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Abstract

The primary focus of this thesis is the investigation of the quantum algorithm
for linear systems of equations (HHL) for the valuation of multi-asset options,
a particular type of financial instrument. Quantum computing has the possi-
bility to revolutionize many fields that are computationally intensive, such as
quantitative finance. We extend the previous works on quantum solutions to the
Black-Scholes equation for option pricing and provide its proof-of-principle im-
plementation. We transform the problem of pricing a multi-asset option into a
system of linear equations and employ the quantum algorithm due to Harrow,
Hassidim and Lloyd to find its solution. Certain numerical characteristics of
the matrix representing the system of linear equations determine a vital role in
whether computational advantage can be achieved. The central question of this
thesis is whether we can perturb the matrix that is to be inverted in the direction
of more favourable numerical characteristics without compromising the accuracy
of the final solution in representing the present value of the multi-asset option.
Through specific examples, we show that this perturbation does not compromise

the accuracy of the calculated value for the option.

After an introduction to options and their underlying mathematical description,
we provide a derivation for the Black-Scholes equation using stochastic calcu-
lus and its corresponding solution for the vanilla European option through the
Feynman-Kac formula. We continue with the numerical methods of finite differ-
ence approximations to convert the problem into a system of linear equations.
Finally, after presentation of the quantum algorithm, we proceed with numer-
ical simulations to determine (a) whether the aforementioned perturbation can
be ameliorated with modified boundary conditions and (b) whether a working
end-to-end quantum algorithm for option pricing for the case of a single-asset
European option maybe achieved. Our simulation provides a proof-of-principle

demonstration of the quantum algorithm.
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Chapter 1
Option Pricing

The primary focus of this thesis is the application of the quantum algorithm
for linear systems of equation (HHL) to the valuation of multi-asset options. In
financial markets, assets are broadly defined as possessions which have value in an
exchange or market [15]. Assets can either be classified as tangible, intangible or
financial. Natural resources, property or any other entity whose value is derived
from (a) its material presence and or (b) the commercial utility of its physical
characteristics falls under the tangible assets class. Conversely, intangible assets
are immaterial entities whose value is not derived from their physical form such
as patents, copyrights and intellectual property. Meanwhile, financial assets or
financial instruments may be defined as claims against the income or wealth
of a business firm, household or unit of government represented usually by a
certificate, receipt, computer record file, or other legal document, and usually
created by or related to the lending of money [42]. Examples include money,
equities, debt securities and derivatives. Options belong to this latter class of
derivatives. As the name suggests, derivatives derive their value from the value

of other separate assets [24].

1.1 Options

Derivatives can be broadly divided into two classes, forward and future contracts
and option contracts [24]. Forward contracts are an agreement between two
parties to exchange an asset for a specified price at a predetermined date, whereas
futures refer to a set of standardised forward contracts that are traded on an

exchange. In this scenario, the seller of the asset to be exchanged is said to adopt



a short position and the buyer is referred to as adopting a long position. Options
however can be thought of as an asymmetric contract wherein one party, called
the holder has the right but not the obligation to execute a mutual transaction
with the secondary party, called the writer. More precisely, a call option between
two parties prescribes the right to the holder to buy an underlying asset at a
mutually-agreed upon price (strike) on or before a specified date (maturity) from
the writer [24]. A put option refers to an almost identical contractual agreement
however the holder has a right to sell rather than buy. It is clear that the holder
of an option has an economic advantage over the writer in the respect that they
can choose to execute the transaction only if it is favourable. Option pricing,
broadly speaking refers to the assigning of a fair valuation that a holder should

be willing to pay to the writer for this luxury.

1.1.1 Single-asset options

The first division of option types are whether their value is contingent upon a
single-asset or multiple asset. We first focus on the simpler and more traded case
of single-asset options. The two most well known and traded option styles are
European and American options. European options allow execution of a potential
transaction between the two parties only at maturity. American options allows
execution of a possible transaction anytime between commencement of the option
and maturity. The payoff for either option style at execution are given as:

Payoffeue. = max (K — S(T'),0)  Payoffewo. = max (S(7) — K, 0)

put call

Here, the variable S(T) refers to the value of the underlying asset at maturity, K
refers to the strike price. Payoff refers to the overall profit the holder will receive
if the transaction is executed if the underlying asset’s price is S(T"). Strictly
speaking, if we consider the European call option, the holder will receive a return
of S(T) — K at maturity as they can purchase the underlying asset at K and
immediately resell the asset to the market at the market price S(7"). However,
the holder will only follow through with the transaction if the asset’s market
price is greater than the strike price at which they can buy it. Otherwise, they
would be voluntarily paying more than the market price for the asset. In the

latter case, the presence of the max(__,0) in the payoff function reflects the fact
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that the holder will only execute the trade if financially favourable to do so. As
American options can be executed at any stage during the lifetime of the option,

the theoretical payoff functions for a put and call option are:

PayOffA;\irA — tle]_'fg,%} (K — S(t)7 0) Payoﬂ:‘Achlelr. - t]g][.ﬂa}?] (S(t) - K, 0)

Where the variable S(t) refers to the value of the underlying asset at a time
t. European and American options are often referred to as vanilla option styles
whereas exotic option styles such as Asian or Bermudan also exist however are
traded with much less frequency. For Asian options, the average performance of
the underlying asset determines the value of the option. More precisely, the payoff
is not determined by the underlying price at maturity but rather by the average
underlying price over some pre-set period of time. Furthermore within an option
of this type, there exists various mathematical definitions of “average” such as
arithmetic, geometric, continuous, etc. [52] For the sake of brevity, unless stated
otherwise, all payoffs below will represent the “put” option of the corresponding
option style.

Payoff 4;0,, = max (K — Sgug,0)

Bermudan options are similar to American options, however the buyer has the

right only to exercise a trade at a set (always discretely spaced) number of times:

PayOHBermudan = Inax (K - Sti? 0)

t1,...tn

For the sake of completeness, the last two main option types within the exotic
class are binary options and barrier options. Options are used as risk mitigation
strategies in financial markets. Options can be used to hedge an investment,
whereby it effectively acts as a form of insurance. For example if one has a large
position in a certain stock, taking out a put option would increase in value in the
event of the stock price falling, therefore mitigating potential losses. Hedging and

leveraging are the two primary motivations for options as a financial instrument.
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1.1.2 Multi-asset options

For the body of this work, we will primarily focus on multi-asset options, however
often the same principles that govern how single-assets trade also apply to the
multi-asset case. Furthermore, within the class of multi-asset options, we will
focus on European style multi-asset options, that is options which have a terminal
payoff function and that can only be executed at maturity [43]. One class of multi-
asset options are rainbow options, so called as the payoff function depends on
multiple individual assets, each one being referred to as a ‘colour’ of the rainbow
[38]. One common subclass of options within rainbow options are Worst-of and
Best-of options. Worst-of (W.0O) and Best-of (B.O) options are options wherein
for each case you effectively receive, at maturity, a ‘vanilla’” European put option

on the worst and best performing asset in the basket respectively:
Payoffy, , = max (K — min (S;(7"), S2(T), ..., Sn(T)) , 0)

Payoff; , = max (K — max (S1(7), S2(T), ..., Sn(T)) ,0)

Another type of option within the subclass of rainbow options are so called ‘Best
of assets or cash’ [38] where the payoff function is just the maximum value of the

strike K versus all the values of the underlying asset at maturity:
PayOHB.o.A.o.C = Inax (Slv S27 sy Sn’ K)

For the case of basket options, the payoff is determined by a weighted average of

each of the underlying assets at maturity.

Payoft 5,1 = max (K - Z w;S;(T), 0)
i=1

1.2 Pricing strategies for options

The variables of option type, strike price and spot price of the underlying asset as
well as maturity are not sufficient to evaluate the price of an option. Statistical
parameters characterising the tendency for the underlying asset price to fluctuate
in price, volatility along with parameters describing current market conditions

such as the risk-free interest rate are also necessary to price an option. Volatility o
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here represents the uncertainty the market has with respect to future movements
in the price of the asset and risk-free interest rate, r, or just interest rate refers
to the rate of return on a near risk-less investment. The volatility of an asset can
be calculated from historical data on its performance and the risk-free interest

rate is often taken to be the rate of returns for US Treasury bonds [7].

1.2.1 Single-asset options

There primarily exists two methods for the case of the evaluation of single-asset
European and American style options. We will first examine the Black-Scholes-
Merton model or shortened to the Black-Scholes model for the evaluation of
European single-asset options. We will then review the ‘binomial” and 'trinomial’

pricing models which are applicable to both European and American options.

European Options

The Black-Scholes model for the case of single-asset European option type with
vanilla style options was described in the seminal work [6]. This celebrated model
was conceived by Black and Scholes under certain reasonable assumptions about
market dynamics and efficiency which leads to the reformulation of the problem
as the solution to a parabolic differential equation with the ‘initial’ condition
just being the value of the option at maturity, i.e. just the payoff function. The

Black-Scholes equation for one underlying asset is given by:

oV 1, ,0%V oV B
at—l—zaSaSQ—l—rS@S—rV—O

where the variables V' refers to the price of the option, S the value of the un-
derlying asset, o the volatility of the underlying asset and r the risk-free interest
rate. An analytic solution was derived for the partial differential equation and
terminal conditions associated with the European put and call options thereby
enabling the rapid and efficient valuation of options. The exact solution is given

by:

Veanl = ®(d,)Sy — ®(d_)Ke™ ™
Vour = ®(—d_)Ke ™" — &(—d)So

13



where Sy is the current value of the option and ® is the error function. The

variables d, and d_ are defined as:

American Options

The essential difference that affects the valuation techniques between American
and European options is that American options allow early-exercise whereas Eu-
ropean options do not. This means that there does not exist a future point in
time (i.e. maturity) in which the value of the option is known explicitly. Math-
ematically speaking, the boundary condition has been transformed from a fixed
boundary condition to a free boundary condition. This flexibilty significantly
complicates evaluation methods for American options [54]. Hence, an analytic
expression for the value of American call or put option cannot be derived un-
der the assumptions of the Black-Scholes model (except in the special case of an
American call with no dividends). Analytic solutions involving infinite series ex-
pansions have been found [18], however numerical techniques must be employed
to approximate the expressions. The binomial model, first outlined by Cox, Ross
and Rubenstein in [12] is one of the most well known pricing strategies. The
idea is to discretize time into small periods and construct a binomial tree that
bifurcates the tree at each time-step. With each bifurcation, the authors assume
the asset price either increases or decreases by a multiplicative factor each with
an associated probability. The value of the option at present is then calculated
by evaluating the price of the option at the final layer of nodes and then recur-
sively calculate the value of the options at previous time-steps given the current
values. The binomial model can also be used to calculate both the value of Eu-
ropean and American options, however it is considerably more computationally
expensive than the analytic expression of the Black-Scholes model for the case of

European options.
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1.2.2 Multi-asset options

Options which are contingent upon two or more risky underlying assets are called
multi-asset options. The dynamics of multi-asset options are governed by a multi-
dimensional variant of the Black-Scholes equation. Similar to the case of single-
asset options, different types of multi-asset options are distinguished by their

payoff functions [29]. The multi-dimensional variant of the Black Scholes is given

by:
d

Zpl]ala] jasas Z —TV_O (11)

i,j=1 i=1
where the variables d refers to the number of underlying assets comprising the
option, S; is the value of the i’ underlying asset comprising the option, p;; is
the correlation between the underlying assets S; and S;, o0; is the volatility of the
asset S;, r is the risk-free interest rate and V is the value of the option. The
quantities (¢);; = pi;0;0; form the entries of the covariance matrix that jointly
governs the evolution of the prices of all of the underlying assets that govern
the prices. It can be shown [29] that for non-dividend paying options that the

solution to (1.1) subject to some terminal pay-off condition:
V(T, Sy, Sz, ..., Sq4) = P(S1, 52, ..., Sq)

has the following analytic solution for the price of the option Vj:

P(n1,m2; 1) ar(e)~'a
Vo = / / exp (—— dny...dn
" ()t \det i . m oT 1l
(1.2)

where the components of @ are defined as:

@, (5) 4 (- D)7

As highlighted in [29], this integral in equation (1.2) is notoriously difficult to
evaluate numerically with singularities in the integrand at the boundary of the
integration region I = [0, 00)¢. However, for special types of multi-asset options,
closed form solutions exist, for example Worst-of and Best-of options [30]. An-

other such example is an European exchange option involving two assets where
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the payoff function is defined as:

V(T, Sl, Sg) = Imax (51 (T) — SQ(T), 0)

The price of the option in this instance is a modified Black-Scholes model however

with a new volatility parameter 6 = /07 + 032 — 2po0, and risk-free interest
parameter set to zero. Under the assumption of non-dividend paying options, the

present value of the option can be expressed as:
VExchange = Sl (O>¢)(d1) - SQ(O)(I)(dQ)

where d; and ds are defined as:

dl = 2 d2 = d1 - O'ﬁ (13)

Apart from these specific multi-asset option types, we have to resort to numerical
methods for the evaluation of the remaining options within this family. These
numerical techniques include but are not limited to the finite difference method,
Monte Carlo methods [3], higher dimensional equivalents of the binomial method
(multinomial tree methods)[46] to name but a few. Our focus is the application
of the finite difference method to multi-asset options with fixed terminal payoff

conditions.
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Chapter 2

Introduction to Stochastic

Calculus

In this chapter, we outline a mathematical framework to describe how the prices
of assets evolve as well as interpreting concepts such as ‘market efficiency’ as a
useful mathematical statement that we can utilize to price options. To charac-
terize the dynamics of underlying asset prices, the field of stochastic calculus is
required. We first review measure theory, the basis of stochastic calculus, before
illustrating how the dynamics of underlying asset prices and their associated prob-
ability distributions can be captured cogently through the language of stochastic
calculus. To conclude we show how the closed-form expression for the price of
a European call or put option (originally derived by Black and Scholes as previ-
ously stated) can be derived from stochastic integration using the Feynman-Kac

formula.

2.1 Motivation

The Black-Scholes partial differential equation is derived from a number of rea-
sonable assumptions about market efficiency and the dynamics of the price of the
underlying asset [6]. Once these assumptions have been made, the Black-Scholes
equation can be derived in multiple ways. One approach assumes a so-called delta
hedging strategy that a rational actor would follow [25]. In this strategy, the actor
would hold simultaneously, in a portfolio, an option based on a given underlying

asset and a certain amount of the underlying asset. By configuring this portfo-

17



lio appropriately, the actor can effectively eliminate any risk associated with the
portfolio, implying the value of the portfolio should accrue interest in the same
manner as a near risk-less financial instrument. The second method to derive the
solution to the Black-Scholes equation is the Feynman-Kac formula, which pro-
vides a link between stochastic processes and partial differential equations. The
assumption about the evolution of the price of the underlying assets, namely an
Ito drift process, will naturally lead to the solution of the Black-Scholes equation

through the Feynman-Kac formula.

We proceed with some preliminaries with measure-theoretic approach to prob-
ability so that we can motivate what a stochastic process is and its relevant
mathematical properties. We will provide a heuristic derivation of Ito’s lemma
for stochastic differential equations which will lead to the derivation of the Black-
Scholes equation. A final substitution of the stochastic process governing asset
price evolution into Feynman-Kac formula will yield the deterministic Black-

Scholes equation for European single-asset options.

2.2 Measure-theoretic probability

Probability has its basis in measure theory. Randomness in probability theory is
represented by a tuple of three objects (€2, F,P) which is called a probability space.
Q) refers to the ‘sample space’ which represents all possible outcomes of some given
process of interest. F refers to the ‘event space’ which broadly encapsulates all
possible combinations of outcomes that could be seen. More rigorously, F is the
Borel g-algebra of €2. The Borel g-algebra of €2 is defined as the class of subsets
of 2 that contains 2 and is closed under complementation and countable union

of sets [2]:

AecF = A°e F

A €F VieN = |JAeF

i=1

In the case that the sample space is discrete and finite, the event space reduces
to being the power set of the sample space (F = P(Q2)). Finally, P: F — [0, 1]

is a function or measure that assigns a probability to each of the possible events

18



in F. The only requirements on P are:

P(Q) =1
P(AUB)=P(A)+P(B) VA,B,eF, ANnB=10

These requirements reflect the usual intuition that at least one outcome will be
observed from the process and that the probability of mutually exclusive events is
the sum of the probabilities of each event. Consider a probability space (2, F,P)
and a separate measurable space (E,E) which consists of some space E and a
o-algebra & constructed on E (The only difference from a probability space being
that we have not required the existence of a measure for £). A random variable
X : Q0 — FE on this probability space is a measurable function from the sample

space () to the space F. A measurable function is defined by:
X is measurable <= if Ac & = X '(A) e F

Or phrased differently, the preimage of any set within the o-algebra of E (&)
under a measurable function is an element of the o-algebra of {2 (F). A random
variable assigns to each sample w in the sample space €2, an element of F and
assigns to each event from the event space F, an element of £ (£ being the
corresponding ¢ algebra of E). The probability that X takes on a particular

value for a measurable set B from the o-algebra £ is given as:
P(X € B) =P({w € Q| X(w) € B})

X is called a measurable function as we have managed to construct a measure
on F by determining the preimage of the measurable sets in £ in F and using
the respective measure P on F for these sets. The expected value of a random

variable E(X) is given by the formula:

E(X) = / _X()P)

To give an example of a random variable, consider the probability space (2, F,P)

corresponding to the roll of a fair die. Let Z be a random variable such that it
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returns 1 for an even result of the die and 0 otherwise:

Z (:[1,2,3,4,5,6},?({1,2,3,4,5,6})) — (&/1-};,:[{0}, {1}, {0, 1},@};)

" —~

Q F E &

1 if we{2,4,6)
w —

0 otherwise

where () denotes the empty set. The sample {1} is mapped to {0} and event
{2,3} is mapped to {0,1}. The probability of the event B = {1} is given by:

P(Z € {1}) « P(w e {2,4,6}) = %

which matches the intuition that there is 50 % chance of rolling an even number
on a fair die. One question that may be asked is why the sophisticated machinery
of Borel-o algebras and existence of measures are needed. In the discrete case,
these tools are somewhat redundant. However in the continuous case, for example
a real-valued random variable X, it is meaningless to consider every set within the
power set of R and to assign a probability to each ‘event’. The Borel o-algebra

of R restricts us to consider only meaningful sets in this instance (i.e. intervals).

2.2.1 Stochastic Processes and Martingales

A stochastic process S is a collection of random variables defined on some proba-
bility space which are indexed by some parameter ¢ from aset T ({X;(w) : t € T'}).
Often as stochastic processes refer to quantities that vary with time, 7" is chosen

such that T'= [0, 00). Explicitly, a stochastic process is map given by [32]:
S ([0,00) x Q,B(]0,00)) ® F) = (E, &)

(t,w) = X (w) € FE

Similarly, events from B([0,00)) ® F are mapped to events in €

A — B
—~—~— —~—
€B([0,00))RF e€

20



Fixing some w € 2, the map from ¢t — X;(w) is defined as realisation or an
instantiation of the stochastic process. A filtration {F;};>¢ is family of Borel-o

algebras such that:
El thz Q]: \V/tl,tze [0,00),tl < 1y

The increasing nature of each of the Borel-o algebras within the family represents
the increasing amount of information we have with regards to what has happened
thus far in the course of the ‘realisation’. A process is adapted to a filtration

{Fi}ier if each random variable {X;} in the process is F;-measurable.

ifAcE = X, '(A)cF

The final object to be defined is a martingale, which is an adapted process X for

some filtration {F;}ier for which the following two conditions hold.

E(Xy,|Fy) = Xe,  E(|Xy|) <oo Vit € [0,00)t <ty

Broadly speaking, the first condition states that the best estimate for the expected
value for the process at t5 given all the information up t; is just what the process
was valued at ¢1, namely X;,. The second condition states that the absolute value

of any of the constituent random processes does not blow up to infinity.

Wiener process

One of the most ubiquitous stochastic processes that occur in nature is the Wiener
process (also known as Brownian motion). A Wiener process W; is a continuous,

adapted process that has the following three distinct properties:

1 Wy =0 almost surely
(almost surely (a.s.) implies P({X;(w) : t € T; Xo(w) # 0}) = 0)
(Phrased differently, the probability measure of the event of all trajectories

that don’t start at zero is itself zero)

2 Wipoa =W, fora>0

is independent of the previous evolution of the process {Wy };t' < t.
3 Wisa — W, ~ N(0, )

21



where N (p, o) refers to the normal distribution of mean p and variance o. A
Wiener process can also be thought of as a limiting process of a collection of
independent and identically distributed random variables (i.i.d) via Donsker’s

theorem [14]:

W)= 2= 3 G

1<k<|nt|

G ~N(0,1) Vi

As a Wiener process is a martingale (namely the property that the expected value
of the process is just the current value of the process), and given the fact that
Wy = 0, we can deduce:

E(W,) = 0

The variance of a Wiener process can be calculated through:

W0+t_ WO NN(Oat)
N~~~

0 a.s.
Wt ~ N(O,t) — Var(Wt) =1

The final step before we can derive Ito’s lemma are the multiplication rules or

Box calculus associated with the Wiener process:
dWdt =0 dW?=dt dt*=0

The above rules can be derived from the expressions for the expectation and
variance of a Wiener process. A derivation of these rules can be found within
appendix (A). We proceed how the application of the above product rules can
lead to a heuristic derivation of Ito’s lemma for a single process and hence for a

single asset.

2.2.2 TIto’s lemma - Single Process

We now proceed with Ito’s lemma [27]. Ito’s lemma relates the differential of
some function df to the underlying stochastic process X; that it is a function of
(i.e. f(Xy)). To proceed, we first introduce the concept of an Ito drift process.
An Ito drift process X; is a stochastic process whose expected value experiences a

deterministic constant drift in time. It satisfies the following stochastic differential
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equation (SDE):
dX; = pdt + odW,

This process is also known as arithmetic Brownian motion. However, Ito’s lemma

holds for more general processes such as:
dX; = a(t, X)dt + b(t, X )dW,;

where the coefficients a(t, X),b(t, X) are deterministic functions of the current
time and value of the process. We shall derive Ito’s lemma for this more general
form of SDE. For the case of a single process X, consider a function f(¢, X) that
is differentiable once with respect to ¢t and twice differentiable with respect to X.
Ito’s lemma addresses how a SDE can be derived for f given the SDE for X,. If
we consider a Taylor expansion of f(t, X):

10%f

| 92f
o\ 55

20X2

0°f
8Xt8

of
(dt)® + a—Xt(dXt)

of (dX,)? +

df = 2 _(ax,dt) (2.1)

Returning to the SDE for the process, applying the boz calculus rules yields:

dX? = (a(t,X)dt + b(t, X)dW;)* (2.2)
— a(t, X)*(dt)* + 2a(t, X)b(t, X) (dWdt) +b(t, X)* (dW,)?
— a(t, X)*dt* + b(t, X)dt
Similarly for the term dX,dt, we can see that:
dX;dt = (a(t,X)dt+ b(t, X)dW;)dt (2.3)

— a(t, X)(dt)* + b(t, X) (dW,dt)
N——

— a(t, X)dt?

Substituting (2.2) and (2.3) into (2.1) yields:

0 102 0
if = f( an) + 5 at{(dt) a)i( (t, X)dt + b(t, X)dW,)
1 0%f 0% f
+ §W< a(t, X)*dt* + b(t, X)2dt) + §8Xt8t(a(t’ X)dt?)

23



Recombining like terms yields:

df = (af ot ) 2L 4 bt, X)° 82f) dt + <b(t,X)§—;;) dw,

ot ax, T 2 ox?
10%f  a(t,X)* 0*f a(t,X)* O°f 9
* (5 o2 T 2 oxz ' 2 8Xtat> dat

Considering only first order terms in dW; and dt yields Ito’s lemma:

2 92
if = (‘2{ alt, X)aa)]; UG QX) gXJ;)dH (b(t X)S)Q dwv;

In order to discuss stochastic differential equations, we will need the ability to
integrate a certain stochastic process X; over another stochastic process, (specif-

ically a square-integrable martingale W;). The Ito integral will be represented

/XdW

Following the notation of [17], if X can be represented as a simple process (which

as:

implies the process only changes at discrete points, not continuously):

Xi(w) = &lo(w) + Zfz (tatipa] (E

and W is some square-integrable martingale, then the Ito integral can be defined

as:

t
/ XdW = lim Z& Wain(tti01) = Wanin(e.t,)) (24)
0

max; |ti+1—ti|—)0

The exact mathematical details of this integral and technical subtleties regarding
X and W are outside the scope of this thesis. However, the one result we will

use is that Ito integral of a simple process is a martingale [32].

/tt,XdW‘ ] /de (2.5)

As the space of simple processes is dense in the space of all measurable, F-

E

adapted processes [32], equation (2.5) holds also for this class of processes.
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Probability distribution of the underlying asset prices

One of the first applications of Ito’s lemma is determining the probability distri-
bution of possible prices for each of the underlying assets S; at a time ¢. One can
express the current value of an option as a conditional expectation of the proba-
bility distribution for future movements in the asset price weighted by the value
of the option under said movement as indicated by [35]. As we will show later,
determining the value of the option via this method is far more amenable from
the perspective of a quantum algorithm and therefore we will have to be able to
produce a quantum state that is proportional to said probability distribution as
subroutine during the quantum algorithm. Focusing on the case of a single-asset

Sy, its evolution is given by the following SDE:

a(t,St) b(t,St)

This type of stochastic process is known as geometric Brownian motion. In the
above SDE (2.6), W is the standard Wiener process as previously encountered.
There are a number of justifications [24] for why geometric Brownian motion
models the price of commodities, mainly that historical prices for stocks and
other assets tend to follow the type of trajectories one would expect with geo-
metric Brownian Motion. Additionally, geometric Brownian motion is necessarily
positive-valued which obviously reflects the prices of underlying assets in an op-
tion, whereas for an arbitrary process this is not necessarily true. Our aim now is
to determine S; given its differential dS; in (2.6). The presence of S; on the right
hand side of (2.6) prevents us from directly integrating both sides of the equa-
tion to find Sy; it is not an Ito drift process (which we could directly integrate).
However, by considering the process f(S;) for a carefully chosen function f, the
corresponding differential df (S;) will be equal to an Ito drift process which we
can directly integrate. Once integrated, we can transform to the previous process
through application of f~!. For geometric Brownian motion, the function that

achieves this transformation is the natural logarithm.
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We can determine what the differential of d1n(S;) with Ito’s lemma(i.e. f =
In(9)) to get:

. aln(St) 0 ln(St) (USt)2 62 ln(St)
C”“(St)_( T R S T R

+ (astalgéf”) dwW, (2.7)

dn(S,) — (ust <Sit) LTS ( 512)) dt + <o—5t (Sit)) dwv;

2
g
dIn St ( —?) dt+0th

Integrating yields:

/dln(St) _ (u - ";) /dt + J/th (2.8)

In(S,) = (u - %2> t+ oW, (2.9)

Transforming back to the initial process through f~1(z) = exp(z)

2
:>St:SOeXp<(u—%>t+aWt>

Where Sy is the value of the process at ¢ = 0 and is a constant of integration.
Returning to the Wiener process, the third property that defines said process
states that the increments are normally distributed. This coupled with the facts
that E(W;) = 0 and Var(W,;) = ¢ implies the probability density function for a

Wiener process at a time ¢ is given by:

Wt ~ N(O, t)
1 x?
P(W; € (z,z +dx)) = \/2_7rte p ( 2t) dx

We now derive the probability distribution for geometric Brownian motion. If

we return to the equation (2.9), the moments of the distribution of In(S;) can be
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determined as:

E(In(S,)) = E (1n(50> + (M - %2) t+ awt)

= E(In(S)) +E ((u - ";) t) +E (oW))

2

= In(Sp) + (u— %)t+a%—> In(Sy) + <u— %2>t

Where the linearity of the expectation is used in (2.10). For the case of the

variance, it can be calculated as:

Var(ln(S,)) = Var (m(so) + (u - ";) t+ cht)

= Var(oW;) = o Var(W;) — ot
=t

Here we have used the translation invariance and scaling property of the variance.

It can be deduced now that:

In(S;) ~ N (ln(So) + (u — %2) t, 02t> (2.10)

This is the defining property of a lognormal distribution for S;. It can be shown

that the probability density function of this distribution is given by:

2
S; ~ Lognormal (ln(So) + (u - %) t, 0275)

(10(8) ~ (n— £)t — (o))

1 -
N ———exp| — 5 )
So\/ 2wt 202t

(S, € (3,5 +69))

5 2y )2
I (m() ~(-50)\
~N =———exp | — 0S
So/2nt 20%t

P(S; € (3,5 +69))

2.2.3 Ito’s lemma - Multiple Processes

As we have now motivated the analytic solution and probability density func-
tion for the case of single quantity undergoing geometric Brownian motion, we
now turn our efforts to the multi-asset case. Consider a collection of quantities

{S1(t), Sa(t), ..., Sa(t)} each of them undergoing corresponding Brownian motions
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(WL (t), Wa(t), ..., Wa(t)}.

We can see from formula (2.10) that the probability distribution for each asset is
given by:

0'.2 O"2
In(S;) ~ N ((r — ?Z) ,aft) < In(S;) = (7” — 7’) t+ o tW,

We are now interested the joint distribution for all of these assets together. In the
case of each the assets being pairwise independent, the joint probability distribu-
tion is simply the product of each of the respective probability density functions
for each asset. However, the quantities {S;};c; may exhibit correlations between
how they jointly evolve. These possible pairwise correlations can be captured by

a correlation matrix:

Corr(W,, W) = py

However, due to non-independence of the Brownian motions {Wy, Ws, ..., Wy}, we
must effectively change to a new set of independent Brownian motions {71, Zs, ..., Z3}.
This will permit us to describe the joint probability distribution of the assets.
We provide in the appendix (A.1), a derivation of this joint probability dis-

tribution. Regardless, if we define the following vector of random variables

—

In(S) := (In(S1),In(Ss), ..., In(Sy)) it can be shown that:
In(S) ~ N (4, £)

where the corresponding joint probability f(X) distribution is given by:

X) = ! ex —li—qT MR-
) = s (5 - S ) )
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where the quantities p, 3 are given by:

0.2
(T’ — 71> t to‘% tp120102 ... tp14010q
2
. U_z) ¢ tpioioy  to} :
i < ‘2 > 912'1 2 2 (2.12)
o3 2
(7" — 7) t 10140104 . tog

Or equivalently again:

exp (—3(X — f)"S 7 (X — fi))

/)T det(D)

In a similar fashion to determining the probability of density function for the asset

(Hzlzlé‘lﬂz)

P(hﬁg)élﬁiﬂx%x“+5x0>;%

S; from equation (2.10), the joint distribution of the underlying assets, namely S

will follow a multivariate lognormal distribution:

S ~ Lognormal( i, X)

1 oxp (5 n%) ~ @S ) - 7)) (219

(I, ;) /(27)? det(X)

fx) =

Or equivalently again:

5 _exp (—3(In(xX) — @)"'S " (In(X) — f) -, o
P <S e I, (x;, x; + 5:@)) ~ (I 2) /@) det(®) (11, 6;)

(2.14)
The above probability density function will be a crucial component in estimating
the present value of a multi-asset option. Broadly speaking, the quantum algo-
rithm for linear systems for equations (HHL) will output a quantum state whose
amplitudes are proportional to the value of option at every possible configuration
of prices for the underlying assets at present. From a pricing perspective, we only
care about the amplitude which corresponds to the actual prices of the underlying
assets at present. Trying to estimate the value of this single component from the
output of the quantum linear systems algorithm will take exponentially many
runs of the circuit. The insight of the authors from [35] was that the price of
the option at present is globally distributed if we consider possible prices for the
option at some future time and then re-express the current value of the option

as a conditional expectation over future prices. Here ‘globally distributed’ means
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that every amplitude of the quantum state collectively encodes some information
about the current value of the option. Hence, as we shall discuss later on in
Chapter 5, if a quantum state whose amplitudes are proportional to the distri-
bution above can be produced, the present value of the option can be estimated

far more expediently.

2.2.4 Black-Scholes Equation

Consider the following portfolio consisting of long position on one multi-asset
option V' (¢, Sy, Sa, ..., Sq) for which we want to price and a short position of vary-
ing amounts (A;)of the underlying assets, upon which the value of the option is

dependent on:

d
M=-V+> AS (2.15)

=1

Consider the change in the value of the portfolio over a small time period:

d
dIl = —dV + Y AdS, (2.16)

=1
To evaluate the change dlI, we first need to evaluate dV. We proceed in a similar
manner to how [to’s lemma was derived for the univariate case. Consider a Taylor

expansion of V (¢, .51, 55, ..., 5,) yields:

d

dV — aa_‘t/(dt) + Z <§;) (dS;) + % Z <%) (dS;dSy) + ... (2.17)

i=1 k=1

In order to proceed, the expressions dS; and dS;dSy need to be decomposed in
terms of the differentials dt and dW; in the same manner as the univariate case.

Hence, we now utilise the box calculus rules for the multi-asset case:

AW;dW), = pjedt Vi k:  dWidt =0 Vi (2.18)

Where pj;, are the components of the covariance matrix p as alluded to in the
previous section. As well as the stochastic differential equation governing each
quantity S;:

dS; = rS;dt + 0;5;dW;
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Expanding d5;dS}, yields:

dS;dS),

=0 =0

=0
pjkO'jO'ijSkdt

(Tdet + O'ijde) (’I“S]dt + UJ'S]

AW;)

<r25j Sy, (dt)? +704.S; Sy (AWdt)
~—— ——

;3 Sk (AW;dt) +0,01.8, S (dW;dWi) )

=pjkdt

Returning to equation (2.17) and substituting the above expressions yields:

A% (dt) + ) (av

idt S dW;
2 65)(7"5 + 0;5;dW5)

d
1 0*V
+ 5]21 (85 8Sk> (pijijSjSkdt)
)T~ oV 02V

Returning to equation (2.16), and substituting the above expression for dV yields:

d

oV VY 1< 02V
dll = (at er (as) +§j;lpjkajaksjsk (—asjask» dt
—~ Zal ; ( ) AW, + ZA, (rSidt + 01.5,dW7)
) oV 1 02V
= - (E + ;T& ((85 ) Ai) + 5];1 PikT;0kS Sk <—8Sj88k)> dt

ov
0S;

d
=1

)

(2.19)

The insight of Black and Scholes in their landmark work [6] was that by holding

a suitably sized short position in the underlying asset upon which the option

derives its value, risk can be effectively eliminated. Mathematically speaking,

with regards to the last two lines of equation (2.19), by setting A; =

holding
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% sized short position in each asset S;), the only stochastic term dWV;



will vanish. The implication is that the holder of this portfolio assumes no risk.
Therefore, the portfolio should accrue interest like any other risk-less financial

instrument such as U.S. treasury bonds:
dIl = rIldt

Hence if we set A; = % and the left hand side of equation (2.19) equal to rIldt
yields:

d

5% oV oV
(5 ((5) - (29)

e ((5) - (25

)~ 02V
= rlldt = — (E + 5 Z pjkajaijSk (asjask)> dt

7,k=1

Finally, recalling the defintion of Il = -V + Zle (gg) S, we can finally arrive

at the multi-asset Black-Scholes equation:

d d
5% ov 1 o*V
V4 1213 rS; (ﬁ) == ( £ QJZ Pii kS5 (m))

j k=1

v o1 02V oV
= o + EJ;ijkUjUijSk <m> + ZTSz' (8&) —rV =0 (2.20)

=1

2.2.5 Feynman-Kac - European Option

Consider the Black-Scholes equation in one dimension:

VOV 1,V

subject to the payoff condition at maturity ¢t = T

V(T,S) = max(K — S,0)
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As the underlying value S is subject to the process dS = rSdt + o SdW;, we can
apply the Feynmac-Kac formula [31]. The theorem can be stated [9] as:
Let F(t,x),u(t,x),o(t,z) : [0,7] x R — R and h(z) : R — R. Consider the

following PDE with terminal condition:

Ge(t.2) + ult, )8 (4 a) + TFOEE (L) =0 0<t<T (2.22)

F(T,x) = h(x)

If x is governed by stochastic differential equation d.X; = u(t, X;) Xdt+o(t, X)W,

then the solution for any 0 < ¢ < T can be expressed as:
F(t,x) = E[MX;|F)] = E[h(X7)|X; = 7])

Taking F:= e "V maps (2.21) to (2.22). We now show a heuristic derivation of
the Feynman-Kac formula as applied specifically to the Black-Scholes equation.
Consider the following process wherein we introduce an auxiliary time parameter

A. By convention, we assume that present time ¢ is zero:

V(A =e V(NS

We now calculate the variation of the process dV ()

dV(\) = d(e"™V (), Sy) + e ™dV (), Sy)

dV () = (—re ™ dAN)V (A, Sy) + e dV (), Sy) (2.23)

Applying Ito’s lemma to the function V' yields:

OV OV 1, PV oV
AV (A, Sy) = (8t +r8oc+50°8 852)d)\+ (asws)dwA

As by assumption V satisfies (2.21), the first term and hence the overall variation

can be written as:

dV()\, S)\) =rVdX + O'SAZ—ZCZW)\
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Substituting into (2.23) yields:

~ Vv oV
dV(\) = —re "AVdN + e (rVd)\ + aS,\g—SdWA) = ae_r’\SA%dW,\ (2.24)
Integrating (2.24):
. - t2 1%
V(tQ, StQ) — V(tl, Stl) = / UQ_TAS/\—dW)\
4 oS

Taking expectations conditioned on the assumption the initial price of the under-

lying asset is S:

E [V(tQ, Si)|Si = S] _E [V(tl, S|S0 = S}

2 ov
=F A ~—d
|:/ltl oe S,\as W)\

Sy, = 5*} (2.25)

If we define a secondary process H(\):

A
H(\) ::/ ae_r’\S,\g—ZdWA
t1

Equation (2.25) can be expressed as:
E |V (t2, S)| S = S| = E [V (1, 80)| S = 5| = E | A (2:)[ S, = 9]

As H()) is a martingale (it is the Ito integral of the process oe™"*S \26dW,) and
recalling (2.5), we get:

E [ﬁ(tg)‘Stl - 5} — H(t) =0
Finally, we see that:

E [V(tl, Si,)

Su = 5| =E |[V(t2, Su)

S, = S}

e R [V(tg, S,)

S, = 5} = e MR [V(ty, S,,)|S) = §]

— (=t (maX(K — Stz)’Stl = 5’) = V(t1, 5’)
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Hence we have shown that the value of the option at the current time ¢; and
price S is simply the discounted expectation value of the payoff function given
the initial price S. To simplify the calculation of this expectation value, we will

assume t; = 0 and T = ty:
Price of option = V(0,59) = ¢ "7 E(max(K — S7)|S; = S)

To calculate the price of this option, we can re-express the conditional expectation

as:

E(max(K — S7)|Sy = ) = /000 max(K — S)P(Sy = S|Sy = S)dS

(mwywr—§ﬂ14m&»2
exp | — 50T dsS (2.26)

A(K_ﬁ&J%T

B o 27TTeXp B 202T S

/OK i (10(8) ~ (r = )T~ In(s)) (55)

— 2.2
Yo exp 52T ds (2.27)

i /K X (10($) ~ (r — )T~ Insp))”

Using the variable change Y = In(S), (dY = dS/S) transforms the integrals:

exp | — dY

) 2
mK) (Y —(r—%)T - ln(Sg)>
=K
/oo oV2rT 202T

) 2
- /m(K) 1 (Y —(r—%)T - ln(50)>
202T

ex — exp(Y)dY (2.28
.= L p(Y) (2.28)
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2

_ K/ln(K) 1 (Y —(r—%)T - ln(50)>2

ex - dY
o ON2WT P 202T
2
(k) 3y (Y - <7~ - %) T ln(50)> e
— ——€X — .
/oo o\ 27T P 202T ( )

The second variable change is Y =Y — (r — %)T —In(Sp), yielding:

2
n(K)—(r—%)T=n(So) 1 72\
=K — ay
/_oo /2T eXp( 2a2T>

In(K)—(r— % )T—In(So) 1 5 V2 2 R
— / exp (Y + (r — %)T + ln(S0)> ay

s o2 T © 202T
(2.30)

In(K/So)—(r— %2 )T 1 y2 B
=K — dy
/_oo oV2rT eXp( 202T

(K/So)~(r—5)T 3 v2 o2 R
— S Y — —— —— | T |dY (2.31
‘ /_oo oV 2nT P 20%T - (r 2 ) ( )

The third variable change is ¥ = %T yielding:

2
n(K/So)—(r—%) ~
K /1 K Sogﬁ 5 T 1 Y2 d}/}
= exp | ——
o V2T P

In(K/Sg)— O-Z})T

oVT 1 ~ },}2 O'2 ~
— TY — — —— | T |dY (2.32
SO/—oo mexp(o\/_ 2+(r 2) )d (2.32)

7ln(SO/K)+(r7§)T 1 }}2

oVT ~

- K ! exp | —— | av
oo Vo

ln(SO/K)qL(rf%)T

B oV T 1 .Y o2 -
— Y — — —— | T |dYy (2.
So /_Oo \/ﬂexp (a\/_ 5+ (r 5 ) ) (2.33)
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Additionally, to avoid clutter, we will define the upper limit in each integral in

the conventional manner as the variable:

In(52) + (r — )T

d_ =
oV T

To proceed in evaluating the above integrals, we need to be able to transform the
variables one last time such that both integrals are equal to the error functions
of two parameters. As the first integral is already centered at zero, we can focus

on completing the square in the exponential of the second integral as:

Y2 o? 1 /709 - 9
VTV - + (r-3 T:—§<Y —20VTY + (0 —27“)T>

%(( _g\/_) (OQ—QT)T—UQT)
= —%( —o—\/_> + 7T

Reinserting to equation (2.33) yields:

—d_
:K/
—d_
:K/

Recalling the definition of the error function:

R 2

1 y?2 . . —d- (Y — O'ﬁ) A
e —— | dY — Spe” e —— 7 | dY
V2T P 2 0 /_oo V2T P

1 Y? ) —d_—oT 1 }}2 )
exp | —— | dY — S, eTT/ exp | —— | dY
Tr p ( 5 ) 0 . ﬁ27r p 5

(2.34)

We can rewrite equation (2.34) now as:
E [max(K — S7)|So = S| = K&(—d_) — Soe" ®(—(d_ + oV/T))

= E [max(K — Sr)|Sy = 5] = K®(—d_) — Spe"" ®(—d,)

Recalling that the value of the option is the time discounted price of this expec-

tation, we arrive at the final analytic formula for the price of European-put style
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option:

Vpuw = e "TK®(—d_) — So®(—dy)

In (%) + (r — )T
d_=—K 2 dy =d_+oVT
oVT N

Changing the sign in the payoff function and redoing the above calculation or

alternatively using put call parity (Voay — Vew = So — e "1 K), one can also

determine the price of a European call option as:

Vew = SO(I)(CZ+) — G_TTK(I)(d_)

2.3 Discussion

In this chapter, we provided a brief introduction to measure-theoretic probabil-
ity and its application to option pricing. Although somewhat mathematically
intensive, we were able to heuristically derive the probability distribution for a
collection of assets and the associated partial differential equation that governs
their evolution. We also provided our own alternative formulation of the value
of an European call and put option with the Feynman-Kac formula. These two
results will prove to be vital when implementing the final quantum algorithm
that will evaluate the price of an option. We did not excessively focus on some
technical subtleties required for a mathematically rigorous treatment of stochas-
tic integration. We focused on deriving results that will be necessary to the next
chapter which relates to the numerical techniques used to solve partial differential

equations.
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Chapter 3

Numerical Methods for Partial

Differential Equations

In this chapter, we will examine numerical methods for solutions of partial dif-
ferential equations (PDEs). As the price of an European style multi asset option
is governed by the multi-dimensional Black-Scholes PDE along with some ap-
propriate initial and boundary conditions, a robust understanding of numerical
approaches to solving PDEs will be critical to evaluating options prices as well as
assisting when it comes to deployment of a quantum algorithm for finite difference
methods. We first illustrate a first principles approach with a review of finite dif-
ferences for the case of univariate and multivariate functions. We then make our
first initial connection to quantum computing by providing an explicit decompo-
sition of the difference matrices that arise in the finite difference method in terms
of a basis of Pauli operators and their superpositions, called here a pseudo-Pauli
basis. This is a critical mathematical framework for engineering useful quantum
circuits or unitaries within the field of quantum computation. We then proceed
with a derivation of how the Black-Scholes equation can be first transformed into
a linear differential equation and then further transformed into a matrix differ-
ential equation (f = A7 + I;) upon suitable spatial discretization through the
method of lines technique. Finally, we provide an alternative derivation from
[5] of the analytic solution to the previously derived matrix differential equation
with an additional relaxation about the assumption of time independence of the
vector 5, building on the initial work by [5]. To conclude the chapter, we show

how this analytic solution can be encoded as a matrix inversion problem with the
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newly relaxed assumption about the time independence of b.

3.1 Overview

Numerical techniques surrounding the finite difference method for solutions of
partial differential equations form a vast field of active research [48]. Techniques
vary from the finite difference method, finite element method and volume meth-
ods, spectral methods, multi-grid methods to name but a few. For comprehensive
discussion of these techniques can be found in [40] Specific terminology that re-
lates to partial differential equations such as explicit schemes, implicit schemes,
Euler’s method, Runge- Kutta will be further expanded upon if encountered in
the following discussion. In the Black-Scholes equation, partial derivatives up to
second order are taken with respect to the ‘spatial” variables, namely the price of
each of the underlying assets. Therefore for solving the discretized version of the
equation we need to be able to approximate these derivatives on the grid. Lets
restrict ourselves initially to one dimension for easier elucidation. Consider some
interval I C R. This interval can be discretized into N equidistant steps with the
leftmost and rightmost interval labelled by x and xy respectively and h = #¥=20.
Henceforth, we will refer to the subset of gridpoints from I as ;. The interior
of Q, (e Q/{zo,zn}) will be denoted as ;. One immediate issue from the
discretization is that derivatives cannot be evaluated on the boundaries. Hence,
approximations of derivatives can only be evaluated with respect to the interior
points of the grid, namely O ; For some function V' : I — R we can approximate

the derivative of V as the central first order difference on Q 7 as:

oV _ V(l’i+1) — V(Iifl)
Ox (z:) ~ 2h

Similarly, we can compute the central second order difference by evaluating the

derivative at two neighbouring points and quantifying the rate of change:

92V () ~ V(xiﬂ});V(Ii) _ V(xi)*}‘b/(ffi—l) _ V(zip1) — 2V (2) + V(ziy)
Ox2 " h h?

These formulae above can be re-expressed as such in matrix representation. For

the first order derivative this has representation as:
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) 1
5 0 -1 0
1
V’(IN_l) 0 ce -1 0 V(I’N_l)

Similarly, for the second order derivative, the representation is given as:

V" (1) 2 1 0 ... 0 V(z1)
V" (25) 1 -2 1 : V()
: = % 0 1 -2
1
V" (2n_1) 0o ... 1 —2) \V(en_)

The indexing from x; to zy_; reflects the fact that these difference matrices can

only be used to approximate the derivatives within the interior of the boundary.

3.1.1 Multi-dimensional derivative operators

We now consider a subset I; x I, C R%. Examining the Black-Scholes equation,
the spatial derivatives that need to be taken are of first and second order. Let’s
say for purpose of explanation, we want to examine the discretization matrix

associated with taking the following derivative:
V. 9 [V
81’13952 N 8:U1 (9.1'2

We examine how the composition of differential operators be realised in matrix

notation. To proceed, we need to enumerate the gridpoints that arise from the

discretization of this I; x I, where:

Qp, = [xo, 21, ..., TN]

QIQ - [yOJylv 7yN]
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More generally, for the d-dimensional case, we label axes by variables x1, s, ...24

so that the gridpoints along each axis are enumerated as:

Qr, = [(x1)o, (¥1)1, -+ (T1) V]

Qr, = [(z2)0, (T2)1, s (72) N]

Qr, = [(xa)o, (Ta)1, -y (Ta)N]

We assume in this example that the number of gridpoints in each direction is
equal to N to simplify the analysis however this is not required. We exclude the
boundary points from each interval in this enumeration (i.e. the set Q7 x Qp,).
The enumeration [ from each point can be expressed from the following formula

(for the 2D case)
((z2)j; (z1)e) = 1= (N=-1)(j—1) +k

(i.e. ((w2)4, (x1)3) will correspond to the third grid point along the z; axis and
fourth grid point along the z5 axis which in this notation would be enumerated

as : 3(NV — 1) + 3) For the d-dimensional case, the formula will generalise to :
((@d)ja> (Ta—1)jg_ys o (1)) = 1= N a1, -5 1)

d
N a1 1) =D (N = 1) (i — 1) + 1

m=1

The above indexing naturally leads taking the tensor product of both grids in
some sense, yielding a vector of length (N — 1)¢ . For the two dimensional case,

with N 4+ 1 = 4 gridpoints in each direction we see that the indexing will be:
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We can think of this new vector as corresponding to the tensor product:

((w2)1, (71)1)
(z2)1 (@)} [ ((22)1, (21)2)
(z2)2 ® (21)2 ((w2)2, (71)1)
((72)2, (71)2)

The significance of this is that we can think of taking partial derivatives as tensor
products of difference matrices composed together. Lets say again we have a
two dimensional subset with N gridpoints in each direction and some bivariate
function V' defined on it. We want to approximate the partial derivative with

respect to xy at the (pq, p1) location in the grid.

a_v ~ V((xQ)Pw (xl)m-&-l) — V((xZ)sz (Il)p1—1>
O | - h

902)172:(351)171)

Now if we apply the operator I ® D; we get the following:

V((x2)1, (21)1) V((x2)1, (21)1) 90,V ((22)1, (21)1)
D,
V((x2)1, (x1)N-1) V((z2)1, (x1)N-1) 0,V ((22)1, (1) N-1)
(I ®@D1) | V((x2)e, (x1)1) | = V((z2)2, (z1)1) = 00,V ((22)2, (21)1)
D,
V((z2)2, (x1)N-1) V((x2)2, (x1)N-1) 0,V ((22)2, (x1)N-1)

The second equality arises as:

V((22)1, (21)p-1) V{21, (oup) Vi(o2)1,(m1)p-2) B,V ((22)1, (21)p1)
_ V((z2)1,(1)pr1)—V((22)1,(T1)p— _
D V((le)l, (131)p) — ((z2)1,(21) +1)2h ((@2)1,(z1)p—1) | — 81:1‘/((132)1’ (%)p)
V((x2)1, (x1)p+1) V((m)l’(m)”é)}jv((m)l’(mp) Oz, V((22)1, (1) p41)

Similarly, applying the operator D; ® I will evaluate the partial derivative along

the x5 axis. For the N-dimensional case, applying the operator:

]®d—l ® D1 ® I®l—1
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amounts to taking the partial derivative along the x; axis. Replacing D; with
Dy corresponds to evaluating the second derivative along that same axis. Taking
mixed partial derivatives just amounts to composition of these matrices. Taking
the mixed partial derivative %;mk, assuming without loss of generality that k > j
yields:

(I®dfj ® Dy ® [®j71]) (I®d7k ® D, ® ]®k71])

Vv Vv
o, Oay,

= [#7D, @ I**7 @ Dy @ [¥4!

3.1.2 Connection to Pauli matrices

As a quantum algorithm will ultimately be used to invert and solve the yet to
be derived matrix formulation of the above problem, it is prudent to see if the
matrices above can be expressed in terms of the commonly used matrices in

quantum computing [36], namely the Pauli matrices:

We will now show that it is possible to express the matrices D, and D, as linear
combinations of tensor products of Pauli operators. The general form for the

above difference matrices are tridiagonal matrices, which can be expressed as:

b a O 0
c b a
A=10 ¢ b

a

0 c b

In order to show how inductively we can construct these tridiagonal matrices, we

first define two new matrices o, o_:
1 :
oy = 5(01 +i0y) =
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0 0

1
o_ = —(01 —i09) =
2 10

To proceed with the inductive argument, we define the N = 2! dimensional

tridiagonal matrix:

b a
c b

T'=bl+aoy +co_ =

Using this as our base case, we can use this to create our ‘next’ matrix:

=L +clo-®oy)+alor®o_)

b a 0 0 0000 b a 0 0

c b 00 0 0 a O c b a 0
- + =

0 0 b a 0 ¢c 00 0 ¢c b a

00 c¢c b 0 00O 00 ¢ b

The recursive relationship can be defined between the matrices T,, where a cor-

rection term can be added each time:

Toi1=1QT,+c(o- ®0%") +a(or @ ")

7

-
Correction

This recursive relationship gives arise to the analytic form for the 2™ x 2™ tridi-

agonal matrix T),:

~~
271
n—1

T, = bI®" + Z I @ (clo- @ 0%') + a(oy @ o)
1=0
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To prove this formula, assume inductively that it is true for n = k:

k—1
Ty, = bI®* + Z 191702 (e(o- ® o) + a(oy ® o)
1=0

We will now show that the sum satisfies the recursive relationship:
Tii1 =1 @ Ty + c(o- @ 0% + a(oy @ o)

Applying the recursive definition yields:

k-1
=1I® (b[®k + ZI@“’I’I ® (clo- @0 +a(oy ® a®l)>
1=0

+ clo- @ of") +a(oy ® ™) (3.1)

k-1
= pJ®k+1 + Z[®(k+1)f1fl ® (c(a, ® 05?171) + a(aJr ® 029171))
1=0

+c(o- ®@o$F) +alo, @ c®%) (3.2)

k-1
= pJ®k+1 + Z[®(k+1)f1fl ® (c(a, ® 05?171) + a(aJr ® U%)lfl))
=0

[, (o @ 0%) + a0y @ 0%F))  (3.3)

(.

-~

(k+1)thterm

(k+1)—1
pIPEHL | Z JOk+)-1-1 (c(o;@of%l)—l-a(O}@O'?l) = Ti (34)
1=0

We will return to the importance of this decomposition later when examining the

Hamiltonian simulation subroutine as part of the HHL algorithm.
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3.1.3 Dirichlet Boundary conditions in the one dimen-

sional case

Consider again the difference matrix associated with evaluating the second deriva-

tive.

V' (x1) -2 1 0 ... 0 V(1)
V" (x) I -2 1 : V(x2)
: = % 0 1 =2 :
1
V" (xn_1) 0o ... 1 —2) \V(zn_)

There is one subtlety that has not been addressed yet in this formulation. There
is an issue here as we have not discussed how the derivative is evaluated on the
interior gridpoints adjacent to the boundaries. Explicit computation of V" (z1)

and V" (xy_1) gives:

—2V($1) + V(Ilfg)
h2
V(ZL‘N_Q) — 2V(ZL‘N_1)
h2

V”(ZL‘l) _

V//<xN_1) —

We are missing information here namely V' (zo) and V (zx) to evaluate the deriva-
tives. However, if V(zy) = 0 and V(zy) = 0 the previous equations can be

reinterpreted as:

" 0—2V(w1) + V(x2) _ V(wo) — 2V (w1) + V(22)
Vv (:L‘l) = h2 = h2
V([L’N_Q) — QV((L'N_l) + O _ V(Z'N_Q) — QV({L'N_l) + V(ZL‘N)

h? h?

V”(IN_1> —

Hence, the difference matrix above can be reinterpreted as approximating the
derivative of a function V' (z) where the function is held at zero at the endpoints.

(This is analogous to Poisson’s equation with the boundary values set to zero).

The boundary values can be adjusted to some other value or function easily.
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If V(t,z9) = L(t), V(t,xny) = U(t), then substituting yields:

L(t) — 2V (t,x1) + V(t, x2)

V//(ta‘rl) = h2
V(t,xn_o) — 2V (t,xny_1) + U(t
V”(t,IN_l) _ ( N 2) e N 1) ( )

The previous matrix equation can be modified to reflect this change in boundary

conditions as:

VIt 2,) 21 0 ... 0 V(t,z) L(t)
V"(t, z2) 1 -2 1 : V(t, z2) 0
= % 0 1 -2 . : + % :

V' (t, 2n_1) 0o ... 1 —2) \V(t,zn) U(t)

However for the case of the difference matrix that corresponds to approximating
the first derivative, there is a sign change that must be accounted for. If V (¢, xy) =

L(t), V(t,zn) = U(t), this can be accounted for as:

V/(t, 1) 0 1 0 ...0\/[ Vi) —L(D)
V’(t,QCQ) —1 0 1 V(t,l’g) 0
1 . 1 :
= oh 0 -1 0 . + h
1 0
VI(t, n_1) 0 ... —1 0) \V{t,zn 1) Ut)

—L(t)+ V(t, x2) o —V(t,zo) + V(t, z2)

V/(t, ZL‘l) =

Vit o) — —V(fvng—;HU(t) @—V(t,x]v_«;)h V(o)
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3.1.4 Dirichlet boundary conditions in the multi-dimensional

case

If we consider a d-dimensional mesh €7, 7, where each interval I; has N + 1

gridpoints (I; = [(x)o, ()2, .., (xj)n]), the lower boundary conditions are:

V(ta (:Ed)jgn ) (xQ)j27 (‘Tl)U) = La, (t’ (wd)jd’ ) (:L‘2>j27 @\1)]‘1)

—

V(tv (xd)jw = (x2)07 (xl)h) = La, (t7 (Id)jcﬁ i (x2>j27 (Il)h)

—_—

V(t> (:Ed)Oa B (xQ)jzv (:El)j1) = Lwd(t’ (l'd)jd, e (xQ)jQ’ (xl)jl)

The upper boundary conditions are:

V(t, (2a)j0r - (€210 (@1)8-1) = Usy (8, (£a) 05 -+ (22)i5 (1),1)

—

V(t’ (md)jd’ 8 (:L‘Q)N—la (w1>j1) = Uy, (tv (xd)jw ) (xQ)jy (xl)j1>

—_

VIt (za)n=1, s (T2) 1, (1)) = Usy(ts (a) 5,5 - (22) 1o, (21))

The caret symbol here, ~ denotes that this argument is omitted from the function
domain. To declutter the following equations, we will condense the notation in a

similar fashion as [35] such that points within the mesh will be represented as:

(Ta)jgs (Ta1)javs - (T1)52) > (ay Ja—1 - J1)

Let us now consider how the boundary conditions can be imposed. For the d
dimensional case, if the first derivative is being taken with respect to the axis

(x4), we must correct the value of V (¢, jg, ja—1, .., J1) by:

— Ly, (t, jas Ja1, s Jas i j1)  at the point  (ja,ja—1, v . 1 ooyit)

athposition

U, (t, s ja1, s Jas -rj1)  ab the point  (jg, ja—1, . N —1 .., j1)

athposition
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For the case of taking the second derivative along the axis (x,), the expression
is:

Lo, (t, jds jd-1s s Jas o 1) at the point (g, ja1s-y 1 erji)

athposition
Uxa<t7jd7jd—17--;ja7~~7j1> at the pOiIlt (jdajd—lw'? N—1 7"7j1>
athposition
Finally for the case of mixed partial derivatives, if we are evaluating the second

derivative along the (x,), (z;) axes, the boundary conditions are:

—Lxmmb(t,jd,..,jb,..,j;,..,jl) at the point (jd,..,jb,.., 1 ,..,jl)

athposition

Ua:a,a:b(tajd7")jb7"7ja)")j1) at the pOint (jd7"7jb7"7 N -1 a"ajl)

athposition

_an,xb(tyjda"vjba"ajav"vjl) at the pOinJC (jda"a . 1 7’-7ja7--7j1>

bthposition
Usa oy (ts s s Jbs - Jas 1) at the point  (jg, .., N =1 oo sdi)
bthposition
The goal now is to define the vector for each differential operator that will im-
pose the corresponding boundary conditions. The index function N (jg, ..., j1) =
Zizl(N —1)""1(j,, — 1) + 1 can be used to translate from the overall index in
the (N —1)? dimensional vector to the location along each of the individual axes.

To impose the boundary condition for the first derivative along some axis (x.),

the vector By, (t) will be added whose [ component is:

o 1 . -~ .
Blou (0 = 55 D7 [ =0ttt Lol 11

jlaer:mjd th
Ji#Je ¢

_'_ 5Z7N(jd7'aN_17~’jl)ch(t7 jd? '7jt'7j1>
1)

Cth

where the values 1 and N — 1 are at the ¢* argument in the indexing function.

Similarly for the case of the second derivative along the same axis (z.), the vector
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é(a%c)(t) will be added whose I!* component is:

= 1 . -~ .
(B(3233c) (t))l = m Z |:5l7N(jd7-,17-7j1)L$c(t7.]da o Jt '7]1)
J1,J25-,Jd i

th
JiFje ¢

+ 511N(jd7')N_17~)j1)Uwc(t7jd7 '7jt'7j1)
T

Cth

Finally, for the case of the mixed partial derivatives along the axes (z,), (x;), the

vector B(pg, az,) may be expressed as:

5 1 . -~ .
(B(Bxa,axb) (t))l - 4_h2 Z |:_5l,./\/(jd,.,1,.,j1)an (ta Jds -3 Jas -+ jl)
J1,32,--:7d Ih
ji;éja a

Ji#b

= OUNGasoroogit) Ly (B Gy -3 s -+ Jd)
T

bth

+ 6l:N(jd»~7N*1,~7j1)Uxa (ta jd> "7ja7 ) ]1)
4

ath

+ 6Z,N(jd,.,N—1,.,j1)Uxb (t>jd7 "7jb7 ”7j1>
T

pth

We will now consider an elementary example of a PDE in two dimensions. Con-
sider the following mesh:

Qpxr, =1 X I
I = [(@1)o, (x1)1, -, (21)N]
Iy = [(@2)o, (®2)1, ., (22)N]
and the following PDE with respective boundary conditions:
o*V ov. oV

22 Tom o

V(t, (22)j,: (21)0) = La, (¢, (22)5,) V(L (#1)N, (22)5,) = Uz, (¢, (22)5,)
V(t7 (l’g)o, (Il)jl) =L, (tv (‘rl)h) V(t’ (xl)j1’ (xZ)N) = Uy, (t7 (xl)]i)
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The boundary conditions can be re-expressed in the condensed notation as:

V(t7j2a0) = L.Z‘l (t7j2) V(ta]27N) = Ux1(t7j2)
V<t707j1> - L$2(tvj1) V<t7N7j1) = UI2(tvj1)

The differential operator will be represented as the following sum of tensor prod-
ucts:

Dy®1I+1® D

and the governing equation on the interior Q I, xI, 1S given by:

v
(Dy®1+1® D) = —

4 )
(Dy® I +1® Dy) =

Considering just the right hand side of the previous expression and expanding it

yields:
V(t,(1,1)) V(t,(1,1))
(Dy@1) v, (1,2) + (I ® Dy) Vit (1,2)
V(t,(1,3)) V(t,(1,3))
02,V (¢, (1,1)) 95, V(t,(1,1))

= |2 v, (L, N=—1)) |+ | oV @ N -1)
02,V (t,(2,1)) 9,V (¢,(2,1))
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Adding the boundary conditions to the original matrix equation yields:

(:182,321) (37271'1)

~ =
02,V (t, (1,1)) La, (t,1) 2, V(K. (L1) —L,,(t,1)
07
v (LN —1) [ T LGN =D g v v -y | T UnltD)
2,V (t,(2,1)) 0 0,V (1, (2. 1)) — Ly, (1,2)
04 04/
B(owy) Bowy)

Combining the terms é(aml)(t), g(axl)(t) into some vector B(t) yields the final
form of the linear system of ODEs to be solved:
B(t) = é(@m) + g(axz) (3.5)

ov =
E:(D2®I+I®D1)V+B(t) (3.6)

3.2 Numerical methods for partial differential

equations

We will now examine how a partial differential equation can be expressed in the

form of (3.5) and (3.6).

3.2.1 Multi-dimensional Black-Scholes Equation

The single asset Black-Scholes equation, which governs the dynamics of option V

which derives its values from an asset S is given by:

vV 1, ,0°V AV B
E‘FQUSW—FTS%—TV—O

with final payoff condition at maturity 7" at a strike price K given by:

+1 call
—1 put

23



Assuming an European call option, the initial and boundary conditions are:

V(T,S) = max(S—K,0) VS
V(t,0) = 0 Vt
V(t,S) ~ S—Ke ™Y as S o0

Similarly, for an European put option, the initial boundary conditions are:

V(T,S) = max(K —S5,0) VS
V(t,0) = Ke"TD vt

V(t,S) =~ 0 as S— o0

The d-dimensional Black-Scholes equation which governs the value of multi asset

option V' contingent on assets 51, S5, ..., Sq can be expressed as:

meaza] ]8385 +Z S —rV—O

7,]—

with a payoff condition at maturity 7"
V(T, (51, Sz, ...,54)) = f(S1, 52, .., Sa)

The nature of f depends on the option type. For ‘worst of’ option types for

example, the payoff function for a call option is given by:
f(Sl, SQ, ceny Sd) = maX(K - min(Sl, Sg, ceny Sd), 0)

In either the single or multi-asset case, the evaluation of the option price amounts

to finding the present value of the option:

V(07 Snovv) Y(Oa (Sl)novw (SQ)HOVW ceey (Sd)nowz
N———
price of single-asset option price of mult‘i,—asset option

3.2.2 Reduction to linear partial differential equation

The ordinary /partial differential equation in its current form is nonlinear. As the

quantum algorithm is explicitly for solving linear systems of ordinary differential
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equations (ODEs), we have to linearize the equation by making the following

variable changes [53]:

Hence the derivatives with respect to x and S can be rewritten as:

o  dv; D o drd

9S; — dS; Oz; ot dtor

o_19 0__ 9

Substituting these definitions into the Black-Scholes equation yields:

v 1 10 (10V d 1oV

1]1

d d
1 0 1 0V oV
§i§j1 pijO'iO'ija—xi <§]8_27]> + ;1 T <85L'l) —rV =0

v 1 1 ®vV 9 d
_E—I—Ei; Pis 19553 (S O0x;0x; + Ox; ( ) Ox]) 03D
As Si = e
o (1 1

Substituting (3.8) into (3.7) yields:

1 1 0%V 10V
_—+ szjO'zO'] (S 81‘ a[L'j - z]S a ) Z axz _TV—O

zg*

ZIOUUZ ]835—@:17]__2'0” i Z o _TVZO

’L]—

0*V 1,
Z Piagio ]B:BZO:UJ +; (T_ Eai) Ox; V=

d
1 02V 1,\ oV
= 522 pijaiaj—axiaxj + ZZ:; (r - 50’1) 81}Z —rV
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The final substitution is given by creating a new variable WW such that:
W ="V (V=eTW)

As the term e features no dependence on spatial variable x;, W can be sub-

stituted in V for any of the spatial derivatives as:

ow _.ov
or ox

However for the temporal derivative, the derivative becomes:

v D

9 =9 (e”"TW) = e’”—W —re "W =e"T"— —1rV

Replacing into the above equation yields the final form of the Black-Scholes equa-

tion that we will use throughout the thesis:

—rT d —rT
i i=1

z]l

oW S 1,\ oW
©or T _Zp”“”aa e Z(r_é"?) oz,

3,j=1 =1

Hence, we arrive at the final linear partial differential equation:
Z 2w zd: ( 1 2) oW 39)
Pij 00 r— -0, | .
I B0 0 — 2 Ox

3.2.3 Method of lines

The reason for the change of variables in the above fashion is that the resulting
differential equation is linear. This means that if we discretize and express the
partial differential equation on a grid, the partial differential equation can be
converted into a system of ordinary differential equations of the form:

AW

2 AW
dr W

-

W= (W(z:), W(ws),..., W(zn))
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where A is some matrix and the indexing [ refers to all gridpoints that arise
from the discretization, that has been previously defined. If we consider the PDE
(3.9) in its above form, using the method of lines, it may be re-expressed as a
linear algebraic problem. First of all, we need to split up the partial derivatives

of second order in to mixed (cross derivatives) and unmixed:

ow
Z pljo-laja 81’] +lz—: (T - _O ) %

7/]7

1
d d
1 2 oPW 1 ,\ oW
52 Z 2= P70, ;(“5"2 oz,
7175]
Due to the symmetry of the partial derivatives, (%;xj = %), the second

summation can be reindexed to avoid double counting, picking up a factor of

two:

Using the finite difference scheme alluded to previously, this can be expressed in

the tensor product notation as:

b d
aw 1 .
=3 > oI @ Dy @ IPTYW
=1

d
+ 3 pyoio (1% Dy @ %771 @ Dy @ 19 Y)W

4,j=1
j>t

+
=
|

%) <[®dﬂ‘ ® D ® [®i71)W
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Using the following notation, the above equation can be condensed further. Col-

lecting all the boundary condition terms in to the vector B(t) yields:

A(axl) — [®d7i ® D1 ® I®i71 A(821i) — [®dfl ® l)2 ® ]®lfl
Aoz = I1%7'D1 @17 @ Dy @ 197!
=, d d
W 1N . .
- = ) ; o; A(a%i)W + ”ZZI PijUinA(ami,axj)W
5>

1 2 o? o
= |3 ;Ui Aoy + ”ZI Pij0i0; A(ox; 0x;) T ZZI (7“ — 7) Aeyy | W+ B(7)
i

At last, we have the matrix differential equation:

dW

2 _ AW+ B 3.10
o + B(7) (3.10)

3.3 Matrix formulation of problem

We now proceed with showing how (3.10) may be expressed and therefore solved

in a matrix formulation.

3.3.1 Analytic solution to matrix differential equation

The analytic solution for the case of constant B(r) = By in the above problem:

X = o =
dr

may be expressed as:

—

X(T)=eMXo+ (e — 1) A7'B,
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Currently, there exists a quantum algorithm that re-expresses the above solution
as the inverse of an auxilliary matrix [5]. However, the requirement for constant
By reflects the assumption that the boundary conditions only vary with asset
price. This may be realistic for barrier types within options however it would
be preferrable to have some possibility of time dependence within the boundary

conditions. Namely, we seek a quantum algorithm that can solve the problem:

Although there has been recent work examining solutions to this problem with
time-varying matrix A using Dyson series methods [4], we expand the original
authors approach in [5] for the case of constant matrix A and time-varying vector
B(r):
— — T —
X(T) = e "Xy + e (/ e_ASB(s)ds)
0

To simplify the analysis, consider a Taylor expansion of B (1):

2
B(1) ~ By+ 7B; + %Bg + O(7?)

Z;— (3.11)

Substituting (3.11) into the above equation for the solution above yields:

T l
X(T) = e Xy + e e MY t—Bl dt (3.12)
0 !
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The recursive relationship has the following exact form:

n k
I, = nlA~( D) <1 —e AT Z %) (3.13)
k=0 )

This can be seen as:

L, = A (nl,oy =T e ')

n ((n — 1AM (I — e—ATni (A;Z;)k>>
= nA™! ((n — )IA e AT (eAT — N (ftT)l>> — A7tre AT

=1
n—1 k
_ (n+1) —AT (AT) —1gm —AT
= nlA~( (I—e Z o )—A T"e
k=0
_ n'A (n+1) (I ATZ )

nn ,—A
LA~ (D) (AT—GT>
— AT n
_ (n+1) —AT € (AT)
= nld™ (I_e Zko k! T

n!
_ (n+1) — AT . (AT)k L
= plA( (I—e kZT =1,
=0

Returning to the solution to the matrix differential equation and substituting

(3.13) for the integral [;(T") yields:

S S 2. eAT ATk L
X(T)=e"Xo+ ) 67 (l'A (t+1) (I—e—AT§ ( k,) )) B
— ! !

00 1
R(T) = AT, + ZA_(m) AT _ Z (AT)*
B 0 k!

=0

oo o0 k
X(T) =X, + Z/Hl“) < Z (Ale) ) l
. !

=0

=1 k=l

oo o0

X(T) =X, +ZTl (Z

l

. AT e N g = (ADRY o
X(T)=e""Xo+) A ( <k!)>BH
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= X(1) _eATXO+Z < ;f;)>31

Incorporating the initial state X, into the summation, the exponential term can

be expressed as:

The solution can be written as:

" [ = (AT)*\ &
w0 -3 (S ) v

=0 k=0

Considering only the dependence of T', the above solution can also be represented

as:

=0 k=0
0 X Tl—l—k: .
- Y A
= o B!
oS T}\ . 00 T)‘ A .
— Z_' > AN :Zﬁ A (3.15)
A=0 kfl’l:)\ A=0 k=0

3.3.2 Representation of solution as matrix inversion

For the following section, assume that each of the components of the vector B (1),
are a polynomial of degree at most d. This is equivalent to the statement that V, =
0, VI>d+1 (This can also be thought of as truncating the Taylor expansion
of B(r)) if B(r) does not consist strictly of poly(t) components). Returning to
the solution (3.15) yields:

A=0 k=0

00 A A A N re
:Z(;!) (ZA Vk>
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If we define 7}y, = (Al—,t)l (2220 Al_k‘?k>, a recursive relationship can be defined:

B AN L =N W
Ti41 = (“) <ZAZ ka) +l—‘Vl—1

k=0

Ah (A1)
- ( ZA v) zV

_ A(At)f . (At)l y

l !

=

-1

To see how this recursive relation can be expressed in matrix form, we express

the first few terms of the sequence for a small period of evolution, T' = At:

X(At) = ( 0) + AL (171 + AVO) Cyk (172 +AVi + A2‘7o) +O((AL?)
o rY S ﬁ g

1 €2 xs3

Ty = AAtV, + AtV, = AALT, + AtV

AAt At? . AAt At? -
- (AAtVo n AtV1> V,= 22 20y
2 2 2
o AAt N Attt ‘7
L AAt
Tgy1 = d Tq
. AAL
Tpn = Tp-1
n—1

The recursive relationship previously defined emerges. Solving for each of these

vectors {Z;} can be achieved by encoding the recursive relationship above into
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the following linear system:

I 0 0 0 0 T Vo
—A(AY) T 0 : 7 (AW,
0 _AGY %, (202,

0 B :

0 . BEICUE ST I Rt
—# I Tgq1 0
0 .
0 ~Ad) A\ 7, 0

In the above and following matrices, we denote block matrices with boldface. The
terms in each of the series solution for X (At) are encoded in each of the {Z;}. In
order to find an approximation of the solution, we have to sum each of the terms

in the Taylor expansion, Z,4+1 = Y., Z;. This can be accomplished by adding

one extra row and column to the original matrix:

I 0 0o ... 0 0 7 Vo
—A(AY) T 0 : : 7 (ADV;
0 _ﬁ 1 3 (A;2‘72

0
5 d—1 =
0 —Ad(ff) I 0 Tq = % d—1
—A(dm) 1 Tay1 0
0
~ABD 1 ol | 7, ]
—I o =1 1) \#Z. 0

At this final step, the vector &, will be approximately equal to:

A
()
k=0

n—1 A 00
% (At)* A—kT} (An)
X(At) = N S AT &) N
k=0 A=0
for sufficiently small At (error ~ O((At)?)). However, we have only approximated
the evolution over one timestep, At. In order to approximate the evolution over

a larger time period, the matrix encoding procedure has to be redone and solved

again, with Vy = X (At) rather than the original Vy. To illustrate this further,
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consider the example of T' = 2At:

I 0 o0 0 0 7 X((At))
~AAt I 0 T (A,
0 A T Coa7
0
AA = _ | (avdty
0 _dflt I 0 Tyq - (d—)l)' d—1
—ASL ] Ty 0
0 .
—AM T 0] | 7, 0
—1 -1 1) \Z.s 0

Solving this linear system with modified ‘70 can be reimagined as solving a larger

auxilliary system where the previous matrix is effectively ‘concatenated’ with

itself again:

| T Vo
—AA¢ T (AN,
_ALt g 7, 0
—1 “1| 1 o | = 0
—AAt Tpio (At)V;
—%Alt I Ton—1 6
-1 ... .| Ton 0

(3.16)

After solving the linear system, 'y, will be equal to:

n—1 A
(2A1)* e
Y ZAA Vi

A=0 k=0

which again is approximately the analytic solution, X (2At), for sufficiently small

time step At:

(2A¢)A (z)‘: A)‘_k‘?k> ~ Z (2§‘t)>\ (Z)\: AA—k:f/'k) — X(QAI?)

(e.)
Al
0 k= A=0 k=0

i
L

>
Il



This process can be repeated until the desired time evolution has been achieved.
The result can be extracted from the final component of the vector, namely %,
where [ refers to how many timesteps At that we have evolved by. For classical
algorithms, we solve (5.20) and extract the relevant component. Quantum algo-
rithms, however are fundamentally probabilistic in nature and this fact must be
taken into account. The success probability of extracting the relevant component
can be increased by repeating the component in the overall solution vector. If we

consider the following matrix equation:

-1 1 v 0
-1 I W 0
—1I w, | =0 (3.17)
I
1) \w, 0

The solution to (3.17) encodes ¥ as :

—17—1—1171—0 :>?l71:?7
—w +wy =0 :>_’2:U_)’1:17
—Wp—1 +Wp, =0 = Wy, =uW,_1 =0
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Appending this above matrix structure into (5.20) yields:

I T ‘70
—AAL - 7 (ADV;
= | Zn 0

-1 -1 I Tt 0
—AAL - Toio (ADV;

_% I :an71 6

—1 -I| 1 Ton 0

. | i 0

11 i 0

(3.18)

Where we denote the block matrix of (3.18) as the A matrix.

3.4 Discussion

We presented the algorithm, originally described in [5], and developed it for the
case of time dependent B(7). The authors in [5] were able to bound the error

between the first two components of their analytic solution:

)Z'(T) _ eAT)_('O + A1 (eAT _ ]) Eo
first term secon?d,term

with their respective truncated series representation (for some integers mg and

¥(r) = (Z (A7) ) Kyt (Z %) By

k=0 k=0 (
.

my):

(.

Vv vV
first term second term

One could expand upon their complexity analysis by bounding the error between
subsequent analytic terms and their truncated series representation. Specifically,
it is possible to bound the error between the (I+ 1) term in the analytic expres-

sion (3.14) which was derived from (3.12):

-1 k
i ar (AT)"\ =
A (e — E 7l ) Vi

k=0
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with its corresponding series representation, truncated at order m;:

m Aka—l—l) ~
Y —— |V
(k:o (k+ )

We believe that the argument presented in [5] can be extended, however the cor-
responding analysis would amount to another thesis on its own right. We hope
to continue this work to bound the error between higher order analytic expres-
sions that appear in (3.14) and their respective truncated series representation in

future.
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Chapter 4

The Quantum Algorithm for

Linear Systems of Equations

From the previous chapter, we have reformulated the problem of multi-asset op-
tion pricing as matrix inversion. Arising from this it is noted, that the dimension
of the final matrix may be extremely large, at least growing exponentially in the
number of the assets comprising the option and at least polynomially in the spa-
tial discretization for each asset. We also note that a certain periodicity and large
degree of sparseness is present in the block matrix A. Needless to state, an efficient
method for solving large scale linear systems of equations is a crucial requirement
for the realisation of the currently outlined method for multi-asset option pricing.
The quantum algorithm for solutions to linear systems of equations as proposed
by Harrow, Hassidim and Lloyd [22] may aid in this computationally intensive
task of matrix inversion. We first outline this algorithm in the following pages
as well as addressing the issues of data loading and its classical pre-processing
required before deployment of the quantum algorithm. As systems of linear equa-
tions are ubiquitous in many disciplines, a quantum algorithm that can expedite
this computational task would be transformative. The promise of this algorithm
is its ability to return the solution to a linear system, encoded in the amplitudes
of a quantum state, in a time that scales at most logarithmically in the dimension
of the problem under certain assumptions. As the best classical algorithms scale
linearly with dimension, exponential outperformance of classical algorithms may

be possible with HHL.
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However, quantum computers face obstacles that classical computers do not and
the previous statement needs further qualification as noted in [1]. For example,
loading a quantum representation of an arbitrary normalised vector |b) for which
you want to solve the system r = A~1b will take at least as many operations as
the dimension of the problem. On the first step we have eliminated any hope
of exponential speedup, even polynomial speedup. Another issue arises once a
quantum state representation of the solution |z) has been returned. Estimating
each of the amplitudes will take at least as many steps in the size of the problem
or worse, extracting the value of one of the amplitudes reliably will take expo-
nentially many measurements. In this case, deployment of the HHL algorithm
for the task of matrix inversion would be much slower compared to solving with
a classical algorithm.

The consequence of these two points is that quantum algorithms, especially HHL
are not solving the exact classical problem. However, often in many computa-
tional tasks, matrix inversion is only a subroutine from which we only need to
sample global information about the solution. These related but not directly de-
pendent matrix inversion problems are where the HHL algorithm is believed to
achieve quantum advantage. In order to understand the existence and or nature
of quantum speedup, exact end-to-end complexity analysis from the nature of the
inputs to what information needs to be extracted has to be considered. For these
specific cases where optimality of quantum algorithms has been shown, quantum

computers will provide immense speedup.

Although the time complexity of HHL depends logarithmically on dimension,
linear dependence on other parameters such as sparsity and condition number,
characteristic of the linear system to be solved, feature in the overall complexity.
This implies that these parameters may have at most polylogarithmic scaling with
the dimensions of the problem if an overall exponential speed up is desired. The
difference matrices that arise from the Black Scholes and linear PDEs may offer

this desirable scaling between these characteristic parameters and dimension.
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4.1 Overview of algorithm

The HHL algorithm has four subroutines, quantum phase estimation (QPE), an-
cilla rotation (AR), postselection (PS) and inverse quantum phase estimation
(QPE"). The quantum phase estimation subroutine is an established algorithm,
whose most well known use is in Shor’s factoring algorithm [45]. We now proceed

with the description of the algorithm.

4.2 Description of algorithm

-

Consider the following linear systems of equations with A € CN*VN # b € CV
and A = AT:
Af=10

Consider the eigendecomposition of A in some eigenbasis {u}};—,. y—1 along

with the representations of 7 and b:

i

N-—
A= Natag; Z wjg; b= b

<
Il
o
|
<
Il
o

The solution # = A~1b may be expressed succinctly in this notation as:

81
||

>/|b

J

The quantum algorithm for systems of linear equations broadly emulates the
above process by expressing the solution in terms of the eigenbasis of A. There
are some caveats in this approach that need to be addressed. One of the many
constraints that arises when using quantum systems to solve problems is the
requirement of state normalisation, namely that all physical quantum states must
have unit norm. Therefore, in general, we can only initialize, manipulate and
extract quantum states that are proportional to classical data. In the case of

—

b, its corresponding quantum state representation will be:

N-1

|b>:\/27 a bj |u;)
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In some sense, the initial normalisation of b has been ‘forgotten’ by the quantum
algorithm. Often this normalisation is critical for extracting useful information
from the output at the end, we will address this issue in due course. A second
constraint that has to be considered with quantum algorithms is the physical
insignificance of global phase. Practically speaking, this implies for example that
classical data such as the vectors ¥ and (e¥)¥ will have the same exact quantum
state representation |v). For the case of real-valued data, this reduces to the
existence of a fundamental indeterminacy to whether the quantum state |v) cor-
responds to —¢ or ¥. Unless there is a priori knowledge about what the solution
should look like (i.e the solution corresponds to some physical process which is
necessarily positively valued, etc), we must remain aware of this uncertainty. For
a Hermitian matrix A € CN*¥ | and a suitably normalised vector beCVN , the

quantum algorithm returns another suitably normalised vector # € C¥ such that:
F=A""

We can express the quantum state representation of |b) in the eigenbasis of A

{lu;)} =012, . n—1 with the corresponding eigenvalues{\;};—0 12 n-1 as:
N-1
) = biluy) i Alwy) = Aluy) (4.1)
j=0

Upon successful execution of the algorithm, the quantum representation of the

solution & will be stored in the final register:

Alr) = A (Z —Jﬂ|uj>) = DA = Y D) = D byh) = 4

J=0

4.2.1 Quantum Phase Estimation

The original quantum phase estimation algorithm (QPE)[36] is a key subroutine

in many quantum algorithms and features predominantly in the HHL algorithm.
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ancilla |0) : i
10) , ,
computational 1 : E E rm qubits
0) —
0) —+
vector 1 | |b) | tn qubits
o —H F

Figure 4.1: Quantum circuit diagram of initial state loading

The HHL quantum algorithm requires three registers, one to store the quantum
representation of |b), another register to store the binary approximation of the
eigenvalues {\;},;—01,2. ~n—1 that have been extracted during quantum phase es-
timation, and a final ancilla register upon which the ancilla rotation subroutine
will act. The first step is loading the state |b) into the first register.

N-1
) = [0S0 ) = = 3 by )
16l 5=
The quantum circuit diagrams such as figure (4.1) are drawn with the Quan-
tikz2 package [33]. Here we denote the subscripts v, ¢ and a as corresponding
to the vector register, the computational register and the ancilla register respec-
tively (which we will sometimes refer to as the v-register, c-register and a-register

respectively). We will work throughout in the standard computational basis.

Conditional unitary evolution
The algorithm proceeds with the first state of QPE which is placing the compu-
tational register in an equal superposition of basis states:

M-1 N-1M-1

1
|W,) = §:|b b;|u;)|k)|0) (4.4)
M k=0 \ ||b|| j=0 k=0

Throughout the description of this algorithm, we will use binary notation to

describe the computational basis for multi-qubit systems. In the case of the
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two-qubit system this would correspond to:

0} 10) « [2°(0) + 2°(0)) = |0)
0} [1) 4 [2°(0) + 2°(1)) = |1)
[1)10) < [2°(1) + 2°(0)) = [2)
1) 1) > [2°(1) + 2°(1)) = [3)

In general, the basis state |ky) |k2) .. |km—1) |km) where each k; € {0,1} will cor-
respond to the state |k) where k is defined as:

k= i k;2mt (4.5)
=1

To see how state (4.4) is produced, we can directly compute the action of the

quantum circuit:

(W) = H™ ([b) [0)°"[0))
= [b) (H]0))*"™ |0)

L (Z iéw) 0

Em=0  ki=0 j=1

Recalling the definition of (4.5) yields:

|@2>:LM|b>( ) |k>) 0
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Figure 4.2: Quantum circuit diagram of conditional unitary evolution

Finally, inserting the eigendecomposition of |b) (4.1), we arrive at the final form

of (4.4):

The third step of the algorithm is evolution of the eigenvectors |u;) conditioned on

the state in the c-register |k). The unitary operator that will drive this evolution

A
U =exp (%)

However, quantum phase estimation returns a binary approximation 6 of the

is given by:

eigenvalues |A) that correspond to the eigenvalue equation:

UIA) = exp(2mif)[A) = exp (2]7\39) )

where 0 <0< 1,0 ¢ {0,1,...,2™ — 1} and is the actual quantity that we would
potentially measure in the c-register immediately after QPE (% is the best m-bit
approximation of #). So in order for QPE to be used for matrix inversion, we

need to be able to translate from phase to eigenvalues unambiguously. Returning
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to the algorithm, after conditional evolution with the unitary U = e*4M with t

chosen to satisfy the above criterion, the quantum state will be:

Uy) = b e

N—-1M-1 Zk’)\t
V_”M ( )|uj>|k>|o> (4.6)

=0 k=0

To see this from the circuit model, we sequentially apply the controlled gates

C — U2 to |¥,) and so forth. We apply the first controlled unitary C' — U2":

(C—U2°> |\I/2):<C—U ><\/_”bHA§:1N21 b; u;) |k) |0>

Fnbu Z Z (=) ) o) (47)

The nature of a controlled gate is that the associated unitary is applied to one
qubit if and only if the other qubit is in the |1) state, otherwise both states are
left unaffected. For the case at hand the unitary U 2% s applied if the control
qubit |k,,), which is one of the qubits that comprise the actual quantum state
|k) = |k1) |k2) .. |km), is in the |1) state. This operation can be represented in a

condensed expression as:

(€= U") lus) V) = (U2 1) ) 1)

Returning into (4.7) and inserting the result yields:

M—-1N-1

(0= v*) ) = o 3 50 (0 1)) ) 10

k=0 j7=0

M—-1N-1

V) = b; U2 Ju;) |E) |0
| \/_||b||zz [uz) [} 10)

k=0 j5=0

where we denote this intermediate state after applying C'—U?" as |W}). Repeating

this process above with the next controlled unitary in the circuit C' — U?" to | W)
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yields:

M—-1N-1

(c-v") 1) = F||b||§]20b< =U%) (U ) 10) 0
Fnb\ Z Z by (TR 20" fuz) ) 1K) [0)

._.

bjU’W121U’“m2° [u;) |K) [0)

[\/j i

|V5)
\/_Ilbll k=0 j=

Repeating this for all remaining controlled unitaries for this stage of the circuit

yields:
M—-1N-1 m
W) = ——=—=-> > 0 [T U™ " |u) [k} [0)
b’ k=0 j=0 q=1
M—1N-1

b, U582 ) 1) [0)

M

VM ||b|

=0
-1

b;U" [u;) |k) [0 4.8
\/_HbHZZ |us) [F) 10) (4.8)

k=0 j5=0

g?r
27»
,_.o

As U = exp (iAt) Uk = exp (’kAt). Furthermore, as |u;) is an eigenvector of

A with eigenvalue \;, |u;) will also be an eigenvector of U* with eigenvalue

<zk)\ t)
exp .

04 = exp (%5 ) (19)

Inserting into (4.8), equation (4.6) is recovered:

N ikt
) \/_llbl ZZ ( )Iuy>!k>|0>

Inverse Quantum Fourier Transform

The next step in the algorithm is applying the Inverse Quantum Fourier transform

[10] on the c-register. The Inverse Quantum Fourier Transform is defined [36] as:

) 19T, %: <2mkl) " (10

To see how the circuit model enacts this transformation, we outline the derivation

from [36]. The gate R,, known as a phase-shift gate, transforms the basis states
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|0),]1) as: )
RO =) Ryl = (-5 )10

The controlled version of the phase shift gate where the second qubit is the control

qubit can be represented succinctly as:

(C = Rp)[0) [k;) = 10) |k;)

(€= B ) 1hy) = exo (=255 ) 1) 1)

Similarly the action of the Hadamard gate can also be represented succinctly as:

1) = 5 100+ (0 1)) = = (10} + e (<25 ) )

95) = ) ) ) ) = 7 (100 4 exp (=25 1)) P e o

Applying the C' — R, gate to |U}) yields:

1

[¥3) = (C' = Ba) [W3) = =5 (€ = B2) 0} [ka)) [ks) - [fim)
1 2miky
+ 5P (— : ) ((C = Ro) 1) [k2)) [K3) .. )

B) = 110} o) 1K) . i)

V2
1 2mik 2mik
5o <— 1> exp (— 5 2) 1) ko) [Ks3) ... |k
1

2
) = —= (|0> +exp (—% (2, + 2%2))) es) . o)

Repeating this process up to C' — R, transforms the first qubit into the state:

(yo> + exp (-% (Z qumq> )) ka) - )

) = 5 (|0> +exp (—Q;ik)) es) . o)

Repeating this process for the remaining qubits yields the state:

|Ts) =

- 5=
N}

= =@ (10 e (25 1)

z=
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Figure 4.3: Quantum circuit diagram of the Inverse Quantum Fourier Transform

(IQFT)

Finally, as a matter of convention, we perform a series of pairwise swaps (swapping
the (k;) qubit with the (k,,—;) qubit) of all the qubits to bring the state into the
standard form that will correspond to the IQFT:

U, = V_(X) (|0 +exp( m’“) |1>> (4.11)

To conclude this section, we now show how (4.10) is equivalent to (4.11):

M—1
IQFT 1 2mikl
) 19 = = Y e (<250 ) 0
M = 2
1 . m

1 2mik

= Z Z exp [ ——— ZZZT" Z>) l1) .
M =0 lp=0 < 2 <z=1
1 1 1 m

= — Z Z exp (—27rik (Z lz2_z>> 1l1) .
M 11=0 1m®m=0 z=1

- Ly 3 (ﬁ exp (—2”§le>) Q)

11=0 Imn=0 z=1

_ LMEJZ;(%) <eXp ( 2mikls ) uz>)

- @ (e () )
- =@ (0o (<) ) = o

Returning to the overall algorithm, applying IQFT to the c-register yields:
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N-1M-1

1 YA
) = Zszp( )l 1T ) 0

1kt —2mikl
byesp (o2 Y exp () o)

1 1 ikt 2l
)= 3, (Mzexp i (Aj—T))) B0 (112)

N J/

If we examine (4.12), we see that possible eigenvalues we could potentially extract

from QPE are given by 27”1 and the actual eigenvalues we are trying to approx-
imate is A;. To see this more clearly, we proceed to analyse the term ;(l) and

specifically |v;(1)[*:

M—1 ) 2
1 <zk;t ( 2ﬂ>)‘
I E eXp \ — )‘j _ =
‘MHbH pard M t

For the case of the exact representation of the phases associated with the eigen-

1 —exp (ikt(\; — Z)) ’

t
L—exp (57 (N = 57))

value \;, we get:

2 . ~

In the case of exact representation of the phases, the function v;(I) behaves like a

Kronecker delta function 6(z,y). To see this, if | = [; < (\; — @ = 0) we have:

= (O = [ {)? =




However, if | # I;

2wl 2
S <AJ~ - %) — ikt (—%) — —2rika
Returning to the definition of |v;(1)|?, we see that:

t
L—exp (57 (N = %))

= (O =

L—exp (57 (X = 7))
1-1
L—exp (57 (N = 7))

2 2
1 —exp (ikt(\; — ) ' 1 — exp(—2mika) |

2

=0

Summing over [ extracts i] and stores the result in the c-register and concludes

the final step of QPE:

=
=

N-1
1 ~ 1 -
W) = 7 b;o(ly, 1)|us)|)|0) — T > biluy)|i;)0)
7 1 7=0

Il
=)
Il
o

So we can see that from this analysis that l~j is an approximation of the quantity
t/\j

E.
27l
gon (1) == -

Naively embedding the phase from the eigenvalues, such as 6; = ¢ (correspond-
ing to the unitary U = ¢ in QPE), will imply eigenvalues outside the range
[0,27) cannot be reliably distinguished (only up to modulo(27)). To circumvent

this issue, the unitary U = %M

is implemented instead, with a predetermined
value ¢t to compress’ the spectrum so that we can faithfully extract the eigenval-
ues. We now have two free parameters t and M to assign values to. Firstly, there
are two cases for the spectrum of a Hermitian matrix A. For the case that all
the eigenvalues share the same sign, we can spread out the phases we assign to
eigenvalues amongst the entire complex unit circle. For the second case whereby

the eigenvalues do not all share the same sign, we have to effectively half the

complex unit circle dedicating the upper half of the unit circle (e, ¢ € [0,7])
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to the positive eigenvalues and the bottom half (e!®, ¢ € [r, 27]) to the negative
eigenvalues. The latter description will work for either case so we outline that
procedure below. The first step in addressing the values of ¢ and M is deter-
mining the spectrum of A, o(A). For convenience, we define the following two

quantities:

Amax = max{|\;| : \; € 0(A)}
)\min = mln{\)\zl . )\1 S O'(A)}

This allows to bound o(A) as:
U(A) g [_Amaxa _)\min] U [)\mina )\max]

If we consider re-scaling the whole linear system to be solved as the original
authors in [22] assume, (i.e. solve ——AT = ﬁg rather than A7 = b ), this will
effectively compress the spectrum into the new interval given by:

o € [1 3] Ui

max

~[FL-4U

The parameter  refers to the condition number of the matrix A and characterizes
the numerical stability of the linear system to be solved [49]. It is defined formally
as:

Si

KR = max —
si,8;€8(A) S

where s(A) refers to the singular values of the matrix A. For the case of a

Hermitian matrix, the above definition reduces to:

)\max

/\min

R =

Going forward we assume this scaling has been done as a pre-processing step.
Depending on the matrix, there may exist lower bounds or analytic expressions
for the spectral norm of the matrix ||A|| which is equal to Ap.x in the case
that A is Hermitian. In the following steps, we slightly modify the approach of
[39]. In order to ensure an injective mapping from the phases to the eigenvalues,

we split the spectrum up into its positive and negative components. We take
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d(A)>0
)

Al |81 1) <> Am L
%) 0)
Ar =1 B +1) M —1) <A~ -1
o(A) <0

Figure 4.4: Mapping of phases to eigenvalues with the blue shaded section corre-

sponding to eigenvalues € [%, 1] and red for phases corresponding to eigenvalues
€ [~1,—21]. The basis states |0) and |%) are excluded in QPE.

K

the case of positive eigenvalues first. If \; € [%, 1], we require the associated
phase to lie somewhere within the upper part of the complex unit circle, more
specifically that it lies somewhere between the phases corresponding to |1) and
\% — 1) of the Fourier basis states of the computational register. This implies
the eigenvalues associated to |1) and |2 — 1) should approximately be equal to

% and 1 respectively:

2m 1 M 2r (M
=Tt (5 -1) =T (5 1) =

In order to ensure that all eigenvalues are contained within the image of g(;f (),
we demand that the smallest positive eigenvalue that can be estimated is less

than the actual smallest positive eigenvalue, namely %:

27

— <
t =

x|

(4.13)

We also require that the largest eigenvalue that can be estimated be is greater
than the largest actual eigenvalue which is one 1. However, we do not want to
verge into the lower half of the complex unit circle so we demand instead that the

largest possible eigenvalue is greater than a value slightly less than one, namely:

FEep) o
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Manipulating (4.13) and (4.14) yields:
t > 27k t<mM (4.15)

Making these inequalities (4.15) to be strict equalities, we get the following values

for t and M:
t =27k M =2k

For the case of negative eigenvalues, the mapping from phases to eigenvalues is
given by:
_ 2T
g(j)a)\(l) = T (l - M)

To see this we notice that if A < 0, the associated phase % will be negative.

We can circumvent this issue by adding 27 to the phase and then extracting the

eigenvalue as:

MM M
At 2m

= - Tu-M
2

A= TW(Z—M)

To understand how this works, say that the spectrum of an operator o(A) =

{-1, —%, —}1, %, %, 1} (where we already have implicitly scaled the linear system so
that Apax(A4) = 1). As k(A) =4, we get that t = 27(4) = 87 and M = 2(4) = 8.

In case that M is not a power of 2, we can just take the next power of 2 above it:

M — olloga(20)]
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where [(.)] denotes the ceiling function. So in this example g(I) with M = 8§,
t = 8w takes the form:

2nl 0<i<$ Loo<i<4
g(l) = - g()=
MI—-8) §<1<16 8 4<i<8

For final illustration of this point, we will examine how a positive and negative
eigenvalue can be extracted. Take the eigenvalue A = }L with the corresponding

IAM — A This will correspond to a phase of emi(1) = 2mi(3),

unitary e
Upon successful QPE, the basis state |1) will be measured with high probability,
indicating [ = 1 and that the eigenvalue is g(1) = %. Thus, the correct eigenvalue
has been recovered. For the case of negative eigenvalues, take the eigenvalue
A = —1. This will correspond to a phase of em(—3) = 2mi(F) —s ¢2mi(3) (The
Fourier basis states are strictly positive, so the phase that will be measured must
also be positive too). Upon successful QPE, the basis state |6) will be measured
6-8

with high probability, indicating [ = 6 and the eigenvalue is g(6) = *;° = —%.

So again, the correct eigenvalue has been recovered. However, the eigenvalue %
does not have an exact representation above so there would be unavoidable error

in determining the eigenvalue in that instance.

4.2.2 Ancilla rotation

The second central subroutine of the HHL algorithm is ancilla rotation which

performs the following map:

N-1 N-1

S by fug) [0y Ancte roacon, ] ijrumm( 1—f<ij>2ro>+f<ij>u>)

=0 11l 5=5

1
18]

For the HHL algorithm, the function f(z) is chosen such that:

C
flo) = —~
&)= 5w
- C C
1) =—==1
g(l;) A
The normalisation constant C' is chosen such that — |(Cj @] < 1. If the overall
matrix is scaled such that max|o(A)| = 1, C can be chosen such that C' < &
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After this transformation, the quantum state is given by:

N—1
1 ~ C? C
05) = = > bylu) ) | /1= 5310 + 11 (4.16)
||b|| §=0 J J

After postselection for the state |1) on the ancilla register, we can see the essence

of HHL emerge (referring back to (4.2)):
N-1
1 = Cc? C
Us5) = — > bjlu;)|ly) ( 1——|0)+—|1>>

i 2Dy,

N-1
ostselection 1 Cb; ~
— N > ~ lug)|l) 1)

i=0

where the ‘new’ normalisation constant A arising from the measurement of the

ancilla qubit:

Figure 4.5: Quantum circuit representation of Ancilla rotation subroutine

At last, we see the probability amplitudes are now proportional to the solution
A~1b. The final step is uncomputation of QPE, however the critical step of matrix
inversion’ has been completed before this step. Although the quantum circuit
corresponding to QPE is quite familiar, the steps required to realise a quantum
circuit for ancilla rotation (AR) are less understood. We proceed with deriving
the circuit. The first step is choosing the function f(z). In the original HHL

paper [22], the authors use two ‘filter functions’ f;(x) and f(x) and interchange
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the ancilla qubit for an ancilla qutrit (three dimensional Hilbert space):

N-1

Hm})wwm(mmm+ﬁ@mwwﬁ—ﬁ@v—mmwﬁ

—_

The idea of these filter functions is to ameliorate the errors associated with in-
verting an eigenvalue with small magnitude. The errors associated with rotating
by the reciprocal of an eigenvalue much smaller comparably in magnitude versus
the rest would completely dominate over the other errors. The filter functions
split the subspace into a well-conditioned and ill-conditioned subspace, the ill-
conditioned subspace is the eigenspace corresponding to the eigenvalues whose
absolute value is less than a predetermined threshold. Upon postselection after
AR, measurement of |0) implies that matrix inversion has taken place and that
the original vector |b) resided in the well-conditioned subspace, measurement of
|1) implies a pseudo-matrix inversion has occurred as a result of |b) residing in
the ill-conditioned subspace and finally a result of |2) implies no matrix inversion
has occurred and the previous steps have to be repeated. The authors in [22] also
utilise amplitude amplification [8] to increase the postselection probability for the
‘correct state’. However for the purposes of explication, we will only consider the
binary case of successful or non-successful matrix inversion at postselection. We
will also not consider the amplitude amplification subroutine as it does not alter
the key fact that the complexity scales polynomially with the condition number

k. If we consider the general mapping again:

N-1 N-1

7 1 7 7.3\2 .
éwmmwwﬁmem(rﬁmmwﬂwﬂ

Jj=0

—_

1511

Jj=0

The unitary evolution of the ancilla qubit can be thought of as a controlled Pauli

Y rotation (RY) by an appropriately chosen angle 6; for each eigenvalue A;:

RY (6;) = exp (— <%) o—y) _ (s 3) _Smi
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This rotation is controlled by the state of the c-register:

1 N-1 B
—— D bjlu;)(C = Ry)(|1;)]0))
1blld 5=
N-1
Ancilla rotation, 1 ¥ ej . ej
||g||jzobj|u])|l]) (008(2)|0>+sm(2 1)) (4.17)

To match the desired eigenvalue inversion, we must equate:

g = sin 9—]

A 2
= 0; = 2arcsin (g) = 2 arcsin L
Aj g(l5)

The explicit function is given as:

2 arcsin (&L D<l< M
9([) _ (27rl) 2
2 arcsin <ﬁ> % <l<M

Therefore if we rotate by 6, = 6(I;), we get:

0)10) = 17, ( |o>) = 1D} (,/ - f—j|o> T %m) (4.18)

The definition above of 6(1) is rather abstract in its current definition, we would

rather consider the actual circuit implementation in terms of gates. Consider the
representation of a particular Fourier basis state |l~]) in the computational basis

again:

(I))k € {0,1}, Vke0,1,..,m—1

Adjoining the ancilla qubit, the desired evolution can be seen as:

AR ()| mz) - - - [(Eo) (eXp (—i%e ( ] @)qu)) |0>>
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This evolution can be achieved by defining a multi-qubit controlled rotation gate
C — U, conditioned on qubit 0 in the c-register being in the state (Zj)o, qubit 1

being in state the state(l;); and so forth such that if all qubits are in the ‘correct

state’, a Pauli Y rotation through an angle:

m—1
éj =0 (Z(@)q2q>

q=0
is performed on the ancilla qubit. These rotation coefficients are computed clas-
sically ahead of time for the algorithm, a different rotation coefficient for each
possible Fourier basis state in the c-register (i.e 2™). For the general case, this
requires an exponential amount of pre-processing before deployment of the algo-
rithms. However, the initial computational cost can be reduced if Taylor approx-
imations to the analytic form of (1) are considered. Various schemes exist for
‘quantum arithmetic’ circuits [51] which could be composed together to imple-
ment (4.18) without an exponentially increasing circuit depth with the number

of qubits in the c-register.

0.03

0.02

0.01 4

0.00 +

Rotation angle

—0.01

—0.02 4

—0.03

0 10 20 30 40 50 60
Fourier basis state

Figure 4.6: Plot of rotation angles versus Fourier basis states with parameters
M =64 ,t=0.5 and C' = 0.2. The three dotted lines from right to left denote
the basis states [ = 0, 32,64 for which the rotation angle is not defined.
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4.2.3 Uncomputation of the QPE subroutine

After successful postselection of the ancilla qubit, the current state will be :

1N
[We) :_Z_Ju] 1)1L)
N &

The final step in the HHL algorithm is inverse quantum phase estimation (QPE")

which simply returns the c-register to its initial state, namely |0):

1 - bj ®m
mvﬁzxwmwn

7=0

07) = (M233|3)m®mm

ocA* b

With the final step of the HHL algorithm, a quantum state in v-register whose
amplitudes are proportional to the solution of the original linear system has been

reproduced.

4.2.4 Measurement of solution |x)

At the end of the algorithm, the solution of the linear system of equations ¥ =
A~15 should be approximately encoded into the amplitudes of a quantum state
|z). Furthermore as |z) is a quantum state, the solution encoded in |z) will
be necessarily normalized whereas the ‘actual’ solution 7 does not have to be
necessarily normalised. In addition, only relative phases between quantum states
are physically meaningful, implying that the state |x) could correspond to the

family of ‘possible’ states:
|z) € {ewi| 6 e [0,27r)}

In the case of real-valued A and b, this reduces to |z) corresponding to either

w

—Z 4

Iz ©F
the norm ||Z|| will have to recovered. We will detail how this can be done in the

Often for useful information to be extracted from the solution ¥

B

next section. We could estimate the magnitude of each of the components of the

solution by running the HHL circuit multiple times and measuring each qubit
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which has support for the solution |z). However, with this approach we would
not recover the sign of each of the components of the solution and furthermore
it would take exponentially increasing number of measurements of the solution
(and thus executions of the circuit) to faithfully recover the magnitude of each
of these components. Another option is to measure the inner product of the
solution vector ¥ with another chosen vector w. We now outline the relatively
simple quantum circuit that can be utilised to estimate inner products or overlaps

between two quantum states.

4.2.5 SWAP test

If we denote ¥ = ||Z||Z and W = ||wW||w, we can express the inner product of
the two vectors as an inner product of their normalized versions scaled by their

respective norms:

Asw , 7 are normalized vectors, they can potentially correspond to quantum states

and thus we can construct a circuit to calculate their overlap.

v) —~
0) —

0) — H H X

Figure 4.7: Quantum circuit representation of SWAP test for two n qubit states

To examine the effect of the circuit, we evaluate the action of the first Hadamard:

¥} [0) (H [0)) = 2102 10) + —= |97 |9) [1)

\/—lw

Applying the controlled SWAP yields:

\/_

(C SWAP) ([) [¢) [0)) + —= (C-SWAP) (|¢) |¢) [1))

1
NG
5 [9)16)10) + f|¢> ) 1)

aw
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Applying the final Hadamard gate yields:

1 1
=~ A | 7
= 2 19)18)10) + 3 1) 16) 11) + 516} [9)10) — £ 16} [} 1)

= (3001 +lan) 0+ (a0l -1 @)

)10) (H10)) + —= 1) [¢) (H[1))

For an arbitrary quantum state |¥) = [¢g) |0) + |¢1) |1), the probability of mea-
suring the state |1) can be calculated from the expectation value of the projector

My == T @ [1) (1f:

Prob (|1)) = (¥| Iy [¥)

= ((¢o] (O] + (1| (1)) (I @ [1) (1]) ([tho) |0) + [¢1) [1))
= (ol O] + (1| (1) (|¢1) 1))

= (

P1lr) (4.20)

Therefore for the SWAP test, the probability of measuring |1) is given by:

Prob (1) = (5 (I (6l - (61 wD) ) (5 (¥ 1e) = 10) 1))

= %1 ((¥1) (Ple) — (P9} (Dlv) = (D) (blo) + (9l¢) (L[¥))

L2 o) [B) = £ (1— | wlo) )

B 1
4 2

Rearranging this relationship, we can calculate the absolute value of the overlap

of two states in terms of the probability as:

[ {¥]¢) | = v/1 = 2Prob(|1))

Recovery of solution norm ||Z||

We now return to (4.16):

N—-1
1 - C? C
|Us) = — b-|u->|l»>< 1——|0>+—|1>>
||b||§] PERNT N Y

As previously emphasised, we will need some method to recover the norm of the

solution Z. One method is to examine the postselection success probability of the
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ancilla qubit. Expressing the above state in the same format as (4.19) yields:

\%>—<Z_|%” -G Wm) |0>+(Z_%\uj>r@>>u>

J=0 Jj=0

We can apply (4.20) again to determine the probability of successful postselection

as:
N—

Prob(|1)) Z

=0

N-1 2

02
1]

b

J

by

||b||A

J=0

Recalling the definition of the classical solution # in the eigenbasis of A:

Substituting back into (4.20) we see that:

c2)#)”

1612

o = /PR o

Prob (]1)) =

In order to use the above equality (4.21) to determine the norm of the solution, we
assume either a priori knowledge of of ||b]| or some oracle to calculate this value. If
b is mostly sparse or has some other specific structure, the normalisation may be
determined efficiently, i.e. that the determination of this normalisation constant

would not be bottleneck in the overall runtime of the algorithm.

4.3 Performance against classical matrix inver-

sion techniques

The field of classical linear solvers is vast as detailed in [49], [13]. Direct methods
include but are not limited to the LU decomposition and QR decomposition,
Cholesky decomposition and Gaussian elimination. Iterative techniques include
the Jacobi method, Gauss-Seidel method etc. The conjugate gradient method
[44] for solving linear systems is often thought to be one of the fastest methods

for solving linear systems. The performance of this algorithm for solving a system
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AT = b scales as:
@) (Nsmlog (%))
where s is the sparsity (maximum number of non-zero elements in any one row
or column), N is the dimension of the problem (N = dim(A)) and ¢ is the error
tolerance. The complexity of the HHL algorithm [22] is given by:
0 (log(N)SZKQ)
€

Therefore although we have achieved exponential better dependence on the di-
mension of the problem with respect to the complexity (logarithmic scaling in the
quantum algorithm vs linear scaling in the classical algorithm), we have traded
this for an exponentially worse dependence on the error tolerance parameter
(linear scaling in the quantum algorithm vs logarithmic scaling in the classi-
cal algorithm). The exponentially worse dependence on the error tolerance has
been reduced with the development of new matrix inversion algorithms, among
many achieving O(r(log(x)/€)?) with an adiabatic randomization method in [47]
and achieving a complexity of O(kpolylog(x/€)) with a zero eigenstate filtering
method in [34]. Finally, an algorithm attaining the theoretical optimal scaling
for each of these parameters was described with O(xlog(1/¢)) in [11]. A table
detailing all of these complexity results can also be found in [11]. The theoretical
optimal scaling of O (klog (1/¢)) for the algorithm arises from the widely believed
conjecture that BQP C PSPACE. The equivalence between these two statements

was shown in the original HHL paper [22].
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Chapter 5

Analysis of A matrix

Here we analyse the A matrix described in equation (3.18). From the previous
chapter outlining the quantum algorithm of linear systems for equations, the spar-
sity and condition number of the matrix describing the system are critical factors
in determining the runtime of the algorithm. In this context, The sparsity is
defined as the maximum number of non-zero rows in any one row or column and
condition number refers to the ratio of the largest singular value to the smallest
singular value. For example, if the resources required to engineer the unitary
associated with the matrix scales linearly with the problem size or if the condi-
tion number of the matrix constrains the probability of successful post-selection
in the quantum algorithm, no speed up will be achieved. In this chapter, we
address both of these questions for the proper Black-Scholes differential operator
as well as an ‘improper’ Black-Scholes differential operator which we define. A
previous work [5] showed that the runtime of the algorithm in this instance for
the application of the HHL for matrix differential equations depends not on the
condition number of the matrix A but rather the matrix V' that diagonalises it
A = VDV~! More specifically, consider a N x N matrix A = VDV ~! where
D = diag (Ao, ..., Ay—1) such that Re(\;) <0 for all j € {0,1,..., N — 1} and has
at most s non-zero elements in any one row or column. The authors of [5] showed
that the query complexity for producing a state e—close to Z(T)/ ||Z(T)]| in the

¢% norm where (T corresponds to the evolution of the state Z(0) = #;, under

di

o7 = AT+ b for a time period T is given by:

O (kysgT || Al x polylog (kysgBT ||All /€))

95



where g := maxieo,r) [|Z@)[| / [|Z(T)]], 5 := (Ilfmll +T||5H> JIE(T)|| and Ky =
IVIIIV=Y|. They also prove that the gate complexity is larger than the query
complexity by a factor of polylog (kysgBT ||Al| /¢). A second paper [35] applied
this algorithm to derive an end-to-end description of multi-asset option pric-
ing algorithm. The authors in [35] address comprehensively the many technical
subtleties and complexity assumptions associated with this algorithm. Our mo-
tivation for this thesis was a description of the problem of option pricing along
with the simplest implementation of the algorithm with a corresponding analysis
of the scaling of these numerical characteristics that determine the runtime of the
algorithm. Taking our main inspiration from this paper [35], we tried to imple-
ment the most basic form of this algorithm which includes the HHL algorithm
and our goal is to derive upper bounds for the parameters xy, ||A|| and s for this
newly defined improper differential operator A. Alongside providing some upper
bounds for the sparsity s and spectral norm of A, ||A||, we show that A is unitar-
ily diagonalisable implying an optimal condition number of 1. We also show that
the real part of the spectrum of A is less than or equal to zero as required by the
above algorithm. For the case of the standard Black-Scholes differential operator,
we provide numerical evidence of unfavourable scaling in this parameter in the

dimension of the Black-Scholes differential operator.

5.1 Condition number of V and spectral norm

of A=VDV~!

We now return to the problem of identifying the condition number of the relevant
matrix. In order to determine the condition number of V', we have to either find

the matrix norm of V' and its respective inverse:
(V) = [IVIIV 2 (5.1)

where ||.||2 refers to spectral norm. Alternatively, the condition number can be

defined as ratio of the largest to smallest singular values:

sV) = max B ) = o) (5.2)

si,55€s(V) |Sj|
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We first proceed with examining if we can find an eigenbasis for A. For the case
of the matrices of interest in this thesis, tridiagonal matrices € RY*¥ | there is
an analytic expression for the spectrum [37]. The ["* eigenvalue and eigenvector
is given by:

ml
)\l =b+ 2\/&(308 <N——|—1> 5 [ e {1,2, ,N} (53)

Where a is the value along the subdiagonal, b along the diagonal and ¢ along the

lth

superdiagonal. Assuming that ac # 0, the associated right [*" eigenvector is given

by the expression:

For the case of the Dy matrix, £ = -1 = £ = e™ .We show that for the D,
matrix, the eigenvectors listed above form an eigenbasis, by showing the stronger
condition that each of the eigenvectors are orthogonal with respect to the usual

norm on CV. Taking two vectors 9}, v, we see their inner product is:

:>’Ul Uy = Zsm( )S'n <N7—|lf1) = (N;—1> 01k

Where in the last line, we have invoked the orthogonality of discrete sine functions
on a closed interval to insert the Kronecker delta function. As for the Dy matrix,
its Hermiticity guarantees that its eigenvectors will necessarily form an eigenbasis.

Returning to the discretized representation of A:

A=|: Z g; A(82acl) + Z pzjo-zo-j (0z;,0z5) + Z (T - _) A(sz) (55)

2,j=1
j>t
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where the submatrices A(ae,), A(@e;,02;) and Age,,) are defined as:

A(Bﬂcl) — I®d—i ® D; ® [®i—1 A((??a:i) _ [®d—i ® Dy ® I®i—1

Aoz p0;) = 1% @ D, @ I @ Dy @ I®!

We can now immediately deduce that for the matrices Asy,), A(oz;,02,), they have

the following eigenbasis:

1711752’.__71‘1 = ?7}1®17}2®...®17}d \V/ll,lg,..lN - {1,2,7N} (56)
s sin(Nl—L)
e sin (-2
i, = )
'3 sin(fvvi’rl)

For matrices of the type A(sz2,,), their corresponding eigenbasis will be:

Ulya,dy 2= Uy @ Upy ® ... @ Uy, Vi, lo, Iy € {1,2,...,N} (5.7)
sm(%)
2l
sin (2
o |
Sin(fvvﬁ)

It can be seen from (5.6) and (5.7) that the eigenvectors from the matrices A sy,
and A(p2,,) are distinct. This implies that these matrices do not commute and
hence the straightforward analysis to determine the simultaneous eigenbasis will
not be applicable here. Alternatively if A is Hermitian, we can immediately
deduce that A is diagonalised by a unitary matrix V (A = VDV™!). The
singular values of V' and thus the condition number of V' in this instance is trivial
as:

s(V) = /o(VIV) = /o) = 1

k(V)= max SO
sisj€s(V) S
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However A is not Hermitian. This can be seen as the matrix D; is anti-Hermitian.

1 0 -1 0

Corollary of this is that the matrices of the form of A,,) are anti-Hermitian and

the matrices Aoy, 00;) = A(or,) Ao, are Hermitian.

A}axi) = I® -®DI® - @I ->1Q - Q(-D)®--&1
— —[®...D1---®I:—A(3Ii) (58)
T _ 1 T T
Alowion) = (A@enAey)' — Atou) Ao

= (—Awy) (Aw)) = A@e)Awe;) = Aor,on5) (5.9)

Where in for the last equality in (5.9), we have used the fact that [A@s,), Aoz, =
0 Vi,j to commute the matrices through. As the matrices of the type As,,) form
part of the sum that defines A in (5.5) and the remaining terms are Hermitian, A
itself cannot be Hermitian. The second option is to consider the weaker condition
of A being normal, which would imply that A can be unitarily diagonalized. This

is equivalent to the statement:
[A AT =0

It can be shown that A does not satisfy the normality condition. However if we
consider the A(g2,,) matrix as the composition of the As,,) matrix with itself, we

can achieve normality in the overall matrix A.
2
Ay © (Ar)

This now approximately corresponds to the operator As2,,) with stepsize equal
to 2h rather than h. Having two different step-sizes for different differential op-

erators will unavoidably lead to additional error in the approximation as well
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as an additional minor perturbation in the top left and bottom right elements
of the matrix respectively leading to a reconsideration of how boundary condi-
tions are imposed. However, this would have the benefit of every differential
operator (i.e.A(sg,),A24,),etc ) in the larger Black-Scholes differential operator
A commuting pairwise with one another, allowing a straightforward determina-
tion of normality of the ‘improper’ differential operator A. We proceed with this
approximation now and examine in due course the practicality of this approxi-
mation with numerical simulations. Reinserting p; = 1 in each of the terms of

the first summand and re-expressing Apz; 0.,) a5 A(au;) Aor,) yields:

d d d
~ 1 01'2
A=13 D 00T gy + D P00 At Aoy + ) (7‘ - 5) Aowy)
=1

ij=1 i=1
J>i

(5.10)

We now can recombine the first two summands as follows. The first thing to

notice is that switching the dummy variables ¢, 7 in the second summand, does

not change the sum due to the symmetry of the correlation term p;; and the fact

that the matrices Aay,), A(ar;) commute. Therefore the second summand can be

represented as:

d d
1
5 Z Pij0i0; A0z Aoe;) + Z ;ji0;0i Aoz Aowy) | &
k= 5
1A
= 5 Z pijO'inA(Bwi)A(axj) (5.11)

ij=1
iJ?'fj

Inserting (5.11) yields:

d d d
A 1 2 42 1 o?
A= ;_1 pii0; Afow) + 5 )~ 01j0105 Atpan Aor,) + (r —~ 3) Ao

ij=1 i=1
i

_ 1 d d 0_2

A= <§ 321: Pij0i05 A (0w A(ouy) + ;:1: (7” - 51) A(@m)) (5.12)
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To determine [A, Af], we decompose A into its Hermitian and anti-Hermitian
components.

A= MHerm + Manti—Herm
Where Myerm and Mot —Herm are defined as:
1< d o2
Myerm = 5 Z]Z_l pijaiajA(axi)A(axj) Manti—Herm = ; (T - ?) A(dzz)

These components can be seen as Hermitian and anti-Hermitian from equations

(5.8) and (5.9). Each of these respective components also commute as:

d d
1 0,2
[MHerma Manti—Herm] = [5 Z pijainA(axi)A(sz)a Z (T - 7) A(Bxk)
ij=1 k=1
d d
1 02
> 3 Z)%%%(T—ga[&wm%m»&md
ij=1 k=1

Using the identity [AB,C| = A[B,C] + [A,C]B, we can see that the last com-

mutator vanishes as:

(A0 Aey)s A = A [Away) Atory)] + [Are)s A ] Atory)

J/ . J

=0 =0
Therefore [Muerm, Manti—term] = 0. We can show now that [121, AT] is zero:

[A, AT] = [Mygerm + Manti—term» Mterm — Manti—Herm]

= [Mherm, Mterm| — [Muerm, Manti—Herm]

+ [Manti—term, Merm| — [Manti—Herm, Manti—Herm
= —2[Muerm, Manti—term) = 0

Therefore V is unitary and thus we arrive at the result:
k(V)=1

Two other numerical characteristics of the matrix A that determines the over-

all runtime complexity is the spectral norm of A and the real part of all the
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eigenvalues of A being negative.
A [spec == v/ Amax (ATA)

Using a similar argument from commutation relations, ATA has a simple repre-

sentation in terms of the Myerm and Manti—Herm:

ATA = (MHerm - MantifHerm> (MHerm + MantifHerm)

2 2
- MHerm + [MH@Tm? Manti—Herm] Mantl Herm

-~
=0

2
Mantl Herm

- MI%Ierm
Returning to equation (5.6), we now determine the spectrum of the symmetric
and anti-symmetric components. We first proceed with demonstrating the nega-
tivity of the real part of O'(A). Taking the eigenvector 4, g, . ;,, We see that the

eigenvalues of the Hermitian component are:

d
1
<§ Z pijUinA(axi)A(awj)> Uly Iyl Z 0150505 (A0z)) Aow;) U daria)
i,j=1 t,j=1
Mrorm
& — Z i cos il U]
z] lpljplp] 4h2 N"—l N+ 1 ll,lg,...,ld
Z cos mh cos m; ) (5.13)
? UZU .
2h22J 1p] J +1 N+1 l1,l2,...,lg
)\ll,l;t..,ld

Similarly for the anti-Hermitian component, the eigenvalues are:

d 2 d
o . g —
<§ (’f’ _ 2k> A(axk)> Ull,lg,...Jd = E (’f’ — _Qk) (A(axk)vlhl%---vld)
k=1

k=1
~

>

N~
Manti—Herm

< i = %) (% cos il 7
k=1 2 2h N+1 l1,l2,..,lq
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i o} ly, S,
ﬁ Zl T — 7 N + 1 /Ull‘lz,.“,ld (5]‘4)

Hence the eigenvalues of A are:

(A)’Ull,lg,...,ld = (MHerm) ’Ulhlz,...,ld + (MantifHerm) 1711,l2,...,ld

d
1 7l l; "
— <_W Z Pij0;0; COS <N T 1) COS <N _i 1)> Uiy g, la
7‘)-]:1
i d 0.2 Tdk
+ 7 Z (r - 7’“) COS (—N T 1> U tsooda (5:15)
k=1

The expression can be re-expressed as a pseudo-quadratic programming problem.
If we revisit the notation for the covariance matrix (6);; = p;jo,0; as well as

introduce the following notation:

o g o o}
(W), = cos (N—i—l) (@), :=r 5

The eigenvalue equation of (5.15) can be rewritten as:
T\ - 1 _'TA — Z _'T _ =
(A tots = | =573 (@'00) + (@ 0) ) Uty (5.16)

We can deduce from (5.16) that the real part of the spectrum of A will be negative

due to the semi-positive definiteness of the covariance matrix o:

Re(0(A)) = ——

53 (w'6w) < 0
N——

>0

We now address the issue of determining ||A||spec. Applying the eigenvalues

equations of (5.13) and (5.14) to ATA yields:

anti— HermU117127~~~:ld

Xt . 2
(A A Uiy la,.. g MHermvllyl% ol - M

Utilising the condensed notation of equation yields:

1 2 Z 2
(ATA) Uty lgye g = (—2—}12?”010) Ul gy — (EUT@U) Ul lg,elg
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P 1 e N2 a2l
(ATA) Uiy la,ly = i [(wTaw) + 4h? (uTw) Ul dg,. ly (5.17)

To determine the largest value of (5.17), we first focus on the quadratic term. Re-
expressing the term w64 in terms of the Rayleigh quotient, wi6w = B(6,),

and the fact that B(6, ) < A\pax(0) yields:
(@6107)* < (Amae(6)[[@5]])* = Amaxc(6)°] |10 (5.18)

Examining the form of @, we have the simple bound on ||| as:

This bounds (5.18) as:
(5165)” < A (6)2 (VE) = D\nax (6)?

Turning to the linear programming aspect of (5.17), we can bound the quantity

using the Cauchy-Schwarz inequality.
@t < ||| - ||| (5.19)

We bound ||| as:

Il = g(w - g(r_ %3)2
- g('“ .\ |Ama;(&>|)2 _ (|r| . Ama;(&)> 7

This leads to a bound for (5.19) as:
A (9 % Auax(6) )
()2 < ((m + 2(")) \/E) (Vi) <& (m + 2(0))

We can now provide an upper bound for [|Al|spec. The final parameter to be
bounded is the stepsize h. As h ~ O (%), we will assume the upper bound

h < where ¢ is some constant independent of N or d. Combining it all

c
N
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together gives:

1
T ((@'6w)? + 4h*(i'w)?)
N* Ly A Amax(6))
< @ (d)‘max(a) +md <| | >
)\max 5)? 1 )\max Y 2
= %N‘*w = (|r| + %) N?d? ~ O (Anax(6)? max (N*d, N*d?))

5.2 Numerical plots of condition number and

spectral norm for both differential operators

Asset numper 1 Asset numpe, 1

(@) (b)

Figure 5.1: Plot of condition number of (V') against number of underlying assets
and number of gridpoints where A = VDV ™! for the case of (a) the proper
Black-Scholes differential operator A and (b) improper Black-Scholes differential
operator A for r = 0.1, o; = 0.2, Az = 0.2 and no correlation between the assets.
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(a) (b}

Figure 5.2: Plot of spectral norm of matrix ||(.)||spec against number of underlying
assets and number of gridpoints for the case of (a) the proper Black-Scholes
differential operator A and (b) improper Black-Scholes differential operator A
for r = 0.1, 0; = 0.2, Ax = 0.2 and no correlation between the assets.

5.2.1 Discussion of condition number and spectral norm

In this section, we have provided an analysis of some of the numerical characteris-
tics associated with the proper and improper Black-Scholes differential operators
associated with the Black-Scholes equation. By considering the improper Black-
Scholes differential operator A, we were able to find an explicit eigenbasis for
the matrix which enabled us to derive analytic bounds on the condition number
of the matrix that diagonalises A (namely V') as well as determine the spectral
norm of A and the sign of real components of its spectrum Re (O’(A)) As to the
best of our knowledge the eigenbasis and associated spectrum of A cannot be ex-
pressed in analytic manner as with the case of A and therefore the above method
to bound these parameters cannot be utilised. We also tried other methods such
as examining inequalities regarding quantities such as the sub-multiplicativity
of the condition number (k(AB) < k(A)k(B)), however, we were not able to
derive any analytic expressions for bounds on these variables. Summarized, the
non-normality of the proper Black-Scholes differential operator A proves quite
difficult for stating anything conclusive for the scaling of these parameters with
problem size. Finally, we provided some numerical evidence for the scaling of the
condition numbers associated with both the proper and improper Black-Scholes

differential operators, indicating a far more rapid scaling of the condition num-
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ber associated with the proper operator versus the improper operator. We also
show favourable scaling of the spectral norm for the improper operator versus the
proper operator. Although we showed analytically that the condition number is
1 for the case of the improper operator, the plot indicates some change in this
value for increasing N and d. We believe this is due to a numerical error of the

program rather then a genuine phenomenon.

5.3 Decomposition and sparsity determination

of matrix

An indispensable procedure required for many algorithms, critical within the field
of quantum chemistry and quantum dynamics [16] is Hamiltonian simulation.
Broadly speaking, this procedure addresses for a given Hamiltonian H € C?"*?",
how can the unitary evolution generated by H, U = e !, be encoded into a
quantum circuit with a standard universal gate set. One of the first techniques
developed is Trotter Suzuki decomposition [23]. The Trotter Suzuki decomposi-

tion is derived from the Lie product formula [21].

To see how this works in practice take a Hamiltonian H and its decomposition
into a sum of simpler Hamiltonians H; that are easier to simulate in terms of a

universal gate set (i.e. Clifford group + T-Gate)[36].

n
H=> H  suchthat Up(t) := e it
.
i—1 - ~ g
Circuit representation easy / known

Simpler in this context implies that either the circuit representation of H; is
known before hand or each Hamiltonian is k-local, implying it acts on at most
k qubits. Suppose we want to simulate unitary evolution generated by H for a

time duration ¢t. Fix n sufficiently large and define the timestep h := %

. n s n iHpt " n t
U = —tHt (Zk:l 77'Hkt) ~ _% = U —
e e ]:!;[ e ’:!;[ k n
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The first step in using this algorithm is choosing a certain set of Hamiltonians
{H;}icr. We will decompose the matrix of interest into a ‘pseudo’-Pauli basis in
the next section. In [5] and [35], the sparsity of the matrix plays a fundamental
role in the overall complexity of the algorithm. Sparsity is defined in this context

as the maximum number of non zero elements in any one row or column:

J

Spar(A) := max (max (Z ]l[ajk?go]) ,mjax (Z ]l[akJ.;,go]))
k k
where 1) refers to the Iverson bracket:

1 if z is True
Iy =

0 if z is False

From this definition of sparsity, we use the following inequalities which will be
useful in bounding the sparsity of the overall matrix to be inverted with the HHL
algorithm:

Spar(A ® B) < Spar(A)Spar(B)

Spar(A + B) < Spar(A) + Spar(B)

We provide a proof of these two inequalities in appendix (B). We will now proceed
with the Pauli decomposition decomposing the matrix A. This will enable us to

use the two sparsity inequalities above to ascertain an upper bound for Spar(A).
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5.3.1 Pauli decomposition of A

If we return to the matrix to be inverted:

I 1 o
—AAL - Ty (AN,
_QﬁAjl I fn 0

—I -1 1 T 0
—AAL - Tnia (A,

_;VLA—tl I Ton—1 0

—1 —I| I T 0

-1 I @ 0

-1 I @ 0

(5.20)

For the matrix above, Ajgr.p om 9n) Where dim(A) = 2", 2™ refers to the order
which the analytic expression is approximated in each block, 27 — 2" refers to how
many timesteps At the solution is evolved forward and 2" refers to how many of
those blocks are dedicated to repeating the final solution. If the solution is not
repeated, then we take 2" = 0. The dimension of the matrix Apr,op om on) is 2P+,
Furthermore, the matrix Ajgr.gp 9m 2n], in its current form is not Hermitian and
hence can not be realised as a valid unitary operator. However, if we represent
the linear system above to the equation (A[Qr;gp’Qan}) T = l;, we can solve a

‘Hermitian’ form of the matrix above:

O A[QT;Q;)’Qm’Qn] 6 . 6
1 5 - -
A[Qr;Qp,Qm,Qn] 0 x 0

g

A[27';2p727n ,27]

1 , .
A[QT;2p72m72n] = 5 <(O’1 + 7/0'2> ® A[QT;Q?QMQH] + (O-l - 710-2) ® A-[r2r;2p72m72n])

Aporian am o) = 04 © Npprian gm,n) + 0 @ A[T2T;2P,2m,2"]

We now seek to identify the decomposition of this matrix in terms of the Pauli
basis. However, as finding a decomposition for the matrix A will automatically

lead to a decomposition for A, we proceed with finding a decomposition for the
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original matrix Apr.op om on). For all M € M, (C), there exists a decomposition of

the form:

1

M= ) Y Ti(ogM)og (5.21)
Ke{l,X,y,z}en

However, computationally this requires a super-exponential number of trace cal-
culations (O(n4™)).This can be seen as we need to 4" trace for the matrix, we
have to define a smaller classes of matrix and ‘build” them up to the matrix

Afariop om o). To proceed we define same basic 2 x 2 matrices:

~ 1 1 0 ~ 1 0 0
H0:§(<70+03): H1:§(0—U3)
00 0 1
. 1 0 1 N 1 0 0
o (01 + i09) o == (01— ioy)
00 2 10
C,; matrix

The first matrix that we need to be able to construct is given by:

0
a 0
(Cl)[Qn](a07a1’...7(127172) = O a

Qon_9 0

277.

This matrix has the following analytic form:

(Cl)[gn]<(l0, Ay enny a2n_2) =
1 1

n—1
+ Z Z Ay k2t) <® Hknt> ®o_
=1

k1=0 kn—1=0

n—I|
+ Z Z Z 21 1_1+Z?;ll tht) (® ﬁknt) ®0(§_§)(l—1) Qo
=2 Pt

k= kn—1=0

+ agn-1_1(0= 20V @, )
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The recursive relationship between these matrices is given by:

(Cl)[2"+1} (a07 Ay, ..., a2”+1—2) - (522)
1
+ Z Iy, @ ((C1)p2) (@04 ky2ms Gtky2ns -y G221 k,2n)) (5.23)
k=0

+a2n_1<0_§n ®U+) (524)

In matrix form, this recursive relationship has the form:

0
Qo 0
(Cl)[%*l](%ﬂh cnGtig) == 0 ap - -
a,2n+1_2 O
dim;rQ”""1
0 0
Qo 0 Qon 0
10 00
|10 a . + @1 0 agmp
00 01
Aon_9o 0 Agn+1_9 0
(C1)[2n](a07¢;1 ,,,,, agn_g) (C1)panj(agn,a2n 41,1090 +1_5)
®mn
0 0 01
+ aon_q & (525)
10 0 0

Using the above recursion relation, we can verify the correctness of the closed form

formula of (5.22) (where we highlight in blue the (2")™" closed form expression
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inserted into the recursive relationship):

(Cl)[2n+1](a0, ag, ... a2n+1_2) —

1 n—1
= Zﬁkn@) (Z Z CL Zn 1k21+k 9n <®ﬁkn—t> & o_
t=1

kn=0 k1=0 kn_1=0
n—1 1 n—l
2 : 2 : 2 : — ®(l 1)
+ < 21 1 1+Z" 1 k2t +kp, 271 ® Hkn_t & +>
=2 k;=0 —1=0 t=1

Fa@n-1 14,07 (02 o 1)U+)> +ag (02" ® o) (5.26)

Using the identities:

n—1 (n+1)—1
Hkn®<< Hkn_t>®(---)> = @ T, | @)

n—l (n+1)—1
I, ® (( Hkn_t> ® (---)) = & T, | ®()
t=1 t=1

(n+1)—

n—1
D k2 k2" = Z mt
t=1

Applying these identities to (5.26) yields:

(n+1)—1

11 1
B Z Z Z (S k) ® Hknm c| @O

(n+1)—

—_

1 n—

+ Z Z Z 21 171+Zi2«—1)—1 kt2t> ® Hk(n+1) . ® O_?U—l) ® -

kn=0 =2 \ k=0 kn_1=0
1

+ Z Q(n—1_1+k,2m) <ﬁkn ® o ® U+> +agn (02" ®@o0y)
kn=0
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Moving the summation Zinzo(,) inside the first parentheses yields :

1 1 (nt1)-1

= Z Z a( 5241.1)_1 kt2f> ® Hk‘(n+1)—t & o_ (5.27)
k1=0  knp=0 t=1
n—1 1 1 1

(n+1)—

+ Z Z ( o ) ® Hk(n+1> ¢ ®UQ—§(Z_1)®U+

+ D a@e-i_iek,en <ﬁkn ®o%" 1 ® 0+> +ag 1 (02" ®@0y)
kn=0

To complete the proof, we need to show how the term:
1

E T ®n—1
a(2n71_1+kn2n) (Hkn ® 0-_ ® O-_I’_)
kn=0

can be interpreted as the n'* term in the second summation (5.28):

n—1

(n+1)—1
§ , I ®(-1)
Z Z Z<"+“ L2t 421 1) ® Hk(nﬂ),t Qo” ® o4
=2 l kn 1= Ok‘n_[] =1

If we take [ = n, we can see equality for the index value (_) in a(

(n+1)—
Z ]{Z 2t 21 1_1 - 27171 14 ann

:> a( ﬁiﬁl)flkmml*l—l) = A@n—1-1+kn2m)

Focusing on the tensor product term, we can also see equality:
(n+1)—n

- ® ﬁk("“H @0 Voo =1, ®0® @0
t=1

Therefore, we can conclude that it is in fact the n'” term in the summation:

Z A(2n=1—1+4k,2m) <Hkn ® %" ® U+)

kn=0

J/
~

nth term
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Hence, the penultimate term can be included in the second summation to yield:

(n+1)-1
Hk(7z+l)—t ® o—
1

k1=0 k(n+1)71:0 t=
(n+1)—-1 [ 1 1 (n+1)—1
Z Z Z — ®(-1)
* a< o kt2t+2l—1—1) ® T ®o_ oy
1=2 k=0  kn=0 t=1

C, matrix

The last matrix that we will have to construct is the G matrix which we define

as:

1 1 1
®Xn
00 ... 0 1 1 ~ @n
(Co)pn = | . = = (Ho +U+>
: : 00
0 0 . 0
FCTEE

Construction of C;, C; & C; matrices

Assume that for the initial matrix A, dim(A) = 2". This will be a necessary con-
straint as we are assuming that we are dealing with a quantum circuit comprising

solely of qubits (2-dimensional Hilbert space). Consider the matrix:

At At
(C3)[2m72n] = —(Cl)[Qm] (At, 77 ceny om _ 1) (024 AQn (528)
0 0

— Ao At 0 At 0
~~—~
dim=2"

Aon At A
2 0 g1 O
dim;gm+" dimeam

No of blocks=2""
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(C1)pm) (AL, &Ly 525 ) =

: - At mol_

F1=0 k1 =1
S o ®(-1)
Y Z Z ST (®H) s e
b om0V o)
Hence (C3)jgm 2n) =
1 1 m
klz::o kmz;:o :nll k’t2 n 1 (@ t> Ro_® A,
m—1
) 1=2 ZZ: mz;o i 1/<:2t—|-2l 1 <®Hkm t> 202 Ve, @A,
B 2§t1 (02" Vo) @A,

Here we omit the Pauli decomposition of the matrix A,,, however as shown earlier
in the thesis A is composed of a sum of tensor products of tridiagonal Toeplitz
matrices, each of which has an analytic formula for their decomposition in the
Pauli basis as provided earlier. Hence, an analytic form for the complete descrip-
tion exists. For the sake of brevity, we omit the description here. Returning
to the original assumption that the matrix A has dimension 2". Consider the

matrix:

(Ca)m 2 = (Co)pgm) @ I (5.29)

~ XM
(C4>[2m72n] = (Ho + O'+> & 0.83)71

I Ipn ... Ipn 11 ...1

0 O 0 00 ... 0
= B . ® I27L

0 O 0 0 0 0

dim=2m+"
No of blocks=2""
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Finally, we can start to reproduce the actual matrix. Let the (Cs)pm o) matrix

be defined as:

(Cs)pam 2y = (Cs)pzm 2 + Iom @ In (5.30)
FE(m+n)
0

IQn
—Asn At Ion
— Asn A
(C5)[2m72n] = _2Tt
Aon At
Tom1 Ion

~
dim=2m+n
No of blocks=2"

0 I
_Agn At 0 12"
Aon At -,
= —AmAt - + Ion
Aon At
— 272n—71 0 IQn
dim=2m+" dim=2m+"
No of blocks=2"" No of blocks=2

1 1 At m—1 R
11 _ ® Ao
— Z Z ( ;1711 k’tQt—l—l) (@ kmt> R o_ R Ay
m—1 1 1

i 2 2 ( m1k2t+2l1 <®Hkm t> ® M@0, © Ay

=2 \k=0  kp_1=0

D ®0y)® Agn + g™
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Construction of the A matrix without repetition of solution

Consider the block matrix (Cg)pz,2m on) for the case of 22 ‘blocks’ along the diag-

onal, each of dimension 2™*":

(CG)[22,2M,2”] ((05)[2m,2n}, (C4)[2m,2n]) =

(Cs)pem 2m 0 0 0
(Ca)aman) (Cs)pam an 0 0

0 (Ca)eman) (Cs)igmom 0

0 0 (Co)man (Cs)man

This block structure is encountered often in our construction. Its shorthand

notation appears as follows:

(CG)[2p72m72n} (G’Qm—O—TL, H2m+n) = Igp ® G2m+n + (CQ)[QP] ® H2m+n (531)

1 0
1 1 0
= ' ®G’2m+n - . . ®H2m+"
1 1 0
dim=2¢ dim—=2p
G2m+n O
G2m+n H2m+n 0
G2'm+n H2m+n O
G2m+n

_H2m+n G’2m+n

_H2m+n G’2m+n
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where Gom+n, Hom+n are dummy matrices. Replacing these matrices with the

matrices (Cs)pam an], (Ca)pem 2n) respectively yields the block matrix of current in-

terest:

(C7)[2p,2m,2n} = (CG)[zp,zm,2n] ((05)[2m,2n}a (04)[2m,2n])

which explicitly in matrix notation appears as:

1 In 0 Io Tpn ... Tgn
1 —Agn At Ipn 1 0 0O 0 ... O
1 —Axdl T, 1 0 0 ... 0

dim=2P dim=2mtn dim=2P dim=2mtn

No of blocks=2"
Explicitly, in equation form, is given as: (Cz)pp om on) =

m—1

No of blocks=2™

1 1
5 Y Y )?p®(®ﬁkm_t)®am2n

k=0 km,lzo t=1

5 (S 2 ey (@) )¢

=2 km_1= 0
+ ( ® ( — ® 0'+) & Agn + U[;@(erner)
+ Z o @0?® (llj+o,) ®op
=0

20" @, ® Aon

To aid in understanding the structure of the matrix, we colour it as:

(Cr)j2v,2m 27 = (Cé)j2e,2m 21 ((Cs)j2m 21}, (Ca)jam 20

2R

mlO

(m+n)

= 1)®0+)®A2n+00 ®0

om

n- n 1l ol ~ Xm "

+ Z ®a_®a+®(ﬂo+a+) ® o}
=0
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The last step is to augment the the lower right corner of the matrix so that the

solution is ‘repeated’. In matrix notation, this can represented as:

(CS)[2T;2P,2m,2n] =
(Cs)izm 27
(C4)[27n’2n] (C5)[2m72n]

(C4)[27n,2n] (CS)[Q"‘,QT‘]
(04) [2n172n] 12m+n

—IQm+n 12m+n

_127n+n IQwL+n

(07)[2P,2m,2n]
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\ (Ci)+1 (C5)—1)

To position an arbitrary matrix A with dimension 2" x 2" at the bottom right
corner of a matrix with zero entries everywhere of dimension 27 x 2P to produce

a matrix A, we can express it as:
~ ~ \ ®p—r
A-(l) " oA

Or in matrix notation as:

0 0
Rp—r
- 0 0 (2P — 27 x 2P — 27) (20 — 27 x 2)
A = ® A =
0 1
0 A
(2" x 20 —27) (27 x 27)

As the matrix A for the current case is:

(05)[2771‘27;] - IQm,+n,
(Ci)mam + Tymn (C5)man] — Tymin

(Co)pgman) + Iomin  (Cs)amon) — Igmin

This can be expressed in an equation form adopting the previous notation of
(5.31):
A = (C6)[2r72m72n} ((C5)[2m72n] — 12m+n, <C4)[2m72n} + 12m+n)
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Wrapping it all together yields:

A[QT;2p12m72n} = (C8)[2T;2p72m72n} = (C?)[2p72m72n] - (ﬁ1>®p7’l’

® <C6)[2p727n’2n] (<C5)[27n72n] - Izm+n’ (C4)[27n72n] + 12m+n)

Sparsity from pseudo-Pauli decomposition

We begin effectively backwards decomposing the matrix from the (Cg) matrix:

Spar ((CB)[QT;QP,QT”Q"}) < Spar ((07)[2p,2m,2n])

~ p—r

Substituting that Spar (ﬁl) = 1 and recalling the definition of the (Cr7)gp 2m on)
yields:

Spar ((Cs)[w;zmm,zn]) < Spar ((06)[2p,2m,2n] ((C5)[2m,2n], (C4)[2m,2n]))
+ Spar ((CG>[2p72m72n] ((05)[2m,2n] - 12m+n, (C4){2m72n] + IQm+n)) (532)

Recalling the definition of the (Cg)jgram on) matrix in (5.31), we can bound its

sparsity as:

Spar ((CG)[ngm,Qn} (G2m+n7 H2m+n)> S
Spar (Io») Spar (Gom+n) + Spar ((Ciar)) Spar (Hamen)

= Spar (Gam+n) + Spar (Ham+n)
Applying to (5.32) yields:

(Cs) < Spar ((Cs)am 2n) + Spar ((Cs)jzm 2n)
+ Spar ((C5)[2m72n] - 12m+n) + Spar ((C4)[2m72n} -+ 12m+n)
= 2Spar ((C5)[2m72n]) + QSpar ((C4)[2m72n}) + 2
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Recalling the definitions of (Cs) matrix in (5.30) and (Cy) in (5.29) bounds the

sparsity as:

Spar ((C5)[2m72n]) < Spar ((Cg)[gm’Qn]) +1

Spar ((C4)[2m,2n]) < Spar ((Cg)[gm])
Therefore:
(Cs)j2rs2,2m an] < 2Spar ((C3)jam 2n)) + 2Spar ((Ca)jomy) + 4

As the matrix (Cy)[2m consists of 2™ 1's all along its top row as well as recalling

the definition of (Cs)pm on) in (5.28) yields:
(Cg)[Qr;2p72m72n} S ZSpar(A) + 2m+1 +4 (533)

If we consider the case of the proper Black-Scholes differential operator:

d d d
1 2 02-2
A= 5 ; o, A(a%i) + lz_:l pijO'inA(axi,axj) + ; (T’ — ?) A(Bzi)
B i -
d(d—1)

Spar(A) =d (Spar(A(azwi))) + (Spar(A(axi7axj))) +d (Spar(A(axi)))

2

Recalling the definition of the matrices Ay,),A22,) and Aoz, oz,):

Apry = I1°7"®@ Dy @ 19! Apray = 1977 ®@ Dy @ 197!

Az oz = 1277 @Dy @I¥ '@ Dy @ 19!
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Therefore, we can bound the sparsities as:

0 —1
111 0 -
Spar (A(aa;-)) < Spar (D) = Spar | — =2
; on |
1 0
-2 1
11 —2 -
Spar (As2s,)) < Spar (D) = Spar 7 S =3
1 -2

Spar (A(axi,axj)) < (Spar (Dl))2 <4

Therefore, we bound the sparsity of the proper Black-Scholes differential operator

as: ad—1)

Spar(A) < d(3) + 5

(4) +d(2) = 2d* + 3d
Considering now the case of the improper Black-Scholes differential operator:

d
R IL NS SN TEES ol (R

2,7=1
7>

Proceeding in the same manner as before yields:

Spar (A) < d (Spar (Afy,,))) + ——(4) +d(2)

4 (Spar (Afy) + 2

For arbitrary matrices, the sparsity measure Spar(_) is not sub-multiplicative (i.e.
the product of two sparse matrices need not be sparse itself). Therefore we cannot

bound Spar <A%§xi)> in terms of Spar (A(Bzi))- The first bound we can place on
Spar (A?az,-)) is

Spar (A%axi)) = Spar (I®"" ® D} ® I®"~") < Spar (D7)
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However as D, is sparse and has a periodic structure, we can directly compute

its square to see the general structure of the matrix:

2 -1 0 1
0 -1
0 -2 0
1|1 0 1
D)= | = =3 -
e T | b0 2 L
0
0 1 0
1 0 -1

Spar (D7) =3

Therefore we can bound the sparsity of the improper Black-Scholes differential

operator as:

Spar (A) < 2d* 4 3d

Therefore for either case of the improper or proper Black-Scholes differential

operator, the sparsity of the Cg matrix in (5.33) can be finally bounded as:
A[Qr;2p72m,2n] — (Cg) S 4d2 + 6d + 2m_1 + 4
As the final matrix to be inverted ]\[27”;217’2m72n] is just:

0 A[Qr;gpzmgn}

0

Aforiop gm on) =

'
Afgr o0 gm 2n1

We have that Spar </~X[Qr;2p72m72n}) = Spar (A[Qr;2P72m72n]) and thus:

Spar (Rppran g ) < 4d2 + 64+ 2771 44
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Figure 5.3: Sparsity structure of two dimensional Black-Scholes differential oper-
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5.3.2 Discussion of Sparsity and Decomposition

In this section, we attempted to determine both the sparsity and Pauli decompo-
sition of the matrix A corresponding to both the proper and improper differential
operator associated to the matrices A and A respectively. Although due to the
nature of the matrix A[Qr;gpgmzn], we were only able to derive a pseudo-Pauli
decomposition which involves tensors products of sums of Pauli matrices rather
than an explicit sum where each term is a simple tensor product of Pauli matrices.
With the decomposition we derived, the next step would be to potentially use a
computer program to to expand products such as aﬁ?l and <ﬁ0 + a+> o in terms
of the actual Pauli basis and recombine like terms. We think that although this

explicit decomposition may be too cumbersome and or complicated to express in
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a concise format, we believe that it may assist in the decomposition required for
Hamiltonian simulation of this matrix in the sense that a brute force evaluation of
the terms of (5.21) may not be required. We leave this task for future work. The
decomposition still did prove useful for determining the sparsity of Ajgr.op 9m an]
which was the same for the case of A or A. We found that the sparsity in either
case had polynomial dependence on the number of assets d (d?) and exponential
dependence on the parameter m (2™ 1). However, as the order at which the
analytic solution is truncated in each block of the matrix (5.20) is itself 2™~1 it
is more representative to say that the sparsity has a linear dependence on the
order of truncation in each of these blocks. We do not see any dependence on
the number of gridpoints N in the final complexity however it may be case that
there is a hidden dependence on N in terms of d and m if desired error between
the approximated solution and actual solution is to be less than some fixed €. In-
corporating this possible hidden dependence into the sparsity we leave for future

work.
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Chapter 6

Numerical Simulations

We will now present the results of our numerical simulations which follow two
objectives. The first is to examine the performance of the improper Black-Scholes
differential operator in evaluating the price of the option compared to the canon-
ical proper Black-Scholes differential operator. We restrict our examination to
single-asset and multi-asset options which permit closed-form expressions for their
value, allowing us to benchmark the two numerical methods in terms of their
accuracy. For the second half of this chapter, we present the complete proof-
of-principle implementation of a quantum algorithm for the case of single-asset

option pricing.

In the first part, we present two cases where we confirm that the improper
differential operator faithfully approximates the solutions given by the proper dif-
ferential operator. We first examine the single-asset case and then the multi-asset
case and within each of these cases we examine whether the error introduced with
improper differential operator can be ameliorated by imposing carefully ‘modi-
fied” boundary conditions. For the case of the single-asset option, we simulate a
vanilla European put option and for the case of the multi-asset option, we simu-
late a European exchange option. We chose the European exchange option for the
multi-asset option as it is one of the few multi-asset options which has a closed
form expression from which we can benchmark the numerical solutions. With
regards to determining the price of the option, there exists two methods to do so.
The first technique is to examine the relevant component from the solution vector
directly, say after a given simulation time 7j. The other technique available is

to simulate the option up to a time 7y and then take a conditional expectation
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with respect to probability distribution of price movements at a time 7} later,
producing the value of the option at a time Ty + T;. We compare the results
from both of these approaches in determining the value of each option. For the
latter half of the thesis, we focus on an end-to-end implementation for the pricing
of a single-asset. We first provide a detailed overview of the algorithm, which
consists of the HHL algorithm and SWAP test. We conclude the description with
an expression for the value of the option in terms of probabilities of measuring
a subset of qubits of the associated circuit. We simulate two single-asset options
with the circuit and provide calculations of option value for each in terms of the
count statistics. We conclude by discussing potential sources of errors and any

open questions to be addressed in future work.

6.1 1D Black-Scholes

We first consider the case of single-asset option pricing. Consider the Black-
Scholes equation:
ov 1 0*V ov

ov 1 20V o v
at+205882+r583 rV =0 (6.1)

with the following boundary and initial conditions for the European put option:

V(T,S) = max(K — S,0)
V(t,0)=Ke"TD v ¢
V(t,S)~0 as S— o0 (6.2)

where the variables T' corresponds to maturity, K for the strike price, r for risk-
free interest rate, S for spot or current price of the underlying asset and V for
the value of the option. We now proceed with how this option can be priced via

the finite difference method. Using the spatial and temporal variable changes:
S — x:=1n(9) t—71:=T—t

the differential equation (6.1) along with the boundary and initial conditions (6.2)

becomes:

E_QU 2

oV 1,0V < a2>av
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V(T —r,x=-00)=Ke ™ V 71

V(I —r1,x=00)~0 as x— 0

Finally, the second variable change before the finite difference method can be

applied is given by:

Vs W=V
oW 1 ,0°W o2\ W
o 27wt ( - 7) o (64)

W(T—-1x=-00)=K V 71

W({T—1,x=00)~0 as z — o0

6.1.1 Imposition of Boundary conditions

We now discuss the imposition of two different sets of boundary conditions. We
refer to the ‘standard’ boundary conditions as the canonical boundary conditions
associated with the usual finite difference method. The second set of boundary
conditions we impose, which we denote as ‘modified” boundary conditions, can
be thought of as a correction to the canonical boundary conditions to account
for the perturbation we introduced with the use of the improper Black-Scholes
differential operator. As previously outlined, we examine the improper Black-
Scholes differential operator for the sake of better scaling associated with the
numerical characteristics of the matrix compared to the proper Black-Scholes

differential operator. We define the proper Black-Scholes differential operator as:

d d 5
0;
> 0i0i0 A oay) + D (7" - 7) Ao (6.5)
i=1

2,j=1
J>i

d
1
A= ; 02 Ay +

and the improper differential Black-Scholes operator as:

d d
~ 1 o?
A= (5 > p1j0i0j Aory Ao, + ; ("’ - 7) A@m))

4,j=1
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where the submatrices A(ae,), A(@e;,02;) and Age,,) are defined as:

A(Bﬂcl) — I®d—i ® D; ® [®i—1 A(a?a;i) _ [®d—i ® Dy ® I®i—1

Aoz p0;) = 1% @ D, @ I @ Dy @ I®!

and the explicit forms of the matrices D; and Dy are given by:

D= — R Dy = — R 6.6
T on SO 2T R SO (6.6)

-1 0 1 =2

In summary, we impose standard Dirichlet boundary conditions for the proper
Black-Scholes differential operator and impose modified Dirichlet boundary con-
ditions for the improper Black-Scholes differential operator. We will also examine
the case if the standard Dirichlet boundary conditions are imposed for the im-

proper Black-Scholes differential operator to see the effect on the solution.

Standard Dirichlet boundary conditions

As we are dealing with a finite discretized system, we have to place upper and
lower limits on the simulation region. The standard boundary conditions for the

1D case will be given by:

L(t) —L(t) (02 —r)L(t) (6 —1)K

U(t) U(t) rU(t) 0

where we have used the fact that at Zigwer, L(t) = K and at ypper, U(t) =0

Modified Dirichlet boundary conditions

We now discuss the issues of boundary conditions for the case of approximating

the second-order central difference matrix as the composition of the first-order
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central difference matrix with itself.

D2 ~ (D1)2

(6.8)

As we stated earlier, this approximation needs to be further examined. We first

begin by squaring the D; matrix and then seeing how the boundary conditions

can be modified to get the appropriate behaviour. A simple calculation yields

that the matrix structure for (D;)? is given as:

(2h)?

(6.9)

The first thing to notice is that in the bulk region of the simulation area, the

matrix (6.9) does in fact compute the second-order central difference albeit with

a stepsize 2h rather than h:

V(z1—2)—2V (2)+V (z142)

(2h)?

Pictorially, this can be represented in the following diagram as:

133

1%

V// (l’l)




[ ]
q
[ ]

T2 Ti—1 T Tiy1 Ti4-2

2h

(a) Second-order central difference with 2h

[ ]
q
[ ]

-2 Ti-1 T Tiy1 Li4-2

h

(b) Second-order central difference with h.

Figure 6.1: Difference between stepsize spacing due to approximation of D, ma-
trix as D squared.

So therefore the matrix (6.9) is effectively calculating the second-order central
difference (within the bulk) with twice the step. However, this implies that if we
need to evaluate the second-order central difference at the point z; or zy_1,
we are missing the necessary points at ‘x_;" and ‘xy,;’ (which don’t exist) at
the leftmost and rightmost ends of the grid respectively. To counteract this,
we effectively have to decrease the number of grid points again by two in each

direction.
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Simulation region
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(a) Standard Dirichlet boundary conditions

T

] Simulation region

Lo Iy To IN-2UN-1 TN

(b) Modified Dirichlet boundary conditions

Figure 6.2: Difference between boundary regions for Standard and Modified
Dirichlet boundary conditions

In term of matrix arithmetic, we now proceed with the direct computation of
the effect of the (D;)? matrix on an arbitrary vector so that we can impose the

correct boundary conditions:

-1 0 1 V(z2) —V(x2) + V(z4)
0 -2 . . V(z3) —2V (x3) + V(x5)
1 e el e e V(z4) V(xe) — 2V (z4) + V()
1 V(zn_4) V(zn_g) — 2V (zn_4s) + V(zn_2)
-2 0 V(zn-3) V(zn-s) — 2V (zNn-3)
1 0 -1 V(zn-2) V(ry-a) = V(rn-2)

(6.10)

We need to add in the following vector B so that right hand side of (6.10) actually

approximates the second-order central difference:
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—V(x2) + V(z4) V(o) = V(x2) V"(22)
—2V (x3) + V(25) V() V" (x3)
V(ze) — 2V (24) + V(26) ' 0 V" (4)
e 2 * e : = :
V(ry—g) —2V(xn_4) + V(xn_2) 0 V" (xn-4)
V(zn_s) —2V(xn_3) V(rn-1) V' (zn_3)
Vi(rn_4) — V(rn_2) —V(rn_2)+ V(zn) V" (xn_2)

The issue now is that we have the presence of the terms V(xs) and V(zy_2) in
é in the first and last components, as these are the points that we are actually
trying to solve in the first place. One method to approximate these terms is
by considering a first-order approximation to the function V' near the boundary

points using the definition of the central first-order difference:

Vi(zo) = V(ze) = —(V(z1+h) = V(xy — h)) = =2hV"(21)
—V(.%’N_z) + V(QTN) = V(l‘]v_l + h) — V(-rN—l — h) ~ th/(l']v_l)

There exists two options now with reference to assigning values to V'(z;) and
V'(x,-1). The first option is to calculate analytically the derivative of V' at
the boundary points or alternatively we can take the first-order backwards and
forwards finite difference approximation of the derivatives at the points x1, zn_1

respectively.

V'(z1) =~ Vizy) ; LG Vi (zy_1) =

V(ZL’N) — V(JZN_l)
h

In this case, we will default to the analytic evaluation of the derivative at each
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point. In this case, we can rewrite (6.10) as:

-1 0 1 V(x2) —2hV" (1) V" (xq)
0o -2 . - V(z3) V(zy) V" (x3)
1 V(zy) 0 V" (xy)
1 V(zn-4) 0 V" (xn_4)
-2 0 V(zn_3) V(zn-1) V' (xn_3)
1 0 -1 V(zy_2) 2V (xn_1) V' (xn_2)

(6.11)

For completeness, we also present the DD matrix along with its appropriate bound-

ary conditions:

0 1 Vies) ) V() V() \
-1 e V(xzs) 0 V'(x3)
1 . L L . -~ :
1| V(zn-s) 0 V'(zn_3)
-1 0/ \V(zy_2) V(zn-1) V'(zn_2)
(6.12)

We notice now that the grid points xg or z do not appear anywhere in equations
(6.11), (6.12). Hence, we can think of the current equations as modified Dirich-
let boundary conditions, completely analogous to standard Dirichlet boundary
conditions. Therefore we can apply all the same numerical analysis as before in
solving the equations. We proceed with some further re-indexing, increasing the
number of grid points by two N — N’ = N + 2 and shifting all the indices of
the grid points down one (z’); = (x);41. This transforms the matrices in to the
same indexing convention as before. In addition, we re-introduce the implicit
time dependence within the function V' as well as notation that L(t) = V(zo, )
and U(t) = V(xy,t). Finally, we use the following notation for the derivatives at

these boundaries:

O, L(t) = V'(zo,t)  8,U(t) := V(zn,1)
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-1 0 1 V(t, z1) —2h0, L(t) 02V (t, 1)
0 -2 . - V(t, z2) L(t) D2V (t, 1)
T s V(t,z3) 0 02V (t,x3)
oy o ' + @iy ~ :
1 V(t,ﬂ?]\[,g) 0 agv(tvaf?))
. =2 0 V(t,(I}N,Q) U(f) aﬁV(t,[L'N,Q)
1 0 -1/ \V(t,zy_1) 2h0,U (t) 2V (t,xy_1)
(6.13)
0 1 V(t, 1) —L(t) LV (t, 1)
-1 V(t,[l)g) 0 xV(t,£C2>
o taw | 1=
1 V(t,[L’N_Q) 0 GxV(t,xN_g)
-1 0) \V(t,zn_1) U(t) O,V (t, xn_1)
(6.14)

We will refer interchangeably between the terms such as proper scheme and
proper Black-Scholes differential operator as well as vice versa for the im-
proper case. Scheme will only refer to the type of differential operator used and
not which type of boundary conditions are imposed. For determining the value

of the option as a condition expectation, we use the following equation:
Value of option = eTT/ V(T, S)P(S|Sy)dS (6.15)
0
where the underlying conditional probability distribution P(S|Sy) is given by:

| (0(8) ~ (r — )t~ n(5y))

P(S, € (S,S+05)) m =———=exp | — 69
( t ( )) SO’\/Q_T('t Xp 20’2t
Transforming to the integration variable x = In(S) transforms (6.15) to:
Value of option = erT/ V(T,e*)P(e”|Sp)dx (6.16)

As the j** component of the solution will approximately be value of the option for

a given asset price of S = exp(z;) (namely the quantity V (7, exp(x;))) and as-
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suming the integrand is only appreciably different from zero within the simulation

region we can approximate (6.16) as:

Value of option =~ e”T/ V(T,e*)P(e”|Sy)dx

Tlower

N-1
~e T Z V(T,exp(x;))  Plzj|zo)Ax (6.17)

jthcomponent of solution

where the new conditional probability distribution P(x|zq := In(Sp)) is given by:

9 2
1 (:L‘ —(r—%)T1 — x()) 18
N v 2027, (6.18)

We estimate the price of the option with the conditional expectation using (6.17).

6.1.2 Simulation parameters

We summarize the free parameters in the Black-Scholes equation and discretiza-
tion used in the simulations. We now assign some values for each of the variables
that characterize the option. A volatility of ¢ = 0.1 and and risk-interest rate
r = 0.05 are typical values for these parameters looking at S&P 500 and U.S.
Treasury securities. The spot price Sy and strike price K were chosen randomly
along with the two time periods Ty and T;. We chose a symmetric interval for the
simulation region with an upper possible value of e’ ~ 1100 which is sufficiently
'far away’ from the initial value Sy and strike price K to avoid unwanted effects
associated with being too close to the boundary conditions. We chose a grid
number of Ngridnumber = 300 as we found that it was optimal in terms of having a
sufficiently dense grid without running into floating point errors associated with
evaluating derivatives over small distances. We also found that having too many

timesteps Niimesteps 1€ad to floating point errors in the final solution.
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Parameter | Value Parameter Value
So 80 Llower -7
K 100 Tupper 7
o 0.1 Nridpoints 300
r 0.05 Ax 0.047
T 1 At 0.2
Tl 1 N, timesteps 5
T 2 Order i Toler sppronfnation of | 5

Table 6.1: Parameters relating to the Table 6.2: Parameters relating to the
option. discretization

6.1.3 Results

We now plot the numerical solutions arising from calculating the ‘time-compounded’
value of the option W = €'V versus the natural logarithm of the underlying as-
set price x = In(S) for the case of both the proper and improper Black-Scholes
(B-S) differential operators. In figure (6.3), we provide a graphical comparison be-
tween the two simulations for the case of standard boundary conditions imposed
for both the proper and improper differential operator. We remark a more pro-
nounced numerical instability at the lower boundary condition for the simulation
of the improper B-S differential operator compared to the proper B-S differen-
tial operator. In figure (6.4), we also provide a graphical comparison between
the solutions, however with modified boundary conditions rather than standard
boundary conditions imposed for the improper B-S differential operator. We re-
mark that there seems to be no discernible difference between the two plots of the

improper differential B-S operator for the different sets of boundary conditions.
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Figure 6.3: Plot of ‘time-compounded’ value of the option W = eV where
7 = Tp versus the natural logarithm of the underlying asset price z = In(S) for
the (a) proper and the (b) improper schemes with standard Dirichlet boundary
conditions imposed for both simulations for a single asset. The natural logarithm
of the spot price xy ~ 4.4 is also indicated in the diagram.
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Figure 6.4: Plot of ‘time-compounded’ value of the option W = €'V where
7 = T, versus the natural logarithm of the underlying asset price z = In(S)
for the (a) proper scheme with standard Dirichlet boundary conditions and the
(b) improper scheme with modified Dirichlet boundary conditions imposed. The
natural logarithm of the spot price zy ~ 4.4 is also indicated in the diagram. As
previously stated, there is no discernible difference between imposing standard or
modified Dirichlet boundary conditions for the improper scheme. We include the
plot of the proper scheme with standard Dirichlet boundary conditions again for
purposes of direct comparison.

We also plot the probability density function associated with potential move-

ments in the natural logarithm of the of the underlying asset price x = In(S) at a
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time 77 later. As outlined in Chapter 2, this corresponds to a normal probability
distribution. We plotted the probability distribution for N4 = 300 (which is
the grid used in this simulation) and for the case of N4 = 1000 (which we take
to be the continuum for this and other plots). As to be expected, the graphs
seem indiscernible given the large number of grid points, however in some cases

for coarse grids, there will be noticeable difference.

4.0 4.0 1
3.5 1 3.5 4
3.0 3.0 1
2.5 2.5 1
= S
5‘ 2.0 5 2.0
=% o
1.5 1 1.5 1
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(a) (b)

Figure 6.5: Plot of probability distribution of natural logarithm of the price of the
underlying asset as defined on (a) the grid vs (b) continuum. As we are dealing
with Ngiq = 300, the graphs are essentially identical.

We now outline the results from solving the Black-Scholes equation up to
the time Tj and extracting the value of the option by examining the relevant
component of the solution vector that corresponds (or closest) to the spot price
Sp. As this component actually corresponds to the quantity e”TOVOPtion price; W€
multiply the value of this component by the ‘time-discount’ factor of e="%0 to
get the price of the option Viption price- We detail the values of the option as
calculated by the proper scheme with standard boundary conditions along with

the improper scheme for the two types of boundary conditions:
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Description Value

Proper scheme with standard Dirichlet boundary conditions 15.618
Improper scheme with standard Dirichlet boundary conditions | 15.661
Improper scheme with modified Dirichlet boundary conditions | 15.661

Analytic value at Tj 15.271

Table 6.3: Value of the option at a time Tj as calculated by examining the relevant
component from the solution vector for the proper scheme with standard bound-
ary conditions and the improper scheme with standard and modified Dirichlet
boundary conditions imposed. We also include the analytical value for the option
from the Black-Scholes formula

Description Value

Conditional expectation of proper scheme with std Dirichlet B.C.s 11.770
Conditional expectation of improper scheme with std Dirichlet B.C.s | 11.773
Conditional expectation of improper scheme with mod Dirichlet B.C.s | 11.773

Analytic value at Ty + T} 11.757

Table 6.4: Value of the option at a time T + 7} later as calculated from the con-
ditional expectation using the proper scheme with standard boundary conditions
and the improper scheme with standard and modified Dirichlet boundary condi-
tions imposed. We also include the analytical value for the option as calculated
from the Black-Scholes formula.

For the case of a single asset, numerical simulations agree nearly perfectly with
the analytic value, both with direct extraction at a time 7y and extraction via
conditional expectation at a time Ty + T;. We also note that the performance of
both the improper and proper schemes for evaluating the option price via both
direct extraction and extraction via conditional expectation agree to at least three
decimal places. For evaluating the option via direct extraction at a time 7Tj, the
relative error between the analytic value and the proper scheme is approximately
2.272% whereas the difference between analytic value and improper scheme (for
both standard and modified boundary conditions) is approximately 2.554%. We
suspect that the agreement between values for the option under (a) improper
scheme with standard boundary conditions and (b) improper scheme with mod-
ified boundary conditions is as a result of the larger number of grid points used
in the simulation. For the case of extraction via conditional expectation, we also

see very close agreement between the analytic value and proper scheme (relative
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error of 0.111%) and the improper scheme (relative error of 0.136%).

6.2 2D Black-Scholes

Consider the Black-Scholes equation in two dimensions:

oo, L
ot 27 Piggr T 3% 9 gg T rgg e, Y rogg

2 2
WPV 1,8V oV VeV
1 0S5,

with the associated boundary and initial conditions for the European exchange
option:

V(T, 81, 82) = max(Sy(T) — Sa(T),0) (6.19)

Near side boundary conditions:

V(t,0,8) =0 Wt
V(t, Sl, O) = maX(Sl, 0) Vit

Far side boundary conditions:

V<t7 (Sl)uppera SQ) - maX((Sl)upper - 527 0) Vt
v<t7 Sl; <S2>upper) = maX(Sl - (52)upper7 O) Vt

where the variables T' corresponds to maturity, r for interest rate, oi,o9 for
volatilities of the two assets, S, Sy for the prices of the two underlying assets,
(51 ) uppers (S2)upper for the far side boundary values for assets Sy, Sz, and V for the
value of the option. The analytic value for the European Exchange option with

terminal payoff condition (6.19) is given by Margrabe’s formula:

VExchange = 51(0)(1)(611) - S2(0>(I)<d2) (620)

where d;, dy are defined as:

d1: : d2:d1—0'ﬁ



where S1(0), S2(0) refer to the current (spot) price of the first and second under-
lying asset. We will use the above closed form expression (6.20) to benchmark
the values of the option as calculated from the simulations. For the European
exchange option, the risk-free interest rate r is set to zero as the option comprises
of two options that are both subject to the same compounding interest. However,
we present the following derivations of the Black-Scholes differential equation and
associated initial and boundary conditions for the more general case of r # 0.

Taking the following variables changes:
S; =z :=In(S;) Se—=x:=In(S) t—717:=T—1t

the Black-Scholes differential equation transforms as :

o7 2702 2702 TP 00 0m " T 2 ) on

oV 1 ,0°V 1,0V 02V < af> oV (r a§> oV
2

The boundary and initial conditions for the Black-Scholes equation can be trans-
formed using the new variables as follows:
Initial conditions

V(T = 0,21, 29) = max(e™ — e"2,0)

Boundary conditions - Near side

V<T - T, (x1>lower7 172) =0 Vr

V<T - T, 71, (:UQ)lower) = max(exl ) O) =e"t V7
Boundary conditions - Far side

V(T -7, (xl)uppem 1:2) = maX(e(xl)uppcr — 612, O) V1

V(T - T,T71, (xQ)upper) — max(exl _ e(xQ)uPPer’ O) v,i_

For the last substitution W = "V | we get the final form of the Black-Scholes

equation along with the corresponding boundary and initial conditions:

VoW =e"V
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oW 1 L,0*W 1 L,0PW 02V
1

—_ = _l’_ — JE—
7 x? 272 03

T2

Initial conditions

W(r = 0,21, 22) = max(e”™ — e*,0)

Boundary conditions - Near side

W(T7 (xl)lower7x2) =0 Vr

W<7—7 xy, (x2>lower) = er‘r+ml VT
Boundary conditions - Far side

W (T, (21 )upper, T2) = €7 max(e®wrer — 22 () Y7

W(T, 21, (T2)upper) = €7 max(e” — e(@2)upper 0) Vr

6.2.1 Imposition of boundary conditions
Standard Dirichlet boundary conditions

Consider the transformed Black-Scholes equation again:

or 270022 272022 TP 2 0,0,

2 8331 2 81’2
The boundary conditions are given by:

N g5 - N
B(T> = ?1B82:E1 (T) + ?2362:E2 (T) + PUIU2B(8m18x2)(7)
o2\ = o2\ =
+ ('f’ - 71) Bouy)(1) + ('f’ - 72) B(92)(7)

where each subcomponent is defined as:

1 ' '
~ o Z [ =00 (o) Loy (T 2) + i (o N—1) Uz, (7, J2) ]

J2

(wan(ﬂ)

l
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- 1 . .
(B(azz)(7)>l =5 Z [ = 00N 10y Lo (T 51) + Ounr(v—1,0) Uso (7, 71)
Ji
= 1 . .
(B(a%l)(T))l =12 Z [0 Gy Ly (7, J2) + O (o N—1)Usy (7, 52)]

(

1 _ .
(62w2)(7)>l = 2 Z [51,/\/'(1,]'1)[41*2 (7,71) + O NN-1,41) Uz, (7—’]1)}

J1

o]}

1 . .
- A2 Z [_617N(j271)Lw1 (7, j2) — 5l,N(1,j1)Lx2 (7,71)

J2,j1

(E(axl ,022) (T)>

l

+ 51,N(j2,N—1)Um1(T, J2) + 5l,N(N—1,j1)Um2<T7 J1)

For the current case, the explicit boundary conditions are given by:

Ly (7,72) =0 VT, j2
U, (7, 42) = €' max(e@)merer — 22(12) () VT, Jo
Ly (1, j1) = oty VT, i
Up,(T,51) = €7 max(exl(jl) — e(@2)upper 0) VT, 1

where we define the following functions that goes from the indices ji, jo to the

corresponding values of 1, x5:

() = (e = 0 ) (1) )

. L2 Jupper — (L2 )upper .
xMﬂ:((ﬂ?Nﬁf“p)m+U+@mmr
Modified Dirichlet boundary conditions

Consider the Black-Scholes equation again in two dimensions:

oW _1 LW L LW Y
> 022 P 202,02

or 27 027 T2
2 833'1 2 891:2

However, this time we shall impose the modified Dirichlet boundary conditions
along each axis x; and x5 for the case of the improper Black-Scholes differential

operator corresponding to the second partial spatial derivatives along each of
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these axes. As we saw in the one dimensional case this implies the following new

boundary conditions along each axis:

-1 0 1 V(t,z1) —2h0, L(t) 2V (t, 1)
0 -2 . - V(t, z2) L(t) 02V (t, 12)
1 e e el e V(t, x3) 0 02V (t,x3)
1 V(t,zn—3) 0 2V (t,xy_3)
-2 0 V(t,zn—2) U(t) 02V (t, xN_2)
1 0 —1) \V({#tzy) 2h0,U (1) 2V (t,ry_1)

(6.21)

Where the new ‘subcomponents’ for 92 " 8§2 operators are defined respectively as:

- 1 . .
(B(anl)(T))l = W ]Z |:_5l,./\/(j2,1)2hax1Lx1 (7,72) + 5l,N(j2,2)Lm1 (7, j2)
2
+ O N (o, N—2) Uz, (T, J2) + Su N (o, N—1) 2005, Uy, (T, ja)
- 1 . .
(B(62x2) (T)>l = (2h>2 Z |:_51,N(1:j1)2h8332 L$2 (7-7 ]1) + 5Z,N(2,j1)LmQ (7-7 ]1)

+ N (N—=2,51)Uzs (1,51) + O N(N—1,j1) 2005, Uy, (7,71)

The boundary conditions are now given by:

0%—» 2 5

o = oz = o
B(T) = _38211 (T) + _2B<92Z2 (T> + pO'IO'QB(axlam)(T)

2 2
o2\ = o3\ =
+ (T - 71) B(awl)(T) + (T - 72) B(@xz)(T)

where each of the remaining subcomponents is the same as the standard Dirichlet

boundary conditions:

<B(az1>(7)> =2 > =0ty Loy (T2 2) + i n o N—1) Uy (7 2)

J2

S 1 . .
(B(axa)(7)>l =25 > =i Lao (7. 1) + Sinvv—10) U (7. 1)

Ji
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- 1 ) .
<B(6m1,8x2)(7-)>l = 4_h2 Z [_5Z,N(j2,1)Lx1 (Ta j2) - 5l,N(1,j1)Lx2 (’7‘, 32)

J2.J1

+ O N (o, N—1) Uz, (T, J2) + S (v=1,1)Uss (T, J1)

For the case at hand, the explicit boundary conditions are given by:

L. (1,72) =0 VT, 72
Uy, (T, j2) = €™ max(e(@)uwrer _ ¢22012) () VT, jo (6.22)
Lo, (7, j1) = e'm a1y YT, j1
Uy, (7,51) = €' max(exl(jl) — e(@2)upper 0) YT, 1 (6.23)

In addition, we need to evaluate the partial derivatives at each of these boundary

conditions. Using the fact:

0 O f(1, .y )
o max(f(x1,...,x,),0) = Fr o)

max(f(x1,...,x,),0) (6.24)

it f(zy,..,2,) #0

As (21)1ower < 1(J1) < (T1)upper V71 and vice versa for z4(j2), the difference of
two exponential functions within the max(.) function for (6.22) and (6.23) will

never be zero. Therefore we can apply (6.24) to yield the following results:

8x1Lx1 (T, ]2> =0 \V/T, j2
e(@1)upper+rT ‘

axlle (7—7 JQ) N (6(x1)upper — e:CQ(j2)) max(e(ml)“”er - @3”2(]2)’ 0) \V/T, j2

OxoL,,(T,71) =0 V7, i)
e(@2)upper+r7 '

02l (1, 1) = (e(xZ)upper — ezl(jl)) maX(em(Jl) B e(m)upper’ 0) VT, 1

where we use the following ‘indexing’ functions that maps from the indices ji, jo

to the corresponding values of x, xs:

z1(j1) = <(w1)upp;<f:— (fl)lower> D o

T2(jJ2) = (<x2)upp;\r,:_ ng)lower) (G2 + 1) + (22)10wer
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For determination of the price of the option with the conditional expectation, we

use the following integral expression (in a similar manner to 6.17):

[o¢] (o]
Value of option = e~ / /
- —00

V (T, (e, e")) P [(z2, 1) ((22)nows (T1)now)] dz1dzy  (6.25)

where the parameters (1)now = In(S1), (Z2)now := In(S3) are the natural log-
arithms of the initial prices of the two assets Sy, Sy respectively. The integral

expression (6.25) can be approximated in the same manner as before to yield:

orT z_: V (T, (2%, =) ) B [((22)k: (21)1) | (Z2)nows (Z1)now)] Az1Azy (6.26)

k=1

where the term V (T, (e, e(®)1)) corresponds to the [(N —1)(k— 1)+ 0"
component of the solution and P ((22, #1)|((2)nows (Z1)now)) corresponds to the
bivariate equivalent of the univariate distribution in (6.18). We will use (6.26) to

calculate the value of the option from the conditional expectation.

6.2.2 Simulation parameters

We now choose some parameters relating to the option and discretization.

Parameter | Value

Sh 170
S 90

r 0

p 0.1
ozl 0.3
09 0.4
T 1
Ty 1

T 2

Table 6.5: Parameters relating to option
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Parameter | Value Parameter Value
(@1)1ower -8 Nz, xas 900
(1) upper 8 Az 0.533
(@2)iower | -8 Ay 0.533
(22)upper 8 Ntimesteps 2

N, 30 At 0.5
Nep | 30 Order oy sponinationof | 3

Table 6.6: Parameters relating to discretization
As this is a European Exchange option, the risk-free interest rate r is set to
zero. As multi-asset options typically involve riskier underlying assets, we chose
higher volatilities of ¢ = 0.3, 0.4. The two time periods T3, T, were chosen to
be the same as previously. The initial underlying asset prices Sy, S; were again
chosen at random. As this option comprised of riskier underlying assets with
one of the assets S; nearly twice as large as the previous single-asset option, we
chose a lager symmetric simulation region of [—8,8] compared to [—7,7] for the
previous option. For selection of the number grid points along each direction
N.,, N.,, we were limited by the computational resources required to invert the
final matrix. The above issue also constrained us with selection of the number of
time steps Nymesteps and the order of the Taylor approximation of the analytical
solution for each time step, as larger values for these parameters increased the
size of the matrix to be inverted. Therefore, we varied those parameters until
we saw close agreement between the analytic value and the proper scheme with
standard boundary conditions. Once we had these parameters selected, we then
benchmarked the improper scheme with the two sets of boundary conditions
against the analytic solution and the proper scheme with standard boundary

conditions.

6.2.3 Results

We now plot the numerical solutions arising from calculating the ‘time-
compounded’ value of the option W = €7V versus the natural logarithm of
the two underlying asset price z; = In(S), x2 = In(Sz) for the case of both the

proper and improper schemes. As the risk-free interest rate r is zero for the Eu-
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ropean Exchange option, the ‘time-compounded’ value W and value of the option
V' will coincide. In figure (6.6), we plot the analytic value of the option V' versus
the natural logarithm of the two underlying assets 1 = In(S}), xo = In(S3) as cal-
culated from Margrabe’s pricing formula. In figure (6.7), we provide a graphical
comparison between the two simulations of the option V' versus the parameters
x1, T9 for the case of the proper and improper scheme with standard Dirichlet
boundary conditions imposed for both simulations. We note a divergence between
the two solutions at the upper boundary condition for the variable x; for the sim-
ulation of the improper B-S differential operator compared to the proper B-S
differential operator. However, as the initial point ((22)now, (€1)now) = (5.1,4.5),
we would not anticipate much of a effect on the calculated price of the solution
if the aforementioned divergence is simply a localised boundary effect. In figure
(6.8), we also provide a graphical comparison between the absolute error between
the two solutions and the analytic value for the price of the option. We remark
that as we approach the upper boundary condition associated with the variable
x1, we see quite pronounced deviations from the numerical value of the option
for as calculated by proper and improper scheme (with standard boundary condi-
tions) and the analytic value for the price of the option. Although the deviations
occur around the same value of 1 &~ 6 ~ 7, the error seems more pronounced
surprisingly in the case of the proper scheme with standard Dirichlet boundary

conditions.
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Figure 6.6: (a) Plot of analytic value of the European exchange option option V'
versus the natural logarithms of the underlying asset prices xzo = In(Ss), 21 =
In(S7) using Margrabe’s formula up to time 75.
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Figure 6.7: Plot of ‘time-compounded’ value of the option W = €V where 7 =
Ty versus the natural logarithms of the underlying asset prices x5 = In(Ss), 1 =
In(S;) for the (b) proper and the (c¢) improper schemes with standard Dirichlet
boundary conditions imposed for both simulations for two assets. The natural
logarithms of the two spot prices of the underlying asset prices ((22)now, (€1)now) ~
(5.1,4.5) is also indicated in the diagram with a star. We remark that as r = 0
for a European Exchange option, the time-compounded value of the option and

the value of the option coincide (i.e. W =V).
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Figure 6.8: Plot of absolute error between the analytic value of the option V
versus the natural logarithms of the underlying asset prices zo = In(Ss), =1 =
In(Sy) for the (d) proper and the (e) improper schemes with standard Dirichlet
boundary conditions imposed for both simulations for two assets. The natural
logarithms of the two spot prices of the underlying asset prices ((22)now, (£1)now) ~
(5.1,4.5) is also indicated in the diagram with a star.We remark that as r = 0
for a European Exchange option, the time-compounded value of the option and
the value of the option coincide (i.e W = V).

Description Value

Proper scheme with standard Dirichlet boundary conditions 83.103
Improper scheme with standard Dirichlet boundary conditions | 89.375
Improper scheme with modified Dirichlet boundary conditions | 89.375

Analytic value 82.421

Table 6.7: Value of the option at a time Tj as calculated by examining the relevant
component from the solution vector for the proper scheme with standard bound-
ary conditions and the improper scheme with standard and modified Dirichlet
boundary conditions imposed. We also include the analytical value for the option
as calculated from Margrabe’s formula.
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Figure 6.9: Plot of the bivariate normal distribution P (1, Z2) | ((21)now, (Z2)now))
for the natural logarithm of the price of the underlying assets 1 = In(S1), z2 =
In(S;) at a time 77 later defined (a) on the grid N,, «,, and (b) on the continuum

(i.e. N1goox1000)-

Description Value

Conditional expectation of proper scheme with std Dirichlet B.C.s 86.863
Conditional expectation of improper scheme with std Dirichlet B.C.s | 88.319
Conditional expectation of improper scheme with mod Dirichlet B.C.s | 88.319

Analytic value at Ty + T3 87.406

Table 6.8: Value of the option at a time T + 7} later as calculated from the con-
ditional expectation using the proper scheme with standard boundary conditions
and the improper scheme with standard and modified Dirichlet boundary condi-
tions imposed. We also include the analytical value for the option as calculated
from Margrabe’s formula.

For the case of multi-asset pricing, we begin to notice a deviation between the
price of the option at a time T} as calculated between the proper and improper
scheme when determining the value of the option via examining the relevant com-
ponent from the solution vector. For the case of the proper scheme with standard
boundary conditions, we calculate an option value of 83.103 leading to a relative
error of 0.827% whereas we calculate an option value of 89.375 for the improper
scheme under both sets of boundary conditions, leading to a corresponding rel-
ative error of 8.437%. We believe that this tenfold discrepancy in relative error
between the two schemes is due to insufficient number of gridpoints (as previously

highlighted for the case of the improper scheme, the second central difference is
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approximated with effectively twice the stepsize compared to the proper scheme).
As we will see in due course, the improper scheme seems to converge to the proper
scheme with sufficiently dense set of gridpoints. However, considering the calcu-
lation of the price via the conditional expectation, the relative errors between
two approaches compared to the analytic value at time Ty + 77 seem roughly
the same with a relative error between the proper scheme and analytic value at
time Ty + 17 of 0.621% compared to a relative error of 0.936% with the improper
scheme. We note also agreement to three decimal places between the value of
the option as calculated by the improper scheme (via examining the relevant
component of the solution vector and calculation via the conditional probability
distribution) irrespective of whether we impose standard or modified boundary
conditions. The agreement between these two approaches may relate to the fact
that the correction terms for the modified boundary conditions is proportional to
the stepsize h ~ O(1/Ngridnumber). Therefore, for sufficiently large gridnumber,
these additional terms may be negligible and we are effectively implementing the
same boundary conditions. We leave further analysis of this artefact for future

work.

6.2.4 Numerical stability of solutions

We now proceed with examining and comparing the stability of numerical simu-
lations of the proper scheme with standard boundary conditions versus the im-
proper scheme with modified Dirichlet boundary conditions. We first examine
the consequence of increasing the number of grid points along each axis from 15
to 45 in increments of 15. We stopped at 45 grid points to due excessive com-
putational resources required to solve the matrix associated to, for example, a
60 x 60 grid. As we have already plotted for the case of 30 grid points along each
axis, we shall omit that case below and examine the case of 15 and 45 grid points
along each axis. Apart from number of grid points, every parameter related to

the simulation has the exact same value as previously stated in table (6.5).

Grid number and stability

We note that calculating the value of the option from examining the relevant

component of the solution vector leads to considerably worse accuracy in the
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value of the option then taking the conditional expectation of the numerical
solution with the bivariate normal distribution P (((#2,21)) | ((2)nows (£1)now))-
However, we do notice that the accuracy improves slightly as we increase the
grid number but there is still substantial relative error in both the proper and
improper schemes. One reason for this is an insufficient grid number Ngidnumber-
As we are uniformly dividing the grid in the logarithmic value of the underlying
assets z; = In(S;), that implies the spacing in the actual value of the underlying
assets will increase exponentially as we move towards the far-side boundary of
the grid:
(71)ix1 — (11); = Ax

e($1)¢+1 . 6(951)1' — e(m)i (eA:r . 1)
R .
Exponentially increasing Constant arising

from discretization

As we can only examine the value of the option at the grid point that is closest
to the logarithmic value of the underlying asset prices, this may lead to large
error. However, by taking the conditional expectation value with the bivariate
distribution , we are, in some sense, ‘interpolating’ between the grid points, hence
leading to a considerably higher accuracy. Interestingly, we do not see as a
pronounced numerical instability in the improper scheme with modified boundary

conditions.
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Figure 6.10: Plot of ‘time-compounded’ value of the option W = ¢"”V where 7 =
Ty versus the natural logarithms of the underlying asset prices x5 = In(Ss), 1 =
In(S;) for the (a) proper scheme with standard Dirichlet boundary conditions
and (b) the improper scheme with modified Dirichlet boundary conditions for two
assets with 15 gridpoints along each axis N,, = N,, = 15. The natural logarithms
of the two spot prices of the underlying asset prices ((22)now, (Z1)now) =~ (5.1, 4.5)
is also indicated in the diagram with a star.

Description Value
Proper scheme with standard Dirichlet boundary conditions 7.987

Improper scheme with modified Dirichlet boundary conditions 6.271

Analytic value at Tj 82.421
Conditional expectation of proper scheme with std Dirichlet B.C.s 46.562
Conditional expectation of improper scheme with mod Dirichlet B.C.s | 76.848
Analytic value at Ty + T} 87.406

Table 6.9: The first set of three values corresponds to the values of the option at
a time Ty as calculated by examining the relevant component from the solution
vector for the proper scheme with standard boundary conditions, the improper
scheme with modified Dirichlet boundary conditions and the analytic value for
the option from Margrabe’s formula. The second set of values refer to the values
of the option at a time T+ 717 later as calculated from the conditional expectation
using the proper scheme with standard boundary conditions, the improper scheme
with modified Dirichlet boundary conditions and the analytic value for the option
from Margrabe’s formula. Both sets of values refers to a simulation with a set of
15 gridpoints along each axis (N, = N,, = 15).
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Figure 6.11: Plot of ‘time-compounded’ value of the option W = €7V where 7 =
Ty versus the natural logarithms of the underlying asset prices x5 = In(Ss), 1 =
In(S;) for the (a) proper scheme with standard Dirichlet boundary conditions
and (b) the improper scheme with modified Dirichlet boundary conditions for two
assets with 45 gridpoints along each axis N, = N,, = 45. The natural logarithms
of the two spot prices of the underlying asset prices ((22)now, (Z1)now) =~ (5.1, 4.5)
is also indicated in the diagram with a star.

Description Value
Proper scheme with standard Dirichlet boundary conditions 85.142
Improper scheme with modified Dirichlet boundary conditions 85.417
Analytic value at Ty 82.421
Conditional expectation of proper scheme with std Dirichlet B.C.s 86.805
Conditional expectation of improper scheme with mod Dirichlet B.C.s | 87.370
Analytic value at Ty + T} 88.406

Table 6.10: The first set of three values corresponds to the values of the option at
a time Ty as calculated by examining the relevant component from the solution
vector for the proper scheme with standard boundary conditions, the improper
scheme with modified Dirichlet boundary conditions and the analytic value for
the option from Margrabe’s formula. The second set of values refer to the values
of the option at a time T+ 717 later as calculated from the conditional expectation
using the proper scheme with standard boundary conditions, the improper scheme
with modified Dirichlet boundary conditions and the analytic value for the option
from Margrabe’s formula. Both sets of values refers to a simulation with a set of
15 gridpoints along each axis (N, = N,, = 45).
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Covariance matrix and stability

We now examine how the numerical stability is affected by varying statistical pa-
rameters associated with the covariance matrix describing the distribution of the
underlying assets comprising the option. We will return to having 30 gridpoints
along each axis (N,, = N,, = 30). Apart from the covariance matrix, every pa-
rameter related to the simulation has the exact same value as previously stated
in table (6.5). We first begin by changing the variance between the correlation p
between the two assets from being moderately correlated with p = 0.5 to strongly
correlated with p = 0.9. We then set the correlation back to its previous value of
p = 0.1 and then vary the volatility o, associated with the first underlying asset
S1. We chose to vary the volatility of the first asset rather than the second asset as
we remarked previously, that there seems is a more pronounced deviation between
the simulations for the two schemes at the upper boundary condition associated
with (21)upper- We want to examine what, if any effect, does increased volatil-
ity have on the deviation between the two simulations and associated calculated

prices for the option.

Wiy, 2
sy~ 6 8

(c)

Figure 6.12: Plot of ‘time-compounded’ value of the option W = ¢"”V where 7 =
To versus the natural logarithms of the underlying asset prices xo = In(Ss), x1 =
In(Sy) for the (a) proper scheme with standard Dirichlet boundary conditions
and (b) the improper scheme with modified Dirichlet boundary conditions for
two assets with a correlation of p = 0.5. The natural logarithms of the two spot
prices of the underlying asset prices ((22)now, (Z1)now) = (5.1, 4.5) is also indicated
in the diagram with a star.

160



Description Value

Proper scheme with standard Dirichlet boundary conditions 80.040
Improper scheme with modified Dirichlet boundary conditions 86.675
Analytic value at Tj 80.688
Conditional expectation of proper scheme with std Dirichlet B.C.s 82.318

Conditional expectation of improper scheme with mod Dirichlet B.C.s | 84.942

Analytic value at Ty + T} 83.138

Table 6.11: The first set of three values corresponds to the values of the option at
a time Tj as calculated by examining the relevant component from the solution
vector for the proper scheme with standard boundary conditions, the improper
scheme with modified Dirichlet boundary conditions and the analytic value for the
option from Margrabe’s formula with p = 0.5 . The second set of values refer to
the values of the option at a time Ty + T} later as calculated from the conditional
expectation using the proper scheme with standard boundary conditions, the
improper scheme with modified Dirichlet boundary conditions and the analytic
value for the option from Margrabe’s formula, also with p = 0.5.

The first thing to notice is that the correlation between the underlying assets
seems to have little to no effect on the stability of the numerical solutions. We
see some numerical instability for the case of the improper scheme with
modified boundary conditions at the intersection (corner) of both far-side
boundary conditions. When determining the price of the option via examination
of the relevant component of the solution vector, we see a large relative error of
7.42% for the improper scheme versus 0.803% for the proper scheme. However,
in a similar way to the previous simulations, we record more comparable
relative errors between the two schemes when determining the price of the
option via the conditional probability distribution. We note a relative error of
2.17% for the improper scheme and 0.986% for the proper scheme when using

the conditional probability distribution to determine the price of the option.
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Figure 6.13: Plot of ‘time-compounded’ value of the option W = ¢V where 7 =
Ty versus the natural logarithms of the underlying asset prices x5 = In(Ss), 1 =
In(S;) for the (a) proper scheme with standard Dirichlet boundary conditions
and (b) the improper scheme with modified Dirichlet boundary conditions for
two assets with a correlation of p = 0.9. The natural logarithms of the two spot
prices of the underlying asset prices ((22)now, (Z1)now) = (5.1,4.5) is also indicated
in the diagram with a star.

Description Value
Proper scheme with standard Dirichlet boundary conditions 76.815
Improper scheme with modified Dirichlet boundary conditions 83.853
Analytic value at Tj 80.002
Conditional expectation of proper scheme with std Dirichlet B.C.s 74.638
Conditional expectation of improper scheme with mod Dirichlet B.C.s | 80.800
Analytic value at Ty + T} 80.077

Table 6.12: The first set of three values corresponds to the values of the option at
a time Ty as calculated by examining the relevant component from the solution
vector for the proper scheme with standard boundary conditions, the improper
scheme with modified Dirichlet boundary conditions and the analytic value for the
option from Margrabe’s formula with p = 0.9 . The second set of values refer to
the values of the option at a time Ty + T} later as calculated from the conditional
expectation using the proper scheme with standard boundary conditions, the
improper scheme with modified Dirichlet boundary conditions and the analytic
value for the option from Margrabe’s formula, also with p = 0.9.

As we increase the strength of the correlation between the two assets to p = 0.9,
we see the aforementioned instability at the corner of the two far-side bound-
aries become more pronounced. When determining the price of the option via

examination of the relevant component of the solution vector, we see a relative
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error of 4.812% for the improper scheme and 3.984% for the proper scheme. In
determining the value of the option via the conditional probability distribution,
we record a relative error of 0.903% for the improper scheme and 6.792% for the

proper scheme.
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()

Figure 6.14: Plot of ‘time-compounded’ value of the option W = eV where 7 =
Ty versus the natural logarithms of the underlying asset prices x5 = In(Ss), 1 =
In(S;) for the (a) proper scheme with standard Dirichlet boundary conditions
and (b) the improper scheme with modified Dirichlet boundary conditions for
two assets with a volatility of the first asset 0y = 0.7. The natural logarithms of
the two spot prices of the underlying asset prices ((2)now, (Z1)now) == (5.1,4.5) is
also indicated in the diagram with a star.

Description Value
Proper scheme with standard Dirichlet boundary conditions 81.885
Improper scheme with modified Dirichlet boundary conditions 104.387
Analytic value at Tj 90.487
Conditional expectation of proper scheme with std Dirichlet B.C.s 96.100
Conditional expectation of improper scheme with mod Dirichlet B.C.s | 95.636
Analytic value at Ty + T3 101.592

Table 6.13: The first set of three values corresponds to the values of the option at
a time T as calculated by examining the relevant component from the solution
vector for the proper scheme with standard boundary conditions, the improper
scheme with modified Dirichlet boundary conditions and the analytic value for the
option from Margrabe’s formula with oy = 0.7. The second set of values refer to
the values of the option at a time Ty + T} later as calculated from the conditional
expectation using the proper scheme with standard boundary conditions, the
improper scheme with modified Dirichlet boundary conditions and the analytic
value for the option from Margrabe’s formula, also with o; = 0.7.
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Figure 6.15: Plot of ‘time-compounded’ value of the option W = ¢V where 7 =
Ty versus the natural logarithms of the underlying asset prices x5 = In(Ss), 1 =
In(S;) for the (a) proper scheme with standard Dirichlet boundary conditions
and (b) the improper scheme with modified Dirichlet boundary conditions for
two assets with a volatility of the first asset oy = 0.9. The natural logarithms of
the two spot prices of the underlying asset prices ((22)now, (Z1)now) =~ (5.1,4.5) is
also indicated in the diagram with a star.

Description Value
Proper scheme with standard Dirichlet boundary conditions 119.286
Improper scheme with modified Dirichlet boundary conditions 127.823
Analytic value at Tj 96.521
Conditional expectation of proper scheme with std Dirichlet B.C.s 92.827
Conditional expectation of improper scheme with mod Dirichlet B.C.s | 94.225
Analytic value at Ty + T} 110.525

Table 6.14: The first set of three values corresponds to the values of the option at
a time Ty as calculated by examining the relevant component from the solution
vector for the proper scheme with standard boundary conditions, the improper
scheme with modified Dirichlet boundary conditions and the analytic value for the
option from Margrabe’s formula with o1 = 0.9. The second set of values refer to
the values of the option at a time Ty + T} later as calculated from the conditional
expectation using the proper scheme with standard boundary conditions, the
improper scheme with modified Dirichlet boundary conditions and the analytic
value for the option from Margrabe’s formula, also with ¢; = 0.9.

We first notice that increasing the volatility of the first underlying asset oy of
the first asset drastically reduces the numerical stability of the solutions. How-
ever, taking the conditional expectation and comparing to the analytic solution

Ty + 11 ameliorates this issue greatly. For the case of o1 = 0.7, we note a rela-
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tive error of approximately ~ 6% between the analytic value of the option and
either scheme when calculating the value of the option through the conditional
expectation technique. For the case of o; = 0.9, we see a larger relative error
of ~ 15% between either scheme and the analytic value. For larger variances,
there is a higher probability that the underlying assets may ‘wander’ towards the
boundaries, leading to very large errors. Setting the boundary conditions further
away from the natural logarithm of the initial price of the assets may reduce this

error.

Figure 6.16: Plot of ‘time-compounded’ value of the option W = ¢V where 7 =
Ty versus the natural logarithms of the underlying asset prices x5 = In(Ss), 1 =
In(S;) for the (a) proper scheme with standard Dirichlet boundary conditions
and (b) the improper scheme with modified Dirichlet boundary conditions for
two assets with a volatility of the first asset 0; = 0.9 and simulation time of
Ty = 2. The natural logarithms of the two spot prices of the underlying asset
prices ((22)nows (Z1)now) =~ (5.1,4.5) is also indicated in the diagram with a star.
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Description Value
Proper scheme with standard Dirichlet boundary conditions 277.695
Improper scheme with modified Dirichlet boundary conditions 148.447
Analytic value at Tj 101.592
Conditional expectation of proper scheme with std Dirichlet B.C.s 95.389
Conditional expectation of improper scheme with mod Dirichlet B.C.s | 96.119
Analytic value at Ty + T} 110.340

Table 6.15: The first set of three values corresponds to the values of the option at
a time T} as calculated by examining the relevant component from the solution
vector for the proper scheme with standard boundary conditions, the improper
scheme with modified Dirichlet boundary conditions and the analytic value for
the option from Margrabe’s formula with o1 = 0.9 and T = 2. The second set
of values refer to the values of the option at a time Ty + 77 later as calculated
from the conditional expectation using the proper scheme with standard boundary
conditions, the improper scheme with modified Dirichlet boundary conditions and
the analytic value for the option from Margrabe’s formula, also with oy = 0.9 and
Ty = 2.

6.3 Black-Scholes option pricing with HHL

We now present a working proof of principle example of a pricing a one dimen-
sional European put option. As we are simulating this algorithm with a classical
simulator, we are constrained by the depth and number of qubits of the circuit.
With this fact in mind, we hope to demonstrate a single time step (with a second
order Taylor approximation of the analytic solution for said time step) for the
finite difference method and then estimate the price of the option by performing
a SWAP test between the two quantum states. The price of an option (with no
path-dependent requirements to consider) for a current asset price of Sy can be

expressed as:
Value of option = e_TT/ V(T, S)P(S]Sp)dS (6.27)
0

The overall idea of the algorithm is to encode the amplitudes of V(7T,S) in a
quantum state through execution of the HHL algorithm and then approximating
the integral of (6.27) through a SWAP test between the previous state and another

quantum state whose amplitudes encode the conditional probability distribution
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Figure 6.17: Quantum circuit for option pricing incorporating both the HHL
algorithm and SWAP test.

Consider the following matrix equation:

MZ =V
I 0 o0 o)\ [z Vo
“AAL T 0 o]z ALV,
- (6.28)

0 -2 1 of |z 0

. | -1 -1 1) \z 0
g ~ o e’ N— —
M 7 v

The matrices A and I will each have dimension 16. The matrix A will correspond
to the Black-Scholes operator differential operator with 16 points arising from a
spatial discretization [zg := Ziower, T1, T2, ..., T15 := Tupper] Of the variable x which
is the natural logarithm of the underlying asset price S (z := In(S)). The price of
the option at time increment At later will be approximately encoded in each of the
amplitudes of the 2z vector only. Furthermore, the vector ¢, will be proportional
to a vector where the j* component will approximately be value of the option

for a given asset price of S = exp(z;) The matrix M is not Hermitian therefore
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we instead solve a ‘Hermitian’ variant of (6.28):

MZ =V
o M)\ [0 vV
Jl=1_ (6.29)
M 0 A 0
M Z v

Reinserting the definition of (6.28) for the matrix M in terms of A and I trans-
forms (6.29) as:

0 0 0 0 I o0 0 0\ /[0 Vo
0 0 0 0 -AAt I o0 offo0 AtV;
0 o 0 0 o0 AN o]0 0
0 0 0 o I -1 T I1[|0f | O
I -ATAt 0 -1 o0 o o ofllx] | 0
0o I A 1 g 0 0 of|z 0
0 o0 I -I o 0 0 oz 0
0 0 0 I 0 0 0 0/ \z 0
h ~~ T~ T
M z 7

As discussed with the chapter discussing the HHL algorithm, we assume the
spectrum of the matrix that we are inverting has a maximum absolute value of
any of its eigenvalues to be one. Therefore, the actual matrix equation that will

be solved by the HHL algorithm will be:
1 ~ = 1 - ~
MZ = 1% | A max := {max|X\;| : \; € 0o(M)}

’)\|max ‘)\|max

With this caveat in mind,we proceed with the post-selection step of the HHL algo-
rithm. Upon successful post-selection of the ancilla qubit in the HHL algorithm,

we should have on the vector register of the quantum algorithm approximately
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the quantum state:

—
o O O QA

V) = ——— (6.30)

Before we proceed, we will need to estimate the norm of the solution 5 before
normalisation, (i.e. estimate the value of /3+  [|Z]2). This will be required as
ultimately as we will see that the value of an option can be expressed as the time-
discounted inner product of two not necessarily normalised vectors P and 7. The
vector P here refers to a vector whose 4" component encodes the probability that
the underlying asset price S (whose present value we assume is Sy) will undergo
a movement in its price attaining a final value S = exp(z;) at a time increment
Aty later. Recalling from the previous chapter (4.2.5), we can estimate the norm

of the solution # = A~1b with the HHL algorithm as:

HEH VProb (|1) A peita)
C

7] = (6.31)

Applied to the current case yields:

‘:/’

vV Prob (11) s eia)

e (6.32)

We assume a-priori that Hf;H is known. The parameter C' is chosen beforehand
based on the spectrum of the matrix to be inverted. Considering we need to
estimate the inner product of Z; with P, we need to estimate the quantity ||Z].
This can be achieved by doing three further measurements on the state |V )

which is the output of the HHL algorithm. To see this explicitly, consider the
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Dirac notation representation of (6.30):

|
0 ,) = —[|100> ® %+ [101) @ % + |110) ® 2 + [111) ® 54]

PR
2 i lIZ?

By post-selecting on the ‘last’ three qubits being simultaneously measured to be

|111), we can reproduce a quantum state |z4) that is proportional to the vector

zy. The probability of measuring the state [111) is given by:

2

Prob (]111

)) = A
e

Or equivalently:

124]] =

4
> _lIz]? | VProb(111))
i=1

By inserting the definition of (6.32) for the value of /377 [|%]|? yields:

Y

|24l = 1 V/Prob(TIT))y/Prob (1) 4, (6.:33)

-

<

= LI /Prob(|1111)) (6.34)

Q

where we have dropped the explicit denoting of the ancilla qubit. Therefore,
we can estimate the norm of the component we care about from the solution,

namely Z; from examining the post-selection probabilities and the norm of the

-

%

input vector (which encodes the initial conditions and boundary conditions).
After partial measurement of the state |V ;) in the vector register, we proceed with
loading the state encoding the probability distribution of underlying asset price
movement, namely |P). We assume some sort of oracle access for the preparation
of both this state and the state encoding the initial and boundary conditions
|W). Once |Up) has been loaded, we proceed with the SWAP test between the

states |¥,,) and |WUp). As previously stated we can estimate the absolute value

of the overlap as:

[(Up[W,) | = /1= 2Prob (|1)gysp)

where the notation SWAP denotes the SWAP qubit that will ultimately be mea-
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sured to determine the overlap between the two states. We can now calculate the

inner-product of the two non-normalized states P and Z; as:

(P.2)

= (2] 1zl 1 (wplw.) (6.35)

= HﬁH @\/W\/l — 2 Prob(|Lgwap) (6.36)

As the value of the option is just the time discounted factor of (6.35), the value
of the option will be:

o ]

Value of option = 8 \/Prob(|1111>)\/1 — 2Prob (|1)gwap)

|W,,) o 24

]

Figure 6.18: Partial measurement of |V ;) to determine the normalisation of |z4)
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Figure 6.19: Full quantum circuit for current example. The block circuits denoted
by |¥) and |Up) represent the loading of the associated ‘normalised version’ of

the states V and P respectively.

6.3.1 Simulation parameters and option setup

We now select parameters relating to the option, discretization and quantum

algorithm.
Option 1
Parameter | Value Parameter Value
So 15 Ngrid 16
K 40 Ntimesteps 1
r 0.1 | — Llower 0
a 0.5 Tupper 5
b 025 Az 0.3125
T 0.25 At 0.95
T | 05 O maticsl o e | 2

Table 6.16: Parameters relating to option pricing for the first option. Sy denotes
the spot price, K for the strike price of the asset, r for the risk-free interest rate,
o for the volatility, Ty for the simulation period of the option with the HHL
algorithm, T} for the time parameter associated with the probability distribution
of possible underlying asset price movements.
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Option 2

Parameter | Value | — Parameter Value
So 30 | — Ngrid 16
K 55 T Ntimesteps 1
r 0.05 | — Tlower 0
o 045 | — Tupper G
To 0.25 | — Az 0.3125
Ty 0.25 | — At 0.95
Tow | 05 | — | iy it | 2

Table 6.17: Parameters relating to option pricing for the second option. Sy
denotes the spot price, K for the strike price of the asset, r for the risk-free
interest rate, o for the volatility, T for the simulation period of the option with
the HHL algorithm, 7} for the time parameter associated with the probability
distribution of possible underlying asset price movements.

We choose larger than typical volatilities of o = 0.45, 0.5 to increase the theoret-
ical overlap | (Vp|V,,) | we should measure (which we calculated beforehand by
directly solving the matrix). As we will see in due course, for an overlap e, the
number of executions of the circuit required to faithfully determine | (Up|W.,,) |
scales as O (1/€?). As each execution of the circuit took a relatively long time of
approximately 5 seconds, we chose a larger volatility to reduce the total number
of executions we would need to faithfully determine the overlap and thus price
of the option. As we were effectively limited to a single timestep for simulation
due to limited computational resources, we chose the simulation time Tj itself
to be small (comparable to a single timestep itself). We were also restricted
to a coarse grid of just ngiq = 16 gridpoints due to limited computational
resources. Therefore, unlike before where we selected the simulation region to
be a symmetric interval of the form [—c, c], we needed to chose an interval that
was ‘concentrated’ around the initial price of the asset. We chose the interval
[Z1owers Tupper] t0 be of the form of [In(Sy) — ¢, In(Sy) + ¢. If we had the luxury of
a larger number of gridpoints, we could have just set the simulation region to be
a symmetric interval as done previously. We determined ¢ by classically solving
the system for different values of ¢ and comparing the resulting accuracy of the

solution against the true price of the option.
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Similar to the previous section for the case of single-asset option pricing, we need
to create the vectors Vo and V; which correspond to the initial and boundary
conditions respectively. We reintroduce a simple function that translates from

component index to grid points arising from the discretization of the variable x:

. Lupper — Llower . .
p(j) = ( Zueper = lower ) i 4 1y 4 powers j € [0, N — 1
() = (B ) 4 1) i €0V 1

We encode the initial condition which is just they payoff function evaluated at
each of the grid points. As we are pricing a European put option, the payoff
function P is P(S) = max(K —S,0) and therefore the j component of the vector

Vo will be (assuming the first component of the vector is indexed by j = 0):
(Vh); = max(K — exp(x(j)), 0)
For the case of the boundary conditions, V; will be the same as in (6.7):
(Vi) = (6> —7r) K

Finally, the last piece of classical information that will be loaded into the quantum
algorithm is P which encodes the probability distribution surrounding possible
price movements in the underlying asset S. More precisely, the j** component
of P roughly corresponds to the probability that the underlying asset price S
which has a price Sy at ¢ = 0, will attain the price exp(z(j)) at time T later.
Or equivalently with change of variables, the j** component of P corresponds to
the probability that the natural logarithm of the asset price z, will attain the
value z(j) at a time ¢ = T later given its initial value of xy := In(Sp) at ¢ = 0.
As seen in chapter 2, the natural logarithm of the price of an underlying asset
undergoing geometric Brownian motion is lognormally distributed with mean
In (Sp) + <r — %2> T and variance 0®T. Therefore the j* component of P is
defined as:

exp | —=

. ()~ (So) — (r—2) T\
<P>J:O' ;WT ; U\/T< ) A

where Az is the spacing of the grid.
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Option 1
Parameter | Value Parameter Value
dim (M) 128 C 0.198
M, 16 Ancillagpits [0]
M 16 QPEqubits [1,2,3,4]
4 31.7 W) [5,6,7,8,9,10,11]
ty 50.3 |Wp) [1,2,3,4]
t 31.7 SWAP gubits [12]
v | 53415 |2 0.742

Table 6.18: Parameters relating to the circuit to calculate the price of the first
option. The parameter M denotes the No. of Fourier basis states, M; denotes
the lower bound for this No. The parameters t;, t, and t refer to the lower,
upper bounds and actual selected time parameter ¢ in exp(iAt/M) respectively.
Finally, the parameter C' refers to the ancilla normalisation constant from the
HHL algorithm. Each set of integers in the table indicates on what qubits a
subroutine takes place or where a quantum state is initially loaded

Option 2
Parameter | Value Parameter Value
dim(M) | 128 C 0.191
M, 16 Ancillagupits [0]
M 16 QPEqubits [1,2,3,4]
t 34.7 W) [5,6,7,8,9,10,11]
ty 50.3 |Wp) [1,2,3,4]
t 34.7 SWAP ubits [12]
v | 59.448 | 0.655

Table 6.19: Parameters relating to the circuit to calculate the price of the second
option. The parameter M denotes the No. of Fourier basis states, M; denotes
the lower bound for this No. The parameters ¢;, t, and t refer to the lower,
upper bounds and actual selected time parameter ¢ in exp(iAt/M) respectively.
Finally, the parameter C' refers to the ancilla normalisation constant from the
HHL algorithm. Each set of integers in the table indicates on what qubits a
subroutine takes place or where a quantum state is initially loaded
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6.3.2 Results

We use the Qiskit[28] AerSimulator() to classically simulate the circuit. Due
to the extremely large depth of the transpiled circuit of approximately 1.1 x 10°
and average gate fidelities for hardware, it was not possible to run the algorithm
on actual hardware. We use the default method="‘automatic’ of this simulator
as the simulation style for the circuit. We simulate 500 executions (shots=500)
of the circuit for option 1 and 750 executions (shots=750) for option 2. As we
have not specified a noise model for the simulator, the simulation is noiseless.
Before execution of the circuit, the AerSimulator () requires a transpilation of
the circuit. We choose an optimization_level=1 to strike a balance between
light optimization of the circuit for faster execution times of the circuit while still
faithfully implementing the circuit accurately. We chose a larger number of counts
for the second option due to anticipated smaller overlap which would require
more samples to estimate reliably. It would have been useful during execution
of the circuit to halt simulation of the circuit if post-selection is unsuccessful
(no matrix inversion) to reduce the simulation time of each of the shots. We
examine this issue more thoroughly in the discussion section. For the case of
implementing the unitary exp (%) that appears in the QPE step we utilized the
UnitaryGate () method which constructs a circuit which approximates the matrix
representation of the unitary operator U we are trying to implement. We initially
had planned to implement a Suzuki-Trotter method given the explicit ‘pseudo’-
matrix decomposition we derived in chapter 5 however due to time concerns we
were not able to directly implement it, we leave this project for future work. For
the sake of clarity, we only present here the counts after successful post-selection

of the ancilla qubit in the HHL algorithm subroutine.
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Option 1
First post-selection — Second post-selection
No Basis state Counts | — Basis state Counts
|@1201101099) |q0) — | l¢12) [9119109990)
0 |0000) |1) 3 — - -
1 |0001) |1) 0 — - -
2 |0010) |1) 2 — - -
3 |0011) |1) 0 — - -
4 |0100) |1) 72 — - -
5 |0101) |1) 0 — - -
6 |0110) |1) 1 — - -
7 |0111) |1) 53 — |0) [1111) 53
8 |1000) |1) 0 — - -
9 |1001) |1) 1 — - -
10 |1010) |1) 1 — - -
11 |1011) |1) 0 — - -
12 |1100) |1) 53 — - -
13 |1101) |1) 2 — - -
14 |1110) |1) 0 — - -
15 [1111) |1) 42 — 1) [1111) 42
Sum of counts 230 - | Sum of counts 95
Total executions of circuit 500

Table 6.20: Counts for the circuit to calculate the value of the first option as
provided by the Qiskit AerSimulator(). Although five qubits are ultimately
measured, qubit gy corresponds to either successful or unsuccessful matrix inver-
sion. Therefore, we only present counts where matrix inversion was successful
(g0 = +1). Furthermore, for the SWAP subroutine, we need to collapse the
quantum state |¥;) to the quantum state |¥,,) by post-selecting for the state
|g11¢10g9) = |111). We indicate the post-selected states in the second column.
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Option 1

No. of |(.)) [1111) Shots Prob(|1111)) [EAl

95 500 0.190 117.621

No. of |O>SWAP No. of |1>SWAP PrOb(|1>SWAP) [(Up|V.,) |

53 42 0.442 0.340
o~ (To+T1) Pricecyass Pricequantum Rel. error
0.951 27.805 28.228 1.521%

Table 6.21: Calculation of the value of the first option from count statistics.
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Option 2
First post-selection — Second post-selection
No Basis state Counts | — Basis state Counts
|@1201101099) |q0) — | l¢12) [9119109990)
0 |0000) |1) 4 — - -
1 |0001) |1) 2 — - -
2 |0010) |1) 0 — - -
3 |0011) |1) 0 — - -
4 |0100) |1) 90 — - -
5 |0101) |1) 2 — - -
6 |0110) |1) 0 — - -
7 |0111) |1) 81 — |0) [1111) 81
8 |1000) |1) 3 — - -
9 |1001) |1) 0 — - -
10 |1010) |1) 0 — - -
11 |1011) |1) 0 — - -
12 |1100) |1) 61 — - -
13 |1101) |1) 0 — - -
14 |1110) |1) 1 — - -
15 [1111) |1) 69 — 1) [1111) 69
Sum of counts 313 - | Sum of counts 150
Total executions of circuit 750

Table 6.22: Counts for the circuit to calculate the value of the second option
as provided by the Qiskit AerSimulator (). Although five qubits are ultimately
measured, qubit gy corresponds to either successful or unsuccessful matrix inver-
sion. Therefore, we only present counts where matrix inversion was successful
(qo = +1). Furthermore, for the SWAP subroutine, we need to collapse the
quantum state |¥;) to the quantum state |¥,,) by post-selecting for the state
|g11¢1099) = |111). We indicate the post-selected states in the second column.
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Option 2
No. of |(.)) [1111) Shots Prob(|1111)) [EAl
150 750 0.2 139.193
No. of [O)gwpp | No. of [Dgyap | Prob (|Dgwap) | [(¥r|¥2,) |
81 69 0.46 0.283
e~ "(To+Th) Priceciass Pricequantum | Rel. error
0.975 23.811 25.173 5.72%

Table 6.23: Calculation of the value of the second option from count statistics.

6.3.3 Intermediate shot counts

We now provide intermediate count statistics for both the first and second

option.

Option 1

Batch No. 1
100

Shots for run Accumulated shots 100

Accumulated results

No. of |01111)

No. of [11111)

Prob (].) [1111))

Prob (’DSWAP)

12 10 0.22 0.455
[(Vp|V.,) | [EAl Priceciass Pricequantum
0.302 122.145 27.805 26.036

Rel. error 6.361 %

Table 6.24: Aggregated results for first circuit after 100 shots
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Option 1

Batch No.

2

Shots for run

100

Accumulated shots

200

Accumulated results

No. of |01111)

No. of [11111)

Prob (].) [1111))

Prob (|1>SWAP)

22 19 0.205 0.463
| <\IJP|\IJZ4> | ”54” PriceClass. PriceQuant.
0.271 122.145 27.805 23.363
Rel. error 15.976%

Table 6.25: Aggregated results for first circuit after 200 shots

Option 1
Batch No. 3
Shots for run 100 Accumulated shots 300

Accumulated results

No. of [01111)

No. of [11111)

Prob (|.) [1111))

Prob (|1>SWAP)

32 26 0.193 0.448

| (Up|W,,) | [EAl Pricecyass. Pricequant
0.322 118.52 27.805 26.935
Rel. error 3.129%

Table 6.26: Aggregated results for first circuit after 300 shots

Option 1
Batch No. 4
Shots for run 100 Accumulated shots 400

Accumulated results

No. of |01111)

No. of [11111)

Prob (|.) |1111))

Prob (|1>SWAP>

42 35 0.193 0.455

| (Up|W,,) | [EAl Pricecyass. Pricequant.
0.302 118.362 27.805 25.23
Rel. error 9.261%

Table 6.27: Aggregated results for first circuit after 400 shots
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Option 1

Batch No.

5

Shots for run

100

Accumulated shots

500

Accumulated results

No. of |01111)

No. of [11111)

Prob (|.) [1111))

Prob (|1>SWAP>

93

42

0.19 0.442

| (Up|W,,) | [EA Priceciass. Pricequant.
0.34 117.591 27.805 28.219
Rel. error 1.521%

Table 6.28: Aggregated results for first circuit after 500 shots

Option 2
Batch No. 1
Shots for run 150 Accumulated shots

150

Accumulated results

No. of |01111)

No. of [11111)

Prob (|.) [1111))

Prob (|1>SWAP>

15 18 0.22 0.545
| <‘1/p’\1124> | HZ4H PI‘iCGClaSS PriceQuanmm
NaN NaN 23.811 NaN
Rel. error NaN %

Table 6.29: Aggregated results for second circuit after 150 shots. We use the
term ‘NaN’ to indicate that a complex number was calculated for that quantity

and therefore omit it.
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Option 2

Batch No. 2
Shots for run 150 Accumulated shots 300

Accumulated results

No. of [01111) | No. of |11111) | Prob(|.)|1111)) | Prob (|1)gwap)

31 32 0.21 0.508

| <\IJP|\IJZ4> | ”54” PriceClass. PriceQuant.
NaN NaN 23.811 NaN
Rel. error NaN%

Table 6.30: Aggregated results for second circuit after 300 shots. We use the
term ‘NaN’ to indicate that a complex number was calculated for that quantity
and therefore omit it.

Option 2
Batch No. 3
Shots for run 150 Accumulated shots 450

Accumulated results

No. of |01111) | No. of [11111) | Prob(|.) [1111)) | Prob (|1)qwap)

52 43 0.211 0.453
| (Up|W,,) | A Pricecyass. Pricequant
0.308 143.008 23.811 28.129
Rel. error 18.135%

Table 6.31: Aggregated results for second circuit after 450 shots
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Option 2

Batch No. 4
Shots for run 150 Accumulated shots 600

Accumulated results

No. of [01111) | No. of [11111) | Prob(|.) |1111)) | Prob (|1)gwap)

68 61 0.215 0.473

| <\IJP’\II24> | HZ4” PriceClass‘ PriceQuant.
0.233 144.319 23.811 21.470
Rel. error 9.832%

Table 6.32: Aggregated results for second circuit after 600 shots

Option 2
Batch No. 5
Shots for run 150 Accumulated shots 750

Accumulated results

No. of [01111) | No. of [11111) | Prob(|.) |1111)) | Prob (|1)gwap)

81 69 0.2 0.46
| <\IIP’\IIZ4> | HZ4H PriceClass. PriceQuant.
0.283 139.193 23.811 25.143
Rel. error 5.72%

Table 6.33: Aggregated results for second circuit after 750 shots

For the case of the first option, we see the relative error jump quite significantly
from a maximum relative error of ~ 15% and a minimum relative error 1.5%. As
the AerSimulator () is noiseless, this result is unexpected. We should expect the
relative error to approximately decrease with increasing shot number. However,
for the case of the second option we note that after the 3" batch of shots, the
relative error consistently falls from 18.135% to 9.382% to a final value of 5.72%

with subsequent batches.

6.3.4 Discussion

We now proceed with commenting on the results and identifying potential sources

of error within the algorithm that could effect the results.
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State preparation

One of the first issues to be addressed with this algorithm is the time complexity
of loading the quantum states |Uy) and |¥p) which correspond to the bound-
ary/initial conditions of the simulation and probability distribution of possible
underlying price movements respectively. As the amplitudes of |Wp) are propor-
tional to a normal distribution, itself being a smooth differentiable function, there
exists quantum algorithms such as [19] and [26] which may permit efficient load-
ing of states corresponding to said distribution. The norm of this quantum state
can also be efficiently computed as follows. If f(x) corresponds to the standard

normal distribution:

then:
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For sufficiently many qubits representing the state }3, we can estimate its norm

as:
. on_1 o 1
Pl = iQA ~ 2d = — 6.37
I Y IRy = I
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We now consider the more general case of the vector V being equal to the vector

—

V' (which is the general form of the vector for encoding the initial and boundary

conditions). The vector V has the following form:

Vo
(AT

om—1 _,
(e Vs

—

0

om—1 _,
G Vo

<
I
=11

(ap2" =
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—

=1

ol oy
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For the structure of the vector ‘7, we may able to efficiently estimate its norm
|[V||. If the boundary and initial conditions are repeated 22" times, where each

term has a Taylor order approximation of the analytic solution of order = 27!,
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then the norm of ’ V|| can be estimated as:

—

Vo

—

2 Ay
+2pr<; - v

2
J
For the case of time independent boundary conditions, this expression simplifies

-\l

Without further information about the nature of each \_/; for j € [1,order] , it is

as:

. 2 5112
Vv + (A2 ||V

difficult to quantity the circuit depth and or complexity of loading these quantum

states. We leave this for future work.

Quantum Phase Estimation

m

The second caveat to be examined is the gate complexity of the unitary exp (’Mt>
in the QPE subroutine of the HHL algorithm. The process of UnitaryGate()

iMt

method decomposing the 128 x 128 matrix exp (7> into a circuit dominated
the computational resources required to simulate the circuit. This computational
cost is what limited us to a grid of no more than 16 points and a single time step
with a second order approximation of the analytical solution. Although as we
ultimately calculated option through a conditional expectation, we believe that
the underlying normal distribution enabled effectively an ‘interpolation’ between
the grid points. After execution of the HHL algorithm, the value of the option
for present underlying asset price of exp(z;) should be approximately encoded at
the ¥ grid point. For only 16 grid points, this is quite a coarse grid to directly
extract the price from. By calculating the price from considering the overlap
from the output of HHL and a normal distribution (whose center we can position
continuously), we are able to estimate the value of the option for underlying asset
prices which is not ‘close’ to any of the 16 grid points listed above. Our results
derived from this simple contrived example for pricing a single asset European
option provide proof of the working principle of this algorithm. Omne thing we
noticed in the execution of this algorithm was that the expected ancilla post-

selection probability and measured ancilla post-selection probability within the

HHL subroutine were slightly different. We can manipulate (6.31) to express the
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Vv

success probability in terms of C|

and HZH

2|z
Prob(|1) s\ peina) = —— 35—
0

2

Classically solving for 5 yields a success probability of 41.2% whereas we mea-
sured the ancilla qubit with a success probability of 46%, a relative error between
the two probabilities of 11.65%. We suspect this source of error arises from two
primary sources. The first source being that the QPE subroutine of the algo-
rithm is unavoidably probabilistic and may err in extracting the correct Fourier
basis state which corresponds to the phase that is nearest to exp (%) Here
Aj denotes the eigenvalues that we are trying to ‘extract’. Notwithstanding the
probabilistic element of the algorithm, there is only a finite number of Fourier
basis states (M = 2™) that can be used to encode all possible phases. Therefore,

we can only represent the eigenvalues with finite precision (m bits namely) which

will also introduce an error.

Ancilla Rotation

The second source of error may arise from AR subroutine. For the current proof of
concept, we constructed the AR circuit such that for every possible Fourier basis
state |l), we have appended a controlled Y-rotation conditioned on |I) where the
rotation angle is analytically calculated from the formula 6(I) = 2arcsin (%)
Although in the current case this would imply an exponentially increasing cir-
cuit depth with the number of qubits m, we proceeded in this manner as to
potentially eliminate this source of error in the final result. However for the gen-
eral case, one would consider a polynomial approximation to the function 6(()
and so called ‘quantum arithmetic’ circuits [51] to implement the polynomial ap-
proximation, in the process avoiding an exponentially increasing circuit depth
with the number of qubits m in the computational register. Qiskit also includes
a class qiskit.PolyPauliRotations() which can implement a quantum arith-
metic circuit given a polynomial (in this instance the Taylor approximation of the
function 0(l) = 2 arcsin (i)) Although we also construct the HHL circuit with

g(l)
this quantum arithmetic circuit, we did not use this circuit for collection of results
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we document. Other additional sources of error may arise with improper state
preparation where we have used the native qiskit.initialize() function. As
previously stated, the simulator backend will default to noiseless evolution and
therefore this should not be another possible source of error. After successful
ancilla post-selection and QPET, we should have returned the computational reg-
ister to the state |0)®™ and the state |¥ ;) on the vector register. The return of
the computational register to the canonical state [0)*™ is crucial as the next step
of the algorithm is to initialize the state |¥p) for the subsequent SWAP test. To
avoid possible sources of error due to imperfect ‘uncomputation’, we reset the
computational qubits to the state [0)*™ before initialization of |¥p). Before the
SWAP test, we have to perform a measurement on the vector register to ‘collapse’
the state |U ;) supported on seven qubits to the state |V,,) supported on the top
four qubits of the vector register. This collapse can be achieved by post-selecting
for the state |111) on the bottom three qubits of the vector register. The success
probability for measuring the state |111) also provides critical information about
the normalisation of Zj; (along with the success probability of the ancilla qubit in
the HHL algorithm, utltimately measuring the state |1111)). For the first option,
classically computing ||Z|| yields a value of 121.222 whereas a value of 117.498
is estimated for ||Z]| from the success probability of measuring the state [1111),
leading to a relative error of 3.072%. For the second option, the classically com-
puted value of ||Z4|| is 139.243 compared to a value of 139.234 from the success

probability of measuring [1111), with a relative error of 0.006%.

SWAP test

As the SWAP test can be represented exactly by controlled swap gates and
Hadamard gates, there should not be any error associated with the circuit it-

self. The final step of the algorithm is measuring the SWAP qubit to determine

the overlap of the two quantum states | (Up|V.,) | = /1 — 2Prob (|1)gywap). The
formula above roughly states that as the overlap between the two quantum states
approaches zero, we should roughly measure the basis states |0) and |1) equiprob-
ably and as the overlap reaches its maximum value of one, we should measure
the state |0) with certainty. There is one subtlety to be addressed for the case

of near-zero overlap. We can see from the above formula that the probability
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of measuring |1) should be less than or equal to 50% as the number of samples
(executions and subsequent measurements of circuit) tends to infinity. However
for a finite number of samples there is no guarantee that this criterion will be met
and therefore it is possible to record probabilities that imply nonsensical (purely
imaginary) values for the absolute value for the overlap between the two states
|W,,) and |¥p). For example if we say the overlap between the states is e then:

1 — €2

2

[ (¥p|V.,) | =€ p:=Prob(|1)) =

Then by considering the Wald confidence interval for the population probability
p in terms of the sample probability p from n samples [50], we should have it lay

completely inside the interval [0,0.5] to ensure an interpretable (real) overlap:

pe o BB o

where z, relates to the z-score or confidence of the interval. As the above interval

will first encounter the barrier of % to the right of p, it is sufficient to ensure the

1.

right endpoint of the confidence interval is less than 5

st [PO=D)

- m\/ () (1= (59)
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Z—;\/ 1-et<
€
For small ¢, we can approximate the square root as just one leaving;:
= <n (6.38)

Therefore in order to approximate an overlap of € reliably , we need at least O (6%)
samples. For example if we want to get an estimate of an overlap ¢ = 0.1 with
95% confidence that it will correspond to meaningful result for the probability
p, we will need at least 1.96/(0.1)? ~ 200 samples. Therefore, one criterion

we suspect for this algorithm to offer speedup is having a non-negligible (or
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bounded away from zero) value for the quantity | (Vp|¥,,)|. We have seen some
numerical evidence that for the overlap is generally larger for options that are
out of the money versus in the money. We also note a larger overlap for higher
volatilities, (which is characteristic of multi-asset options generally, they often
comprise volatile underlying assets). For the first option, the classically computed
value for | (Up|¥,,) | is 0.326 with a quantum calculated value of 0.340, yielding
a relative error of 4.294%. For the second option, the classically computed value
for | (Up|W.,)| is 0.265 with a quantum calculated value of 0.283, yielding a
relative error of 6.792%. We also highlight for the first round and second round
of shots for the second option, we record a probability of greater than 50% for
measuring the SWAP qubit in the |1) state, leading to a nonsensical (complex)
value for the overlap. From (6.38), we should estimate that for an overlap of
0.265, approximately % ~ 28 samples would be sufficient. However, by the
end of the second round of shots we have accumulated 63 samples which should
be more than enough to provide a probability of less than 0.5 for measuring |1)
(that being said the overlap as calculated from the counts in round 2 is only
nonsensical due to the presence of a single shot being in the favour of |1) rather

than [0)).
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Figure 6.20: Quantum circuit to price the second option. The corresponding
Qiskit code to generate these circuits is available from Github repository upon
request.
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Chapter 7

Conclusions

In this thesis, we examined the application of quantum algorithm for linear sys-
tems of equations (HHL) to option pricing within the area of quantitative finance.
We took a first principles approach in terms of explicating the mathematical
framework surrounding the problem of option pricing and the associated dynam-
ics through the language of stochastic calculus. Guided by the governing equa-
tions that determine the price of an option, we then proceeded with examining the
associated Black-Scholes partial differential equation and associated techniques
to numerically approximate the solution via encoding in large matrices. Once
equipped with the matrix formulation of the problem, we outlined the quantum
algorithm for linear systems of equations (HHL) which may offer enormous com-
putational advantage in solving linear systems of equations given certain caveats.
We believe our major contribution in this thesis is the characterization of pa-
rameters related to numerical linear algebra and simulation of a newly-defined
‘improper’ Black-Scholes differential operator A. We show that that this operator
can be unitarily diagonalized, implying an optimal condition number of 1 for the
matrix that diagonalizes it. We also place bounds on the spectral norm of the ma-
trix, the spectrum itself and sparsity of the matrix. All of the above parameters,
in particular the condition number parameter, are critical to determining the po-
tential speed-up compared to classical methods with the HHL algorithm. Having
shown the above results, we then proceeded with comparing the performance of
this algorithm in terms of numerically simulating option pricing for single-asset
and multi-asset options as well as outlining how the boundary conditions can be

corrected for the case of the improper Black-Scholes differential operator A. For
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the case of the single-asset option, we see virtually exact agreement between both
the ‘proper’ and ‘improper’ schemes (related to the proper and improper Black-
Scholes differential operator). However, for the case of the multi-asset option, we
see some discrepancy between the two schemes when calculating the option price
through direct extraction from the solution vector. In spite of this, we see an
improvement in this error when extracting the price via the conditional expec-
tation technique. The significance of this result is that the quantum algorithm
broadly replicates the latter process and therefore we could potentially price op-
tions faithfully on a quantum computer with much more desirable scaling then
previously thought. We also remark that, in some instances, the correction term
in the boundary conditions for the improper Black-Scholes differential operator
leads to no difference compared to when just the standard Dirichlet boundary
conditions are imposed. We found this behaviour to be unexpected and we in-
tend to examine this further in future work. We tested the performance of the
two approaches and their dependence on parameters related both to the option
and discretization setup. We leave for future work a more comprehensive anal-
ysis of dependence of the performance between the two approaches and various
possible option and discretization setups.

Finally, we provided a novel proof of principles simulation of single-asset option
pricing with the HHL algorithm and SWAP test. We simulated two single-asset
options. We note in either case that with increasing shot number, the value of
either option is calculated within 1.5% and 5.6% respectively. Due to limits on
available computational resources, we were only able to simulate a single-asset
option for a single timestep with a coarse grid of 16 gridpoints. We hope to ex-
tend simulations to multi-asset options with more realistic discretization setups
in the future with access to greater computational resources.

In conclusion, this thesis has explored the feasibility of modifying the Black-
Scholes differential operator yielding more favourable complexity scaling without
compromising numerical accuracy. Finally in this thesis, we presented a novel
end-to-end implementation of a quantum algorithm for option pricing. We be-
lieve this to be an important step for a potential realization of this algorithm in

an industry setting.
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Appendix A

Derivations relevant to stochastic

calculus

A.1 Box calculus rules for Wiener process

We now proceed with a derivation of the multiplication rules or Box calculus

associated with the Wiener process:
dWdt =0 dW?=dt dt*=0
We proceed as follows:
AW =Wine — Wy dt = At

E (Wiar — W0)*) = E(W2 a) — 2E(Wip aW2) + E(W)

As Var(X) = E(X?) — E(X)?

E(Wtz-i-At) = yar(WtJrAt)J‘i‘IE(WtJFAt)Q =t+ At

J/

t+AL 0

E(Wtz) = Var(Wt) +E(Wt)2 =t
t 0

For the case of the term E(W; A:W;):

E(WiractWt) = E ((Wirar — Wi + Wil W)
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— E(Wipar — W) Wi) + E(WE)
t

By the independence of the increments, the above expression can be rewritten as:

E(Wisar — Wo) E(W,) +t =t

0

Hence, this implies:
AWQ — E((Wt-i-At - Wt>2) — t + At - 2t + t — At

dW? = dt

In the limit as At — 0, the final multiplication rule is arrived at. For proof of

the second multiplication rule dWdt = 0, we can first see that:

dW = ]E(Wt+At - Wt) = ]E(Wt+At) - E(t) = 0
——— =

0 0

Reusing the independence of increments again yields:

det == E(<Wt+At - Wt)At) == E<Wt+At - Wt) E(At) = 0

(. J
g

0

A.2 Joint probability distribution for multiple

correlated assets

dSy(t) = rSi(t)dt + o:Si()dWi(t)  Vie I:={1,2,...d} (A1)

However, due to non-independence of the Brownian motions {Wy, Wy, ..., Wy},
we must effectively change to a new set of independent Brownian motions
{Z1,Z3, ..., Z3}. This will permit us to describe the joint probability distribu-

tion of the assets. We will express each correlated Brownian motion as a linear
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combination of the uncorrelated Brownian motions:

Wi = anZi+anZs+ ...+ a1qZg

Wy = anZi + axZs+ ... + a2424

Wd = ad1Z1 + CldQZQ + ...+ addZd

As each of {IV;} are Brownian motions in their own right, their variances must

each be equal to the time elapsed:

Var(Wi) =t  Viel

Secondly, there are additional constraints due to the pairwise correlations between
{Wi;}ier. These constraints can be imposed recursively. Namely, for the n'®
Brownian motion W,,, we demand that it satisfies the correlation constraints for

all indices less than n:

Corr(W, W3) = pui 1<i<n

These two conditions are sufficient to determine each of the coefficients a;;. To
see how, consider the first Brownian motion W;. Using the properties of the

variance one can see:

d
Var(W;) = Z a3, Var(Z;) +2 Z Cov(Z;, Z;) =t
p— \:g_./ =7 T
d d

t = Za%ﬁéZai: 1
i=1

=1

The pairwise covariance of each the Brownian motions is zero by construction.
In terms of correlations, the only condition to be satisfied is Corr(Wy, W) =
p11 := 1. The previous statement is somewhat vacuous as we do not have another
distinct Brownian motion to impose a correlation constraint on (in fact, yields

the exact same constraint as the previous one). Hence, by convention we choose

199



the first coefficient a;; = 1 and the rest to be equal to zero:
Wl = Zl

Considering the second Brownian motion, we obtain the same constraint for the

sum of the squares of the coefficients due to the requirement Var(Ws) = ¢

> a3 =1 (A.2)

i=1

However, a non-trivial correlation constraint now exists:

Cov(X,Y
COIT(WQ, W].) — p21 COIT(X7 Y) = \/varzi;)var)(y)

Cov(Wy, W)
Var(Wy)W
 Cov(XanZi,Zh) S anCov(Z;, 7))
P21 = NG = ;
E;-izl a0t

P21 = f = Q21

Corr(Wy, Wy) =

Returning to equation (A.2) we see that:

) d d
§ 2 § 2
\p; =2 =2

By convention, we set az = /1 — p3, and the rest of the coefficients zero.

W, = 7,

Wy = puZi+4/1-— 0312

Wa = anZy+ agpZs + ... + agaZq
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For the sake of clarity of how this procedure generalises, we explicitly show how

the term W3 can be calculated:

pn = Corr(W3, W)

pait = ZQSiCOV(Ziazl) = azt
i—1

— a31 = P31

P32 = COH(W?), Wz)

psat = Cov(parZy + /1 — p3 2o, as; Z;)

i=1

d
p3at = Z asgipa Cov(Z1, Z;) + Z azi\/ 1 — p3,Cov(Zs, Z;)

i=1 =1

P32 = az1pa1 + ase/1 — p3; = psipar + asz\/1 — p3;

P32 — P31P21

\/1—931

Finally, considering the total variance constraint of each of the Brownian motions,

and continuing with the convention that the coefficients a; = 0,Vi > k we get:

d 2 d
2 2 P32 — P31P21 9
az; = P33+ | —F—=—] + as;
; < V31— P31 ) ;

2
1 = p§1—|— <P32—031P21> +a§3

2
P32 — P31021
as1 = 1- 1022’)1 - (3—>

V1 _p%l
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Finally, we can begin to see the relationship between the correlated Brownian

motions and uncorrelated Brownian motions:

W1 == Zl
Wy = paZi+\/1—p3 2,

2
Ws = p31Z1+wZ2+ 1—p§1—<w> Zs

V1-=p3 V1=p3

Wd = ad1Z1 + CLngQ + ...+ addZd

If we define W := (W1, Wa, ..., Wy) and 7 = (Z1,Zs, ..., Zq). The above relation-

ships can be represented in matrix form as:

Wi 1 0 ... 0 A
Wy _ P.21 1 —p3, 5 Zs (A.3)
Wy aq1 . Aad Zq

W = Chol(p)Z (A.4)

The notation, Chol(p), in equation (A.4) refers to the Cholesky decomposition

of the correlation matrix p and is defined by:

Chol(p) (Chol(p))" = p

1 P12 --- Pid 1 0 ... 0 1 P21 .. P1d

prz 1 piz /1 —pis 10 V1-ph

P1d 1 P1d e 0

A heuristic proof to explain the presence of the Cholesky decomposition in the
description of correlated variables is detailed in [41]. The components of W con-

sist wholly of standard Brownian motions, namely Var(W;) = ¢, Vi. However,
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different assets may have a variety of volatilities as to how they evolve, reflected in
the various o; in the d SDEs in equation (A.1). To capture the differing volatilities

in the matrix equation (A.3), we define a volatility matrix o

01

02

0d

Hence, the modified Brownian motion ‘vector’ that captures the individual volatil-
5 2
ities is simply o W. As each quantity In(S;) has a respective mean (r — % )¢, the

final matrix equation can be represented as:

In(S) = fi + o Chol(p)Z

Where p = ((T — %%)t, (r — %S)t, ey (1 — %§)t> and In(S) refers to taking the log-
arithm component-wise (i.e (In(Sy),In(Sy),...,In(Sy))). Finally, we can convert
from this current formulation to the standard normal distribution using the fol-
lowing theorem on multivariate distributions from [20]. If X := (X1, Xa, ..., X)

and Z = (Z1,Zs, ..., Zq), it can be shown that:

X~N(p,E)e3 peRf AcR™

such that X = p+ AZ; with X:=AAT; Z, ~N(0,1)

As each of the Z; in the current formulation are standard Brownian motions (im-
plying Var(Z;) = t), a multiplicative factor of \/% is needed to ensure the standard
normal distribution requirements of unit variance for each of the variables Z; are

satisfied:
. 1 -
In(S) = fi + v/te Chol(p) (%z)

N——
~N(0,1)
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We can now deduce that 3 is given by:

Y = (\/EO'ChOl(p)) (\/EO'Chol(p))T
= t (o Chol(p) Chol(p)'a™)

= topo
Or in matrix notation:
to} tp120102 ... tp14010g
5 _ tp12‘0'10'2 toa | : _
tp1a0104 RN taﬁ
\/Z0'1 I pi2 ... pua \/1_501

Vio prz 1 : Vo

Vitog pid - 1

Hence, the joint probability distribution for In(S) is given by:

In(S) ~ N (i, 2)

. e et
) = s e (3= S (= )

Or equivalently:

P (ln(§) € H?:1(93i,$i + 5331)) ~
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Appendix B

Derivation of sparsity inequalities

Consider the sparsity of a matrix which is defined as:

S A) = ]lw ) ]lllk'
par(A) := max (mj‘@x (g []ksém) max (Z [ ﬂéO]))

k

where 1) refers to the Iverson bracket:

1 if z is True
I =

0 if z is False
We now provide a proof of the two sparsity results stated previously:
Spar(A ® B) < Spar(A)Spar(B)

Spar(A + B) < Spar(A) + Spar(B)

To see this, consider the two square matrices A, B where dim(A) = n,dim(B) =

m.

a1 ... QAip b11 Ce blm

ap1 ... QApp bml . bmm

Consider the tensor product of these matrices A ® B and the (jm + j') row.

Row (jm)(A® B) =
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(ajl(qu, bj/g, ey bj’m) ajg(qu, bj/g, vy bj’m) RN ajn(qu, bj/2, ey bj’m))

The number of nonzero elements in this row will simply be the number of non

zero elements in the (j/) row of B times the number of non zero elements in the

= (Z ]l[ajk¢o1> (Z ]l[bj/ks«ém)
k=1 k=1
< (Z ]1[ajk¢01> Spar(B)

G row of A.

k=1

where the inequality arises from the fact that the sparsity of B is defined as the
maximum of the number of non zero elements in any one row or column however
we have just considered the rows of B in the above example. Taking the max

over all rows in A ® B is:

Hjl?JIX ((Z ]l[ajwéO}) Spar(B)) = (mjax (Z ]l[a]-wéo])) Spal”(B)
’ k=1 k=1

= # (A serew oA E) < (mjax (Z 11[%.#0])) Spar(B)
k=1

The exact same result can be derived analogously for the number of non zero

elements in any one column:

n
# (b el S A ') < (nl?x (Z 11[%#0])) Spar(B)
k=1
Therefore we can finally conclude :

Spar(A ® B) = max (# (NOH zero elements in, ) H (Non zero elements in ) )

any one row of any one col of A® B

< max [ (max (Z ]l[ajk;eo]> ) Spar(B)
7 k=1
, (mjax (Z ]1[%-7&0]>> Spar(B)
k=1
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= max [max ( E ]l[ajk¢0]> , ax ( g ]l[ak#o])] Spar(B)
j j
k=1 k=1

:= Spar(A)Spar(B)

To see the case of the inequality for Spar(A + B), consider again the case of the
jt row of A + B where dim(4) = dim(B) = n:

ROW(j) (A + B) = (ajl + bjl, Cljg + bjg, ceey ajn + b]n)

We now review two small lemmas required for the next statement. If we have

two statements p and ¢ such that p — ¢ then:
I = 1y

The second lemma that we will use relates to an inequality regarding the dis-
junction of two statements p and ¢ to the addition of their associated Iverson
brackets:

Lipvg < L)+ 1pg

where p V ¢ is equivalent to p OR ¢q. Now consider the statement that if two

numbers are zero so is there sum and its associated contrapositive statement:

if((ajk = O) VAN (bjk = 0)) — ((Ijk + bjk) =0
& (ajr + bjx) # 0 — ~ ((ajr = 0) A (bjx = 0))

& (ajk +bjx) #0 = (aj #0) V (bjx # 0)

Therefore:

Liazntbin) 20 < Liazp0)v(bj520)]

< ]]'[ajlﬂéo] + ]l[bngo]
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We now return to bounding the sparsity of A + B. Consider the number of

non-zero elements in the k™ row of (A + B):

Z ]1[(ajk+bjk)750} < Z ]l[ajk#(ﬂ + Z ll[bjlﬁéo]
k=1 k=1 k=1

e (3 tscnin ) (St ) 4 s (3 )

k=1 k=1 k=1

Again the exact same result can be shown for the columns of the matrix by

considering the transpose of A + B (which does not alter sparsity).

e (3 et ) (St ) s (3 0
J k=1 I k=1 J k=1
Therefore:

Spar(A + B) = Imax [max (Z ]l[(ajk+bjk);é0]) ,IIlJaX <Z ]l[(akj+bkj);£0})]

/ k=1 k=1

< max [mjax (Z ]l[ajk#o}) + mjax <Z ]l[bjk#o})

k=1 k=1
’ mjax (Z 1[%1#@) + m]aX ( ﬂ[bkj¢0]>]
k=1 k=1

< max [Spar(A) + Spar(B), Spar(A) + Spar(B) | = Spar(A) + Spar(B)
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