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Abstract

Derivatives are financial instruments whose payments are determined by ref-
erence to the prices of more fundamental assets, such as stocks, bonds, or
currencies. Since derivatives are financial instruments, their prices need to
be calculated, but in general, a large number of computational resources
are needed to calculate the prices of derivatives. Therefore, there have been
efforts to reduce the amount of computation needed to calculate the prices
of derivatives by using a quantum computer. We focus on two approaches to
derivatives price calculation using quantum computers. One approach is to
use quantum amplitude estimation to speed up Monte-Carlo methods since
derivative prices can be calculated as the expected value of the payoff func-
tion. The other approach is to use a quantum ordinary differential equation
solver to solve the ordinary differential equation obtained by discretizing
the partial differential equation that the derivative price obeys. Even when
using these quantum algorithms, the transformation between classical and
quantum information is often the bottleneck in naive algorithms. In fact,
when using the quantum amplitude estimation, embedding the probability
distribution into the quantum state can become a bottleneck. When using
a quantum ordinary differential equation solver, in addition to embedding
the probability distributions and initial values into the quantum state, the
extraction of the present price of the derivative from the resulting quantum
state also becomes a bottleneck.

In this thesis, we propose quantum algorithms that overcome these bot-
tlenecks in derivative pricing by achieving an efficient classical-quantum
transformation. As a method of transformation from classical to quantum
information, we propose a simulation of the time evolution of probability
distributions using variational quantum simulation. From the stochastic
differential equation, we derive a linear ordinary differential equation that
the probability distribution obeys and show the way to construct a quantum
circuit to simulate the obtained ordinary differential equation by using vari-
ational quantum simulation. This allows us to obtain unitary operators for
embedding the probability distribution of a Markov process into a quantum
state. Compared to other quantum state generation models, this method
has the advantage of obtaining the embedding operators at multiple time
points in a single simulation. As a method for transformation from quantum
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information to classical information, we propose a quantum algorithm based
on martingales. A martingale is a property in which the present price of the
derivative can be calculated as the expected value of the derivative price at
any future point in time. Using a quantum ordinary differential equation
solver, we solve the partial differential equation that the derivative price
follows to some future point in time instead of solving it to the present. In
addition, we prepare quantum states in which the probability distributions
at that time is embedded. By calculating the inner product of these quan-
tum states using quantum amplitude estimation, the present price of the
derivative can be calculated. Instead of retrieving the present price of the
derivative embedded in the amplitude of one basis of the quantum state,
the expected value can be calculated using all the amplitudes of the quan-
tum state in this way. Therefore, the bottleneck in the transformation from
quantum information to classical information is eliminated, and a significant
speed-up can be achieved compared to the classical algorithm. We also pro-
pose a method to run this algorithm on a noisy intermediate-scale quantum
computer using variational quantum algorithms. The results of this thesis
will be an important breakthrough for quantum algorithms in derivatives
pricing.
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Chapter 1

Introduction

1.1 Derivative pricing

Derivatives are financial products “derived” from more fundamental assets
called the underlying assets, such as stocks, bonds, currency, etc., and have
payoffs that depend on the prices of the underlying assets [, 2]. Because
of the uncertainties in the prices of the underlying assets, there are risks in
holding such assets. Derivatives are designed to control such risks. Since
derivatives are financial instruments, we need to evaluate their prices cor-
rectly. To this end, stochastic analysis is used to model the uncertainty of
the prices of the assets and the derivatives. This allows us to handle the
values and risks as statistics, which can then be quantitatively evaluated.
The theoretical price of a derivative in the simplest model can be obtained
analytically, but it is necessary to perform numerical calculations in gen-
eral cases. Financial risks have become increasingly complex and diverse,
and a variety of derivatives have been developed to hedge these risks. Ac-
cordingly, the calculation of derivative prices has become more complex. In
fact, financial institutions use supercomputers to perform these calculations.
Moreover, asset prices are constantly varying and then, if real-time recalcu-
lation is possible, a higher level of risk management will be achieved. Not
only in academia but in practice, derivatives pricing is an important area of
financial engineering.

1.2 Quantum algorithm

The quantum computer can execute more efficient algorithms for specific
problems than classical computers by actively utilizing the properties of
quantum mechanics. It was originally conceived to solve problems in quan-
tum mechanics efficiently. This is based on the idea that it is necessary
to use a computer that explicitly employs quantum mechanics to simulate
quantum states. In fact, for many-body quantum mechanical Hamiltonian,
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while the resources required to simulate quantum states with a classical com-
puter increase exponentially and make the simulation difficult to perform,
a quantum computer may be feasible in the sense that the resource for the
quantum computation can be reduced to polynomial.

A surprising fact is that efficient quantum algorithms exist for problems
other than quantum mechanics. For example, a quantum algorithm called
Shor’s algorithm [3] is exponentially faster than the classical algorithm for
discrete logarithm problems which is the fundamental part of modern public-
key cryptography. The security of modern public-key cryptography relies on
the computational complexity of the discrete logarithm problem. It is clear
that the impact on the real world will be significant when a quantum com-
puter is realized on a scale that allows Shor’s algorithm to be executed. Of
course, there are many other proposed applications of quantum algorithms
besides quantum simulation and discrete logarithm problems. For example,
quantum algorithms have been proposed for differential equations [41, 5],

stochastic analysis [0], and machine learning [7]. Thus, quantum algorithms
are important not only in terms of academic interest but also in industrial
applications.

The ideal quantum computer has error correction capabilities and is
therefore called a fault-tolerant quantum computer (FTQC). The afore-
mentioned quantum algorithms, such as Shor’s one, assume FTQC. Log-
ical qubits must be constructed to achieve FTQC, and this requires a large
number of physical qubits. While it is a very tough challenge to get large
numbers of qubits to cooperate and work together, the benefits of realiz-
ing FTQC are so great that it is currently being actively developed. On
the other hand, algorithms on noisy intermediate-scale quantum computers
(NISQ) [¥] that are not equipped with error correction have also been pro-
posed. In particular, an algorithm called the variational quantum algorithm
is not necessarily guaranteed to have provable quantum speedup, but it has
been expected to be beneficial, especially in quantum chemistry [9].

In this thesis, we discuss applications of quantum algorithms, especially
for financial engineering. In fact, industry demand is great because large
amounts of computational resources are required to solve practical financial
problems and thus, the contribution of quantum algorithms to financial
engineering is expected to be significant.

It is often necessary to avoid bottlenecks in the classical-quantum trans-
formation to achieve efficient quantum algorithms. This bottleneck appears
in general applications of quantum algorithms, not only in financial engineer-
ing. Although quantum computers provide operations on Hilbert spaces of
exponentially large dimensions relative to the number of qubits, it requires
exponentially huge resources to embed arbitrary classical information in the
space [10]. This could result in the loss of quantum speedup. Nevertheless,
functions with favorable properties, such as the density function of a normal
distribution, can be embedded efficiently [I1]. There is also the possibility



1.3. OVERVIEW OF THESIS 3

that heuristics can be used to embed classical information efficiently, at least
to an approximation [12, 13, 14, 15, 16, 17]. As for the readout of classical
information from quantum information, if the target quantity is a martin-
gale, an efficient retrieval is also possible. This thesis also discusses such
efficient transformations between classical and quantum information.

1.3 Overview of thesis

Before proceeding to the description of our contributions, we introduce
derivatives and stochastic analysis in Chap. 2. The fundamental theorems
of asset pricing play an important role in derivative pricing. The Feynman-
Kac theorem is also an important theorem that relates stochastic differential
equations to partial differential equations. This chapter also includes an in-
troduction to quantum algorithms as well as classical algorithms for deriva-
tive pricing. Regarding the classical algorithms, the Monte-Carlo method
for computing the expected value and the finite difference method for sim-
ulating the partial differential equation are introduced. On the other hand,
as a quantum approach, we explain the quantum amplitude estimation for
the former task. For the latter task, we explain the quantum ordinary dif-
ferential equation solver and the variational quantum simulation. In the
chapter, we also discuss classical-quantum transformations, which are often
the bottleneck in quantum algorithms.

In Chap. 3, we discuss the algorithm that simulates the probability dis-
tribution of the solution of the stochastic differential equation. This would
enable the efficient transformation of classical information into quantum in-
formation. This chapter is based on [K. Kubo, Y. O. Nakagawa, S. Endo,
and S. Nagayama, Physical Review A 103 (5), 052425 (2021)] and modified
to fit the context.

We present the quantum algorithm that effectively performs the deriva-
tive pricing based on quantum ordinary differential solver and quantum
amplitude estimation in Chap. 4. This algorithm overcomes the bottleneck
of the transformation of quantum information into classical information by
utilizing the fact that the present price of the derivative is estimated by
the expected value in the future point of time. This chapter is based on
[K. Miyamoto, K. Kubo, IEEE Transactions on Quantum Engineering 3,
3100225 (2021)] and modified to fit the context.

The algorithm introduced in Chap. 5 will be a variational version of the
algorithm shown in Chap. 4. Instead of using quantum ordinary differential
equation solver and quantum amplitude estimation, we use the variational
quantum simulation and the SWAP test, respectively. This enables the
quantum algorithm for derivative pricing to run even on small-scale quantum
computers. This chapter is based on [K.Kubo, K.Miyamoto, K.Mitarai,
K.Fujii, arXiv:2207.01277] and slightly modified to fit the context.
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Finally, we conclude and discuss future perspectives in Chap. 6

1.4 Notation
Here, we introduce the notation used in this thesis.

e R, : A set of all positive real numbers.

° Ri: A d-times direct product of R.

[n]: A set of positive integers less then or equal to n , that is, [n] =
{1,2,...,n}.

e vn;: A vector which is made by removing an element v; from v =
T : :
(v1,v2,...,v,) € R™ that is, va; = (V1,V2, ..., Vi—1,Vit1,--.,Vn).

|v||: A Euclidean norm of a vector v, that is, [|v|| = />, v2.

|i): One of the computational basis states with a binary representation
of ¢ for an integer 7.

ly): An unnormalized state where the elements of y are encoded in
the amplitudes for a vector y = (y1,¥2,...,yn) € C%, that is, |y) :=

Z:‘L:1 Yi |Z>



Chapter 2

Preliminary

2.1 Stochastic analysis of derivative pricing

In this section, we introduce stochastic analysis for derivative pricing. We
consider the derivative that refers to d underlying assets. Although prices
fluctuate according to a variety of factors, we assume the underlying asset
prices S(t) = (S1(t), Sa(t),...,S4(t))" for t € Ry evolve under stochastic
processes.

Here, we introduce the stochastic differential equations. Although they
are called stochastic differential equations, they are indeed integral equa-
tions. We define the integral equations,

t+s t+s
Syt + 5) :sa)+/t m(u,si(u))dw/t i(u, S;(w))dWi(u),i € [d]
(2.1)

where p;, 0; are real valued functions, and W; are Brownian motions, which
satisfy dW;dW; = p;;dt. p;; is an element of the correlation matrix of the
underlying asset prices and satisfy p;; = 1, —1 < p;; < 1, and p;; = pj;. The
stochastic differential equations are abbreviation of Eq. (2.1) and denoted
as

dSZ(t) = Mi(t, S(t))dt + Ui(t, S(t))sz(t),Z € [d] (2.2)

A common model for underlying asset prices are Black-Scholes models,
where the prices obey geometric Brownian motions,

dSl(t) = TSi(t)dt + O’iSi(t)dWi(t),i S [d] (2.3)

where r € Ry is a risk-free interest rate, o; € R, are volatility of the
underlying asset prices, The risk-free interest rate generally depends on time,
but, for simplicity, we assume it is constant.

In this thesis, we assume that derivatives are characterized by the payoff
function fpay(S(T')) at maturity 7" and the payoff condition. For example,

)
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a European call option is one of the simplest derivatives, and its holder has
the right to buy an underlying asset at a given price K € R at a given
maturity 7. If the underlying asset price at 7' is higher than K, the holder
can buy the underlying asset at a price K, immediately sell it at a price
S(T), and then obtain S(7') — K. If the underlying asset price at T is lower
than K, the holder can abandon the right to buy the asset and then obtain
0. Thus, the payoff function of the European call option is fpay (S(T)) =
max (S(T') — K,0). European means that the exercise date is predetermined
as T, and call means that the option is the right to buy. The right to
sell is called put option. Note that there is no payoff condition for the
European options. Barrier options are another type of derivative, and the
payoff condition depends on the barrier level B € Ry. The barrier has two
types; knock-out and knock-in. When the prices of underlying assets touch
the knock-out barrier, the right to execute the option vanishes. When the
prices of underlying assets touch the knock-in barrier, the right to execute
option appears. While the derivatives introduced above refer to a single
underlying asset, there also exist derivatives that refer to multiple underlying
assets. Basket option is one of the multi-asset derivatives, and the payoff
function is fpay (S(7')) = max (wo + e wiSi(T) — K, 0), where wg € R
is a constant and w; € R are weights of the underlying assets. Asian options
have the payoff determined by the average of the underlying asset prices
over the predetermined periods, and thus it cannot be written in the form
of a payoff function at the maturity and payoff condition. However, by
introducing an additional stochastic process, it can be expressed as the payoff
function only at maturity (see [2] for detail). Note that there are derivatives
with more general path dependencies that we do not deal with in this thesis.
Of course, multiple properties of the payoff can coexist, as in the case of
barrier basket options, for example. There are a variety of derivatives other
than those introduced here. Given the stochastic process of underlying assets
and the payoff function of the derivative, we can evaluate the price of the
derivative.

2.1.1 Fundamental theorem of asset pricing

To proceed with the derivative pricing, we need to introduce several concepts
from financial engineering. First, we define arbitrage, which means that
there is a positive probability of obtaining a profit larger than zero without
a probability of loss. On the contrary, the no-arbitrage means that there
is no arbitrage in the market. We also define complete market, in which
the profit and loss of all derivatives are reproducible by the portfolio of the
existing assets. Martingale is a property of a stochastic process, which means
that under some measure, the expected value of the process at any point
in the future is equal to the present value of the process. That is, under
a probability measure @), a martingale stochastic process M(t),t € [0, T
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satisfies
M(0) = Eg[M(t)],Vt € [0,T7, (2.4)

where g is the expected value of the process under the probability measure
Q. A risk-neutral probability measure is a probability measure under which
the discounted asset price processes are martingale. With these concepts,
we introduce the fundamental theorems of asset pricing.

Theorem 2.1.1 (Fundamental theorem of asset pricing 1). If there ex-
ists no arbitrage in the market model, there exists a risk-neutral probability
measure in the model.

Theorem 2.1.2 (Fundamental theorem of asset pricing II'). Consider the
market model with a risk-neutral probability measure. This model is complete
if and only if the risk-neutral measure is unique.

The proofs of the theorems are seen in [2]. We assume that there
exists no arbitrage in the market. Thus, the discounted asset prices can
be a martingale under some measure from Theorem 2.1.1. We also assume
that the market is complete. Then, the risk-neutral measure is unique, and
the cash flows of the derivatives are reproducible by the other assets. The
derivative price is equal to the value of such a portfolio. We can calculate
the derivative price by evaluating the reproduced portfolio.

Consider pricing a derivative with payoff function f,., at maturity 7" and
some payoff condition. The present prices of underlying assets are given by
Sp. From the assumption of a complete market, there exists a portfolio
that reproduces the cash flow of the derivative, and from the theorem 2.1.1,
the discounted value of the portfolio is a martingale under some probability
measure (). Thus, the discounted derivative price process is also a martingale
under @, that is, the price of the derivative V satisfies

V(0) = Eg [e "V (t)] ,Vt € [0,T]. (2.5)

At the maturity T, the derivative price V(T') is equal to the payoff function
V(T) = fpay (S(T')). Thus, we can evaluate the derivative price by

V(0) = Eq [e_TTfpay (S(T)) lNB’S(O) = SO] ) (2.6)

where 1np is a random variable that takes 1 if the payoff condition is satisfied
and 0 otherwise. It should be noted that {S(t)},c( ) have to be possible
paths of the underlying asset prices with the initial condition S(0) = Sp.

One way to calculate derivative prices is to use a Monte-Carlo method to
generate paths under the risk-neutral probability measure and then evaluate
the expected value in Eq. (2.6) with the paths. We will provide details of
the Monte-Carlo method for pricing derivatives in Sec. 2.2.
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2.1.2 Feynman-Kac theorem

Feynman-Kac theorem represents the relation between a stochastic differen-
tial equation and a partial differential equation. This theorem can be used
to obtain a partial differential equation representing the time evolution of
the expected value, i.e., the time evolution of the derivative price. Although
the Monte Carlo method samples the time evolution of the underlying as-
set price and calculates the expected value, the derivative price can also be
calculated by solving the partial differential equation.

For the derivatives whose prices satisfy Eq. (2.6), we can obtain the
partial differential equation. Now, we introduce the Feynman-Kac theorem.

Theorem 2.1.3 (Feynman-Kac theorem). S(t) is stochastic processes, which
satisfy the stochastic differential equation Eq. (2.2). Let h(u) be a function.
We define the function g(t,s) as

gt,s) = E e*”(T*t)h(S(T))]lNB‘S(t) - s} , (2.7)

where E 1is the conditional expected value conditioned by t and s. Then,
g(t, s) satisfies the partial differential equation (PDE)

ag(t,S) 6g(t, S) 1 2 ag(t7 S) o
ot o5, T2 B0,

+ u(t, s)

rg(t,s) =0, (2.8)

where s; € [l;,w;] for l; < wu; € Ry, i € [d] with boundary conditions,

9i(t,8pi) = g7 B (t, 81,y Sic1, Wiy Sid1s - - - 5 Sd) (2.9)

gl(ta S/\i) - g}B(u S1,+--,8i—1, lia Sidlyeeey 8d)7 (210)
and with the terminal condition
9(T, s) = h(s). (2.11)

Note that we may not obtain the partial differential equation for general
payoff functions with path dependence since derivative prices cannot be
expressed in the form of Eq. (2.6).

2.2 Classical algorithms for derivative pricing

As described in Sec. 2.1, the present price of derivatives is equal to the ex-
pected value of the payoff function under the risk-neutral probability mea-
sure. The derivative price is also evaluated by solving the PDE. We can
analytically solve the partial differential equation and obtain the closed-
form solution for the simple payoff function, such as the European option.
However, in general, we can not obtain the closed-form solution, and thus we
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need to use numerical methods. Among the various numerical methods for
calculating derivative prices, we focus on the following two approaches. One
is the Monte-Carlo method, by which we simulate the stochastic process of
underlying asset prices and evaluate the expected value. The other is the
discretization of the partial differential equation, by which we numerically
solve the resulting equation iteratively from ¢t = T" and obtain the derivative
price at T' = 0.

2.2.1 Monte-Carlo method for derivative pricing

The Monte-Carlo method generally means algorithms with random num-
bers. In particular, it is often used to calculate expected values. We here
assume the Black-Scholes (BS) model, i.e. the stochastic process of under-
lying assets obey Eq. (2.3). We generate the sample paths according to
the stochastic differential equation. The Euler-Maruyama approximation
is used as the standard method. In the Euler-Maruyama approximation,
the time to maturity is divided into Ny intervals. In this case, Eq. (2.3) is
approximated by the stochastic difference equation

Si(t + At) — S;(t) = rS; () At + 045i(t) 2V At, (2.12)

where At = T/N;. {z;} are random variables, which obey standard normal
distribution. The correlation coefficient between z; and z; is p;;. Starting
from ¢ = 0, we generate z; and simulate Eq. (2.12) iteratively and obtain
sample paths {Sl,m}le[NT},me[Ns}7 where S, is underlying asset prices at
[At =: t; in m-th sample under the risk neutral measure. We evaluate the
expected value of Eq. (2.6) by the sample average as follows.

Vo= Bq [ fouy (180} ciom )| 5(0) = S0]

N
1
m TS oy ({Stmbicing) (2.13)
$ m=1
We assume that the variance of fay is bounded o2, that is,

Var [fpay ({sl,m}le[NT])} < o2, (2.14)

Then the probability that the error in the estimation VO with Ny samples is
€ away from the true price is bounded by the Chebyshev’s inequality [1&]
o2

PHVO_VO‘Zﬁ} §k62

(2.15)

Then, to estimate V) up to additive error € with constant success probability,
e.g. 99%, we need to take Ny = O(0?/e?). That is, Monte-Carlo method



10 CHAPTER 2. PRELIMINARY

requires O(1/e?) samples to obtain the solution within the accuracy e. Note
that the number of samples is independent of the number of assets. This is an
advantage of the Monte-Carlo method. For some stochastic processes, e.g.,
the geometric Brownian motion, there is the closed-form solution of Eq.(2.3),
and thus instead of using the Euler-Maruyama method, it is possible to
sample random variables at any point in time.

2.2.2 Finite difference method for Black-Scholes partial dif-
ferential equations

This subsection is based on Sec. IT on [K. Miyamoto, K. Kubo, IEEE Trans-
actions on Quantum Engineering 3, 3100225 (2021) (©) 2021 IEEE] and
slightly modified to fit the context.

We consider the following problem.

Problem 2.2.1. Let d be a positive integer and T,Uy,...,Uq, L1,...Lg
be positive real mumbers such that L; < U; for i € [dl Define D =
(Ll,Ul),...,(Ld,Ud), D = [Ll,Ul] X H-[Ld,Ud] and Di = [Ll,Ul] X
o [Li—1,Ui—1] X [Lig1,Uig1] x -+ X [Lg,Uq] for i € [d]. Assume that a
function V : [0,T] x D — R satisfies the following PDE:

o 1 & 92

5V (LS +3 1;32:31 SiSjUiajpijmv(ta S) (2.16)
9
+r <; Siaf&va, S) — V(t, s>> =0 (2.17)

on [0,T) x D and boundary conditions
V(T’ S) = fpay(S),
1% (t, (51,581, Ui, Sia, - - -de)T> = V,"P (¢, Sni) . for i € [d], (2.18)

Vv (75, (81,5 Si-1, Li, Sig1, - - Sd)T> = V"B (t,85) . for i € [d].

Here, t € [0,T],8 = (S1,...,84)" € D, 01,...,04,7 are positive real con-

stants such that r < 1 fori € [d], pij,i,j € |d] are real constants such that

pi1 = -+ = pga = 1 and the correlation matriz p = (pij)i<i<d S sym-
1<5<d

metric_and positive definite, and fpay : D — R, VUB . ]0,T] x Di > R,
and VB . [0,T] x D' — R are given functions. Then, for a given Sg =
(SL(), ey Sd’o)—r S D, ﬁnd VO = V(O, So)

This partial differential equation is so-called the Black-Scholes partial
differential equation (BSPDE). This is the case when the Feynman-Kac the-
orem introduced in Sec. 2.1.2 is applied to the BS model in Eq. (2.3). As
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discussed in Sec. 2.1, the derivative price is given by the conditional expected
value of the payoff discounted by the risk-free rate. That is, the price of the
derivative in which the payoff fyay(S(T)) arises at maturity T is

V(t,8) = B [T foay (S(T)) Ixg| (1) = S| (2.19)

at time ¢, if S(t) = S. Here, Inp is a stochastic variable taking 1 if the payoff
condition (e.g., barrier condition) is satisfied or 0 otherwise. As discussed in
Sec. 2.1, V (t, S) satisfies Eq. (2.16) and appropriate boundary conditions.

For a later convenience, we here transform the PDE (2.16) on [0,7) x D
into

QY(T, x) =LY (T,x)

or
0? 1 0
Z UZU]pZJa 2,01 + Z ( - ‘72) oz;’ (2.20)

1,j=1
n (0,7] x D, where 7 := T — t, & := (x},...,a:d)T = (log Sy, ...,log Sg) T,

Y(r,2) == V(T — 7,(e",...,e") "), D := (l1,u1) x --- x (Ig,uq) and
u; :=log U;,l; :=log L; for i € [d]. The boundary conditions become

Y(O,m) = fpay(m) = fpay((exl’ ---yexd)—r)a

Y(T, (.731, vy Lj—1y Ugy Tj4-1, ...,a:d)T) = Y;UB(T, :IJ/\Z')

= VUB(T — 7, (&%, ..., e%i-1 ¥+l . e®)T) for i € [d]

Y(Ta (1‘1, vy Li—1, liaxi—l-l, ceey xd)T) = Y;LLB(Tv w/\i)

= VEB(T — 7, (e®, ..., €%t it )T for i € [d]

(2.21)

The finite difference method (FDM) is a method for solving a PDE by
replacing partial derivatives with finite difference approximations. In the
case of (2.20), the approximation is as follows. First, letting ng, be a positive
integer, we introduce the grid points in the directions of @:

x®) .= (:ngkl), ...,x&kd))—r,
d
k—an i+ 1Lk =0,1,.,ng — 1
=1
25 =1 4 (ki + Dby
el (2.22)
Tlgr+1

Namely, there are ng, equally spaced grid points in one direction, and the

total number of the grid points in D is Ny, := ngr, except ones on the bound-

. . -1 x
aries. For later convenience, we set xl( ) = [1 and xgngl) = hi. Hereafter,
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we assume that ng, is a power of 2 for simplicity, whose detail is explained
in Section 4.4, and define mg, := logy Ny .

Then, (2.20) is transformed into the Ny -dimensional ODE system

%}7(7) = FY(r) + C(r). (2.23)

with the initial value

F(0) = (¥ (0,20),., Y(0,805) T = (Foag (@), e oy (25T = Fry.

(2.24)
Here, Y (1), F and C(7), which newly appear in (2.23), are as follows.
Y (1) = (E(T),...,)}Ngr(T)) € RYs and its k-th element is an approxi-
mation of Y (r,2®). F is a Ng x Ng real matrix, which is expressed by a
sum of Kronecker products of ng, X ng matrices, that is,

F = F2nd+Flst
2nd i 01'2 ®i—1 2nd ®d—i
F = Z 272] @ DM @
i=1 "
+ 1Y Py I®i—1 ®Dlst ® I®j—i—1 ®Dlst ®I®d—j
zz:;j:zi;1 Ahih;
1st a 1 1 2 ®i—1 1st Rd—1
Flst .= Z% r— 5o )19 e DI e 19, (2.25)
T

where [ is the ng X ng identity matrix and

-1 0 1 1 -2 1
-1 0 1 -2
(2.26)

T is necessary

are ngy X ngy tridiagonal matrices. C(7) := (C1(7), ..., On,, (7))
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to take into account the boundary conditions and its k-th element is

2

o
Glr) = 3 g 0¥ al) 4 b1V 2l)]

=

)

T
_

d
0i0iPi [_s B () s LB (K
" ;j;d 4h;h; [ Ok, 0Y; (T, @57 ) = Ok 0¥ (T, @) A

+ 6ki,ngr—1Y;UB (7_> mg\kz)) + 5kj 7ngr—lijB (T7 mS\kz))}
! 1 k k
+ Z 5 (7’ - 201'2> {5ki,ngr—1Y¢UB(Ta CU(M)) — Ok 0 ViR (T, iB(M))]
i=1 ="

(2.27)

Then, let us discuss the accuracy of the approximation (2.23). First, we
make a following assumption.

Assumption 2.2.1. Y (7, ), the solution of (2.20) and (2.21), is four-times
differentiable with respect to x1, ..., x4 and there exist (,& € R such that

oY

8xi8xj8xk8xl (
(2.28)

Py

Vi, g k.l eld T D|—
i,j,k,l€[d, 7€ (0,T),x € | G0z, 00

(T, 2)

<q,

T,x)| <&.

We then obtain the following lemma, as proved in Appendix A2.1.

Lemma 2.2.1. Let Y (7, ) be the solution of (2.20) and (2.21), and Y ()
be that of (2.23) and (2.24). Under Assumption 2.2.1, if, for a given € € Ry,

. 1 3e 1 3e .
hi<mm{dai”2§T’aZ~”§dT}’2€[d] (2.29)

then, for any T € (0,T), the inequality

1Y (1) = Y (7)]| < /Negee (2.30)
holds, where Y (1) = (Y (1,2M), ..., Y (1, 2WNer))) T

Lemma 2.2.1 means that the root mean square of the differences between
Y;(r) and Y (r, (") is upper bounded by e.

2.3 Quantum algorithms for derivative pricing

In this section, we introduce derivative price calculation using quantum al-
gorithms. As explained in Sec. 2.2, there are two main approaches to deriva-
tives price calculation: the Monte-Carlo approach and the PDE approach.
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In the classical Monte-Carlo method, a number of sampling times of O(1/¢?)
is needed to calculate the derivative price with an accuracy e. On the other
hand, a quantum algorithm called quantum amplitude estimation can obtain
a solution with precision € with a number of measurements of O(1/¢). In
this sense, it is described as a quadratic speedup. In the classical approach
using PDEs, as the number of assets increases, computational complexity
increase exponentially. When the finite difference method is used in the
quantum algorithm, the number of qubits needed to simulate a linear PDE
is O(polylog(Ngr)), so in this sense, the computational complexity is reduced
exponentially.

2.3.1 Quantum amplitude estimation

In Sec. 2.2.1, we introduced the derivative price using the classical Monte-
Carlo method and showed that its error decreases with the square root of
the number of samples. We here show the way to estimate the price of the
derivative using the quantum amplitude estimation introduced in Ref. [19].
For simplicity, we consider the single-asset European call option.

Recall that the present price of the European call option is the expected
value of the payoff function at maturity 7', which is given by

V = e " E[max (S(T) — K,0)|S(0) = Sy . (2.31)
The expected value is approximated as

E [max (S(T) — K,0)|S(0) = Sp]
2n—1

~ > p(S(T) = 23 8(0) = Sp) max (z — K,0), (2.32)
=0

where p(S(T) = z;5(0) = Sp) is the probability that S(7') takes = con-
ditioned on S(0) = Sy. We consider the way to calculate this value with
quantum algorithm. We assume that there exists a unitary operator G which
satisfy

2n—1
Glo) =" \/p(;) 1), (2.33)
j=0
where p(z;) = p(S(T) = x;;5(0) = Sp). For the BS model, G is con-
structed by Grover-Rudolph method [11]. We define a binary approximation
of max(z — K,0) as v(z;) : {0,1}" — {0,1}" and assume that there exists
‘R which acts as

R13)[0) = |7} ( 1~ () 0) + /olay) |1>> | (2.34)
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By using G and R, we can implement an operator A, which acts on a refer-
ence state with n + 1 qubits and yields

A(I0), 1) Z (e \a( 1~ () [0) + v(xj>u>) . (2.35)

Here, we define an operator
Sy = I _21®" o |1) (1]. (2.36)

Since the any quantum state in the (n + 1)-qubit Hilbert space can be
expressed by the linear combination of |x) and its orthogonal state ‘Xl>, we
can express

S1ly) = cos(6/2) |[x) + ¢ sin(8/2) ‘Xi> , (2.37)

where 0, ¢ € [0,27]. Note that a measurement of S; on |x) yields
1—-2 Z v(z;) = cos(0/2). (2.38)

Thus, we can calculate the expected value Z?:&l p(xj)v(xj), i.e., the present
price of the derivative by estimating 6. By constructing an operator ) whose
eigenvalues +6, we can estimate 6 by the quantum phase estimation. To this
end, we define S, = I®"*! —2|x) (x|. Note that —S, reflects across |x).
S, can be written as

Sy = A(I#" =2]0),,,, (0],,,) AT
= AZAT (2.39)

where Z := 19"t -20), ., (0], is a reflection on the computational basis.
We also define an operator

Sy, = I"T — 28 |x) (x| S1 (2.40)

X

Note that —Sy, reflects across Sp [x). The operator
Q = waSl (241)

is a rotation by an angle 20 on the plane, and its eigenvalues are e*. By
using quantum phase estimation, we can calculate # and then, obtain the
expected value by Eq. (2.38). To estimate the present price of the derivative
within the error €, the total number of applications of &y, is

O (N e) (2.42)

where O ignores the polylogarithmic factors, and A is square root of the
upper bound of the variance of the fp,, defined in Eq. (2.13). For more
detail, see Ref. [19].
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2.3.2 Quantum algorithm for solving ordinary differential
equation systems

In this subsection, we outline the algorithm of [1]. This subsection is based
on Sec. III in [K. Miyamoto, K. Kubo, IEEE Transactions on Quan- tum
Engineering 3, 3100225 (2021) (©) 2021 IEEE] and slightly modified fitting
in the context. This is the algorithm for solving the linear ODE system

d
am(t) = Ax(t) + b, (2.43)
with the initial condition x(0) = @j,;. Here, (t) and b are N-dimensional
real-valued vectors and A € RM*N is a constant diagonalizable matrix.
Suppose that we want to find x(T") for some T € R;. The algorithm is
based on the formal solution of (2.43)

x(T) = ey + (AT — Iy)A71b. (2.44)

In order to calculate x(t), we consider the linear equation system on the ten-
sor product space V := RIT' @ RN, where R?*! corresponds to the auxiliary
space and R corresponds to the original space on which A operates:

m—1

Crnop(Ah) X = €0 @ @ini + h Y €j(41)41 @ b. (2.45)
=0

Here, m,p, k are positive integers set large enough (see the statement of
Theorem 4.2.1), q := m(k+1)+p, hy = T/m, X € RN and {e;}i=01.. 4
is an orthonormal basis of R?*!. For B € RN*N the N(q+ 1) x N(¢+ 1)
matrix Cp, i p(B) is defined as

q m—1 k
Cinep(B Zeﬂeﬂ QIN = D €ilkr1) i€ k1)1 ® B
=0 j=1
m—1 k q
T
Ze i+1) k+1)e (k1) © In = Z ejej1 @1
=0 j=0 j=m(k+1)+1

(2.46)

Visually, (2.45) is displayed as follows
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In Tini
—Ah /1 Iy hib

7Aht/k’ IN .
—Iy - —In —Iy In 0

—Ahy1 Iy X =| o |.

~Ahy/k Iy :
Iy - Iy Iy Iy 0
~Iy Iy 0

AN 0
(2.47)

Con kp is designed based on the Taylor expansion of (2.44). The solution of
(2.45) can be written as

m—1

k
X = Z €i(k+1)+j & Ti,j + Z Em(k+1)+5 @ Tm, (2.48)
=0 j=1 j=0

for some vectors x; j, T, € RY. and @,, becomes close to x(T'), which
we want to find. Note that x,, is repeated p times in the solution X,
which enhances the probability of obtaining the desired vector in the output
quantum state of the algorithm.
Although the Cy, ;p(Ahy) is an extremely large matrix, the quantum
algorithms for solving linear equation systems (QLS algorithms)[20, 21, 22,
] can output the solution of (2.45) only with complexity of O(log /),
where N is the number of rows (or columns) in Cy, i ,(Ahy).

2.3.3 Variational quantum simulation

In this subsection, we introduce the VQS, which is a variational quantum al-
gorithm to solve linear ODEs [5, 24, 9]. This subsection is based on Sec. I1.B
in [Kubo, Miyamoto, Mitarai, and Fujii, arXiv:2207.01277] and slightly mod-
ified fitting in the context. Consider solving the following linear ODE,

Zo(t) = L{E)o(t) + u(t), v(0) = vo. (2.49)

where v(t) = (vi(t),...,vn,(t)), vo = (vo,1,-..,v0nN,), w(t) = (ui(t),...,un,(t)) €

CNv, and L(t) is an (possibly non-hermitian) operator. To simulate the vec-
tor v(t), we instead simulate an unnormalized quantum state |v(t)), which
is the solution of

jt [v(1)) = L(t) [v(1)) + |u(t)) , [v(0)) = |vo) . (2.50)
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Here, we make three assumptions. First, L(¢) can be decomposed as

Np
L(t) => MU (1), (2.51)
k=1

where A\ (t) is real, and UL (t) are quantum gates. Second, |u(t)) can be
written as

N,
[u(t)) = > m®)U(t)|0), (2.52)
=1

where 7;(t) is real, and U}*(t) are quantum gates. Third, there are some
constant o, € C and an quantum gate U, such that |vg) = a,U,|0). In
VQS, we approximate |v(t)) by an unnormalized ansatz state |0(0(t))) =
Oo(t)R1(01(t))R2(02(t)) - - - Ry, (0N, (t)) |vo) and determine parameters 6(t) =
(0o(t),01(t),...,0n,(t))"T € RNaF! by the variational principle. Here, Ry, (0)) =
W% G are parameterized quantum circuits, W, are quantum gates, and
G € {X,Y,Z, I}*" are multi-qubit Pauli gates with n-qubit system. By
McLachlan’s variational principle [25]

2

| d -
min || = [0(8(t))) — L(8) [0(8(2))) — [u(@®))| (2.53)
we obtain the differential equation [7]
Na
> M b (t) = Vi, (2.54)
n=0
where
9 (0(6(1)) 90(8(¢)))
M;; = Re ( 90, 26, > , (2.55)
Np, -
v, =S au0 e (S0 o)) )
k=1
N., -
+ ) m(t)Re <8<va(g(t))|Uﬂ(t) \0>> . (2.56)
=1 "

We can evaluate each term in Eqs. (2.55)(2.56) by quantum circuits pre-
sented in Appendix A3.4. Then, we solve Eq. (2.54) classically and obtain
9j(t). Note that the number of measurements needed to evaluate M; ; and
V; by the Hadamard test within the accuracy € is O(|6p(t)|?/€%). This is
because M, ; and V; contain the normalization factor 6y(t) when i > 0 or
j > 0 (see Appendix A3.4). We assume that |0y(¢)| is upper-bounded by
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some constant. In the simulation of BSPDE, |0y(¢)|? is about a ratio of the
sum of the squares of the derivative prices at time 1" — ¢ to the sum of the
squares of the payoff function at maturity. Since the derivative price is the
expected value of the payoff function, this assumption is satisfied if the value
range of the payoff function is finite. Starting from ¢ = 0, we obtain the
time evolution of @(t) by repeating

O(t + At) + 0(t) + O(t)At, (2.57)

where At is an interval in time direction. Consequently, we obtain |3(6(t)))
which approximates |v(t)).

Therefore, to ensure a feasible VQS algorithm, both M, kierm (t), and the
depth of the unitaries Uy must be O(poly(n)).

2.4 Classical-Quantum transformation

As described later, the quantum algorithms for derivative pricing intro-
duced above all require the embedding of probability distributions. In ad-
dition, the quantum algorithms for solving differential equations introduced
in Secs. 2.3.2 and 2.3.3 require the retrieval of classical information from the
quantum state since the present price of the derivative is embedded in the
quantum state. In this section, we discuss embedding classical probability
distribution into the quantum state and retrieving classical information from
the quantum state. If these inputs and outputs are not efficient, quantum
speedup will be lost.

There are several previous studies on how to embed classical functions
into quantum states. Ref. [11] has shown a method for embedding functions
that can efficiently compute integrals in classical calculations into the am-
plitude of a quantum state. Specifically, given a log-concave function p(z),
they construct a unitary operator that generates

271

o) = > Voili). (2.58)
=0

where p; is a discretized version of p(z). Moreover, the algorithm shown
in Ref. [26] can embed arbitrary continuous functions by using the adia-
batic theorem and Hamiltonian simulation. Several algorithms have been
proposed for small-scale quantum computers that use heuristics to embed
functions into quantum states. Popular examples are the quantum gener-
ative adversarial network (qGAN) [12, 13, 14, 15] and the quantum circuit
Born machine (QCBM) [16]. The qGAN consists of a generator composed of
a variational quantum circuit and a classical neural network. By interplaying
the generator and the discriminator, qGAN learns a generator that gener-
ates the desired quantum state. In QCBM, a similar generative model can
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be obtained by optimizing the loss function called the kernelled maximum
mean discrepancy loss. In these algorithms, we optimize the parameters of
a parameterized circuit U(0) which generate |¢(0)) :=U(0) |0) such that

[(¢(0)]d) |* = pi,i € [0,2" — 1]. (2.59)

Although the method using heuristics has no guarantee of computational
complexity, it has the potential to be implemented with shallow quantum
circuits compared to the algorithm in Refs. [11, 26]. These algorithms can
be used for state preparation in derivative pricing. However, for path-
dependent derivatives, probability distributions at multiple points in time
may be needed. In that case, it may be necessary to run the algorithms
above for the number of points in the time needed.

On the other hand, to extract a single amplitude from a quantum state,
the Born rule requires a computational complexity that is exponential with
respect to the number of qubits. In fact, Refs. [27, 28, 29, 30] show the
way to obtain a quantum state in which derivative prices are embedded, but
this extraction is a bottleneck. However, as explained in Chap. 4, 5, this
problem can be avoided by utilizing the fact that the derivative price is a
martingale.



Chapter 3

Variational quantum
simulation of the stochastic
differential equation

In this chapter we present a variational quantum algorithm to simulate the
probability distribution of a Markovian stochastic process. As discussed in
Secs. 2.3.1 and 2.3.2, we have to embed the probability distribution into
a quantum state to calculate the expected value. In specific cases such as
Brownian motions, the embedding is performed efficiently [11, 31]. How-
ever, in general cases, the embedding is difficult and would lose the quan-
tum speedup. To overcome this problem, we simulate the time evolution of
the probability distribution derived from stochastic differential equation us-
ing the variational quantum simulation (VQS). VQS approximates the time
evolution of an unnormalized quantum state by the time evolution of low-
dimensional parameters. We can approximate the probability distribution of
a stochastic process at a desired point in time by using this time evolution.
Therefore, this method can be considered as one of the quantum generative
models using variational quantum computation. Unlike other quantum gen-
erative models, it has the advantage that the optimization does not need
to be computed in the algorithm. Furthermore, once the algorithm is ex-
ecuted, we obtain quantum circuits that generate probability distributions
at multiple times. This can be a useful property, especially in pricing path-
dependent derivatives. This chapter is based on [K. Kubo, Y. O. Nakagawa,
S. Endo, and S. Nagayama, Physical Review A 103 (5), 052425 (2021)] with
modifications for fitting in the context.

3.1 Introduction

Stochastic differential equations (SDEs), which describe the time evolution
of random variables, are among the most important mathematical tools for

21
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modeling uncertain systems in diverse fields, such as finance [2], physics
[32], and biology [33]. From the expectation values of the simulated random
variables, we can often extract information about the system of interest.
Since the expectation values rarely admit analytical solutions, they are usu-
ally obtained by numerical methods such as the Monte Carlo method [34].
However, those numerical methods incur high computational costs, espe-
cially in high-dimensional problems such as the SDEs of financial applica-
tions [35, 36, 37]. Therefore, a method that can speed-up SDE simulations
is urgently demanded.

Such a speed up can be achieved on quantum computers. Throughout
the past decade, technological developments have realized a primitive form
of quantum computers called noisy intermediate-scale quantum (NISQ) de-
vices [38], which can handle problems that are intractably large for classical
computers [39]. NISQ devices can operate only a few tens to hundreds of
qubits without error correction, so they cannot run quantum algorithms
requiring deep and complicated quantum circuits. Although quantum al-
gorithms are expected to outperform classical ones on specific computing
tasks [10, 3, 20, 41], they usually exceed the capability of NISQ devices.
Accordingly, NISQ devices have been leveraged with heuristic algorithms
that solve real-world problems. For example, in quantum chemistry and
condensed matter physics, the variational quantum eigensolver (VQE) algo-

rithm [12, 43] can calculate the ground-state energies of given Hamiltoni-
ans [14, 15]. Another example is quantum machine learning with variational
quantum circuits [16, 17, 48, 19]. Both algorithms variationally optimize

the tuneable classical parameters in quantum circuits, so the speedups of
the computation over classical computers and the precision of the obtained
results are not guaranteed in general.

Several quantum-computing-based methods obtain the expectation value
of a function that takes an SDE solution as its argument. However, all of
these methods require prerequisite knowledge of the SDE solution. In [29],
the partial differential equation describing the time evolution of the expec-
tation value was simulated by a variational quantum computation, which
requires pre-derivation of the partial differential equation of the expectation
value. In [19] and [15], the probability distribution of the SDE solution was
embedded in the quantum state, and the expectation value was calculated
by a quantum amplitude estimation algorithm (QAE). In this case, it is
needed to be able to sample from the probability distribution of the SDE
solutions.

In this chapter, to solve an SDE with quantum algorithms, we apply
a tree model approximation [50], and hence obtain a linear differential
equation describing the probability distribution of SDE solutions. This
differential equation is then solved by a variational quantum simulation
(VQS) [51, 52, 24, 5, 53]. Note that linear differential equations can be
solved by a quantum linear solver algorithm (QLSA) [20, 54, 55, 4], which
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is expected to be quantum-accelerated. However, the QLSA requires a large
number of ancilla qubits and deep circuits and is possibly executable only on
quantum computers with error correction. Our proposed method possesses
several desirable features. First, the probability distribution is simulated
by the tree-model approximation, so the model requires only the SDE. Our
method may be more efficient because it does not require sampling from
the probability distribution of SDE solutions. Second, once the VQS is
performed, the variational parameters are obtained as classical information,
and the probability distribution of the simulation results can be used to
compute various expectation values. We can also compute path-dependent
expectation values because the time series of the probability distribution is
obtained. Third, the algorithm is less resource-intensive than the QLSA.
Since VQS is a variational algorithm, it is difficult to estimate the exact
computational cost, but VQS requires only a few ancilla qubits and calcu-
lates the expectation value for relatively shallow unitary gates at each time
step. The number of qubits and the depth of the circuit are expected to be
much smaller than QLSA. As our method uses a new scheme for embedding
probability distributions in quantum states, the method for computing ex-
pectation values is also new. We additionally found that the expectation
values are more simply determined by our method than by the QAE. The
proposed method facilitates the application of SDEs in quantum computing
simulations and is expected to impact various scientific fields.

The remainder of this chapter is organized as follows. Section 3.2 re-
views the trinomial tree-model approximation and the VQS, before intro-
ducing our method. Our main theoretical results are contained in Secs. 3.3,
3.4. Section 3.3 proposes a VQS-based method that simulates the dynam-
ics of the probability distribution of the stochastic process in the trinomial
tree model. The quantum circuits and operators that perform the VQS
are also constructed in this section. Section 3.4 calculates the expecta-
tion value of the random variable using the state obtained by simulating
SDE with the VQS. Section 3.5 discusses the advantages of our method
and compares them with previous studies. Section 3.6 numerically evalu-
ates our algorithm on two SDE prototypes: the geometric Brownian motion
and the Ornstein-Uhlenbeck process. Conclusions are presented in Section
3.7. Appendix Al.1 analyses the complexity of calculating the expectation
value, and Appendix A1l generalizes our result to a multiple-variable pro-
cess. Appendix A1.5 evaluates the error of expectation values from piecewise
polynomial approximation.
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X(t) z +2Ax

t to t [2)

Figure 3.1: Lattice of the trinomial tree model. Nodes (circles) at (¢,x)
represent the events in which X (t) takes the value z. Edges represent the
transition probabilities between the nodes. The stochastic process starts
at node (to,zo) and “hops” to the other nodes depending on the transition
probabilities.

3.2 Trinomial tree-model approximation of the stochas-
tic differential equation

This section reviews the trinomial tree-model approximation of the SDE [50].
In Sec. 3.3, we combine the trinomial tree-model and VQS into a method
that simulates the SDE by the VQS.

Let us consider a random variable X (¢) taking values on an interval
I C R. We refer to I as an event space. The SDE of a single process
{X () }tejo,r), which is a time-series of random variables from t =0tot =T,
is defined as [2]

dX () = p(X (1), 1)dt + (X (1), 1)dW, X(0) =z € I,  (3.1)

where (X (t),t),0(X(t),t) are real valued functions of time ¢ and the vari-
able X(t), and W denotes the Brownian motion. In the main text, our
proposal is applied to a single process (extensions to multi-variables cases
are described in Appendix Al).

The tree model numerically simulates the time evolution of an SDE. Let
us consider an SDE simulation of the process with event space [0, Zax] from
t =0 to t =T. We discretize the time as t; = iAt (i = 0,1,...,N;) and the
event space as x; = iAx (i = 0,1,...,N,), where NyAt = T and N, Ax =
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Tmax- In this discretization scheme, we define a (N, + 1) x (N; + 1) lattice
on which each node (i,j) is associated with a probability Prob[X (¢;) =
x;] and each edge represents a transition between two nodes, as shown in
Fig. 3.1. Here, we adopt the trinomial tree model, which has three transition
probabilities as follows:

pu(z,t) = Prob[X(t+ At) =x+ Ax| X(t) = «],
pa(z,t) = Prob[X(t+ At) =z — Az | X(t) = z],
pm(x,t) = Prob[X(t+ At) =z |X(t) = x].

These probabilities were chosen to reproduce the first and second moment
(mean and variance, respectively) of the random variable X (¢) in Eq. (3.1).
Following the Euler-Maruyama method [37], the SDE is discretized as

X(tj1) — X (1) = p(X(8)), )AL+ o(X (1)), OVALz,  (3.2)

where z ~ N(0,1) and O(At?) terms are ignored. The conditional expecta-
tion value and variance are respectively expressed as

EX(tj41) — X ()| X ()

Var[X (tj41) — X (&)X ()

:1:] = M(x7tj)Ata
z] = o?(x,t))At.

The corresponding moments on the trinomial tree model are

E[X (tj+1) — X)X () = x] = (pu(wi, ;) — pa(wi, t5))Aw,
Var[X (tj41) — X ()| X (t;) = 2i] = (pu(wi, t5) + palay, t;)) Az,

Equating these moments and considering the normalization condition p,,(z,t)+
pm(x,t) + pg(x,t) = 1, we obtain

o 1 UQ(I‘i,tj) [L(:L‘i,tj)
pu(zi,tj) = 2( A2 + A )At, (3.3)
1 (o (@i, b)) plwty)
pa(zi tj;) = 2( A As >At, (3.4)
02($i,t'>
pm(Tinty) = 1—7&;29 At. (3.5)

In summary, the trinomial tree-model approximates the original SDE by
discretizing it on the lattice and setting the transition probabilities between
the nodes to reproduce the first and the second moments of the process.
The trinomial tree model simulates the SDE as follows. First, the closest
value to Tini in {;}cp N, 1S set to z;,, and the probabilities are set as
Prob[X(ty) = x4, = 1,Prob[X(ty) = xix,] = 0. Next, the probability
distribution of X (7 = At) is calculated using the transition probabilities
given by Eqgs. (3.3)(3.4)(3.5). Repeating this step for X (¢;)(j = 2,3, ..., N¢—
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1) yields all probabilities Prob[X (¢;) = ;] at node (i, ), from which any
properties related to the process X (t), such as the expectation values of
X(T) under some function f, E[f(X(T))], can be determined. In option-
pricing financial problems, the nodes of the tree model denote the prices of
the option, and the problems are sometimes to be solved in the backward
direction from time ¢. In such cases, the boundary condition is set at t = T'.

3.3 Solving stochastic differential equations by vari-
ational quantum simulation

This section presents one of our main results. The SDE simulated by the
above-described trinomial tree model is reformulated as the non-unitary

dynamics of a quantum state W(t)> embedding the probability distribution

of the random variable X (¢). We explicitly state for the L(t) operator of
the VQS and decompose it by the polynomial number of the sum of easily-
implementable unitaries.

3.3.1 Embedding the probability distribution into a quan-
tum state

To simulate the trinomial tree model of the target SDE by VQS, we de-
fine an unnormalized quantum state containing the discretized probability
distribution of the random variable X (¢;):

Ny
‘@Z)(t)> =3 Prob[X (1) = z;] i), (3.6)
i=0

where {|Z>}f\;10 is the computational basis. We call this state a directly
embedded state. For simplicity, we assume that N, = 2" — 1, where n is the
number of qubits.

Note that this embedding of the probability distribution into the quan-
tum state differs from most of the literature, in which (aiming for a quantum
advantage) the expectation values of a probability distribution are calculated
using QAE [0]. In the literature, the probability distribution is expressed as
a normalized quantum state

[ear) = 3 /ProbX () = 1] i) (3.7)
i
The expectation value of the distribution, E[f (X (¢;))] = >, f(xi)Prob[X (¢;) =
x;] for some function f, is computed by the QAE. In this embedding method,
VQS cannot be used because the differential equation describing the time
evolution of the quantum state is nonlinear. There are ways to solve the
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nonlinear differential equation with a quantum algorithm [56, 17, 12], but
they require more complicated quantum circuits.

Because our embedding (3.6) differs from this embedding scheme, we
also developed a method for evaluating its expectation values (see Sec. 3.4).

3.3.2 Reformulating the trinomial tree model and applying
the variational quantum simulation

In the trinomial tree model, the probability Prob[X (t;41) = ;] is calculated
as

~1]

it1]
).

Prob[X (tj+1) = zi] = pulzi-1,t;)Prob[X(t;)
+  pa(wit1,tj)Prob[X(t;)

+  pm(i, tj)Prob[X (t;) = (3.8)

Substituting the transition probabilities (3.3), (3.4) and (3.5) into this ex-
pression and denoting P(x,t) = Prob[X (t) = z|, we get

P(xi,tj1) — Py, t))

At

1 (0%(zi—1,t;) | plwioy, b))
= 3 P i— 7t'

2( A2 T As (@i-1,15)

1 (o (w1, ty)  p(@igr,t))
+ 2< Ax? Az Pie, 1)

2

i?tA

— Mp(xi,tj). (39)

Ax?

In the limit At — 0, one obtains

dl;ft) = L(t)P(t), (3.10)
3 (Za M) =k
o2(z ,t Tt .
OIS It MU
— T (i = )
0 otherwise

(3.11)

where P(t) = (P(zo,t), P(21,1),..., P(zon_1,t))T.
As shown in Eq. (3.10), the time evolution of the state ’1[1(15)>, or

% 9(0)) = L) [90)) (3.12)
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where

2n—1

L(t) = Y (L)) i) (K], (3.13)

i,k=0

corresponds to the time evolution of the probability distribution {Prob[X (¢) =
x;] 3;5 1. Equation (3.12) is the essence of our proposal to simulate VQS-

based SDE simulation: specifically, the VQS algorithm applied to Eq. (3.12)

obtains the time-evolved probability distribution as the quantum state ‘1/1(75) >
Hereafter, when the distinction is clear in context, we denote the operator

L(t) by L(t) as in Eq. (3.10).

3.3.3 Construction of L(t)

As explained in the previous section, in the VQS, we evaluate Egs. (2.55)
and (2.56), and decomposes L(t) into a sum of easily-implementable uni-
taries (composed of single-qubit, two-qubit, and few-qubit gates). These
evaluations are important for a feasible VQS. This subsection discusses the
explicit decomposition of L(t) given by Eq. (3.13).

To express the operator L(t) in Eq. (3.13), we define operators

2" -2 2n—1

Vin)= Y i+ 1], Vo(n) = Y i — 1) (3.14)
=0 =1

These operators can be constructed from the n-qubit cyclic increment /decrement
operator

2n—1 2" —1

CycIne(n) = Y |i +1)(i|, CycDec(n) = > |i — 1){il, (3.15)
=0 =0

where |—1),]2") are identified with |2 — 1), ]0), respectively. These gates

are implemented as a product of O(n) Toffoli, CNOT, and X gates with O(n)
ancilla qubits [51]. Vi (n)(resp. V_(n)) is constructed from CycInc(n)(resp.
CycDec(n)) and an n-qubit-control Z gate C"Z = 212252 i) (7| —]2™ — 1)(2" — 1],
which can be implemented [11] as a product of O(n?) Toffoli, CNOT, and
single qubit gates. Using § (C"Z + I®") = 2?252 |4)(i], we can show that

Vi(n) = Cyclne(n) - % (C"Z + 1°™), (3.16)

V_(n) = % (C™Z + I®™) - CycDec(n), (3.17)

meaning that Vi(n) can be decomposed into a sum of two unitaries com-
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posed of O(n?) few-qubit gates. Finally, we define the operator D(n) by

2" —1

D) = 3 iliil

1=0

-1,
= Zz” =1z, (3.18)

where Z; is a Z gate acting on the ith qubit. Therefore, D(n) is a sum of
O(n) unitaries composed of a single-qubit gate. It follows that

P
Vi)(D)™ = 3™ fi+ 1)l (3.19)
2" —1
Vo)D) = 3 i 1) (3.20)
i=1
Let us recall
1 0%z, z;, . .
L(t) = Z;( gwgt)+“(mt)>!z+l><%\
1=0
2 /0? i, i,
o2 (s,
-y gg il
1=0

«Tzv Z aam Z; 7“ Ti,t Z a,um ;n) (3'21)

= Y ann0an? (HO T ) oy

£ Y auml@at (BT ) (o
Vi(n)(D(n))™, V_(n)(D(n))™ and (D(n))™ are composed of the sum of
O(n™) unitaries, each composed of O(n?) few-qubit gates. In typical SDEs,
the orders m,, m, can be set to small values. For example, geometric Brow-
nian motion case, m = 1 (see Sec. 3.6). Therefore, the L(t) decomposition
realizes a feasible VQE (Eq. (3.12)).
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3.4 Calculation of Expectation Values

In the previous section, we propose a method to simulate the SDE by calcu-
lating the dynamics of the probability distribution of a random variable X ()
using VQS. However, in many cases, the goal of the SDE simulation is not
the probability distribution of X (¢), but the expectation value E[f(X(t))]
of X (t) for some function f. In this section, we introduce a means of calcu-
lating this expectation value.

3.4.1 Problem Setting

Given a function f(z) : R — R, we try to calculate the expectation value
E[f(X(T))] of the SDE (3.1) at time ¢t = T'. The expectation value can be
explicitly written as

21
BIAX(T)] = 3 f0)Prob[X(T) = ). (3.22)
i=0
Here, we assume that f(x) in the interval [ag, ag+1] € {[0,a1], ..., [@d—1, Tmax]},

(k=0,...,d—1) is well approximated by Lth order polynomials fi(x) =
Z#:O agi)xm. The additional error from this piecewise polynomial approx-
imation is evaluated in Appendix A1.5. As x is finite, the range of f is also
finite. Thus, by shifting the function f by a constant, we can ensure that
the range of f is positive and that the expectation value is also positive,
ie. E[f(X(T))] > 0. In most situations (such as pricing of European call
options as we see in Sec. 3.4.3) the number of intervals d does not scale with
the number of qubits n.

3.4.2 General formula for calculating expectation values
We now on compute the expectation value (3.22) using the quantum state

‘zﬁ(t)> (Eq. (3.6)). First, we consider a non-unitary operator satisfying

2m—1

Sploy =" fla) i) (3.23)

=0

and decompose Sy into a sum of easily-implementable unitaries as Sy =
>, &Q;i with complex coefficients &;. It follows that

()| (sr100018}) [@(1)) = (BLAX (T (3:24)

As |0)(0| = 2 (I —C"Z-Z®") is also a sum of easily-implementable uni-
taries as explained in the previous subsection, the Hermitian observable
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0)

[bt)) ——+—{U]
Figure 3.2: Quantum circuit for evaluating the real part of an expectation
value Re <1/~)(t)‘U‘1/~1(t)> of a unitary operator U = QiQZT.,, Q:.C"7Z - X®”Qj,.

The imaginary part of the expectation value Im <1/;(t) ’U ‘ﬂ(t)> is evaluated

by the circuit with an ST gate inserted to the left of the second H gate.

Sr10)(0| S]Tc is decomposed as
S10M0] s} = 3" ¢i&r (@il — Qicmz - 2°Maql, ). (3.25)

which is again a sum of unitaries. With this decomposition, the left-hand
side of Eq. (3.24) is computed by evaluating

(5|l |om)). (3.26)
(bw|acz- z2mal[iwm). (3.27)

Because we set E[f(X(T'))] > 0, the left hand side of Eq. (3.24) will deter-
mine the expectation value.

There are two options to evaluate the quantities <@Z~J(t)‘Q¢Q;r,

J}(t)> and
<1[~1(t)‘Qi(C"Z : Z®N)QZ~L,"(ZJ(7§)>. The first one is to use the Hadamard test

depicted in Fig. 3.2. The second one is to use quantum phase estimation [57,
]. The former one requires shallower quantum circuits but is inefficient
in terms of the number of measurements to determine the quantities with
fixed precision. The detailed computational complexity of these methods is
given in Sec. 3.5 and Appendix Al.1.
Next, we explain the construction of the operator Sy in Eq. (3.23) and
its decomposition. We first define an operator

2n—1

Sxina 00 = D Xpay(@) i) = Y 1), (3.28)
=0

CCiE[O,a]

where X[g (%) is the indicator function valued as 1 for z € [0,a] and 0
for otherwise. Using the binary expansion of a/Az, we can obtain the
decomposition of S, 4 hence the decomposition of Sy. As a € [0, Zmax],
there exists kg € N such that Az2Fe—1 < ¢ < Az2% 0 < k, < n. The
binary expansion of a/Az is given by a/Ax = Z?igl 5;27,5; € {0,1}. We
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define the list of [ as l1,la,...,lg(= ko — 1) satisfying s; = 1 in ascending
order, and also define an interval

-1 l
Xio= 24D 52+ 1,2 ) s (3.29)

for I € {l1,l2,...,lp}. Using x{, we devide [0,a/Az] into disjoint intervals
as follows:
[0,a/Az] = [0,2"P] U x{, U~ Ux{.. (3.30)

The indicator operator S 18 obtained by summing the indicator operators
on each interval. In blnary expansion, the k,th and the Ith bit of i € x{ are
1, and the bit below [ is either 0 or 1. Accordingly, X should act on the bit
taking 1, and H should act on the bit taking either of {0,1}. The indicator
operator Sya on x{ is defined as follows:

n—kq—1—1 l
S l) =10 "o ) Q) Isn-r—)@ D 1)
j=0 j=0
n—kq—1—1
=22l X (R X, , @ HY|0), (3.31)
j=0
where
(X (s=1)
X, = { T (=0 (3.32)
In addition, we define
SX[O N |0> — 2(ka—1)/2[®n—ka+1H®ka—1 ’0> ) (333)

We can construct Sy, , by summing Egs. (3.31) and (3.33) on each interval.
Sxa, On interval oy = [ak, ag+1] is

Sxe, = (3.34)

SX[O,ak+1] - ‘S’X[o,a,ﬁ}7

which is a sum of at most O(n) unitaries composed of O(n) gates. Using
Sxa,,» We obtain

d—1 L
=> > alf Sy (3.35)

k=0 m=0

In summary, evaluation of the expectation value is calculated by the
following steps.



3.4. CALCULATION OF EXPECTATION VALUES 33

1. Divide the domain of the target function [0, Zyax] into intervals [ax, ag41] €
{[07 al]v [ala (12], ey [ad—h xmax]}-

2. Approximate the function in each interval [ag, ar+1] by Eq. (3.35).

3. Decompose Sy |0) (0 S;: into a sum of unitary terms and calculate each
term using the circuits in Fig. 3.2.
As SX[ak»akH]’ (D(n))™,10) (0] is the sum of O(n), O(n™) and O(1) unitaries
composed of O(n), O(1) and O(n?) gates, respectively, Sy |0) (0| S} is the
sum of O(d?n?!*2) unitaries and each Q; is composed of at most O(n?)
gates.

When the target function f on each interval is written by a low-degree
polynomial (i.e., L is small), especially by a linear function (as in the pric-
ing of European call options shown below), our algorithm can efficiently
calculate the expectation value because the number of unitaries O(d?n2%+2)
gets not so large. When the function f is approximated by the polyno-
mial, we can estimate the error of the expectation value stemming from

that approximation. If we want to suppress the error below e, the num-

2

— 72 2L+2 . . . .
fax€ IHim ) (the derivation is presented in

ber of unitaries becomes O(x

Appendix A1.5). Note that as L is increased, ef%ﬂ becomes smaller while
n?L+2 becomes larger. The number of unitaries, therefore, is not monotonic
with respect to L, and there may be an optimal L for the desired accu-
racy. We note that evaluation of expectation values of those unitaries can
be performed completely in parallel by independent quantum devices.

3.4.3 Pricing of The European Call Option

As a concrete example, we present the pricing of a European call option
with the BS model. The price of a European call option with strike price K,
risk-free interest rate r > 0, and maturity 1" > 0 is defined by the conditional
expected value

e " Eg [max(Xt — K, 0)|Xo = zo)] - (3.36)

Stochastic processes are assumed to follow geometric Brownian motion in
the BS model, but are described by more complex mechanisms in other
models. Even in these models, the expression Eq. (3.36) of the price of the
European call option is the same with the present case as in Eq. (2.6).
Setting the probability distribution of X7 conditioned by Xg = z¢ as
{Prob X7 = x| Xo = z0]}7-5 ", the expectation value is
e " Eg [max(Xt — K, 0)| X0 = o)
2n—1
e T Z Prob [X7 = x;| X0 = xo) max(z; — K, 0).
i=0
(3.37)
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For simplicity, we assume Az = 1 and K = 2% < 2" — 1,k € N. We thus
obtain

Smax(i—K,O) = (D(n) - KI)SX[ (338)

K,2n—1y"
In this case, there are only two intervals [0, K — 1] and [K, 2" !], and the
polynomial in each interval is of first-order degree at most. Therefore, we
can calculate the price of the European call option by Eq. (3.24).

3.5 Possible Advantages of Our Method

In this section, we discuss the advantages of our method compared to pre-
vious studies, as well as the possible quantum advantages.

In general, the SDEs addressed in this chapter can be transformed into
a PDE of the function ef(x,t), where e¢(z,t) gives the expectation value
E[f(X(T—t))|X(0) = z], by Feynman-Kac formula as described in Sec. 2.1.2.
In fact, the authors of [29] performed a variational quantum computation
of a PDE of this function. We point out two advantages of our method
compared with this strategy using Feynman-Kac formula. First, the re-
sulting PDE by Feynman-Kac formula must be solved backwardly in time
from t = T to t = 0, with the initial condition at t = T' being related to
the functional form of f(X). It is not trivial to prepare the initial state
|(T')) corresponding to the initial condition; the authors of [1&] executed
an additional VQE to prepare the initial state. Second, when using the
Feynman-Kac formula, the initial condition of the PDE is different for each
function f for which we want to calculate the expectation value E[f(X(T))].
If we want to calculate a different expectation value E[f/(X (T'))], we need to
run the whole algorithm simulating the PDE with the different initial state
corresponding to f’. On the other hand, in our method, once we perform
VQS, we obtain the probability distribution of X (7") as a quantum state and
the corresponding variational parameters to reproduce it. We only need to
redo the part of the expectation value calculation (Sec. 3.4) for different f’.

The authors of [19] embedded the probability distribution by quantum
arithmetic. Their embedding, proposed in [11], requires O(2") gates to em-
bed the probability distribution into an n-qubit quantum state. To moderate
the gate complexity, the authors of [15] embedded the probability distribu-
tion using a quantum generative adversarial network, which requires only
O(Poly(n)) gates. The probability distribution function can also be approx-
imated by a lth-order piecewise polynomial, which can be embedded with
O(In?) gates even in quantum arithmetic [59]. However, both methods re-
quire prior knowledge of the probability distribution to be embedded. In
contrast, our method does not require prior knowledge of the embedding
probability distribution since our method simulates the time evolution of a
given SDE.
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We now compare the computational cost to calculate expectation values
with previous studies. In [19] and [15], by employing QAE, the expecta-
tion value (Eq. (3.22)) was calculated by using an oracle that is complex
quantum gate reflecting the functional form of f for O(1/e€) times, where
€ is the precision for the expectation values. The classical Monte Carlo
method requires O(1/€?) sampling for precision ¢, so their methods pro-
vide a second-order acceleration. On the other hand, our method measures
the expectation value of each term of Eq. (3.25) using the Hadamard test
(Fig. 3.2) or the quantum phase estimation (QPE) [57, 58]. As shown in
Appendix A1.1, the total number of measurements to obtain the expectation
value with precision € is O(1/7¢?) for the Hadamard test and O(log(1/ve))
for QPE, where « is some factor. We note that the depth of the circuit
is O(1/ve) in QPE, which is in the same order as the QAE whereas our
method requires not an complicated oracle but a relatively-small unitary.
Hence, when the factor v is not too small, our method combined with QPE
can also exhibit quantum advantage for the evaluation of the expectation
values. The factor v depends on the parameters of the polynomial approxi-
mation (aém), d, L), the domain of the approximated function Zyax, and the
probability distribution {Prob[X = 2;]}?"5'. The detailed evaluation of ~
is described in Appendix A1.1.

3.6 Numerical Results

In this section, our algorithm is applied to two stochastic processes, namely,
geometric Brownian motion and an Ornstein-Uhlenbeck process, which are
commonly assumed in financial engineering problems. Geometric Brownian
motion simply models the fluctuations of asset prices, and the Ornstein-
Uhlenbeck process is a popular model of interest rates.

3.6.1 Models

Geometric Brownian motion is equivalent to setting u(X(t),t) = rX(t),
o(X(t),t) =0X(t) in Eq. (3.1), where r and ¢ are positive constants.

The Ornstein—Uhlenbeck process is equivalent to setting pu(X(¢),t) =
—n(X(t)—r),0(X(t),t) = o in Eq. (3.1), where n, r and o > 0 are constants.

The ansatz circuit is identical for both models and shown in Fig. 3.3.
As the amplitudes of the quantum state must be real, the ansatz contains
only CNOT and RY gates. This depth-k circuit repeats the entangle blocks
composed of CNOTs and RY gates k times. The parameters of geometric
Brownian motion were r = 0.1,0 = 0.2, Az = 1, and ¢t € [0,4] and those
of the Ornstein—Uhlenbeck process were r = 7,0 = 0.5,n = 0.01,Ax =
1, and ¢t € [0,4]. We simulate the quantum circuits without noise using
numpy [60] and jax [61]. We set the number of qubits n = 4 and the
number of repetitions of entangle blocks k& = 2, 3.



10)

36 CHAPTER 3. VARIATIONAL QUANTUM SIMULATION OF ...

r———=——-—-—=---- 9
RY (61) BH— RY (Or1)
| |
RY (02) :O RY (02) %
| |
RY (03) —— RY (0y.3)
| |
RY (04) HH &b RY(QkA) H—
L = |

repeat k times

Figure 3.3: In a depth-k circuit, CNOT and RY gates (enclosed by dashed
lines) are repeated k-times. The circuit has 4(k + 1) parameters.

3.6.2 Results

Panels (a) and (b) of Fig. 3.4 present the numerical simulations of geo-
metric Brownian motion and the Ornstein-Uhlenbeck process, respectively.
In comparison, we also provide a probability density function (PDF) for
the solution of the SDE equation obtained by solving the Fokker-Planck
equation [62] analytically. We can see that our method describes the time
evolution of the probability distribution well. Note that in the range where ¢
is small, the probability is locally distributed and the width of the difference
is large relative to the spread of the distribution. Therefore, the error due to
the finite difference method is also large. This error may be suppressed by
varying the width of the difference in time and space, instead of limiting the
grid to equally spaced intervals. We leave the suppression of errors when ¢
is small as a future work.

We calculated the means (Fig. 3.4(c),(d)) and variances (Fig. 3.4(e),(f))
of the resulting distributions. We also present the mean and variance ob-
tained from the analytical solution and the solution of (3.10) using the
Runge-Kutta method. Because of the approximation with the tree model,
even the results of the Runge-Kutta method slightly differ from the analyt-
ical solution. In the case of VQS with k£ = 2, we see that the error from
the analytical solution is larger than that of the k = 3 case. This is because
the number of VQS parameters is less than the number of lattice points in
the event space when k = 2, i.e., the degrees of freedom of ansatz are less
than the degrees of freedom of the system, and thus the errors due to the
ansatz appear. In the case of k£ = 3, the number of parameters in ansatz is
sufficient, and thus the results are closer to the results of the Runge-Kutta
method.
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Figure 3.4: (a), (b): Exact solutions of the SDE (solid lines) and numerical
simulation of our algorithm (circles); (c), (d): time dependence of the means
and (e), (f) variances of the encoded probability distributions. Dashed lines
show the numerical solutions of VQS with a & = 2,3 depth ansatz. Dotted
lines show the numerical Runge-Kutta solutions of the linear differential
equation (Eq. (3.10)). Solid lines show the exact solutions of the SDE. (a),
(c), (e): Geometric Brownian motion with parameters r = 0.1,0 = 0.2. (b),
(d), (f): Ornstein-Uhlenbeck Process with parameters r = 7,0 = 0.5, =
0.01.



38 CHAPTER 3. VARIATIONAL QUANTUM SIMULATION OF ...

3.7 Conclusion

This chapter proposed a quantum-classical hybrid algorithm that simulates
SDEs based on VQS. A continuous stochastic process was discretized in a
trinomial tree model and was reformulated as a linear differential equation.
The obtained differential equation was solved with VQS, obtaining quantum
states representing the probability distribution of the stochastic processes.
As our method can embed the probability distribution of the solution of a
given SDE into the quantum state, it is applicable to general SDEs. We
note that our methods can apply to the Fokker-Plank equation, which also
gives the time-evolution of the probability distributions of SDE solutions.
Because the embedding methods of the probability distribution differ in
the proposed method and the conventional quantum algorithm, we proposed
another method for computing the expectation value. We approximated the
functions to calculate expectation values by piecewise polynomials and con-
structed operators corresponding to the polynomial in each interval. The op-
erators were constructed as sums of unitary operators, which are composed
of easily-implementable gates. The expectation value was then computed
using the sum of unitary operators. Our algorithm was validated in classical
simulations of geometric Brownian motion and the Ornstein-Uhlenbeck pro-
cess. Both processes were well simulated by the algorithm. Our algorithm
is expected to efficiently simulate other stochastic processes, provided that
L(t) can be written as a polynomial linear combination of unitary matrices.
Let us summarize the computational cost of our method presented in
this work. Our method consists of two parts; one is to perform VQS to
simulate the SDE, and the other is to calculate the expectation value of the
SDE solution. In the part of running VQS, we decompose matrix L(t) in
Eq. (3.10) into a sum of O(n™max) different unitaries composed of O(n?) few-
qubit gates, where my,.x is the largest order of the polynomial expansion of
i, o in Eq. (3.21). At each time step of VQS, the vector Vi in Eq. (2.56) is
evaluated as a sum of O(n"™m2x) measurement results of the circuits depicted
in Fig. 2. ASs myax is typically finite and small (~ 1,2) in most practical
applications, the computational cost (i.e., the number of gates in quantum
circuits, the number of different circuits to run) of the simulation of SDE
is O(Poly(n)). In contrast, QLSA [20, 54, 55, 4] requires much deeper and
more complex quantum circuits and a large number of ancilla qubits because
it uses the Hamiltonian simulation and the quantum Fourier transform. This
is an advantage of our method leveraging the variational quantum algorithm.
In the part of the expectation value evaluation of the SDE solution, we
evaluate it by running different O(d?n?/*?) quantum circuits, where d and
L are the number of intervals and the order of the piecewise polynomial
approximation of the function f in Eq. (3.22), respectively. Each circuit is
constructed to compute an expectation value (¥|U|vy) of a unitary U that
contains O(n*) quantum gates. When we adopt the Hadamard test (Fig. 3.2)
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as such a quantum circuit, the number of measurements to suppress statis-
tical error of the expectation value below ¢ is O(1/7ve?), where 7 is a factor
defined in Appendix A1.1. This O(1/€?) scaling is the same as the classical
Monte Carlo method to compute the expectation values from the probabil-
ity distribution of the SDE solution. When we choose the QPE-type circuit
to evaluate (¢|U|y), the number of measurements becomes O(log(1/ve))
while the depth of the circuit in terms of U is O(1/~e). This situation can
provide a quantum advantage for computing the expectation value of the
SDE solution. The error from the piecewise polynomial approximation of f
can be made small by increasing d or L, which is detailed in Appendix A1.5.
Since it is difficult to accurately estimate the error caused by ansatz, it is
also difficult to accurately estimate the overall error. Therefore, quantum
speedup is not mathematically rigorous as with other variational quantum
algorithms.

This study focused on computational finance because financial engineer-
ing is among the most popular applications of stochastic processes. Pricing
of derivatives, and many other problems in financial engineering, satisfy the
conditions of the proposed method. However, as the stochastic processes
themselves are quite general, the proposed method is expected to contribute
to solving problems in various fields.






Chapter 4

Pricing multi-asset
derivatives by finite
difference method on a
quantum computer

In this chapter, we present the quantum algorithm that calculate the price
of the multi-asset derivative with finite difference method on a fault-tolerant
quantum computer. As described in Sec. 2.2.2, the finite difference method
requires O(ngr) grid points for pricing d-asset derivatives. Several previous
studies [27, 28, 29, 30], use quantum computer to simulate the time evolution
of the derivative price with the finite difference method to avoid this expo-
nential growth of the required resource. However, the resulting outcomes
of these quantum algorithms are quantum information, i.e., the quantum
states where the derivative prices are embedded. The present price of the
derivative is one element of the quantum state vector. Thus, to obtain the
derivative price as a classical information, we need to estimate the element,
but it would take exponential number of measurement. As a result, the
quantum speedup would be lost. To overcome this issue, we utilize the mar-
tingale of the derivative price, i.e. the fact that the present value of the
derivative can be calculated by the expected value at arbitrary future time.
This chapter is based on [K. Miyamoto, K. Kubo, IEEE Transactions on
Quantum Engineering 3, 3100225 (2021) () 2021 IEEE] with modifications
for fitting in the context. The content of Secs. II and IIT of [K. Miyamoto,
K. Kubo, IEEE Transactions on Quantum Engineering 3, 3100225 (2021) (©
2021 IEEE] is in Secs. 2.2.2 and 2.3.2 respectively, and this chapter depends
on the sections.

41
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4.1 Introduction

Recently, people are witnessing the great advance of quantum computing',
which can speedup some computational tasks compared with exiting clas-
sical computers, and taking a strong interest in its industrial applications.
Finance is one of promising fields. Since large financial institutions per-
form enormous computational tasks in their daily business?, it is naturally
expected that quantum computers will tremendously speedup them and
make a large impact on the industry. In fact, some recent papers have
already discussed applications of quantum algorithms to concrete problems
in financial engineering: for example, derivative pricing[19, 63, 64, 65, 29,

, 31, 67, 68, 69, 27, 28, 30, 70], risk measurement[71, 72, 73], portfolio
optimization[74, 75, 76], and so on. See [77, 78, 79] as comprehensive re-
views.

Among a variety of applications, we here consider the quantum method
for derivative pricing. Especially, we focus on the approach based on solving
the partial differential equation (PDE) by finite difference method (FDM).
Let us describe the outline of the problem. First of all, we explain what
financial derivatives, or simply derivatives are. They are products whose
values are determined by prices of other simple assets (underlying assets)
such as stocks, bonds, foreign currencies, commodities, and so on. They can
be characterized by payoffs paid and/or received between parties involved
in a derivative contract, whose amounts are determined by underlying asset
prices. One of the simplest examples of derivatives is an European call (resp.
put) option, the right to buy (resp. sell) some asset at the predetermined
price (strike) K and time (maturity) T. This is equivalent to the contract
that the option buyer receives the payoff fyay(S7) = max{Sr — K,0} (call)
or max{K —Sr,0} (put) at T', where S; is the underlying asset price at time
t. Besides this, there are many types of derivatives, some of which contain
complicated contract terms and are called exotic derivatives.

Since large banks hold a large number of exotic derivatives, pricing them
is crucial for their business. We can evaluate a derivative price by modeling
the random time evolution of underlying asset prices by some stochastic
processes and calculating the expected values of the payoff’ under some
probability measure. Since analytical formulas for the derivative price are
available only in limited settings, we often resort to numerical methods. One
of major approaches is Monte Carlo simulation. That is, we generate many
paths of underlying asset price evolution on some discretized time grid, and
then take the average of payoffs over the paths. We can also take another

'For readers who are unfamiliar to quantum computing, we refer to [41] as a standard
textbook.

2For readers who are unfamiliar to financial engineering or, more specifically, derivative
pricing, we refer to [1, 2]

3Strictly speaking, the payoff must be divided by some numeraire.
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approach: since the expected value obeys some PDE, which is called the
Black-Scholes (BS) PDE, we can obtain the derivative price by solving it*.
More concretely, starting from the maturity 7', at which the derivative price
is trivially determined as the payoff itself, we solve the PDE backward to
the present, and then find the present value of the derivative.

We should choose the appropriate approach according to the nature of
the problem. For example, PDE approach is suitable for derivatives whose
price is subject to some continuous boundary conditions. One prominent
example is the barrier option. In a barrier option contract, one or multiple
levels of underlying asset prices, which are called barriers, are set. Then,
they determine whether the payoff is paid at the maturity or not. For
example, in a knock-out barrier option, the payoff is not paid if either of
barriers is reached once or more by T, regardless of S7°. This means that
the price of the knock-out barrier option is 0 at barriers. Such a boundary
condition is difficult to be strictly taken into account in the Monte Carlo
approach because of discretized time evolution, but it can be dealt with in
the PDE approach.

Although the PDE approach is suitable in these cases, it is difficult to
apply it to multi-asset derivatives, that is, the case where the number of un-
derlying assets d is larger than 1. This is because of the exponential growth
of complexity with respect to d, which is known as the curse of dimension-
ality. We can see this as follows. The BS PDE is (d+ 1)-dimensional, where
d and 1 correspond to asset prices and time, respectively. In FDM, which is
often adopted for solving a PDE numerically, the discretization grid points
are set in the asset price directions, and partial derivatives are replaced with
matrices which correspond to finite difference approximation. This converts
a PDE into a linear ordinary differential equation (ODE) system, in which
the dependent variables are the derivative prices on grid points and the in-
dependent variable is time. Then, we solve the resulting ODE system. The
point is that this calculation contains manipulations of the matrices with ex-
ponentially large size, that is, ngr X ngr, where ng, is the number of the grid
points in one direction. Since we have to take ng, proportional to e /2 in
order to accomplish the error level €, as shown later, the time complexity of
this approach grows as O(poly(e~%2)) = O((1/¢)P°¥(d)), Besides, the space
complexity also grows exponentially, since we have to store the derivative
prices on grid points in calculation. This makes the PDE approach, at least
in combination with FDM, intractable on classical computers.

4For comprehensive reviews of the PDE approach for derivative pricing, we refer to
[30, 81] as textbooks.

5There are also knock-in barrier options, where the payoff is paid only if either of barri-
ers is reached at least once by 7. We can price an knock-in barrier option by subtracting
the price of the corresponding knock-out barrier option from that of the corresponding
European (that is, no-barrier) option, since a combination of a knock-in barrier option
and a knock-out barrier option is equivalent to an European option.
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Fortunately, quantum computers might change the situation. This is be-
cause there are some quantum algorithms for solving linear ODE systems,
whose time complexities depend on dimensionality only logarithmically[55,

, 82, 83]. This means that, in combination with these algorithms, we can re-
move the exponential dependency of time complexity of FDM on dimension-
ality. In fact, some quantum algorithms for solving PDE, including not only
FDM-based ones but also different approaches, have already been proposed,
and quantum speedup is obtained in some cases[15, 22, 81, 85, 86, 87, 88, 89].
Note also that the space complexity can be also reduced exponentially, since,
using a n-qubits system, we can encode a vector with exponentially large
size with respect to n into the amplitudes of the quantum state.

In light of the above, this chapter aims to speedup FDM-based pricing
of multi-asset derivatives, utilizing the quantum algorithm. Although one
might think that this is just a straightforward application of an existing
algorithm to some problem, there is a nontrivial issue specific for derivative
pricing.The issue is how to extract the present value of the derivative from
the output of the quantum algorithm. By solving the BS PDE up to the
present (t = 0) using the quantum algorithm, we obtain the vector V' (0),
which consists of the derivative prices on the grid points in the space of
the underlying asset prices. However, it is given not as classical data but
as a quantum state |V'(0)), in which the elements of V(0) are encoded as
amplitudes of computational basis states. On the other hand, typically, we
are interested in only one element of V'(0), that is, Vp, the derivative price
for the present underlying asset prices. This means that we have to obtain
the amplitude of the specific computational basis state in |[V(0)). Since the
amplitude is exponentially small if the number of the grid point is expo-
nentially large, reading it out requires exponentially large time complexity,
which ruins the quantum speedup.

We circumvent this issue by solving PDE up to not the present but
some future time tie,. The key observation is that V{; can be expressed as
the expected value of its price® at an arbitrary future time. Concretely,
we may take the following way. First, we generate two states: |V (tier)), in
which the derivative prices at ti; are encoded, and |p(tier)), in which the
probability distribution of underlying asset prices at tie; are encoded. Then,
we estimate the inner product (p(tter)|V (tter)), which is an approximation
of V. Note that the amplitude of each basis state in |V (tir)) contains
information to determine V; differently from |V'(0)), in which the amplitude
of one specific basis state is the sole necessary information. This leads to
much smaller time complexity in the above way than reading Vj out from
[V (0)).

In the following sections, we describe the entire process of the above
calculation: setting tier, generating |V (tyer)) by the quantum algorithm,

6 Again, strictly speaking, the price must be divided by some numeraire.
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generating |p(tier)), and estimating Vj. Besides, we estimate the complexity
of the proposed method. We see that, in the expression of the complexity,
there are not any factors like (1/€)P°¥(4) hut only some logarithmic factors
to the power of d, which means substantial speedup compared with classical
FDM.

The rest of this chapter is organized as follows. Sections 4.2 is prelim-
inary one, which outline the quantum algorithm for solving ODE systems.
Here, we also discuss how to set tie, in Section 4.3, taking into account the
probability that underlying assets reach the barrier. Section 4.4 presents
the main result, that is, the quantum calculation procedure for V and its
complexity. Section 4.5 summarizes this chapter. All proofs are shown in
the appendix.

4.1.1 Notations

Here, we explain the notations used in this chapter.

e [,: The n x n identity matrix.

| - [: The Euclidean norm for a vector and the spectral norm for a
matrix. We call each of them a “norm” simply.

u(A): The logarithmic norm associated with || - || for a n x n matrix
A, that is, pu(A) = limy,_,o+ (|| I, + hA| = 1)/h.

e |i): A state on a multi-qubit register.
e |i): A state on one qubit.

e || |¢)||: The norm of a (unnormalized) state |1).

When a matrix A has at most s nonzero entries in any row and column,
we say that the sparsity of A is s. If a state |¢) satisfies || [¢)) — |[¢') || < e,
where € is a positive real number and |¢)') is another state, we say that [)
is e-close to |¢).

4.2 Quantum algorithm for solving ODE systems

In this chapter, we consider the Problem 2.2.1. To solve the problem, we
use the finite difference method introduced in Section 2.2.2 and the quantum
algorithm for solving ODE systems introduced in Section 2.3.2.

The quantum algorithm in [1] leverages the algorithm in [23]. In order to
use it to solve Eq. (2.44), [1] assumes that the following oracles (i.e. unitary
operators) are available:
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e O
For the matrix A, given a row index j and an integer [, this return
v(j,1), the column index of the I-th nonzero entry in the j-th row:

O 9) 1) = 13) lv(5, 1)) (4.1)

e Oap
For the matrix A, given a row index j and a column index k, this
return the (j, k) entry:

Onz 213} [k) |2) = [7) |k} |2 & Ajg) (4.2)
b Lini
This prepares m |Zini) under the control by another qubit:
_ -
Oy + 4 1011 T [0 205 43)
1) 1) = [1) [¢) for any |¢))
[ ] Ob

When b # 0, this prepares ﬁ |b) under the control by another qubit:

Os { 0} [1) =+ [0} [ for any [¢) 4)

11)10) = gy 1) 1b)
When b = 0, this is an identity operator.

Then, we present the theorem (Theorem 9 in [1]), which states the query
complexity of the quantum algorithm for solving ODE systems discussed in
Sec. 2.3.2, with a slight modification.

Theorem 4.2.1. (Theorem 9 in [/]], slightly modified) Suppose A = VDV 1
is an N x N diagonalizable matriz, where D = diag(Ag, A1, ..., AN—1) satisfies
Re()\;) <0 for any j € 0,1,..., N — 1. In addition, suppose A has at most
s nonzero entries in any row and column, and we have oracles Oa1,04
as above. Suppose xin; and b are N -dimensional vectors with known norms
and we have oracles Oy, . and Op as above. Let x evolve according to the
differential equation (2.43) with the initial condition x(0) = @ini. Let T >0
and g := maxe(o,7) |2(t)||/|x(T)||. Then there exists a quantum algorithm

that produces a state ’\if>, which is e-close to

1 p(k+2)
v Ygar ) | (T
. V([ Pgar) + (p + 1) [|2(T)]]? [P >+j:%;+l)|]>| (7))

(4.5)
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0 </£V3THAH « poly <log (’st”“l”)» (4.6)

queries to Oa1, Oaz, Oy, and Oy. Here, ky = ||V|-|[V Y| is the condition
number of V., p = [T||A|[], k = [21log 2/ log(log Q) |, Q = 7T0gryp>/?(||@ms]|+
T|\bl|)/ellz(T)||, and [¥gar) is an unnormalized state which takes the form
of |[Wear) = Z?goﬂ)*l |7) |¥;) with some unnormalized states |1o), [¢1), ...,

|Ups1)—1) and satisfies (Wgar|Pgar) = O(g”(p + 1)|2(T)|*).

The modifications from Theorem 9 in [1] are as follows. First, in [4], it is as-
sumed that we perform post-selection and obtain |x(T)) /|| |=(T)) || (strictly
speaking, a state close to it). On the other hand, in Theorem 4.2.1, the out-
put state is not purely |x(T")) /|| |=(T)) || but contains |x(T')) as a part in
addition to the unnecessary state |Ug,,). This is because, in this chapter, we
use the algorithm of [1] as a subroutine in the quantum amplitude estimation
(QAE)[6, 90, 91, 92, 93], as explained in Section 4.4, and the iterated sub-
routine in QAE must be an unitary operation. This means that we cannot
perform post-selection, since it is a non-unitary operation. Note also that,
we do not perform amplitude amplification for |¥;), which is done before
post-selection in [1], and thus a factor g, which exists in the expression of the
complexity (112) in [4], has dropped from (4.6) in this chapter. Moreover,
the meaning of the closeness € is different between Theorem 4.2.1 in this

UusIng

chapter and Theorem 9 in [1]. In the former, € is the closeness between ‘\il>

and |¥), which corresponds to ¢ in [1]. On the other hand, Theorem 9 in [/]
refers to the closeness of the state after post-selection to |x(T")) /|| |=(T)) |.
This difference also makes (4.6) different from (112) in [4].

4.3 Approximating the present derivative price as
the expected value of the price at a future time

As we explained in the preliminary, we aim to calculate Vj as the expected
value of the discounted price at some future time. Concretely, we set tyop €
(0,T) and calculate

Vo = ¢t /IR 480 {tuer, S)pxtee, SV (fier, S). (4.7)
+
where ¢(t,S) is the probability density function of S(¢), and png(t, S) is
the conditional probability that the no event which leads to extinction of
the payoff happens by ¢ given S(¢) = S. Although (4.7) holds for any ter,
for the effective numerical calculation, tie, should be set carefully. Recall-
ing our motivation to evade exponential complexity to read out V{, which
is explained in the beginning of this chapter, we want to set ¢y, as large
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as possible. On the other hand, there are some reasons to set ti., small
because of existence of boundaries. First, note that it is difficult to find
PNB (tter, S) explicitly in the multi-asset case. However, for sufficiently small
tter, PNB(tter, S) is nearly equal to 1, since the payoff is paid at least if S(t)
does not reach any boundaries and the probability that S(t) reaches any
boundaries can be neglected for time close to 0. Besides, note that we ob-
tain the derivative prices only on the points in boundaries by solving PDE.
For small t;, we can approximately calculate Vj using only the information
in boundaries, since the probability distribution of S(tter) over the bound-
aries is negligible. In summary, we should set t., as large as possible in the
range of the value for which the probability distribution of S(te;) is almost
confined within the boundaries. For such t¢;, we can approximate

Vo & e Mher / dS¢(tier, S)V (tier, S), (4.8)
D
or, equivalently,

Vo roe'T / 02 (tror, )Y (Toer, T), (4.9)
D

where T := T — ter and @(t, ) is the probability density of & (¢) under the
BS model (2.3) and will be explicitly given later.

Considering the above points, we obtain the lemma, which shows a cri-
terion to set tyer. First, we make an assumption, which is necessary to upper
bound the contribution from the outside of the boundaries to the integral
(4.7).

Assumption 4.3.1. There exist positive constants Ag, A1, ..., Ag such that
fpay in Problem 1 satisfies

d
foay(8) < Z AiSi + Ao (4.10)

i=1
for any S € D.

That is, we assume that the payoff is upper bounded by some linear func-
tion, which is the case for many cases such as call/put options on linear
combinations of Si, ..., Sy (i.e. basket options). Then, the following lemma
holds.

Lemma 4.3.1. Consider Problem 1. Under Assumption 4.3.1, for any
€ € Ry satisfying

Ad(d+1) 2 2r U\ 2 2r Si0 ,
log (e > >max{5 (1—03> log <SzO> s <1_0¢2) 10g<Li )}JE [d

(4.11)

]

)
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where A = maX{Ah/UlSLO, ...,Alw/Udep, Ao}, and

€< Qd(d + 1) X maX{Ag, Alslvg, . Ade,o}, (4.12)
the inequality

’V(O, S()) — G_TT/; dw&(tter,m)Y(tter, $) < 2€ (413)
D

holds, where

(elg)) | el))stelz))

tier 1= min 2507 Iog 2Ad(6d 1)),..., 2503 - (%) , 2502 log (%)7
Sao )\ 2
Sl |
2507 log -
and
D= B <11 + :cgo)> ,% (zi”g”” + u1>] XX [; <ld + xfio)) ,% (J:Elngrfl) + mz)] :

(4.15)

The proof is given in Appendix A2.2. Note that, in (4.13), the region of
the integral is slightly different from D, the interior of the boundary in the
x domain. This is just for interpreting the finite-sum approximation of the
integral as the midpoint rule and explained in the proof of Lemma 4.4.1.

4.4 Quantum method for derivative pricing by FDM

In this section, we finally present the quantum method for derivative pricing
by FDM. Our idea is calculating the present derivative price Vj as (4.7), the
expected value of the price at the future time ti,. As explained in Section
4.3, we approximate (4.7) as (4.9). In fact, we have to approximate (4.9)
further, since we obtain the derivative prices only on the grid points by
solving PDE using FDM. Therefore, we approximate (4.9) as
Ner
Vo ~ et ZPkYk(Tter), (416)
k=1
where py, is the existence probability of @ (i), the log prices of underlying
assets at tier, on the k-th grid point and explicitly defined soon. In other
words, we calculate _
Vor e ™ Tp- Y (Tier), (4.17)
where p := (p1,...,p Ngr)T. Hereafter, we discuss how to estimate this inner
product.
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4.4.1 Generating the probability vector

Firstly, let us discuss how to generate p, a vector which represents gZ;(tter, x),
the probability distribution of x(ti;), as a quantum state. As we will see
below, although we aim to generate a quantum state in which the amplitudes
of basis states are proportional to &(tter, x), we can apply the method to
generate a state in which amplitudes are square roots of probabilities[! 1,

|, since &(tter, x) can be regarded as the square roots of the probability
densities under another distribution.

Concretely speaking, we aim to generate the vector

p = (pla“',pNgr)T?
d
b = é(ttera m) H hz (418)
i=1
where qg(t, x), the probability density of x(t), is explicitly given as
bra) = 1 e (e =S o).

(2rt)/2 (TT, 1) Vel p

-
1 1
poi= ((r — 20%) t,..., (T — 203) t>
Y = (090)pij)i<i<ds (4.19)
1<j<d
that is, the density of the d-dimensional normal distribution with the mean

p and the covariance matrix Y. Actually, we generate this vector as a
normalized quantum state, that is,

Negr
P o= > k),
k=1
Ngr
P = |pll=|>_r} (4.20)
k=1

Here, note that (¢(t, ))? is ¢(x) times a constant independent of z, where

1 1 1.\
o(x) = (t)/2 (1—[;1:1 Ui) meXp (2(31: -’ (22> (x — u)) :

(4.21)
is the probability density function for another d-dimensional normal distri-
bution. Therefore, |p) is approximately the state |¢), where ¢(x) is encoded
into the square roots of the amplitudes, that is,

Ngr

1
) = \@;\/q?!k% (4.22)
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Algorithm 1 Generate |p)

1: Prepare d mg-qubit registers and initialize all qubits to |0), which means
the initial state is |0) - - - |0).
d
for i =1 to d do
for j =1 to mg do
4: Using k1, ..., k;—1 indicated by the first, ..., (i — 1)-th registers,
respectively, and kzm, ey kl[j_l], the bits on the first, ..., (j — 1)-th qubits
of the i-th register, respectively, rotate the j-th qubit in the i-th register
as

_>\/fz,j ]{71,... i 1, F],..,k’l[-j 1] ’0 +\/1_fz,j kl,... i 1, Z[l],..,kl[j_l])ﬁ>.

(4.25)
This transforms the entire state into
ngr—1 ngr—1 '
Z > Z Z Vg, ks KK o) i) [R) 00 o),
k}1 0 ki—1= Ok[l] =0 kAJ =0 d—1
(4.26)
where k is an integer whose mg,-bit representation is kl[l] e k:l[j lo...0.
~——
mgr—J
6: end for
7: end for
Here,
x(k1+1) x(’%ﬁl)
= [ dm [ dwaglt fork—an it 1,k = 0,1, ..., nge—1
qr ‘= xgkl) X1 m((f(j) dP\lter, T = ,
(4.23)
which is close to ¢(tter, as(k)) H‘ii:l h;, and
xgngr"'l) x((ingr"rl)
Q= o dxy - ' dzqp(tier, T), (4.24)
1 d

which is close to 1.

Then, the task is boiled down to generating |p). This can be done by the
multivariate extension of the method of [1 1] for univariate distributions. The
concrete procedure is Algorithm 1. Here, note that |k) can be decomposed
as

k) = [k1) - [ka) , (4.27)
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where each |k;) is a state on a mg--qubit register (recall that ng = 2™er),
and |k;) can be further decomposed as

where we write the n-bit representation of i € {0,1,...,2" — 1} as il ... ;"]
with i), .. ,il" € {0,1}. Besides, note that Algorithm 1 requires us to
compute

ki) =

kllmgf]> , (4.28)

- A0 Y TRRTY e N N
fz,](k]_, kZ 17]{[1} . ,kz[j 1]) = Q,j( 17 1’ 2 7[1] 7 [:3) (429)
Gij—1(k1s oy kics ke k)

7

for i € [d] and j € [mg], where

Gij(k1, ooy kim13 b1, .0 b)) =

of (b1,...,b; ) (”gr"’l) (ngr+1) '
f 5 ](bll 1 f © dry - - f;(%) dzap(t, ) ;=1
9. ’ d

(kﬁ_l) w(k —1t a: (b1 bj)
f (kl) dxy - x(k 11) dxl 1 f Ty, ]) dxz

$("gir+1> (ngr+1) ) )
X fgc(lOJ)r dziyy - f (o) dxdw(t, x) 1 2<i<d-1

i+1
(k14+1) (kq— 1+1)
z Tg_ 113 (b17 ) ) .
fxg}cl) dxy--- m(‘édil) dxg_1 f dJ T drgp(t,x) ;i=d
d—1
(4.30)
and
(kp) ! $7=0
L k
xi,j(bl’ ,bg) :xZL,kL =<} b; 0 ;7 =1, , Mgy
Mgr—j
(kr) Ngr ;7 =0
R
Tij(b1 s by) =2 kR = by byl L4 =1, Mg s
Mgr—j
(4.31)

fori e [d], j =0,1,...,mg and by,...,b; € {0,1} (note that ¢ = Q). Such
a f; j can be actually computed as follows. Neglecting the contribution from
the outside of the boundary, we see that

f%( S(01,eb))+a T (b1,.0.,b;))
L
i (

b, ,b) dz; o (w45 k1, ..

Figyy oo ki KR &

) kifl)

1 )

bl7 ab )

f L (b17 , dxl@nlar(:r“kl’Jkl—l)

(4.32)

Y
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where

e e (k) (ki) T
Cp?lar(l'i; k‘l, . ]{21;1) = / dl‘i+1 .. / dxdgo((l'l ! """Ii—l{l s Ly Tidly eeny md) )

—0o0 —00
(4.33)
is the marginal density given by integrating out z;y1, ..., 4 and fixing 21, ..., ;1.
We can regard this as an univariate normal distribution density function of
x; (times a constant independent of z;), and therefore compute (4.32) by
the method presented in [31].

At the end of this subsection, let us evaluate the error of (4.17) as an
approximation for (4.9). As preparation, we evaluate the normalization
factor P as follows:

=S (seal)) (ﬁ m)Q
i=1
[T, b
(4mt)d/? (H?ll gi) \/M/]Rd dzp(z)
= [T, hi
(4rt)d/2 (H(z‘izl UZ') Vdet p

Q

Ny 1L, A (4.34)
T (4m)U2Ny/detp’ '
where
A= il e (4.35)

O/ Lrer

Besides, we make an additional assumption.

Assumption 4.4.1. For Y(7,x), the solution of (2.20) and (2.21), and
o(t,x), the probability density function of x(t) under the BS model (2.2),
there exists n € R such that

2

Vi, jeld T D,|——
i,j€ld,r€(0,T),x € | 90z,

(T — 7)Y (r,2))| <n. (4.36)

Then, we obtain the following lemma, which guarantees us that we can
approximate the integral by the finite sum over the grid points.

Lemma 4.4.1. Consider Problem 1. Under Assumptions 2.2.1, 4.3.1 and
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4.4.1, for a given € € Ry satisfying (4.11) and (4.12), if we set

B /8 1/8
h; < h; := min (47) d(det P) N ¢ ,
doi([T—y Aa)/4 V26T

(47T)d/8(detp)1/8 c 1 o -
T 8 Y

i=1

the following holds
‘e‘TTp Y (Trer) — Vo‘ < e, (4.38)

where p is defined as (4.18), Y is the solution of (2.23).

The proof is given in Appendix A2.3.

4.4.2 Generating the derivative price vector

Next, let us consider how to generate V', the vector which encodes the grid
derivative prices at to;. Precisely speaking, since we solve (2.23), we actually
obtain the vector f’, which encodes the approximations of Y (7ier, ) on the
grid points. Furthermore, by the algorithm presented in Section 2.3.2, we
obtain not Y itself but some quantum state like (4.5), which contains a state
corresponding to Y along with a garbage state.

For the precise discussion, let us firstly make some assumptions in order
to satisfy preconditions to use the quantum algorithm. The first one is as
follows:

Assumption 4.4.2. C(7) in (2.23) is independent of T.

Then, hereafter, we simply write C(7) as C. We make this assumption in
order to fit the current setting to [1], which considered solving (2.43) for
constant A and b (note that F' in (2.23) is constant). Although C(7) is not
generally time-independent, the assumption is satisfied in some cases:

e In some cases, a derivative is far in-the-money for a party at some
points on the boundary, and this means that the party would receive a
constant payoff K at the maturity with high probability. For example,

— The payoff is the cash-or-nothing type.
— The payoff is capped, that is, the payoff function takes the form
of fpay(S) = min{f(S), K} with some function f(S).

In these cases, we can approximate that V(t,S) ~ e "(T=Y) K which
means that Y (7, ) ~ K, on the points.
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e If a boundary corresponds to a knock-out barrier, V (¢, S) = 0 on it.

Of course, there are many cases where C(7) is time-dependent, and it is
desirable to expend our method to such cases. We leave this as a future
work.

The second assumption is as follows:

Assumption 4.4.3. For F in (2.25), the following oracles Op1 and OFp2
are available:

Ora 2 13) 1) = 13} lvr(5,0)) (4.39)
where j € [Ng|, | € [sp], sp is the sparsity of F, and v(j,1) is the column
index of the I-th nonzero entry in the j-th row,

Orz:|3) k) |2) = 15) k) |2 @ ) , (4.40)
where j,k € [Ng| and z € R. Besides, for foay in (2.24) and C in (2.27),

we know their norms and the following oracles Ofpay and O¢ are available:

0)10) = 17— 10) ‘fw>

|
Oz :¢ J , (4.41)
Tow T ) 1) ) o (1) [0) for any [)
[ 10) [1) > [0) 1) for any |)
' { 1)10) = &y 11 IC) | (442

for C # 0 and O¢ is an identity operator for C = 0.

Since F' is explicitly given as (2.25), the sum of the Kronecker products
of tridiagonal matrices, construction of Op; and Opy is straightforward.
On the other hand, f'pay and C are highly problem-dependent, and so are
(@) Fou and O¢. Therefore, we just assume their availability in this chapter,
referring to some specific cases. Although the gate complexity preparing a
state in which a general vector is amplitude-encoded is exponential in the
qubit number [?, 94, 95, 96, 97, 98, 99], it can be efficiently performed in
the following cases.

e By the analogy with preparation of |p), we see that we can prepare

[Fey) if we can efficiently calculate
| foayl|
S (@l (b1, b))+l (b1, b)) U;
/ dx; / dx;yq
oL (br, by) I

Uqg - ) 2
t / d.’Ed (fpay((xgkl)v T a%(ﬁlfl), T, xi+1a e 7xd)T))

lg

$§J(b177bj) Uy Ud ~ (kl) (k‘ 1) T
/ d;m:/ d;w;+1"'/ dzq (fpay((xl DT T Tkl Td) )>
(b1 bg) li la

K3

(4.43)

2

)
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where :):Lj and 2% i; are defined as (4.31),fori e [d], j € {0,1,--- ,mgr—
1}, ki, kg € {0,1,--- ,ng — 1} and by,--- ,b; € {0,1}. Although
it is difficult to analytically calculate this in general, there are some
cases where it is possible. An example is the case where fa, de-
pends on only one underlying asset price, say S; (and other assets are
relevant to the barrier), and has a simple function form, e.g. the
call-option-like fpay(S) = max{S; — K,0} and the put-option-like
fpay = max{K — S1,0}. In Appendix A2.6, we consider this case
in more detail. We here only note that, in this case, (4.43) can be
expressed with elementary functions and approximately calculated by
a series of arithmetic operations, which requires only logarithmically
many gates with respect to calculation accuracy.

e If all boundaries correspond to knock-out barriers, C = 0, and there-
fore O¢ is just an identity operator.

Then, we obtain the following lemma, whose proof is presented in Ap-
pendix A2.4.

Lemma 4.4.2. Consider the ODE system (2.23). Assume that Assumptions
2.2.1, 4.8.1, 4.4.1, 4.4.2 and 4.4.3 are satisfied. Let € be any positive real
number satisfying (4.11) and (4.12), and € be any positive real number.

Then, there exists a quantum algorithm that produces a state )\if> €'-close to

1 p(k+2) _
W) = = |Wgar) + Z 17) ‘Y(Tter)> )
VWl W) + (0 + DIV (7)1 =)

) (4.44)
where Y (Tier) i a vector satisfying (4.38), using

o (e v (e (©))) (s

queries to Op1, Op2, Ofp , and O¢. Here,
ay

\V Hz 1 A, d*= ‘—‘O-mather /ﬁ/d4012nax7-ter
, nH X S (

€= masx ) 0 ST et p)1 /8 ;

4.46)

= ||[V|| - [V~ 4s the condition number of V which diagonalizes F
(i.e. VFV ™1 is a diagonal matriz), omax := max;eq 03, = := max{&,/d},
Ter := 1T —tter, trer 15 defined as (4.14), p := [1ier|| F|||, k := |21og 2/ log(log )|,
Q = 7095y p* (|| foag | + TIC/ellY (Trer) ||, and |Wgar) is an unnormalized
state which takes the form of |[Wgar) = Zp (k1)1 |7) |¥;) with some unnor-
malized states |tg) , |[11) , W}p ft1)— 1) and satisfies

(Vgar|Vgar) = O(g*(p + DY (7ter) ) (4.47)
with g := MAXre[0,7,0,] 1Y (/Y (7tex) -
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4.4.3 Proposed algorithm

Finally, based on the above discussions, we present the quantum method to
calculate the present derivative price V. Our strategy is calculating this as
(4.17). More concretely, we aim to subtract the information of p - ¥ (7ier)
from |¥) in (4.44), the output state of the algorithm of [1].

In order to do this, we first modify the algorithm slightly. That is, we
aim to solve not (2.45) but the following one by the QLS algorithm:

m—1 p+1
Crnkp(Fh) X = €0 @ fpay + It Z €ik+1)+1 ® C + Z Em(k+1)+p+i V-
=0 =1

(4.48)
Here, m,p, k are integers defined in the statement of Lemma 4.4.2, q :=
m(k+1)+2p+1, hy = Tger/m, X € RNer(g+1) {ei}i=0.1,... q is an orthonormal
basis of Rt and v := (7,...,7)" € RNer for some v € R,. Hereafter, we
make the following assumption on ~:

Assumption 4.4.4. We are given v € Ry satisfying

1. _
§Y(7_ter) <7< QY(Tter)7 (449)
where
1 D
Y (Tier) 1= N D (Y (Frer, 28)))2. (4.50)
& k=1

This means that v is comparable with the root mean square OfNY(Ttor, x) on
the grid points. Besides, the Ng (¢ 4+ 1) X Ng (¢ + 1) matrix Cy, i p(F'hy) is
now defined as

m—1 k
1
Conep(Fhy) = Zege O INg = D D Cilhr D) +i €k 1) i1 @ th
=0 j=1
m—1 k m(k+1)+p
-
Ze i+1)(k+1) z(k+1)+j ® INgr - Z ejej—l ® INgY
1=0 7=0 j=m(k+1)+1
) (4.51)
or, equivalently,
~ C Fh 0
Conaglrm) = (CrigF1 O (452)
Ner(p+1)
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Visually, (4.48) is displayed as follows

In,,
7Fh,/1 In,,
CFhJk Iy,
—In,, —In, —In, In,
PRl Iy,
“FhJk Iy,
—In, -In, —In, In,.
—In,, In,
*Igw;g, In,.
In,,
. .
(4.53)
The solution of (4.48) is
m—1 k _ p+1
X = Z €i(k+1)+j ®YZ J +Z Em(k+1)+ Y(Tter> +Z €m(k+1)+p+j XK,
=0 j=1 7=0 Jj=1
(4.54)

for some vectors f’i’j, f’(ner) € RNer and f’(v‘ter) becomes close to f’(v’ter).
Note that, in X, ?(Tter) and ~ are repeated (p + 1)-times. Then, applying

the quantum algorithm, we can generate the quantum state \ilmod> e-close

to
1 p(k+2) p(k+3)+1
o) = o () + X 1) [Fra))+ X 1],
j=p(k+1) j=p(k+2)+1
Z = \/(‘I’garmjgar)+(P‘f‘l)Hf/(Tter)HQ'f‘(P‘f‘l)Ngr'Yz- (4.55)

Note that the query complexity for generating "ilmod> is (4.45), similarly to
‘\i/> This is because the complexity of the QLS algorithm depends only on

the condition number and sparsity of the matrix and the tolerance[23], and
the condition number and sparsity of Cp, i, ,(Fht) is same as Cy,  p(Fhy).

Using ‘\ilmod>, we can estimate p - f’(ner). The outline is as follows.
First, we estimate the inner product

T o

<qjmod’H‘\I/mod> = P D Y(Tter)7 (456)

where
p(k+2)

) == > D, (4.57)

j=p(k+1)
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Algorithm 2 Calculate e™"™rp - Y (Tier)

Require:

v € Ry satisfying (4.49).

e € Ry satisfying (4.11) and (4.12).

€1 € Ry satisfying (4.61).

€2 € Ry satisfying (4.62).

ey, € Ry satisfying (4.65).

Accosses to the oracle Ug  such that (4.58) and (4.64) and its inverse.
Accesses to the oracle UH "such that (4.59) and its inverse.

Estimate the amplitude of |0) |0) in the state UI.I_-IUlilmod |0) |0) by QAE
with tolerance €;. Let the output be Ej.

9: Estimate the square root of the probability that we obtain either of

p(k+2)+1,....,p(k+3)+1 when we measure the first register of \ifmod>
by QAE with tolerance €. Let the output be Fs.

10: Output e~ "Tter 77"]\]%;% =: w, where P is given by (4.34).

by estimating the amplitude of |0) |0) in U}LIU\I?mod . 10) |0) using QAE. Here,
U o and Uty are the unitary operators such that

Ug,... 10010) = ‘\ijmod> : (4.58)

Yinod

and
Unt [0) |0) = [IT), (4.59)

respectively. Note that, if we can generate |p), we can also generate [II), since

this is just a tensor product of \/7 Zp kf (et 1) |7) and |p). Next, by QAE,
we estimate the probability that we obtaln je{p(k+2)+1,....,p(k+3)+1}
in the first register when we measure i’mod>, and then obtain an estimation

of v4/(p+ 1)Ng/Z. Finally, using Eq and Es, the outputs of the first and
second estimations, respectively, we calculate

e "'y /Ng: PEr
= (4.60)

as an estimation of e "Tp - ?(Tter). We present the detailed procedure
is described as Algorithm 2. Here, taking some ¢ € R, , we require the
tolerances €; and €9 in calculating Fy and Ey be

/2
o = ofBnTVdetpe) (4.61)

g <H§l=1 Ai) 14

@ = O(g?/()) (4.62)
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respectively, where

Nar
V(ter) = ! Z(V(tter,s(k)))Q,
& k=1
sk .= (S(k),...,Sc(lk)) (exp(mg 1)>, exp( (kd)>)
fork:—an ki + 1,k =0, Long —1

(4.63)

is the root mean square of the derivative prices on the grid points at time
tier- Besides, we require that

I Fmoa) = [Zmoa) I < o (4.64)
where
ey = O (max{er, e2}) . (4.65)

These requirements guarantee the overall error to be smaller than e. We
formally state these points along with the complexity of the procedure in
Theorem 4.4.1, whose proof is presented in Appendix A2.5.

Theorem 4.4.1. Consider Problem 1. Assume that Assumptions 2.2.1,
4.8.1, 4.4.1, 4.4.2, 4.4.3 and 4.4.4 are satisfied. Then, for any e € Ry
satisfying (4.11) and (4.12), Algorithm 2 outputs the real number w such
that

|w = Vol = O(e) (4.66)

with a probability higher than a specified value (say, 0.99). In this procedure,
O (D x poly (log D)) (4.67)

queries to Of1, Op2, Ofpay’ and O¢, where

\/HZ WAY; 2= Hamaxner’ nH

D := max (4m) @/ {det p)1/8
H?:l Al V 4 2
% max (>,Vo Xw’ (4.68)
(27)/2\/det p €2
Omax ‘= MaX;clg 04, = = max{&,(/d}, Tier = T — ttef, tier z's~ defined
as (4.14), A; is defined as (4.35), g = MAX [0, 7] WY (D)I/11Y (Teer) ||

V(ther) = \/NL Vet (V (tier, S®))2, and ky = ||V - V7Y ds the con-

dition number of V', which diagonalizes F.



4.4. QUANTUM METHOD FOR DERIVATIVE PRICING BY FDM 61

Let us make some comments. First, note that the upper bound of the
complexity (4.67) does not have any factor like (1/€)P°Y(9) which means
the tremendous speedup with respect to € and d compared with the classical
FDM. On the other hand, the exponential dependence on d has not com-
pletely disappeared. In fact, (4.67) contains some constants to the power of
d, and factors such as [[%_, (u; — ;) and [[_, A;, that is, the d-times prod-
uct of u; — I; or A;. Recall that u; — I; = log(U;/L;) is the width between
boundaries in the direction of xz;, the logarithm of the i-th underlying asset
price, and A; is that divided by o;+/tier, which roughly measures the extent
of the probability distribution of x; at time tio,. Therefore, these factors are
just logarithmic factors to the power of d. Also note that, in (4.67), there is
a factor of O(d®), which is polynomial but rather strongly dependent on d.

Second, we note that some calculation parameters are difficult to be
determined in advance of pricing. For example, although we have assumed
that we know ~ such that (4.49) holds in advance, it is difficult because we
do not know Y (7¢er). Besides, although we set p = [||F||Tter| in using the
algorithm of [1], it is difficult to set p to this specific value since we can
upper bound ||F|| but cannot calculate it precisely. Even in [1], the way to
set p = [||F'||Tter | is not presented. Similar discussion can be applied to other
parameters: k, h;, and so on. Fortunately, the algorithm works not only for
such specific values of the parameters but also for comparable values. The
factor 1/2 and 2 in (4.49) can be replaced with comparable values (say,
1/3 and 3), which results in change of the complexity only by some O(1)
factor. p larger than but comparable with [||F||Teer | (say, 2[|| F||Tter |) results
in comparable computational accuracy and complexity with those for p =
[||F||Tter |- In reality, we may perform computation for various parameter
values and search the appropriate ranges of the parameters, for which the
calculated derivative price seems to converge. In the practical business, once
we find a set of appropriate calculation parameters, we can continue to use it
with periodic check of convergence, since we typically perform pricing many
times in different but similar settings on model parameters (e.g. o;) and
contract terms (e.g. barrier level).

4.4.4 Toffoli count estimation in a concrete example

By now, we have evaluated the oracle call number in the proposed algorithm
using big-O notation. Now, taking a simple concrete problem setting and as-
suming some typical values of parameters, we estimate the time complexity
of the proposed algorithm, based on the resource estimation for the oracle
implementation. This will help to assess the feasibility of actual applications
in the future. We measure time complexity by counting the number of costly
gates in the implementation. Concretely, we take the number of Toffoli gates
(the Toffoli count) as a metric, as [59]. The concrete setting we consider is
as follows. As a pricing target, we consider the following derivative contract.
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It refers to d underlying asset prices S(t) = (S1(t),...,S4(t))". The payoff
function depends on only S; like a put option: fpay(S) = max{K — Si,0}
with a strike K € R;. All assets including 57 are involved in the barrier con-
dition. For every i € [d], two barriers L; and U; such that L; < S; ¢ < U; are
set for the ith underlying asset, and, for ¢ = 1, L1 < K < Uj is also required.
Then, the option expires with no payoff if either of asset prices reaches either
of its barriers by the maturity 7, and, otherwise, the above payoff occurs.
That is, for every underlying asset, double knock-out barriers are set. Such
double knock-out options are often traded in the actual financial market

for the single asset case, d = 1. In this setting, the state ’fpay> /prayH in

which the payoff is amplitude encoded can be generated as described in Ap-
pendix A2.6. Besides, as mentioned in Section 4.4.1, O¢ is now an identity
operator, and therefore, we will neglect it hereafter. Then, we can estimate
the Toffoli count as follows. In the proposed algorithm, Uy, by is iteratively
called in QAE, and, also inside Ug, i , the oracles Of,1, OF2, and O ;: are

repeatedly called. Among them, O , which corresponds to genera‘glagn of

the state ‘ fpay> /|| foay |, contains many tlme—consummg computations such

as exponential and arcsin, as explained in the Appendix A2.6, and, there-
fore, makes a dominant contribution to time complexity. Although Up is
called iteratively in QAE and corresponds to generation of the state |p), it is
just one state generation and, therefore, makes a smaller contribution than
many calls to Of _in Ug . Consequently, using the estimate of Toffoli

mod

count of O Fouy DAY D the Appendix A2.6 we can estimate the total Toffoli
count of the proposed algorithm as nrof 1 := 1.3 x 10* x Mgy times (4.67).
As elaborated in Appendix A2.6, the main contribution to the Toffoli count
comes from calculation of arcsin.

Let us get a concrete value for it, assuming reasonable values of param-
eters. We replace the symbols in (4.67) and (4.68) as follows.

o We set

- Kd(d+1
A= =5,/2log <(+)) (91)
Oiv/'tter €

for every i € [d]. Note that this is the infimum of A; under (4.14)
with A = K. Also note that we can set A = K because fyay(S) =
max{K — 51,0} < K.

e We set u; — l; = 1 for every i € [d]. This means that the ratio of the
upper and lower barrier is U;/L; = e ~ 2.7, which is conceivable in an
actual contract.

e We set ¢/K = 0.01, which corresponds to the 1% price error tolerance
relative to the strike.
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Toffoli-count
6.2 x 107
9.8 x 1012
2.8 x 1015
3.4 x 1017
3.4 x 1019

T W N |,

Table 4.1: The estimates of the Toffoli-count of the proposed algorithm for
various d in the setting described above. (C) 2021 IEEE

We set

1 3€

hi= o
' do—max\/f 28

(4.69)

which satisfies (2.29).

We set opar 1’ = 1, which is conceivable for years-long derivatives in
the actual market [1].

We replace V and Vj with K. This in fact contributes to the estimation
conservatively, since V' and Vj are smaller than K, which follows from
the fact that a payoff larger than K never arises in the contract.

We also replace = and n with K, expecting the moderate variation of
7

the derivative price over the space of underlying asset prices’.
We also expect the moderate variation of the derivative price over
time, and set g = 1 for simplicity.

We expect that underlying asset prices have moderate correlations and
that therefore det p is not apart from 1 so much. We now set det p =1
for simplicity.

Since the leading part with respect to 1/h; in F is symmetric, we
expect that ky is close to 1. Note that, when F' is symmetric, V is
unitary and therefore ki, = 1. We now set ki = 1 for simplicity.

Then, we obtain the estimate for the total Toffoli-count. In Table 1, we
show the value of nyo¢ 1D for d =1 to 5, omitting the O(polylog(D)) factor
in (4.66).

"In fact, the payoff function, which is the initial condition of the current PDE solving,
often has several nonsmooth points, e.g. the strike for a call/out option. Fortunately,
there are some techniques to cope with such points and suppress the numerical errors
from them, such as tuning placement of grids [100, ]. In this chapter, we do not go
into such technical details but simply assume that this issue is appropriately handled.
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As this shows, we need a huge number of Toffoli gates even for the mod-
erate underlying asset number d and the error tolerance ¢/K. Considering
the resent estimation 170usec for the runtime of one Toffoli gate in a fault-
torelant machine [102], the runtime of the proposed algorithm is formidably
long. Although, in theory, the proposed method eventually surpasses the
classical method with the time complexity of O((1/€)P°¥(d) for a small €
and a large d, it might be difficult to provide some practical quantum ad-
vantage. This is similar to the discussion in [102]

4.5 Conclusion

In this chapter, we studied how to apply the quantum algorithm of [1]
for solving linear differential equations to pricing multi-asset derivatives by
FDM. As we explained, FDM is an appropriate method for pricing some
types of derivatives such as barrier options, but suffers from the so-called
curse of dimensionality, which makes FDM infeasible for large d, the number
of underlying assets, since the dimension of the corresponding ODE system
grows as e?Y(@ for the tolerance €, and so does the complexity. We saw
that the quantum algorithm for solving ODE systems, which provides the
exponential speedup with respect to the dimensionality compared with clas-
sical methods, is beneficial also for derivative pricing. In order to address
the specific issue for derivative pricing, that is, extracting the present price
from the output state of the quantum algorithm, we adopted the strategy
that we calculate the present price as the expected value of the price at some
appropriate future time ... Then, we constructed the concrete calculation
procedure, which is combination of the algorithm of [1] and QAE. We also
estimated the query complexity of our method, which does not have any
dependence like (1/ e)pob’(d) and shows tremendous speedup with respect to
€ and d.

We believe that this algorithm is the first step for the research in this
direction, but there remains many points to be improved. First, we should
consider whether the assumptions we made can be mitigated. For ex-
ample, although we assume that C(7) is time-independent (Assumption
4.4.2), some products do not fit to this condition: e.g., when we consider
the upper boundary condition in the case of the European-call-like payoff
foay (S) = max{S — K,0} with some constant K, V(t,5) =~ S — e "TVEK
and therefore Y (7,x) = "7V (¢, S) cannot be regarded as constant for large
S. In order to omit this assumption, we might be able to extend the algo-
rithm of [4] so that it can be applied to time-dependent C(7)8

8 Actually, the algorithm in [83], which is based on the spectral method, can deal with
time-dependent C(7). However, in order to apply this algorithm, V' (¢, S) must be smooth
enough in the direction of t. On the other hand, in practice, the BS model parameters
are often not smooth: for example, piece-wise constant volatilities are often used, which
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Another important aspect is pricing early-exercisable derivatives. American-
type (resp. Bermudan-type) derivatives, in which either of parties can ter-
minate the contract at any time (resp. at either of some predetermined
dates) before the final maturity 7', are widely traded and their pricing is
important for banks. FDM is suitable and often used for pricing such prod-
ucts, since it determines the derivative price backward from T and can take
into account early exercise. However, it is not straightforward to apply
the quantum method proposed in this chapter to pricing early-exercisable
products. This is because, at exercisable date teye, we need the operation
V(texe, S) = max{V (texe +0, S), fpay(S)}, where V (texe +0, S) is the deriva-
tive price right after texe, but nonlinear operations on amplitudes such as
the max function cannot be implemented on a quantum computer naively.

Including these points, we will investigate the possibility that the quan-
tum FDM speedups pricing for the wider range of derivatives with fewer
resources in the future work.

deteriorates smoothness of V(¢,.S). In such a case, the algorithm of [4] is expected to be
more suitable than that of [33], since the formal solution (2.44) is valid also for piece-wise
constant model parameters. That is, if

A= A 5 0<t<tas by ; 0<1t<tgs
| Ay ta<t<T’

by ;tais<t<T’
with some tgis € (0,7, «(t) can be written as

(t) eMtpi + (eAlt — IN)A;1b1 7 0 <t < tais
x(t) = ’
eAz(t*tdis)m(tdis) + (eA2<t7tdiS) — IN)AEII)Q ; tais <t < T






Chapter 5

Pricing of multi-asset
derivative with variational
quantum simulation

In Sec. 4, we discuss the quantum algorithm for pricing multi-asset derivative
by FDM. The algorithm is constructed on the QLSA and thus requires the
FTQC. To make the algorithm feasible to run on a small quantum computer,
we use variational quantum algorithm. This chapter present the variational
quantum algorithm for pricing multi-asset derivatives by FDM based on
[K.Kubo, K.Miyamoto, K.Mitarai, K.Fujii, arXiv:2207.01277] and slightly
modified to fit the context.

5.1 Introduction

Quantum computers actively utilize quantum phenomena to solve large-scale
problems that could not be performed with conventional classical comput-
ers. In recent years, applications of quantum computers have been discussed
in financial engineering. Specifically, the applications include portfolio opti-
mization [76, 74, 75], risk measurement [103, 71, 72, , 73], and derivative
pricing [19, 63, 64, 65, 29, 28, 27, , 67,68, 69, 31, , 30]. Comprehensive
reviews of these topics are presented in Refs. [78, 77, 79, ].

Among these applications, we consider the pricing of derivatives. Deriva-
tives are the products that refer to the prices of underlying assets such as
stocks, bonds, currencies, etc., and their payoff depends on the prices of the
assets. For example, a European call option, one of the simplest derivatives,
has a predetermined maturity 7" > 0 and strike price K, and its holder gets
paid back max(S(T) — K,0) for the asset price S(T') at T. For such a sim-
ple derivative, the theoretical price can be computed analytically in some
models such as the Black-Scholes (BS) model [35]. If one wishes to calculate
prices for derivatives with more complex payoffs, numerical calculations are

67



68 CHAPTER 5. PRICING OF MULTI-ASSET...

required [1].

There are many algorithms for numerical calculations. For the pricing of
certain types of derivatives, such as barrier options, it is suitable to solve the
partial differential equations (PDE) called Black-Scholes PDE (BSPDE) [2]
by discretizing them using the finite difference method (FDM). However,
in the case of multi-asset derivatives, the number of grid points increases
exponentially with respect to the number of referenced assets, making price
calculation difficult. When the number of assets is d and the number of grid
points is ng, for one asset, the total number of grid points is ngr. If we take
ngr in proportion to ¢71/2 o achieve the error level e (see Lemma II.1 in
[108]), classical FDM requires the computational complexity of O((1/¢€)P(@).

To overcome this difficulty, several methods [29, 27, 28, 30] have been
proposed to efficiently solve the BSPDE using quantum computers. How-
ever, when solving the discretized BSPDE with these quantum algorithms,
the target derivative price is embedded in the amplitude of one basis of the
resulting quantum state, so it requires exponentially large computational
complexity to extract it as classical information. Ref. [108] has shown that
the complexity can be substantially reduced using the fact that the present
derivative price can be calculated as the expected value of the discounted
derivative price at a future point in time. They calculate the inner product
of the state in which the future derivative prices are embedded and the state
in which the probability distribution is embedded using the quantum ampli-
tude estimation (QAE) [0]. Instead of retrieving one of the amplitudes of the
output state of the quantum algorithm, the present price of the derivative
can be efficiently calculated since all of the amplitudes can be used. In fact,
the complexity of the method proposed in Ref. [108] does not have a factor
like (1/€)9@, but has only poly(1/e,d). This means that their method has
substantial speedup compared to the classical FDM.

However, it should be noted that their method is constructed on the
quantum ordinary differential equation (ODE) solver [1] and the QAE, which
requires a large-scale quantum computer with error correction. In addition,
it is assumed that we are given the oracle that generates a quantum state
in which the boundary conditions of the BSPDE are encoded in amplitudes.
As the derivatives are currently dealt with in practice, it is desirable to
calculate derivative prices even with a small-scale quantum computer closer
to realization.

In this chapter, we propose a variational quantum algorithm for pricing
multi-asset derivatives. This is the way to exploit the essential feature pro-
posed in Ref. [108] with variational quantum algorithms and hence thought
to work with near-term quantum computers. Our algorithm has the follow-
ing three parts; embedding the probability distribution of the underlying
asset prices into the quantum state, solving the BSPDE with boundary con-
ditions, and calculating the inner product. For the first part, we can use
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the quantum generative algorithms [15, 14, 12, 13, 17] or variational quan-
tum simulation (VQS) for the Fokker-Planck equations [5, 24, 9, 70, 30],
which describe the time evolution of the probability density functions of the
stochastic processes. For the second part, we discretize the BSPDE using
the FDM and solve it using VQS. For the third part, we evaluate the square
of the inner product of the states, obtained by the first and the second parts
of our method, using the SWAP test [109]. Taking the square root of the
output of the SWAP test and discounting by the interest rate, we obtain
the present price of the derivative. Although there is no guarantee of overall
computational complexity due to the heuristic nature of the variational algo-
rithm, we show that the number of measurements of the SWAP test has no
factors like (1/€)°(4) | which means that our method can avoid the bottleneck
of retrieving derivative prices from the quantum state. Since our algorithm
requires quantum circuits with O(poly(dlog(1/e)) few-qubit gates, even a
small-scale quantum computer would be able to perform derivatives pric-
ing with our method. We perform numerical calculations for a single asset
double barrier option and confirm that our method is feasible.

This chapter is organized as follows. Sec. 5.2 is the preliminary section.
We summarize the related works in Sec. 5.2.1. In Sec. 5.2.2 we introduce
derivative pricing using the BSPDE with boundary conditions. We also
introduce FDM to discretize the BSPDE and obtain an ODE in Sec. 5.2.3.
Sec. 2.3.3 gives an introduction to VQS, which is an algorithm for solving
the ODE. In Sec. 5.3, we describe the proposed method. We estimate the
number of measurements required by the SWAP test in Sec. 5.3.1 and the
whole time complexity of the proposed method in Sec. 5.3.2. We show
the feasibility of our method through numerical simulations in Sec. 5.4.
Conclusions are given in Sec. 5.5.

5.2 Preliminary

5.2.1 Related work

In this subsection, we explain the existing algorithms for solving the BSPDE
with quantum computers. Ref. [27] transforms the BSPDE into a Schrédinger
equation, discretize the Hamiltonian by FDM, and solves it by diagonaliza-
tion of discretized momentum operator with a quantum Fourier transforma-
tion. Refs. [28, 29, 30] solve the discretized Schrédinger equation by VQS,
which is a variational quantum algorithm for solving ODEs. In the previous
studies mentioned above, the time complexity required to solve the BSPDE
depends on the grid points only logarithmically. However, there is still a
problem that cannot be overlooked; extracting the calculated result from
quantum computers may take exponentially long time with respect to d.
Solving the BSPDE from the maturity (¢ = 7') to the present (¢t = 0) with
these quantum algorithms yields unnormalized state |V (0)) whose elements
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are the derivative prices on the grid points of underlying asset prices. Note
that, typically, we are interested in only one element of |V(0)), the deriva-
tive price on the grid point corresponding to the present underlying asset
prices. However, since |V (0)) has O((1/€)°(9)) elements, the amplitude cor-
responding to Vj in (normalized) |V (0)) is exponentially small. Therefore,
the exponential time complexity is required to retrieve V as classical infor-
mation, and the quantum speedup will be lost.

Ref. [108] shows the algorithm to overcome the problem. They prepare
the state |p(tier)) in which the probability distribution of underlying asset
prices on the grid points at a certain time ty, € [0,7] is embedded in
the amplitudes. Then, they discretize the BSPDE using FDM, solve it
not to t = 0 but ¢ = i, with quantum ODE solver, and obtain the state
|V (tter)). The inner product of these quantum states, which can be obtained
by QAE, corresponds to the expected value of the derivative price at tier
by E[V(tter)] = > icg Pi(tter)Vi(tter) = (P(tter)|V (tter)). Discounting this
expected value by the risk-free interest rate yields the present price of the
derivative [1].

Our algorithm is a variational version of Ref. [108]. Instead of using
the quantum ODE solver and QAE, we use VQS and the SWAP test, re-
spectively. This enables derivatives pricing by BSPDE to be realized on a
small-sized quantum computer.

5.2.2 Derivative pricing

To evaluate the price of a derivative, we need to model the dynamics of the
prices of the underlying asset. We adopt the BS model [35], in which the
prices of the underlying assets are assumed to follow geometric Brownian
motions. That is, we suppose that the prices of d underlying assets at
t € [0,T] are stochastic processes S(t) = (S1(t), S2(t),...,S4(t))" € RL
that, under the risk-neutral measure, obey stochastic differential equations

dS(t) = rS;(t)dt + 0:S:()dWi(t). (5.1)

Here, r > 0 is the risk-free interest rate, o; > 0 are volatility of the under-
lying assets, and they satisfy 0 < r < %2 for all i € [d]. W;(t) are Brownian
motions that satisfy dW;dW; = p;;dt, (i,j) € [d] x [d] with the correlation
matrix (pi;)i<i j<d, which satisfies p; = 1 and —1 < p;; = pj; < 1 for i # j.

Derivatives are characterized by the payoff function fy., at the maturity
and the payoff conditions, which must be satisfied in order for the payoff to
arise. We describe the typical cases of the payoff functions and the payoff
conditions later. The price of the derivative is obtained as the conditional
expected value of the payoff, conditioned on the price of the underlying
assets, discounted by the risk-free rate [2]. That is, given the underlying
asset prices at time t as s = (s1,...,54)" € R?, and the payoff function at
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maturity T as fpay (S(7T')), the price of the derivative is
V(t,s) = Eq [T fouy(S(T)) 1 S () = 5] (5:2)

where Eg is the expected value under the so-called risk-neutral measure.
Note that S(7T') is a vector of random variable resulting from the time evo-
lution of Eq. (5.1) from ¢ to 7" with the condition S(¢) = s. Inp is a random
variable that takes 1 if the payoff conditions are satisfied or 0 otherwise.

The goal of derivative pricing is to find the present price of the derivative,
that is, V(0, sg), where sg = (s1,0,. -, sd70)T IS R‘i is the present price of the
underlying assets. To this end, we use the BSPDE, which describes the time
evolution of V(¢,s) [2]. That is, the derivative price V (¢, s) is the solution
of the BSPDE

9 1< 2
aV(t, S) + 5 ijZ:1 Olajszsjpwm‘/(t, S)
9
i—V(t,s) — V(t, = .
+r (Z;S aSiV( s)—V( s)> 0 (5.3)
on [0,7") x D with the boundary conditions

V(T7 3) = fpay(s)7 (5'4)

V(t, (81, ey Si—1yUjy Si415- -+ Sd)T)

= VUB(t, s), for i € [d], (5.5)

V(t, (81, ey Si—1, li, Sit1s---y Sd)T)

= VIB(t,5;), fori € [d]. (5.6)

where u;,l; are upper and lower bounds of the i-th asset price respectively,
and D = (I,u1) X -+ % (lg,uq). V;UB, V;'B are upper and lower boundary
conditions for the i-th asset. The boundary conditions in some typical cases

of the payoff function and the payoff condition are as follows.

1. If an up and out barrier is set on the i-th asset, the payoff is zero if
the asset price S;(t) exceeds u; at least once before maturity, and then
the boundary condition is

V.UB(t,5,) = 0. (5.7)

Similarly, if an down and out barrier is set on i-th asset, the payoff is
zero if the asset price falls below [; at least once before maturity, and
then, the boundary condition is

VB(t,85) = 0. (5.8)
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2. Suppose that the payoff at maturity 7" is given by

d
Foay(S(T)) = max(ag + Y _ a:Si(T),0), (5.9)

i=1

with ag,...,aq € R. This is the case with many derivatives. In this
form of payoff function, upper boundary or lower boundary can be
set depending on the values of ag,...,aq. In some cases, if either
of {Si(t)};e}q is sufficiently high or low at some time ¢ € (0,7), the
payoff at T' is highly likely to be positive. For example, in the case
of the basket call option, that is, ag < 0,a1,...,aq > 0, if S(t) =
s such that s; > —ap/a; for some i € [d], fpay(S(T)) is likely to
be positive. In this situation, the derivative price is approximately
equal to Eq [e‘T(T_t) (ao +3¢ aiSZ-(T)> |S(t) = s] = e 7T Ygq 4

Zle a;s;. Thus, we can set

VPsn) =TT a k30 s tam,  (5.10)
1<j<d,j#i

for sufficiently large u;. In some other cases, e.g. when a; < 0 and
a; > 0 for j # i, we can set

VBt sn) =e " T ag+ > ays; + aili, (5.11)
1< <d,j#i

for sufficiently small I;.

5.2.3 Finite difference method for the BSPDE

Consider solving Eq. (5.3) using the FDM. In the FDM, we discretize the
PDE with respect to the underlying asset prices and obtain the ODE. Then,
we can use a numerical solver for ODEs, such as the Euler method, Runge-
Kutta method, etc [110]. Note that the BSPDE is often simplified by log-
transforming the asset prices as in [108]. However, it is more convenient not
to perform a log-transformation to solve the BSPDE by VQS. This is be-
cause our formulation presented in Sec. 5.3 can only handle linear boundary
conditions with respect to s; as shown in Appendix A3.2, but a logarithmic
transformation will result in the terms like e®. Thus, we do not perform the
log-transformation in this work.

First, the value range of each underlying asset price s; is split into ng,
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grids. That is, we take

-

xF) = (ajgkl), e ajglkd)) , (5.12)

2 = 1+ (ks + 1) by, (5.13)
d

k= ngki+1, (5.14)
i=1

ki =0,...,ng —1, (5.15)

U; — lz‘
h; = . 5.16
e (5.16)

for ¢ € [d]. By this discretization, we approximate V (¢, s) by a vector
T
V(t) = (V(t, W), V(t,z®),...,V(t, m<Ngr>)) , (5.17)

where Ny, = ngr. We also replace the differentials by differences as,

oV (t, ™)) L v, ") + hie;) — V(t,x® — he;)

A
Osi 2h; ; (5.18)

82V t7x(k) 1

~Vit.a®)) (5.19)
02V (t, x®) . N

0s5;0s; - 4h;h; (V(t,m + hie; + hje;)

+V(t, 2™ — hie; — hje;)

—V(t, 2" — hie; + hje;)

Ve s+ e -

where e; = (0,...,0,1,0,...,0)",i € [d] is a unit vector of the i-direction.
T T

Introducing V (7, ) == V(T—t,29),i € [d] and V (1) :== (V(r,2W), V(r,2?),.. ., V(T,cc(Ngr)))T,

we eventually obtain the ODE

%vm — FV(r) + C(7) (5.21)

and initial condition

V(O) = (fpay(w(l)), e pay(;p(Ngr))>T . (5,22)
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Here, I is an Ng X Ng; real matrix,

F = Flst 4 pnd _ pred (5.23)
d 52 A
F2nd — Z 27}221(8)1—1 ® Dg?d ® I®d—z
i=1 "1
1Yy
DD v
i=1 j=i+1 v
x 1% @ D @ I%97 1 @ Dt @ 1997 (5.24)
a4 .
P =) %I@”_l ® D' @ [947 (5.25)
i=1 "

where I is a ng, X ng, identity matrix, D}Eft, Dg?d are ngr X ngr real matrices.
C(7) is a vector corresponding to the boundary conditions. The elements
of the D}Cft,Dg?d, and C(7) are shown in Appendix A3.1. ng has to be
proportional to O(eil/ 2) to obtain the present price of the derivative within
the accuracy € [108]. Then, the dimension of V(7) is O((1/€)%?). Thus, it
becomes difficult to solve the BSPDE discretized by FDM using the classical
algorithm when multiple assets need to be considered.

5.3 Proposed method

In this section, we describe the variational quantum algorithm for derivative
pricing and the computational complexity of the proposed method. The
overall algorithm is shown in Algo. 3. We assume that ngr = 2" with the
n-qubit system.

Algorithm 3 Derivative Pricing with Variational Quantum Algorithms

1: Prepare a,U, such that a,U, |0) = |¢)),) ~ Z,]CVEI Dr(teer) |k) by VQS for
Fokker-Planck equation or quantum generative models.

2: Prepare ayUy such that ayUy |0) = |[¢y) ~ Zgiﬁ ay (7)) |k) by
quantum generative models.

3: Calculate |0(0(Tier))) by performing VQS from 7 = 0 to 7 = Tier.

4: Perform the SWAP test and get an estimation of |(1?|5(8(7ier)))|?

5: Vo = e Ther <¢p’1~)(9(7ter))>'

First, we set Tyey = T' — tier, Where tie is defined in Eq. (4.14). We also
set IV, which is the number of steps for VQS. To perform VQS, we need to
represent the operator corresponding to F' in Eq. (5.23) and the operator G
such that G'|0) = |C) = gjrl Cx(7) |k) by a linear combination of quantum
gates, respectively, because of the assumptions Egs. (2.51) and (2.52). Such
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decomposition can be obtained in a similar way to Ref. [70, 30] and is shown
in Appendix A3.2. F can be represented as a sum of O(d?n*) unitaries each
of which requires at most O(n?) gates to be implemented. G for typical
boundary conditions discussed in Sec. 5.2.3 can be represented by O(d®n?)
unitaries, which require at most O(n?) gates to be implemented.

Second, we prepare the unnormalized state

[vp) = apUy |0)
= |p(tter)>
Ngr

= Zpk(tter) ‘k> ) (526)
k=1

where o, € C, and U, is an quantum gate. py(tier) is a probability that
the underlying asset prices is on ") at tter. We can obtain such «) and U,
by solving the Fokker-Planck equation, which describes the time evolution
of the probability density function, using VQS [70, 30]. Alternatively, they
can also be obtained by quantum generative models [15, 14, 12, 13, 17]
since the probability density function of the underlying asset price at any
t € [0,T] can be obtained analytically under the BS model (see Eq. (5.41)
in Sec. 5.3.1).

Third, we prepare ay € C and Uy such that ay Uy |0) =: |¢by) approxi-
mates the initial state of the discretized BSPDE, that is,

lv) ~ [V (0))

Foay (™)) k) (5.27)
1

12
s <

i

To find such ay and Uy, we can use the quantum generative models [15,

’ ) ) ]

Fourth, we solve the BSPDE from 7 = 0 to Ty using VQS and obtain
an unnormalized state

Ngr
‘6<0(Tter))> 7'ter Z ‘/;c 7-ter7 |k> (5.28)

where

[0(8(7ter))) = 00 (Trer) 1 (61 (Tier)) B2 (62(Tter))
- By, (0N, (Trer)) [9) (5.29)

{ Rk }re[n,) are parameterized quantum circuits, and 0(7eer) = (6o(Tter), - - -, On, (Tier)) | €
RNa+1 s the variational parameters. Note that 90( )R1(91( ))R2(62(0 ))RNa (On,(0))
should be an identity operator to satisfy [5(6(0))) ~ |V (0)). For exam-
ple, the ansatz shown in Fig. 5.1 in Sec. 5.4 Wlth even number of layers
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can be used as { Ry }re(n,) that satisfies this condition with the parameters
6(0) = (0,...,0)" since RY gates are identity for the parameters, and C'Z
layers cancel each other and also become identity.

Finally, we use the SWAP test [109] for two normalized states U, |0),
Rl(el(Tter)) cee RNa (HN,I (Tter))UV ’0) and obtain

|(1p (8 (ex) )|

= |apav90 (Tter) |2

X ‘<oy US Ry (01 (7iex)) - - R, (O, (i) Uy [0) ‘. (5.30)

The present price of the derivative is approximated by the inner product
{p(tier)|V (Tier)) discounted by the risk-free rate. We can approximate the
inner product by the square root of the result of the SWAP test and obtain
the present price of the derivative by

Vo = e (4, |5(0(Teer))) - (5.31)

For the third and fourth parts, we may take a slightly different approach.
That is, we find 8(0) such that

[V(0)) =~ 00(0)R1(61(0)) R2(62(0)) - - - Rv, (O, (0)) 10) (5.32)
and obtain

15(6(7ter))) = O0(Tter) R1 (61 (Tter)) R2(02(Tter))
- Ry, (eNa (Tter)) ’0>
~ |V (1)) (5.33)

using VQS. This approach may reduce the number of gates by eliminating
Uy, but since the ansatz for the initial state also serves as the ansatz for
VQS, the number of gates required for the ansatz may become larger. For
this reason, it is difficult to say which approach is better in general, but we
adopt the one in Algo. 3 for the numerical simulation in Sec. 5.4.

5.3.1 The number of measurements in the SWAP test

In this subsection, we estimate the number of measurements required for
the SWAP test. For simplicity, we consider the case where |0(6(Tier))) =
‘V(Tter)> and |¢p) = |P(tier)). We perform the SWAP test for two nor-

malized states |p) and )V> such that |p(tie:)) = a|p), |V (Tter)) = B “Z/>,
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where

Ner

a= > prltier)?, (5.34)
k=1

Ner

B = ZV(Tterym(k))Q- (535)
k=1

To obtain the value of the inner product ‘<f) ‘:/'>‘ with precision &, the
. W

SWAP test requires O(E_%) measurements | hen we have the estima-

—_—~—

tion ‘<ﬁ“:/>‘2 such that

—_—~—

() o)

the estimation of the inner product of unnormalized states ‘ <p(tter) ‘ V(Tter)> |2
satisfies

<&, (5.36)

—_—

‘}(p(tter)\v(ner»f — [(D(ter) |V (1ier) ) || < 0?82, (5.37)

Thus, O( ) measurements are required to obtain ’<p(tter) ’V(Tter)> ‘2 with
precision 8 = o?B%. Note that since we can classically calculate a by the
analytical form of p(t, s), and $ is calculated by ay 0y(7ier), we can determine
the number of measurements before the SWAP test from VQS results.

To estimate the number of measurements of the SWAP test, we estimate
a? B2, which is calculated as

Ngr Ngr
O‘2ﬁ2 = Zpk: (tter)2 Z V(Ttera €T
k=1 k=1
Ngr Ngr
= Zpk(tter)2 Z fpay(a:(k))2
k=1 k=1

kairl V(Tterv $(k))2
Ngr
ko1 pay(w(k))2

(5.38)

Although it is difficult to estimate the factor Zkal V (Trer, *))2/ ZNgr Jpay(x
in advance, we assume that the factor is bounded by some constant {. This
assumption means that the rate of change in derivative prices over time
is suppressed by a certain constant. Under the assumption, we estimate

k))2
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(ngl pay(:c(k))Q) <Zf€V§1 pk(tter)Q). We assume that fpay(x) for € D is
upper bounded by some constant B. For example, in the case of the basket
call option,

d
Jpay () = max(ap + Z a;z; — K,0)
i=1

d
< ap + Z a;T;
i=1

d
<ap+ Z a;u; (5.39)
i=1
holds. From this assumption, we obtain
Ngr Ngr
> foay(@M)? < 3 B
k=1 k=1
= Ny, B> (5.40)
On the other hand, the probability density function of d-dimensional
geometric Brownian motion with x(0) = xo == (zo 1, ... ,xo,d)T is
1
p(t,x) = p
(27t)4/2 (Hi:l O'Z‘:L'Z') Vdet p
1
X exp (—2(lnw — )" (nx - p,)) , (5.41)
where

o? o !
N:<<T—2>t—$0,17...,(7’—2>t—$0,d> : (5.42)

The square of probability density function is

2
1

(2nt)2 (TTLy i ) Vot p

X exp (—(ln:p —p)' 2 (lne - p,))
(1) 1

[T o (2mt) 72 (TTL, %5 ) vAetp

X exp (—;(lnw —wT ( 2>_1 (Inz — u))

_ 0 ), (5.43)

p(t, @) =

N | —
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where

1
A(t) = , (5.44)
(8t)4/2 [Ti-y o
and (¢, x) is a probability density function of some log-normal distribution.
Using the probability distribution function, the square sum of the discretized
density function is represented by

Ngr Ngr
P ACHEEDY (p tier, T ) <Hh )
k=1

k=1

Ngr

(ter) “ 0\
_ i tter
- W ttem th>
k=1 11li=1%; i=1

Nr

tter
tery &L h'L
it & ticn (11 )

1]{1

t ) =
(Frer th/ O(tier, x)dx

z 1l1i 1

IA

| 2

_ v(tter) 1 T 1) (5.45)

From Egs. (5.40) and (5.45), we obtain

d
1 1 [u
202 < 327 - - 1
=: Z. (5.46)
Since tie, is lower bounded by

(e (35))”  2(les(t))

2502 log (Md(edﬂ)) Y 2503 log ( (€d+1))

(e (1)) 2(es(m))

2502 log <2Ad<g+1>> " 2502 log (2Ad(€d+l)> ’

2 (log Xmm)2 (]og QAd(d +1) > - , (5.47)

tier = mMin

2502 €

max
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where Opmay = max;e(q {03}, and Xmin = min;epq {ui/sio} U {sio/li}, we
obtain

[1]

<(B?
5 1 d 2ddd+1)\"
% (fmax - Umax) (10g ( + )> : (548)

472 log Xmin Omin €

where oyin = mineg) {0:}, and &pax = max;e[q] {u;/1;}'. We find that the
number of measurements required by the SWAP test is

- d
2B4 /5 Enax — 1 omin \ 22 2Ad(d +1
15 474 10g Xmin Omax €

Note that Ngwap does not have the dependency of the form like (1/€)9(®),
which means that the proposed method achieves a significant speedup over
classical FDM with respect to € and d, when the other parts of the proposed
method are sufficiently efficient.

Here, we consider the limit of ¢y, — 0. This corresponds to retrieving
one amplitude of the computational basis from |V (0)) as in [27, 29]. In this
case, the probability density function (Eq. (5.41)) is a delta function, which
means that the present price of the underlying assets is @y with probability
1. Assuming that x( is on a grid point with the index ko, pr(0) is 1 for
k = ko and 0 otherwise, and the sum of the squares of p(0) is 1. As a
result, o232 is upper-bounded as follows,

a?B? < (Ng B* (5.50)

Thus, the number of the measurement is proportional to Ny, = ngr, and the
quantum speedup will be lost.

5.3.2 Computational complexity of proposed method

Here, we discuss the computational complexity of our algorithm. We as-
sume that the number of quantum gates required for preparing |p(ter)) and

‘V(O)> are Ny, and Ng‘gte respectively. We also assume that the number

of measurements required to prepare |p(tier)) and |V(0)> are NP casure and
Ny easure Tespectively. NI Ny o, Nfeasure, and N o.qe depend on the im-
plementation of the generative models, but we assume that all of them are

O(poly(dlog(1/€))). This means that we assume that the generative models

"When &ax is close to 1, one may find it strange that as Z decreases exponentially with
respect to the number of assets d, and then, the number of measurements also decrease
exponentially. We show that such an exponential decrease does not occur by evaluating
the lower bound of =. See Appendix A3.5 for details.
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efficiently generate the (unnormalized) quantum states. Note that VQS re-
quires controlled versions of UL, U in Eq. (2.56), or those of RU,, where R
is defined in Eq. (A142 ) (see Appendix A3.4). Since UL and U are terms of
the linear combination of F' and G, respectively, they are made by O(n?) =
O(dlog(1/e)) gates. Thus, O(poly(dlog(1/e)) gates are required for the con-
trol unitaries of U} and UP. Assuming RU, is made by O(poly(dlog(1/e))
gates, the controlled-RU, gate requires O(poly(dlog(1/e)) gates. Conse-
quently, quantum circuits containing O(poly(dlog(1/€)) quantum gates is
required for VQS. We assume that the number of measurements to esti-
mate M;; and V; are nggure. The number of quantum gates to per-
form the SWAP test is O(poly(dlog(1/e))) since the SWAP test requires
O(n) = O(dlog(1/€)) quantum gates in addition to the quantum gates to
generate |p(tier)) and ’V(T)> [109]. The number of measurements for the
SWAP test is Ngwap in Eq. (5.49). The summary of the complexities of the
proposed method is shown in Table 5.1.

Part of the algorithm \ # of quantum gates \ # of measurements

Preparing |prer) Nyoe Nieasure
Preparing "7ter> Ngva:t,e Nr‘r{easure
vQs O(poly(dlog(1/e))) Ntaure Ny
SWAP test O(poly(dlog(1/e))) | Nswap in Eq.(5.49)

Table 5.1: The complexities of the proposed method.

Note that, although there remains the exponential dependency with re-
spect to d in Nswap, the time complexity does not have any factor like
(1/€)°@ | as discussed in Sec. 5.3.1. This is the possible advantage of our
method since the complexity of the classical FDM and conventional quantum
algorithm have a factor like (1/¢)0(®).

5.4 Numerical Results

In this section, we validate the proposed method using numerical calcula-
tions. This experiment focuses on a single asset double knock-out barrier
option, which contains both up and out and down and out conditions. Ac-
cording to [111], the analytical solution for the single asset double barrier
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option V with an upper bound v and a lower bound [ is

70 =50 > {(57) Wit - N
- () W) — A}
_Ke T
; ioo { (%) Wit v~ N o)

un—l—l c—=2
—( ) [N(dsn—aﬁ>—/v<d4n—aﬁ>}}, (5.51)

where

So (w)2n) _ a2
LR U)ﬁ( £5)r .
In (So “j;"_l) (r + 5 ) T
don = : (5.53)
(55 (+3):
g = —— L e 2) (5.54)
" In <So u72:12ﬁ< + 5 ) 7'7 (5.55)
¢ = % 41, (5.56)

and N(-) is the cumulative distribution function of the standard normal
distribution. We compare the results obtained by the proposed method with
the analytical solution. We use the Euler method for the time evolution of
the parameter (Eq. (2.54)). The step size for the Euler method is AT =
2.5 x 107°. The parameters are r = 0.001,0 == 07 =0.3,7 = 1,5y = 1,1 ==
Iy =0.5,u :=wu; = 2.0, K = 1. The ansatz of VQS for solving the BS model
is shown in Fig. 5.1. This ansatz repeats m parameterized layers consisting
of n RY gates and an entanglement layer consisting of C'Z gates. The ansatz
have n(m+ 1) parameters. We do not consider noise and statistical errors in
the simulation of quantum circuits. In addition, we assume that the initial
state [V'(0)) and |p(t)) for all t € [0,T] are given. For the simulation of
quantum states, we use NumPy [60].
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Figure 5.1: In a depth-m circuit, CZ and RY gates (enclosed by dashed
lines) are repeated m-times. The circuit has n(m + 1) parameters.

5.4.1 Parameter dependencies of VQS results

Before discussing our results, we show the results using the classical FDM in
Fig. 5.2. The plotted curves are V (0, .Sy) ~ e " E [V (¢,5)[S(0) = Sp| at each
t € 10,7, where V (t,S) is calculated by classical FDM and the expectation
is taken with respect to the analytical p(t, s). The error from the analytical
solution increases as t increases for t > ti,. This is because, in the range
greater than tie;, the probability that the underlying asset price exceeds or
falls under the boundary conditions is higher. As the number of the grid
points increases, the derivative price by FDM gets closer to the analytical
solution at tie;. Since Sp = 1 is not on the grid points, the error increases
when the probability distribution approaches the indicator function with
t— 0.

Fig. 5.3 shows the present price of the derivative calculated by our pro-
posed method. We perform VQS on the simulator and obtain |0(6(7))),
which is an approximation of ‘V(T)> Taking the inner product between
|v(6(7))) and |p(t)), which is calculated by Egs. (5.26) and (5.41), we ob-
tain the estimation of the present price of the derivative. In the 4 qubits
case, the result of VQS is a good approximation to the classical FDM solu-
tions of 16 grid points. The use of the larger number of qubits, i.e., the larger
Ngr, gives us solutions that are closer to the analytical solution as in the case
of the classical FDM. In the case of 6 qubits with 4 layers, the number of
parameters is 30, which is smaller than the number of grid points of 64, but
the solution is somewhat close to the classical FDM. Due to computational
time requirements, we do not run simulations of larger sizes. However, we
find that the solution obtained with more layers better approximates the
classical FDM solution.
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Figure 5.2: The estimated price of the single-asset double barrier option by

classical FDM.
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Figure 5.3: The estimated price of the single-asset double barrier option by

the proposed method.
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max(x-K, 0)

0.0 o0 L4

Figure 5.4: Target initial condition for single assets (solid line) and the
initial state obtained by fidelity maximization (circle dots). Parameters
are fpay(r) = max (z — K,0), K = 1. The value corresponding to fidelity
satisfies |1 — ag?| (V(0)|u(B0)) |’| <1.2x 1077,

5.4.2 Possibility of initial state generation

To solve the terminal value problem of the BSPDE, it is necessary to pre-
pare the (unnormalized) initial state |V (0)) = 3, Foay (™)) |k), which we
assumed to be given in the previous subsection. Here, we show by simulation
that for a typical fpay, we can approximate the initial state ‘V(O)> using
an appropriate ansatz. To show that the initial state can be approximated

by ‘V(90)> == OéoRo(ao) |O>, where oy = ”Zk fpay(w(k))Z and Ro(eo) is the
ansatz shown in Fig. 5.1, we adopt L-BFGS-B to find 8y such that

max | (V(0)|v(80)) I, (5.57)
with SciPy [112]. For the calculation of the gradient, we use the parameter
shift rule [16]. We choose the parameters as K = 1,/ = 0.5,u = 2 and the

ansatz with 6 qubits and 6 layers. By doing maximization of Eq. (5.57),
the value o 2| (V'(0)|v(6y)) |?, which corresponds to fidelity, should asymp-
totically converge to 1. The result for a payoff function of the single asset
call option fpay(z) = max(x — K, 0) is shown in Fig. 5.4. We can see that
the ansatz approximates the payoff function well. Indeed, the result satisfies
11— ay®[{(V(0)|v(6o)) || < 1.2 x 1075,

Note that this optimization does not correspond to real physical oper-
ations. What we show is that there exists 6y that at least approximates
‘V(O)> well, and we leave the efficient search algorithm for such 6y to future
work.
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5.5 Conclusion

In this chapter, we simulate the BSPDE by VQS and obtain the state which
embeds the solution of the BSPDE |V (te;)) at tier, and utilizing the fact
that the derivative price is a martingale, we calculate the derivative price by
the inner product of the state |V (tte;)) and the state |p(tier)) which embeds
the probability distribution. Although it is difficult to accurately estimate
the complexity due to the heuristic nature of variational quantum compu-
tation, at least in the numerical simulation, we confirm that the proposed
method can be performed for the one-asset double barrier option and that
the derivative price can be obtained with better accuracy by increasing the
number of qubits and the number of layers of ansatz. We see that the com-
putational complexity is obtained by Table 5.1 under certain assumptions,
and the complexity with respect to e is O(1/€? (log(1/€))%). This means
that there would be a significant improvement compared to the classical
FDM and conventional quantum algorithms whose complexity has factors
like (1/€)°@). Furthermore, we show that an oracle that generates an initial
state with embedded payoff functions for typical payoff functions could be
represented using an appropriate ansatz.

In this paper, we simply assumed that the initial state of the BSPDE and
the state with embedded probability distribution are effectively generated by
some variational quantum algorithms. We will confirm this point in future
work.



Chapter 6

Conclusion

In this thesis, we have proposed a quantum algorithm that efficiently com-
putes derivative prices via efficient classical-quantum information conver-
sion. Although quantum amplitude estimation and quantum ordinary differ-
ential equation solvers are employed to speed up the computation of deriva-
tives pricing, there may exist bottlenecks in the transformation from classical
to quantum information and from quantum information to classical infor-
mation. By alleviating these bottlenecks, our algorithm will be possible to
efficiently calculate derivative prices. This would enable complex calcula-
tions of derivative prices that could not be performed before and also enable
real-time calculations of the present price of the derivatives.

In Chap. 3, we have shown that a variational quantum calculation can
be used to simulate the time evolution of a probability distribution to embed
the classical probability distribution of the solution of a stochastic differen-
tial equation. This allows the embedding of classical information into the
quantum state, which is needed for quantum algorithms such as quantum
amplitude estimation. In other quantum state generation models such as
quantum generative adversarial networks, it is necessary to solve an opti-
mization problem at each time point to embed probability distributions at
multiple time points. Our method has the advantage that we can embed
probability distributions at multiple time points in a single simulation.

In Chap. 4, we have shown an algorithm for derivative pricing using
FDM on a fault-tolerant quantum computer. In this algorithm, we pro-
posed a method to calculate the present price of the derivative from the
inner product of the quantum states, using the fact that the present price of
the derivative can be approximated using the expected value of the deriva-
tive price at any future time. After the discretization of the Black-Scholes
equation with FDM, the quantum ordinary differential equation solver is
used to solve the equation to a certain time in the future. In addition, we
prepare a quantum state in which the probability distribution at that point
in time is embedded. By calculating the inner product of the quantum

87
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state of the solution of the quantum ordinary differential equation solver
and the quantum state in which the probability distribution is embedded
using quantum amplitude estimation, we can approximate the present price
of the derivative. Although classical FDM requires a computational com-
plexity of O((1/€)°@) to compute the derivative price of a d asset with an
accuracy €, this quantum algorithm requires only poly(1/e, d), which means
that significant speedup is achieved.

In Chap. 5, we have proposed a variational quantum algorithm for deriva-
tive pricing exploiting the key idea of Chap. 4. Instead of using the quantum
ordinary differential equation solver and quantum amplitude estimation, we
use variational quantum simulation and the SWAP test. This enables deriva-
tive pricing by FDM even on noisy intermediate-scale quantum computers.
Although it is difficult to accurately estimate the computational complexity
of the algorithm due to the nature of variational computation, at least in
the numerical simulation, we have confirmed that our algorithm is feasible
and could reduce the complexity compared to the classical FDM.

Since derivatives price calculation is a practically important issue, the
speedup achieved by quantum algorithms will have a significant impact, and
further research will be accelerated in the future. The application of quan-
tum algorithms to financial engineering has just begun, and there are still
a lot of challenges. One of these is the evaluation of X-value adjustments
(XVA), which is a generic term for complex risk assessment adjustments
that take into account defaults, financial regulations, etc. These are prob-
lems similar to derivative pricing with more complex structures that require
greater computational resources. The same bottleneck in the transforma-
tion of classical-quantum information would also exist for these problems.
Furthermore, stochastic analysis, especially martingales, plays an important
role in financial engineering other than derivatives pricing, and thus our al-
gorithm may be effective in this regard. Numerical calculation of expected
values appears in various fields other than finance. Since it is necessary to
embed probability distributions into quantum states to compute expected
values by quantum computation, we hope that our algorithm will be utilized
beyond finance. Further investigation of more efficient quantum algorithms
will also be a future task.
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Appendix

A1l Variational quantum simulation of the stochas-
tic differential equation

A1.1 Complexity of calculating expectation value

This Appendix derives the computational complexity of calculating the ex-
pectation by Eq. (3.24). To limit the error € in expectation value E =

\/<2/~)‘ S¢10) (0] S}: ‘1[)>, we show the upper limit of error € of the expectation

value for each term in Eq. (3.25), and find the number of measurements and

gate complexity required to achieve this error. We assume that Sy |0) (0] S}
can be written as a linear combination of Ny unitary operators as follows

Ny
5710 (018} = 3 i, (A1)

=1

where {U;} are unitary operators. We denote the error of expectation values
(Y| U; |), where |¢) is the normalized state,

) = ——— (¢> (A2)

2n—1 9
2 =0 Pj

where p; = Prob[X (t) = x;]. We define the error as € of the expectation
value of each term in a state |1). That is, the estimated expectation value
of each term u; satisfies

i — (Y| Ui [P)| < €. (A3)
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The error in the linear combination of expectation values is determined as

Ny Ny
> By — (WY Bl WJ>‘
i=1 i=1

— (YU 1))

< Zlﬁill(m—wmlw»l
z:]lVU

< 6,2\51‘!- (A4)
1=1

Denoting the estimation of F as E, we have

2" —1 / Ny
- € > 16l
E—E‘ < 2 izl
‘ B Zpﬂ E+E

0

To upper bound the error € in E, the error ¢ must satisfy following condition:

2¢
e < ‘ = 7, (A6)

SR ar
where v = (2E/Z2n ! 2 Z |ﬁz‘)

The Hadamard test (Flg. 3.2) requires O(1/€?) measurements to limit
the error in the expectation value to €/, and the depth of the quantum circuit
is O(1) in terms of the unitary U(= QZ-Q;L,, Q:C"7 - X®”QZ,) except for the
circuit to prepare the quantum state. On the other hand, the number of
measurements to achieve the same accuracy with QPE is O(log(1/€¢')), but
the depth of the quantum circuit in terms of the unitary U is O(1/€’) [57, 58].
The total number of measurements is equal to the number of measurements
for each term multiplied by Ny. Note that Ny = O(d?*n?t+2) with Lth-
order piecewise polynomial approximation of the function f with d intervals
(see Sec. 3.4.2). Therefore, the total number of measurements required to
calculate the expectation value is O(d?n?/*2/ve?) by Hadamard test and
O(d?>n*+21og(1/ve)) by QPE. QPE requires extra U gates, the number of
which is O(1/~e).

Finally, we provide the estimation of the value of « as follows. The factor
Z?ialp? satisfies Z?lglp? < 1 and then v > 2F/ Zfi"l |B;|. To evaluate
Zf;"l |Bi|, we use Eq. (3.25) and obtain

Z Bil =2 lasi =2 lallér. (A7)

L NG
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We estimate the upper limit of sum of absolute values of coefficients in
Eq. (3.35) to evaluate ) ; |§|. From Eq. (3.18), the absolute values of coeffi-
cients of (D(n))™ is at most O(2™™) = O(z,y)- As Sy, is alinear combina-
k

tion of Sye, the absolute values of coefficients of Sy, is at most O(2(ka=1)/2)
from Eq. (3.33). Since k, satisfies 0 < k, < n by definition, O(2*ka=1/2) =
O(\/Tmax). The largest |§| is as large as O ((maxk max, <\a$,]f)]x7£ax>> ,/xmax>
from Eq. (3.35). Thus, we obtain

Ny 2
Z 1Bil SO ({ml?x max |a£§)\x$ax] d2n2L+2xmaX> . (A8)
i=1

Therefore, v is larger than the ratio of F and the right-hand side of Eq. (A8 ).

A1.2 Definition and construction of the tree-model approx-
imation

Let us consider a SDE with D variables,

dXd(t) = Hd(Xd, t)dt + O'd(Xd, t)de, (Ag)
for X1(t),...,Xp(t), where {Wy}2_, describes the Brownian motion with
correlation Corr[Wy, W] = py;. For simplicity, we assume an event space

of each variable X (t) as [O,CL'I(ICIZX] , and divide it into IV, + 1 points; that
is, :Jcl(-d) = iAz@ Agzld = SCI(g;x/Nm (d = 1,...,D). The time period of
the simulation, ¢ € [0,7], is divided into N; + 1 points, t; = jAt; that is

We define a lattice of the tree model for Eq. (A9 ) with nodes (i1, ...,ip;J)
representing the random variables (X1(t;),...,Xp(tj)) = (:EZ(-II), . ,ml(.g)),

where i = 0,...,N,, j =0,....,N¢, d = 1,...,D. The node transitions
during time ¢; — t; 1 are of three types:

(1) (i1,.--,ip;j) — (i1, ip;j+1),

(2) (i1,---,ip;7) — (i1,...,ixx£1,...,ip;7+ 1),

(3) (i1,---,ip;7) — (i1, 1, .09 +1,.. . ip;7+ 1),
where 1 < k <[ < D. Type (1), (2) and (3) transitions occur to nodes
with identical variable values, to nodes where one-variable X, hops to its
adjacent values, and to nodes where two variables (X} and X;) hop to their

adjacent values, respectively. The transition probabilities associated with
type (1), (2) and (3) transitions are respectively given by

(1) (D)

pm(xle s Ty . 1),
k 1 D
Pl ),
(k) 1) (D)
puu,ud,dmdd( i1 0t ’l‘iD ’t)v
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where the subscript u(d) corresponds to the sign +(—).
The transition probabilities can be determined identically to those of the
one-variable SDE. The SDE (A9 ) at at (X1(¢;),...,Xp(t;)) = (xgl) oz

21 ? 1D )
is discretized as
Xa(tj1) — Xa(ty) = pa(Xa(ty), t) At + 04(Xa(t), 1)V Atzg, (A10)

where {z4}?_, is sampled from the multi-variable Gaussian distribution,
E[z4) = 0, Var[zy] = 1, Corr[zg, 2] = pri- The first and second first and
second conditional moments satisfy

B[Xq(tj+1) — Xa(ty)|Xa(ty) =] = palz,tj)At,

(A11)
Var[Xg(tj+1) — Xa(ty)| Xa(ty) = 2] = og(z,t;)At
(A12)
for d =1,..., D and the covariance of the variables satisfies
Cov[Xi(tj+1) — Xi(t;), Xi(tj1) — Xu(t))
| Xk (t;) = 2, Xi(t;) = y] (A13)

=0, t;)o1(y, tj) pr At
for 1 <k <1< D. The corresponding quantities in the tree model are

E[Xa(tj+1) — ( ) Xa(t;) = z]

( e +z<w D 1 gk — 459

D
+ 2 (pq(m Vel =i - pﬁz‘i’”)) Al (A14)
I=d+1

Var[X(tj41) — Xa(t;)| Xa(tj) = ]

k,d) k,d k,d
= (pu +pd +Z< u +p£¢ +p((iu )+p((id )>

+ ED: (P! + 9l +pi + &Z”)) (Ax(d)>2
l=d+1

(A15)
ford=1,...,D and
Cov[Xk(tj+1) — Xu(t;), Xu(tj1) — Xult))
[ Xk(t)j) = 2, Xi(t)) = y] (A16)
:( (D) _ p) _ (D) l)) Az®AZD).

uu
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As is the same for the case of a single variable we set the transition am-
plitudes by equating Eqgs. (A1l ),(A12 ),(A13 ) with (A14 ),(A15 ),(A16 ).
If the solutions of pq(fc)l, ps{;li dudu.dd 1€ proportional to At, the linear differ-
ential equation can be derived by taking the limit of At — 0 (as in the
one-dimensional case Eq. (3.10)).

When D > 1, one should note the numbers of variables and conditional
expressions. As the numbers of p,y,, pgk;,pgzlid du,dd are 1,2D, 2D(D — 1),
respectively, the number of independent variables is 2D? under the normal-
ized probability conditions. On the other hand, the number of equations
of the mean, variance, and covariance are D, D, D(D — 1)/2, respectively,
so the total number of equations is D(D + 3)/2. When D > 1, the num-
ber of variables exceeds the number of conditions, so an infinite number of
transition probabilities satisfy the condition.

Here, we show there is indeed a solution of the transition amplitudes
which admit taking limit At — 0 and obtain the linear differential equitation
of the probability distributions of the SDE. Fixing p((j]fi) = p(? = p(k) 0,
the number of variables becomes D(D + 3)/2, which is slightly asymmetric
(because we consider only pf, to be nonzero), but agrees with the number
of conditional expressions. In this case, the transition probabilities are

(k1) _ OOkl
D Ao AgD At, (A17)

1 o2 OLO
d — = d Hd _ _9kOdPkd
Pu 2 <(Ax(d))2 * Aa?(d)> ];l AzF) Agd)’

(A18)
d Hd
Y - ( 2 Al'( )> (A19)

(Az
_ XD: B L
Pm = 2\ (azl))? Az Az(d)

k#d

OkO1PkL
At
; 2B Agz®)

2
o
= 1-Y —L At (A20)
e
Here, we omit the arguments of ug and o4 to simplify the notation.
A1.3 Mapping to VQS and construction of L(t)

In the multivariate case, we can construct L(t) as described in Sec. 3.3. For

notational simplicity, we denote |i1,...,ip) = |£),|i1, ..., i4—1,%0 = 1,iq41,- -

7iD>
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|t £eq),lir,....ik+1,...,0+1,...ip) = |t + e + ;). Using Eqgs. (A17 ) (A18 ) (A19)

and (A20 ), we obtain

1 D=2 52 ’
_ = d d
) = 323 [t
OkOdPkd . .
= i+ ea) (i
k d
Pyl AzF) Ag(d)

1 D 2"-1 0_3 11
e3P (Ba@)?  Az(@

d=1ig=1 i_g4

X |t — eq) (3
2n—2

+ XY Y oA

k#l i 1=01_g,i
”L+6k+€z>< |

- ZZ (3 (A21)

k=1 1

where ), denotes the sum of i,, € {0,...,2" — 1} for all m € {1,..., D},
>, is the sum of i, € {0,...,2" — 1} for all m # d, and >,  is the
sum for i, € {0,...,2" — 1} for all m # k,I.

Here, we expand oy, (2, 1), up(z®) 1) as

Moy,
or(a®,t) = a8 (@)™, (A22)

m=0

muk
(@™, =S all), () ()m, (A23)

m=0

We also define the operators

VP (n) = 11 @ Vi (n) ® 18P, (A24)
VP (n) = 1%L @ V_(n) @ 18P, (A25)

D®(n) = I®1 @ D(n) @ I®P7F (A26)
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These operators satisfy the following equations:

2" -2

VP )(D® ()™ = 37 N i i + e (3]

=0 i_j
(A27)
on_1

VIR D0P )™ = 37 i i - en) (il

ie=1 i_p
(A28)
Vi () (DB )™ VD () (DO ()™
2n—-22"-2

= 33 > i+ e+ e (il (A29)

ip=1 =1 i_p

Using these operators, we can rewrite L(t) as

L(t) = Z Z Z a((f‘?mk%c,lm, (Ax(d)>mk+ml—2

k#d my=0m;=0
<V () (D) () "v () (DO ()"
(A30)

As V+(k) (n)(D®) (n))™, vk (n)(D™)(n))™ are the sums of O(n™) unitaries
composed of O(n?) few-qubit gates, Eq. (A30 ) is feasible decomposition of
L(t).

Al.4 Evaluating the expectation value

To perform computation of the expectation value, we construct a mul-
tivariate indicator operator. In the D dimensional case, the domain of
the function is 2 I[O,ml(%x]. In each dimension, we divide [O,ml(fl)ax] into

d intervals {[a(()i),agi)], e [agzl,x%)ax]} and obtain d” regions I({k;}) =
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Hi’;l[a,(c?, a,i? +1]- The indicator operator on I({k;}) is represented by the

tensor product of the one-dimensional indicator operator Eq. (3.23), i.e.,

D
Sxacmy = ®Sx[a<i) NOIRE (A31)
i=1 k; ki +1

Thus, we can construct

mg,
Sy = Z Z agvlii)(D<n))mSX1({ki})' (A32)
{k;} m=0

Note that Sy |0) (0| S} is the sum of O(n?P(m+1) ynitaries and each Qy, in
Eq. (3.25) is composed of O(n*) gates. In general, the number of sums
grows exponentially with the dimensions. However, the number of sums can
be kept small if only a few of those variables are needed to compute the
expectation value. Thus, when the number of sums required to construct
Sy is independent of the dimension D of the random variable, our algorithm
may be particularly effective.

A1l.5 Error from Piecewise Polynomial Approximation

In this subsection, we evaluate the error of the expectation value E[f(X(T))]
from the polynomial approximation of the function f.

As in the main text, we divide [0, Zpmax] into d intervals {[0, a1], . .., [@g—1, Tmax]}-
For simplicity, we assume the equally-spaced intervals, so the width of the
intervals is h = xmax/d, We ignore the errors in the probability density func-
tion p(x) that come from the tree model approximation of the SDE and the
incompleteness of the ansatz of VQS because we focus on the error derived
from the piecewise polynomial approximation of f.

We define the Lth order residual term of the Taylor expansion of f
around ay = kh as

RE(x) = (Lil)!ﬂm(c)(x — kh)E, (A33)
where x € [ag,ar+1] = [kh,(k + 1)h] and ¢ € [z,(k + 1)h]. As x —

kh < h, RE(z) is O(hE*!). When we approximate f on [ag,ar41] by the
Lth order Taylor expansion gl(x), the error of expectation value Ej =
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S flai)p(z;) is

|Ef_Eg|
d=1 (k+1)h d—1  .(k+1)h .
S / f(@)pla)d - / g (@)p(z)dz
k=1"kh k=1"kh
d—1  (k+1)h .
-y / RE(2)p(a)de
k=1 kh
. d=1  (K'4+1)h
< .
< e (RED]- 2 [, e

_ L
- e [kh@ﬁ%l)e(ﬂ)h (17 ) D]

— O(hL+1)

1
To suppress the error below e, it is necessary to set d > xpaxe I+1. From the
discussion in Sec. IV, S¢ |0) (0] S} is the sum of O(d?n?"*2) unitaries. Thus,

2
we can see that Sy |0) (0| S} is the sum of O(x2,, e Z+1n?L*2) unitaries.

A2 Pricing multi-asset derivatives by finite differ-
ence method on a quantum computer

A2.1 Proof of Lemma 2.2.1
First, we prove the following property of F' in (2.25).
Lemma A2.1. For F in (2.25), the logarithmic norm satisfies u(F) < 0.

Proof. Since the matrix (p;j)i<ij<d i positive-definite, so is the matrix
(0i0;pij)1<; j<q- Then, as mentioned in the proof of Theorem 5.1 in [27],

p(EF?") < 0. Besides, since F''*! is anti-symmetric, u(F*') = 0. Combining
this,
p(F) < p(F™) + p(F?) < 0. (A34)

O
Using this, we can prove Lemma 2.2.1.

Proof of Lemma 2.2.1. Because of (2.28), for i € [d],

Y(’T,il) + hzez) — Y(T, €T — hzez) < ghQ (A35)

B
Yir@) - 2h; 6

8$i
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and
0? Y(7,2 + hie;) —2Y (1,2) + Y (7,2 — h;e;) £ 5
(A36)
hold, and, for 7,5 € [d] such that ¢ # 7,
0? 1
MY(T, x) — Thih, (Y(r,x + hie; + hje;) = Y (1,2 + hie; — hje;)
—Y(T, xr — hiei + hjej) + Y(T, xr — hiei — hjej))| < %hihj (A37)

holds, where e;,i € [d] is the d-dimensional vector whose i-th element is 1
and the others are 0. Therefore, we see that

d d d
§ §
1LY (7,2M) — (FY (1) + C(m)k| < Zﬁaz?h?JrZ > ¢Oi05lpijlhih;
=1 =1 j=i+1
d C 1
Slp 252 B2
+ ;6 r— 3% h;
< % (A38)

where (F'Y (1) + C(7))y, is the k-th element of F'Y (1) + C(7) and we used
(2.29). Since

i(f’(T)—Y(T)) = FY (1)+C(7)—-LY (1) = F(Y (1)=Y (7))+FY (1)+C(7)-LY (1),

dr
(A39)
where LY (1) := (LY (1, 2M), ..., LY (1,2Ne) )T | we finally obtain

1Y (r) = Y(r)]| < ™Y (0) - Y (0)]
+ / WO FY () + C(r') - LY (+')||dr’

0
</ Ngre (A40)

by (2.1) in [113]. Here, we used Y (0) = Y (0), u(F) < 0 and (A38 ).
O

A2.2 Proof of Lemma 4.3.1

Upper bound the probability that the underlying asset prices
reach the boundaries

In order to prove Lemma 4.3.1, we weed some subsidiary lemmas. First, we
prove the following one on the probability that the underlying asset prices
reach the boundaries.
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Lemma A2.2. Let € be a positive real number. For S;,i € [d] in (2.2) and

any t € (0,t,], where )
o o)) "

o2loge1

the following holds

P S; > H,
(012?%(75 i(s) > H;

Sz(t) = 8) <eif s< \/S@()H@ (A42)

Similarly, for any t € (0,1)), where

(3 .

~ oZlogel

the following holds

P in .S; <L,
(Jggt i) <L

Sl(t) = S) <eif s> \/Si,OLi- (A44)

Proof. 1t is well-known (see e.g. [2]) that S;(¢) can be written as

Si(t) = Sigexp (aiWi(t) _ (;af _ 7~> t) . (A45)

Therefore, we see that

Si(t) = H; & Bi(t) := Wi(t) — (“i - ’”) t= @ (A46)

2 o o;

and

log (;ﬁ))
20‘,’ '

Si(t) = \/SioH; < Bi(t) =

Using a formula on the distribution of the maximum of a Brownian bridge
with drift (THEOREM 3.1 in [111]), we obtain

(A47)

oo ()], ws(d)) (s es()
Onglgét 7'(8) - o; Z( ) N 20; = OXp _Z o; 20;
(A48)
Then, for t € (0,%,], we obtain (A42 ). The later part of the statement is
proven similarly. O

Using Lemma A2.2, we can prove the following.
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Lemma A2.3. Consider Si,...,Sq in (2.2). Let € be a positive real number.
Then, for any S := (s1,...,54)" € Dpar, where

Dhair := (v/L1S1,0, /U151,0) % -+ x (v/LaSa0, /UaSap), (A49)
and any t € (0,tp], where
2 2 2
o (2 G)) (o)) (o (32))” (s (32))
Flog (2) 7 oFlog (H)  oFlog (%) 7 olos (2)
(A50)
the following holds
pNB(t,S) 21 —¢, (A51)
where px(t, S) is defined below (4.7).
Proof.
pns(t, S)

P (S(u) does not reach any boundaries by ¢ | Sy = S)
= 1— P (S(u) reaches either of boundaries by ¢ | S; = .5)

> — = ,
= ZP(&sﬁﬁ 02 H | 50 =) - ZPQ@;&S WL
> _ — _ _ _
> 1—-dx 2d d x 2d =1—¢,
where we used Lemma A2.2 at the last inequality. O

Upper bound the integral on the outside of the boundaries

Besides, we need the following lemmas, in order to upper bound the contri-
bution from the outside of the boundaries to the integral (4.7).

Lemma A2.4. Consider S;,i € [d] in (2.2). Let H be a real number such
that H > 5; 0 and € be a positive real number satisfying

1 4 2r H

Then, for any t € (0,tey),

/ s¢i(t, s)ds < 65@06”,/ oi(t,s)ds < € (A54)
H

H
holds, where ¢;(t,s) is the probability density of Si(t) and

(e (45)) -

feu = 2501210g (i) '
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Proof. Because of (A45 ) and the basic property of the Brownian motion,
the probability density of z;(t) = log S;(t) is

RSP S S R S S A (A56)
Nz XPp 20i2t T T 201- .

Therefore, we see that

/00 si(t, s)ds

H
o0 1 1 1 2
= e’ exp | ——=- <x — (r — 02) t> dx
/log(H/Si,O) V2rto; ( 20§t 2
Si0 /Oo 1 ( ( 1 2> )2
= 1 ¢ exp|—5|xz—(r+=07])t dx
vV 2rto; log(H/S:.0) P 202t 2"

o
Sioert 1 H 0'-2 2

: ——F |1 — <)t . A57

< T eXp( 207t <0g<5i,0> <r+ 2) ) (457

Here, we used

2 o
ﬁ/c e_dey <e @, (A5R)

which hold for any ¢ € R;.. Besides, because of (A53 ) and (A55 ),

<r+c;2)t<<7"+02>w<110g<§0> (A59)

2 ) 2502log (3) 5

holds for ¢ € (0,tcy). Combining (A55 ), (A57 ) and (A59 ), we obtain

0o S; gert 1 16 H\\?
/H S¢i(tcua S)ds < %GXP <_2012t25 <10g (Sz,0>> ) < 6Si,0€Tt

(A60)

for t € (0,tcu)-
On the other hand,

/Hoo di(ten, s)ds

I G G D)
— exp — 5 xr — r— —0 t dx
log(H/So) V 2mto 207 :

1 1 H o2\ \°
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where we used (A58 ) again. Combining this and (r - %2) t< %log (%),
which holds for ¢ € (0,t.y) because of (A59 ), we obtain

> 1 1 16 H\\?
/H G(teu, s)ds < 5 EXP (—202%25 <log <Si,0>> ) < e. (A62)

O]

Lemma A2.5. Consider S;,i € [d] in (2.2). Let L be a real number such
that L < S;o and € be a positive real number satisfying

1 4 2r Si,()

Then, for any t € (0,tq),

L L
/ s¢i(t, s)ds < eSwert,/ oi(t,s)ds < € (A64)
0 0

holds, where ¢;(t,s) is the probability density of S;(t) and

8 (log (2n0
2(5g1<g<>2 ' A0

td =

Proof. Similarly to (A57 ), for t € (0,t.),

L
/ s¢i(t, s)ds
0
lOg(L/Si,O) 1 1 1 2
= /Oo 27“7 ( 02t<x—<r—2az~2>t> dx

log(L/SZ 0
— ert /
oo

1

2

2

106 Si,O Uj
< p( athg L>+<r—|—2>t>)
Si,O 2

< exp( at log L)))
< eSLoe , (A66)

where we used (A58 ) at the first inequality and (A65 ) at the last inequality.
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On the other hand,

L
/ o(t, s)ds
0
log(L/Si0) 1 1 1 2
= / exp | =5 <x — <r - Ui2> t) dx
1 1 Sio o2\ \°
< gexp (—%?t <log< 7 >—|—<r—2>t> ), (A6T)

where we used (A58 ) again. Then, for ¢ € (0,t), (A67 ) and

: > 8 (log Bio 2
<f’2 - 7’) t< <02 - 7") 2<50,? lggL(ig

1 Si,O

which follows (A63 ), lead to

L 1 1 16 Sio\\?
/0 ¢i(t,s)ds < 5 exP (—2(7227525) <log ( 7 )) <e. (A69)

O]

Combining these lemma, we obtain the following.

Lemma A2.6. Consider Si,...,Sq in (2.2) under Assumption 4.3.1. For
any € € Ry satisfying

Ad(d+1) 2 2 Ui\ 2 o Sio ,
log | —— “(1- log (—),=(1- log ( =2 =1,..
Og( € >>max{5( U?) % <Sz‘,0>’5< Uf) o (Lz‘>}’z e

) (A70)
where A = max{A1,/U151,0, ..., Air/UdaSa0, Ao}, the following holds
e her / 056 (trers )V (trers S) < €, (AT1)
4 \Dhat

where tie; s defined as (4.14) and Dy is defined as (A49 ).

Proof. First, note that, under Assumption 4.3.1, for § = (51, ..., S4)T € ]Ri,

V(ter, S) = Ele T £ (S(T))1ng|S (ter) = S|
r(T—ter) (ZAS +A0>

= Z AiS; + Age (T ter), (AT2)

=1

IN

E S(tier) =S
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Therefore, we obtain

d
efrttcr / ds¢(tter7 S)V(ttera S) < Z AieiTttCr / dSSin(ttera S)
R% \ Dyant i=1 N

4\ Dyart
+ Age™"T / dS¢(tier, S).
RY\Dpai
(A73)

We can evaluate Aje"trer f]Rd \ Dyt dS S1¢(tier, S) as follows
+ a.

AjeTher / dSS1¢(tier, S) < dSS1¢(trer; S)
R4\ Dpaie

Ale_Ttter /
S124/U1S1,0

+ dSS1¢(ter, S)

Ale_rtter /
5154/ L1510

d
- ter
+ Z Aje ™ /, /L181,0<51<4/U1S1,0 dSS19(trer, S)
=2 Si>+/UiS;i 0

d
—Ttter
+ ZAle /\/L151,0S51S\/U151,0 dSS1¢(tter’S)
= 5.<v/Tisn
(A74)

In the right hand side, the first term is A;e~"tter f\o/om dS151¢1 (teer, S1),
where ¢;(t,.S;) is the marginal density of S;(t), and therefore

65170141 < €
= 2d(d+1)

dSS1¢(tter7 S) <

< - (AT5)
2d(d + 1)A

Ale_'ftter /
S124/U1S51,0

holds from Lemma A2.4'. Similarly, from Lemma A2.5, the second term is
bounded as

€

< —.
dSSi1¢(tier, S) < 2d(d+1)

Ayerter / (AT6)
S51<4/L151,0

On the other hand, from Lemma A2.4, we see that the third term is bounded

'Note that

(s (B50)) afis())’ s(ee(G255)) 2

250'7(2 log (%) 250—? log (%) ’ 250_7? log (2Ad(d+1)) 250_3 log (%) :

€
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as

d
—rtter
ZAle /\/L151,0S51S\/U15'1,0 dSS1¢(trer, S)
=2

Si2+/UiSi0
< ZAlx/Ulsl0/\/m<51<\/U1TdS¢(ttera S)
Si>4/UiSi 0
< ZAI\/UISIO/ dsdi(tier, S)
z 7,0
A
< 26 1\/U15110
< 2d(d+ 1)A
d €
< -
= ;zd(dﬂ)
e(d—1)
— ) A
2d(d + 1) (A77)

and, similarly, the fourth term is bounded as

Z d—1)
A —7tter or 6( A
1€ //Llssl 0<<Sz<s /U151 1.0 dSSlqu(tt ) ) — d(d+ 1) ( 78)
\V 2,0

by Lemma A2.5. In summary,

€
d+1

Ayerter / 01S516(ter S) < (AT9)
% \Dhait

holds. Age™""" [oa 1y dSSa(tier, 8), - Age™ ™ Jga\p, . A5Sad(tier, S)
are bounded s1rn11arly
On the other hand, by Lemmas A2.4 and A2.5,

Age—rter / dSo(ter, S)
% \Dhait

<
d —Tlter

< 6A0€ t _
 d(d+1)A

€
<
- d+1
holds.

Summing up all terms, we obtain (A71 ). O

d
> | Age e / dS¢(tier, S) + Age ter / dS¢(tier, S)
i—1 Si>+\/UiSi,0 Si<y/LiSi0

(A80)
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Proof of Lemma 4.3.1

Then, we finally prove Lemma 4.3.1.

The proof of Lemma 4.53.1. Note that t., satisfies

2 2 2
(ox(st))  (em(g5))  (es(%))
U% log <2d(d6+1)A> 03 log <2d(d€+1)A> U% log <2d(d:r1)fl>

(h)g (%))2 7 (A81)
o2 log <2d(d:-1)A)

ceey

where A := max{Ay, A151,0,...,AdSa0}. Besides, we can see that

V(0,Sy) — =T / 2 (tree, @)Y (Teer, )
D

= V(O, So) — ¢ Ther / dS’gb(tter, S)V(tter, S)‘
D

= eirtter /dSRi¢(tter7 S)pNB (tter, S)V(ttera S) - eirtter / ds¢(tter7 S)V(tter’ S)’
D

= eirtter / ds¢(tter7 S)PNB (tten S)V(tteh S)
Dhalf

e e / dS(tier, S)pNB(tier, S)V (tier, S)
R4\ Dpale

_ et / 486 (tien, S)V (frer, S) — e—"re / 56 (tier, S)V (trers S)
Dyt D\ Dhare

IN

€7Tttcr / dSQS(ttera S)pNB (ttery S)V(tte“ S)
Dyait
_e—rtter / dsd)(tter, S)V(ttera S)‘
Dyt

+

et / 456 (trers S)pxs (trors S)V (trers S)
RE\Dpais

)

—e Ttter / ds¢<tter7 S)V(ttem S)
D\Dhalf

(A82)
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where

D= [exp <; <l1 + xgo))> , €Xp <; (xgngr_l) + u1>>} X
. {exp <; (ld + xfﬁ)) , €XP <; <x((ingr71) + ud>>} . (A83)

The first term in the last line in (A82 ) is bounded as

C_Ttter / ds¢(tter> S)pNB (ttera S)V(ttera S) - €_Ttter / dsd)(tter? S)V(tter7 S)
Dyais D

half
= e / dS(teer, S)(1 — pxB (trer, )V (trer, S)
Drait

—rtter €

/ ngbS(tteraS)V(tteraS)
(d + 1) Dyait

_T'ttere

(d+1)

—Tlter d
6/ dS¢S(tter7 S) (Z AzSz + AOeT(Ttter)>
(d+1) /&S i=1

d
= : (Z AiSio + Aoe’”(T“er)>

A(d + 1) i=1
<« (As4)

INA
ool o Bl o

IN

/ 0565 (trers )V (trers S)
e

VAN
o o

where we used Lemma A2.3 and (A81 ) at the first inequality, and (A72 )
at the third inequality. On the other hand, the second term of (A82 ) is
bounded as

dSé(tier, S)V (ter, S)

D\Dyair

e_rtter / dS¢(tter> S)pNB (ttera S)V(ttera S) - e_rtter /
R{ \Dpai

e e / _dS¢(tier, S)pNB (tter, S)V (tter, S)
RI\D

e_rtter / dS(l — PNB (tteh S))(Z)(tterv S)V(tter’ S)
D\ Dy

< emer/ ~dS¢(tiers S)pnB(ters S)V (tier, S)
RI\D

- e_rtm/A dS(1 — png(tter; 8))P(tter, S)V (tter, S)
D\ Dy

< erher / dS6(tier, S)V (trer, S)
R%\ Dant

€, (A85)

IN
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where we used Lemma A2.6 and tier < t. at the last inequality. Combining
these, we obtain (4.13). O

A2.3 Proof of Lemma 4.4.1
Proof. The following holds

T T ] < Tl (o)

+ efrT

D Y(Tter) - /5 dm&(ttera $)Y(Tter7 ZB)

LT / ¢ (tren, @)Y (Teers @) — Vo| . (AS6)
D
The first term can be evaluated as
T |p (¥ (i) = ¥ (i) )|
< el ¢ | ¥ () = ¥ (i)
_ e VIIm A SN Un) et )
d er
(47)4/4 /Ny (det p)1/4 VI, A
— e—rTe
< € (A87)

where we used (4.34), (4.37), and Lemma 2.2.1. In order to bound the second
term, we note that p-Y (7ie) is an approximation of f[:) dxd(tier, )Y (Tter, T)
by the midpoint rule. Then, according to [89],

1 d d
=1

‘p : Y(Tter) - /; dmd;(ttera m)Y(Ttera m)
D =1
(A88)

holds under Assumption 4.4.1, and therefore

e T <eTe<e (A89)

p- Y(Tter) - /5 dm(l;(ttera $)Y(7_ter7 m)

under (4.37). The third term can be bounded as (4.13) by Lemma 4.3.1.
Combining (A87 ), (A89 ) and (4.13), we obtain the claim. O
A2.4 Proof of Lemma 4.4.2

Proof. Applying the algorithm in [1] to the ODE system (2.23) with h;
satisfying (4.37), we obtain (4.44). Since smaller h;’s lead to larger ||F||,
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and then larger complexity, we take as large h;’s as possible, that is,

Uy — ll

1t ]
h;

Then, we can evaluate the complexity by substituting s and || A| in (4.6)
with the sparsity and norm of F, respectively. The sparsity of F is O(d?),
since the matrices constituting F' as (2.25) have sparsity at most 4 and the
total number of them is O(d?). Besides,

1= Ad? max d d2 2
VI [Tt — 1) p x “2max | (A91)

(4m) 4 (det p) /4 " €

h; = = @(iLl) (AQO)

IF|| = O [ max
i=1

for h; = ©(h;), as we will show soon. Using these, we obtain (4.45) by
simple algebra.
The remaining task is to show (A91 ). Note that

d
o 0i0; 1
||FH < Z h2HD2 d||+z Z 4}2.}5.”D13t”2+22h T—*O‘ HDlstH
=1 j=i+1 v =1
d d-1 d d
207 1 1
= X ZZ gt (A92)
=1 1 i=1 j=1i i=1 "

Here, we used ||D'!|| = 2,||D*!| = 4, which follows the fact that the
eigenvalues of the n x n tridiagonal Toeplitz matrix

b ¢
a b ¢
a b c
a b
where a,b, ¢ € C, are b+ 2y/accos (n+l) .7 =1,...,n[l15]. Then, substitut-
ing h; in (A92 ) by h;, we obtain (A91 ) by simple algebra. O

A2.5 Proof of Theorem 4.4.1

Proof. First, we show that, for €, eo and ey satisfying (4.61), (4.62) and
(4.65), respectively, Algorithm 2 outputs w such that (4.66). For this, we
begin with writing ‘\ilmod>, the state which we obtain by applying the QLS
algorithm of [23] to (4.48), in the form of

o) = 3 (o) ¢ ) e [02)) oo
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where ‘\ifgar>,

\i11> and ‘\i’g> are the unnormalized states in the forms of

B p(k+1)—1 ~ p(k+2) ~ p(k+3)+1
Bgar) = >0 L) [T = D ) [Ba) = YD L),
Jj=0 J=p(k+1) J=p(k+2)
(A94)
with some unnormalised states, respectively, and
7 = \/<¢/gm yar ) + (010101 1) + (W3] W] W] W) (A95)
. Because of (4.64), we see that
(U o [T 00 ) = (W oa [T ¥oa) | < v (A96)
Then, since F1, the output of the step 1 in Algorithm 2, satisfies
|E1 - <\ijmod H‘\ijmod> ‘ < €1, (A97)
we obtain
’El - <\I]mod|H|\Ijmod> | < €1+ €. (A98)
Similarly, since
L | P
—|I) - > | < (A99)
Z Z
J=p(k+2)+1
because of (4.64) and
1] @2) 1
EQ - T < €2, (A].OO)
we obtain
(k+3)+1
1’ YV (P + 1) Ngy
Ey —||= j = - = .
2=z > i 12 ~ < e tey. (AL0D)
j=p(k+2)+1

Using (A98 ) and (A101 ), we see that w := e~"Ty,/Ng PE | Ey satisfies

- e TPz e T(p-Y (1er))Z
w—e*er‘YTr < ———(ey +€1) + = €y + €2),
’ (Tier) Vp+1 ( ) Y/ (P + 1)Ng; ( )

(A102)
by simple algebra. Here, note that, because of (4.47) and Assumption 4.4.4,

Z=0 <g\ /(p+ l)NgrY(Tter)> =0 (g (p+ 1)Ngrfy> (A103)
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holds. Thus, if €1, €2 and ey satisfy (4.61), (4.62) and (4.65), respectively,
combining (A102 ), (A103 ) and (4.34) leads to

T~ /Ny PE -
€ WTeTT Ty Y (me)| = O(e). (A104)

Finally, this and (4.38) yield (4.66).
Next, let us show that Algorithm 2 with such €, €5 and eg has the
complexity (4.67). We just multiply the complexity of generating ‘\ilmod>

once, which is given by (4.45) with € = eg, by the number of the generation,
which is O(max{1/e;, 1/e2}) since the QAE with O(1/9) queries outputs the
estimation with the error of O(d) with a success probability higher than a
specified value (say, 0.99) [0, 1&]. By simple algebra, we obtain (4.67). [

A2.6 How to generate a payoff-Encoded state for a call or
put option

Here, let us consider how to generate a quantum state

Foes ) /1 Fonsll in
which a payoff vector fpay is is amplitude encoded, for a simple case where
the payoff function depends on only one asset price S; and takes the call-
option-like form of fpay(S1) = max{K — Si,0}, the following discussion
can be applied with a slight modification. As mentioned in Section 4.4.1,
creation of such a state is possible by a procedure like Algorithm 1, if we can
compute (4.43) on a quantum circuit. In the current case, this boils down
to

fl,j(bla ceey b]) =
JACE 0 D) gy (e — K),0))7
1] [
21t (b1,..,b5)
1J(bll, by dat (max{e(er — K),0})?

(163)
where a?f and 371] are defined as (4.31), 7 =0,1,... ,mg—1and by,...,b; €
{0,1}. When the denominator of this is 0, we regard 1t as 0. By Stralghtfor—
ward calculation, we obtain f1 0 = f3™ and, for j € [mg—1], f1.;(b1, ..., b;)

as (A105 ), shown at the bottom of this page.
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f17j(bl, ey bj)
0, if Bj < BJK
- 1 1 S, if Bj =B}
1K25, 2K (exp(%6;)—1) exp(zl)+1(exp(8;)—1) exp(2zL .
: K26Jj—2K((eXI;E52j)J—)1)elp(z£)+)%—~(_ezx(1:)(21::5(j;—)l)(pr(I)Q(IL) ) = f}TM(bl’ cosbg), if By > BJK
(A105)
ATM
J
0, if af +30; <k
= K2(zL+15. —k)—2K(exp(zl+18,)—K)+1(exp(22L +5;)—K?2 .
i (f;(fafk))zK(ixs(&éaj)])K 35 (iip(r;if(f%j]))w)) ! otherwise
(A106)

Here, fJATM is given as (A106 ), shown at the bottom of this page, k :=
log K, &§; := 279 (uy — ), z is the abbreviation of xfj (b1,...,b;), Bis the
positive integer with the j-th bit representation by, --- , b;, BJK is the positive

(1] 4]
integer with the j-bit representation <B]K ) (B]K ) satisfying a:IL( <

k< ah+d), and ok = 27 if j = 0 and % := o, <(ij<) v (B]K) m>
otherwise.

f1,5 (b1,...,bj) can be calculated by the quantum circuit in Fig. 1. This
receives B; on the top register as an input and outputs f}TM (b1,...,b5)
onto the bottom register, using some ancillary registers. Here, the “B; =
Bf,( 7 gate is just a multiple controlled NOT' gate and outputs 1 if B; =
BE and 0 otherwise, the “B; > BX” gate is virtually a subtracter [31]
and outputs 1 if B; > BJK and 0 otherwise, the controlled setter of the
precomputable fJATM is a collection of CNOT' gates, and the controlled

copier, which is made of Toffoli gates, sets fJI»TM(bl, ..., bj) calculated by
the “calcf]I-TM(bl, ...,b;)” gate to the bottom register if B; > BJK. In this
circuit, calculation of exp (:I:L) in the “calcf}TM (b1,...,b;)” gate, which can

be done as a series of many multiplications and additions, as shown in [59]
is the bottleneck part. Note that there is only one exponential calculation,
since, after we get exp (xL ), we can calculate calc f]I-TM(bl, ..., b;) by several
times of four arithmetic operations [116, , ) ) , ) , ,
, , , , , , | using exp (xL) and precomputable factors
such as 1 (exp(d;) — 1).
Similarly to Algorithm 2, in order to generate ‘ fpay> /|| foay |, We repeat

calculation of f1 ;(b1,...,b;) and the operation

0) = /i (b B)[0) + /1 = fusb, b)) D) (A107)
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|B;y —4— B, B; — & |B)
— pk
Bi=B B;> BX
0 |1: B; = BX J
10) — \0; otherwise| V| 7T [Tt
cale f/™(b,, ..., b))

A I: B; > Mf‘ _______________________

lO) 10: A\(hem‘{w_

10) f™(By, b)) = —

Copy

10) Set f}™ vy yext—  |fijby--- b))

Figure 1: Quantum circuit to calculate fi ;(b1,...,b;). The dashed wire

going over a gate means that the corresponding register is not used in the
operation of the gate. An expression in a gate and beside a wire means the
input or the output of the gate.

Mgy times. Given fi j(b1,...,b;), we can perform (A107 ) by square root,
arcsin, and controlled rotation. Among these, arcsin, which is done by a
series of multiplications and additions similarly to exponential [31], is most
costly.?

Consequently, the time complexity of generating ‘ fpay> /|l fpay || is roughly
the sum of those of exponential and arcsin times mg,. Let us take the num-
ber of Toffoli gates as a metric of the time complexity, as [59]. According
to that paper, the Toffoli-counts for exponential and arcsin with error up to
105 are about 8000 and 5000, respectively, and we therefore estimate the
Toffoli-count for generating ‘ fpay> /I f'pay|| as 1.3 x 10 x myg,.

2Square root can be implemented with the gate number scaling with the input qubit
number similarly to multiplication [131].
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A3 Pricing multi-asset derivatives by variational
quantum algorithms

A3.1 Elements of the matrix and the vector of the finite
difference method for the BSPDE

Here, we show the concrete elements of D' in Egs. (5.25)(5.24), D2 in
Eq. (5.24), and C in Eq. (5.21). DL and D2 are written by

0 x;
—5650) 0 351(2)
Dmi = ) ) , (A108)
(ngr**‘g) 0 x('ngrfl)
(ngr_2) 0
and
DQI.ld
2 2
-2 (a?,go)g xl(l))
( 1
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respectively. C(7) corresponds to the boundary conditions, and its elements
Ci(7) are

d 2
ag,
Cu(r) = 3 5ty |1+ )01, 0 VP (1. @) + (1 + k)0, 1 VP (2|
=1 g
1Y 5Py
+2 2 T,
1 j=i+1

[ (i + ki) (1 + (kj + 1)hy) ok, o VB (7, w(ﬁ))
—(li + (ki + D) (1 + hy)oe, o VB (r, 2
+ (I + ngeha) (1 + (kj + 1))k ng 1 VOB (r,2)
(s + (ki + Dhi) (G + ngeh) g, me—1 VB (1, 20)

J

Z [z o i) 1 VR (7 @0) = (1 + hi)k, o VI (2l

(A110)

where VVB(r,2(()) = VB (r,2))) and V(7 2(7) = V(. 2[3).

A3.2 Decomposition of matrices

As discussed in Sec. 5.3, we need to express F' and |C(7)) in terms of linear
combination of quantum gates to perform the VQS for the BSPDE. Here, we
show that such decomposition is possible. The decomposition of F' is based
on the way shown in Refs. [70, 30]. We also obtain a linear combination of
quantum gates that generates |C(7)) by slightly modifying the decomposi-
tion of F'. For simplicity, we assume Ng = 2" where n is the number of
qubits. D5, D2nd in Egs. (5.25)(5.24) are decomposed as follows,

D = 1;D"" + h; (Dec(n)(J (n) + 2I%™)

—Inc(n) (J(n) +I%")) , (A111)
D24 =17p>™4

+ 2L;h; (Dec(n) — 2I°™ + Inc(n)) (J(n) + I)

+ h? (Dec(n) — 2I®" +Inc(n)) (J(n) + )% (A112)
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Here, we define

D' := —Inc(n) + Dec(n) (A113)
D2 :— Inc(n) + Dec(n) — 21" (A114)
2m—1 n n
J(n) = Z i|i) (i] = 27_1@" - Z on—i=lyz, (A115)
;;i -
Inc(n) = Z li + 1) (7] (A116)
2
Dec(n) = Y _ |i— 1) (i (A117)
=1
(A118)

where Z; = I®"~1® Z ® I®"*. Inc(n), Dec(n) are constructed by following
operators

2" —1

CycIne(n) = Z i +1) (i, (A119)
;ii

CycDec(n) = > |i—1) i, (A120)
=1

(A121)

where we define |—1) = |2" —1),|2") = |0). Cyclnc(n), CycDec(n) can
be decomposed into a product of O(n) Toffoli, CNOT, X gates with O(n)

ancilla qubits [132]. With these circuits, we obtain
1
Inc(n) = QCycInc(n)(C"_lZ + I, (A122)
1
Dec(n) = §(Cn71Z + I®™)CycDec(n). (A123)

C"1Z =22 i) (i — |27 — 1) (2" — 1] is an n qubit control Z gate and
can be implemented as a product of O(n?) Toffoli, CNOT, and single-qubit
gates [11]. We can express D> and D2"? as sums of O(n?) unitary oper-
ators, each of which is a product of O(n?) few-qubit gates. Then, the first
term of Eq. (5.24) is a sum of O(dn?) operators, each of which is made by
O(n?) few-qubit gates. The second term is the sum of O(d?n*) unitary op-
erators each of which is made by O(n?) few-qubit gates. From Egs. (5.24)
and (5.25), we see that F' can eventually be expressed as a sum of O(d*n?)
unitary operators each of which is made by O(n?) few-qubit gates.

It is also necessary to construct a linear combination of unitary operators

that outputs the quantum state |C(7)) = kNg’l Ck(7) |k). Here, we consider
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specific cases where fpay (S(T)) = 1rnau<(a0—i—zZ 16555(T)— K, 0), and some
assets have knock-out conditions. These are the cases where the typical
boundary conditions introduced in Sec. 5.2.2 are compounded. In these
cases, we can write

|C(7)) = G|0) = 2"¥2G(7)H®" |0) (A124)
where

d 2
G(r) = Z ;ﬁ
d
+Z Z OZZJ;ZU
=1 j=i+1
—(li 4+ ) (I i J; )GEO)BLB(T)(SLB

— (LI 4 By (n)) (1 + hy) G BYB (1) 0L
+ (I + ngehi) (TP 4 by )G Y BB (7)61P

FIP 4 b T ()1 + ngehy) G BB (7)a ]

(1 + 1) GO BEP (7)0F® + (1 + mgeha)?GL™ D B ()0}

(2

T
==

X

[ —

d
1 Ngr—1
OS> |1+ ngeh) G D BIR(7)3ER — (1 + h) GO BER (7)o

(A125)
where
(5ZUB _ 0 up and out barrier is set the i-th asset ’ (A126)
1 otherwise
SLB _ 0 down and out barrier is set to the ¢-th asset (A127)
|1 otherwise 7
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and

GEO) — enli-1) g 10) <0|®n ® J™Md=9) (A128)
G’L('ngr—].) = renii-1) g ’1><1‘®n ® JMd—1) (A129)
BIUB(T) — efrraOI®nd

+ ) q (sz@md + (nge — DhyJj + f®”d)
1<j<d,j#i
+ agl 1% (A130)
BZ-LB(T) _ e—rra(][@nd

+ Z CLj (l]’I@nd + (ngr — 1)h]’Jj + I®nd)

1<j<d,j#i
+ aiuiI®"d (A131)
Ji(n) = IV @ (J(n) 4 I®") @ 19740 (A132)

where [0)(0|*" = £ (I®" — X®". C"Z - X®") and |1)(1|*" = 1 (18" + C"~12).
GEO) and nggr) are expressed as a sum of O(1) unitary operator each of which
is made by O(n?) few-qubit gates. BYE and BIP are expressed as a sum
of O(dn) unitary operators, each of which is made by O(n) few-qubit gates.
Thus, G(7) is a sum of O(d? x n x dn) = O(d®n?) unitary operators each of

which is made by O(n?) few-qubit gates.
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A3.3 Variational principle for VQS

121

Here, we derive Eq. (2.54) from a variational principle. The square of the

difference between both sides of Eq. (2.50) is

H(jt 5(0(0)) — L(t) [5(6(1))) — [u(t)
2
_ Hjt 5(6(t))) — L(t) [5(8(1)))
~ 2R ()] (500 - L 100D )| + | fu(o)
1% 5000 2—2R 50 L)L 156
|5 a6 —2re [ (a(en] 1) 5 lotoo))|

- 21 | {u(0)

+ 1 oy 4
2

+
[\]
=
@
—
g
—~
~
~
—~
~
~—
=
—~
)
—~
~
~—
~—
=
+
~
—~
~—
<
—~
)
—~
~
~—
~—
~
o
_|_
g
—~
~
~—
~

_ d (0(0;(1)| d[0(0k(1))) 5 <
=2Re ) 30,0 36,00 0,00y,
|

~ d(5(8())] .
T ey + M )] ;.

Thus, we obtain Eq. (2.54).

A3.4 Quantum circuits to evaluate M, ; and V,

(A133)

(A134)

Here, we show the quantum circuits to evaluate M, ; and V;. Without loss
of generality, we can set i < j. The terms in Eqs. (2.55) and (2.56) are
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written by
00(t)* Re ({vo| B - RI_,GI,R]
Rl GjRj - Ry |’Uo>>
o ~ , <7 <
o (200200 _ for 0<i <j <N, (A135)
891' 89]' 90(15) Re <<’00| Ri s R;r-flG;r-ijl s R1 |’U(]>)
for 0=i<j <N, (A136)
1
form=n=0 (A137)

00(t) Re ({vo| B - RI_,G]R]

”'R;VaUk{/RNa Ry |’vo>)

Re ((vol R-- R;rVaUlgTRNa Ry \Uo>)
fori=0 (A139)

00(t) Re ((vol B} -+ R, GH,R] - R, UF |0)

RIGICIG) . ) for i # 0 (A140)
Re [ 0 gy ) =
e< 06, L1 Re (<v0|R{.--RjVaU,“T|0>)
fori=0 (A141)

We can evaluate these terms using quantum circuits depicted in Fig. 2. Note
that, although the quantum circuit evaluating Eqs. (A140 ) and (A141)
contains the control-RU, gate, where

R=Ry Ry 1GmBRm -+ RN

a

(A142)

for Eq. (A140 ) and Ry --- R;—1G;R; - - - Ry, for Eq. (A141 ) respectively, in
the case where all boundary conditions are knock-out barriers, that is, in the
case of |C(t)) = 0, we do not need to evaluate Egs. (A140 ) and (A141 ).

A3.5 Lower bound of =

Here, we evaluate the lower bound of Z and show that the = does not
decrease exponentially with respect to the number of assets d. Using the
inequality

min(a?, b%) < =(a + b)? (A143)

e
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for a,b € Ry, we obtain

\2 s 2
2 (log ) 2 (log %2)

ter < min

N2
<log %)
< 1

a 5001-2 log % ’

for i € [d]. From Eqs. (5.44)(A144 ), = is evaluated by

~ a/2 q .
25 . 2Ad(d+1) 71
E>(B? | Zlogm—/m~ :
> ¢ ( g = 11
=1
As easily verified by elementary analysis, for any z > 1,

2=l
logz —

holds, and then, we obtain

_ /2
25 2Ad(d +1)
—log ——= )
47

Ezg32<

2502 log w 2502 log w
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(A144)

(A145)

(A146)

(A147)

Thus, we can see that = does not decrease exponentially with respect to d.
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Figure 2: Quantum circuits for evaluating (a) Eq. (A135 ), (b) Eq. (A136 ),
(c) Eq. (A138), (d) Eq. (A138 ), and (e) Egs. (A140 ) and (Al41). R
is Rl s Ri_lGiRZ’ cee RNa for Eq. (A140 ) and R1 tee Ri_lGiRi cee RNa for
Eq. (A141 ) respectively [5].
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