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Abstract

We focus on the pricing of Bermudan and barrier options under the dynamics of the
Heston stochastic volatility model. The two-dimensional nature of the Heston model
makes the pricing of these options problematic, as the risk-neutral expectations need to be
calculated at each exercise/observation date along a continuum of the two state spaces. We
examine the 2D-COS method, which makes use of Fourier-cosine expansions in each of the
two dimensions in order to approximate the integrals. Using the fast Fourier transform,
we are able to efficiently calculate the cosine series coefficients at each exercise/observation
date. A construction of this method is provided and we conduct numerical experiments

to evaluate its speed and accuracy.
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1 Introduction

In financial markets, a considerable amount of effort has been spent on improving the speed
and accuracy of option pricing techniques. One of the main motivations for this is that effi-
cient methods are required for the calibration of financial models as well as to price complex
contracts rapidly.

As stated by Fang and Oosterlee [2008], the existing numerical pricing methods fall into three
major groups: partial (integro) differential equation (PIDE) methods, Monte Carlo simulation
and numerical integration methods.

The current state-of-the-art numerical integration methods are based on a transformation to
the Fourier domain, and are thus collectively known as the transform methods. These methods
are computationally very efficient as a result of the availability of the Fast Fourier Transform
(FFT). In the Fourier domain, a wide range of derivative contracts can be priced, provided
that the characteristic function of the asset price process is available. This is the case for a
number of underlying models, such as those in the class of Lévy processes.

A number of transform methods have been developed to price European options for a variety
of asset price processes. Examples of such methods are those of Carr and Madan [1999] and
Fang and Oosterlee [2008]. More recently, transform methods have been generalized in order
to price more complicated options, such as Bermudan, American and barrier options. Exam-
ples of these methods are Lord et al. [2008] and Fang and Oosterlee [2009].

Although these techniques for option pricing using the FFT are very fast and accurate, they
are based on the one-dimensional characteristic function of a single stochastic process. This
means that they are not suitable for the pricing of options with multiple underlying assets,
such as rainbow options, or for the pricing of options written on one asset which is governed
by two or more stochastic processes, as is the case for models such as the stochastic volatil-
ity model of Heston [1993]. Because of the multi-dimensional nature of the dynamics being
considered, it is non-trivial to apply the transform methods to the pricing of Bermudan and
barrier options in such situations.

As a result of both the multi-dimensionality and the path dependency of such options, Monte
Carlo simulation methods are often used to price these contracts, and hence much of the re-
cent advances in this area of study have been obtained for these simulation methods. In Fang
and Oosterlee [2011], the pricing of Bermudan and barrier options under the Heston model
by transform methods was considered and is handled by applying the COS formula for the
log-stock dimension and a quadrature rule for the log-variance dimension.

In this paper, we consider a two-dimensional FFT-based method for the pricing of options
under the Heston model. The 2D-COS method of Ruijter and Oosterlee [2012] is an extension
of the COS method of Fang and Oosterlee [2009] to two dimensions, and thus is also based on
Fourier-cosine series expansions. This method differs from that used in Fang and Oosterlee



[2011] in that Fourier-cosine series expansions are applied in both dimensions, rather than just
in the log-stock dimension. As a result, this approach requires the availability of the bivariate
characteristic function of the log-asset price and the variance. Since the Heston model is in
the class of affine jump diffusions (Duffie et al. [2000]), it is fairly straightforward to obtain
the bivariate characteristic function in closed form. However, the Heston model is not in the
class of Lévy processes, and as a result, the FFT algorithm can only be applied in one di-
mension, similarly to the cases dealt with in Fang and Oosterlee [2011] and Zhang et al. [2012].

In their paper, Ruijter and Oosterlee [2012] focused predominantly on the the pricing of op-
tions on multiple underlying assets, but did also cover the pricing of Bermudan options under
Heston’s model. We will focus exclusively on the pricing of options on a single underlying
asset which follows the dynamics of the Heston model and will apply the 2D-COS method to
the pricing of European, Bermudan and discrete barrier options.

The dissertation is organised as follows: in Section 2 we outline the basic Heston dynamics
and present a few relevant facts about the processes involved, as well as deriving the bivariate
characteristic function; in Section 3 we introduce and explain the 2D-COS Method for Euro-
pean options and in Section 4 we progress to the 2D-COS Method for Bermudan options of
Ruijter and Oosterlee [2012]; in Section 5 we extend the 2D-COS method to enable the pricing
of discretely-monitored barrier options; in Section 6 we will test and discuss the speed and
accuracy of the 2D-COS Method for the pricing of European, Bermudan and barrier options
under the Heston dynamics.



2 The Heston Model

The Heston stochastic volatility model defines the dynamics of the process X; = (X}, X?) =
(St,vt), where Sy is the stock price and vy is the variance, by the following system of stochastic
differential equations:

dSy = (r — q) Sy dt + \/viSy AW}

dvy = N0 — vg)dt + n\/v; AW}
where r is the risk-free interest rate, ¢ is the continuously compounded dividend yield, the
three (non-negative) parameters, A, v and 7, represent the speed of mean reversion, the mean
level of variance and the volatility of the volatility process, respectively, and p is the constant
correlation between the stock price and the variance processes. W;! and W2 are thus correlated

Brownian motions. v; represents the instantaneous variance of relative changes in S, in the
sense that the quadratic variation of ds—% over the interval [t,t + dt] is vy dt.

A more common representation of the Heston model is in terms of the logarithm of the stock
price, xy = In S;. This representation is easily obtained by applying 1t6’s formula to get

1
dxy = <r —q— 20t> dt + \/17,5th1
dvy = N0 — vy)dt + ny/vg AWE
dWrdW?E = pdt

We can also define the Heston model in terms of independent Brownian motions (W}, W2),
in which case it will then take the following form:

1 ~ ~
dxy = <7“ —q— 2vt> dt + p\/odW} + /1 — p2 /vy AW} (2.1)
dvy = T — vg)dt + ny/v; AW} (2.2)

2.1 Distribution of the variance process

The variance process in (2.2) is modelled as a mean-reverting square-root diffusion, with dy-
namics which are similar to those used for the interest rate model of Cox et al. [1985]. This
process for the variance precludes negative values for v, and if v; reaches zero it can sub-
sequently return to being positive. If the Feller condition (2Av > 7?) is satisfied, then v; is
guaranteed to stay positive. If this condition is not satisfied, then v; may reach zero.



In Cox et al. [1985] and van Haastrecht and Pelsser [2010] it is shown that, with

2\ 2\
QFeller = F - 1 and C = (1 o 6_A(t_s))n2

(for 0 < s < t) the process 2¢v; is governed by the non-central chi-square distribution with

2(qFeiter + 1) degrees of freedom and non-centrality parameter 2 vse ME5) e

2<Ut ~ X2 (2(QFeller + 1)7 2(”86_)\@_8)) (23)

Note that satisfying the Feller condition is now equivalent to having qgejjer > 0.

In cases where the Feller condition is not satisfied, the cumulative distribution of the variance
will display “near-singular behaviour”, with the left tail of the density growing rapidly. This
type of behaviour may lead to significant errors, particularly for integration-based option-
pricing methods, which require truncation of the integration range. In Andersen [2008] it was
reported that the Feller condition is often found not to be satisfied by parameters obtained
from market data.

2.2 Characteristic Function

In Heston [1993] it was shown that under the log transform of the stock price, z; = log(Sy),
the Heston model is in the class of affine jump diffusions. As a result of this, the characteristic
function of the process X; = (¢, v;) will be given by

¢(u, Xy, 1, T) = E[e™*7|X,]
— AWT-)+BT (0 T-1)X, (2.4)

where A(u,7) and B(u, 7) can be obtained in closed form.

2.2.1 The Bivariate ChF

For the two-dimensional COS method, we will require the bivariate characteristic function,
which is given by

¢(U17 U2, Tt, Vt, ta T) = E[eiUImTJriuQvT ’xh "Ut] (25)



Applying It6’s lemma then gives us

(09 1 N\de 9 1 0% 826 , 0%
d¢_<8t+<r q 2vt>8$+)\(v )874—5 82+p 88 + nvtw dt

+ <p\/17tgi + ”\/”7?5) AW} + /vy th (2.6)

Now, by applying iterated expectations we can see that ¢ must be a martingale:

For s<t<T

E[¢(ur, uz, ¢, v, 1, T)|zs, vs] = E[E[ ST |y vy

x57vs:|
E[ zu1xT+zu2vT|x Us]

¢(U1,U2,$3,U5, S T)

Hence, we must have E[d¢] = 0. Applying this condition to (2.6) then gives us

99 1\ 09 99 0%¢ 0% o 0%¢] _
at—i—(r—q—Q”Ut)a—i-)\( )8v+7 824‘277/)%8%8”4‘77%@ =0 (2.7

Since X; is an affine jump diffusion, it follows from (2.4) that the bivariate characteristic
function has the form

d(ur, ug, x, vy, t, T) = exp (A(Ul,UQ,T—t) + By (u1,ue, T —t)xy —|—Bg(u1,u2,T—t)vt> (2.8)

Using the fact that ¢ is of this form, one can easily find the necessary partial derivatives.
Inserting these into (2.7) then results in the following:

8A(u1,u2,T—t) aBl(ul,ug,T—t) aBg(ul,UQ,T*t) 1
ot * ot v ot R s
1
+)\(’D—U)B2(u1au2,T—t)+WPUB1(U1,U2,T—t)B2(U17U27T—t)+§UB%(U1aU2,T—t)
1
+ 57 n?vB2(u1,up, T —t) =0 (2.9)



It is, however, more convenient to use the time to maturity, 7 = T —t, as the parameter rather
than the time, ¢t. As a result of this, the partial derivatives with respect to ¢ will be replaced
by the negative of the partial derivatives with respect to 7:

0A(uq,uz,7) N OBy (u1,u2,T) - OBa(uq,ug,T) . <

1
o7 g o r—q-— v> Bi(uy,ug, 7) — M0 — v)Ba(u1,u2, T)

2

1 1
—npvBi(uy,ug, 7)Ba(uy, ug, 7) — §UB%(U1,U2,T) - §n2vB§(u1,u2,7') =0 (2.10)

This expression can then be rearranged to obtain the following:

8A(u1, ug, 7')

B B
a7 — (r — q)B1(u1, u2, 7) — M0 Ba(u1, u2,7) + 0B (u1, uz, 7) 1(u1, vz, 7) T+ [a 2(t1, 2, 7)

or or

1 15 L 90
+§Bl(u1,u2,7) + ()\ — ﬁpBl(Ul,UQ,T))BQ(Ul,UQ,T) — §Bl(u1,u2,7') — 3 B;(ui,u2, )| v=0
(2.11)

Now, with the terminal condition ¢(u1,us, 7, vy, T,T) = e1*T+u2vT - the complex-valued
functions A(uy,ue,7), Bi(ui,u2,7) and Ba(uy,us,7) must satisfy the following system of
ordinary differential equations (ODEs):

0B (uy,ug,T)

= -1
or 0 (2.12)
0Bs(u1,us, 1 1
2<8172T) = 577235(%7“2,7') — BBa(u1,u2,7) — §u1(z + uq) (2.13)
&4(1%,@,7) = iu1(r — q) + AvBa(u1, ug, 7) (2.14)
-

with the initial conditions Bj(u1,u2,0) = uy, Ba(u1,us,0) = iug and A(uj,uz,0) = 0, and
where [ is defined as follows:

B = X—ipnu (2.15)



This is a system of ODEs of Riccati type, and the solution of these ODEs can then be derived
as

Bl(ul, ua, 7') = iul (2.16)
B—D—(8+ D)he‘DT
_ 2.1
BQ(ul,UQ,T) 7]2(]— — he_DT) ( 7)
AD he PT —1
A(uy, ug, 7) = iur (r — q)T + 772) [(6 — D)t —2In <e>} (2.18)
n h—1
where we further define
D = /B2 + n2uy (i + uy) (2.19)
B — D — iugn?
hi=—o« ——— 2.20
B+ D — iugn? (220)

Note that for D we use the common convention that the real part of the square root is non-
negative. This is not a restriction, since the characteristic function is even in D.

2.2.2 Cumulants of the log-stock Process

Now that we have an analytic representation of the bivariate ChF, we can obtain the univariate
ChF simply by setting ug = 0. We can then apply (A.4) with this ChF in order to obtain the
cumulants. With the aid of Maple, the first and second cumulants, ¢; and ¢y respectively, are
given by

v — 1
a=(r—-qr+(1- e_)‘T)L 2;]0 — 52_}7' (2.21)
1
2= [777')\64‘7(1)0 —0)(8\p — 41) + Apn(1 — e ) (167 — 8vg) + 20N (—4Apn 4 n? + 4)\?)
+172((0 — 2v0)e™ 2 4+ 6(6e ™ — 7) + 2vg) + 8\ (vg — D) (1 — &™) (2.22)



3 The Two-Dimensional COS Method for Pricing European
Options

The two-dimensional COS Method is an extension of the COS Method of Fang and Oosterlee
[2008], and as such is based on the Fourier cosine series expansions of the payoff function and
the density.

We begin with the discounted risk neutral option valuation formula, which is obtained by
taking the discounted risk neutral expectation at time ty of the European option payoff,

o(T,y):
ot ) = "B (Ty) =7 [ [ o) iyl Aty (3.1)
R
where x = (x1,x2) is the current value of the asset price process, v(t, z1, z2) is the value of the
option at time ¢, f(y1,y2|r1,x2) is the conditional density function, r is the risk-free interest

rate and the time to expiration is denoted by At := T — .

We first consider the Fourier transform pair, which consists of the conditional characteristic
function and the conditional transition density

pulx; At) = / [ vl Aty (3:2)
Flybei ) = o= [ ot A (3.3)

We assume that f is integrable. We can therefore truncate the infinite integration ranges to
some domain [a1, b1] X [ag, be] C R? without losing significant accuracy.

Define

ot
1

1 oo
= 530 + Z By,
k=1
where { By} is some set of coefficients. The two-dimensional Fourier-cosine series expansion
of f(y|x) on [a1,b1] X [ag, bs] is then given by

+oo +oo

Y1 —ax Y2 — az
f(y|x; At) Z Z A, ko (%) cos <k17rbl — a1> cos <k27r by a2> (3.4)

k1=0 ko=

where the cosine series coefficients are defined by

9 by by _
Ay o () = / f(y|x; At) cos <k17rb a1> cos (/@277?;2 Zj) dy1dys

bl—albz—ag 1— a1 2 —
(3.5)




Define k; = bkf; for j = 1,2. The two-dimensional Fourier cosine expansion formulation
J J
will then be:

bo b1
o1(t0, %) = e / / o(T, y) £ (ylx; At)dyrdys (3.6)
b2 b1 +oo +oo
_ / / o(T,3) S S Ay k() cos (K (1 — a1)) cos (K3 (o — a)) dyadys
k1=0 ko=0
(3.7)

where the notation v; is used to indicate the successive approximations of v.
We can then interchange the summation and integration as follows:

+oo +o00
o1 (to, x) = e / / o(0,y) 33 Apy o (%) cos (K (g1 — ar)) cos (k5 (92 — a2)) dyrdys
k1=0 ko=0
(3.8)
-‘rOO/ +OO/ by by
— eSS A (%) / / o(T, y) cos (K (31 — ar)) cos (K (g2 — az)) dyrdyo
k1=0 ka=0 az Ja1
(3.9)
+oo “+oo
= T’Atz ZA,CL,Q X) Vi o (3.10)
k1=0 ko=0
where
bo b1
Vewks = / / o(T, ) cos (K (31 — a1)) cos (K (g2 — az)) dyrdys (3.11)
as Jaj

are the Fourier cosine series coefficients of v(7T,y) on [a1, b1] X [az, ba]. Truncation of the series
summations then gives

Ni— 1N2 1

'Ug(t(), =e —rat Z Z Akl,k‘g Vk1 ko (3.12)

k1=0 k2=0



Now, the coefficients Ay, ,(x) can be approximated in the following manner
(letting w; = 2-):

- bj—a]-
by by
Apy iy (X) = w1w2/ f(ylx; At) cos (k7 (y1 — a1)) cos (k3(y2 — a2)) dyrdys  (3.13)
as Jai
R Wiwo //]1%2 f(y|x; At) cos (ki (y1 — a1)) cos (k5 (y2 — a2)) dy1dy2 (3.14)

= Wiwy //R2 f(ylx; At)% [cos (k] (y1 — a1) + k5(y2 — a2))

+ cos (ky(y1 — a1) — k3(y2 — az))] dy1dy2 (3.15)

1
= goren | [ 105 80 cos 0 0n — ) + 50 — a2) i
R

+ [ 5y A cos (i n = 1) = Ko — a2)) dndn| - (316)

1 _
== B (0 + B 4, ()] (3.17)
where
Fi’kQ(x) = Wiws //2 f(y|x; At) cos (k1 (y1 — a1) £ k3(y2 — a2)) dyi1dys (3.18)
R

The coefficients F; lji ), (X) can then be calculated by
P 1) = [ (s A0 cos (i (0n — 1) & Ko — ) e (319)
R
= wijwoRe {//2 f(y|x; At) cos (k] (y1 — a1) £ k5(y2 — a2)) dyrdys
R

+ z//RQ flylx; At)sin (kT (y1 — a1) + k3(y2 — az)) dyldyg} (3.20)

= wiwoRe {//R2 f(y|x; At) exp [ik] (y1 — a1) £ ik5(y2 — a2)] dyldyg} (3.21)

10



= wiwoRe {/ ) fy|x; At) exp [ikiy1 £ ik3y2] dyidys. exp [—ikia1 F ik;ag]} (3.22)
R

= (JJl(JJQR,e {gb < T, :tk;

X; At> exp [—ikja1 F z'k;ag}} (3.23)
which can be simplified further for the Heston model to

Fkil,kz (x) = wiwaRe {gi) (k:f, +k5 |x9; At) exp [ik](z1 —a1) F ik’ﬁag]} (3.24)

where we use the fact that for the Heston model we have
B (uy, uz|z, v; At) = ¢(ur, us|0, v; At)e™1® (3.25)

We can now replace Ay, k,(x) in (3.12) by F, r,(x) to obtain the final expression for the 2-D
COS method value for European options:

N1— 1N2 1

v3(to,x) = e TAtZ Z [ k. k2 kahb(x)] Vit ks (3.26)

k1=0 ko= O

3.1 Evaluating the V}, ;, terms

For European call and put options we have

1 f 1l
o(T,y) = (aK(e" —1))*, where a= o & el (3.27)
—1 for a put.

and we can then see that for a European call option, when y; > 0, v(T,y) is non-zero. Hence,
if we assume that aq < 0 < by, we then have

bo b1
vk = [ e - 0y con ki — o)) eos (5 — o)) e (3.25)
bo b1
_K / / (% — 1) cos (K (y1 — a1)) cos (k3 (ya — as)) dyrdys (3.29)
0

bo by
= K/a2 cos (k3 (y2 — a2)) (/0 (e¥* — 1) cos (ki (y1 — a1)) dy1> dyso (3.30)

11



Similarly, for European puts we have

bo 0
v, = K [ eos (500 — 02) ( / <1—eyl>cos<k1‘<y1—m))dyl) dy (331)
a2

al

In Stewart [2006, Table of Integrals, pp. 10] we can see that

au u=ca

c2
/ e cos(bu)du = a2€7+b2(“ cos(bu) + bsin(bu))

C1

(3.32)

u=cy

Letting (for j = 1,2) c1 = 21 — aj, c2 = 22 — aj, a = 1 and b = k] (for k; # 0), (3.32) then

becomes
T2—a; el U=r2—aj;
/ e cos (Kju) du = ————; [cos (Kju) + kj sin (kju)] (3.33)
T1—aj 1 + <k;<> U=T1—aj
If we then change the variable of integration to y = u + a, we have
o el U=T2—a;
/ e cos (K (y — a5)) dy = ——— [cos (Ku) + K sin (Ku)] (3.34)
x1 1 + (k*) U=T1—aj
j
Now define xy, (z1,72) as
Xk; (71, 72) (3.35)
2
= / e cos(k*(y — aj))dy (3.36)
1
eu—l—aj 3 . . . U=T2—0a;j
= Tk;‘)z [cos(K}u) + K sin(kju)] A (3.37)
1
= T@)Q (€72 cos(k (22 — ay)) + €72k} sin(k} (z2 — a;)) — €™ cos(k} (21 — aj)) — €™k sin(k} (21 — a )]

(3.38)

12



Next, define vy, (z1,72) (for k; # 0) as

Vi, (21, 02) = / ’ cos (k}(y — a;)) dy (3.39)

1 ) Yy=x2
= K sin (k7 (y — a;)) - (3.40)

1
= k—; [sin (k‘;(.’ﬁg —aj)) — sin (k:;(azl —aj))] (3.41)
and for k; = 0:

Yo(x1,x2) = /lﬁ2 cos(0)dy (3.42)
= /992 1dy (3.43)
= T9 — I (344)

Using (3.38), (3.41) and (3.44), the coefficients V, , for European calls can then be calculated
as follows:

ba b1
vtk = & [ eostim - a0) ([ - Doos (it - ) ) e (349
ba
_K / cos (K3 (2 — 02)) [xks (0, br) — e, (0, b1)] g (3.46)
b
= K [y (061) =, 0u0)] [ con (3 02 — az)) e (3.47)
= K [Xk, (0,01) — ¢, (0, b1)] ¥p, (a2, b2) (3.48)

Similarly, for European puts we have

Vo, = K [¥r (a1,0) = xiy (a1, 0)] g, (az, bo) (3.49)

13



Notice that (3.48) and (3.49) both include a multiplication by ¥, (a2, b2). Now, for ks # 0,
we have

1/1k2 (CLQ, bg) = k‘1§ [sin (k‘;(bg - ag)) — sin (k‘;(ag - ag))] (350)
= k:1’2'“ [sin (kaiﬂaz (by — ag)) — sin (O)] (3.51)
1 .
= 5 sin (ko) (3.52)
=0 since ky € Z (3.53)

Thus, for ks > 0 we have Vi, 1, = 0, which means that increasing No beyond 1 will offer no
increases in accuracy over the (1D)COS method of Fang and Oosterlee [2008] and serves only
to increase the computational time.

3.2 Truncation of the computational domain

The choice of the computational domain is an important factor in the performance of the 2D-
COS method. A domain that is too small will result in low accuracy, however, larger domains
will require more terms in the expansions in order to reach a certain level of accuracy.

The computational domain [ay, b1] X [az, b2] proposed by Ruijter and Oosterlee [2012] is based
on the truncation used for the one-dimensional COS method by Fang and Oosterlee [2008].
For the log-stock dimension, [a1, b1] the interval is determined with the use of the cumulants,
cj, of Xr:

[al,bl] = |:J,‘0+Cl — L |Cz|, $0+01+L\/|62|:| (3.54)

where zp := In % and L = 12. For ¢; and ¢y we use the analytical formulae (2.21) and (2.22)
respectively.

A truncation rule which includes the fourth cumulant, ¢4, would be more accurate for short
maturities, however the analytical formula for ¢4 in the Heston model is involved and lengthy
(although it can also be obtained with the aid of Maple).

We take the absolute value of cumulant co as it may become negative if the parameter set
does not satisfty the Feller condition.

For ag > 0 and by an integration range is determined such that

FUT"UO (CLQ"UO) = TOL =1- F'UT|'U0 (b2|'U(]) (3.55)

where F), |, (-) represents the cumulative distribution function of the variance at terminal
time and TOL is some tolerance level, for which a value TOL = 10~* is suggested.
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4 The Two-Dimensional COS Method for Pricing Bermudan
Options

In this section we extend the 2-D COS method for European options to the case of Bermudan
options with a two-dimensional underlying asset price process. A Bermudan option can be
exercised at a fixed set of M early exercise times, T = {to,t1,...,tp} wheretg <t < ...t <

<ty =T, with At := t,,41 — ti,- Let the payoff received by the option holder at any
time t € T be denoted as I(S;), where S; is the value of the underlying at that time. I(S;)
is known as the intrinsic value of the option at time t. The Bermudan option pricing formula
reads as

I(x) for m = M,
V(tm, X) = { max[c(ty,,x), [(x)] form=1,2,.... M —1, (4.1)
c(tm, x) for m = 0.

where ¢(7,x) is the continuation value at time 7, defined as the value of the option if it is not
exercised at time 7. The continuation value is given by (using a simplified notation of x,, for
)

rAtEQ

c(tm; Xm) = o [V (b1, Ximt1))] (4.2)

Now, similarly to the European option value, we have

(tm, Xm) = 67TAtE;Qm [v(tm+1s Xmt1)] (4.3)
et / / bt 1,¥) (3 [%ms A)dy (4.4)

Ni— 1N2 1
~ —rAtZ Z |: ks Xm) +Fk:,k2(xm) Vk1,k2(tm+1) (45)

k1=0 ko= 0

where (4.5) is obtained by using the two-dimensional Fourier-cosine series expansion to ap-
proximate the double integral and

F,ikg (x) :=Re {qﬁ < 1, k5 |x; At) exp [—ikja1 F ikgag]} (4.6)

and (4.7)

2
bl—albg—az

by b1
/ / Otmsr,y) cos (K (41 — ar)) cos (K (y2 — az)) dyrdyo
(4.8)

Vk17k2 (thrl)
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kjm
bj—a; "

Notice that the coefficients Vj, 1, (tm+1) are now time dependent. Form =M —-1,M —-2,...,1
we have, by (4.1) (again, letting w; = ﬁ)

where, as in Section 3, we define k:* =

ba b1
Vi ko (Bm1) = wiwn / max|[c(tm, ), I(x)] cos (ki (y1 — a1)) cos (k3 (y2 — az)) dyrdys

a2 Jaip
(4.9)

4.1 Evaluating the V}, ;, terms

In this section, we show that the coefficients V4, , can be recovered recursively and derive an
algorithm using the Fast Fourier Transform (FFT) to do this.

Starting with the final time point, for the coefficients Vj, ,(tar) we have the terminal con-
dition v(tar,y) = I(y). This is the same as the European case, and can therefore be calcu-
lated using (3.48) and (3.49) for calls and puts respectively. For the Vi, i, coefficients that
are used to approximate the continuation values at times tp;_o,..., %y, the value function
V(tm,y) = max|[I(y),c(tm,y)] appears, and we need to find an optimal policy for all state
values y € [a1,b1] X [az, ba].

In order to do this, we divide the domain [a1,b;1] X [ag, bs] into rectangular subdomains, C?
and GP, such that it is optimal to continue for all states y € C? and it is optimal to exercise
for all states y € GP. This then allows us to split the integral in (4.9) into different parts:

Viey oy (tm) = wiws Z // )cos (ki (y1 — a1)) cos (k3 (y2 — az)) dy
gp

w3 [ [ eltny)cos (5 = ) cos (502 — aa)) ay

= Graka(6°) + ) Cy o (tm, C9) (4.10)
p q
where
Gy ks (GP) 1= wyw2 //g I(y) cos (ki (y1 — a1)) cos (k3 (y2 — az)) dy (4.11)
and
Chy o (tm, C9) 1= wiws //C c(tm,y) cos (ki (y1 — a1)) cos (k3 (y2 — az)) dy (4.12)
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Assume that a method for finding the regions GP and C? is known (the details are discussed
in section 4.1.4). We then need a way to evaluate the two terms Gy, k,(G?) and Cp,2(tm,C9)
for1<m< M —1.

4.1.1 Finding the G}, ;, terms

Consider now the terms G, k,([2p, 2p+1] X [Wp, Wpt1]), where the variables z,, zp+1, w, and
wp41 denote the corner points of the rectangular exercise region GP. We then have

Gy o ([2p5 2p1] X [wp, wpi1])

Wp+1  [Zp+1
= wiwy / I(y) cos (k1 (y1 — a1)) cos (k3 (y2 — a2)) dy1dy2
Wp Zp
Wp+1  [Zp+1
= wiwo / aK (et — 1) cos (k] (y1 — a1)) cos (k5 (y2 — a2)) dy1dys (4.13)
Wwp Zp

This integral can be obtained analytically, and using the results obtained in section 3.1 we get

Gk1,kz([zpazp+l] X [wpvaﬂ]) = wiwoa K [Xkl(zpaZerl) - wkl(zpazpﬂ)] Uk, (wpawpﬂ) (4.14)

4.1.2 Finding the Cy, ;, terms

We will now derive an approximation for the terms Cp, g, (tm, (2, Zq+1] X [wg, Wgt1]), where
the corner points of the rectangular continuation region C? are denoted by z4, 2441, wq and
Wq4-1-

First, note that the ChF of the Heston model can be written as follows (taking fixed time
steps At :=ty1 — t):

d(ur, ug, T, 0, by tiny1) 1= 61“11632(“1’“2’“)”(;3,4(111, ug) (4.15)

where 4 (uy,up) = eA1.u2,A)
Then, beginning with the definition of Cj, k,(tm, [2¢, Zg+1] X [wq, wg41]) given in (4.12) and

defining j; := 3 jf{;n for n = 1,2, we have (omitting the At arguments from By for brevity):

Chy ko (tms [295 2+1] X [wg, wy+1])
Wq+1

Zq+1
= WiWy / c(tm,y) cos (k] (y1 — a1)) cos (k3 (y2 — a2)) dy

Wq q
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Ni— 1N2 1

Wq+1  [Zq+1
~ o [ / eSS )+ )] Vi) cos (B — o)

Wq 71=0 j2=0
.cos (k3 (y2 — a2)) dy (4.16)
wait NiZ1Ne—1
= nn / / ST Y Red o (3t s At exp i - an) - i)
Jj1=0 j2=0

. At) exp [i77 (u1 — av) + ij3as] }] Vi ia(ms1)

+Re{¢ <.]17 ]>2k

.cos (k7 (y1 — a1)) cos (k5(y2 — a2)) dy (4.17)
N1 1N2—1
—rAt Fatt
*W1W2€ 5SS Red o (51, 45) exp Bz (57, 53) v2)
Wq q J1=0 j2=0

-exp [ijy (y1 — a1) — ijsas) + ©a (j1, —J3) exp [Ba2 (§1, —j3) y2] - exp [ij1 (y1 — a1) + ij3as] }

Vi (bmy1) cos (K1 (y1 — a1)) cos (k3 (y2 — a2)) dy (4.18)

Ni—1N>-1

—rAt —ij3a

fw1w26 > Y 0 (i d5) e 22V, gy (tn )
J1=0 72=0

Wq1 Zq+1
exp [Ba (j1,J3) ya] cos (k5(y2 — a2)) dy2 / 1) cos (ki (y1 — ay)) dy,

Wq q

Jj1=0 j2=0

Wq+1

Ni— 1N2 1
*Wlw2€ TSN o4 (i, —5) €952V gy (tn)

Zg+1
exp [Ba (7, —3) y2] cos (K5 (y2 — as)) dys / T W= cos (K (y1 — a1)) dyy
Wq Zq

(4.19)
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Now, if we define

2 vz y—a
. b — R =) k d 4.20
My j (21,22, 0,b) b—a/xl COS( Wb—a) Y (4.20)
and
) T2 i _
H,;t,j(xl,xg,a, b, z) = - a/ VB2 (2 55) T (og <k7rz_z> dy (4.21)
then

Cky ey (tms [2g, Zg+1] X [wg, wet1])

Ni— 1N2 1
Z Z ]17]2) ‘/31,]2( m+1)Mk1,j1(anZq+1aalab1) k2,2 (wqaqurl,aQ,an]l)
J1=0 ja= 0
Ni— 1N2 1
Z Z e "4 (37, =153) Vi ga (b 1) My i (245 241, a1, b1) H, S, (wg, wg 1, a2, ba, j7)
71=0 j2=0
(4.22)
Ni— 1N2 l
Z Z A (71592) Vige (b)) My i (2q, 241, a1, bl)Hlj;,jQ (wq, wqt1, az, ba, ji)
71=0 jo= 0
Ni— 1N2 1
Z Z 7TAt ] _jQ) V 7]2( m-‘rl)Mkl,jl (anzq-i-laal?bl)Hk;,jQ (w(J7wq+17a27 b27jik)
J1=0 j2= 0
(4.23)
= ék1,k2 (tm, [2q> 2q4+1] X [wq, we+1]) (4.24)
where Vj, j,(tm) in (4.23) is defined for m = M by
thh (tM) = thjz (tM)
G, 2 ([0,01] % [ag, ba]) for a call,
- (4.25)

Gy .j»([a1,0] x [az, b)) for a put.
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and for 1 <m < M —1 is defined as

‘7j17j2 (tm) = Z Gj1,j2 (G%) + Z Ojl,jQ (tm,C?) (4.26)
P q
The approximation C’kl,;@ can then be further simplified to
Ni-1
Cler 2 (tm, [Zq, ZQ-H] X [th’ wlﬁ'l]) =Re Z Mkh]& (Zq7 Zq+1, 01, bl)A(;l,kQ (4.27)
Jj1=0
where
Na—1
./4;1-17]62 = Z §e_rAt‘/}'1,j2 (tm+1) [H]:;J’Q (th7 Wq+1, A2, vaflk) PA (]ikvjék)
J2=0
+ Hy, 5, (W, wqs1, 02,62, 57) 0 (55, —35)] (4.28)
4.1.3 Calculating the H* terms
From (4.21) we have
2 2 g . _a _
H,fj(xl,xg,a, b,z) = - /El VB2 (2£575) TG og <k:7rzg — Z) dy
2 a2 . o
== Fma / vB2(2£572) cog [ kr 2 dy (4.29)
b—a - b—a

Now, recall from (3.32) that

Cc2 au
/ e cos(bu)du = a;i—l—b?(a cos(bu) + bsin(bu))

Cc1

and so, letting ¢y = 1 —a, co = 2 — a, by = By (z, i%) and by = bk_—”a gives us (omitting

the arguments of By for brevity)

Tr2—a k Bau k k k u=r2—a
/ P2 cos < T u> du = 6—2 [B2 cos < T u) + T sin < il u)}
21—a b—a B§+<l)l€—ia> b—a b—a b—a w—z1—a
(4.30)
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Then, applying the methods from Section 3.1, H¥ is given by

2 i = ks
H]ilfj(x17$27aabyz) = m :t] b an <w17$27B2 <Z, :tbj_ a>> (431)

where (letting £* = kaTr)

a

XkH(ﬂfl,m,y) =

[€72Y (y cos(k™(z2 — a)) + k™ sin(k™(xg — a))) — "' (y cos(k* (1 — a)) + k* sin(k™ (1 — a)))]
(4.32)

y? + k*2

4.1.4 The early-exercise and continuation regions

We have seen that in order to price Bermudan options, we need to determine rectangular
continuation and early-exercise regions so that the integral obtained in (4.9) can be separated
into different parts, as shown in (4.10). To do this, the domain of the second dimension
(variance), [ag, bo], is divided into J subintervals:

[ag, bQ] = [’LU(), wl] U [UI1,’1U2] U...uU [wq, wq+1] U...U [U)J_l, wJ] (4.33)

At the centre of each subinterval, we then find the value y* for which the intrinsic value, I(y),
and the continuation value, ¢(t,,,y), at time t,, are equal, i.e.

1 1

I(y*a §(wq + wq-i-l)) = C(tm, y*7 Q(wq + wq-i-l)) (434)

For a Bermudan put option we can then define the early-exercise and continuation regions as
G? = [a1, y*] X [wg, wg4+1] and C¥ = [y*, b1] X [wg, we41], respectively.

For the subintervals [wg, wqy41] we can use either equidistant or non-equidistant intervals. For
equidistant intervals we can set wy, = az + (ba=az)q g, q =0,1,...,J. For non-equidistant
intervals we can make use of the quantile functlon (inverse distribution function) of the variance
v, which was shown in Section 2.1 to be governed by the non-central chi-square distribution.
We set wo = a2, wy = by and take wy, = F, ( ) for ¢ =1,...,J — 1. Using non-equidistant
intervals generally results in more efficient pr1c1ng.
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4.1.5 Finding the early-exercise points, y,

At time M the option value is the same as for European options, and so from Section 3.1 we
can see that y3, = 0. For 1 <m < M — 1, if we define

2w + wg1)) (4:35)

1
hq(twwy) = C(tm7y7 5 \Wq + wq-H)) - I(y7 2(

5
then y; ,,, will be the unique solution of

Wt Ygm) = 0 (4:36)

In Fang and Oosterlee [2011], the Newton-Raphson method is proposed to approximate such
a solution. Since there is only an approximation available for c(t,,x1,z2), we define the
following function

~

A 1
h‘q(tﬂb y) = C(tTVM Y, 5

] 2 (wy + wy1)) (437)

wq + wet1)) — 1(y, 2(

and consider y ,,, to be the value of y for which this function equals zero.

When applying the Newton-Raphson method, the zero of the function is estimated by succes-
sive iterations, with the n'" iteration being given by

iLq t » Y -1
Ygmmn = Ygmmn—1 — — ( T ST ) (438)

G (tms y)
Y=Yq,m,n—1

From this expression, it is clear that we need to find the derivative of ﬁq(tm, y) with respect
to y. We have (letting v = 1(wq + wq41))

~

Y (tm,y)

Ni— 1N2 1

= 7TAt Z Z [ k1, kz ) + Fk_l,k;g (yavq)] Vk1,k2 (tm-i-l) - aK(ey - 1)

=0 ko=

Ni— 1N2 1

_ fmtz Z’l {Re{ <1k2

=0 ko=

+Re{¢( T7_k;

o858t ) exp ik - ) — ik

vd; At) exp [ik](y — a1) + ikSag]H Vi kg (tms1) — @K (e¥ — 1) (4.39)
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which can be differentiated to obtain the following:

Oht
87y(tm7 y)

Ni— 1N2 1

S s

k1=0 ko= 0

v? At) ik] exp [ik](y —a1) — ikgag]}

+ Re {gb (kf, —k3 (v, At> iky exp [ik](y —a1) + ik‘;ag]H Vkl’kz (tms1) — aKe?  (4.40)

oAr. Ni—1Np-1

- ﬁ 5SS Re {ikl <¢ (k{, K

o At) exp [ik (4 — a1) — ik3as]

k1=0 k2=0
+¢ (k{, —k5 |v; At) exp [ik](y — a1) + ik;‘ag]) } Viey g (1) — K e? (4.41)
_Ni-1Na-
Im< k& kT, k5 (v At kT (y — — ik}
S S (o (0 ) -
2
+¢ (k‘i‘, —k5 |vY; At) exp [ik](y — a1) + ik§a2]> } Vkl,sz (tms1) — aKeY (4.42)

4.1.6 Finding My, ; (x1,22,a1,b1)

From (4.20) we have

2 T2 _
My, j (21,22, 0,0) := / i (522) cos <k‘7rx a> dz
x1

b—a b—a
Now, if we use the substitution u = 3= we get
2 Ty
My j(x1,22,0,b) = 5 / e cos(kmu)(b — a)du
—a J,/
Lo .
= / e cos(kmu)du (4.43)
22
where g}, = %=1
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Then, by applying Euler’s formula:

My, j(x1,22,a,b) = 2/ 2[cos(jTru) + isin(jmu)] cos(kmu)du
@
= 2/ ’ cos(jmu) cos(kmu)du + 21’/ ’ sin(jmu) cos(kmu)du (4.44)

/ /
1 1

In Stewart [2006, Table of Integrals, pp. 9] it is shown that (when a —b # 0 and a + b # 0)

2 _ sin((a —b)u)  sin((a + b)u) [T
/Cl cos(au) cos(bu)du = 20a—b) + 2atD) o, (4.45)
and
2 _cos((@a—b)u) cos((a+bu)|*"
/c1 sin(au) cos(bu)du = — 2a=b) 2ath) . (4.46)

We therefore have that (if j +k # 0 and j — k # 0)

Mk,j(xla X2, a, b)

L [sin((m — km)u) | sin((jr + kw)u) U2 [ cos((m — km)u) _ cos((jm + kr)u) U=
=2 2(jm — k) * 2(jm + k) ]uxll 2 [ 2(jm — km) 2(jm + km) }
_ [sin((j — k)mu)  sin((j + k)7u) U= 1 cos((j —k)mu)  cos((j + k)mu) u=23
=T Gohr T G szﬁ - G+ B sz;
_ [sin((G + k)mu) icos((j + k)mu) N sin((j — k)mu)  icos((j — k:)wu)]":‘%/2
G+ R G+ R G G-Rr o

_ i [cos((j + Kk)mu)  isin((j + k)mu) N cos((j — k)mu)  isin((j — k)wu)]u:mé

= TRy G+h) G—h G-B) o
= _% ! ’ expli(j + k)mu] 4+ - ’ expli(j — k)mu] o (4.47)

— !
L U=T7
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When j,k = 0 we have

4.4
s (4.48)
and for j = k and j, k # 0 we have

My (21, 22,0,b) = 2/ i [cos?(kmu) + i sin(kmu) cos(kmu)]du

1

, /mé <1 + 0082(2k7ru) N Z,sin(22k7ru)> du
22

= 2/ i (1 + exp(2kmu)) du

1

oy — 21 . 1 (ohora) —
— X
b—a i PSR

u=x}
= (a2 D i + k) o (4.49)
= | TR xpli(j T e .
Considering the above results, we therefore have
i
My, j(z1,22,a,b) = —;[Méj(ftl,ltz, a,b) + Mj, ;(x1, 72, a,b)] (4.50)
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where

. o .
im =t for k,j =0,

M, (z1,72,a,b) = (4.51)
A [exp[i(j + k)22=0 7] — expli(j + k)%w]} otherwise.
\

.
 go—my .
im =t for k = j,

Mz,j(xl, x9,a,b) = (4.52)
L expliG — k)32 — expli( — k)55l for k£ .

4.2 Use of the Fast Fourier Transform

Using (4.50), (4.51) and (4.52) we can now re-write CA’kl,k;2 (tm, [2q, 2q+1] X [wg, wgt1]) as follows:

Ni—1
A~ /
Cly ks (tms [2g5 2q41] X [wg, wg41]) = Re Z My (zq,zq+1,a1,bl),4§17k2
j1=0
.le}
1
=Req{ — p Z [Mil,jl(zqv Zq+1, a1, b1) + le,jl(zqv Zq+1, 41, bl)] A}ﬂ,;@
j1=0
) Ni—1
/
= _Im Z (MG, g (g Zg1, a1, b1) + MG, 5, (2, 241, a1, 00) ] AS
j1=0

(4.53)

Now, if we define the following matrices form =M —1,M —2,...,1:

) . Ni—1,Na—1
Q(tma Cq) = {Ck1,k2 (tm’ Cq)}

k1,k2=0

N1—1
&C(xl’x%a” b) = {le,jl ($1,1‘2,a, b) k11,j1:0

Ni—1
&S(xl,l‘g,a, b) = {le,jl (J;l,xQ,CL, b) k11,j1=0

. Ni—1,Np—1
Al (21, T2, tmi1) 1= {plejl,kQ ($1,$2,tm+1)}

J1,k2=0
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(where py = % and p; = 1 for j > 0) we then have

R 1
Q(tmﬂq) = Im{ @c(zq:zqﬂaalabl) +&S(zq>zq+laalabl)] Aq(wqawqﬂatmﬂ)} (4.54)

T f—

4.2.1 Calculation of C using convolutions

If we define
im =L for 7 =0,
mj(x1,x2,a,b) == =220 (4.55)
}[exp(ijuw)} for1—-N; <j<-1,1<j<2N;—1.
u:l'blifaa

then the matrices M and M?® can be represented in the following manner:

mo mq oo N2 my;—1
mi mao e mpy,—1 mpn,
ME(z¢, 2g+1,01,b1) = :
mn,—2 MpN;—-1 ... M2N;—4 MT2N;-3
mMN;—1 MmN, -e. M2N; -3 MM2N;-2
mo mq oo MN;—2 MN; -1
m_1 mo oo MN;—3 MN;—2
&S(quzq—&—laal,bl) = :
mo_N; TM3—-N; ... mo mi
mi—-nN, M2—-N; ... m_—_1 mo

where the arguments for each m; have been omitted for brevity.

When presented in this manner, it can be seen that M® and and M*® are in the form of a
“Hankel” matrix and a “Toeplitz” matrix, respectively. A property of each of these types of
matrix is that we can transform the product of a vector with either of these matrices into a

circular convolution.
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Define the following vectors:

m* (21, 22) = [Mmo, M_1,...,m1_N,, 0, MN,—1, MN,—2, - . . yma] T (4.56)
Wtmi) = [Af ;, AT, AL 1500, ., 0F (4.57)
Niterms
me (71, 72) = [Man;—1, Man,—2, - - ., M1, Mg (4.58)
W(tmyr) == [0,...,0, A% AT AL )T (4.59)
Njterms

It can then be shown that (for 1 < j < Nj)

M?(x1,2,a,b) A j(yl, Y2, tm+1) = first N7 elements of {m®(x1, z2) * gj(tmﬂ)} (4.60)

M(x1,22,a,b)A1 j(yl, Y2, tm+1) = first Ny elements of {m°(z1,z2) * g?(tmﬂ)} in reverse order
(4.61)

where A? j(yl, Y2, tm+1) denotes the jth column of the matrix éq(yl, Y2, tm+1). The discrete
circular convolution of two vectors is indicated by the binary operator %, and is defined as
follows:

For two vectors a and b, both of length N, the nth element of @ * b is given by

N
{a+b}" =" a()bn —j +1) (4.62)

J=1

A proof for the result of (4.60) can be found in Van Loan [1992, §4.2.4], while a verification
of the result of (4.61) can be found in Appendix B.1.

Now, if we apply the discrete Time Convolution Theorem from Matsuda [2004, pp. 80], we are
then able to use the FFT for efficient calculation of the right-hand sides of (4.60) and (4.61):

m®(x1, w2) * U (tmy1) = Dl{D{ms(% r2)} 'D{uj(tm+1)}} (4.63)
m(z1, x2) * uj(tmt1) = DI{D{mC(fEL T9)} - D{Uﬁ(fmﬂ)}} (4.64)
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2N —1 2N —1
where D{f} = {Dj{f}} and D~ {g} = {D;l{g}} , with D;{} and D;,1{} defined
j=0 n=0
as follows:
N1
Di{ft=> ¥ f, (4.65)
n=0
N
D Y{g} =+ Z% e N g5 (4.66)
J:

for sequences f := {f, 7]1\[:_01 and g := {g; ;V:_Ol.

4.2.2 Reducing the computational complexity

Fang and Oosterlee [2009] observed a few ways in which the computational complexity of
calculating the matrix C can be reduced.

From (4.55) we have, for j # 0:

1 ..
mj($1,$2aa, b) =~ GXP(UUW)]
JL u=x

= —| cos(jum) +1i sin(jwr)}
and for m_;(z1,x2,a,b) we then have

o
m_;(z1,22,a,b) = —=| cos(—jum) + isin(—juﬂ)]
JL

= ——| cos(jum) — z'sin(jmr)}

N R )) (1.6
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If we write mj4n, in its full form, we have

exp [z(] + Nl)IbQ:aC‘Tr} — exp [Z(] + Nl)xl}_*aaw]
J+ N

mj+N1 (xly 2, a, b) -

exp [z VR 7T:| exp [iN 1= 7T:| — exp [2 I 7T] exp [iN 15 7Ti|
_ . (4.65)
Jj+ N

Since the multiplication operation is computationally cheaper than exponentiation, it will be
more efficient to perform a single computation for the following terms:

exp <ij a;)l_—aaﬂ> and exp <ij3;)2__aa7r> for1<j <N (4.69)

Then, using these properties we can calculate m;(-) as follows:

o directly from the definition in (4.55) for 0 < j < N;
e using the result above with (4.68) for N +1 < j <2N; —1
e applying (4.67) for 1 — Ny <j < -1

It can also be shown, using the shifting property of the discrete Fourier transform, that

D{uj(tm + 1)} = ¢ D{wj(tm + 1)} (4.70)

where
C={(=DF R (4.71)

A proof of this result can be found in Appendix B.2.
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4.3 Algorithm for pricing Bermudan options

Using all of the results obtained in this section, we are now able to present an algorithm for
the pricing of Bermudan options using the 2D-COS method:

Initialisation

e Calculate the truncation ranges, [a1,b1] and [ag, bo], using (3.54) and (3.55), respectively.
e For ¢ =0,1,2,...,J, calculate w, as discussed in Section 4.1.4.

e Forg=0,1,...,J=1,ky =0,1,..., Ny, and j; = 0,1,..., N, calculate Hy, ; (wy, wq1, Ty
using (4.21).

e For k; =0,1,...,N; — 1, calculate

Gy ko ([0, 1] X [a2, ba]) for a call

(4.72)
Gy ko ([0,61] X [ag, bo])  for a put

V/ﬁ,kz (tM) = {
where Gy, k, ([x1, 22] X [y1,92]) is calculated using (4.14).
Loop To recover thkg(tm) recursively form =M — 1 to 1

e Determine the early-exercise regions, GP, and continuation regions, C?, using the proce-
dure outlined in Section 4.1.5.

For ¢ = 0,1,...,J —1, 51 = 0,1,...,N; and k3 = 0,1,..., Ny, calculate Aj.l ky USING
(4.28).

Compute m;(x1,z2) for j =0,1,..., Ny — 1 using (4.55).

Construct m®(x1,x2) and m®(z1,x2) using the properties of the m;’s as outlined in
Section 4.2.2.

Construct u®(t,,) by padding N1 x Na zeroes to éq

Calculate &7 = DHD(m®) - D(u® ])} and & = DHD(m®) - ¢ - D(u* ])} for j =
1,2,..., Ny ’ ’
o Msu i= the first N7 elements of éj

e Mcu .= the first Ny elements of g in reverse order.

)

Q(tm,Cq) = TlrIm{Msu + Mcu}
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e Calculate Gy, k,(GP) using (4.14)

e Calculate Vi, 1, (tm) by
thkz (tm) = Z Gk17k2 (gp) + Z Ck1,k’2 (tm, (fq) (4'73)
p q

Final Step

e Calculate 0(z, v, to) by inserting Vi, 1, (t1) into (4.5)
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5 Discrete Barrier Options

In this section we adapt the 2D-COS Method for Bermudan options from Section 4 so as
to price discretely monitored barrier options under the dynamics of the Heston model. A
discretely-monitored “out” barrier option is an option that ceases to exist if the underlying
asset price hits a certain barrier level, H, at any of the pre-specified observation dates. If
H > 5y, it is called an “up-and-out” option, and if H < Sy it is called a “down-and-out”
options. Other variants include “in” barrier options and double barrier options (with barriers
both above and below Sp). We will focus on “out” barrier options with a single barrier for
the development of the pricing method, however, it can easily be adapted to handle the other
variants.

The payoff for an up-and-out option is given by
(T, St) = <(a(ST — K))+ - Rb) lis)<my + Rb (5.1)

where a = 1 for a call and a = —1 for a put, Rb is a rebate, the t;’s are the observation dates
and 14 is the indicator function, given by

(5.2)

1 if A is not empty,
14 = .
0 otherwise.

Using the (two-dimensional) Heston model in terms of the logarithm of the stock price as
given by (2.1) and (2.2), the payoff can then be written as

o(T, z1(T), zo(T)) = <(ozK(e”“(T) -1))" - Rb> Lo (t)<hy + Rb (5.3)

where h := In(£).
Thus, at the maturity date, ¢5s, the option price equals the payoff of the option if the barrier
has not been reached at any of the observation dates; otherwise the option price equals the

rebate.
For m =0,1,..., M — 1, the pricing formula is
e "ARb if x> h,

V(tm, X) = (5.4)
c(tm,x) if xy < h.
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where ¢(t,,,x) is the continuation value, which is defined in the same way as for Bermudan
options in (4.2):

(tm, Xm) = e_rAtEi:Qm [V(tm+1, Xm+1)]
N1—1N2—1

N / 1 _
e MY D B} {Fljl,kg(xm) + Fpy ey 5m) | Vi o (g1
k1=0 k2=0

5.1 Evaluating the V}, ;, terms

As with Bermudan options, the coeflicients Vj, 1, can be recovered recursively for barrier
options.

We begin with the final time point, where we have the terminal condition given in (5.3). This
is similar to the European and Bermudan cases, and can thus be calculated using the same

methods:

For an up-and-out option:
by b
Viwsa(tar) = [ [ oltarun. ) cos(hi (v = an)) cos(s (2 — a2)) e
as al
by b1 N
= / / |:<(04K(€y1 — 1)) — Rb> 1oy <ny + Rb] cos(kj(y1 — a1)) cos(k3(y2 — a2))dy1dys
a2 al

-/ " cos(k5(y2 — a2))dye / § K(aK(eyl —)t - Rb) Lpreny + Rb] cos(k] (1 — a1))dyn

a2 ai

= /b2 cos(k3(y2 — a2))dys [/: ((aK(eyl —1)" - Rb> cos(ki(y1 — a1))dy

az

b1
+/ Rbcos(ki(y1 — a1))dy1]

al

by h .
= / cos(k3(y2 — az))dy2 [/ (aK (e —1)) " cos(ki(y1 — a1))dy:

az al

by
—i—Rb/h cos(ky(y1 — al))dyl] (5.5)
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Now, using the results obtained in Section 3.1, this can be simplified as follows:

wlbUQwakl (h, b)i/)]w (GQ, bz) if h < O,
Vi, (tar) =
wiwa KXk, (0, h) — g, (0, h)]ahr, (a2, ba) + wiwa Rb g, (b, b)Yy, (az,ba) if b > 0.
(5.6)
and
W1W2K[¢k1 (a’ h) — Xk1 (a, h)]q/)lm (CL?’ b2) + wiwa RO 1/%1 (h7 b)q/)lm (CL?’ b2) if h <0,
Vkpl?liz (tM) =

wiwa K [Pk, (a,0) — Xk, (@, 0)]hg, (a2, b2) + wiwa Rb ¢y, (h, b)ty, (a2, b2)  if h > 0.

Similarly, for down-and-out options we have

wiwa K Xk (0,01) — ¥k, (0, h)|thg, (a2, b2) + wiwa R0y, (a, h)Yy, (az,b2)  if b <0,

Vi, (tar) =
wiwo K [Xx, (hy b1) — ¥, (0, h)| g, (az, b2) + wiwa Rb Yy, (a, h)ibr, (a2, ba) if h > 0.
(5.8)
and
W1W2K[¢k1 (h7 O) — Xk (a7 h)]@% (a27 bQ) +wiwa Rb 1/%1 (CL, h)T/sz (a27 b2) if h <0,
Vkpltlliz (tM) -
wlngb wkl (a, h)ka (ag, 52) if h Z 0.
(5.9)
For the Vi, k,(tm) coefficients required to approximate the continuation values at times ta7—2, . . ., to,

we use (5.4) to obtain

by by
Vier ko (tm) = w1w2/ / V(tm, Y1, y2) cos(ky(y1 — a1)) cos(k3(y2 — a2))dy1dys
as Jai

b2 h bl
= wle/ {/ c(tm, y1,y2) cos(ki(y1 — a1))dyr + / e "(T—tm) Rp cos(ki(y1 — a1))dyr
as al h

-cos(k3 (y2 — az))dys
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b
— / / (s 41, 2) cos(kE(y1 — a1)) cos(k3 (v — az))dy1dys
a al
—r(T—tm)
+ wiwse Rb vy, (hy b1)1k, (a2, b2)

= Chy ey (tms a1, B) 4 wiwae ™" T =) Rbay (b, b1)t, (az, ba) (5.10)

where

b
Chs o (b 1, 02) = Wit / / (s 1, y2) cos(kE (y1 — ar)) cos(k (v — az))dyrdys (5.11)
as T1

Notice that for barrier options there is no need for a root-finding algorithm, as the barrier
points are already known.

5.2 Finding the Cj, 1, terms

Recall from (4.15) that we can write the ChF for the Heston model as

iulzeBg (u1,u2,At)v

¢(u1,u2,x,v,tm,tm+1) =€ SOA(UMUZ)

Where @A(ul’ U2) = eA(ul,UQ,At)‘

Now, in Section 4.1.2 we showed that

Choy ko (tm, 1, T2)

ba
= Wy / / (s 1, y2) cos(kE (g — ar)) cos(k (2 — az))dyrdys
as Jx1

Ni— 1N2 1
Z Z A (31,32) Vi j (tm-l—l)Mkhh(xlvx?valvbl) k2,52 (a2, bz, az, bz, j1)
J1=0 j2= 0
Ni— 1N2 1
Z Z _TAt . _j2)V 7]2( m+l)Mk1J1(x17$27alvbl) kzjz (a2, b2, az, b2, 5i)
71=0 jo= 0

i= Chy by (tm, 1, T2)
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where

o v -
M (21, 29,0,0) = / ™ (E8) cos (kﬂi_ Z) dy

b—a /.,

2 r2 gm jim— —a
H];t.(xl, T9,a,b,z) = / ¥B2(2E453) HT 55 oo [ o 2 dy
J b—a /, b—a

and
Vi (Ea) form = M,
thjz(tm) =
Ckl,kg (tm, ai, h) + W1L<J2€7T(T7tm)Rb ¢k1(h, bl)ka (GQ, bg) for 1 <m<M-—1.
(5.12)
If we further define
NQ*]; 1
Ajl,kg = Z §e_rAthl7j2 (tm-i-l) |:H]:;7j2 (a27 b2, asz, b?ajik) PA (]Ta];) + H]c_27j2 (a27 b2, az, bQ?flk) PA (JT? _]5):|
J2=0
(5.13)
then we can simplify C’kl,kg further to
Ni—1
N /
Clo o (tm, 71, 72) = Re Z M, g1 (%1, T2, a1, b1) Ajy (5.14)
j1=0

The H ,;t j and M, ; terms can then be calculated as shown in Sections 4.1.3 and 4.1.6, respec-
tively. We are also able to apply the computational improvements, including the use of the
Fast Fourier Transform, of Section 4.2. However, because the barrier points are known and
a root-finding algorithm is not necessary, vy, x,(h,b), M. and M, can be calculated in the
initialisation, rather than during the recursion loops.
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5.3 Algorithm for pricing barrier options

Initialisation

e Calculate the truncation ranges, [a1,b1] and [as2, ba], using (3.54) and (3.55), respectively.

e For ky =0,1,..., Ny, and j; = 0,1,..., Ny, calculate H,_ . (as,bs, s ) using (4.21).

e For k; =0,1,...,N; — 1, calculate V, x,(tar) using (5.6) or (5.7).

e For up-and-out options: x1 = a1, x93 = h, c=h and d = b;.

For down-and-out options: 1 = h, x93 = b, ¢ = a; and d = h.

e Compute m;(x1,x2) for j =0,1,..., Ny — 1 using (4.55).

e Construct m®(z1,z2) and m®(x1,z2) using the properties of the m;’s as outlined in

Section 4.2.2.
e Calculate di = D{m®(x1,22)} and dy = (- D{m(x1,22)}

e For k‘i = 0, 1, e ,Ni - 1, calculate Gkh]@ = wlngb wkl (h, bl)ka (ag, b2)

Loop To recover Vi, go(tm) recursively for m = M —1 to 1

e For j; =0,1,...,Ny and ko = 0,1,..., Ny, calculate Aj, 1, using (5.13).

e Construct u*(t,;,) by padding N1 x N3 zeroes to 4

e Calculate £§ = D' {d; - D(u® )} and & = D~ Hdy - D(u® JHforj=12..N

o Msu i= the first V7 elements of g

]

o Mcu .= the first N7 elements of g in reverse order.

)

™

° Q(tm,xl,xg) = 1Im{]Wsu + Mcu}
e Calculate Vkl,kz (tm) by

thkQ (tm) = le,kz + ék’l,kz (tm7$1>$2)

Final Step

e Calculate 0(x, v, t9) by inserting th/@ (t1) into (4.5)
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6 Numerical Results

In this section, a number of numerical tests will be performed in order to evaluate the accuracy
and efficiency of the 2D-COS method for the pricing of European, Bermudan and barrier
options under the dynamics of the Heston model.

The tests will be performed using the following parameter sets:

e Set A: p=0.1, vy = 0.0625, v = 0.16, Sy = 10, K =10, r=0.1, ¢=0, n = 0.9, A = 5,
T=0.25

e Set B: p=—0.64, vg = 0.0348, v = 0.0348, Sp = 100, K = 100, »r = 0.04, ¢ = 0,
n=0.39, A=1.15 T =0.25

e Set C: p=—0.9, vg = 0.04, ¥ = 0.04, Sp = 100, K = 100, 7 =0, ¢ = 0, n = 0.5, A\ = 0.5,
T=1

We have already seen in Section 2 that satisfying the Feller condition is equivalent to having
% — 1 := gpeyter > 0. For Set A we have qpejer = 0.98, and thus the variance remains
strictly positive and efficient pricing performance is expected. For Sets B and C we have
qrelier = —0.47 and qpejier = —0.84, respectively, which means that the Feller condition is not
satisfied and we expect less efficiency and slower convergence as a result of a peaked density
function.

The programs were written and computations performed using MATLAB on a computer with
an Intel Core i3 CPU, 3.30GHz with cache size 3072KB and 8-GB of memory.

6.1 European Options

The first set of results we present are the absolute error and CPU times achieved by applying
the 2D-COS method to price European options. The reference values reported were generated
using the 1D-COS method from Fang and Oosterlee [2008], utilizing a substantial quantity of
evaluation points (N = 220).

The results in Table 1 are satisfactory and show exponential convergence in N1, although
increasing the number of terms used in the variance dimension (N3) has no effect on the ac-
curacy. This is because of the fact that for integers ko > 0, we will have 1, (a2, b2) = 0, and
hence Vi, r, = 0. As a result of this, the 2D-COS method therefore offers no improvements
over the 1D-COS method for the pricing of European options.

The timings in Table 1(d) show that the option prices were computed fairly quickly, although

the requirement of two dimensions means that the computation time is much longer than the
1D-COS method (see Fang and Oosterlee [2008]).
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(a)

Table 1: Absloute error for European put options priced with the 2D-COS method

Set A (qreiier = 0.98) V,ep = 0.501465691 (b) Set B (qreiter = —0.47) Vyey = 3.132502167

Ny Ny Ny Ny

50 100 150 200 50 100 150 200
o0 | 7.32e-07 7.32e-07 7.32e-07 7.32e-07 50 | 1.42e-04 1.42¢-04 1.42e-04 1.42e-04
100 | 1.28e-12 1.28e-12 1.28e-12 1.28e-12 100 | 4.77e-08 4.77e-08 4.77e-08  4.77e-08
150 | 2.22e-16 2.22e-16 2.22e-16  2.22e-16 150 | 1.02e-11 1.02e-11 1.02e-11  1.02e-11
200 | 2.22e-16 2.22e-16 2.22e-16  2.22e-16 200 | 2.66e-14 2.66e-14 2.66e-14  2.66e-14

(c)

Set C (qreiter = —0.84) V,.cy = 6.270867786 (d) Average CPU time (s) over Sets A,B & C

Ny Ny Ny Ny

50 100 150 200 50 100 150 200
50 | 3.23e-02  3.23e-02 3.23e-02  3.23e-02 50 0.016 0.019 0.023 0.026
100 | 8.48e-04 8.48e-04 8.48e-04 8.48e-04 100 | 0.019 0.022 0.025 0.030
150 | 5.10e-06 5.10e-06 5.10e-06  5.10e-06 150 | 0.023 0.025 0.032 0.038
200 | 5.37e-06 5.37e-06 5.37e-06  5.37e-06 200 | 0.027 0.030 0.038 0.046

6.1.1 European Options within the Bermudan Framework

In order to test the algorithm developed in Section 4 for pricing Bermudan options under
the Heston stochastic volatility model, we first use the algorithm to value European options.
This is done by only taking a continuation region C* = [ay, b1] X [az, bo] at each time step ¢,
which corresponds to having no early-exercise opportunities for the Bermudan option which
is therefore equivalent to a European option. For these tests we use M = 12 time steps. As
for the previous set of tests, reference values were obtained using the 1D-COS method over a
substantial amount of evaluation points.

The results of these tests are shown in Table 2. From these results it can be seen that the
results obtained for parameter sets A and B are quite accurate. However the convergence for
set C is very slow, with results which are far less accurate than those obtained for Sets A
and B, despite being evaluated over a much larger number of grid points. This is because
the gpeer value for set C is much closer to —1 and thus the density for the variance is more
“peaked” near the origin.

6.2 Bermudan Options

We now consider the algorithm from Section 4.3 for the valuation of Bermudan options. For
these experiments we use parameter sets A and B with M = 10 early-exercise dates. Parameter
set C is not used as the convergence is very slow, as seen from Table 2(c).

The values are compared to those obtained in Ruijter and Oosterlee [2012, Table 7.2].
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Table 2: Absolute error for European put options priced in the Bermudan framework

(a) Set A (QFeller = 0.98) (b) Set B (quller = —0.47)
Ny No Ny No
50 100 150 200 50 100 150 200
90 | 9.69e-05 1.20e-05 4.11e-06 2.40e-06 50 | 3.53e-04 1.72e-04 9.43e-05 5.61e-05
100 | 9.73e-05 1.25e-05 4.56e-06 2.85e-06 100 | 3.55e-04 1.75e-04 9.75e-05 5.61e-05
150 | 9.73e-05 1.25e-05 4.56e-06 2.85e-06 150 | 3.55e-04 1.75e-04 9.75e-05 5.61e-05
200 | 9.73e-05 1.25e-05 4.56e-06 2.85e-06 200 | 3.55e-04 1.75e-04 9.75e-05 5.61e-05

(C) Set C (QFeller = _084)
Ny Ny
200 400 600 800 1000
50 | 1.21e-01 5.62e-02 3.53e-02 2.51e-02 1.92e¢-02
100 | 1.15e-01 5.01e-02 2.91e-02 1.89e-02 1.30e-02
150 | 1.15e-01 5.01e-02 2.90e-02 1.89e-02 1.29e-02
200 | 1.15e-01 5.01e-02 2.90e-02 1.89e-02 1.30e-02

For our first test we use J = 27 continuation and early-exercise regions and examine the re-
sults for varying values of N1 and N2. The results in Table 3 match quite well with those of
Fang and Oosterlee [2011] and Ruijter and Oosterlee [2012], although the computation time
is significantly slower.

Next, we investigate the effects of varying the number of early-exercise and continuation re-
gions, J, while keeping N1 and Ny fixed at 120 and 100, respectively. The results of this test
are presented in Table 4 and show that while increasing J does improve the accuracy, it also
has a significant impact on the computation time as the root-finding algorithm is applied J
times at each time step t,,.

As a final test, we examine the prices obtained with increasing values for the number of exercise
dates, M. These results should converge towards the value of the equivalent American option.
We use only Set A for this test as there are no accurate results available in the literature
for American options under Set B. The reference value for Set A is obtained from Ito and
Toivanen [2009] and is accurate up to the sixth digit. For the these tests we keep the grid sizes
fixed with N7 = 120, Ny = 100 and J = 128. The results of this test can be seen in Table 5,
where the convergence of the Bermudan options towards the American option reference value
can be seen clearly.
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Table 3: Bermudan put option values (J = 27)

(a) Set A (QFeller = 098)

(b) Set B (QFeller = _047)

Ny Na Ny No

40 60 80 100 40 60 80 100
40 | 0.517489 0.517591 0.517615 0.517624 40 | 3.198638 3.198525 3.198433 3.198372
60 | 0.517063 0.517167 0.517192 0.517200 60 | 3.199478 3.199427 3.199369 3.199327
80 | 0.517019 0.517123 0.517148 0.517157 80 | 3.199059 3.199002 3.198942 3.198899
100 | 0.517015 0.517119 0.517144 0.517153 100 | 3.199063 3.199008 3.198948 3.198906
120 | 0.5617013 0.517117 0.517142 0.517151 120 | 3.199038 3.198984 3.198924 3.198882

(c) Average CPU time (s) over Sets A & B
Ny Ny

40 60 80 100

40 | 10.5 204 33.3 485

60 | 15.7 30.8 50.3 73.6

80 | 21.5 41.0 66.9 985

100 | 27.3 51.3 849 1240

120 | 33.0 61.7 102.1 1475

Table 4: Bermudan put option values for increasing J (N7 = 120, No = 100)

logy J
3 4 5 6 7

Set A 0.516776 0.517034 0.517117 0.517143 0.517151
Set B 3.190984  3.196000 3.197997 3.198679 3.198882

Time (s) 9.1 18.6 37.0 73.6 147.5

Table 5: Bermudan put option values convergence in M to American option value

Set A (qreiter = 0.98) Viep = 0.520030
M
20 40 60 80 100

0.518531 0.519244 0.519482 0.519601 0.519673
1.50e-03  7.86e-04 5.48e-04 4.29e-04 3.57e-04

Val

lerr|
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6.3 Barrier Options

Since there are no published results available for barrier option prices with parameter sets
A, B and C, we will begin by testing the pricing method using parameter sets which enable
comparisons with published results. Thus, our first test will be with the parameters used in
Griebsch and Wystup [2008]. The two parameter sets used are as follows:

e Set D: p=0.5, vp=0.5, 5 = 0.1, Sy = 100, K =90, 7 = 0.05, ¢ = 0, n = 0.5, \ = 5,
T=1,H=090

e Set E: p=0.5, v9 = 0.1, 5= 0.1, Sp = 100, K = 80, r = 0.05, ¢ = 0.02, n = 0.1,
AN=5T=1, H=120

where Set D is used to price down-and-out call options and Set E is used to price up-and-out
call options. For Set D we have qpeer = 3 and for Set E we have qpejier = 99, which means
that efficient pricing performance is expected for both sets of parameters.

The results of the tests on Sets D and E are presented in Table 6 and Table 7, respectively,
showing the accuracy and efficiency to be highly satisfactory. The results match very well with
those of Griebsch and Wystup [2008], and the timings for the 2D-COS method are significantly
faster. The results also converge very quickly, particularly for Set E, as expected from the
large qpejier values.

Table 6: Values and timings for down-and-out call options using parameter Set D (qpeiier = 3)

(a) Value (b) Average CPU time (s)
Ny M Ny M
(= No) 2 3 4 5 6 (= Ny) 2 3 4 5 6
40 21.40020 20.01266 18.99177 18.19425 17.54393 40 0.055 0.057 0.059 0.062 0.065
60 21.44451 20.10553 19.09846 18.29410 17.62773 60 0.160 0.162 0.169 0.175 0.181
80 21.44459 20.10849 19.10530 18.30413 17.63993 80 0.379 0.390 0.405 0.406 0.416
100 21.44457 20.10851 19.10564 18.30500 17.64139 100 0.683 0.690 0.709 0.726 0.748
Table 7: Values and timings for up-and-out call options using parameter Set E (qpejier = 99)
(a) Value (b) Average CPU time (s)
Ny M Ny M
(= N2) 2 3 4 5 (= Na) 2 3 4 5
40 7.021947 6.324669 5.892730 5.590088 40 0.063 0.169 0.400 0.702
60 7.021714 6.324034 5.893138 5.593800 60 0.066 0.175 0.406 0.722
80 7.021714 6.324033 5.893104 5.593652 80 0.069 0.182 0.408 0.746
100 7.021714 6.324033 5.893104 5.593653 100 0.071 0.188 0.412 0.768
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Next, we will use the 2D-COS method to price barrier options using the parameters of Sets
A and B. The barrier level, H, is set at 80% of Sy for down-and-out options and at 120% of
So for up-and-out options. The value of the rebate, Rb is set at 0. The results of the tests
are presented in Table 8 for down-and-out call options and Table 9 for up-and-out call options.

The results in Table 8 and Table 9 show the absolute errors for varying values of N1 and Na,
and the method again proves to be efficient and accurate. The reference values were obtained
by applying the 2D-COS method with N; = 800 and N, = 500. From these results, it can be
seen that the 2D-COS method is effective for the pricing of barrier options, taking a little over
half a second to attain 4 significant figures for Set A and 3 significant figures for Set B. Also
notice that the times are significantly lower than those for the pricing of Bermudan options.
This is as a result of the fact that a root-finding algorithm is not required.

Table 8: Absolute error for Down-and-out call option values

(a) Set A (qpetier = 0.98) Viey = 0.747237813

(b) Set B (qpetier = —0.47) Vyey = 4.127300308

Ny No Ny No

40 60 80 100 40 60 80 100
40 | 3.18e-03 1.99e-03 1.88e-03 1.85e-03 40 | 1.07e-02 1.08e-02 1.06e-02 1.04e-02
60 | 2.25e-03 1.06e-03 9.49e-04 9.22e-04 60 | 5.44e-05 5.96e-04 5.26e-04 4.56e-04
80 | 1.17e-03 3.18e-05 1.45e-04 1.72e-04 80 | 2.94e-04 4.02e-04 3.29e-04  2.60e-04
100 | 1.38e-03 1.77e-04 6.41e-05 3.71e-05 100 | 3.44e-04 3.48e-04 2.74e-04 2.03e-04
120 | 1.36e-03 1.58e-04 4.50e-05 1.80e-05 120 | 3.49e-04 3.44e-04 2.70e-04  1.99e-04

(c) Average CPU time (s) over Sets A & B

N Ny

40 60 80 100
40 | 0.039 0.042 0.070 0.135
60 | 0.035 0.071 0.136 0.235
80 | 0.045 0.104 0.198 0.350
100 | 0.056 0.135 0.258 0.446
120 | 0.066 0.170 0.325 0.556
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Table 9: Absolute error for Up-and-out call option values

(a) Set A (qreier = 0.98) Ve = 0.255990674

(b) Set B (qretter = —0.47) Vyoy = 3.896249245

Ny No Ny No

40 60 80 100 40 60 80 100
40 | 2.97e-02 3.01e-02 3.02e-02 3.02e-02 4.12e-01 4.14e-01 4.14e-01  4.15e-01
60 | 3.38e-05 3.91e-04 4.16e-04 4.22e-04 7.57e-03 7.11e-03 7.08e-03 7.11e-03
80 | 1.81e-04 4.68e-04 4.87e-04 4.91e-04 6.40e-03  5.46e-03 5.44e-03  5.44e-03
100 | 2.73e-04 3.06e-05 5.08e-05 5.91e-05 100 | 2.67e-03 1.67e-03 1.58e-03 1.57e-03
120 | 3.08e-04 2.45e-06 1.80e-05 2.26e-05 120 | 1.81e-03 8.64e-04 7.91e-04 7.82e-04

(c) Average CPU time (s) over Sets A & B

Ny No

40 60 80 100
40 | 0.097 0.045 0.077 0.145
60 | 0.035 0.072 0.136 0.237
80 | 0.046 0.106 0.200 0.349
100 | 0.056 0.137 0.264 0.443
120 | 0.067 0.170 0.321 0.557
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7 Conclusion

In this dissertation, we have discussed and implemented the 2D-COS method of Ruijter and
Oosterlee [2012] for the pricing of European, Bermudan and discrete barrier options under the
Heston stochastic volatility model. The model is an extension of the COS method, which was
developed in Fang and Oosterlee [2008] and Fang and Oosterlee [2009], and is based on the
use of two-dimensional Fourier-cosine expansions. The computation time for this method is
reduced significantly by the application of efficient matrix-vector multiplication using the Fast
Fourier Transform. However, for the Heston model the FFT algorithm can only be applied in
one dimension (the log-stock dimension), as the model is not in the class of Lévy processes.

The 2D-COS method is efficient for pricing European options, however it was shown that
this method offers no advantages over the 1D-COS method. The method is effective for the
pricing of options with early-exercise features such as Bermudan options, as well as discretely-
monitored barrier options, under two-dimensional asset price dynamics. The method works
well for a wide range of parameter sets. When the Feller condition is not satisfied, however,
the convergence for Bermudan and barrier options can be slow because of the resulting peaked
density functions.
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A A Basic Outline of Fourier Analysis

A.1 The Fourier Transform Pair

The (direct) Fourier transform of a real-valued function, g(t), t € R, is defined as

fw@wo:/ww%@ﬁ (A1)

If we define the function g(u) := F{g(t)}(u), the corresponding inverse Fourier transform will
then be defined as

.r4mw»u%=]/we””mwdu (4.2)

27 J_ o

g(t) and g(u) then form what is known as a Fourier transform pair, and it is necessarily true
that

g9(t) = FH{a(w)} ()

A.2 Characteristic Functions

Consider a continuous, two-dimensional, real-valued random variable, X = (X1, X3), with
joint probability density function fx(x1,x2). The bivariate characteristic function of X, de-
noted ¢x (u1,uz), is defined as:

ox (u1,uz) = F{fx (21, 22) } (u1, u2)

=K [ei(u1X1+u2X2)}

:/ / ei(ulx”“?”)fx(xl,xg) dx1 dxo (A.3)

The univariate characteristic function can then be obtained from this by taking
x, (u) = ¢X(ua 0)

= /Oo e fy (x) da

—0o0

where fx,(x) is the probability density function of the random variable X;.

The n'* cumulant of X is then given by

1 d"lngy, (u)

enlX1) = in du™

(A.4)

u=0
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B Verification of Properties Utilized for Developing the 2D-
COS Method

B.1 Representing Hankel matrix-vector products in terms of a circular con-
volution

We begin by defining the vectors
. T
m = [mg, m, ..., Man,—1]

and
u = [u07 ULy ooy uNl—l]T

and further define m .(j) and u,.(j) as in (4.58) and (4.59), respectively.

For the vectors m, m ., u and u ., we will omit the original arguments in the interest of brevity,
and we will use the notation m(j), m .(4), u(j) and u.(j) to represent the j* element of the
relevent vectors.

Now, consider

SN m()u(s)
Mew— | DU Dul)

SN (i + Ny — 1))

Considering the vector m . to be periodic, i.e.

3

(j) =m . (j +2Nin) forneZ

we are then able to use the property

m(j) =m.(2N1 —j+1) (B.1)
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With these properties we may then treat the first N7 elements of u, * m, in the following
manner:

{u xm M =3 "u ()m (1-j+1)

Similarly, we then have

and thus
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Lastly

Hence, we now have

{u,*m JM
{u,*m M

i
f

{u,*m P
{u, *m M

B.2 Verification of the Discrete Fourier Transform’s Shifting Property

Using the vectors u, and u, as defined in (4.57) and (4.59) respectively, the k™" element
(ke{0,1,...,2N; — 1}) of D{u,} is then obtained as follows:
2N, -1 o
Di{u .} = nz% exp (zknle> u.(n) (B.2)
2N, -1 o
n=N1
e 27
= Z exp <ik:(n+N1)> u.(n+ Ny) (B.4)
— 2N,
il 27
= exp(ikm) Z exp (an2N1> Un, (B.5)

n=0

where we again use the notation u.(n) to represent the n'" element of the vector u,, as in

Appendix B.1. -
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Now, note that we have
exp(i(z + 27n™)) = exp(ix) forn* € Z
and
exp(i2mn*) = exp(0) for n* € Z
and
exp(im) = —1

and so

exp(i2mn*) Mt exp (zkn%) U, for k even
Difuc}t =
exp(im(1l + 2n*)) ZnNial exp (zk:n;—]\’;l) u, for k odd
exp(0) Zﬁf;gl exp <zkn§T”1> u,  for k even

kexp(i7r) fo;gl exp (zk‘n%) u, for k odd

Nl—l . 21
Yoo €xp (zknz—Nl> U, for k even

— ZnNial exp (zk:n;—]\’ﬁl) u, for k odd

Finally, notice that

2N, —1 o
Di{us} = T;) exp <zkn2N1> ug(n)

il 27
= Z exp (zk‘nm) u4(n)

n=0

gl 27
= Z exp <2kn2N1> Un (B.7)

n=0

From (B.6) and (B.7) we can then see that

Di{u,}  for k even

(B.8)
—Di{u,} for k odd

Dk{@c} = {

o1
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