OPTION PRICING IN HILBERT SPACE-VALUED
JUMP-DIFFUSION MODELS USING PARTIAL
INTEGRO-DIFFERENTIAL EQUATIONS

Peter Hepperger*

Hilbert space-valued jump-diffusion models are employed for various
markets and derivatives. Examples include swaptions, which depend on
continuous forward curves, and basket options on stocks. Usually, no an-
alytical pricing formulas are available for such products. Numerical meth-
ods, on the other hand, suffer from exponentially increasing computational
effort with increasing dimension of the problem, the “curse of dimen-
sion.” In this paper, we present an efficient approach using partial integro-
differential equations. The key to this method is a dimension reduction
technique based on a Karhunen-Loéve expansion, which is also known as
proper orthogonal decomposition. Using the eigenvectors of a covariance
operator, the differential equation is projected to a low-dimensional prob-
lem. Convergence results for the projection are given, and the numerical
aspects of the implementation are discussed. An approximate solution is
computed using a sparse grid combination technique and discontinuous
Galerkin discretization. The main goal of this article is to combine the
different analytical and numerical techniques needed, presenting a compu-
tationally feasible method for pricing European options. Numerical exper-
iments show the effectiveness of the algorithm.

1 INTRODUCTION

PRICING WITH PARTIAL DIFFERENTIAL EQUATIONS The pricing of options written on a
single asset by means of partial differential equations (PDEs) is a well-studied prob-
lem. Efficient numerical solutions have been proposed not only for the classical Black—
Scholes setting but also for Lévy-driven processes (cf., e.g., [24, 12, 13] and the refer-
ences therein). Due to the jump part, an additional nonlocal term occurs when using
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Lévy models. Thus, partial integro-differential equations (PIDEs) have to be solved
instead of plain PDEs.

The pricing problem becomes much more involved when the derivative (e.g., a bas-
ket option) depends on more than one asset. PIDE methods have recently been ex-
tended to such multidimensional settings [25, 36]. The main problem here is the expo-
nentially increasing computational effort for high-dimensional problems. While this
curse of dimension can be reduced effectively by applying sparse grid discretizations,
numerically feasible dimensions n are still moderate, usually n < 10. On the other
hand, real world products often imply much higher dimensional equations. In fact,
derivatives (e.g., swaptions) may even depend on a continuum of “assets” and thus be
infinite dimensional. This makes dimension reduction techniques an interesting tool.
To motivate the subsequently presented techniques, consider the following example,
which naturally arises in energy markets.

MOTIVATING EXAMPLE: ELECTRICITY SWAPTIONS Since the liberalization of many Eu-
ropean electricity markets during the 1990s, producers, consumers, and speculators
have traded in electricity on energy exchanges. The Scandinavian Nordpool, the Euro-
pean Energy Exchange (EEX) in Germany, and the Amsterdam Power Exchange (APX)
are the largest European trading centers for electricity. Traded products include spot,
forward, and futures contracts and options on these. The most liquidly traded un-
derlyings are contracts of futures type. These are agreements traded at time t for a
constant delivery of 1 MW of electricity over a certain future period of time [Ty, Tp],
while in return a fixed rate F(t; Ty, T») is paid during this delivery period. These prod-
ucts are also called electricity swaps. The relation of spot and forward prices is not
clearly defined for electricity due to its nonstorability [3, 4, 6]. This difficulty can be
avoided by directly modeling the forward curve under a risk neutral measure [1, 20],
similar to the Heath-Jarrow—Morton approach for bond markets. For every maturity
uc [Tl, Tz], let

(1) S(t,u):= zlgr; F(t;u,v)

be the corresponding value of the forward curve at time ¢ < u. In practice, the forward
curve is constructed from a discrete set of available market prices [5]. Several authors
propose exponential additive forward curve models of diffusion or jump-diffusion
type [7, 20], i.e.,

" X(bu) = /O t’y(s,u)ds—{—:_zwl /0 tak(s,u)de(s)+l<_2]1 /O t /R (s, u)y Mi(dy, ds),

S(t,u) = S(0,u)exp (X(t,u)),

where Wj are scalar Brownian motions and Mj are compensated random jump mea-
sures, all of them independent. Assuming a constant interest rate r > 0, a European
call option on the swap F(T; Ty, T») with strike rate K and maturity T < T; has the



discounted price

V(t) = e TE [(Tz T (F(T;T1, T) — K) " ‘ft}
(3)

T

= "I(T, — Ty)E [(/T w(u; Ty, T2)S(T, u)du — K) ’ ) Ft] /

at time t < T, where
T

(4) w(u; Ty, Tr) = e_”’// e "*ds
Ty

is a deterministic, nonnegative discounting factor. In general, there is no explicit rep-
resentation for the probability density of the integral term inside the conditional ex-
pectation. This makes pricing more difficult than in the one-dimensional standard
setting. One possible valuation method is to use log-normal approximation formulas
[9]. These are fast but sometimes give poor results in the presence of jumps. Numeri-
cal Monte Carlo simulations, on the other hand, are precise but rather time consuming
since they converge slowly. In the present work, we will discuss an efficient numeri-
cal approximation method which is based on solving Hilbert space-valued PIDEs and
dimension reduction techniques.

OUTLINE OF THE ARTICLE Both basket options and options depending on forward
curves can be viewed as special cases of Hilbert space-valued problems. The main goal
of this article is to present an efficient method for pricing European options on such
derivatives. In Section 2, we state the general model and hypotheses for our approach.
The corresponding Hilbert space-valued PIDE for pricing European options is derived
in Section 2.3. This PIDE can be approximated with finite-dimensional equations. To
this end, we apply Karhunen-Loéve approximation, which is closely related to proper
orthogonal decomposition and factor analysis. In Section 3, the dimension reduction
method is described. We show how to construct an optimal set of approximating basis
functions by solving an eigenvector problem. This basis set is then used to transform
the PIDE, and the main results of this work are presented. After proving existence
and uniqueness, convergence results and error bounds are given for the solutions of
the approximating problems. In Section 4, we discuss how to perform the dimension
reduction numerically, using a Galerkin approach and the sparse grid combination
technique. Finally, we apply the pricing method to test problems (a basket option and
an electricity swaption) and demonstrate the efficiency of the method with numerical
experiments in Section 5.

2 HILBERT SPACE-VALUED JUMPDIFFUSION

We now state the Hilbert space-valued model used throughout this article. For a
definition of stochastic processes and integration in Hilbert spaces with respect to



Brownian motion, see, e.g., [14, 22]. An overview of Poisson random measures in
Hilbert spaces can be found in [18], and the Lévy case is treated in [25]. Infinite-
dimensional stochastic analysis and its applications to interest-rate theory and Heath—
Jarrow—Morton models are presented in [10].

2.1 EXPONENTIAL ADDITIVE MODEL

Let D C R™ and let up be a measure on D. Then
(5) H := L*(D, pp)

is a separable Hilbert space. For every h € H, we denote the corresponding norm by

® il =/ [, 0] o)

For electricity swaptions, we choose D = [T3, T2], and up = Ap is the Lebesgue mea-
sure. Then H can be interpreted as the space of forward curves on the delivery period
D. For basket options, we choose D to be a finite (though possibly large) index set
with n entries, each index corresponding to one asset. The measure yp is then simply
the counting measure, and the norm ||-||; is the Euclidean norm on R".

Consider the H-valued exponential-additive stochastic model

xt) = [(ads+ [ o))+ [ [ n(s))@) e, ds),
S(1) = S(0) exp (X()

for t € [0,T], with initial value S(0) € H. Subsequently, we will write f(t,u) =
[f(t)](u) for every f : [0,T] — H, u € D, and similarly g(¢,h) := [g(t)](h) for every
¢:[0,T] — L(H,H), h € H. The exponential function in the model is defined point-
wise, i.e.,, S(t,u) = S(0,u) exp (X(t,u)) for a.e. u € D. The diffusion part is driven by
an H-valued Wiener process W whose covariance is described by a symmetric, non-
negative definite trace class operator Q. The driving process M for the jump part is
the compensated random measure of an H-valued compound Poisson process

(7)

® Jt) =YY,

which is independent of W. Here, N denotes a Poisson process with intensity A and
Y; ~ PY (i = 1,2,...) are iid on H. The corresponding Lévy measure is denoted
by v = APY. Further, denote by L(H, H) the space of all bounded linear operators
on H and let v : [0,T] - H, ¢ : [0,T] — L(H,H), and 5 : [0,T] — L(H, H) be
deterministic functions. In particular, this model generalizes the electricity swaption
model (2) driven by a sum of scalar processes.

The following hypothesis is assumed to hold throughout this article. For an intro-
duction to time-dependent Bochner spaces, such as L2(0,T; H), see [16, Chap. 5.9].



Assumption 2.1. Suppose that the second exponential moment of the jump distribution Y
exists:

©) E[2IYln] = / Al pY (4) < oo
H
Assume further that ||1(t)[| ) < 1forae t €[0,T],
(10) v €1?(0,T;H), and o€ L?0,T;L(H, H)).

Under Assumption 2.1, (X(t))t> , is an additive process with finite activity and finite
expectation. This simplifies notation, since no truncation of large jumps is needed in
the characteristic function.

Theorem 2.2. The process (X (1)), , is square-integrable:

t>0

(11) sup E[[IX(8)]}] < oo.
0<t<T

Proof. The definition of the process (X(t)) ;>0 yields
(12)

E[HX(t)Hé] < 3E[H/Otr),(s) dSHZ+ H/OtU(S) dW(s)HZ+ H/Ot/HU(S,g) M(dé’,dS)H;}

We now apply three different results to the three integrals on the right-hand side. For
the first one, we use the basic properties of Bochner integrals and Jensen’s inequality
to obtain

f 2 t 2 2
(13) |[ v s, < [ 1) ds < I mm -

By the definition of the integral with respect to H-valued Gaussian processes and the
results from [14, egs. (4.8) and (4.10)], we have

f 2 g 2 2
) E|[ oW, < @QE [ 106 ds = (T Q) o0 mamm

where Tr Q denotes the trace of the covariance operator of W. Finally, from Young's
inequality and [17, Prop. 3.3] we get

[ [ s omagas) | <c [ [ nts el v

(15)
Y
< CAT [ Iyl P¥(dy).

Combining the above estimates and employing Assumption 2.1 yields (11), since the
right-hand side in each estimate is independent of ¢. O



Theorem 2.3. The characteristic function of X (t) is given by
, ot 1 t .
(16) E[el(X(t),hm] = exp [z</0 'y(s)ds,h>H - §<[/0 o(s)Qo (s)ds} (h),h>H
t .
+1LL(“W@”H—l—uﬂ&amnﬁvwaﬁ]

for every h € H, where 0*(s) is the adjoint operator of o (s).

Proof. The drift v is deterministic, and so the first term on the right-hand side of
(16) is trivial. Since we have finite second moments by Theorem 2.2, we may apply
[22, Thm. 4] to obtain the characteristic function of the diffusion and jump parts. It
remains to verify the expression for the covariance operator of the diffusion. Applying
[14, Prop. 4.13] yields

(17)

E[</Ota(s)dW(s),h1>H </Ot U(s)dW(s),h2>H] - <[/O}(S)QU*(s)ds} (hl),h2>H

for every hy,h, € H. The integral on the right-hand side is a Bochner integral with
values in L(H, H). O

2.2 EQUIVALENT EXPONENTIAL LEVY MODEL

As already stated, the main goal of this article is pricing European options depending
on S(T) = Spexp (X(T)). Since by definition the payoff of such an option depends
only on the value of X at time t = T, the characteristic function of X(T) completely
determines the price of the product. Therefore, it is possible to construct a (time ho-
mogeneous) Lévy process (Xp(t)) ;>0 Which produces the same terminal distribution
and thus the same price (cf. [31, Chap. 11]). We denote the Borel sets on H by B(H)
and the indicator function of a set B € B(H) by xp. The Lévy-Khinchin triplet of the
Lévy process is given by

(18) Ap(hy, hp) = % <[/0T a(s)Qo*(s) ds} (hl),h2> ,
1T !
(19) nzfAWMM
(20) vi(B) = ;T/OT/HXB(q(t,(;‘))v(dé‘) dt for B € B(H),

where A; : H x H — R is a bilinear covariance operator, 41 € H, and vy, is a finite
activity Lévy measure on H. Note that the resulting characteristic function of X; at
time t = T is identical to (16).

Let I = {1,2,...,dim H}, if H has finite dimension, or [ = IN otherwise. In order to
obtain an explicit Lévy representation for X(T), define

' H — H,
(21) QL . N %[IOT O'(S)QU'*(S) dS} (h)



This is a symmetric nonnegative definite operator with finite trace, since, by construc-
tion, and by the proof of Theorem 2.2, we have

Y (Qupipi)y = Z%E [</Ot‘7(5)dw(s)'7’l>H</o

(22) lel lel

1 t 2 2
== E H/O a(s)dW(s)HH < (TrQ) ||‘7HL2(0,T;L(H,H))

t

U(s)dW(s),pl>H]

for every orthonormal basis (p;);c; of H. Consequently, the operator Q; is compact
by [14, Prop. C.3] and, in particular, a trace class operator. By [15, Thm. 1.2.1], there
is a unique Gaussian probability measure with mean 0 and covariance operator Q.
Moreover, there is a corresponding Qr-Wiener process by [14, Prop. 4.2], which we
denote by Wr.

In addition, we introduce the H-valued compound Poisson process

N(t)
(23) Jut) =) Yi;
i=1
where YL,I-NPYL are iid random variables with values in H, and

T I Laxs(m@)v(dy)dt if A >0,

Y, . _
w  royen-{il

for every Borel set B € B(H). The random measure corresponding to J;. is denoted by
M, and its compensated version by M. Combined, we obtain the Lévy process

t -
(25) Xu(t) =yt + Walt) + [ [ Cuag,as),

with the same distribution as X at t = T. The last two summands are H-martingales.
We will use this model subsequently in place of (7), since it is completely equivalent
with respect to European option pricing.

Due to the existence of second moments (Theorem 2.2), the bounded linear covari-
ance operator

!~
(26) cX:{HﬁH =H,

b E[(X0(T) — E[X(T)), 1)y (X0 (T) — E[X0(T)], )y ]

is well defined, and E[X[(T)] = . T. For notational convenience, define the centered
process

(27) ZL(t) = XL(t) — E[XL(t)] = XL<t> —qLt, t€ [0, T]
The following theorem gives a summary of the properties of Cx.

Theorem 2.4. The operator Cx defined in (26) is a symmetric and nonnegative definite trace
class operator (and thus compact).



Proof. Since Cx is a covariance operator, it is symmetric and nonnegative definite by
definition. It remains to prove that the trace of Cx is finite. To this end, let (p;);c;, be
an arbitrary orthonormal base of H. Then, by dominated convergence,

TrCx = Y- (Cxpu i)y = L E[(Zu(T), p)h | = E[ X (Zu(T), m) |

(28) lel lel lel
2
=E[|Zu(T)]} | < o0

holds. We use [14, Prop. C.3] again to conclude that Cx is compact and thus a trace
class operator. O

We denote the eigenspace of Cx corresponding to eigenvalue 0 by Ey(Cx). Its or-
thogonal complement Ey(Cx )" is the linear span of all eigenvectors corresponding to
positive eigenvalues. This is the subspace of H to which the centered process 7 is
restricted almost surely, since

(29) E[(ZL(t),h)%] =0 forevery h € Ey(Cx)and a.e. t > 0.

Finally, in analogy to the requirement of a nonvanishing volatility in one-dimensional
jump-diffusion models, an assumption on the Q;-Wiener process Wy, is needed.

Assumption 2.5. Assume that the restriction of Qy to the subspace Eq(Cx )+ C H is positive
definite, i.e.,

(30) (Qrh, b)Yy >0 for every h € Eo(Cx)*\{0}.

This means that Z; has a nonvanishing Brownian component for all directions in
H, which are not almost surely orthogonal to the trajectory of the process. This is
necessary for the coercivity property (Garding’s inequality) of the PIDE which we are
going to derive in the next section.

2.3 HILBERT SPACE-VALUED PIDE

We consider a European option depending on the value of S at time t = T. Since S(T)
is a deterministic function of X(T), and X(T) is distributed like X1 (T) = v T+ Z.(T),
we may equivalently price a European option whose payoff G is a function of Z;.
Hence, if z € H is the value of Z; at time ¢, the value V of the option at time t < T,
discounted to time 0, is described by

(31) V(t,z) :=e "TE[G(z + ZL(T — t))].

Note that V is a martingale under the risk neutral measure. In this section, an Ito
formula for Hilbert space-valued random variables and the martingale property of V
are employed to derive a PIDE for V.



First, let us recall the definition of derivatives on Hilbert spaces. We denote by
D.V(t,z) € L(H,R) and D?V(t,z) € L(H, H) continuous linear operators such that

32)  V(tz+{) =V(tz)+[D:V(t2)]() + % (ID2V(,2)1(), &)y +o(lglF)

for every { € H. It is often convenient to identify D2V (t,z) with a bilinear form on
H x H, setting

(33) [D2V(t,2)] (21, C2) == {[DZV(t,2)|(1),32) ;-

The partial derivative with respect to time is denoted with 9,V (t,z). We assume the
following regularity condition for V, which is, in particular, a prerequisite for It6’s
formula. However, note that this hypothesis is not necessary for the convergence
results in Section 3.4.

Assumption 2.6. Suppose that V € C'?((0,T) x H,R) N C([0, T] x H,R); i.e., V is con-
tinuously differentiable with respect to t and twice continuously differentiable with respect to
z. Moreover, assume that the operator norms ||D2V (t,z)|, V(t,z)||, and ||0:V (t,z)|| are
bounded.

As a direct consequence of this assumption, V satisfies the Lipschitz condition
G4) V(tz) = V(tz+0)| <Ky gy forevery { € H

with constant Ky := sup, \cjo1)xn ID-V(s,y)||. We are now able to calculate the
stochastic dynamics of V using Itd’s formula.

Theorem 2.7. The discounted price V given by (31) satisfies
dV(t,Zi(t)) =

V(1 Zu(t —))dt+%Tr ([D2v (6, i (t-))] Q) d
O [ V020 4+ 0 - VI Zi0) - [PV Z )] @)} velag) a
+DZV(t,ZL(t—))dWL(t)+/H [Vt Zy(t=) + ) — V(£ Zy(t—))] My (dg, dt).

Proof. By Itd’s formula [22, Thm. 3], we obtain

(36)
V(t,ZL(t)) =

V(0,Z..(0)) +/Ot 3.V (s, Zu(s—))ds
S P2V Zuts-) dwels)s W)
+ /O't DV (s, Z1(s—)) dZu(s)

+ ¥ [V Zu(s=) +82u(s) = V{5, Zu(s-)) = [D:V (s, Zu(s=))(AZu(9)) |,

0<s<t

t



where (X; Y)) denotes the predictable quadratic covariation of (X, Y) ;.
We first calculate the covariation. From [14, Cor. 4.14], we know that

(37) E</tt2 D2V (s, Zr(s—))dWL(s), WL (t2) — WL(t1)>H

1

— ? Tr ([DgV(S, Z1(s—))] QL)ds

ty

for every 0 < t; < t,. Consequently, by independence of the increments of Wy, we get

CONK(S /O D2V (s, Z1(s=)) AW (s); Wi(-))) :/tTr([Dgx/(s,zL(s—))]QL)ds

t 0

For the next term in (36), we use the dynamics of Z to obtain

/Ot D,V(s,Z1(s—))dZL(s)
:/OtDZV(s,zL(s—))d[wL(s)+/OS/HZ;A7IL(d€,dSz)}
_ /t D.V(s, Zy(s—)) AW (s)

+/DVsZL d[ZAZLsz //ngdCdSQ

O<Sz <s

(39)

A theorem for interchanging linear operators and Bochner integrals [16, App. E, Thm. 8]

yields
(40)

/ D,V (s, Zy(s / / Cv(dD) dsz / / D.V(s,Z(s—))](Q) vL(dT) ds
Plugging (38), (39), and (40) into the Itd6 dynamics (36) finishes the proof. O

In order to get a slightly more explicit form of the trace expression in (35), let (p;)ier
be an arbitrary orthonormal basis of H. By definition of the trace, this yields

(41) Tr ([D2V(t, 0 (t=)] Qo) = X [D2V(4, Z(t=))] (Qupi ).

lel

Theorem 2.8. The discounted price V of a European option with payoff G(Z1(T)) at maturity
T satisfies the PIDE

—0/V(t,z) = ; Z [Dz (t, )] (Qrpru 1)
(42) ‘el

+ [ {vitz+0 -Vt - DV (42)] () jud),

10



with terminal condition

(43) V(T,z) = e"G(2),

forae t € (0,T) z € Ey(Cx)*.

Proof. We employ Theorem 2.7. The penultimate term in (35),

(44) / DV (s, Zu(s—)) dWL (),

is a martingale by [14, Thm. 4.12]. In order to show that the integral with respect to
the compensated Poisson measure is a martingale too, we apply [29, Thm. 3.11]. The
prerequisite for this theorem is a strong integrability condition, which is satisfied due
to [29, Thm. 3.12], since

) [ [ Vi 26+ 0 - Vs zuls-)| mddyds <t [ Ky gl dd) < oo

The remaining integral terms in (35) are continuous in t and of finite variation.
Consequently, the martingale property of V, together with the fact that continuous
martingales of finite variation are almost surely constant [27, Th. 27], yields the PIDE.

O

3 DIMENSION REDUCTION FOR THE PIDE

The main goal of this section is to introduce a low-dimensional approximation of the
H-valued process X;. To this end, the Karhunen—Loeéve expansion of X (T) is used,
which is in fact identical to proper orthogonal decomposition (POD). It is also closely re-
lated to principal component analysis (which is commonly used for data analysis) and
factor analysis (which uses additional error terms in the decomposition). All of these
methods are based on the construction of a small set of orthogonal basis elements
which can be used to approximate X; in some L?-norm. For an overview of POD
methods in the context of deterministic differential equations, see [21]. An intro-
duction to Karhunen-Loéve expansions of stochastic processes can be found in [23,
Chap. 37]. Numerical aspects of the method and most of the theory needed here are
presented in [32]. After deriving the low-dimensional approximating PIDE, we will
show existence and uniqueness of a solution. Finally, we study convergence of the
calculated option prices and give error estimates.

3.1 KARHUNEN-LOEVE APPROXIMATION FOR JUMP-DIFFUSION

While principal component analysis and factor analysis are usually applied to analyze
empirical data, we apply the Karhunen-Loéve method directly to our model. The di-
mension reduction takes place in the state space of the previously H-valued process.
Let us now give a mathematically precise formulation of what is meant by “approxi-
mating X (T).”

11



Definition 3.1. A sequence of orthonormal elements p; € H = L*(D), | € I, is called a POD
basis for Xy (T), if it solves the minimization problem

(46) min ”E[HXL(T) — (E[XL(T)] + iPl <ZL(T)/P1>H) H2 }

<Pi/Pj>H:511 I=1 H
foreveryd € I.

In other words, a POD basis is a set of deterministic orthonormal functions such
that we expect the projection of the random vector Z; (T) = X, (T) — E[X.(T)] € H
onto the first d elements of this basis to be a good approximation.

Remark 3.2. Since we are interested in pricing European options, we include only the value
of Xy at time t = T in definition 3.1. However, we could approximate the whole trajectory of
X as well by using the difference to its projection in the space L*(0, T; H). This may be useful
for pricing path-dependent derivatives, which we will study separately in future work.

Approximation with a POD basis is equivalent to using the partial sum of the first
d elements of a Karhunen-Loeéve expansion, which itself is closely connected to the
eigenvector problem of the covariance operator Cx defined in (26). The following
theorem shows that the eigenvectors of Cx are indeed the POD basis we are looking
for.

Theorem 3.3. A sequence of orthonormal eigenvectors (p;);c; of the operator Cx, ordered by
the size of the corresponding eigenvalues py > pp > ... > 0, solves the maximization problem

d
(47) max Z (Cxpu i)y
(pipi) =0 1=
for every d € I. The maximum value is
d d
(43) Y (Cxpupy =Y w-
I=1 1=1

Moreover, the eigenvectors are a POD basis in the sense of definition 3.1, and the expectation
of the projection error is

d 2 dim H
(49) El|zem) - L rizmp| | = L w
=1 I=d+1
Proof. This is an application of [32, Thm. 2.7 and Prop. 2.8]. O

12



3.2 PROJECTION ON d-DIMENSIONAL SUBSPACE

Subsequently, let (p;);c; and (p;);c; denote the orthonormal basis and eigenvalues
from Theorem 3.3. Further, let

(50) Uy :=span{p1,p2,...,pa} CH

be the d-dimensional subspace spanned by the eigenvectors corresponding to the
largest eigenvalues. We will assume that d < dim(Ey(Cx)™t), i.e., u1 > ... > pg > 0,
as there is no need to include eigenvectors of the covariance operator corresponding
to eigenvalue 0. Indeed, one may project the PIDE to Ey(Cx)* without any error, since
the projection of Z; on Ey(Cx) is almost surely 0. Define the projection operator

H — U; 2 RY,
(51) Pd:{ 4

z ==Yz )P

We identify U; with R? via the isometry

{(ud,||~nH) = (R |1),

(52) X = ({x, pl>H);i:1'

In particular, we identify P,z with the sequence ((z, p;) H)le.
We introduce the finite-dimensional approximation

(53) Vi(t,x) = e "TE[G(x + PaZL(T — t))]

for x € Uy = R?. We do not assume a finite-dimensional analogue of the regularity
assumption (Assumption 2.6), which is hard to verify in practice. Instead, we impose
a simple condition on the payoff function.

Assumption 3.4. Suppose that the payoff function G is Lipschitz continuous on H with
Lipschitz constant K.

Remark 3.5. Assumption 3.4 is not necessarily satisfied for payoffs depending on the expo-
nential of Z;(T), e.g., a plain call option depending on S(T). However, this can be remedied
easily. In the specific case of a call, we can apply a put-call parity. More generally, every payoff
can be truncated to a bounded domain (e.g., by multiplying with a smooth cutoff function).
A payoff function has finite expectation; hence the error introduced by truncation is arbitrar-
ily small. Since we have to localize the computational domain for any numerical calculation
anyway (compare Section 4.2), Assumption 3.4 is no substantial restriction.

The following theorem shows that Assumption 3.4 is actually enough to recover
regularity of V.

Theorem 3.6. The finite-dimensional approximation V; : [0, T] x U; — R defined in (53)
satisfies V; € CY2((0,T) x Uy, R) N C([0, T] x Uy, R). Moreover, the partial derivatives
(?x{ Vi(t, x), inaijd(t,x), and 0;Vy(t,x) are functions of at most linear growth in ||x|| for
L,j=1,...,d.
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Proof. The first step of the proof is to show the existence of a smooth density for the
random variable P,;Z; (t) for a.e. t > 0. To achieve this, a fast decay condition for its
characteristic function

A

(54) fux) := E (P20 € €
is needed. We have
(55 E[(PaWL(t), x1)y, (PaWL(E), %2}y, |

d

= k; (x1, )y, (2, 1)y, E [ (WL(t), o) <WL(f)zP1>H} = (Qux1, x2)

for every x1,x, € Uy. Thus, the covariance operator for the diffusion part of P;Zy is
given by P;QrP;. The same arguments as in the proof of Theorem 2.3 yield

(56) fir(x) = exp (— %t<deLx1x>ud

N /Ot /H (ei(PdC,X)Ud —1—i(PyC, x)ud ) vL(dg)ds)

for every x € Uy. Using Assumptions 2.1 and 2.5, this implies
N 1
(0] < exp (= 3t (PaQux, )y
t .
(57) + /O /H 1P — 1 — i (Pyz, x) | VL(dC)ds>

1
< exp [t <—2cl ]+ Ca [l x]| + C3H ,
with positive constants C;, Co, and C3 depending on d. In particular, we have

(58) lim ||x||" fie(x) =0 for every n € N.

[|x[|—o0
Similarly, we obtain

(59)  [%ae(x)| < pa(t [|x]]) [A:(x)]  and |05 9t (x)] < gult, [[x]]) |7 (x)]

for every multiindex « € IN¥, where p, and g, are polynomials. Consequently, for
every t € (0,T), fiy and 9fl; are elements of the Schwartz space

(60) S(RY) = {f € C°(RY) : lim ||x||"@*f(x) = 0 for every a € N&,n € lNo}.

[[€|=c0

From [31, Prop. 28.1], we know that P;Z; () has a density ¢; € C*(IRY), given by

(61 si(y) = @m~* [ e (x) dx,
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Moreover, by the properties of fi; and [35, Thm. V.2.8], we obtain g; € S(RY) and
9:g: € S(R?). Finally, note that V; can be written as a convolution of the payoff and
the density:

6 Valtx)=eT [ Gt y)gridy =7 [ Glygrily - )dy.

Due to Assumption 3.4, we have |G(y)| < |G(0)| + K¢ ||y||- Hence, for x € Uy, t €
(0, T), we may compute

63) OVa(t,x) = T | Glx+y)dtgri(v)dy
and
(64 Valtx) =~ [ Glx+y)dgrily)dy

for every a € IN4. This proves continuity of the derivatives. In addition, we obtain
98Valt, )| < e [ |G+ )| Pigri(y) | dy

(65) ¥
< /IRd(!G(O)! +Ke [|x] + Ke llyl)) [0xg7-+(y)| dy

for every o € Ng. Similarly,

|0 Va(t, x)| = e T

/IRd G(y)digr—+(y — x)dy

(66)
< /}Rd(IG(O)I + Ka [|xl[ + Ke [lyl]) [0rgT—+(y) | dy-

Thus, the growth condition is shown.
It remains to prove that Vj is also continuous for t — T. This is, however, a direct
consequence of the fact that

(67) lim E[[| Z.(t)lly ] =0,

and thus

(©8) Va(t,x) — Va(T,x)| < e "TE[|G(x + PaZ(T — t)) — G(x)|]
<CE[|ZU(T-1t)||y] =0 fort—T.

O]

Theorem 3.7. The function V; defined in (53) is a classical solution of the finite-dimensional
PIDE

d

Y [DiVa(t, )] (PaQrpi, Papr)
=1

+ /H {Vd(tfx + ,Pdg) - Vd(t/x) - [vad(t/x)] (PdC>}VL(d€)I

_atVd(tl X) =

N —

(69)
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with terminal condition

(70) Va(T,x) = V(T,x) = e " G(x),
fort € (0,T), x € Uy.

Proof. The stochastic dynamics of P;Z; (t) are given by

70 A(PZu(t)) = d(PaWL (1) + [ Pat My (dE, )

The process PyWi(t) = Y7, (WL(t), p1)p p1 is a d-dimensional Wiener process with
correlation operator P;Q; P,;. The integral with respect to M can easily be rewritten
as an integral over Uy, since the integrand depends only on the projection P;{ € Uy,.

We apply the finite-dimensional version of Itd’s formula (cf., e.g., [11, Thm. 8.18]) to
Vi(t, PsZL(t)). In contrast to the Hilbert space-valued case, bounded derivatives are
not needed here. The properties of V; shown in Theorem 3.6 are sufficient. By the
same arguments as in the proof of Theorem 2.7, we obtain the following:

(72)
dVa(t, PaZL(t)) =

0 Vydt + %Tr ([D,%vd]PdQL’Pd) dt
+ /H {Vd(t,PdZL(f—) + Pal) — Va(t, PaZr(t—)) — [Dx V4] (PdC)} v (dQ) dt
+ DV d(PaWy(F) +/ Vit Pazy (t—) + Pal) — Va(t, PaZo (t-))] My (dZ, dt).

Proceeding exactly as in the proof of Theorem 2.8, we obtain (69). O

The PIDE in Theorem 3.7 is of course nothing more than a projected version of the
PIDE (42) for V. The derivatives D,V;(t,x) € L(RY,R) and D2V,(t,x) € L(IR% R%)
can be interpreted as a vector and a matrix, respectively. In particular, we have

d

d
Y [D3Va(t, %) (PaQrpr, Papr) = Y Z 0x,0x, Vi (t, x) (PaQrp1 1))y (Pabr, Pi) g
I=1 I=1i,j=1

(73) -
Z QLpZ/ P] axiaijd(t, x).

To simplify notation, we define coefficients

1
(74) aij = 5 (QLPi pj) g -
The PIDE can thus be written as
d
—atVd(t, x) = Z ﬂi]' axiaijd(t,x)
=
(75) K ,
+/ Vi(t,x +Pil) — Vy(t, x) Z (T pi)y axin(t,x)}vL(d(f).

i=1
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Moreover, we have the following ellipticity property.
Theorem 3.8. The matrix (ai]-)?,j:l is symmetric positive definite.

Proof. This is a direct consequence of Assumption 2.5, since

d 1 d d
(76) Y iy = §<QL Z%‘PizZ]/iPi>H
ij=1 i=1 i=1
for every y € R, and ||Y%_, yipillg = ||ly|| due to the isometry (52). O

3.3 VARIATIONAL FORMULATION AND UNIQUENESS

We have already shown that the approximation V,(t,x) is a classical solution of the
finite-dimensional PIDE (75). In this section, we introduce the corresponding varia-
tional formulation in appropriate Hilbert spaces and show uniqueness of the weak
solution. Since the payoff is not necessarily bounded, and thus not an element of
L2(IRY), we use weighted Sobolev spaces instead. Let pg be the weight function with
exponential decay defined by

[RY - R,
(77) PO (g s e-OV/TFIRT

with a parameter 6 > 0. We define the scalar products

79) W)= [ 9 (x)po(x) d

and

(79) (@, @hpro = ), (0", 0%9) 20
w€NG, |a| <k

for functions ¢, ¢ : RY — R. The corresponding Hilbert spaces are denoted by L2¢(IR%)
and Hk'(’(]Rd) (cf., e.g., [2, Chap. 3.1]). In particular, we consider the Gelfand triplet

(80) HY(RY) < L2%(RY) — (HY(R?))".
Finally, we define the bilinear form
(81)

/ Zaljatp ) 9x,¢(x) o (x dx+/ Zb ) 0x, 1 (x) @(x) po(x) dx

i,j=1

//]Rd (x +Pab) — Zd: (T, pi)y Oxp(x )} (x) po(x) dx vy (dQ)

i=1
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fory, ¢ € HY(R?), where

0y | aix;
(82) bi(x) := —M fori=1,...,d.
1T [[x]]
The coefficients b;(x) satisfy
(83) }bl(x)} < deil’llaxd ‘IZZ‘]"

and are therefore bounded on R
We can now state a variational form of (75).

Theorem 3.9. The function V; defined in (53) satisfies

(84) —(@:Va(t, ), @)oo +a(Va(t,-), ¢) =0
for every ¢ € HY¥(R?) and a.e. t € (0, T), with terminal condition
(85) Va(T, x) = G(x).

Proof. We first note that Vy(t,-) € H*?(RY) and 9;V,(t,-) € L2?(IR?) hold for every
t € (0,T) due to Theorem 3.6. Starting with (75), partial integration yields

(86)
- <atVd(t X), @)p20

__ 2 az]/ I, Va(t, x) x; (@) (x) dx

i,j=1
d
—|—/ / Vi(t,x 4+ Pal) — Va(t,x) = Y (T, pi) yy 0, Va(t, x)}go(x)pg(x) dxvp(dQ).

i=1

Using the product rule, we obtain

-0 Zdzl a;ix;
(87) Zal] Xj ¢P9 Zal] x] )+§0( )]7]2]()9(3{)
j=1 14 |||

O]

Theorem 3.10. The bilinear form a defined in (81) is continuous and satisfies Gdrding’s in-
equality. More precisely, there are constants C > 0, ¢c; > 0, and ¢, > 0 (possibly depending
on d) such that

(88) la(p, @)| < Cll9llepe [| @l eme
and
(89) a(p, ) + 1 [[Pl720 > c2 [|9[|Fpe

hold for every ¥, ¢ € HY(RY).
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Proof. First, we show continuity. From the definition of a, we obtain

(90)
la(, <P)\

d

<1]Z:1|”11‘ Jlosd @l @leotx) dx-+ 1 [0 [os (0] [9(al o) ax

+/H/]Rd\lp(x—kPdC)Hq)(x)|p9(x)dva(d§)+/H/Rd\lp(x)H(p(x)\pg(x)dva(dg)
d

1 [, o @pallon ol lolont) dx v @),

The Cauchy-Schwarz inequality yields
d
()| < maxJag] 3 129l 051
AT ij=1
d
(o) 4 ma o] -0l 9les 2 9] 201 00)
=l i=1

d
+ LI pal s o oo v d0)
Due to

(02) [, v <o and [ 2]y vi(dg) < oo

this proves (88).
For the proof of Garding’s inequality, we start with the ellipticity property from
Theorem 3.8. For every { € RY,

(93) Z a;j Gi Cj > CZGZ

i,j=1

holds, with a constant ¢ > 0. Hence

/ Z’a lIJ ’ Pe dx</ Z az]ax,l/) alelJ( )PG( )

i,j=1
00 =alpy) - [ 3 b1(x) Db () () pol)
JRY i
d
+/H/]Rd[ (x +Pal) — =) (Cpi)y Oxp(x )}w(x)pg(x)dva(dg).

i=1
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The same calculations as in the proof of continuity above yield

CZlHa a0 < ali ) +C12Ha Dllall® e + Coll 72
(95) .

< ( —|—C1< ZHa lpHLze ZHUJH;,(?)“‘CZHIPH;'G’

where we have used Young’s inequality in the last estimate. Choosing ¢ so small that

€ 1
S <z
(96) G 15 < 5¢€
and setting
Cid 1
(97) 1 = % +C, and ¢ = Ec
yields (89). O

With the following two theorems, we show that V; is indeed the unique solution
of the PIDE. We start with a lemma requiring stronger regularity hypotheses for G.
Afterwards, we give a result for arbitrary Lipschitz continuous payoffs.

Lemma 3.11. Suppose that G € H>?(IRY) has bounded first and second derivatives. Then V
is the unique solution of (84), with terminal condition (85), in the space W(0, T) defined by

©8)  W(0,T):={f:R" - R: f € L*(0, ;HY), 8;f € L*(0, T; (H"*(R?))") }.

Proof. The bilinear form a is continuous and satisfies Garding’s inequality by Theo-
rem 3.10. Therefore, the PIDE has a unique solution in the space W(0,T) by [37,
Thm. 26.1]. On the other hand, we know from Theorem 3.7 that V; satisfies (84). 1
remains to prove that V; € W(0, T).

Using the same notation as in the proof of Theorem 3.6, we have

(99) Vat,x) =T [ Glx+y)gri(y)y,

where g7_; € S(IRY) is the density of P;Z; (T — t). Consequently,

2
(o) [ VAt Xpo(x)dx < [ ([ (€t Callxl+ CallylDgri(v)dy) pol) dx

Since

o [ Il pex)dx < co (i € {1,2}), [ gy =1,
and
(102) [ Il gr-2(v)dy = E[[Paze(T = 1)]]] < oo
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hold for every t € (0, T), this implies V; € L2(0, T; L**(R?)). Moreover, we have
(103) OVa(t,x) = [ 0G(x+y)gr-i(y)dy

for every & € IN¢, |«| € {1,2}. Due to the boundedness of the derivatives of G, the
following holds:

op [ @it pxar<C [ ([ gr)dv) po(wydx = [ po(w)ax.

Consequently, V; € L?(0, T; HZ'Q(IR"I)). Since V; satisfies the PIDE (75), its time deriva-
tive 9;V; can be expressed in terms of its first and second spatial derivatives. Thus, we
also have 9;V; € L?(0, T; L2 (R? )), and the proof is finished. d

Theorem 3.12. Let G satisfy Assumption 3.4. Then V; is an element of the space W(0,T)
defined in Lemma 3.11 and the unique solution of (84) with terminal condition (85).

Proof. The key of the proof is to approximate G with a sequence of smooth functions to
which Lemma 3.11 can be applied. To this end, let (¢,,),en C CF(IRY) be a sequence
of standard mollifiers with compact support. Define the convolution

(105) Gn(x) == /w G(x — y)¢uly)dy € C°(RY), x € R,

Since G is by assumption Lipschitz, and thus uniformly continuous, the following
uniform approximation property holds by [16, Thm. C.6]:

(106) Ve>03IN €N :|Gy(x) —G(x)| <e foreveryn > N,x € R%

Moreover, for every ¢ € RY and every multiindex a € N4, we have

[0°Gn(x +¢) = 0°Gu(x)] S/ G(x+&—y) = G(x —y)| [0"¢u(y)| dy

R4

(107)

< Kelgl [, 109u(y)] dy.

Thus, in particular, the first and second derivatives of G,, are bounded for every n € IN.
Now let

(108) Vit x) :=e "TE[Gu(x + PaZr(T — t))]

be the price function associated with payoff G,. By Lemma 3.11, V] € W(0,T) is
the unique solution of (75) with terminal condition V}(T,x) = G,(x). Moreover,
the PIDE with terminal value G(x) also has a unique solution, which we denote by
V; € W(0, T). From [37, Thm. 26.1], we obtain

(109) |vir = v

< C|Gy —Gll{20 = 0 forn — co.

12(0,T;L2°)
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On the other hand, by the proof of Lemma 3.11, we have V; € LZ(O, T; L2'9) for
every payoff G satisfying Assumption 3.4. Thus, using the notation from the proof of
Theorem 3.6, we get

2
IVZ = Valltz(o 120

=T [T ([ (G0t y) ~ Gale + ) ooy pol) vt

(110)
T 2
< e’”/ / (/ (G(x +y) = Galx +y)| gri(y)dy) " po(x) dxat
0 Jr? \JRd
— 0 forn — oo.
Combining (109) and (110), we obtain V; = V. O

3.4 CONVERGENCE OF FINITE-DIMENSIONAL APPROXIMATION

We are interested in the convergence of the finite-dimensional approximation V; to
the true price function V. The fair price of the option is given by V(0,0), since we
assume the Lévy process Z; starts in 0. In particular, we are looking for a pointwise
convergence result.

Theorem 3.13. Let py > pp > ... > 0 be the eigenvalues of the covariance operator Cx defined
in (26). Then there exists a constant C > 0 such that

dim H
(111) [V4(0,0) = V(0,0)| <C,| Y. m.
I=d+1

Proof. By definition of V and V;, we have

|Va(0,0) = V(0,0)] = ™" |[E[G(Z(T)) — G(PaZL(T))]|

(112) < e TE[K | ZL(T) = PaZi(T) |y .

Since ||-||;1 < C||-||.> for finite measure spaces, we may apply Theorem 3.3 to obtain

dim H
(113)  |Va(0,0) = V(0,0)] < C\E[ |1 Zu(T) = Pazo (D3] =C,| L
I=d+1

Depending on the properties of the covariance operator Cx, bounds for the decay of
the eigenvalues y; can be found. To this end, we define the kernel

O]

DxD =R,
(114) :

(u,v) — E[Z(T,u)Z(T,v)],
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where as before D C R” and H = L?(D,up). Then K is indeed the kernel of the
covariance operator Cx, since by Fubini’s theorem

[ [ K0} () o () ha(0) po(do) = E[(Z0(T), )y (Z0(T), 2y

(115)

= (Cxhy, h2)
for every hy, hy € H. Consequently,
(116) Cxh(-) = /DK(',U)h1(U) up(do).

Moreover, K is an element of L?(D x D), since

(117)
/D /D K2(u,0) up (dut) pp (dut) < /D /D E[Z1(T,u)2] E[Z1(T, v)?] up (du) up (du)
= E[|X0(T) =1 T} ] < o0

by Theorem 2.2. We now give a result for the eigenvalue decay, depending on the
properties of K.

Theorem 3.14. Let D C R™ be a bounded Borel set and yup be the Lebesgue measure. If the
kernel K is piecewise H* ® 1.2 on D x D for a k € IN, then there exists a constant C such that

(118) Hy < Cln foreveryl € I.

Moreover, if the kernel K is piecewise analytic, then there are constants Cq, Co such that

1
(119) u < Cre @ foreveryl € I.
Proof. These results are shown in [32, Props. 2.18 and 2.21]. O

Remark 3.15. A precise definition of “piecewise H* @ 1.2” as used in the hypothesis of The-
orem 3.14 is given in [34, Def. 3.1]. The hypothesis of Theorem 3.14 is fulfilled for the jump-
diffusion model if the drift -y, the volatility o, the Brownian covariance operator Q, and the
jump-dampening factors n satisfy corresponding piecewise smoothness criteria.

4 NUMERICAL METHODS

In this section, methods for the numerical solution of the European option pricing
problem are described. In particular, the computation of a suitable basis for the dimen-
sion reduction described in the previous section is addressed. Moreover, we give a give
a short overview of the techniques needed to solve the resulting finite-dimensional
PIDE.
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4.1 COMPUTATION OF THE POD BAsIS

As we have seen in Section 3.1, the construction of a POD basis for X(T) can be
reduced to the eigenvalue problem

(120) Cxpr=mp, lel,

with the covariance operator Cx : H — H = H = L*(D,up) defined in (26). In
general, the eigenvectors p; are not known analytically. However, it is possible to com-
pute good approximations numerically. For finite index sets D (basket options), the
solution of the symmetric eigenvalue problem can be performed by standard methods
(e.g., QR-algorithm). For all subsequent results, we will therefore assume the more
complicated setting that D C IR™ is a bounded Borel set and yp is the Lebesgue mea-
sure. This holds, e.g., for electricity swaptions (with m = 1). In this case, some further
approximation is needed to obtain a finite-dimensional problem eventually. To this
end, we employ a finite element discretization and solve a projected eigenvalue prob-
lem. Convergence results for this technique can be shown under certain regularity
conditions on the covariance kernel K defined in (114). The general theory of Galerkin
approximations of Karhunen-Loeéve expansions is discussed in [32].

LetUx, C H = LZ(D, #p) be a finite element subspace with discretization parameter
Ax. For | = 1,...,dim Ux,, the Galerkin approximations (ptle, ple ) C R x Uy, of the
eigenpairs (y;, p1) C R x H are, by definition, solutions of the following problem:

Vo € Upy <Cxp?",qv>H = /D (/DKW,v)PzA"(v) ﬂo(dv))qo(u)m(du)
= 1t (i 9) .

This is equivalent to the eigenvalue problem

(121)

(122) PaxCxPax pr* = i pi,

where Pp, : H — Up, is the projection operator onto the finite element subspace. The
operator Pa,CxPay is self-adjoint and compact due to the properties of the projection
and Theorem 2.4. The following theorem gives an error bound for the approximation
of Z1(T) obtained with this Galerkin method.

Theorem 4.1. Let the covariance kernel K defined in (114) be a piecewise smooth function.
Further, let Upn, C H be a finite element space of piecewise polynomials of degree q € IN,
where Ax denotes the mesh width of the reqular triangulation. Finally, let yu; be the true
eigenvalues of the covariance operator Cx, and let p* be orthonormal solutions of the projected
eigenvalue problem (122). Then there exists a constant C such that

d 2 dim H
(123) E[HZL(D — Y (Zu(T), ) i H} <CAPH Y
=1 I=d+1

holds for every d < dim Up,.
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Proof. The estimate is taken from [32, Prop. 3.3]. The necessary assumption [32,
Ass. 3.1] is satisfied due to the piecewise smoothness of the kernel and [34, Thm. 1.5]
O

Note that all the results from Sections 3.2 and 3.3 are still valid when we use (p* )?:1
instead of (p;)}_, if we replace Assumption 2.5 with the following hypothesis:

(124) (Qrh,h)y >0 for every h € span{p*,1 =1,...,d}\{0}.

In this case, we denote the unique solution of the corresponding finite-dimensional
PIDE (projected to span{p?*,] = 1,...,d}) by VA%,

Corollary 4.2. Let the hypotheses of Theorem 4.1 and (124) hold. Then there exists a constant
C > 0 such that

dim H

(125) ‘VdA"(O, 0) — V(0,0)‘ < C\l (Ax)20+1 4 2 m
I=d+1

Proof. The estimate follows from Theorem 4.1 by exactly the same arguments as in the
proof of Theorem 3.13. O

4.2 NuMmeRricAaL PIDE soLuTioN

In this subsection, we give an overview of the numerical methods for solving the
finite-dimensional PIDE (75). We will not go into details about convergence results
for PIDE solvers but refer to recent literature instead. Finite difference methods for
integro-differential equations are analyzed, e.g., in [12, 30], finite elements and wavelet
compression techniques are described in [24, 36, 28].

LocaLizatioN We consider the PIDE (75) whose spatial domain is the whole of RY.
The first step towards a numerical solution is therefore the localization to a bounded
domain. To this end, we restrict the spatial part of the equation to a d-dimensional
cuboid

(126) QR = [_RI/Rl] X [—Rz,Rz] X ... X [_Rd/Rd]-

This simple domain can be described by a single vector R = (Ry,...,R;) € R% The
probabilistic interpretation of this truncation is that we price a barrier option whose
value is set to 0 if the process Z; leaves (g at any time before maturity. Under poly-
nomial growth conditions for the payoff function G, one can show that the truncation
error decreases exponentially with ||R]|| (cf., e.g., [36, Thm. 3.3.2]). The error is of
course higher if the solution is evaluated closer to the boundary of ().

Analysis of the dependence of the localization error on the truncation parameter in
one-dimensional problems shows that good results are achieved for R; greater than a

25



certain multiple of the standard deviation of the jump-diffusion process at time T (cf.,
e.g., [11, Fig. 12.1]). By construction of the POD basis (pl)flzl, we have

(127) <CXPIIPI>H =y forl=1,...,d

Hence, the eigenvalues y; describe the variance in direction of the POD vectors. This
suggests an adaptive truncation strategy, setting

(128) Ri=Cym, 1=1,...,4,

with a constant C > 0. This heuristic choice accounts for the decreasing variance
in the coordinate directions (compare Theorem 3.14). It results in smaller domains
Qg (compared to cubic domains) and allows for more accurate discretization results
using the same number of grid points. We introduce artificial homogeneous Dirichlet
boundary conditions and set

(129) V;’(t,x) =0 foreveryt e [0,T], x € 0Qg,

where dQ)r is the boundary of the domain.

DiscretizaTioN We will solve the PIDE using a vertical method of lines; i.e., we first
discretize the spatial operators and apply some time stepping for ordinary differential
equations afterwards. Since we have already derived the variational formulation of the
PIDE in Theorem 3.9, we can directly apply a finite element method to approximate the
spatial derivatives in (84). Usually, finite elements have several advantages compared
to finite differences. In particular, they allow for an easy discretization of geometrically
complex domains, adaptive refinement, and higher-order approximations. Moreover,
the theory of weak solutions allows for lower regularity assumptions than the classical
differential operator.

However, in the specific setting of option pricing, these arguments are only partly
valid. First, we may choose the shape of our computational domain arbitrarily due
to localization. As described in the previous paragraph, we truncate the domain to a
d-dimensional cuboid. Second, we have already proven that V; is a smooth classical
solution to (75). Moreover, despite the simple shape of the domain, a significant over-
head is needed to compute and store the geometric information about finite elements.

Hence, we apply finite differences for the numerical experiments in Section 5. We
define a regular but anisotropic grid G, on Qg. The grid is described by a multiindex
a = (a1,...,a4) € N, and the mesh size in each coordinate is given by h; := 2R, /2%,
i=1,...,d. The grid contains the points

(130)  x(B) == (— Ri+Bil)?, €R%, B {01,...,29) x---x {0,1,...,2%}.

The corresponding discretized subspace is denoted by U" C U; C H. The partial
derivatives are approximated by central differences as follows:

(131 s Vilt, 2()) ~ - [Valt,x(B+ €9) = Valt (B - <),
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where ¢; is the ith canonical unit vector. For the second derivatives, we have
(132)
i | Va(bx(B+ei+ ) = Va(t,x(B+ei —¢)))

OOVl #()) = Valtx(p—eite) +Valbx(B—ei=e))|, i #
| Valt x(B+e) = 2Va(t,x(B)) + Valt,x(B—e)) |, i=].

The discretization of the nonlocal integral term will be addressed separately in the
next paragraph.

After applying the finite difference scheme for a sparse grid approximation in space,
the resulting system of ordinary differential equations is solved with an appropriate
time stepping scheme. Since the differential part of the PIDE is of parabolic type, we
choose a discontinuous Galerkin method of order 1 for this purpose. Details on the
topic (in particular error estimates) can be found in [33, Chap. 12]. Defining a partition
0=ty <--- <ty =T of [0, T], we calculate a solution in the space

(133) SZ ={ve LZ(O, T; US); OX [ty 1 tw) € Iy (t1, tms Ufi’), m=1,...,n7},

where Iy (ty_1, tw; U!) is the space of polynomials of degree at most 1 having values
in U%. This method yields a stable algorithm, allowing for large time steps even in the
presence of convection terms.

NONLOCAL INTEGRAL TERMS One of the main difficulties when solving the PIDE is
the nonlocal nature of the integral term. In contrast to differential operators, this term
involves the solution on the whole of R?. Since we have already introduced artificial
zero boundary conditions, the solution can easily be continued with 0 outside the
truncated domain (Oz. However, numerical quadrature formulas will in general lead
to full matrices. This is contradictory to the essential use of sparse matrices even for
problems on relatively low-dimensional spaces. An efficient way to reduce the number
of nonzero matrix entries is by using wavelet compression schemes. These make use of
the fast decline of entries corresponding to wavelet basis functions with larger distance
of their supports. Entries close to 0 are then discarded (cf. the references given at the
beginning of this section).

Wavelets are the method of choice if the jump distributions in the additive model (7)
cover large parts of the domain. However, the examples we are going to examine in
Section 5 are of type (2), i.e., Hilbert space-valued jump-diffusions with scalar driving
processes. Here, at every time t € [0,T], jumps are restricted to one-dimensional
subspaces, spanned by 7,(t) € H. If the number of driving jump processes is low, a
different approach is feasible, too. Instead of wavelet compression, direct numerical
quadrature (Gauf8 or Newton-Cotes method) can be applied. We will now have a
closer look at this specific case.

Let 0 = tg < t; < ... < tn, = T, Nt € N, be the time discretization grid. It is
not necessary to compute the Lévy measure v, defined in (18) explicitly. Instead, we
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define measures

t
(134) vr(tk, t1; B) := /t / xs (7 v(d¢)ds

b —tk
(135) v (t:8) = [ xs((t,8))v(de)

forany B C B(H), 0 < k <1 < nr and t > 0. For each time step [t, fx41] in the
method of lines, we use integrals with respect to v (f, tx11; -), i.e., the equivalent Lévy
measure for the current time interval. We are looking for an approximation of the
integral

d
/H{Vd(f/erPdC Vilt,x) =Y (T, pi)n axin(f/xﬂVL(fk/ka;dg)
i=1

(136) = /H Vit x 4+ Pal)vi (b, s d2) — AVi(, )

d
= Y0 Valtx) [ (v (s i D)

i=1

To reduce the computational effort for the method of lines, the time steps At are chosen
rather large. In order to nevertheless achieve sufficient accuracy for the approximation
of the above integrals, additional substeps of each interval [, t;,1] are introduced. Let
ns € IN be the number of substeps for each major time step. Then we have

/H Va(t, x + Pal)ve(te, tisr; A7)

(137) l 2/ Vd t x+,Pd€) UL(tk—F]ik dg)
j=1

3

Ns

)\ s .t —t
— /Vd tx—i—Pd ﬂ(tk—l—]%,
1

S

v)| ) P¥ (dy)

3

for 0 < k < nr. Similarly, we obtain

1 ”g t t
(138 [ (G pduvilttenid) ~ / (104750, pi), P ).

S

The integrals with respect to PY can then be approximated with quadrature for-
mulas. This requires interpolation of the function at quadrature points, which are
not necessarily identical to grid points. Since we have assumed that jumps occur only
along a relatively small subspace of (), only a small number of grid points is involved,
and the corresponding matrices remain sparse. The idea is illustrated in Figure 1 for a
single jump process, where PY is defined on R and the jumps are given by 7(t)y € H.
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quadrature points grid points for interpolation

sector for jumps
in[t,.t]

Fig. 1: Grid points (on full grid) involved in the numerical quadrature of jump term
integrals in the time interval [t;, f2].

SPARSE GRIDS Besides the nonlocality of the integral term, the exponentially increas-
ing computational complexity with increasing dimension d is the major numerical
problem when solving the PIDE. This curse of dimension can be broken by using sparse
grids. A comprehensive overview of this topic can be found in [5]. Figure 2 shows a
sparse grid in two-dimensional space.

In particular, we make use of the combination technique [26]. Thus, we use a stan-
dard PIDE solver on a series of full, regular, but anisotropic grids. Instead of using all
grids G, with ||a|, < M € N, only grids satisfying

(139) M< lafy <M +d—1

for some M € IN are employed. Denote the approximation of V; on the grid G, by ‘7;.

An approximation VM, corresponding to a sparse grid solution, can then be obtained
by linear combination as follows:

) SM (Y . 4 kA1 a
(140) = L) T

la|l;=M+d—k

Since artificial zero boundary conditions are applied, grid points on the boundary 0Qr
do not have to be included.

Because of the anisotropic truncation of the domain introduced in (128), an equal
number of refinements in every coordinate would result in finer mesh widths for
coordinates which are in fact the least important ones. This mismatch can be remedied
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Fig. 2: Construction of sparse tensor product (left) and sparse grid without boundary
points (right) in R2.

by introducing additional constraints on the multiindex of grids used. In order to
achieve similar mesh widths, we demand

(141) 6 < M+In (%)/111(2), i=1,...4d
1

which is equivalent to 2% < ZM%. Since this yields a set of grids different from the
one obtained by condition (139) alone, the corresponding coefficients in (140) have to
be modified. For a detailed presentation of how to choose coefficients in anisotropic
sparse grids, see [19].

5 NUMERICAL EXPERIMENTS

In this section, we will examine the performance of the presented option pricing
method. To this end, both the dimension reduction and the PIDE solver have been
implemented in C++. The program was applied to test problems which are described
in detail below.

5.1 TEST PROBLEMS

BaskeTr orTioN The first test problem we consider is a basket option on 6 assets.
We use a jump-diffusion model similar to [35]. The corresponding Hilbert space is
H = (RS, (-,-),), where (-, -), denotes the Euclidean scalar product. The 6-dimensional
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price process S = (51, ..., S¢) satisfies the dynamics

(142) dSl(t) =rdt+ (Tz‘dwi(t) + ﬂ?d[N()(t) — /\0t] + ﬂlld[Nz(t) — Ait], i=1,...,6,

where r = 0.05 is the constant risk-free interest rate. The scalar-valued Brownian
motions W; are supposed to be correlated with correlation matrix

1 08 06 04 02 0
08 1 08 06 04 02

(143) (o), — |06 08 1 08 06 04
43 Pijlij=1= (04 06 08 1 08 06
02 04 06 08 1 0.8

0 02 04 06 08 1

We set the volatilities to 0; = 0.2,i = 1,...,6. The processes Ny and N; are independent
Poisson processes with intensities A\g = A; = 1, describing jumps common for all assets
and independent jumps for individual assets, respectively. The discounted value of
every asset is thus a martingale under the risk neutral measure. The relative jump
heights are set to 77 = —0.2 and 57} = —0.05. We can write the value of each asset as
the exponential of a Lévy process as follows:

(1) = Si(0) exp {(r — 207 — 1o — A0}t + W (1)

(144)
+1In (14 72(£)) No() +In (1 + q}(t))Ni(t)}, i=1,...,6.

We choose the initial value S;(0) = &60, i=1,...,6, and strike

(145) K=100-¢T = E[isi(T)].
i=1

The discounted price of the basket option with maturity T = 1.0 at time t < T is
6 +
(146) V(t)=e'TE [( Y Si(T) — K) ‘]-"t] .
i=1

ELECTRICITY SWAPTION The second problem is an instance of the example described
in Section 1, an option on an electricity swap. We use the exponential additive model
given in (2). The corresponding Hilbert space is H = L?([Ty, T2, A), where D = [Ty, T]
is the delivery period of the swap and A is the Lebesgue measure. For the diffusive
part of the model, we use two factors, similar to as in [20]. The volatilities are given

by

(147) o1(s,u) =015, oa(s,u) = 0.3 e~ 40s),
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Moreover, we assume additional normally distributed jumps, which yields a Merton
model. For the jumps, we use a compound Poisson process with intensity A1 = 12 and
jump distribution Y ~ N(0.1,0.1). The additional factor for dampening the jumps is

M—Tl
T,— T,

(148) 71(s,u) =05—-0.5

Since an electricity swap requires no payment before the delivery period starts, it is
a martingale under the risk neutral measure. Thus, we need the following drift term
(compare [11, Chap. 8.4.1]):

2 .
(149) o) = =3 Y oRlsu) — v [ (01— (s, )y)PY (dy).
i=1

The risk-free interest rate is assumed to be constant at 7 = 0.05. We consider a monthly
swap maturing in one year, i.e., T = T; = 1, T, = Ty + 30/365. The initial forward
curve at time + = 0 is So(u) = 50, u € [Ty, T»], and the strike is K = 50. It remains
to specify the discretization of the delivery period [Ty, T2]. As we have a continuous
forward curve model, we may use an arbitrary number of discretization points. On
energy markets, monthly swaps on electricity are usually based on daily prices. Thus
we will use exactly n = 30 components. We will futher assume that there are 8 delivery
hours per day. Setting u; = Ty + (i — 1) 255 for i = 1,...,30, we obtain

i=1

30 +
(150) V(t) —¢'T.8.30-F [(Zw(ui;Tl, Tz)S(T,Mi) —K) ‘]:t]
for the discounted price of the swaption, without making any discretization error.

5.2 RESULTS

Since no analytical solutions are available, a large number of Monte Carlo (MC) sim-
ulations were performed for each test problem to obtain a precise solution. All errors
were computed using these MC reference values. In order to make use of the easily
parallelized methods (MC simulation as well as the sparse grid combination tech-
nique), the experiments were run on a Linux workstation with 6 Opteron processors
at 2.7 GHz.

RESULTS FOR BASKET OPTION ~ We first examine the number of POD components needed
to obtain a sufficiently good approximation. The eigenvalues y; of the covariance op-
erator Cx defined in (26) are given in Table 1. They exhibit a strong decay, which is
not uncommon (also for real market data). The corresponding explained variability,
defined by 2;21 ui/ 21621 #j, is also shown in the table.

The computed POD components are displayed in Figure 3. They resemble those
known from fixed income markets. In particular, the first three basis vectors represent
the typical shift, tilt, and bend. Further components feature higher frequencies.
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i Ui Wi/ w Expl. var.
1 0.4490 1.0000 0.8096
2 0.0623 0.1389 0.9221
3 0.0177 0.0395 0.9541
4 0.0106 0.0237 0.9732
5 0.0079 0.0177 0.9875
6 0.0069 0.0154 1.0000

Table 1: Basket option — Eigenvalues and explained variability.

We now examine the errors of the PIDE method. The “exact” reference solution
used here is the result from 10" MC simulations with a standard deviation of 0.0063
(estimated from 100 MC series). It turns out that due to the stable discontinuous
Galerkin method, the mesh size for the time variable has little influence on the PIDE
results. Thus we do all computations with fixed, equidistant time steps of size At = %.
The spatial grid, on the other hand, has considerable impact on the accuracy. Figure 4
displays the (signed) relative error for different dimensions d of the projected problem.
The number N := 2M is the maximal number of discretization points in one coordinate
and is always taken to be a power of 2. Two effects can be observed here. For each fixed
value of N, the method converges to a certain limit when the dimension of the problem
is increased. These limits, in turn, converge to the exact solution with increasingly fine
meshes. Thus, we might accidentally get a very precise result for a low-dimensional
computation on a coarse grid if the two errors (from dimension and mesh) happen to
cancel each other. In practice, both the dimension and the number of grid points have
to be chosen large enough in order to guarantee a precise result. In our case, d = 4 and
N = 2% are sufficient to obtain relative errors below 1%. Approximating the basket
value with a log-normal distribution (Lévy approximation), on the other hand, yields
a relative error of 3.1%.

Finally, we have a look at the computational time needed for the PIDE method. To
this end, we fix N = 2% and plot the error for various dimensions. Figure 5 displays the
results; both y-axes (for time and error) have a logarithmic scale. The error decreases
approximately exponentially with increasing dimension. The computational time, on
the other hand, increases exponentially. Note that the solution of the problem without
dimension reduction takes approximately 2 minutes, even though we use the sparse
grid combination technique. However, the increase of the projected problem dimen-
sion d by one increases the computational effort by only a factor of 4 to 5, despite the
fact that we use up to 2° = 512 grid points in each coordinate. A reasonably precise
solution (in practice within the bounds of the model error) can be computed within
a few seconds. While this is slightly faster than the MC method, it is not an extreme
gain. The computational effort might be greatly reduced by using more sophisticated
grids, featuring more grid points around the origin and fewer close to the boundary
of the domain, which we will not consider here.
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Fig. 4: Basket — Relative error of PIDE method with different meshes.
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Fig. 5: Basket — Relative error and computational time of PIDE method with at most
N = 27 grid points per coordinate.

RESULTS FOR ELECTRICITY SWAPTION In the test case for electricity swaptions, two
POD basis components are already sufficient to explain almost 100% of the volatility,
and the sum of the remaining eigenvalues satisfies ) ;-5 j; =~ 0. This is of course due
to the strong correlation between the price changes for different maturities u € [Ty, T»],
which makes the dimension reduction technique a particularly well suited method for
this type of derivative. The forward curve defined on the delivery interval does not
change its shape arbitrarily. The two POD components accurately describe the possible
shape changes in our (rather simple) test setting. We are thus able to compute accurate
prices by solving a two-dimensional PIDE.

Figure 6 displays the relative error and time of the PIDE method for different mesh
widths. As was to be expected, the computational effort increases exponentially in the
number of grid refinements (and thus linear in the total number of grid points). The
relative error decreases exponentially. However, in contrast to the basket option, a very
accurate solution can be computed for the electricity swaption within a fraction of a
second. This is made possible by the very efficient dimension reduction from n = 30
tod = 2.

A comparison of the PIDE method, MC simulation, and the log-normal approxima-
tion is displayed in Figure 7. The log-normal approximation yields a relative error of
3.5%, which is by far the largest of all the methods. MC simulation yields very good
results for 10° runs and above. However, with n = 30 it takes considerably longer than
in the case of the 6-dimensional basket. The standard deviation after 10° simulations
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Fig. 6: Swaption — Relative error and computational time of PIDE method for dimen-
siond = 2.

is 0.4667 (estimated from 100 MC series). The PIDE solver is indeed the fastest and
most accurate method for this second test problem.

6 CONCLUSION

In this article, numerical pricing of European options in Hilbert space-valued jump-
diffusion models is discussed. We have presented a feasible approach employing PI-
DEs and a dimension reduction method based on Karhunen-Loéve expansion. The
PIDE can be projected to an approximating low-dimensional equation by solving an
eigenvalue problem. Existence, uniqueness, and convergence of the approximating
solutions have been shown based on the variational formulation of the PIDE. The nu-
merical solution of the problem is based on a sparse grid combination method for
spatial discretization and a discontinuous Galerkin time stepping method.

Numerical experiments have been performed for two applications: an electricity
swaption and a basket option. The swaption can be priced very efficiently with the
presented algorithm, which gives more accurate results in less time than MC simula-
tion. For the basket option, the PIDE method yields comparable performance to MC
simulation, depending on the correlation of the assets. Using PIDEs, however, should
have considerable advantages when pricing path-dependent options or options driven
by infinite activity Lévy models, both topics for future research. In addition, future
work will be concerned with adaptive and graded grids, further improving the per-
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formance of the method.
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