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Abstract

We show that the lower-order terms in the ANOVA decomposition of a function f(x) := max(¢(x),0) for
x € [0,1]¢, with ¢ a smooth function, may be smoother than f itself. Specifically, f in general belongs
only to Wi ooy 1-€., f has one essentially bounded derivative with respect to any component of , whereas,
for eachu C {1,...,d}, the ANOVA term f,, (which depends only on the variables z; with j € u) belongs
to W;’:FOT, where 7 is the number of indices k € {1,...,d} \ u for which 0¢/0x}, is never zero.

As an application, we consider the integrand arising from pricing an arithmetic Asian option on a single
stock with d time intervals. After transformation of the integral to the unit cube and employing also a
boundary truncation strategy, we show that for both the standard and the Brownian bridge constructions
of the paths, the ANOVA terms that depend on (d + 1)/2 or fewer variables all have essentially bounded
mixed first derivatives; similar but slightly weaker results hold for the principal components construction.
This may explain why quasi-Monte Carlo and sparse grid approximations of option pricing integrals often
exhibit nearly first order convergence, in spite of lacking the smoothness required by the conventional
theories.
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1. Introduction

The analysis of variance (ANOVA) decomposition [5, 17] of a multivariate function has in the last
decade become an important tool in the understanding of high-dimensional functions, allowing us to
explain why quadrature algorithms such as quasi-Monte Carlo (QMC) methods [15, 19] and sparse grid
(SG) techniques [3, 9] are successful for many practical high dimensional integration problems. The
ANOVA representation of a d-dimensional function decomposes the function into 2¢ terms (or “effects”),
one for each subset of the d coordinates, with the order of each term being the cardinality of the corre-
sponding subset. Because the ANOVA terms are mutually orthogonal in the Ly sense, the variance is the
sum of the variances of the separate terms. Caflisch, Morokoff and Owen [5] suggested that the reason
for the observed success of QMC methods for many problems of finance is that most of the variance is
explained either by the terms arising from just a small number of the leading variables (in which case the
“truncation dimension” is small), or is mostly accounted for by the terms that involve just two or three
variables at a time (in which case the “superposition dimension” is small). This suggestion has by now
achieved wide acceptance, because it fits with a recognition that QMC methods of all kinds are almost
invariably of better quality for the leading variables, or for projections that involve only a small number
of variables.

While arguments in [5] based on low effective dimensionality are plausible for the problem of valuing
mortgage backed securities [18], they encounter a difficulty for other problems of mathematical finance
such as option pricing [8]. The difficulty is that in a typical option pricing problem the “payoff” has a
factor of the form

¢(x)+ := max(¢(x),0), (1)
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where ¢ is smooth. The integrand therefore has a “kink”, and thus does not in general lie in any of
the typical mixed-derivative function spaces used for the theoretical analysis of QMC methods and SG
techniques [3, 9, 13]. Note that even the 2-variable function f(z,y) = (z — y)+ does not have a mixed
derivative 0 f/(0x0y), except in a distributional sense.

In this paper we address the problem posed by kinks such as (1) by showing that the lower-order
ANOVA terms for functions with a kink are typically smooth, and under appropriate precise conditions
do lie in function spaces with mixed first or higher derivatives. In this way we give mathematical substance
to the observation by Liu and Owen (see the remark in [17] and the explanatory example in [16]) who
appear to have been the first to notice the phenomenon. The point of the observation is that if the
effective dimension is small and the lower-order ANOVA terms of f are smooth, then the theoretical
error bounds can be applied to the smooth terms, while the small non-smooth terms can be neglected, or
approximated in some other way. No such error analysis is carried out in the present paper, but we are
laying a foundation for such an analysis in the future, by giving precise results on the function spaces to
which various ANOVA components belong.

This paper is organized as follows. In Section 2 we give necessary background information on the
ANOVA decomposition and on different Sobolev spaces, and state simple properties for functions with
bounded mixed derivatives. In Section 3 we consider a family of functions with a kink typical of option
pricing problems, and derive the smoothness properties of the ANOVA terms; the main result is stated
in Theorem 7. In Section 4 we deal with the more extreme case of a function with a jump. In Section 5
we consider some option pricing problems as examples. In Section 6 we present numerical results. We
finally give some concluding remarks in Section 7.

Option pricing problems, if mapped to the unit cube in a conventional way, give rise to integrands
that have singularities at the boundaries, and that therefore have a second reason for failing to belong
to the usual mixed-derivative function spaces. In Section 5 we therefore employ a novel “truncation-
near-the-boundary” strategy when mapping the option pricing problem to the unit cube, so that the
lower-order ANOVA terms in the ANOVA decomposition of the resulting integrand really do have the
claimed smoothness properties. The truncation strategy introduces an error, by omitting a portion of the
original integrand near the boundary. To help make this a practical strategy, our analysis in Section 5
includes an estimate of the error from neglecting the contribution from the boundary.

A striking observation from the option pricing discussion in Section 5 is that, with the truncation step
included, the ANOVA terms for pricing the arithmetic average Asian call options of a single stock have
square integrable mixed first derivatives, for all ANOVA terms with order up to at least d/2 (that is,
half of the 2¢ ANOVA terms), for both the standard and Brownian bridge constructions of the Brownian
paths. For the principal components construction the smoothing effect may be reduced, but substantial
smoothing is still expected. Even more remarkably, a similar result holds for the binary arithmetic average
Asian call option in which the integrand itself is discontinuous.

2. ANOVA decomposition and Sobolev spaces

In this paper the analysis will be carried out for functions defined on the d-dimensional unit cube.
Thus for standard option pricing problems (see Section 5) we shall assume that the problem has already
been mapped to the d-dimensional unit cube, and that the common problem of singularities at the
boundaries has been avoided in some way. (One such way is discussed in Section 5.) For f a continuous
function defined on the unit cube [0, 1]¢, we write

Iif = /[071](1 f(x) de.

Throughout this paper we assume that the dimension d is fixed, and we write

D= {1,2,....d.

2.1. ANOVA decomposition
For j € ©, let P; be the projection defined by

1
(Pif)(x) = / flxe, xj_1,t, x4, .., 2q)dt for x=(r1,...,24) €0, 1}‘1.
0
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Thus P; f is the function obtained by integrating out the jth component of x, and so is a function that is
constant with respect to x;. For convenience we often say that P;f does not depend on this component
x;, and we write interchangeably

(Pif)(@) = (Pjf)(@o\(5})s

where o\ ;1 denotes the d — 1 components of z apart from z;. For u C D we write

Py =[] P

jEu

Here the ordering within the product is not important because, by the Fubini theorem, P; P, = P} P; for
all j,k € ®. Thus P,f is the function obtained by integrating out all the components of & with indices
in u. Note that P3 = Py and Py = 1;.

The ANOVA decomposition of f (see, e.g., [5, 17]) is

f=> fu (2)

uC®

with fu depending only on the variables x; with indices j € u, and with fy satisfying P;fu = 0 for all
j € u. The functions f, satisfy the recurrence relation

fo=Tsf and  fu=Powuf— )Y f
vCu

Often this recurrence relation is used as the defining property of the ANOVA terms fy. It is known from
the recent paper [14] that the ANOVA terms f,, are given explicitly by

fu = Z(_1)|U|_‘V|P§)\v.f = P@\uf + Z(_l)lu‘_‘VIPu\v(Pi)\uf) (3)

vCu vCu

In the latter form it becomes plausible that the smoothness of fu is determined by Pg\f, since we do
not expect the further integrations P\, in the terms of the second sum to reduce the smoothness of
Pg\y f; this expectation is proved in Theorem 4 below.

2.2. Sobolev spaces and weak derivatives

For j € ©, let D; denote the partial derivative operator

of
D; - Y.
D)@ = 3 ia)
For a multi-index o = (a1, ..., aq), with each o a nonnegative integer, let
d d o
, 9 i olel
o Ior =TT () = s
J ) d oy’
=1 j=1 O; Hj:l afvjj

where |a| = a; + -+ + ag.
In this paper we consider two kinds of Sobolev space: the isotropic Sobolev space with smoothness
parameter r > 1,
Wg,p = {f : Daf € Ep[o, 1]d for all |0{‘ S r}’

and the mized Sobolev space with smoothness multi-index r» = (rq,...,74),

Wy ={f:D*feL,0,1]* forall a<r},

,p,mix

where a < 7 is to be understood componentwise, and p € [1,00]. For convenience we also write ngp =
L£,[0,1]4.



The derivatives in the above definitions of Sobolev spaces are weak derivatives, i.e., D f is a function
which satisfies

/[0 1]d<Daf)(w) v(z)de = (_1)|a| / f(x) (D*v)(x)dx for all v € C5°[0, 1]d, (4)

[0,1]¢

where C§°[0, 1]¢ denotes the space of infinitely differentiable functions with support in the open unit cube
(0,1)%, and the derivatives on the right-hand side of (4) are classical partial derivatives. See e.g., [1, 2]
for detailed discussions of Sobolev spaces and weak derivatives.

The norms corresponding to the two kinds of Sobolev space are

1Flws,, = [|(1D*Fll2,) e,
Il

d,p,q,mix H(”DafHﬁP)aSr

. 9

; (6)

Ly

where || - ||z, denotes the £,[0,1]¢ norm of a function, that is

1/p |
= (\[[O,l}d |g(w)|p dm) if 1 S p < 00,

ol |
esssup,eoe (@) i p = o0,
and | - ||¢, denotes the £, norm of a k-dimensional vector, k& < oo,
1/q
k .
L v»q) if 1 <qg< oo,
el = § (Zimi1o -

maxi<;<g |Vj| if ¢ = o0.

Typically, the norms of Sobolev spaces are defined with p = ¢ in (5) and (6), although some people
argue the merits of taking p and ¢ to be Holder conjugates, i.e., 1/p+ 1/q = 1 (see, e.g., [10, 11]). For
fixed p, the value of ¢ only affects the size of the norm and does not change the function space. This
is why we often suppress the dependence on ¢ in our notation, i.e., we write [|f|wy —and [|f[wr

d,p,mix
instead of || fllwy and [[f|wr , respectively. On the other hand, we have

d,p,q,mix
Wap SWa, and Wi mix © Wi p mix for 1<p<p <oo, (7)

which follows from £,/[0, 114 C L,[0, 14 for 1 <p<yp <oo.
It is easily seen that the isotropic and the mixed Sobolev spaces are related by

4% C Wy, iff minr; >r and Wip € Wipmix it 72> 7| (8)
JED

,p,mix = -
In particular, we have

ngs""s) cwg, ift s>r and Wy, C W) gy > sd. 9)

,p,mix — P = d,p,mix

For the special case of p = ¢ = 2, we have the commonly used Hilbert spaces Hy = Wy, and
dmix = Wi 2 mix- Another interesting special case is when p = oo and ¢ = 1, which leads to the Sobolev
spaces Wy . and Wy ;.. with norms

1w = 3 (esssupl(D"‘f)(wN) and [ flw; . =3 <esssup|(D°‘f)(w)l>-

| <r z€[0,1]¢ a<r xe(0,1]¢

We finish this subsection on Sobolev spaces with an instructive example which is pertinent to the
present paper.



Example 1 Setting d = 2, we define a simple function with a kink,
f(xlva) = (xl_mQ—’_%)Jﬂ (xlaxQ) € [Ov 1]27

where, as in (1), we use the common notation a4 := max(a,0) for a € R.
To which of our Sobolev spaces does f belong? From the definition (4) of the weak derivative it is
easily verified that

0 forx1<x2—%,

—1 for x; >x2—%.

0 forax; <axy— 2,
oY and (D(O’l)f)(ifl’@):{

1 forz; >z — 3,

(DY f) (@1, 22) = {

Since both of these first derivatives of f are essentially bounded functions on [0, 1]?, we have
feWso CW;, forall pell, ol

On the other hand, DMV f exists only as a distribution (a “delta function”), and does not exist as a
member of any £, space, thus
(1,1)
[ & Wa s for all pe€[l,00].
In the subsequent sections we shall be concerned with functions in Wioo, the space of measurable
functions f whose first derivatives D; f for j € © are essentially bounded. From the Sobolev imbedding

theorem (see, e.g., [1]) we have
Wi € Cl0,1], (10)

that is, the functions f € W) __ are continuous. Indeed, since the first derivatives of f € W} __ are almost
everywhere bounded by [|f|lyy1 _, the functions in W} o are Lipschitz continuous.

2.3. Notations

We now introduce a number of notations used throughout the paper.
For a given index j € ©, we sometimes need to separate out the jth component of a given vector
x € [0,1]%, and we achieve this by writing

x = (zj,To\(5}),

where as noted previously g\ (;; denotes the d — 1 components of x apart from x;. More generally, for
a given set u C © we write
Tu = (2))jeu
to denote the set of components x; of & for which j € u. The cardinality of a set u is denoted by |ul.
For u C® and ry = (1) jcu, we define

Wa, and Wi

u,p,mix

to be the subspaces of Wi p and Wi p mix respectively, which contain those functions that are constant
with respect to the components whose indices are outside of u (that is, functions that depend only on
the variables @,,). To help to identify the relevant variables, we write the domain of the functions as

0, 1"

Tu

1 T
The norm of a function from Wy, , (or W4, i,
3 T — T ™ —
new notation, we have Wy , =Wy, and Wg , .. =

. . g ”» . .
) is the same as its norm in Wy (or Wy ;). With this
™

d,p,mix"



2.4. Weak derivatives and classical derivatives

Although in principle the derivatives we consider are weak derivatives, for functions in Wé’oo there is a
close relation between weak derivatives and classical derivatives. We state this connection in the following
theorem. In effect it states, via the fundamental theorem of calculus, that whenever the classical derivative
of f with respect to z; exists, it equals the weak derivative D; f.

Theorem 2 Let f Wé}oo. For arbitrary j € ® and z; € [0, 1] we have

f(xj, zo\ ) — fO, 20\ (53) = /O ](Djf)(tjvw’ﬂ\{j})dtja

where the equality is to be understood in the weak sense, i.e., it holds after multiplying both sides by
arbitrary v € C3°[0, 12\ and integrating over [0, 1)\, It follows that for almost all & € [0,1]% the
pointwise partial derivative of f with respect to x; exists and is equal to (D;f)(x).

The proof follows in a standard way by multiplying the right-hand side by v € €§°[0,1]®\7} and
integrating, then using the definition of weak derivative (that is, using partial integration) to transfer the
derivative onto v, and then making a clever choice of v € C§°[0, 1]° M3},

2.5. Fxtending the Leibniz theorem
The classical Leibniz theorem says that

d 1 _ laf
d—y/o f(x,y>dm—/0 o @) da

under the condition that f and 9f/dy are continuous functions for z,y € [0,1]. In our notation this may
be stated as
DyP;f = P;Dyf forall j,ke® with j#k.

Thus the Leibniz theorem allows us to swap the order of differentiation and integration.

In this section we assume at least f € Wé)oo, thus f is a continuous function (see (10)), and therefore
(Pjf)(zo\(;}) exists and belongs to C|0, 1] U}, We are especially interested in the case in which f is a
kink function as in (1). But in this case the classical Leibniz theorem does not apply because the kink
function (1) does not have a continuous derivative. We therefore need a more general form of the Leibniz
theorem as given below.

Theorem 3 (The Extended Leibniz Theorem) Forr >1 and f € W(’l:oo we have
DyP;f = P;Dyf forall j ke® with j+#k.

Proof. For r > 2, we have Dy f € Wg;ol C C[0,1]? for all k € D, and the result follows immediately from
the classical Leibniz theorem. Therefore it suffices to prove the result for r = 1.
Let f € Woll’oo and j, k € © with j # k. We consider the weak derivative Dy, of P;f, see (4). For

arbitrary v € C§°[0, 1]¢ we have

/[O’l]d(ij)(x)(DkU)(m)d-’B = /[071]d (/Olf(tj,m@\{j})dtj) (Dyv)(z) dae

/ (- /[0 . f(tj,a:@\{j})(Dkv)(:B)dac> dt,

where in the last step we used Fubini’s theorem [4, Section 5.4] to interchange the order of integration.
Now we use again the definition of weak derivative (4), this time in the inner integral, followed again by
Fubini’s theorem, to obtain from the last expression

/01 (/[OW(Dkf)(tj,w@\{j})v(w) d:c) dt; = /Md (/Ol(Dkf)(tj,x@\{j})dtj) (@) da

_ /[O PP @) (@) dz

With (4) this shows for j # k that Dy P; f exists, and is equal to P; Dy f. This completes the proof. O
6



Later we shall refer to Theorem 3 as the Leibniz theorem.
The next theorem is an application of the Leibniz theorem which establishes that P;f inherits the
smoothness of f.

Theorem 4 (The Inheritance Theorem) Forr >1 and f € W we have

Proof. The case r = 1 follows immediately from the Leibniz theorem (Theorem 3) with » = 1. Here we
give a proof for general r > 1.
Let f € Wj , and j € D. To show that P;f € W%\{j} - We need to show that

<H Dk,-) Pif € L for all @ < r and all possible combinations of k; € D \ {j},

i=1

with repetitions allowed in k;. We write successively

a a a—1 a
(HDki>ij = <HDki>PjDk1f == Dy bj (HDk> f=2Pr (HDk> 1,
=1 =1 =1

=2

where each step involves a single differentiation under the integral sign, and is justified by the Leibniz
theorem (Theorem 3) because (]_[f:1 D) fewW; b cC Wi forall £=0,1,...,a — 1 with a < r. Since
P;(T15—, Dx;)f € Lo, this completes the proof. |

2.6. Implicit function theorem

In this paper we shall make repeated use of the implicit function theorem. In the following, S denotes
the closure of the set S. By a C*°(U) function, we mean that all the partial derivatives of the function
exist on an open set U and have continuous extensions to U.

Theorem 5 Let j € D. Suppose ¢ € C*°[0,1]¢ satisfies
(Djp)(x) # 0 for all x € [0,1]% (11)

Let
U=U; = {m@\{j} € (0,1)°\} . (x5, o\ (;3) = 0 for some (unique) x; € (0, 1)}

If U is not empty then there exists a unique function 1) € C>®(U) such that
O(V(@o\(jy) @o\(jy) =0 forall wo\j €U,
and for all k # j we have

(Did)(x)
(D]¢)($) z; =P(To\(5})

Proof. If x = (zj,xp\(j;) € (0,1)¢ satisfies ¢(x) = 0 and (D;¢)(x) # 0, then [12, Theorem 3.2.1]
asserts the existence of an open set A, C [0, 1]©\{j}, depending on j and @, such that xg\ ;) € Ag, and
the existence of a unique continuously differentiable function 1z : Az — R such that z; = V(o) ;1)
and

~—

(Dkw)(ﬂ?@\{j}) = = for all To\(j} € U. (12)

¢(wm(ml9\{j})7 $/©\{j}) =0 for all a:'Q\{j} € Ag.

If we take two points & and y such that the corresponding sets A, and A, overlap, then in the overlap
region the functions v, and 1, for each of these two domains must give the same values, by uniqueness.
Given that (11) holds for all z € [0,1]%, we therefore have a globally defined, single unique continuously
differentiable function 1 : U — R such that for = € (0,1)¢

d(x) = 0 if and only if T; = zﬁ(wD\{j}>>'
7



Implicit differentiation of
d(V(@o\j1): To\y) =0, @p\(jy €V,

then yields (12), and repeated differentiation shows that ¢ and all its derivatives can be extended con-
tinuously to the boundary of U. O

We stress that the set U need not be connected: the claim in the theorem is only that ¢ is C*° on the
closure of each connected subset.

3. Smoothing for functions with kinks

3.1. A special function with a kink

In this subsection we consider a function of the form

flx) = o(x)s,  =e[0,1)7 (13)

We assume for simplicity that ¢ : [0,1]¢ — R is a C* function. It will become clear that C* can be
replaced by C¥ for a suitably large value of k. We shall always assume that the equation ¢(x) = 0 defines a
smooth, but not necessarily connected, (d — 1)-dimensional manifold. From the implicit function theorem
(Theorem 5) this is the case if, for example, there exists at least one j € © such that (D;¢)(x) # 0 for
x €[0,1]%.

The function f is continuous but has a kink along the (d — 1)-dimensional manifold ¢(x) = 0. Clearly
f can be differentiated pointwise once with respect to any one of the d variables except on the manifold
¢(x) = 0. Indeed for k € © we have

(Dro) () if ¢(z) >0,

(Drf)(@) = {0 if ¢(z) < 0.

It can be easily verified that this is the weak derivative of f by checking the condition (4). Since Dy f is
measurable and essentially bounded on [0, 1]¢, we conclude that

f € Wi (14)
It then follows from the inheritance theorem (Theorem 4) with r = 1 that
Pif € Wo\(j3.0o forall jeD.

In other words, integration with respect to z; leaves the smoothness of the function f unchanged.

More remarkably, we shall see in Theorem 7 below (and this is the core result of the paper) that
integration with respect to z; can have a smoothing effect: indeed, for f given by (13) we shall as a first
illustration prove

if (Djg)(x) #0 forall xel0,1] then Pjf € W3 (15)

where the special feature is that the smoothness parameter of the space is 2 instead of 1. Thus the claim
is that P;f is in this situation one order smoother than f with respect to the variables other than z;
(while z; itself has, of course, been integrated out). We now formulate (15) as a lemma and provide a
proof.

Lemma 6 Let f(z) = ¢(x)4, where ¢ € C*°[0,1]%. Let j € D and suppose that (Dj¢)(x) # 0 for all
x € [0,1]%. Then for any k € D\ {j} we have Dy P;f € Wsla\{j},oo; and in turn P;f € W2

\{s},00°
Proof. For the function f(x) = ¢(z;, To\(;3)+ We can write P;f as
(PiD@ari) = [ 8, mon5y) da. (16)
z;€[0,1]: ¢(zj,x 0\ 53)20

8



Note that the condition (D;¢)(x) # 0, when combined with the continuity of D;¢, means that D;¢ is
either everywhere positive or everywhere negative. For definiteness we assume that

(Dj¢)(x) > 0 forall = e 0,1]%

the other case is similar. It follows that, for fixed o\ (;}, ¢(7;, To\(;}) is a strictly increasing function
of ;. Using this, we now determine the limits of integration in (16). If ¢(z;,xo\(;)) > 0 for all
x; (this is equivalent to ¢(0,xp\(;3) > 0), then we integrate z; from 0 to 1. On the other hand, if
P(xj,xp\(53) < 0 for all x; (this is equivalent to ¢(1,Zo\(;3) < 0), then the integral is 0 and can be
interpreted as integrating x; from 1 to 1. The remaining scenario is that ¢(x;, T\ (;}) changes sign once
as x; goes from 0 to 1. Then there exists a unique z} € (0,1) for which ¢(z}, Zo\ ;1) = 0; in this case
we integrate z; from x} to 1. Hence we can write (16) as

1
(P,f)@on () = / o(zj, T 7) da. (17)
V(Zo\{5})

where, for zo\ (;; € [0,1]°\U},

Y(xor\(jy) = z; if ¢(z], ®o\(5) =0 with 27 € (0,1), (18)
Moreover, if we define
U = {wg\{j} € (0, 1)9\{j} : ¢(zj, o\ (5)) = 0 for some z; € (0, 1)}, (19)

then (18) and the implicit function theorem (Theorem 5) lead us to conclude that
Y e, 1]\ and  ylz € C=(D).

Now we differentiate (17) with respect to zj for any k # j and obtain

1

(DrPjf)(xo\(53) = /w( )(Dkéf’)(lfj’x@\{j})dxj — d(Y(xo\(5}), To\(5}) X (Drt0) (T2 (5})-
To\{j}

Observe that the second term above is zero, since it follows from (18) that ¢(v)(zo\(;}), To\(;3) = 0 for
To\ (51 € U and (Dyt)) (@ (53) = 0 for @p\ g5y ¢ U. Writing

1
g(t, .’B@\{j}) = ‘/t (Dkqb)(xj,w@\{j})dxj, te [0, 1], (20)
we conclude that

(DrPif)(xo\(53) = 90 (To\(51), To\(5})- (21)

It is easily seen that (21) can be differentiated again with respect to any variable other than x;, since for
{ # j we have

(DeDyPj f)(zo\(5})
1
= / (DeDro) (), Tor\51) dzj — (Do) (P(xo)\ (5}): To\(5}) X (D) (o) (5})s
P(Eo\(5})
which is essentially bounded. Thus Dy P;f € Wy} o> and in turn P;f € W3, (s . ]



Example 1 continued. For this example we have ¢(x1, x2) = 21 — 22 + 1/2, thus (D1¢)(x1, z2) > 0 for
all (z1,22) € [0,1]%. Explicit integration gives

1
/(ml—xg—ké)dxl:l—xg forxggé,
(Pf)(@2) = "™
/ (x1— 22+ 3)dey = 1— 20+ 2(22 — 2)® for zp > 3,
93271/2
=1-as+ (22— 3)3, (22)

which is clearly twice differentiable. Indeed
(DoPrf)(22) = =14 (22 — )+,

and hence (DyDs Py f)(z2) is the characteristic function of x5 — 1/2. This is consistent with the proof of
Lemma 6: indeed, for j = 1 and k = 2 we have (D2 P f)(x2) = g(¥(x2), x2), with ¥(x2) = (22 — 1/2)+
and g(t, o) = ftl(—l) de; = -1+t

We are now ready to present the core result of this paper. In the following theorem the property
D;¢ # 0 is assumed to hold for all j in a subset z C ®. Here and later, the notation z\u:={j: j €
z and j ¢ u} =z )\ (unz) denotes set difference.

Theorem 7 Let z be a non-empty subset of ®, i.e., ) #z C D, and let

f(x) = ¢( ith ¢ € C[0,1)7, 23
(x) = ¢(x)4, wi (Djp)(x) #£0 Vjez Yael0,1]d “

Then

fe Wé,oo and P.f € W;;{‘uzz:‘ forall ucC®.

Moreover, the ANOVA terms of f satisfy
fu € Wlllfo‘cz\“l forall uC®.

We will give the proof in the next subsection. Note that the conclusions in the theorem also hold
with oo replaced by any p € (1, 00) because of the imbedding property (7).

The heart of the matter is that if D;¢ is never zero (thus never changes sign), then we can show that
P; has a “once-smoothing” effect in all variables, in the sense illustrated in (15) and proved in Lemma 6.
We have assumed in the theorem that D;¢ # 0 holds for indices j in some set z C D, and so we can
gain up to |z| additional degrees of smoothness by successive applications of projections P;, with the
maximum value |z| achieved when we have P, with u = z.

To gain more insight into the theorem, suppose now that we have the best case z = ®, that is, suppose
(D;p)(x) #0 for all j € D and all € [0,1]%. Then we have the following corollary.

Corollary 8 Take z =9 in Theorem 7. Then for f given by (23) we have

f e W;’Oo and fu € W&jg‘,f"“' forall uC®. (24)
Consequently, for s > 1 andr > (1,...,1) we have
S S . . d 1
(i) fu € W,(loom)lx forall uwC® satisfying |u| < s—l—il’
and in particular,

d+1
Ju € W,(lloonllzx forall wC® satisfying |u| < %,

(i) fu € Witomix forall uC® satisfying |u| <d+1- er.

jEu

10



Proof. Part (i) follows from (24) and the second part of the imbedding property (9) with d replaced
14+d—|u]|

by |u|. It can also be easily explained as follows. Since fyu € Wy ', we can differentiate fy up to
1+ d — |u| times in total. On the other hand, to have f, € Wl(:oo;l)lx we need to be able to differentiate

fu exactly s times with respect to each variable in u. Thus we need
shul <1+d—[ul,

which yields the upper bound on |u| in (i). Part (ii) can be deduced in a similar way from (24) and the
second part of the imbedding property (8). O

The special case of part (i) with s = 1 indicates that approximately half of all the ANOVA terms of f
belong to the space of functions with essentially bounded mixed first derivatives.

Example 1 continued again. For this example we found already (P f)(z2), see (22), and in a similar
way we find

(Pof)(z1) = 21+ 5(3 — 1)}
Thus from the ANOVA formula (3) we have

fo= PPf = T o) = (BD@) - 10 (o) = (Pf)(as) - 22,
and 925
fagy(@n,z2) = f— (Pif)(x2) — (Paf)(21) + TR

As expected from (24), f{1} belongs to WH“}QO_; = Wfl}m, and similarly fyoy belongs to W{22}7oo.

8.2. Proof of the main theorem — Theorem 7

The proof of Lemma 6 provides the base step for an inductive argument to prove Theorem 7. We
shall begin with a discussion which will lead us to the induction step, that is, Lemma 9 below, and then
prove the theorem at the end.

The inductive step will act on functions of the form g(¢(zo\ ;1) ®o\(;1), see (21), where g is a
smooth function and ) is what we call a “cutoff nice function” — 1 is essentially a smooth function, but
since it refers to coordinates in the unit cube its range must be limited to the interval [0, 1].

More precisely, a “cutoff nice function” 1, see (18) for example, is a continuous function consisting
of three pieces: the middle piece is a monotone C*°(U) function, where U is an open subset of (0,1) and
Y(U) C (0,1), while the two end pieces take the constant values of 0 and 1, respectively. In degenerate
cases we may have only one or two of the three pieces.

In the proof of Lemma 6, the middle piece of the function % given by (18) arises from applying the
implicit function theorem to the smooth function ¢. The set U, see (19), defines the domain of the middle
piece of ¥. We considered in that proof the case D;¢ > 0. If, in addition, we have Dy¢ # 0 for k£ # j,
then we see from (12) that Dy is also nonzero on U and takes the opposite sign to Di¢. In other words,
1 is strictly increasing (or decreasing) on U with respect to xy if ¢ is strictly decreasing (or increasing,
respectively) in xg.

Instead of the definition (19), we can also refer to the domain of the middle piece of i) by

U= {%\{j} € (0, 1)\ y(zp\ () € (0,1)}.

To integrate some expression involving 1, we shall need to determine the “end points” of U with respect
to the variable of integration, say xj, and split the integral into three pieces. The “end points” of U
determine the limits of integration and they can be defined by

y(:l:@\{j7k}) := inf {CL‘k S (0, 1) DT\ {5} S U}
2(zo\(jry) = sup {zp € (0,1) : ®p\(;3 €U}
As we shall explain in the proof of Lemma 9 below, the functions y and z are also “cutoff nice functions”.

The middle pieces of y and z arise from applying the implicit function theorem to the middle piece of
11



¥ (for ¥ = 0 and @ = 1, respectively). This requires a slightly modified version of the implicit function
theorem, Theorem 5, in which (0,1)2\7} and [0,1]®\M5} are replaced by a connected open set and its
closure.

We are now ready to prove the induction step of the argument.

Lemma 9 Let z and f be as in Theorem 7. For 1 < a < |z|, let ji,...,jq be distinct elements of z,
u:=2\{j1,.-..,Ja}, and let k1, ..., k, be elements of u. Then it is possible to write

((H Dkini> f) (Tu) = iham(xu)v (25)

for some integer M, > 1, where each term in the finite sum on the right can be expressed in the form

ha,p(a:u) = ga,p(wa,p(aju)vmu)v (26)

with

ga,p € C>([0,1] x [0,1]"),

Ya,p € C[O,1]Y,

Yap : [0,1]" — [0,1] is non-decreasing (or non-increasing) in x) for all k € unz,

wamlm € C*(Uayp),

1/),17p|m is strictly increasing (or decreasing, respectively) in xy for all k € unz,
where

Usp = {xu € (0,1)" : g p(xy) € (0,1)}. (27)
We have hqp, € Wi o, for all a and p, and hence ([];_, Di, P;,)f € Wi oo

Proof. The proof is again by induction. The case a = 1 has already been proved in Lemma 6, see (21).
For this case we have M, = 1. That ¢(xp\¢;}) is non-increasing or non-decreasing in x;, for k¥ € z and
k # j follows from (12), and has been explained in the discussion before this lemma.

Now we assume that the lemma holds for some a < |z|, and we seek to prove the result with a replaced
by a + 1. Then with j,+1 € uNz (that is, j,+1 belongs to the set z but is different from ji,...,j,), we
have from (25) that

a+1 a
((H Dkiqui> f) (mu\{ja+1}) = ((Dka+1pja+1) (HDkzPJz> f> (mu\{ja+1})
=1 =1
M,
= Z(Dka+1 Pja+l ha,l))(mu\{ja+1})’

p=

—

and it follows from (26) that

1
(Pja+1ha,p)(33u\{ja+1}) :/0 ga’p(wa,p(wu)vw‘J)dxjaJrr

Suppose for definiteness that ¢, , is a non-decreasing (rather than non-increasing) function of each
variable z, with & € uN z; the other case is similar. Then from the assumed properties of v, , we can
write

Z(wu\{ja+1})

y(m“\{ja+1 })
(P ho) @ 1)) = / Gup(0, @) dz;, ., + / G (o p (), Tu) A,

y(m“\{ja+1})

1
+ / ga,p(la mu) dzja.ua (28)

Z(mu\{ja+1})

12



where we define, for given xy\ (;,.,1 € [0, 1]“\{ja+1},

y(wu\{ja+1}) := inf {xjaﬂ € (Oa 1) P&y € Ua,p}
Z(wu\{ja+1}) = sup {x.ja+l € (Oa 1)t xy € Ua,p} )
with Uy, given by (27).

Since by assumption ), , is a strictly increasing function of x;,,, on U, ,, which we recall is the set
of values of x, € (0,1)" for which ¢, ,(zy) € (0,1), it follows that there are only three possibilities

for y(xy\ (j.,.1): either y(xy\gj,,,3) = 1 (in which case z(zy\(j,,,3) = 1 also); or y(Tu\j,.,,3) = 0; or
Y(®u\(join}) = 75,,, € (0,1) is such that 1q (2] |, Tu\(j,,,}) = 0. In the latter case it follows from the

implicit function theorem that y is a C*° function on Y, where
Y= {2y € 0DV s yaag,0) € (01}

and it is strictly decreasing on Y for each z with k € (uNz)\ {j,+1}; the latter property can be deduced
using (12). This shows that y is a “cutoff nice function” as described at the beginning of this subsection.

In a similar way, there are only three possibilities for z(zy\(j,,,}): either z(zyu\(,,,3) = 0 (in
which case y(@u\(j,,,}) = 0); or 2(@u\(jua}) = 15 or z(Tw\y.0y) = 25, € (0,1) is such that

¢a,p(9€;:+1 s T\ {jui.}) = 1. In the latter case the implicit function theorem (applied to ¢4 ,(%y) — 1 = 0)
gives that z is a C*> function on Z, where

Z = {mu\{ja+1} E (07 1)“\{ja+1} : Z(mu\{ja+1}) 6 (07 1)}7

and it is again strictly decreasing on Z for each zj with k € (uNz)\ {jo+1}. This shows that z is also a
“cutoff nice function”.

Now we can differentiate (28) to obtain (noting that the contribution from differentiating the limits
of integration cancel)

Y(@u\{Gaq1})
(Dios P o) (@ (o)) = / (D12 9p) (0, ) dzy.,

Z(mu\“a 1})
+/ ' [(Dka+1ga,p)(¢a,p(mu)7xu) + (Doga,p)(wa,p(wu)7mu) X (Dkaﬂwa,p)(xu)] dxja+1
Y

(®Tu\{Ggq11)

1
+f (Dr 90 (L) .

(®u\ (g g1})

where Dy is the derivative with respect to the first variable in g, ,. Rewriting the integrals using definitions
similar to (20), we see that this is a sum of terms of exactly the form required. In particular, the roles
of the function v, , and the set U, , are now taken by the function y together with the set Y, and the
function z together with the set Z. Thus the proof by induction is complete.

To show the last point of the lemma, we observe that Dyh,, € Lo for all k& € u and hence hq ) €
wl concluding the proof of this lemma. O

u,00"

Finally we prove our main theorem.

Proof of Theorem 7. We have from (14) that f € W, , and we wish to show that

Puf € Woiiitl forall uc®, (29)

Since Py f = Py\z(Pznuf), it is enough to prove that

Py € Wyliam . forall ucCo®,

and then to use the inheritance theorem (Theorem 4) to conclude that P, f has the desired smoothness
property (29). It then follows that it is sufficient to prove

P.f € W;{L“Lo forall ucCz.

13



Equivalently, we have to prove that

a

(H Dm) P.f € Wil)\u,oo for all @ < |u| and all possible combinations of k; € © \ u.

i=1

Note there is no requirement that the numbers k; be distinct. Thus we allow for repeated differentiations

with respect to the same variable, so long as the total number of differentiations does not exceed |ul.
Labeling the distinct projections in P, as Pj,,..., P, we now write

Jlul”
a a u a u
(H Dm) Pof = (H Dm) (H sz) f= (H Dm) (H Pje) (Dk, Py, f),
i=1 i=1 (=1 i=2 =2
where we moved the differential operator Dy, past Pj,, ..., FP; by repeated use of the Leibniz theorem

(Theorem 3). Each step is justified since Py f € W%)\wm for all w C ® by the inheritance theorem
(Theorem 4).

Next we use the last point of Lemma 9 to claim that Dy, P;, f belongs to W%)\{jl}m. We may now
again use the Leibniz theorem (Theorem 3), this time to move Dy, to the right until we achieve

a a [u]
(HDk> Pof = (HDk> (HPje>(Dk2Pj2)(Dklelf).
i=1 =3

=3

Each step is justified since Pw(Dy, Pj, f) € Wsla\ ( for all w C ® by the inheritance theorem
(Theorem 4).

Then we use Lemma 9 to claim that (Dy, P}, )(Dy, Pj, f) belongs to W’;la\{jl,jz},oo' The Leibniz theorem
(Theorem 3) can now be used to move Dy, to the right. We continue this way, using repeatedly the Leibniz

theorem (Theorem 3) and Lemma 9 until we obtain finally

WU{jl}),OO

a [u]
(HDki> Pof = ( I1 sz>(Dka,Pja)"'(Dk2pj2)(Dk1Pj1f) € W0
=1

t=a+1

This proves that P, f € W;{LULO for all u C z, which completes the proof of (29).
Substituting u by @ \ u in (29), we obtain
Povuf € Wiilzn®@Wl = yyitl=\ul for all u C .
Then the inheritance theorem (Theorem 4) gives
Paw(Povuf) € Wil=\l forall vCucC®.

The identity (3) now allows us to conclude that

fu € W&:;Lz\“l forall uC®.

This completes the proof of Theorem 7. O

3.8. More general functions with kinks
Theorem 7 extends in a trivial way to the absolute value function, because of the identity

9(x)] = o(®)1 + (—9(x))+.

Similarly, it extends to any linear combination of functions of the form (23), provided that the required
derivative property holds with the same set z for every function in this linear combination. We can also
generalize Theorem 7 by considering functions f of a more complicated form. For example, we can allow
the kink to depend only on the variables ¢, for some subset w C ©, so that the functions f are smooth
with respect to p\w- In the following, W&Woo @ W w.oo denotes the space of functions which are once
differentiable with respect to the variables @y, and infinitely differentiable with respect to the remaining
variables.

14



Theorem 10 Let z be a non-empty subset of w, which is a non-empty subset of ©, i.e., 0 #z Cw C D,
and let
g €C>([0,1] x [0,1]%),

f(lf) = g(d)(wW)-ﬁ SC), with d) € COO[O’ 1]w’
(Djp)(xw) #0 Vjez Vay €[0,1]7.
Then

fe W&V’oo O WA w00 and P.f € witlznul g W3 (wuu),co  Jor all u CD.

w\u,co

Moreover, the ANOVA terms of f satisfy

fu € W&:Lf\;‘ o forall uC®.

u\w,co

Proof. Since g is a C* function, we see immediately that f can be differentiated infinitely many times
with respect to the variables 5\w. On the other hand, due to the term ¢(zw) we can only differentiate
f once with respect to one of the variables in x,. Hence clearly we have f € W&v}oo ® %°\w - It then

follows from the inheritance theorem (Theorem 4) that P,f € Wvlv\u ~ o\ (wu),c0 0T all u © D.
Under the condition that D;¢ is never zero for all j € z, we now prove that P,f is of order |z N u]
smoother with respect to Zw\, than we have shown so far.

Since Puf = Py\z(Pznuf), to prove the desired smoothness property of P, f it suffices to show that

Panaf € WS @WRwoe forall uCm,

w\ (zNu),c0

and then to use the inheritance theorem (Theorem 4). It is sufficient to establish that

P.f € Ll ®W%°\w7oo for all u C gz,

w\u,c0

which is equivalent to proving, for all u C z,
a
(H Dm) P,f € W&V\u,oo ®Waw,eo foralla < |u|and all possible k; € w \ u.
i=1

Lemma 9 needs obvious modification for the new function f. Omitting the details, we simply say here
that the above property can be obtained by using a suitably modified version of Lemma 9 and arguing
as in the proof of Theorem 7.

Finally, since the smoothness of the ANOVA term f, is determined by Pg\yf, we obtain

1+]zN(D\u) 00 1+|z 00
fu € WEEEOW! @ W (woom) o0 = Weiil @ WSy e forall uC®
This completes the proof. O

The above theorem demonstrates that the smoothing effect of the ANOVA decomposition can be
established for more general functions.
4. Functions with jumps

Now we consider functions with a jump along a manifold ¢(ax) = 0. For convenience, we introduce a
new notation for the Heaviside step function:

1 ifa>0,
a =
# 0 ifa<o.

We have the following result.
15



Theorem 11 Let z be a non-empty subset of ©, i.e., 0 £z C D, and let
n € C*|0,1]4,

fx) = n(®) d(x)g, with {¢eC=0,1]%, ¢+£n,
(Dj¢)(x) #0 Vjecz Vaclo,1]%

Then
fewWis and  Puf € WgC:LO forall uC®.

Moreover, the ANOVA terms of f satisfy
fu € WLZQL" forall uCD®.

Proof. We have
_ Jnlz) if¢(x) =0,
J(@) = {0 if ¢(z) < 0.

Thus clearly f € Wg)oo. For any j € z we have

(Pif)(xo\(5)) = / n(zj, To\(;y) dz;.
©;€[0,1] : ¢(zj,x o\ {5}) >0

For definiteness we may assume as in the proof of Lemma 6 that (D;¢)(x) > 0 for all & € [0,1]¢ (the
other case is similar), and we can write

1

(Pif)(xo\(5)) = / n(xj, To\(;y) dz; = g(P(To\(5}), To\(5})s
V(ED\ {51)

where 1 is given by (18) and g(t, zp\ ;1) = j;l n(xj, ®p\ ;1) dzj. This proves that P;f is of the form
(26) with u =2\ {j}.

Hence we can argue as in the proof of Theorem 7, provided that we begin with P; f for some j € z.
This indicates that we lose one order of smoothness here compared to Theorem 7. The remainder of this
proof is omitted. o

5. Option pricing examples

As examples of our theory, we now consider some standard option pricing problems. We deal with the
case of a single asset undergoing geometric Brownian motion. We first define the problem as a multivariate
expected value on R?, then transform it to a bounded region by using the cumulative normal distribution.
In one respect, however, the following discussion is non-standard: namely, that we additionally truncate
the Gaussian integrals at some sufficiently large distance away from the boundary of the finite domain.
We do this to avoid the well known problem caused by the unboundedness of the inverse cumulative
normal distribution near the boundary.

5.1. Option pricing
As usual, a risky asset with value S; at time ¢ is assumed to follow (under risk neutral measure) the
geometric Brownian motion

dSt = 7"5,5 dt + O'St th, t Z O, (30)

where r is the risk-free interest rate, o is the volatility, and W; is standard Brownian motion, i.e., the
increments W; — W for t > s are independent zero-mean Gaussian random variables with variance ¢t — s.

The solution of (30) is
2
Sy = So exp<(r 2>t+O'Wt>, t>0.

The pay-off G(S), with § = (S1,...,54)", is assumed to depend on the asset prices S; = Sy, at
equally spaced times t; = jAt for j = 1,...,d, where At = T'//d with T denoting the final time. Later
we will focus on three standard option pricing problems:

16



e Arithmetic average Asian call option with strike price K,

d
a(s) = <;Zsjf<) . (31)
=1 +

e Geometric average Asian call option with strike price K,

d 1/d
G(S) = ((H Sj> - K> . (32)
j=1 +

e Binary arithmetic average Asian call option with strike price K,

1 1
G(S) = (dZSj> (dZSj—K> . (33)

#

The first two are examples with a kink, while the third one is an example with a jump. We included the

geometric average Asian option for benchmarking purposes only, since a closed form solution is known.
Continuing our discussion for a general general pay-off G(S), the discounted expected value of the

option at the final time T is

—%WTC'71W dW,

e—rT /
= — G(S(W))e
(27)4/2,/det(C) Jra (S(W))
where W = (W1,...,Wy)" with W; = W,, for j = 1,...,d, S(W) = (S1(W),...,S4(W))", and C is
a d x d covariance matrix with entries given by C;; = min(¢;,t;) = At min(,j). Let C = AAT be a
factorization of C with A a d x d matrix. Then the change of variables W = Az with 2z = (z1,...,24)"
transforms the expected value into an integral with a standard Gaussian probability distribution, i.e.,

e—rT

V= @7 o G(S(Az))e 2% #dz. (34)

It is well known [8] that the factorization of C' can be carried out in several ways. Here we will consider
three methods:

e In the standard construction, the Brownian motions are generated sequentially in time:
W():O, Wtj:Wt]._l-l-\/Ath, j:].,,d
The corresponding matrix A has entries

VAt ifj > ¢,
Ay = { J=" (35)
0 otherwise,
which is just the Cholesky factor of C.

e In the Brownian bridge construction, assuming that d = 2™, the Brownian motions are generated
in the order of T,T/2,T/4,3T/4,... as follows:

Wo = 0,
Wp = VT 24,
Wrpg = (Wo+Wr)/2 + VT /42,
Wrpy = (Wo+Wrp2)/2 + VT/8 2, (36)

Warsy = W+ Wr)/2 + \/T/8 24,

Wia-nyr/a = Wa—yrja + Wr)/2 + /T/(2d) 2a.
17



This leads to a matrix A different to that obtained from the Cholesky factorization. Note that the
approach can be generalized to include unequal length intervals, allowing d to be not a power of 2.

e In the principal components construction, the matrix A is

A= [\/Xlnh \/X27727 LR ) \/Xd’r’d],

where A1, ..., Aq are the eigenvalues of C in non-increasing order and 74, . .., n, are the correspond-
ing eigenvectors normalized by mjn, = 0 for 1 < ¢,¢' < d. Furthermore, we know the precise
formulas for the eigenpairs (see, e.g., [8])

N, — T (2017
© 7 4d sin?(hy) T o@dt 1)
2
N, = N ES (sin(2hy),sin(4hy), . . ., sin(2dhg))" .
Thus
T e (20— 1)m

A» = S 2 h y h = —QC. 37
it \/d(2d+ 1) sin2 () Sn(@he) T oRdT) (37)

The final step in setting up the problem is to map the integral to the unit cube. The standard way
of doing this is to introduce the cumulative normal integral ®(z) as a new variable,

z = B(z) = (B(z1),...,0(za))T, B(2) = (27:)1/2/ 7 4.

(Note our slight abuse of notation here: ® denotes both a function on R? and a function on R.) Under
this transformation the integral (34) becomes

V= T / G(S(AD Y (z))) dz, (38)
f0,1)¢

where ®~!(z) := (@7 1(21),..., 2 (zq))T, with @~ : [0,1] — R denoting the inverse function of ® :
R — [0,1].

5.2. Eliminating the unboundedness by truncation

As explained at the beginning of this section, we do not make the above-mentioned mapping to the
unit cube here, since if we did so then none of our integrands would lie in Wj , or even in W((i),oo‘ Instead
we choose to split V' by truncating the infinite integral of (34), writing

V=V+R (39)

where
efrT

. G(S(Az)) e 27 7d
0= @ (8(Az))e z,

with Bg 4 = Hf-l:l[—qi,qi] being a box of edge length 2¢; for 7 = 1,...,d, centered at the origin, and
q=(q1,---,4q)- Thus Vj = V;(q) is the contribution to the integral from the box Bq 4 and R = R(q) is
the remainder.

Then with the transformation y = ®(z), we obtain, instead of (38),

»@:fﬁl G(S(A®~())) dy, (40)

q,d

where bgq = Hle[l — ®(q;), ®(¢;)]- On rescaling to the unit cube, that is, substituting x; — 1/2 =
(yi —1/2)/(2®(g;) — 1) for each i = 1,...,d, this can be written as

e [ fa)de,
[0,1]¢
18



where
d
f(@) = fqlx) = <H(2<I>(qi) —1)> G(5(A04(x))), (41)
with
Oq(@) = (04, (21), .., 0g,(za))"s  Og(a) := &71((20(q) — D)z + 1 — D(q)).

‘We note for future use that
1
0,(z) = (2®(q) — 1) V2mexp (2(@q(x))2) > 0.

Thus O,(z) is a monotone increasing function, with the values —¢ at z = 0 and ¢ at * = 1. The graph
is simply a rescaled portion of the graph of ®~! that excludes the boundary singularities. Thus O, is a
C®° function on [0, 1].

We stress that the standard construction, the Brownian bridge construction, and the principal com-
ponents construction discussed in Subsection 5.1 give different matrices A in the factorization of the
covariance matrix C = AAT. Therefore the integrands (41) corresponding to the three construction
methods are different, so a given variable z; has a different role with different constructions. We now
consider the different pay-offs mentioned in Subsection 5.1, and discuss the smoothness properties of the
integrands and their ANOVA terms under different construction methods.

Example 12 (Arithmetic average Asian call option) For the case of (31), the integrand (41) can
be written as

where
d d o2 d
bla) = (_H(Q@(ql ) (; > e < (r=F )ist+adaze, m-)) - K>, (42)

which is a C> function on [0, 1]¢. Its first partial derivatives are given by

d

(Ded)(z) = (H(2<I>(qz-)—1)>gsoﬁe( )0, (z0), (=1,....d,
=1

with

Bilz) = i: (( )”T -I-UZA]Z@% )>Aje.

Since O (x) > 0 for all z € [0, 1], the sign of (D, ¢)(x) depends on the sign of 3(x).

For the standard construction and the Brownian bridge construction, the elements A, of the matrix
A are always nonnegative. Thus B¢(z) > 0 and so (Dy¢)(x) > 0 for all £ = 1,...,d and all = € [0,1]%.
Hence Theorem 7 applies with z = ®, that is, we have f € Wé’oo and

fu € W&j;g_'“‘ forall uC®.

For the principal components construction of the matrix A the elements A;; are positive, so that
B1(x) > 0, but for £ > 2 the elements A, take both positive and negative signs. Thus negative values
of B¢(x), and hence of (D ¢)(x), are possible. It may be that in some cases §¢(x), and hence (Dy ¢)(x),
will change sign in the domain [0, 1]¢. Nevertheless, Theorem 7 applies and we have

fu € W forall ucC®,

with z denoting the set of the indices £ such that Dy ¢ is never zero.
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Example 13 (Binary Arithmetic average Asian call option) For the case of (33), the integrand
(41) can be written as

f(@) = n(@) p(x)4,

with ¢ given as in (42) and n(z) = qﬁ(m)/(H?:l(%I)(qi)—l))—&—K. Thus Theorem 11 applies and f € Wy .
For the standard and the Brownian bridge constructions, we have

fu € Wl‘f:)l)“‘ forall uC®.
For the principal components construction, we have
fu € WLZ&L:' forall uC®,

with z denoting the set of the indices ¢ such that Dy ¢ is never zero.

Example 14 (Geometric average Asian call option) For the case of (32), the integrand (41) can

be written as
1/d
B K)

- <ﬁ(2¢(qi)—l)> Soexp<<r—022>(d2 22;(214]1) . x)—K>

j=1

d

i=1

-
)
Il
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™
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=
|
| %
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which is a C> function on [0, 1]¢. Its first partial derivatives are given by

d oS, d
(D¢ ¢)(x (H (29(q;) )do (ZA;‘@) o), (x¢)
o2\ (d+1)At o0& d
XeXP<<T2>(+2)JFdZ(ZAJ’i)@%(zi))-

i=1 Nj=1

Thus the sign of (Dy ¢)(x) depends on the sign of Z?Zl Ajg, which is the sum of the ¢th column of the
matrix A, and is independent of . We conclude that there can be no change of sign in (Dy ¢)(x). Clearly
this sum is positive for the standard and the Brownian bridge constructions, since all elements of the
matrix A are nonnegative. For the principal components construction, we have from (37)

d T d
A*g = " Sin(2jhg).
; ’ \/d(2d+ 1) sin?(hy) ;
Now with u :=2hy = (20 — 1)7/(2d + 1) and i = /—1, we have
d d ij ; .
) el e—lju 1 1— 61u(d+1) 1— eflu(dJrl)
YosnGu) = o = g (e - )
Jj=1 Jj=1

1 e—iu/Q _ eiu(d+1/2) eiu/2 _ e—iu(d+1/2)
2i ( e—iu/2 _ giu/2  giu/2 _ g—iu/2 )
1 (eldt1)/2 _ oiuldi1)/2) (plud/2 _ o—iud/2)
2i

eiu/2 _ g—iu/2
sin (u%) sin (ug)

sm((2e—1)2{%g) ((24—1) %)
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which is not zero for all £ = 1,...,d because both d and d + 1 are relatively prime to 2d + 1, and as
a result in the arguments of the sine function in the numerator we never have an integer multiple of 7.
Hence Theorem 7 applies with z = ®, the best case. That is, we have f € Wioo and

fo € WML forall uC®
for all three construction methods. This is in contrast to the arithmetic Asian option for which we were

unable to show z = ® for the principal components construction.

5.3. Estimating the remainder
Here we obtain an upper bound on the option price remainder R given by (38), (39) and (40), that is

e—TT

R = e_TT/ G(S(AD™ ! (z)))dx = 7/ G(S(Az))e_%sz dz.
[0,1]4\bq,a (2m)a/2 R4\ By, 4
Throughout this subsection, we will assume that we have a general pay-off which satisfies
1
< < Z (43)

This is clearly true for the binary arithmetic average Asian call option (33). For the arithmetic average
Asian call option (31), we have

- (iEoe) (i) i

The bound also holds for the geometric average Asian call option (32), since the geometric average is
always less than or equal to the arithmetic average.
From (43) we have

SN
&\»—*

2 d
G(S(Az)) Z Sy exp (( ) JAL + UZAjiz¢> :

i=1
giving
d o2 1 52
—r(T — jAt) — jAt) 7/ exp (O’A 2 — = > dz.
Z < (27T)d/2 R4\ Bg,q ; . 2
Now we complete the square in the exponent inside the integral, giving

d 22 1 d
Z(UAjizi—Qz) = 52 zi— 0 Ay)? ZAJ“

where we have, since AAT = C,

Hence

S d 1 1 d
0 —r(T—jAt 2
R < v E e~ T(T—J )(27r)d/2/R exp <—2 E (z: —0Aj;) ) dz

\Bg,a i=1

[ 5 /% exp ( (- aAji)Z) dz,»),

where we used the estimate e~ "(T=JA%) < 1. This leads to the following result.
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Theorem 15 Let R denote the remainder due to the truncation of the domain for an option pricing
problem where the pay-off satisfies (43). Then we have the estimate

d
R < SQ( éZH —UAji)—(I)(—qi—O'Aji))>.

j=14i=1

Given g and the matrix A, it is easy to compute this upper bound. However, from a practical point of
view, we would like to use this upper bound to help in choosing the numbers ¢; so that a certain accuracy
is guaranteed, e.g., for a given € > 0 we want

R < ESO.

Consider the function w(u) := ®(q¢—u) — ®(—q¢—u). We can easily verify that for all u € R, w(u) > 0
as long as ¢ > 0, w(—u) = w(u), and w’'(u) < 0 for u # 0. This indicates that w(u) is minimized when
|u| is as large as possible. Thus the upper bound in Theorem 15 can be overestimated by

d
R § S() (1 - H (‘b(ql - O'Ml> - (I)(_qi - UMD)), with Mz 2 121;’2((1 |Aﬂ|, (44)

i=1

that is, M; is an upper bound to the largest value in magnitude in the ith column of the matrix A.
For the standard construction, clearly we see from (35) that we may take

M VA - /T

For the Brownian bridge construction, we may take

T T T T
My =VT, My= />, Ms=1=, My=1/=, ... Mg=4/=—.
1 \/>7 2 47 3 87 4 8; d 2

The reasoning is that, although the variable z; occurs both explicitly and implicitly in (36), the largest
matrix coefficient occurs at the first (explicit) entry of the variable. It is this largest coefficient of z; that
we need to take as M;. For the principal components construction, we see from (37) that we may take

B T (21
M = \/d(2d+1) sin?(h;)’ 22+ 1)

Then R < &Sy can be achieved by choosing the numbers ¢; so that each factor in the product in (44)
satisfies
(g — oM;) — ®(—qi —oM;) > (1—e)V/4  forall i=1,...,d.

Since ®(q —u) — ®(—q—u) = ®(q—u) + P(g+u) —1 > 2P(q — u) — 1, it is sufficient that we take the
numbers g; such that

20(qi —oM;) —1> (1—e)¥4  forall i=1,...,d.
This leads to the following theorem.

Theorem 16 Consider an option pricing problem where the pay-off satisfies (43). For a given £ > 0
and a chosen method for factorizing the covariance matriz C = AAY, the choice q = (q1,...,qq), with

1—¢g)l/d 41
inCI)_l((E)Q—’—)—i—aMi forall i=1,...,d,

and M; > maxi<j<q|Aji|, ensures that the remainder R = R(q) due to the truncation of the domain R?
to the box Bg q satisfies R < €Sj.
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_eg)l/d
Table 1: @*1((15)%) for a few choices of € and d

e\ d 1 2 3 4 5 10 50 100 200
0.1 1.64 1.95 2.11 2.23 2.31 2.56 3.08 3.28 3.47
0.01 2.58 2.81 2.93 3.02 3.09 3.29 3.72 3.89 4.05
0.001 3.29 3.48 3.59 3.66 3.72 3.89 4.26 4.42 4.56
0.0001 3.89 4.06 4.15 4.21 4.26 4.42 4.75 4.89 5.02

Table 2: Cutoff values ¢; (rounded up to 2 decimal places) corresponding to € = 0.01

Standard 2.95 295 3.13 313 313 3.13
Brownian bridge 3.01 291 3.23 313 3.10 3.10
Principal components 3.02 289 3.22 3.09 3.07 3.06

Table 1 contains some values of ®~1( . We shall make use of entries in this table in our
numerical experiments.
We remark that the result of this subsection can be easily generalized by replacing the assumption

(43) with

(1—e)t/ 441
f)

C d
G(S) < =5,
j=1

where Cy is some constant which may depend on d, Sy, K, r, o, but it does not depend on the stock
prices S1,...,Sq. Then we should replace (1 — £)'/¢ in Theorem 16 by (1 —&/Cq)"/¢. This allows us to
deal with a larger class of options: for example, for the pay-off G(S) = (maxi<j<qS; — K)4+ we can take
Cy=d.

6. Numerical results

We consider the arithmetic average Asian call option (Example 12) and the binary arithmetic average
Asian call option (Example 13), combined with the standard construction (35), the Brownian bridge
construction (36), and the principal components construction (37). We use the parameters

Sp=100, ¢=0.2, r=01, T=1, and K =100.

Since our purpose is to illustrate the smoothing process rather than to price options, we restrict ourselves
tod=2and d=4.

Taking e = 0.01 in Theorem 16 (and thus ensuring that the truncation error is no more than 1% of
the initial price), we present in Table 2 the values ¢; for the three construction methods.

Figure 1. In the top row of Figure 1 we plot the integrand f, see (41), for the arithmetic average Asian
call option with d = 2 and the three construction methods, using the cutoff values ¢; given in Table 2.
The kink in the integrand is clearly visible. We observe that the kink appears to straighten out when we
switch from the standard construction over the Brownian bridge construction to the principal components
construction. Furthermore, we note that the kink for the principal components construction is almost a
straight line and nearly parallel to an axis. For the principal components construction, (Ds¢)(x) changes
sign in the domain [0,1]? and thus Theorem 7 applies with z = {1}. For the standard and Brownian
bridge constructions, Theorem 7 applies with z = {1, 2}.

We show in the next three rows the two-dimensional ANOVA term f(; 2y and the one-dimensional
ANOVA terms fy1y and frpy for the three construction methods. We see that, while f; 2y still has a
kink, the lower-order ANOVA terms f(1) and f2) appear smooth, with the exception of f{;; having an
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apparent kink point under the principal components construction, which is consistent with Theorem 7.
Observe also that the use of a specific construction method influences the size of the ANOVA term fr):
there is a decay in magnitude from approximately 24 over 14 to 4 for the different constructions.

In the bottom two rows we plot the first derivative of the one-dimensional ANOVA terms f(1) and f{;.
Clearly, the derivatives appear to be smooth functions, with the exception of fﬁ} under the principal
components construction.

Figure 2. Next we consider the case of the arithmetic average Asian call option with d = 4. In
Figure 2 we display the (x1,xs)-projection of the integrand f at z3 = x4 = 0.5 and the four one-
dimensional ANOVA terms f1, fi2}, f{3y and fy4y for the three construction methods. We observe
again that the one-dimensional ANOVA terms appear smooth, with the exception of fr;; under the
principal components construction. This is consistent with Theorem 7, since for the principal components
construction (De¢)(x), (D3¢)(x), and (Dy¢)(x) all change sign in the domain [0,1]%. We also observe
for fray, f{3) and fr4) a similar decay in scale to that in the case d = 2 when switching from the standard
construction to the Brownian bridge construction and then to the principal components construction.

Figure 3. Finally we consider the binary arithmetic average Asian call option with d = 2. We produce
in Figure 3 plots similar to those in Figure 1. The location of the kink is exactly as in Figure 1, but the
nature of the singularity in f is different: now it is a jump discontinuity (see the top row). It follows
from Theorem 11 that f(; 2y should inherit the jump from f, while f{;; and f{2} should be smooth, with
the exception of f{1) under the principal components construction.

In all our figures, the integrals in the ANOVA terms were approximated using 50,000 Sobol’ points.
(An increase to 100, 000 points makes no noticeable difference, and thus we are confident that the quadra-
ture error is sufficiently small.) The derivatives were approximated via a standard central difference
formula using 100 points in each direction. Since the graphics package interpolates linearly over the data
points, the kink or the jump may not always be visible in the plots.
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Figure 1: The integrand, its ANOVA terms, and their derivatives for the arithmetic average Asian call option with d = 2

and the three construction methods.
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Standard Brownian bridge Principal components
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Figure 2: (x1,z2)-projection of the integrand at 3 = z4 = 0.5 and some ANOVA terms for the arithmetic average Asian
call option with d = 4 and the three construction methods.
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Figure 3: The integrand, its ANOVA terms, and their derivatives for the binary arithmetic average Asian call option with
d = 2 and the three construction methods.
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7. Concluding remarks

In this paper we gave precise results on the smoothness properties of the ANOVA terms for integrands
characterized by single kinks or jumps as they typically arise in option pricing problems. The ANOVA
decomposition indeed results in smooth lower-order terms as long as the kink- or jump-manifold is not
parallel to an axis. This may explain, at least in part, why quadrature rules like quasi-Monte Carlo
(QMC) methods and sparse grid (SG) techniques are successful for option pricing problems. Indeed, for
an integration problem

If = [ f@)de
[0,1]¢
and quadrature rules of the form

n
Qnaf = Y ouif(x)
i=1
with weights «; and evaluation points x;, the quadrature error can be written with the help of the
ANOVA decomposition (2) of f as

(Id - Qn,d)f = (Id - Qn,d)( Z fu($u)> == Z (Idfu - Qn,dfu) = Z €u,

uC® uC®» uC®»

i.e., we have a sum of error contributions e, where the d-dimensional integral and the d-dimensional
quadrature rule, projected onto a |u|-dimensional cube, are applied to the different ANOVA terms f,, of
f- The larger smoothness of the lower-order terms is exploited implicitly by the QMC methods and SG
techniques, while the contribution from the non-smooth higher-order terms might be small enough to be
neglected, if the superposition dimension of the option pricing problem is small, as suggested by [5].

More precisely, we showed that the lower-order half of the ANOVA terms of the integrand arising
from pricing the arithmetic Asian option under both the standard and Brownian bridge constructions
belong to W(gloornll)x (see Corollary 8(ii)), which is contained in the Sobolev space Wélzmllx) that is typically
considered in the theoretical analysis of QMC methods. Thus the existing theory on QMC error bounds
can be applied to these lower-order ANOVA terms. In a similar way, the lower-order one-third of the
ANOVA terms belong to WU?OOH?])X, and so on. It might be possible to exploit this higher smoothness
using higher-order SG techniques and the recent higher-order QMC methods [6, 7]. Further work is
needed in this direction.

Acknowledgements

Tan Sloan and Michael Griebel acknowledge the support of the Australian Research Council under
its Linkage International Program. Michael Griebel was the recipient of an Australian Research Coun-
cil International Fellowship (project number 1LX0881924). He was partially supported by the Sonder-
forschungsbereich 610 Singular phenomena and scaling in mathematical models funded by the Deutsche
Forschungsgemeinschaft. Frances Kuo was supported by an Australian Research Council QEII Research
Fellowship. The authors thank Markus Holtz for his assistance and help in computing the numerical
results in Section 6.

References

] R. Adams, Sobolev Spaces, Academic Press, 1975.
] K. Atkinson and W. Han, Theoretical Numerical Analysis: A Functional Analysis Framework, Springer-Verlag, 2001.

[3] H. J. Bungartz and M. Griebel, Sparse grids, Acta Numerica 13, 1-123 (2004).

[4] J. C. Burkill, The Lebesgue Integral, Cambridge University Press, Cambridge, 1975.

[5] R. E. Caflisch, W. Morokoff, and A. Owen, Valuation of mortgage backed securities using Brownian bridges to reduce
effective dimension, J. Comput. Finance 1, 27-46 (1997).

[6] J. Dick, Walsh spaces containing smooth functions and quasi-Monte Carlo rules of arbitrary high order, SIAM J.
Numer. Anal. 46, 1519-1553, 2008.

[7] J. Dick and F. Pillichshammer, Strong tractability of multivariate integration of arbitrary high order using digitally

shifted polynomial lattice rules, J. Complexity 23, 436—453, 2007.

28



[10]

P. Glasserman, Monte Carlo methods in Financial Engineering, Springer-Verlag. 2003.

M. Griebel, Sparse grids and related approximation schemes for higher dimensional problems, Foundations of Com-
putational Mathematics, (FOCMO5) (L. Pardo, A. Pinkus, E. Siili and M. J. Todd, eds.), Cambridge University Press,
2006, pp. 106-161.

F. J. Hickernell, I. H. Sloan, and G. W. Wasilkowski, On tractability of weighted integration for certain Banach spaces
of functions, Monte Carlo and Quasi-Monte Carlo Methods 2002 (H. Niederreiter, ed.), Springer-Verlag, Berlin, 2004,
pp. 51-71.

F. J. Hickernell, I. H. Sloan, and G. W. Wasilkowski, The strong tractability of multivariate integration using lattice
rules, Monte Carlo and Quasi-Monte Carlo Methods 2002 (H. Niederreiter, ed.), Springer-Verlag, Berlin, 2004, pp.
259-273.

S. G. Krantz and H. R. Parks, The Implicit Function Theorem: History, Theory and Applications, Birkhauser, 2002.
F. Y. Kuo and I. H. Sloan, Lifting the curse of dimensionality, Notices AMS 52, 1320-1328 (2005).

F. Y. Kuo, I. H. Sloan, G. W. Wasilkowski and H. Wozniakowski, On decompositions of multivariate functions, Math.
Comp. 79, 953-966 (2010).

H. Niederreiter, Random Number Generation and Quasi-Monte Carlo Methods, STAM, Philadelphia, 1992.

R. Liu and A. Owen, Estimating mean dimensionality, Technical Report, Dep. of. Statistics, Stanford Univ., 2003.
R. Liu and A. Owen, Estimating mean dimensionality of analysis of variance decompositions, Journal of the American
Statistical Association 101(474), 712-720 (2006).

S. H. Paskov and J. F. Traub, Faster valuation of financial derivatives, J. Portfolio Management 22, 113-120 (1995).
I. H. Sloan and S. Joe, Lattice Methods for Multiple Integration, Oxford University Press, Oxford, 1994.

29



