuits over 50 iterations for both 6 qubit and 12 qubit sim-
ulations. COBYLA achieves 78% accuracy for a 6-qubit HO
encoding circuit on a fixed Hamiltonian, while L_BGFS_B
achieves 66% accuracy and SLSQP achieves 70% accuracy.
As we proceed to the second layer, the accuracy considerably
decreases, with COBYLA at 34% and SLSQP, L_BGFS_B at
16%, respectively. Similar trends can be observed in variable
Hamiltonian simulations of HO encoding with 6 qubits, with
COBYLA at 76%, SLSQP at 62%, and L_BGFS_B at 58%
for the first layer; for the second layer, the accuracy drops to
36%, 34%, and 36% for COBYLA, L_BGFS_B, and SLSQP,
respectively. The 12-qubit simulation yields superior results
than the 6-qubit simulation and improves COBYLA’s accu-
racy. For fixed Hamiltonian simulations, COBYLA achieves
an accuracy of 92%, compared to 78% for 6 qubit. For vari-
able Hamiltonian simulations, COBYLA stores 76% for 6
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Angle Encoding 6-Qubit 2-Layers Fixed Hamiltonian
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Fig. 5 Plot illustrating angle encoding results for QSVM solution of
VRP. a Angle encoding 6 qubits fix Hamiltonian, b angle encoding 12
qubits fix Hamiltonian, ¢ angle encoding 6 qubits variable Hamiltonian,

and d angle encoding 12 qubits variable Hamiltonian
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Fig. 6 Plot illustrating Higherorder encoding results for QSVM solu-
tion of VRP. a Higher-order encoding 6 qubits fix Hamiltonian, b
higher-order encoding 12 qubits fix Hamiltonian, ¢ higher-order encod-
ing 6 qubits variable Hamiltonian, d higher-order encoding 12 qubits
variable Hamiltonian
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1QP Encoding 6-Qubits 2-Layer Fixed Hamiltonian
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Fig. 7 Plot illustrating IQP encoding results for QSVM solution of
VRP. a IQP encoding 6 qubits fix Hamiltonian, b IQP encoding 12
qubits fix Hamiltonian, ¢ IQP encoding 6 qubits variable Hamiltonian,
d IQP encoding 12 qubits variable Hamiltonian

qubit in the first layer, and 92% for 12 qubit in the first layer.
The tendencies for L_BGFS_B and SLSQP are ambiguous
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for both cases (fixed and variable Hamiltonian simulations);
itis reassuring to conclude that an increase in layer decreases
accuracy and that COBYLA outperforms the other two opti-
mizers and ensures stable performance.

4.1.4 1QP encoding

IQPencoding (Fig. 7) is the last and least accurate encoding in
our experiment to simulate an SVM VRP circuit. The results
are plotted in Fig.7 and in Tables 1 and 2. As we can see
from the figures and tables, accuracy is consistently poor
for fixed and variable Hamiltonian simulations in both 6-
qubit and 12-qubit circuits. The accuracy further declines
as layers increase. Hence, this encoding is unsuitable in our
experiment of SVM VRP circuits.

4.2 Inferences from simulation

As we scan through the results of SVM VRP simulations
across the encoding schemes, we observe some clear and
distinct trends regarding the experiment. Tables 1 and 2 sum-
marize the results obtained from the plots of all the encoding
schemes used in this experiment. We list these trends as our
outcomes of this experiment in the below points:

e The approach to solving VRP using machine learning is
successful and is capable of accomplishing the same or
a superior result than the conventional approach using
VQE and QAOA.

e The use of encoding/decoding schemes can serve the
purpose of creating superposition and entanglement and
eliminate the additional effort required to construct the
mixer Hamiltonian when solving the VRP using the stan-
dard approach of QAOA and VQE.

e While the standard approach to solving VRP or any com-
binatorial optimization problem requires a few layers of
circuit depth (2 in most cases), we are able to achieve the
same on the first layer itself with this approach, proving
that it is more efficient than the standard approach.

e We also observe a distinct trend that as the number of
layers increases, the accuracy decreases, which can be
used to determine where to limit the optimization depth.

e Encoding/decoding schemes reduce the number of opti-
mization layers but increase the circuit’s complexity
by introducing more gates. Therefore, when selecting
an encoding scheme, we must take into account the
complexity of the generated circuit and the number
of required gates, as well as the number of classical
resources (memory, CPU) it will require. There must be
a trade-off between circuit complexity and the desired
problem accuracy.

e Despite the fact that amplitude encoding provided the
greatest accuracy, it could not be used to simulate a 12-
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Table 1 For 6- and 12-qubit VRP circuits using SVM with 2 layers, this
shows the accuracy and error with reference to classical minimum (over
50 iterations) for VQE simulations over a fixed Hamiltonian; utilizing

amplitude, angle, higher-order, and IQP encoding schemes, over the use
of COBYLA, SLSQP and L_BGFS_B optimizers

Qubits 6 12
Encoding Optimizer ~ Layers Iterations No Devn. With Devn Acc Err NoDevn. WithDevn  Acc Err
Amplitude Enc. COBYLA 1 50 0 0%
LBGFSB 1 50 0 0%
SLSQP 1 50 0 0%
COBYLA 2 50 0 0%
LBGFSB 2 50 0 0%
SLSQP 2 50 0 0%
Angle Enc. COBYLA 1 50 0 0% 0%
LBGFSB 1 50 0 0% 12%
SLSQP 1 50 0 0% 8%
COBYLA 2 50 1 2% 20%
LBGFSB 2 50 7 14% 30%
SLSQP 2 50 2 4% 16%
HO Enc. COBYLA 1 50 1 22% 10%
LBGFSB 1 50 33 17 66%  34% 36%
SLSQP 1 50 35 70%  30% 62%  38%
COBYLA 2 50 17 34% 20%  80%
LBGFSB 2 50 8 16% 38 24%  16%
SLSQP 2 50 8 16% 33 34%  66%
IQP Enc. COBYLA 1 50 11 22% 40 20%  80%
LBGFSB 1 50 8 16% 43 14% = 86%
SLSQP 1 50 12 24% 49 22%  98%
COBYLA 2 50 16% 44 12% | 88%
LBGFSB 2 50 12% 46 8% 92%
SLSQP 2 50 12% 46 8% 92%

qubit VRP scenario due to the large number of gates
required. Angel encoding, on the other hand, was found
to be much simpler due to a significantly smaller number
of gates, as well as providing excellent accuracy (96%
for COBYLA, and 92% for SLSQP and L_BGFS_B in
variable hamiltonian simulation) across all the available
optimizers. This again demonstrates that the complex-
ity of circuits and the number of gates used are the
most important considerations when choosing an encod-
ing/decoding scheme.

e It can be noticed that AgE performs the best in terms of
circuit complexity and accuracy rates due to the forma-
tion of a single layer of superposition. In other encodings
(HO, IgpE), we observe multi-layered complex super-
position structures, which is the reason for fluctuations
or error rates. Also in the fact that increasing layers

also increases the superposition structures and therefore
decreases the accuracy.

Using COBYLA as an optimizer, HO encoding yielded
intriguing results with reduced accuracy in circuits with
fewer qubits (6 qubits) and higher accuracy in circuits
with more qubits (12 qubits) for both fixed and vari-
able Hamiltonian simulations. The trend is disregarded
by SLSQP and L_BGFS_B. This demonstrates that the
algorithm’s performance is extremely dependent on the
optimizer; therefore, when evaluating the algorithm’s
performance, the most efficient optimizer should be
selected by comparing the available optimizers.

The IQP encoding scheme performed the worst in this
experiment, with the lowest accuracy and highest error
rates among all other encodings used for one-layer,
two-layer, fixed, and variable Hamiltonians simulations.
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Table 2 For 6- and 12-qubit VRP circuits using SVM on with two
layers, this shows the accuracy and error with reference to classical mini-
mum (over 50 iterations) for VQE simulations on variable Hamiltonians

utilizing amplitude, angle, higher-order, and IQP encoding schemes,
over the use of COBYLA, SLSQP and L_BGFS_B optimizers

Qubits 6 12
Encoding Optimizer = Layers Iterations No Devn. WithDevn Acc  Err  NoDevn. WithDevn Acc  Err
Amplitude Enc. COBYLA 1 50 2 4%
LBGFSB 1 50 2
SLSQP 1 50 2
COBYLA 2 50 3
LBGFSB 2 50 3
SLSQP 2 50 3
Angle Enc. COBYLA 1 50 2 4%
LBGFSB 1 50 4 14%
SLSQP 1 50 4 10%
COBYLA 2 50 6 24%
LBGFSB 2 50 7 62% 38%
SLSQP 2 50 8 16%
HO Enc. COBYLA 1 50 12 8%
LBGFSB 1 50 21 32%
SLSQP 1 50 31 28%
COBYLA 2 50 18 42%  58%
LBGFSB 2 50 17 34%  66%
SLSQP 2 50 18 30%  70%
IQP Enc. COBYLA 1 50 27 44%  56%
LBGFSB 1 50 21 36% 64%
SLSQP 1 50 25 50% 50% 22 28 44%  56%
COBYLA 2 50 10 20% 40 20% | 80%
LBGFSB 2 50 14 28% 37 26% | 74%
SLSQP 2 50 20 40% 37 26% | 74%

Therefore, the IgpE method cannot be used to solve VRP
using QSVM.

e All of the optimizers used in the experiments performed
well across AE, AgE, and HO encodings; however,
COBYLA outperformed the other two due to its con-
sistently high level of accuracy, but SLSQP is more
resistant to accuracy fluctuations caused by an increase
in optimization depth or in the presence of multi-layered
circuits.

4.3 Complexity and cost considerations

Along with the inferences and observation, we want to touch
upon the complexity of the quantum circuits particularly the
number of qubits, quantum cost, and circuit depth in this
section. Here, we compare the SVM VRP solution with the
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standard VQE solution that is described in our previous work
(Mohanty et al. 2023).

In order to compare, we have listed the quantum cost and
circuit depth of standard VQE implementation with that of
SVM VRP implementation each consisting of 6 and 12 qubits
with one and two layers (Table 3). We can broadly derive the
following observations from Table 3.

e Transitioning from the conventional VQE method for
VRP to using a quantum support vector machine results
in a rise in the number of gates, elevating quantum depth
and cost.

e Therise in quantum cost and depth is not linear and varies
depending upon the encoding scheme employed when
comparing different encoding schemes with the conven-
tional VQE implementation of VRP.
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Table 3 Table consisting of quantum depth and quantum cost of various encoding schemes compared with standard VQE implementation of VRP

Method

1 2

Depth  Cost Depth  Cost

VQE Standard
Amplitude Encoding
Angel Encoding
HO Encoding

IQP Encoding

48
201
400
NA
58
223
73
256
65
236

63 95
234 401
693 800
NA NA
73 116
256 446
113 © 95
410 302
85 79
280 262

120
456
1386
NA

146
512

145
478

119
350

e Increasing the number of layers and qubits in various
techniques consistently leads to a rise in quantum depth
and quantum cost. The extent of this increase varies based
on the encoding method used.

e For the VQE standard, amplitude encoding, and angle
encoding, there is a proportionate rise in depth and cost,
roughly doubling as we go through layers and qubits.

e Higher-order encoding (HO) and IQP encoding exhibit a
much smaller rise in cost and depth over layers and qubits
compared to amplitude and angle encoding.

e As the number of qubits increases from 6 to 12, the depth
and cost rise by almost four times compared to the 6-
qubit scenario; however, the increase is somewhat less
than four times for HO and IQP encodings.

e Based on the depth and cost analysis, it is evident that
HO and IQP provide lower costs and circuit depths com-
pared to amplitude and angle encoding, but their findings
are less precise. Amplitude and angle encoding provide
the highest level of precision. This helps in determining
the balance between cost and accuracy when choosing
encoding techniques for QSVM.

4.4 Experimental setup, data gathering,
and statistics

This experiment is conducted within the ambit of the QISKIT
framework. While performing the experiment, we used a

quantum instance object, and the ansatz runs inside the
quantum instance object. A random seed is added to quan-
tum instance to stabilize VQE results. All the experiments
have been run 50 + 50 times, one with a fixed Hamiltonian
matrix and the other by varying the Hamiltonian matrix. The
objective of the experiments is to ensure that the results of
experiments are just not dependent on a single Hamiltonian.
This is also to ensure that the used circuits achieve classi-
cal minimum or near classical minimum regardless of the
Hamiltonian used. Thus, apart from the plots, Tables 1 and 2
become the figure of merit. In addition to the many hours
of testing and debugging, it is to be noted that the results
reported here amounted to 150 h of CPU time on a 24-core
AMD workstation using Qiskit’s built-in simulators (et al.
2024).

5 Conclusion

In this paper, we presented a novel technique for solving VRP
through the use of a 6- and 12-qubit circuit-based quantum
support vector machine (QSVM) with a variational quan-
tum eigensolver for both fixed and variable Hamiltonians.
In the experiment, multiple encoding strategies were used
to convert the VRP formulation into a QSVM and solve it.
In addition, we utilized multiple classical optimizers avail-
able within the QISKIT framework to measure the output
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variation and accuracy rates. Consequently, our machine
learning-based approach toresolving VRP has proven fruitful
thus far. Using a QSVM to implement a gate-based simula-
tion of a 3-city or 4-city VRP on a 6-qubit or 12-qubit system
accomplishes the goal. The method not only resolves VRP,
but also outperforms the conventional method of resolv-
ing VRP via multiple optimization phases involving only
VQE and QAOA. In addition, selecting appropriate encod-
ing methods establishes the optimal balance between circuit
complexity and optimization depth, thereby enabling multi-
ple approaches to solve CO problems using machine learning
techniques.
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