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In this article we will give a brief introduction on COS option pricing
method for European and American options, with different underlying pro-
cesses. Our contribution for Premia project is based on papers [l] and [2].
These papers can be find at:

http://ta.twi.tudelft.nl/mf/users /oosterle /index. html.
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This article is organised as follows. As a start, an introduction on COS pric-
ing algorithm for European and early—exercise options are given in Section 1
and Section 2, respectively. A 4-point Richardson extrapolation scheme is
applied to approximate the value of American option from Bermudan option
prices with different number of early-exercise dates. In section 3, we goes
through different underlying processes which we have implemented, together
with our pricing method, in the Premia project. At the end, we give a few
explanation words concerning our codes/programmes.

1 COS Pricing Method for European options

COS pricing method recovers the conditional density by its characteristic
function through Fourier Cosine expansions. It can be applied for all pro-
cesses where the characterisitc function of the underlying is available, which
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includes all affine processes. The method performs impressively especially
when the underlying follows the Lévy processes. It starts from the risk-
neutral valuation formula

oz, te) = A [~ ol 1) (yl)dy,

where v(x,t) is the option value, and z,y can be any increasing functions of
the underlying at ¢y and 7', respectively. We truncate the integration range,
so that

o, t0) = e [ ofy, T) )y )

with | fp f(ylz)dy — [ f(y|z)dy| < TOL. Error analysis of the various ap-
proximations is given in [1, 2].

The conditional density function of the underlying is then approximated
by means of the characteristic function via a truncated Fourier cosine expan-

sion, as follows:
2 /IN—1 km . akm y—a

Flle) = =3 RO ) exp (—iy ) cos (bt — ), (2)

—a —a
where Re means taking the real part of the expression in brackets, and ¢(w; x)
is the characteristic function of f(y|z) defined as:

Hw; z) = E(e™]2). (3)

The prime at the sum symbol in (2) indicates that the first term in the ex-
pansion is multiplied by one-half. Replacing f(y|x) by its approximation (2)
in (1) and interchanging integration and summation, gives us the COS algo-
rithm to approximate the value of a European option:

—r 1N-1 km —ikm 2
U(Z‘, tU) =€ Atz k=0 R€<¢(b _ CL; ‘1.)6 g bia)‘/ka (4>
where 5 ,
Vi = m/a v(y,T) cos (kwg;:z)dy (5)

is the Fourier cosine coefficient of v(y,T'), which is available in closed form
for several Furopean option payoff functions.

Formula (4) can be directly applied to calculate the value of a European
option, and it also forms the basis for pricing Bermudan options.

The COS algorithm exhibits an exponential convergence rate for all pro-
cesses whose conditional density f(y|z) € C*((a,b) C R). The size of the
integration interval [a, b] can be determined with help of the cumulants [1].
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2 COS Pricing Method for Bermudan and
American Options

The pricing formula for a Bermudan option with M exercise dates, with
m=M,M-—1,...,2,is divided into a stage in which a continuation value is
computed, and a stage where this value is compared to the payoff g(xz,¢,,_1) =
v(z,T), as shown below

{ C(l‘,tm_l) = eiTAt va<y7tm)f(y|x)dy7 (6)
v(x, ty—1) = max (g(z, tym_1), c(x, tm_1)),

, followed by a final computation,
v(a.to) = e [ o(y,t)f(yla)dy. (™)

In this description, we have x := In (S(t,,—1)/K) and y := In(S(t,,)/K),
and v(x,t),c(z,t),g(z,t) are the option value, the continuation value and
the payoff at time ¢, respectively. For vanilla options

1 for a call,
—1 for a put.

g(x,t) = max [aK (e —1),0], a= { (8)

Practically, for each time step we first determine an early-exercise point, z;
for which c(z7,,tn) = g(x,, t,,) by means of the Newton method. If z}, lies
outside interval [a, b] we set 7, equal to the nearest boundary point. At each
time step, t,,, we can split the Fourier cosine coefficients Vj(¢,,) into two
parts:

=

=

S
I

Cyla,z), ty) + Gr(x),, b), for a call, 9)
Vii(tm) = Grla, x},) + Cr(z),, b, tm), for a put. (10)
form=M—-1,M—2,...,1, and

Vie(tm) = Gi(0,0) for a call,

Vi(ty) = Gi(a,0) for a put.

Here,
r—a

2 (o
Gr(xy,z9) = T /:]cl g(.x,tm)cos(kﬂb —

)dx, (11)
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2 T2 _
Cr(1, T, ) / &z, tm)cos(/mrg Y de, (12)

T b—ua P —a
with \
—rA IN=1 @ —ikm 2
C('IJ tm) =e€ tz k=0 R€(¢(b _ a; SL’)G bia)vk<tm+1)7

from the Fourier cosine expansion.

Gr(x1,29) and Cy(xy,z9,t,) are the Fourier Cosine coefficients of the
payoff and continuation value, repectively. Gy (x1,x2) is known analytically.
With (8), it follows for a put, with 25 < 0, that

2 T _
Gr(x1,29) = — /mj K(1—¢")cos (lmz_ Z) dx, (13)

and for a call, with x; > 0, that

Gr(z1,22) = : /w2 K(e® —1)cos (knri — a) dx, (14)

b—a Ju —a

The fact that 27, < 0, for put options, and z}, > 0, for call options, Vt € T,
gives

2 1 f 11,
Gr(w1,29) = maK k(1 2) — (21, 20)], o= { or a ca

— —1 for a put,
(15)
with
Xe(T1,m0) = /x2 e cos (kmx — a) dx, (16)
x1 b — a
Up(xy,29) = /I2 coS (lmrz:: Z) dx. (17)

These integrals admit analytic solutions.
We now derive the formulas for the Cy(xy,z9,t,,). For Lévy processes,
applying (4) and (6) matrix

C(.Tl, Ta, tm) = Ck(.Tl, T, tm))jv:_ol

can be rewritten as

N-1 )
Cr(1, 29, t0) = e A Z, R€<¢A (bj_7Ta> Vi(tmi1) './\/lk,j(ﬂh,l’z)), (18)
j=0
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with 5 N
b_a/%1 eI h=a acos(lm; ¢

and for Lévy processes, ¢4(u,7) comes from the function

¢<u; T) = emmo(bz‘\(uv 7-)7 (2())

Matrix My, j(x1,x2) can be split into the sum of a Toeplitz and a Hankel
matrix where Fast Fourier Transform can be applied. If we denote D(vector)
as the discrete Fourier transform of the vector, whereas D~! stands for the
inverse discrete Fourier transform. Then we have

My (21, 25) = )dx (19)

—a

C(z1, 9, ) = e’TAtIm(MSu + Mou) /7

where I'm means taking the imaginary part of the expression in brackets.
Mu represents the first N elements of D~(D(my) - D(us)) and M.u denotes
the computation of the first N elements of D~!'(D(m,) - sgn - D(uy)), in
reversed order, see [2].

In this description, we have

sgn = [17 _17 17 _17 cee ]Tv ms = [m07 m_i,--+,Mi—_N, 07mN—17 e 7m1]T7
Me = [Man—1,Man—2, -+ ,m1,mo)", us = [ug,u1, -+ ,un—1,0,--+, 0",
with elements ( )
Lo —X1) . . .
i =———i, if j =0,
m; T mi, if 7
exp(ij Z=UT) — exp(ij B=2r)
mj = , if g #0.
J
Finally, u; = ¢(7;)Vitm+1) and uo = 36(0)Vo(tm+1).
For all time steps, m = M —1,--- |1, approximation of Vi (t,,) is recovered

from (9) or (10). Option value v(z, ty) is obtained by inserting Vi (¢1) into (7),
and then, applying (4) with T replaced by ¢;.

Let v(M) denote the value of a Bermudan option with M early exercise
dates. Then the following 4-point Richardson extrapolation scheme is used
to estimate the value of an American option.

! —(64v(2773) — 560(2472) + 14v(2%) — v(29)) (21)

van(d) = o7

where v4,/(d) denotes the approximated value of the American option.
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3 Underlying Asset Processes

3.1 Black-Scholes model

In BS model, the underlying price follows a Geometric Brownian motion
with constant drift and volatility, which satisfies the following stochastic
differential equation:

where W; is a Wiener process or Brownian motion and p and o are model
parameters for the drift and volatility. It follows from this that the return
is a Log-normal distribution with expected value E(S;) = ¢/ Sy and variance
Var(S,) = e S2(e””t — 1).

3.2 CGMY model

The CGMY process, as defined in [5], is a generalisation of the Variance
Gamma process with the following characteristic function:

boamy (w,t) = exp(tCT(=Y)[(M —iw)¥ — MY + (G +iw)" — GY]). (23)

Four parameters need to be calibrated to market data: Parameter Y : Y < 2
controls whether the CGMY process has finite or infinite activity. Parameter
C : C > 0 controls the kurtosis of the distribution and non-negative param-
eters G, M give control over the rate of exponential decay on the right and
left tails of the density, respectively.

3.3 Heston model

In the Heston stochastic volatility model, the underlying and the volatility
are modeled by the following stochastic differential equations,

1
dv; = (r— §ut)dt + /e dWh 4,
dig = AN — pe)dt + ny/pedWay, (24)

where x; and p; denote the log—asset price process and the process of its
volatility, respectively. Parameters A, i, 7n represent the speed of mean—
recursion, the long—term mean value of variance and the volatility of volatil-
ity, respectively. Moreover, W, and W5, are Brownian motions, correlated
with correlation coefficient p.



9 pages 7

For the log-asset price in the Heston model an analytic characteristic
function can be found, which reads:

Lo 1— e—DAt

¢(w, At, o) = exp (iwrAt + ?(w)@\ —ipnw — D)) -
Al _ 1 — Ge DAt
exp (L5 (A~ ipnw — D) = 2log(~——=—)))

with D = \/()\ —inpw)? + (w? +iw)n?and G = X\ —inpw — D/X — inpw + D.
As for the value of D, we take the square root whose real part is non-
negative.

4 Premia Implementation

Oour codes only compute the option prices.

4.1 European Options

For Furopean options we have implemented the method for the BS, CGMY
and Heston models. For all these models, the user has to give the input
values of the following parameters, which are common to all models:

e The initial underlying price SO.
e The strike price K.

e The maturity of the option 7.
e The interest rate r.

e The dividend rate q.

Moreover, every model has some specific parameters:

For the BS model, the user needs to specify the volatility o. For the
CGMY model, the user needs to specify the values for C, G, M,Y. For the
Heston model the values of the following parameters need to be entered:

e [nitial volatility u0.

e Long term mean value of variance u.
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e Speed of mean recursion .
e Volatility of volatility 7.

e Covariance Coefficient between the processes of underlying and volatil-
ity p.

Our C—codes are as follows:

e BS FEuro.c is the code of COS pricing method for European option
under BS model. Our default value of N is set as 128, where N is the
number of terms inside Fourier Cosine expansion. With N = 128, we
could achieve an error of order le—14.

e CGMY _Furo.cis the code of COS pricing method for European option
under CGMY model. Our default value of N is set as 128. With
N = 128, the error is of order le-10 or less for Y € [0.5,2]. For
Y < 0.5 we suggest the user to put a larger value of V.

e Heston Euro.c is the code of COS pricing method for European option
under Heston model. Our default value of N is set as 256. With
N = 256, we could achieve an error less than 1e-10 for long maturity
and less than 1e—7 for short maturity.

4.2 American Options

For American options we need to specify the number of early exercise dates
M, where the Bermudan option prices with M,2M,4M,8M are used in the
4-point Richardsion extrapolation scheme to get the American option values.
Our C—codes are as follows:

e BS Ame.cis the code of COS pricing method for American Put Option
under BS model. Our default value of N and M are 256 and 8, which
returns an error of order le—7 or less.

e CGMY__ Ame.c is the code of COS pricing method for American Put
Option under CGMY model. Our default value of N and M are 256
and 8, which returns an error of order 1le—7 or less.

Taking into consideration both efficiency and accuracy, please do NOT change
the value of N and M.
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