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Abstract

We propose a distributional formulation of the spanning problem of a multi-
asset payoff by vanilla basket options. This problem is shown to have a unique
solution if and only if the payoff function is even and absolutely homogeneous, and
we establish a Fourier-based formula to calculate the solution. Financial payoffs
are typically piecewise linear, resulting in a solution that may be derived explicitly,
yet may also be hard to numerically exploit. One-hidden-layer feedforward neural
networks instead provide a natural and efficient numerical alternative for discrete
spanning. We test this approach for a selection of archetypal payoffs and obtain
better hedging results with vanilla basket options compared to industry-favored
approaches based on single-asset vanilla hedges.

Keywords: Carr-Madan spanning formula, basket options, Fourier transform, iterated
integrals, measures, distributions, Cauchy principal value integral, one-hidden-layer
feedforward ReLU neural network, dispersion call, static hedging.

Mathematics Subject Classification: 91G20, 62G08, 62M45, 42B10, 46A11.

1 Introduction

The popular Carr and Madan (1998) spanning formula shows that perfect replication
may be achieved for single-asset options with twice differentiable payoffs, using an
infinite number of vanilla calls whose strikes span a one-dimensional continuum. In
honor of this formula, we refer to the practice of hedging a target payoff with a static
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Target option” Notation Payoff F(x,k) | AH variation’
Dispersion call/put DC/DP (> 75 = k) (> lmil = |k)*
Best-of call/put BOC/BOP (max; x; — k)T | (max;|z;] — |k])F
Worst-of call/put WOC/WOP (min; z; — k)* | (min, [z;] — k)
Best-of-binary call/put | BOBC/BOBP | 14 (nax; «;—k)>0 n/a
Worst-of-binary call/put | WOBC/WOBP | 1. win;z;—k)>0 n/a

Table 1: Option payoffs covered in our numerics. £k is the strike price, x
(x1,x9,...,24) is the vector of asset performances (price ratios or returns), z
max(0,+z) is the positive or negative part of z.

Notes: ~All options trade on over-the-counter financial markets, either directly or as building blocks
for structured products (Bossu, 2014; Schofield, 2017). T Absolutely homogeneous (AH) variation of the
payoff formula, provided in view of Theorem 3.4.

portfolio of vanilla payoffs as “spanning” throughout this paper. Bossu, Carr, and
Papanicolaou (2022) and Bossu (2022) spearheaded similar perfect spanning formulas
for ¢? dispersion options and more general multi-asset absolutely homogeneous payofs,
using an infinite number of vanilla basket calls whose weights span a multidimensional
continuum. Specifically, given a target European payoff function F(z1,...,x4,k) of
d underlying asset performances x; (terminal price ratios or returns) and moneyness
parameter k, one possible formulation of the continuum spanning problem in strong
form is to find a combination of cash, underlying asset and vanilla basket options in
respective quantities o, pj, v(...), such that

d
F(:z:l,...,md,k):a+2ujxj
J=1 4 + (1.1)
+/.../y(w1,...,wd) Y wirg—k | dwy...dwg, forall zy,..., x4,
j=1

+
wherein wq, ..., wy are the asset weights of the basket call payoff <Z;-l:1 wjrj —k

The primary aim of this paper is to deal with the delicate mathematical regularization
aspects identified by the aforementioned authors. To this end, we introduce a weak
formulation of the continuum spanning problem to allow for distributional solutions in
a rigorous setting.

In practice, only a finite number of basket calls and puts may be traded and span-
ning is imperfect. On top of contributing to the above theory, we study how a European
multi-asset payoff may be partially hedged with a finite combination of cash, underly-
ing assets, and vanilla basket calls and puts, corresponding to a discretization of the
right-hand side of (1.1). For the selection of archetypal payoffs listed in Table 1, we use
neural network training techniques to empirically investigate how the discrete spanning
error

d n ) ) n
F(z1,...,xq,k) —a — Z,ujxj — Z Vi (wgl)m + w((;)wd — kz) (1.2)
j=1 i=1

may be minimized with respect to some error metric such as MSE (mean squared



error) for optimal quantities o of cash, p; of underlying assets 1 < j < d, and v;
of basket option payoffs 1 < ¢ < n with associated basket weights wgz), . ,wl(;) and
moneyness parameter k;. The expressiveness power of the neural network family is well
known in theory and in practice, and constitutes a particularly convincing paradigm
for discrete spanning since (1.2) corresponds to the prediction error of a one-hidden-
layer feedforward neural network. Incidentally, the Carr and Madan spanning formula
can also be found in the neural network literature (see Savarese, Evron, Soudry, and

Srebro, 2019, Eqns (15)—(17)).

1.1 Background and Review

The static hedging of a complex and illiquid payoff with more liquid instruments is
useful to derivatives practitioners for price discovery, trading, and risk management
applications. The topic of multi-asset payoffs has gained in popularity over the past
decade in the academic literature. ilhan, Jonsson, and Sircar (2009) study the problem
of optimally hedging exotic derivatives positions with dynamic and static trading strate-
gies when the performance is quantified by a convex risk measure. Carr and Laurence
(2011) express the joint implied distribution of several underlying assets x1,...,z4 at
time 7' as an inverse Radon transform of basket call prices with maturity 7" and de-
rive a multi-asset version of Dupire’s formula. Alexander and Venkatramanan (2012)
derive analytic pricing approximations for European basket and rainbow payoffs using
a decomposition as sum of compound payoffs. Molchanov and Schmutz (2014) show
how the joint implied distribution may be recovered from best-of option prices, and
investigate various symmetries of multi-asset derivatives. Cui and Xu (2022) derive a
multi-asset extension of the Carr and Madan (1998) static replication formula in the
form of multiple integral of products of call payoffs. Chiu and Cont (2023) propose
a model-free approach to determine the superhedging cost of path-dependent payoffs,
including Asian options.

In the machine learning literature for finance, Lokeshwar, Bhardawaj, and Jain
(2022) propose the use of neural network techniques for semi-static hedging of path-
dependent exotics with short-term options. Lyons, Nejad, and Arribas (2020) use “sig-
nature payoffs” to approximate path-dependent exotic derivatives payoffs. Antonov
and Piterbarg (2022) discuss alternatives to neural networks for financial function ap-
proximation with an emphasis on linear regression concepts.

1.2 Standing Notation and Organization of the Paper

We write 14 x (+) for (+) if the Boolean expression A is true, and 0 otherwise (even if (-)
is not defined when A is false, in accordance with the Iverson bracket definition). We
use boldface for vectors. We denote by R* , R, and R* the sets of positive, nonnegative
and nonzero real numbers, respectively. We write lim,_,o4 for the limit when x goes
to 0 in R . For any positive integer ¢, vector z € R? and index j € 1..q, z; is the
subvector excluding the jth coefficient of z, z<; € R’ is the subvector of the first j
coefficients of z, and z-; € R97/ is the subvector of the last ¢ — j coefficients of z
(with z~, = Q); ||z||;, ||z]|, = |2|, and ||z||, are respectively the ¢!, 2 (Euclidean) and
£*° (maximum) norms, and for any other vector z’ € R?,z - z" is the dot product. We



denote by F the Fourier transform operator, with i = —1 (see Section B for further
notation and details). Unless indicated otherwise, we work with real-valued functions,
measures, and distributions, and their corresponding vector spaces and linear forms; in
particular:

e LP(R?), for p € [1,+00), the space of Lebesgue-measurable functions on R? such that

1l = (Jra [FGOIP )77 < oo

e C(R?), the space of infinitely differentiable functions over RY;

e S(R?) C C*(R?), the space of Schwartz functions over R?, i.e. ¢ € C>*(R?) such
that ¢(z) and each of its derivatives vanish faster than any inverse power of |z| as
|z| = 0o (Ramm and Katsevich, 1996, page 395), (King, 2009, page 480);

e D(R?) C S(R?), the Schwartz subspace of functions with compact support;

o (T,p), or (T4, p(z)), when there may be ambiguity about the variable, the action
of a distribution 7" over a Schwartz function ¢ € S(R?) (generally, the action of a
linear form on a test function in an appropriate functional space);

o (v(dz), ¢ = [y , the integral of p € S(R?) with respect to a measure
v on ]Rq ) whenever thls 1ntegral is well defined (e.g. for v(dz) = f(z) dz for f locally
integrable), and v(dz), the corresponding linear form S(R?) 5 ¢ — (v(dz), ¢(2)),;

e (0a(dz), f(z)), := f(a), the Dirac mass at point a € RY of any function f:R? — C;

o <Z —, (2 > = f2°_ 42 5(2), for ¢ € R, the Cauchy integral of Lp() , for p € S(R),

o Zz— C
and % the corresponding principal value distribution S(R) 3 ¢ +— <Z—fc,<p(z)>z

(see Section A for further notation and details).

The paper is organized as follows. Section 2 poses a weak, distributional formula-
tion of the continuum spanning problem and examines its correspondence with strong
formulations. Section 3 shows that a unique solution exists if and only if the payoff
function is even and absolutely homogeneous, and provides a Fourier-based formula
(3.3) for its calculation. Section 4 derives explicit solutions of function-, measure-, and
principal value-type for specific payoff examples. Section 5 showcases how feedforward
neural networks, which have a natural interpretation for discrete payoff spanning, may
constitute an effective numerical method compared to other restricted spanning strate-
gies. Section 6 gives our conclusions and perspectives for future research. The most
technical proof of the paper is built upon Sections A and B and deferred to Section C.

2 The Continuum Spanning Problem

In dimension d = 1, the Carr and Madan (1998) spanning formula states that any twice
differentiable European payoff function F(z),z € Ry can be perfectly replicated by a
“continuous portfolio” of vanilla calls in quantities F”(K)dK with strike prices span-
ning the continuum K € R, together with fixed cash and underlying asset positions
in ad-hoc quantities, as

F(z) = F(0) + F'(0)z + /Ooo(x ~K)tF'(K)dK, =z €R,. (2.1)

4



It is worth observing that the regularity condition on F' formally excludes most financial
payoffs, such as a simple straddle payoff F'(x) = |« — 1| which is not differentiable at
x = 1. To reconcile the trivial replication identity “long straddle = long 2 calls, short
1 forward contract” with the Carr-Madan formula, we may write

|9c—1|:—(93—1)+2(33—1)+:1—:C+2/ (r — K)T01(dK), x€R,.
0

Here, a theoretical extension is needed to give definite meaning to such statements as
“F"(K)dK = 261(dK)” in order to match (2.1). This is the aim of Sections 2 to 4 of
this paper, in general dimension d > 1 for which solutions become nontrivial.

Bossu, Carr, and Papanicolaou (2022) and Bossu (2022) explored replication identi-

ties for European multi-asset options with absolutely homogeneous payoffs F'(Ax, \k) =
|A| F'(x, k) for A € R*, such as

F(x,k) = /Rd(w X — k) Tv(dw), x € R%, (2.2)

where k is a real parameter and v(dw) is the quantity of vanilla basket calls with basket
weights w spanning the continuum w € R% In this multidimensional version of the
spanning problem, the cash and asset terms a + p - x are moved to the left-hand side
and inside the arbitrary target payoff function F(x,k) for ease of writing. Section D
shows how the Carr-Madan formula (2.1) may be rewritten as (2.2) for d = 1 under
specific conditions.

2.1 Weak Formulation of the Continuum Spanning Problem

Our continuum spanning results are established in general dimension d > 1 for a class
of distributions which are not necessarily of measure-type. This theoretical extension
is necessary to give precise mathematical meaning to spanning solutions found for even
simple financial payoffs, such as formula (4.7) for the dispersion call in dimension 2.
To this end, we define the function set

So = {¢po € CX (R, ©); ¢o(x, k) = e "Fh(x) for some r € R* and h in S(R?)},
and vector spaces
S. = {@. even in S(RY)},
Se = {$e € C¥(RY); e = pe — ¢e(0) for some ¢ € S}

Note that S, and X, are isomorphic via the maps

Se — X
Pe — Pe — pc(0) (2.3)
e — Tim g — g,
wherein lime, ¥e := lim 1).(w). This one-to-one correspondence is illustrated in the

|w|—o00

left panel of Figure 1 for d = 1.



(lwz| — [k|)T, with w = 1

Figure 1: d = 1. (Left) One-to-one correspondence (2.3) between the example functions
¢e(w) = e7*” and Ye(w) = ew* — 1. (Right) “Basket call” payoff F(z, k) = (Jwz| —
|k|)* in dimension d = 1 used in the spanning formula (2.7) with w = 1.

Lemma 2.1. (i) For any ¢o(x,k) = e *"h(x) € Sy (with r # 0 and h € S(RY)), the
function

Y(w) = —r? /Rd dx/de:(w x| — |k|)+gb0(x, k)= 2/]1@ dxh(x)(cos(w-x) —1) (2.4)
18 1N .
(ii) The linear operator
S() — 26
oo eiwor [ (el = ) o ) didx
]Rd""l

1s well defined.

(2.5)

Proof. (i) For any ¢o(x,k) = e *"h(x) € Sy with 7 # 0 and h € S(R?), by definition,

1 .
—T—Qw(w) = /Rd dxh(x) /dee”kﬂw x| — ]k\)+ = /]Rd dxh(x)Fp. [ (|w - x| — \k|)+] (r).

Substituting (B.2) for the Fourier transform of the basket call above,
Y(w) = 2/ dxh(x)(cos(w - x) — 1)
Rd
= / em™Xh(x) dx + / e TV Xp(x) dx — 2/ h(x) dx,
Rd R4

Rd
which establishes (2.4). From lim|y|_ o [pa €™ *h(x)dx = 0 (sce Remark B.2), we
get limoo ¥ = —2 [ h(x) dx. Let ¢ = ¢ — limeo 0. Then p(w) = [pq €™ *h(x) dx +
Jga €™ XR(x) dx is even, and in S(R?) as a property of Fourier transforms (Kanwal,
2004, Theorem 2 page 143). Therefore, ¢ belongs to S, and 1 belongs to ¥, in view
of the bijection (2.3).
(ii) proceeds immediately from (i) since r # 0 and 9. = —v/r2. O

Throughout Sections 2 to 4, the target payoff function F' satisfies the following



regularity condition:

Assumption 2.1. The payoff function F(x, k) is continuous in x, in k, and such that

/ dx dk|F(x, k)h(x)| < co, h e S(RY). (2.6)
Rd+1

Observe that the above continuity assumption is less restrictive than the Carr-Madan
differentiability condition in dimension d = 1. The following distributional equation is
then a weak formulation of the continuum spanning problem.

Problem 2.1. Given a target payoff function F(x, k) satisfying Assumption 2.1, find
a linear form N on ¥, such that

/Rd dx /]R dkF (x, k)do(x, k) =

(2.7)

(Now [ x [[ak(w:x = 6) ou(x 1)) . on € S

or, equivalently by correspondence (2.3), find a linear form 7" on S, such that
(N,0e) := (T, pc), where 1h = . — ¢e(0), (2.8)

solves (2.7).

Remark 2.1. (i) If such T is continuous for the topology of S(RY), it defines a distri-
bution on S, (Kanwal, 2004, Definitions page 22).

(ii) By Lemma 2.1(ii), for any ¢o(x, k) € Sy the function w — [pq dx [p dk(|w - x| —
k) "o (x, k) is indeed in 3.

(iii) The operator Ngw represents the quantity of basket call payoffs (|w x| — |k‘|)Jr for
each vector w of basket weights across the R? continuum. Note that (|w - x| — ]k\)Jr =
(w-x— ]k:\)Jr +(—w-x— ]k;\)Jr, which actually corresponds to two proper basket calls
with opposite basket weights w and —w and identical nonnegative strike |k| (see the
right panel in Figure 1).

2.2 Recovering Strong Solutions from Weak Solutions

Proposition 2.3 below shows how the weak formulation (2.7) coincides with a strong
formulation of the continuum spanning problem (2.2) when the solution Ngy is a
measure-type distribution v(dw) (see Remark 2.2). We begin with the following Dirac
approximation lemma.

Lemma 2.2. Let h, € D(R?) be the sequence of functions with support inside {||x||, <
1Y given as

d
1
=1 g

where ¢, is a normalizing factor such that [pa hn(x)dx = 1. Then [pq dx hy(x)g(x) —
g(0) as n — oo, for any function g : RY — C which is continuous at the origin.



Proof. h,(x)isin D(R?) as (normalized) product of functions R > z; 1. |<1exp (—

ﬁ) € D(R) (Kanwal, 2004, Lemma 2 page 181), and the support of h, is in-
side {ZHXHOO < 1} by (2.9). By continuity of g at the origin, for any € > 0, there
exists n. such that [g(x) — ¢g(0)] < € holds on {||x||, < n%} Hence, for n > n,,
| [pa dx ha(x) (g(x) — g(0))| < f{Hme<n%} dx hy,(x)|g(x)—g(0))| < € since h,, integrates
to 1. O

Proposition 2.3. If a solution N to the weak spanning problem (2.7) exists in the form
of an integration operator on . against an even measure v with finite second moment
Jga [WPv(dw) < oo, then the following strong, pointwise representation holds:

F(x,k) = /Rd(|w x| — |k])Tr(dw), (x,k) € R x R. (2.10)

Proof. Let ¢o(x,k) = e "Fh(x) € Sy with 7 # 0 and h € S(RY). Substituting
Naw = v(dw) into (2.7),

/RddX/deF(ka)%(x?k) :/Rd v(dw) /Rddx/deqw-xy— k) Fdo(x, k). (2.11)

The second moment condition on v together with the Cauchy-Schwarz inequality im-
plies

/Rd dx[h(x)]/ﬂ§d+l(\w‘x| — k) Tr(dw) dk < /Rd dx|h(x)

2 2
< [ axinGalx [ pwlvaw)

which is finite for all » € S(R?) (Kanwal, 2004, Theorem page 141). By dominated
convergence left and right in (2.11) (due respectively to (2.6) and the above inequality),
(2.11) also holds for r formally set to 0 in ¢g. Replacing ¢o(x, k) with e~ "™*h(x) in
(2.11), where r € R may now be 0, and reordering integrals,

/dee—“”k /Rd Ax F(x, k)h(x) :/dee—i’”k /Rd v(dw) /Rd dx(|w - x| — [k|) Th(x).

Recognizing Fourier transforms over k,

]:k[/RdF(x, F)h(x) dx| :fk[/Rd dxh(x) /Rd w(dw) (jw x| = K1) ].

Since the Fourier transform with respect to k is injective on L*(R) (see Remark B.2),
we recover for all h € S(R9):

= XN\X rviaw W - X| — + .
[ Focbnx)dx = [ axh) [ viaw) (x| k) (212)

dk-almost everywhere. For each k satisfying (2.12), by continuity in x of F'(x,k) and
Jgav(dw) (lw - x| — \l<:|)Jr , taking h(x) = hy(x — x¢) and n — oo by Lemma 2.2, we
recover F(xo,k) = [pa(|W - x0| — |k])Tv(dw) for any x € R%. The validity of (2.10)
then follows by continuity in k£ applied to both sides. [

| (w - x)*v(dw)
Rd

Remark 2.2. For fixed k > 0, (2.10) can be seen as a variation of (2.2) up to a doubling
factor. Indeed, substituting (|w-x|—|k|)* = (w-x— k)T + (—w-x— k)" and splitting



the integrand,
F(x,k) = / (w-x—k)Tv(dw) + / (—w-x —k)Tv(dw).
R4 R4

Substituting w — —w then v(—dw) = v(dw) into the second integral above,
F(x, k) :2/ (w-x — k)Tv(dw), xR keR,.
R4

If N is not induced by a measure, then integration over k and the action of N do
not necessarily commute and the proof of Proposition 2.3 no longer works. Hence, in
general, strong representations of the form “F(x,k) = (Naw, (|w-x|— ]k\)+>w, (x,k) €
R¥1” cannot be readily obtained from (2.7). Nevertheless, we have the following
regularized representation.

Proposition 2.4. For any linear form N on ¥. solving (2.7), if k — F(x,k) and
its Fourier transform r — Fy[F(x,k)](r) are both in L'(R) for each x € RY, and
x — F[F(x,k)](r) is continuous on R? for each r € R*, then the following strong,
pointwise representation holds dk-almost everywhere, for each x € R%:

F(x,k) = F.! [nli_)rgo 1,0 <NdW7/Rd dyha(y — x)Fs [(!w -yl - \ﬁl)ﬂ (7")>

where hy, is the sequence of Dirac approzimation functions in (2.9).

@,

w

Proof. Let ¢o(x,k) = e7"Fh(x) € Sy with r # 0 and h € S(RY). Substituting into
(2.7),

/Rd dxh(x)/de:F(x, k)e ik = <Ndw,/Rd dxh(x)/de:(]w-x| - |k:|)+e_i”‘“'>w.

Recognizing Fourier transforms, replacing x with y on both sides and k with « on the
right-hand side,

[y FF ] ) = (Naws [ ayhi) (vl = 1) ] )
Let x € R?. Substituting h(y) = h,(y — x),
[ vty =07 [F 0] ) = (Now [ ayaly =07 [(we 51 16 ] )

Taking n — +o00, by Lemma 2.2 the limit of the left-hand side exists as F [F/(x, k)] (r),
and thus on both sides as

Fi[F(x,K)](r) = lim <Ndw,/Rd dyhn(y — x)F [(\w-yy—w)*] (r)> 0.

n——+o00 W

w

w

As such, the functions R > r — F [F(x, k)] (r) and

e o tim (N [ asiuty =07 (w31 - 1) *] )

coincide on R*. The inverse Fourier transform of r — Fj[F(x,k)|(r) exists as k —
F(x, k) (see Remark B.2), hence both functions admit inverse Fourier transforms, which
coincide as functions in L'(R) and therefore dk-almost everywhere. [J

w



3 Solution to the Continuum Spanning Problem

Lemma 3.1. The following identity holds between any two bijectively related test func-
tions we and he = —%]—"_lgoe that are both in Se:

we(w) = pel) = () = [ o) [ e (x| = [K]) (3.1)

Proof. Let ¢, € S.. By the Fourier inversion theorem (see Remark B.3), ¢.(w) =
FIF Yoo (x)](w) = —2/ e XWh,(x) dx. Because h, is even,
Rd

putw) == [ b [ dx =<2 [ costx wha(x) de

/ dx/dkelkh )(|w - x| — |k‘)+—2/ dxhe(x),
R4

where we used (2.4) with r = —1 in the last step. Substituting k — —k and

9 /R dxhe(x) = /R AX(FTe0)(x) = FF0(0) = .(0),

then rearranging terms yields the required result. [J

(3.2)

Corollary 3.2. The function space {w — [pqdx [ dk(jw - x| — |k\)+¢0(x, k) ; ¢o €
So} coincides with ¥, and Problem 2.1 admits at most one solution.

Proof. This space is a subset of ¥, by Lemma 2.1(ii), and a superset by Lemma 3.1.
Hence any two solutions N and N’ to Problem 2.1 coincide on their entire domain X,
ie. N=N'.0O

Definition 3.1. The payoff function F(x, k) is said to be of class (AH) if it is absolutely
homogeneous in (x, k) and even in both x and k, i.e.

F(\x,Mk) = |\ F(x,k),A € R*, and F(x,k) = F(x,—k) = F(—x,k), (x,k) € R¥*%,
Remark 3.1. Examples of absolutely homogeneous payoffs can be found in the last
column in Table 1, page 2. By continuity of F' in x or k postulated in Assumption 2.1,

the payoff function must vanish at the origin, since e.g. F'(0,0) = lim,_,o F(0,1/n) =
lim,, 00 1/n F(0,1) = 0.

3.1 General Weak Solution

Lemma 3.3 (and definition). Given a payoff F(x,k), the associated linear forms
NE TF below are well defined:

(Nfo Velw)),, = (T el >> = =5 | F e GO RIF(x B)()

=— / dx/ dwel? )/dkeikF(x, k),
27'(' R4 Rd R

(3.3)

for any pe € Se,the = pe—pc(0) € Se. If, in addition, dx Fi[F(x,k)](1) = dx ([ dkF(x, k)e ¥)

is a function-type distribution on S(R?), then T is a distribution on S..
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Proof. Observe that F~ 1y, € S, for any ¢, € S, (Milton, 1974, Theorem 3.3 and 4.1).
By Assumption 2.1, [pqdxF le(x)Fi[F(x, k)](1) is therefore well defined for any
@e € Se, and it is linear in .. In addition, if ([ dkF(x, k)e~**)dx is a distribution on
S(RY) and thus on S, (Milton, 1974, Theorem 4.4), because F~! is a continuous linear
operator on S(RY) O S, (see Remark B.3), the right-hand side of (3.3) is continuous
with respect to . € Se, hence T'F given by (3.3) defines a distribution on S,. O

Theorem 3.4. Problem 2.1 admits a solution N, or equivalently T' by correspondence
(2.8), if and only if the payoff F(x,k) is of class (AH), in which case the solution is
unique and given by (3.3).

Proof. The uniqueness of a solution to Problem 2.1 was established in Corollary 3.2.
(=) Suppose that a solution T to (2.7)-(2.8) exists, and let ¢ € Sp and A € R*. The
function (x, k) + ¢o(A~'x, A\"1k) is again in Sy and may be substituted into (2.7) to
obtain

/ dx/dkF(x, EYpo( A tx, A 1k) =
R4 R
<Ndw,/Rd dx/de(\w-x]—\k!)+¢0()\_lx,)\_lk)>

By linear change of variable (x, k) — (Ax, Ak) on both sides, and absolute homogeneity
of (lw-x| = [k|)" in (x, k),

/Rd dx/de:])\]_d_lF(/\x, k) do(x, k)
- <Ndw,/Rddx/de:])\|_d_1(|w-)\XI—|)\k‘|)+¢0(xak)>
= ¢ (N [t [ k(x5 ))
= |)\|d/Rd dx/de:F(x, k)po(x, k),

where we substituted (2.7) in the last step. Multiplying both sides of the above by
‘)\‘d-&—l’

(3.4)

w

w

/R dx /R Ak F(AxAR) do(x, k) = A /R dx /R dkF(x, B)go( k), (3.5)

which holds for any ¢g € Sy, and also for r formally set to 0 in ¢g as a result of
dominated convergence left and right in (3.5). By the same reasoning that concluded
the proof of Proposition 2.3, we recover F(Ax, A\k) = |A|F(x, k) for all (x,k) € R+,
In addition, (x,k) — ¢o(x, —k) and (x, k) — ¢o(—x, k) are also in Sy, and we similarly
obtain F(x, k) = F(x,—k) = F(—x, k) for (x, k) € R4, Therefore, F is of class (AH)
as required.

(«=) Suppose that F is of class (AH), and let 9 € 3¢, @ = Ve — lime ¥, and r € R*.
By absolute homogeneity of F(x, k), we may substitute F(x,k) = |r| F(r~'x,r~'k) in
(3.3) to get

(NE, pe(w)). = —= / dx / Ak|r|F(rx, 7 e)e * F 1, (x).
w 2 Jrd R

11



By linear change of variables (y, k (r~ix,r1k),

(NE do(w)) = —2 / dy / dslr "2 F(y, 1) T F o (ry).  (3.6)

By Lemma 3.1 with h, = —7]-" ©e, the left-hand side satisfies

(NE, l(w) <Ndw, [ ax [ ave i rw-x|—|k|)+>

R4 w

—<wa,|r\d+2 [av ] dmeimhe<ry><rw-yr—|nr)+> |
Rd R

w

(3.7)

where we applied the change of variable (x, k) — (y, x) = (r~!'x,77'k) in the last step.
Connecting with (3.6) and dividing both sides by |r|*"2,

/Rd dY/Rd/‘ﬂF(y,n)e—imhe(ry) = <wa,/Rd dy/Rdne_imhe(ry)Qw.y _ ,H)+>W (3.8)

which holds for any he(ry) = —3F "lpc(ry) € Se. In addition, for any h, odd in S(R?),
the even-odd product F(y, k)ho(ry) is odd in y, so that

/ dy/dkaF(y7 K)e " hy(ry) :/d/ieim/ dy F(y,k)ho(ry) =0
R4 R R R4

as the dy integral over R? of an odd function vanishes. Consequently, replacing he by
any odd function h, to the left-hand side of (3.8) yields 0, and the equation thus holds
for any h € S(R?), so that N* solves (2.7) as required. [J

3.2 Connection With Radon Transform

In general, the integrals in (3.3) may not commute, so that the solution 7' (or N) is
not necessarily “of function-type”. The following proposition connects our Theorem
3.4 with the approach of Bossu (2022) based on Radon transforms and the Fourier slice
inversion formula (3.10) in the Lebesgue-integrable case:

Proposition 3.5. Let F be a payoff function of class (AH) which is L*(R) in k and
such that Fx[F(x,k)](1) is L'(RY) in x. Then:

(i) The corresponding solution (3.3) to Problem 2.1 is of function-type Tt = f(w)dw,
where

Fw) = 5 P [RIF G BI)] (w): (39)

(ii) If F(x,k) is n-times continuously differentiable against k and all the derivatives
are LY(R) in k, then we may replace F by (—i)"0%. F in (3.9), e.g., for n =2,

1__
fw) =57 HFrl03: F (x, B))(1)] (w); (3.10)
(iii) If OpF,0%F exist and are L'(R) in k, and 0% F(x,k) is the Radon transform
Ry(x, k) defined below of some function g € LY(R?), then f = g almost everywhere:

1, k—xXyj-y4j
Ry(x, k) = 22 g (yej, 2Ly ) dy 4, (3.11)
|zj| Jra-1 xj

which is independent from the choice of j such that x; # 0, for any x # 0 (Rubin,
2015, page 130).

12



Proof. (i) All integrands being now Lebesgue-integrable, for any ¢, € ¥, and ¢, such
that 1. = pe — ©e(0), we may reorder integrals in (3.3) to get

(T pe(W)),, = —% /R ) dwsoe(W)(z}T)d /R e /R dke *F(x, k)
- _;/ dwepe (w)F ' [Fr[F(x, K)](1)] (w),  as required.
Rd

(ii) follows from the derivative rule for Fourier transforms applied to Fi[F(x, k)](1)
(Iosevich and Liflyand, 2014, Theorem 1.8 page 12).
(iii) Substituting 302, F(x, k) = Rg(x, k) and (3.11) into the right-hand side of (3.10),

1 __ 1 iw-x —i
fw) = 57 AR PN W) = o [ axe™ [ ake ™ [y itayloty)

S d IW-X dk 11@73‘é D TFx T 7Ix . d .
(2m)d /Rd xe /]R e EN Rd_lg <Y<Jx, z; Yk | AY £

where jx measurably picks a nonzero coordinate of x (i.e. z;, # 0), for every x # 0.
By change of variable k — y;, = E=X2ix Y2ix for each x # 0,

Tjx
1

- - d iw-x du.: d . _—ixy
f(w) ) /Rd xe /R Yj /Rd1 Vil Y 9(y)

1 iw-x —ix- _

Remark 3.2. Proposition 3.5(iii) is tantamount to saying that f(w) is the inverse Radon
transform of 197, F(x, k), in agreement with the solution derived in Bossu (2022, Sec-
tion 3) for the related strong spanning problem (2.2) when v(dw) = f(w) dw.

X

4 Explicit Examples

In this section, we provide explicit solutions to Problem 2.1, encompassing the function,
measure and principal value types that may be encountered depending on the regularity
of the target payoff F.

4.1 Smooth Payoff Function

_ k2
Let G4(x,k) = 1xzo|x|e ** be a smooth payoff function. This payoff does not trade
but provides a valuable example where the solution is of function-type and available in
closed form, as shown below.

Proposition 4.1. For FF = Gy, Problem 2.1 admits the unique solution Tf“‘f =

2
x|

ga(w)dw on S, and vai = ga(w)dw on 3., where g4(w) = —@f;l [1x[2e™ 2 | (w).
In particular,

g1(w) = 67w2(2w2 —1), ga(wy,wy) = j%eWQ(’wF - 1), W

1 o2
g3(wi, we, ws) = € Wi (2w|? - 3).

13



Proof. The function G is of joint class C*°(R4*1), (AH), and L' (R) in k. By Kammler
x|

(2008, Example page 139), Fi[Ga(x,k)](1) = /7|x|?e” 2 is L'(R?) in x. Hence
F = G satisfies the assumptions of Proposition 3.5(i), and the corresponding solution
TG4 is of function-type vag = gq(w) dw with

NG |2

aulw) = =375 [FulGatx, D] () =~ A P | )

The expressions for g1, g2 and g3 given in (4.1) can be obtained by Hankel transform
computations (Iosevich and Liflyand, 2014, Theorem 4.1 page 93). In addition,

NZS Jx|?

/R galw)dw = Fga(0) = ~ x| =0, (4.2)

2
Consequently, for any pair (e, ¥.) in correspondence (2.3), we have [ ¢c(W)gq(w) dw =
Jg ®e(W)ga(w) dw, so that Nf‘g = ¢g4(w) dw holds on ¥, as required. [J

x=0

Corollary 4.2. The following strong spanning formula holds, for the solution g4 given
in Proposition 4.1:

Gulx. ) = [ (3x-wl = Ik Fga(w) dw, (x.F) € RO, (4.3)

|x|2

Proof. Since [x[?e” 1~ € S(RY), gq(w) is also in S(R?) and thus [, [w|?|ga(w)|dw <
oo (Kanwal, 2004, Theorem page 141), yielding that the even measure Ngyw = gq4(W) dw
has finite second moment. (4.3) then follows by an application of Propositions 4.1 and
2.3. 0

Remark 4.1 (sanity check). For d = 1, we may verify by the following direct computa-
tion that, for (z,k) € R* x R,

/R (lzw] — [K])* g (w) duw = /I (Il — [K]) g (w) duw + / et = g () o

= 2/];| (|£L‘|w - |k|)g1(w) dw = /’;I (|3:|w _ |k:|)e_w (2w2 . 1) dw

— e (2uw|z| + |z] — 2kw)| ., = |zle”* = Gi(a, k)
= k| — — 14y )

]

while [p(Jzw|—[k|)Tg1(w) dw = G1(x, k) = 0 for z = 0. In dimension d = 2 and d = 3,
(4.3) may be verified by change of variables to polar coordinates.
4.2 Dispersion Call

For d > 1, let
+

d
Cabe k) = [ S lesl = Il | = (Il = [6]) ", (x, k) € R4 (4.4)
j=1

denote the absolutely homogeneous variation of the ¢! dispersion call payoff listed in
Table 1, page 2. This type of payoff trades on exotic derivatives markets (Bossu, Carr,
and Papanicolaou, 2022, Figure 1).
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Definition 4.1. Let S, C S. be the Schwartz subspace generated by functions of
the form p(w) + ¢(—w) where ¢ € S(R?) is multiplicatively separable, i.e. p(w) =
T, @i(w;) for ¢; € S(R),i=1,...,d. (Ford=1,S, = S..)

(i) By Definition A.2(iii) and Lemma A.2, we define the following maps, where c is a
constant and ; € S(R) for every i,j € 1..d:

<(5c(dwj) H widfle’H%(wi)> = pj(c) H ]l d Lpi(wy),

iel..d\{j} i€l..d\{j}

(o 1t e wz> - 3

c Wy
ie1..d\ {j}

> dw; ( dw;
e LR B = (D)
oo Wi —C erd\ ) - wl:I:w]
and, in line with the distributivity principle,

<(51<dwj>+5_1<dwj>) I ,—widf};j),¢e<w>> S

ietaygy T w
3 ei ( Oc(dwy) ] _dwi Pe(W)
I w; + giw;’ ’
ce{-1,1} 1€l..d\{j} w
(ei)ic1..ar {53 {1,141 (4.6)
dw; dw; dwi dwi
(Gl ) T (e -t )em) -
dw; dw;
Z €i<w-4fc H m7¢e( )> s Ge € Se,
ce{-1,1} J i€l.d\{j} ' o w
(ei)ic1..an {5y €{—1,13¢71
which we both extend by linearity as linear forms on Se.
(ii) We denote by T the following linear form on S,:
° lew = %(51((1’11)) + %5_1((1’11)) s
1 dun dwn dwsy dwo
= () ey
4 \w; +1  wi— 1/ \wy+w; wy —wy (4.7)
+ L( dwz i dw2 )( dw1 _ dw1 ) )
Ar?2 \wy +1  we — 1/ \wi +wy w1 —we
e more generally, for d = 2] — 1 odd or 2] even (with [ positive integer),
~1) 1 d dw; dw;
pr_ CU &1 (dw;) + 6_1(dw; - '
dw (27T)d jz; < 1( w]) + 1( w])) 161];[\{‘} wi+wj w; — w;
= 1€l J
(4.8)
- ( < dw; dw; ) H ( dw; dw; ))
dw - d _ . . s —wa /)
1 w]+1 el d\ () w; + wj W; — W

Remark 4.2. The underlying combinatorial structure of 7% is apparent in (4.6). In
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particular, 7% embeds a sum of d x 2¢ products and/or iterations of Cauchy integrals.
For large d (e.g. d > 20), the corresponding quadrature would be numerically infeasible.

Proposition 4.3. For F = C,, Problem 2.1 admits a unique solution T, which is a
distribution on Se, namely the continuous extension of T¢ — 6o to Se. In particular,

(153 6cw)) = (Tdy 6e(wW)) = 6:(0), 6. € 5. (4.9)

Proof. The function Cy is of class (AH) and, by equivalence of finite-dimensional
norms, there exist positive constants B, M such that

‘ / dkCa(x, k)e
R

Consequently, the function x +— [dkCy(x,k)e™* induces a distribution on S(RY)
(Friedlander, 1998, Eqn. (8.3.2) page 97). Hence by Theorem 3.4 and Lemma 3.3
the corresponding unique solution T defines a distribution on S.. The subspace of
D(R%) generated by functions of the form Hle vi(x;), vi € D(R),i=1,...,d, is dense
in D(R?) (Kanwal, 2004, Lemma 2 page 181), which itself is dense in S(R?) (Kanwal,
2004, Remark page 140). As a result, S, is dense in S,.

Turning our attention to (4.9), for ¢, € ¥, and ¢, such that . = e — ¢.(0), (3.3)
yields

ol < / dk(lx]); — k)" = [x]? < B(1+ [x)™, x € R%  (4.10)
R

<ch,¢e( )>w - —;/Rd dx/de:Cd(x, ke k FLo, (x)

1 (4.11)
=5 | axF oA Il — 4]0,
Rd
Substituting (B.2) with ¢ = ||x[|; and r =1,
(NGavew)), = [ P ) cos ], — 1) =
R (4.12)

1 ) 1 ;
_/ dxf‘lcpe(X)+2/ dxe_1||x||1]_—_1%(x)+2/ dxellxh 710 (x).
R4 R4 e

As shown in Section C, for ¢, = ¢e € S,

1 - 1 .
3 /]Rd dxe X F=1g,(x) + 3 /Rd dxell*lh F=1g,(x) = <Tc‘liw,¢e(w)> : (4.13)

w

Plugging [pa dxF ¢e(x) = ¢c(0) and (4.13) into (4.12),

(Tdvs de(w)) = 6e(0) = (NG velw)) = (T6apelw)) = (Tfi,6e(w)) (4.14)
which proves (4.9). O
Remark 4.3 (sanity check). For d =1 and T% = (61 + 6_1), (4.14) yields

(N vuw),, = (T ) = 0.0 = (G00000) - 0-s@w))60) = 6u00
— <;((51(dw) + (5—1(dw))7¢e - ¢e(0)> = %(%(1) + %(‘1)):

w

hence Ngulj = 2(61(dw)+0_1(dw)) on ¢ (recalling that S = S ford = 1). Since N is
a measure-type distribution with finite second moment 3 fR (61 (dw) +6-1(dw)) =1,
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we recover via Proposition 2.3 the trivial spanning identity, for (z, k) € R?,

(12l — K" = (NG, (el = l)*) = 2 ((al = D + (1 = o] = K)¥).  (4.15)

In higher dimension d > 2, the distribution 7¢? is not of measure-type and there
is no strong spanning representation readily following from (2.7). However, by (B.2),

Fr |:(|W -yl — |/{\)+} (r) = H*W, which is continuous in y. The strong repre-
sentation from Proposition 2.4 is thus applicable and can be turned into the following

more explicit representation, derived for ease of writing in dimension d = 2 only.

Lemma 4.4. For any r € R* and multiplicatively separable h € S(R?), letting 1 (w) =
fRQ dyh(y)Fe [(Jw - y| = |6])T] (r) and ¢pe := e — limog e, then ¢ € Se and

2
T2 e/ — Pe 0)=— dyh
(1.60) = 6:(0) = = [ dyhy)
1 o0 dwq dwq ]O[O dwo dws 9 /
 4n2 - — dyh .
4 <w1+1 +w1—1> <w2+w1 w2_wl)r2 |, yh(y) cos(rw y24'16)
1 o0 dws dws ]O[O dwq dw 2 /
) - — dyh .y).
4W2][<w2+1+w2_1> (w1+w2 wl—w2>7’2 R2 yh(y) cos(rw - y)

Proof. By Lemma 2.1, ¢.(w) is in .. Substituting (B.2) into the definition of .
yields (W) = T% Jgz dyh(y)(1 — cos(rw - y)). By Riemann-Lebesgue’s lemma (see
Remark B.2), limy, ¢e = r% Jge dyh(y), so that

2
Pe(W) = 3 /R2 dyh(y) cos(rw - y), (4.17)
which is in S(R?) as Fourier transform of an S(R?) function. As h(y) is multiplicatively
separable, expanding cos(rw - y) = cos(rwyy; ) cos(rwayz) — sin(rwiyp ) sin(rweys) and
separating integrals proves that ¢, € S.. Substituting (4.17) into the left-hand side of
(4.16),

<ﬂwaﬂwm=—(ﬁw 2 [ v

Substituting (4.7) into the right-hand side yields the required result. O

2 /]R2 dyh(y) cos(rw - y)>

2
r w

Proposition 4.5. In dimension d = 2 the dispersion call payoff admits the strong
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representation

(Jo1] + Jwa] = [k

(o ¢] (o)
. 2 1 dw1 dw1 d’wg dw2
lim 1 — + — -
netoo Tﬂ](rQ+47r2][<w1+1+w1—1>][(w2+1m w2_w1)x

—00 —0o0

([ [ avtuty = (st = 1) | ) - 3)

o (e.)
+ 1][ dUJQ 4 dZUQ ][ dw1 o dw1 %
472 wy+1  wy—1 wy +wy Wy — woy

—00 —0o0

(7 | [ avhaty =) (w51 =¥ () = ) )] (),

dk-almost everywhere for each x € R?, where h,, is the sequence of Dirac approximation
functions given in (2.9).

—F 1

Proof. For each y € R2, the payoff function k — Cs(y, k) has compact support and
is thus in L*(R), while r — F,[Ca(y, k)] (r) is in L'(R) by (B.2) and is continuous in
y € R? for each r € R*. Therefore, by Proposition 2.4, we have for each x € R?,

Cal k) = 77 | 1 1o (NG [ dvtaly =02, (w31 = 1) ] (00) | 09, 419)

dk-almost everywhere. Let (W) = [pa dyhn(y —x)Fx |:(|W -yl — ‘/ﬁ}|)+} (r) and ¢} =

Yl — limeo 7. By Proposition 4.3 and Lemma 4.4 with h(y) = h,(y — x) that is
multiplicatively separable,

(N, ) = (T, 67) = (T%,6) — ¢¢(0).
Substituting (4.16) with h(y) = hn(y — x) and 3 cos(rw - y) = (1 — (1 — cos(rw -

y))) = 2—F« [(Iw - y| — |&[)7] (r) into the right-hand side, then plugging the resulting
expression for (N2, ¢) into (4.18), yields

2
1|y
Ca(x, k) =F; [nll—>n<>lo 1,40 <7a2 /11@2 dyh,(y — x)

oo oo
1 dwq dwq dwo dws
- ' (e,
47 wy + 1 wi; — 1 w9 + Wi w9y — W1

—00 —00

/R2 dyhn(y —x) (7?2 — Fo [(w-y| = 5])7] (T)>

0o 0o
1 ][ dws dws ][ dwq dwy
- + _ %
472 wy + 1 wy — 1 w1 + woy w1 — Wa

[ avhaty =) (2 — Fo (vl = 8] <r>) )] (k).
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Substituting [p. dyhn(y —x) = 1, and taking Fourier transforms with respect to s out
of the dy integrals yields the required result. [J

5 Benefits of Unrestricted Neural Network Spanning Ver-
sus Other Discrete Spanning Strategies

The delicate nature of the explicit distribution derived in the previous section for the
dispersion call shows that the solution formula (3.3) for N¥' can be nontrivial and
requires case-by-case analysis. When the target payoff F' is not smooth, even if an
analytical representation can be derived, it is likely to be numerically intractable in high
dimension (see Remark 4.2), and other numerical methods must be developed. Since the
hedging error (1.2) corresponds to the prediction error of a one-hidden-layer feedforward
neural network, training such a network may constitute an efficient alternative for
discrete spanning.

In this empirical section the strike variable k of the target payoff F'(x, k) is viewed
as a fixed parameter, and we simply write F'(x) for ease of notation. For two positive
integers d and n, let NNy, denote the family of functions that take a vector x € R?
as input and return a value in R through the sequential mapping

a i A +
Rdax»i)a+u-x+2y¢(m(w(’)-x—k;i)> eR, (5.1)
i=1
where p, w(?) = [wgi), e wc(;)]T are vector versions of the quantities introduced in (1.2),

while the sign of each parameter 7; determines whether a basket call or put is used.
The sign of each parameter v; determines whether a long or short position is taken in
basket option i with strike k; > 0, in quantity |v;n;].

Remark 5.1. When spanning with basket calls only, i.e. 7; > 0, approximating F'(x) by
F(x) € NN g, given by (5.1) is equivalent to discretizing (2.2) for fixed k£ > 0 (in other
words, v in (2.2) would be allowed to depend on k). This can be seen by rewriting
(5.1) as

ﬁ(X)=a+u-x+iwm:i(:w(")~x—k)+,
=l el e —

=5I/£ :;w/(i)

(5.2)

which is a discretization of (2.2) with explicit affine terms to the right-hand side.

The family of functions (5.1) corresponds to an unrestricted one-hidden-layer resid-
ual neural network with ReLLU activation function architecture characterized by the set
of trainable parameters

0=(W,unk,avmn),

where W = [w(D) ..., w(®]T € R4 stores the wj(-i) in matrix form, while k €
(R%)™, v € R", and n € R" store the k;,v; and n; in vector form. We seek an ap-
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proximation

F e argmin E [(F(x) -~ F(x))?], (5.3)
ﬁeNJ\/d,n
where IE[] = W denotes the sample mean over m observations drawn from

values of x that may be deterministically or randomly sampled. Additional method-

ological details can be found in the paper’s github. Below is a summary of our main

empirical results, which we compared to three other spanning strategies:

e Spanning with single-asset payoffs: This “marginal” approach is attractive to prac-
titioners because single-asset vanilla options are more liquid and can often be traded
on exchanges.

e Spanning with predetermined basket payoffs, i.e. with fixed basket weights wgl), ey w((;)
and strikes k;: This level of control may be beneficial to practitioners in order to
define a tractable universe of spanning instruments. Another benefit of this approach
is that it can be solved using classical linear regression techniques.

e Spanning with long-only basket payoffs, i.e. the components of the basket weights
w( of each basket payoff 1 < i < n are positive.

5.1 Spanning Metrics

We use two metrics to assess the distance between the target payoff ' and a predictor
F € NN 4,: mean squared error MSE = E[(F(x) — F(x))?] for the loss function, and

mean absolute error MAE = ]E|F(X) ~F (x)| for reporting. The choice of MAE for
reporting is motivated by its ease of financial interpretation as average absolute dollar
mismatch between the target payoff and the spanning portfolio. However, MAE is not
differentiable at certain points and as such it is not a good choice of loss function for
gradient calculation, which is why we opted for MSE loss.

Figure 2 shows contour plots reporting the target payoff F', its approximation Fe
NN 40 and the pointwise absolute spanning error |F(z1, z2) —F (x1,x2)| for best-of call
and dispersion call payoffs. From visual inspection the predicted surface provided by the
unrestricted neural network spanning strategy (NN) fits the target payoff reasonably
well. However, higher spanning errors are observed around areas where the target

payoff is nondifferentiable.
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True Payoff

NN Predicted Payoff Absolute Erro
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1 0 1 71 0 1 -1 0 0.000

X1 X1 X1

(a) Best-of call F(z1,22) = (max(zy,22) — )+. MAE = 0.02 (2 cents per dollar of notional).

True Payoff
3.0
2.5
2.0
15 o
1.0
0.5
0.0
-0.5

(b) Dispersion call F(:z:l,xg) = (J&1] + |zo| = 1)". MAE = 0.051 (5.1 cents per dollar of
notional).

NN Predicted Payoff

0.405
0.360
0.315
0.270
0.225
0.180
0.135
0.090
0.045
0.000

Figure 2: Contour plots of the target payoff (left), NN prediction (center) and absolute
spanning error (right) for the (a) best-of call, (b) dispersion call payoffs.

5.2 Limitations of Spanning with Single-Asset Payoffs

When spanning the target payoff F'(x) with single-asset vanilla payoffs only, equations
(5.1)-(5.3) become

" 2
min B (F(x)—a—u-X—Zw (ﬁi(ei‘x_ki))+> ;
i=1

a,pv,nkE

where e; € {0,1}%is a “one-hot” vector with all coefficients equal to 0, except the coeffi-
cient corresponding to the selected asset which is equal to 1 (the index of which remains
free for optimization), and E = [eq,...,e,]" € {0,1}"*¢ is the corresponding matrix.
We solve this optimization problem numerically by Adam stochastic gradient descent
(Kingma and Ba, 2015) with a restricted neural network architecture, for the best-of
call and worst-of put payoffs on 2 to 5 underlying assets (see Table 1, page 2). Single-
asset spanning does provide some risk reduction compared to the unhedged case for
which all parameters are zero and MAE is the payoff average absolute value. However,
Figure 3 shows that the spanning error of this strategy is substantially higher than that
of our core unrestricted NN approach (5.3). Mathematically, this is hardly surprising
given that single-asset option spanning attempts to reproduce a “joint distribution”
(the best-of or worst-of payoff) with “marginal distributions” only (the single-asset
payoffs).
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Best-of call payoff Worst-of put payoff
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Figure 3: MAE comparison of the single-asset and unrestricted NN spanning strategies
for d = 2,...,5 assets: best-of call (left) and worst-of put (right). Error bars are 95%
confidence intervals.

5.3 Limitations of Spanning with Predetermined Basket Payoffs

When spanning the target payoff F'(x) with predetermined basket option payoffs, the
strikes k;, call/put selectors n;, and basket weights w(® of each basket payoff 1 < i <n
are fixed and the spanning problem takes the simpler form

n 2
min E (F(x) —a—p-xX— Z Vi (m(w(i) X — kz))+> , (5.4)

o, v i=1
which is a classic linear least-squares regression problem. Due to parameter redundancy
we choose unit strikes k; = 1, and we also set selectors 7; = 1. The explicit solution

to (5.4) is therefore given by the regression coefficients 3 = [’,j ] € R and constant
& € R with

B=Var(z) ' Cov(zF(x), a=BFx)]-3 B[,
where z = [z1,..., 4, (wh.x—D)F, .. (w . x — 1)*]T € R¥™ is the vector of

explanatory variables (underlying assets and basket payoffs), Cov is the sample covari-
ance operator, and Var (z) is the sample covariance matrix which must be nonsingular.
In practice, we found this calculation to be numerically unstable due to conditioning
issues: basket payoffs tend to overlap, making the columns of z loosely dependent,
particularly for large n. This issue is further compounded when the sampling of x
(and thus z) is sparse. To circumvent this practical difficulty, we used singular value
decomposition (SVD) (Golub and Van Loan, 2013, Theorems 2.5.2 and 5.5.1).

Figure 4 reports the spanning error for the best-of call on 2 to 5 underlying assets,
together with 95% confidence intervals over 30 different runs that were obtained using
the following methods:

(a) SVD with regular grid sampling of basket weights w (regular+SVD);
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Figure 4: MAE with 95% confidence intervals for the best-of call on d = 2 to 5 underly-
ing assets for methods (a) to (d), as a function of the number of basket options n. Large
errors obtained with (a) are reported in inside panels for d = 3,4, 5 for readability.

(b) SVD with i.i.d. uniform random sampling of w (uniform+SVD);
(c) stochastic gradient descent with regular grid sampling of w (LS-GD);
(d) unrestricted neural network approach with free w initialized with i.i.d. uniform
random sampling (NN).

Each run is a new training routine with the same fixed weights w for methods (a) and
(c), and with new random weights w for methods (b) and (d). We can see that all
fixed-weights methods (a) to (c) resulted in substantial spanning errors compared to
(d) unrestricted NN, except perhaps in dimension d = 2 where the error magnitude
is smaller. Remarkably enough, increasing the number n of basket payoffs does not
materially reduce the spanning error for any method (a) to (d). This suggests that
only a limited number of basket payoffs may be needed to obtain a satisfactory hedge
of the best-of call, in contrast to the combinatorial issue identified in Remark 4.2.
Finally, SVD methods (a) and (b) often perform poorly: when sampling w along a
regular grid, the spanning error (a) even “exploded” in dimensions d = 3,4,5 due to
ill-conditioning of the design matrix generated by observations of z, as shown in inner
panels.

It is worth noting that, from a neural network architecture perspective, the span-
ning problem (5.4) corresponds to a particular category of extreme learning machines
or ELMs (Huang, Zhu, and Siew, 2004, 2006). ELMs are known to be universal approx-
imators, but they typically require a very large number n of hidden units to achieve
satisfactory performance. In the context of payoff spanning, this suggests that only
a large number n of predetermined basket payoffs in methods (a) to (c¢) would be
able to approach the performance of the unrestricted NN method (d), which would be
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impractical for hedge execution.

5.4 Summary of Restricted and Unrestricted Spanning Results

Figure 5 reports the performance of four spanning strategies in dimension d = 5,20 and
50 using 50 different network initializations: (i) Adam training of single asset portfolio
(NN-Single asset) as explained in Section 5.2, (ii) least-squares approach with gradient
descent (LS-GD) as explained in Section 5.3, (iii) Adam training of long only basket
portfolio (NN-Long only), and (iv) unrestricted neural network with Adam training
(NN). We can see that the spanning portfolios suggested by the neural network give
satisfying MAE results in most cases. Unrestricted NN outperforms all other strategies
in terms of MAE and standard deviation: MAE increases with the underlying asset
dimension d but remains fairly low. The low standard deviation figures also signals
that unrestricted NN is the most stable among the four strategies.
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Figure 5: Average MAE and 95% error bars over 50 runs by spanning strategy and
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target payoff in dimension d = 5,20 and 50.
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5.5 Stability Issues

In linear regression models, the loss function is convex and thus easier to optimize.
In contrast, it is nonconvex in neural network parameterizations such as (5.1)-(5.3):
optimization is more difficult, algorithms such as Adam method typically converge
to different local minima for different initializations, yet loss values usually remain
small (Choromanska, Henaff, Mathieu, Arous, and LeCun, 2015). We observed this
phenomenon in our study: the optimal neural network parameters vary with each
training, but we obtained persistently small and stable errors. Financially, this means
that spanning performance remains strong but the particular static hedge identified
based on a particular training set does not have a stable interpretative meaning with
respect to the target option.

Figures 6 and 7 show how the optimizer solution for the dispersion call approaches
the theoretical solution that we derived in Proposition 4.3 in dimensions d = 1, 2.
Our results are indeed remarkably consistent with the accumulation of basket call
quantities v; predicted by theory. In dimension d = 1 our numerical results perfectly
match the exact solution (4.15) (see also Remark 4.3) after we process the learning with
an ¢% regularization (Figure 6, right panel.) In dimension d = 2 our numerical results
after regularization are also consistent with the accumulation of basket calls around
discontinuity points w; = +1 and wy = %1 predicted by the theoretical formulas (4.7)
and (4.18). (Figure 7, right panel).

1.00 4‘5 4‘5 1.00 f 4‘;
I I I I
0.75 | | | |
| | 0.751 1 |
| | | |
0.50 | | I I
| | | |
2 I I > 0.507 1 i
0.25 ! } ® \ |
I I I I
| | ° | |
0.00 8- --mmmmtm e AR Ao 0.251 i
I I I I
| | | |

l l ° 0.00 --l—------——--—---—---—--——--—---—---—--——--l—-

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

w w

Figure 6: Scatter plots of the optimal basket call quantity v; against the optimal basket
weight w'® (see (5.2)) predicted by (5.1)-(5.3) for the single-asset dispersion call payoff
F(z) = (Jz] — 1)* when n = 10 and the training asset price z is sampled in [—2,2].
(Left) without regularization; (Right) with regularization.
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Figure 7: Scatter plots of the optimal basket call weights (wll(i),w;(i)) (see. (5.2))

predicted by (5.1)-(5.3) for the two-asset dispersion call with payoff F(xi,z2)
(Jz1|+]z2| —1)T when n = 50. The training asset prices (1, z2) are sampled in [—1, 1]2.
The blue and red points represent respectively long (r; > 0) and short (v; < 0) po-
sitions while point sizes reflect absolute quantities |v;|. (Left) without regularization;
(Right) with regularization.

6 Conclusion and Perspectives

Identifying static hedges for exotic option payoffs is important for both theory and
practice. Theorem 3.4 expands on existing continuum replication theory of European
option payoffs with vanilla options to formulate a general and rigorous solution of the
continuum spanning problem. As an application, Proposition 4.3 derives the continuum
solution replicating the industry ¢! dispersion call. In addition to the derivation of
explicit solutions for other absolutely homogeneous payoffs such as best-of and worst-
of options, other formulations of the continuum spanning problem are open for future
research: for example, letting v in (1.1) depend on k, or integrating the spanning
portfolio over k, may relax the absolute homogeneity restriction to yield solutions for
non-homogeneous payoffs.

Leveraging the parallel between vanilla basket calls and ReLLU functions, we exam-
ined how neural networks can be used to numerically solve the corresponding discrete
spanning problem and identify finite static hedges, in comparison to other restricted
spanning strategies and optimization schemes such as least-squares SVD. Our empiri-
cal study suggests that our unrestricted NN approach yields superior results in terms
of static hedging error for any dimension 2 to 50. This approach may be of practical
interest for the exotic derivatives industry, particularly if combined with delta-hedging
of the residual payoff mismatch, which could be investigated in future research.
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A Cauchy Integral

For a function ¢ € L'(R) and a constant ¢ € R, the singular integral
+oo c—« +oo
/ p(w) , p(w) AC)

dw = lim dw + lim
foo W—C a—0+ J_ w—c B—=0+ Jeyg w—rc

may not exist when « and § tend to 4 independently . However, the integral exists
restricted to the diagonal a =  (Estrada and Kanwal, 2000, Section 1.5).

Definition A.1. The diagonal limit

lim </C_E‘P(w)dw+/+oow(w)dw> — lim W) qer, (A1)

e—0+ oo W —cC cte W—C e—0+ e<|lw—c]| w—cC

denoted by :r;o u‘fﬁ"cgo(w), is called the Cauchy principal value integral of “D( ) against
dw.

Definition A.2. (i) The Hilbert transform (up to a multiplicative factor m, see King
(2009, Section 3.1 page 83))

][w W_ow), peS®), (A.2)

oo W —C

is a distribution on S(R) (Reed and Simon, 1980, Proposition 6 page 136), which we
denote by d—“’c in abstract distribution notation.

(ii) The linear form

]fv( dw;  dws )cp(wl,wg) ::][Oo dwy <][°° dwy go(wl,wg)),QOES(Rz)

wyp — CL W2 — €2 oo W1 — (€1 oo W1 — €2

is a well defined distribution on S(R?), known as the tensor (or direct) product of the

distributions % and w‘i”f"@ on S(R?), which is commutative (Kanwal, 2004, page
185).
(iii) The previous construction can be iterated to define the distribution [];¢; , %

for any ¢ > 1 and (¢;) € R? as

£(ID 272 )etw, v e s, (A3)

Wi — Co
jel..q 7 J

We may also define, in line with the distributivity principle of commutative products,

]{{q ( 11 (wjl_ujcj + wjijcj))SO(W) = > ]{Rq I1 kT —i—g - ) (W), (A.4)

jel.. (e;)€{-1,1}4 jel..

as a distribution on S(R?), abstractly denoted [[;¢; , (ﬂ + )

wj;—Cj wy +Cj

Remark A.1. In view of the above definitions and properties, we may commute Cauchy
integrals to write

LCTT G ) et =

Jj€El..q

dw; dw; ][ dws dw;
J[RQ—l ( H (u)j —¢j + wj —i—cj)) R (w1 —C1 + w1 —i—cl)(p(W)'

JjE2..q
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This is in line with the definition of the tensor product of the distribution (-4%i- +

wi—cC1

dwi_) with [Lieo g <ﬂ + _), equalto[[; ¢y , <ﬂ 4w ) (Kanwal, 2004,

wi+c1 wWj—Cj wj+Cj wj—Cj wj+Cj

page 185); in bracket notation,

I G e om) -

jel..q wy €l q

H ( dwj + dwj >’< dw1 + dw1 ,QO(W)>
_ wj —c¢j  wj+cj wy—c  wit+c w1

JE2..q

wyJE€2..q

The following technical lemmas establish properties related to Cauchy integrals that
will be used in Section C.

Lemma A.1. For any functions ¢; € S(R), j =1,...,q, there exists a constant C > 0
such that

dw dw q
/ 2(/ 7{11—[%(%)) < Clpi(wr)], w1 €R,0<e<1,
< e<|wg—w1| Wq — W1 i

e<|wa—wy| W2 — W1

where the constant C may depend on ¢ but not on wy or €.

Proof. Factoring ¢1(w1) out and separating integrals,

dwg
. H‘PJ wj)
e<|wa—w1 | w2 — w1 e<|wg—w1| Wq — wl

g (w)) (A.6)
(1w
= p1(w1) H dwj%ij.
=2 e<|w;—wi1] wj; — w1
Forj=2,...,q,
dwj dwj dwj
——pj(w;) = w'(w')Jr/ ——p;(w;)
/e<’wj—w1| w; — w1 7 e<|wj—wi|<1 Wj — W1 I Jw;—w |>1 Wj — W1 TN
dw,
:/ ———(pj(w)) — p;(w1)) +/ ———p;(w;),
e<|wj—wq|<1 Wj — W1 lwj—w |>1 Wj — W1

dw;
<|wj—w1|<1 wj—w1
function over a symmetric domain). Since ¢; € S(R), cpj is bounded and by the mean
value inequality, [;(w;) — @;(w1)| < |wj — wi]sup |¢}|, whence

where we used ¢;(w1) [, = 0 in the last step (as integral of an odd

dw;
/ ——L—(pj(wj) — @j(w1))| < 2sup || . (A7)
e<lwj—wi|<1 w; —w
Turning our attention to the second integral,
wj

wi(w;)] < /dwgow) o] < 400, (A.8

|/ e slestw] = el )
since ¢; € S(R). Combining (A.7) and (A.8) yields fe<|w]-—w1| %@j(wj) < 400, j=

2,...,q. In view of (A.6) the lemma is thus proven. O

29



Lemma A.2. For any ¢ € R and functions ¢; € SR),j=1,...,q,

[ ol s o

1s well defined.

Proof. By Definitions A.1 and A.2,

q
 dw; dw;
801(’w1)H][ ———pj(w)) = p1(wr H lim ————j(wj),

e/ oo Wi W1 5 0T Je<lwj—w, | Wi — Wi

which in view of Lemma A.1 is Lebesgue—mtegrable with respect to w;. Hence (A.9) is
well defined in accordance with (A.1). O

Lemma A.3. For cmy 1, p2 € S(R),

/dwl][ 1(w1)p2(w2) /dwz][ ©1(w1)p2(w2). (A.10)

Proof. By Lemma A.1l, both sides of (A.10) are well defined. By Definition A.1,
dominated convergence, Fubini’s theorem, and dominated convergence again,

d w wao)1 _
/dwl][ i‘ﬂl(wl)@z(wz) :/dw1 lim dwchl( 2 (ws) e<|wi—ws|
R w1 w2 R =0+ Jr wy — wy

. dwapr (w1)p2(w2) Leciuwy —ws| dw1¢1(w1)<ﬁ2(w2)1e<|w1—w2
= lim dw1 = lim dw
e—~0+ w1 — W2 e—0+ w1 — Wy

/Rd’wz Jim Rwl_U)Z(p 1(w1)@2(w2) Lo jw; —ws| —/d’w2][ . e1(w1)p2(w2). O

B Fourier Transform

Definition B.1. For f € L'(RY), the Fourier and inverse Fourier transforms Ff and
F~Lf of f are the following functions on R? (King, 2009, Section 2.6 and 15.6):

= s)e 178 ds 1) = L
Ff(z)* qu() d7 ‘7: f() (27-[-)(]

] f(z)e% dz. (B.1)

When f depends on several variables, we write e.g. F.[f(z,y)](t) to indicate that the
transform is taken with respect to specific variables only.

Ezxample B.1. For ¢ € R, we compute
el

Fic (lel = k) *] (r) = /R dke ™™ (Je| — |K]) " = / dke™"*(|c| — [k]) =

—lel

le] , , 1 1 ' '
/O dk (e_”k - elrk> (le] = k) = (2 = 2cos(re)) = (2 — " — 7).
Since [ %(2 — 2cos(rc)) = 2|c|, we have

Fr [(\c! - |kr)+} (r) = 2_2:2?8(’”) e L'(R). (B.2)
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Remark B.2. The Fourier transform is injective on L'(RY) (Knapp, 2007, Corollary
8.5). If f € L'(RY), then g = Ff is bounded, uniformly continuous and vanishes at
infinity (Knapp, 2007, Proposition 8.1 and Theorem 8.3). If, in addition, g € L!(RY),
then F~1g = f (Knapp, 2007, Theorem 8.4).

Remark B.3. F and F~! are continuous automorphisms of S(R?) (Kanwal, 2004, The-
orem 2 page 143), hence ¢ = FF Lo = F~1Fyp, for ¢ € S(RY).

Definition B.2. For a distribution 7" on S(R?), its Fourier and inverse Fourier trans-
forms FT and F~1T are the distributions on S(RY) given as (Kanwal, 2004, Theorem
3 page 147), (King, 2009, Section 10.4 and 10.10)

<(]:T)dsvcp(s)>s = <szw7:90(z)>z7 <(]:_1T)dzacp(z)>z = <Tds>~/_"_190(s)>sv pE S(Rq)
(B.3)

Ezxample B.4. Below are two well-known examples of distributional Fourier transforms
(King, 2009, page 489), (Kammler, 2008, page 415):

Falsgnz dx]gy = %d—/\)\, Fzlcosz dx](dA) = d1(dA) + d_1(dN),
ie., for ¢ € S(R),
i 2 % dA
(Felsgnx dxlan, o(N)), = [ desgna | dhe ™ p(A) = i 7@()\), (B.4)
R R —00

(Felcosx dx](dN), (X)), = /

dz cosx/ dhe ™ p(\) = (1) + Tp(—1).  (B.5)
R R

C Proof of (4.13)

Lemma C.1. The measure x|y (dk) + dxd_x), (dk) is equal to

Ak (L <k d2a) Ly 1<k fzg) ATd—1) - - - (Ljas|< k)~ [xso]l, 972)

C.1
(01— l1xs 1, (A21) + Ok xsy ), (d21)) =2 dp(d(x, k). (1

Proof. Let f: R — C be any dp-integrable function. By sifting property of the
Dirac mass distributions d)x, (k) and 6_, (dk),

[ (i, (00 + ) S x k) = [ et ll) + e = xl)(C:2)

Splitting the first right-hand side integral above,

/ddxf(x,]le)—/d ldx>1/ da f(x, |xs1]l, + 21)
R Ri— o (C.3)

+/ dx>1/ day f(x, [[x>1ll; = 21).
Rd-1

—00
By change of variables (z1,...,2q) — (k = ||x>1||; + 21, 22,...,24) in the first right-
hand side integral above, and change of variables (z1,...,zq) — (kK = [|x>1]|; —
Z1,%2,...,%q) in the second integral, where both Jacobians are 1, and adapting in-
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tegral regions,

b xoall,
/dxf( Ixll,) / dk/ dag- / daaf(k — [xoill; » %01, k)
R bt xsall

k—llx>2|l,
/ dk:/ dzg - / draf(||x>1lly — k. x>1, k).

E+lx>2(l;

(C.4)

Following similar steps, the second right-hand side integral in (C.2) may be rewritten
as

b fxsall
/dxf Ixl) / dk/ day- / dwaf(— [xs1]l, — ks xo1, k)
b fxsall

(C.5)
—k—Hx>2||1
/dk/ dzy- - / dzof(k + |x>1]ly ,x>1, k).
k

+lx>2ll;

Combining (C.4) and (C.5) and piecing dk integrals together,

/RM (A, (dk) + dx0_ ) £ (5, )

00 || [k|—llx>2]
- / dk / deg- - / deaf (k] — [x51]l; » %51, k)

—Ikl —|k|+]x>2]l;
oo K| |k|—|lx>2]
+ / dk / deg - / Ao f (%1 ly — k], X1, k)
—00 — k| —|E|+|lx>2(l;
K| [k|—lx>2]
:/dk;/ dxd.../ dxg/dxldk,_”x>1l(dxl)f(xl,x>1,k‘)
R —|k| —|k[+]x>2]l; R

|K| k= llx>2ll,
—{—/dk‘/ d:L'd/ dxg/d$15_k+||x>11(d$1)f($1,x>1,]{2)
R — k| —[kl+lx>2lly R

_ / Sp(d(x, k) f(x. k),
Rd+1

where we used the sifting property again in the second equality. [

By sifting property of the Dirac mass distribution, the left-hand side in (4.13)
satisfies for any ¢, € S,

dxe X 71, (x / dxell*l: F=1 g, (x)

:/Rd dX/IRéxl(dk)elkf1¢e(x)+/IRd dX/R(S_xl(dk.)eik]_—1¢e(X)

1 )
=3 /Rd+1 Sp(d(x, k))e *F Lo (x),

where we used Lemma C.1 in the last step. Therefore, showing (4.13) reduces to proving
that

Rd

s /R L 0D(A0e e F o) = (T de(w)) (C.6)

w

where T is defined by (4.8). This is done in the remaining subsections by an induction
procedure in line with the combinatorial structure of 7% highlighted in Remark 4.2.
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C.1 Dimension d=1

By definition of dp in (C.1),

S, k))e— R F1 g (z) = / dke—k / (50(de) + 6_y(dz)) F 0 (x)
R R

= FrlF " e(k) + F de(—k)](1) = de(1) + de(—1)
= (61(dw) + 6_1(dw), ge(w))y, = 2Ty, Pe(w)),,
which is (C.6) for d = 1.

R2

C.2 Dimension d =2

Lemma C.2 below is necessary to initialize the proof by induction of Lemma C.3 in
general dimension d > 2. We also include the proof of (C.6) for d = 2 in this section
for ease of reading.

Lemma C.2. Ford =2 and ¢ € S(R?), let
U (k) = ((Lag) < b d22) O k| (A1), F~Hp(x))
If p = ¢ € S, then

U, (k) +T_(k) = 217r2/Rdwlsm(w1‘k|)]i

1 . dw dwy
+27T2/Rdw281n(w2\k|)]I[R( - )d)e(fwl,wg).

w1 + Wy w1 — Wy

1,72

< dwo B dwo )<Z5e(’w1,w2)

w2+w1 wo — W1

(C.7)

Proof. For ¢ € S(R?), we have

(k) = <(1\x2\<|k| dzz), <5|k|—|x2|(d9«“1),J:_lsO(X)>Il>

- /R A@aL < F o (] — |2, 22)
= 1/ dxg/ dws dwleiwl(‘ka?lHinmgo(wl, wa).
(27)% Jyz<k| R?
Splitting the dxgy integral at the origin, then by dominated convergence
1

|&| ) .
U, (k)= 2/ dzo dws dwlelm(wrwl)elwl|k|g0(w1,wg)
(27T) 0 R2

z2

1
(27)?

|K|
= li izo (wa—w1) Liwi |k| )
(27T)2 /O e ( 6—1}51_‘— /R2\{wz—w1|§€} Az dune € SO(wl’ w2)

1 0 . .
. iza (wotwi) ,iwi |kl >
+ (2r)? /|k| dx2<61_1>%1+ /R2\{|w2—w1|<6} dws dwye e o(wy,ws) ).

+

0
/ dx?/ dws dwy @2 (W2 Fwn) Wikl oy qp)
—|k| R2 (C.8)
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Since ¢ € S(R?), for any € > 0, there exists B > 0 such that

/ dwy dwip(wr, wy
R2\{|Jwz—w1|<e}

< / dws dwl‘@(wla wa)e
R2\ {Jwz —w1|<e}

< / dwo dw1|<p(w1,w2)| < B < o0,
R\ {wz —w1|<e}

)eimg (watwr) eiw1 |k|

izg(watwi) el |k| ‘

and the integral foiw B dx is finite for any |k| < co. Hence, by dominated convergence
and Fubini’s theorem,

1 |k . .
U, (k)= ——= lim dws dwlgo(wl,wg)/ dpgelr2(wa—w) giw k]
(27’[’)2 e—0+ R2\{|wo—w1 |<e} 0
1 0 . :
+ li dw- d ’ d izo(w2twi) 1w1|k|'
(2m)% 0+ /R?\{w2+wl|s6} wadunglun, wz) /k e ‘
Solving integrals with respect to x2,
1 _i€i|k|w2 —|—i€iw1‘k‘
v, (k)= lim dws dwyp(wy, ws)
(27‘(’)2 e—0+ R2\{|wa—w1|<e} Wy — W1
1 : —i|k|w2 s iwl\k\
+ ——5 lim dws dwyp(w, w2)le g
(27)2 e—0+ R2\ { [wa+w1 |<e} wa + wq
Similar steps would show that
1 s —ilk|lwe _ s —iw k|
U_(k) = 5 lim dws dwlgo(wl,wg)le 1
(2m)? =0+ Jr2\ {lws—ws |<e} wy — wy
1 _ioilklwe 4 i —iw |k
P dus dwn g, wy)
(271') e—0+ R2\ {|wa+w; |<e} w9 + W1

Plugging Euler’s sine formula into the above expressions and combining,

U, (k) +U_(k)

L /d in )(/ w1, wn) / Sy, wn))
=—— lim wa sin(wsg —p(wi,w) — plwi, w2
272 =0+ Jp e<|wi+wz| W1 + W2 e<jwr—wp| W1 = W2
1 dws dws
+— lim [ duy sin(wl)(/ ———p(w,ws) —/ 790(101,1112)).
212 -0+ Jp e<|watwy| W2 + W1 e<|wp—w:| W2 — W1

(C.9)

For (w1, w2) = ¢1(w2)p2(w1) with ¢1, p2 € S(R), in view of Lemma A.1, we have by
dominated convergence

lim [ dw;sin(ws) /

=0+ Jp e< w1 +ws| w1 + wa

dw
Lo (wi, ws)

dwq dwy
= [ dwsgsin(wsy) lim ———p(wi,we) = / dws sin(ws ][ ———p(w, wo).

Following similar steps for the remaining terms in (C.9), we recover (C.7) for p(wq, ws) =
©1(w2)p2(wr) with ¢1, 02 € S(R), from which the result for ¢ = ¢, € S, follows by
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linearity. [J
We are now in a position to prove (C.6) for d = 2. By definition of dp in (C.1),
op(d(x, k) = dk(Ljzy <k d2) (O)k)—|aa| + O |+ |2a| ) (d@1).-
Therefore, by Lemma C.2,

L Op(d(x, k)e FF g (x) = /R dke F (U, (k) + W_(k)) =

R
1 —ik . d’U)Q dw2
27T2/de:e /Rdun sm(w1|k!)]i( — )gf)e(wl,wg) (C.10)

wo2 +wp W — Wi

1 s . dw1 dw1
— [ dke™* [ d k — (w1, ws).
o /R ‘ /R wn sin(uwn| % (5 S Youwnun)

Let f(w1) = Jg w;‘fﬁi}l - wgffm ¢e(w1,ws). Substituting Euler’s sine formula, then

splitting the integrand while applying the change of variable k — —k to the second
resulting integral, the first term in (C.10) may be rewritten as

l/dk‘e_ik sgn(k‘)/dw1(€_iw1k—€iw1k)f(w1)
472 R R
i

=13 ( / dk sgn(k) / dwye D fap) + / dk sgn(k) / dwye Hlw1=1) f(w1)>
T ) R 0o R

1 dw; dwy
- 271'2]{1; (w1 + 1 + w1 — 1>f(w1>7

where we substituted (B.4) in the last step. In addition,
1 dw1 dw1 .

(w1+1 w1—1>f(w1)_

1 dw1 dw1 ][ ( dwg d’wg )
272 R<w1+1+w1—1) R \W2 + wi wWo — W1 ¢e(w17w2)'
Following similar steps for the remaining terms to the right-hand side of (C.10), we
may conclude in view of the definition (4.7) of T3 that
1

5 [ 0p(d(x k)e ™ F ge(x) = (Tiy, de(W)),, »
R3

2
2T R

(C.11)

which is (C.6) for d = 2.

C.3 General Dimension d > 2

For ¢, € Se, k € R, let Uy(k) = Vy(x>4, k) result from the following finite recurrence:

U151 K) = (ol + - pipont,)(da2). F deler, x51)) xe1 ERT
’ (C.12)
(x>0, k) = <1|xl\<|k|—Hx>lH1 dxz,‘lfl—l(ﬂfz,X>l,k)> , x5 R 1=2,...d.

x
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Lemma C.3. For any ¢ € Se,l =2...,d, and (x,k) € R4 such that |x=;| < |k,

l
¥i(xo1.H) = 3 [ dwsser(ai] = )

d q (C.13)
Wy w;
][l 1( H (w-+w- _w‘—w)) q)l(w§l7x>l)’
REU Mgy 2 i~ Wj
where CI)I(W<I’X>I) = J:v_vil[tbe(w)](wl, oWy, Xsg) € Se, and scy(-) = (_1)"71 cos(-) if

[ is odd, (— ) 7 sin(-) if [ is even.

Proof. We proceed by induction on [ > 2. Note that &3 € S.. For any fixed

x € R?, an application of Lemma C.2 to (wy, w2) 2N @y (w1, wa, X>2) and to the strike
= |k| = llx>2|l; > 0 yields

2
1
Uy (x59,k) = 271_22:/Rdwj sin(w;k)x
dw; dw;
][ II e TR ))@2(w1,w2,x>2),

iel.2\gy Wit Wi Wi
which is (C.13) for [ = 2. It remains to prove that if (C.13) is satisfied for some index

l=2,...,d—1, then it also holds at index [ 4+ 1, i.e.

+1
2
iar(sorst ) = o 3 / du scrn (wj (1K = %001 ],)) %

d d
O N ) )

g€l (1+)\ {5} Wyt wj Wy =

Assuming (C.13) for some [ > 2, let us thus prove (C.15), first in the case where [ is
even. Then s¢(+) = (—1)12 sin(-) and

(C.14)

(C.15)

-2

—1)5°2
Vi1 (X141, k) = <1|$l+1\<\k\—|\x>l+1||1 dapi1, ¥i(x1, k)> = %X
Tit1 (2)
[E|=l1%> 141l ! )
/ dorr 3 [ duy sin(uy (K =[x, - 2141)x
0 S JR
dw dw
Lo C I G, =) ©19
BT ey 2T T '
0 l
+f dorer Y [ duy sinfws (k] - [l + o)
—|kl+lx> 141, j=1'R
dw dw
][z 1< H (w —i—jw' S w —]w-)>®l(wgl’x>l)]'
BT ey T
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Substituting Euler’s sine formula into the above together with

1 .
o dwpp1e™ Dy (Wepy1, Xs41)
R
1 s
- %62%1+ w1 \dwl+1€ LDy (W1, Xs041),
e<|wi41TW

O)(wey, X51) =

which stems from slicing the Fourier transform ®;(w<;,x-;) along z;1, then using
dominated convergence, the first term inside the square bracket in (C.16) may be
rewritten as

i k= l%> 141l d d
i 1 A Z/ dw ][ ( w,  dwy )) %
4 S l\{} wy, +wj W, — wj

lim dwyy e T+ e~ 1w (k| =llx>r41 Hl_w’“)q’lﬂ (W<it1,X5041)
=0+ Je<wi g —w;|
(C.17)

; [kl =llx> 1411l d d
1 lerl Z/ dw ][ ( w] o U]] )) X
Arm RI-1 w, +w;  w; — wj

VASE l\{J}

lim dwl+1e_iml+1wl+1 elws (Il =lPe> i1 ”1_“”“)(1)1“ (W<it1, X5141)-
=0+ 5<\w1+1+w]~\

By a combination of Definition A.1, dominated convergence and Fubini’s theorem sim-
ilarly to the proof of Lemma C.2, we may bring the outer dx;,-integrals above inside
all others. As such, the first term in (C.17) is equal to

. l

i dw dw
— dw; ]Z J J > lim / dwpyq %
47 Z/ 7 Jaiea (wg tw;  wy— wj) =0+ Je<lwir+w;|

Jj=1 JEL. l\{}

e e )i (B )
/ dayqe T (W —w; j >l+11‘bl+1(W§l+luX>l+1)

d d
§ j / duw; ][ e ) / duwy 41 %
RI-1 wy + wj Wy — W;j e—0+ e<|wig1—w,]

Jel.. l\{ '}

el (Kl =lx>i1lly) — giw; (Ik=lx>14ally)

Q1 (Weir1,X041) |
Wi — Wi+1

where we solved the dx;;q integral in the last step. Following the same steps for the
second term in (C.17), and then the second term within square brackets in (C.16), we
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obtain

-2

\PZH(X”“’]{"):((;;))l;i/Rdwj]iu( H ( dw, _duwy ))x

W, + Wj w, — W;
i=1 set.Ngiy 7
. w1 (k| =llxsi41lly) — giwi(1kl=lx>141ll)
— lim dwyq QWi Xs141)
0+ Jeclwrpg —wy| W1 — Wj
) elwi (k| =llxsi41lly) — g—iw;([kl=llx>i41ll1)
+ lim dwyiq Q1 (W1, X141)
0t Je<lwra+uy) W1 + wj
. e~ w1 ([kl=lxs i1 lly) — p—iws(1kl=lx>i41lly)
— lim dwyqq D1 (Wepg1,X5041)
=0+ e<\wl+1—wj\ Wi41 — ’UJ]
‘ e~ (kl=llxs i) — plw;([kl=llxsi41lly)
+ lim dwiq ‘ (I)l+l(W§l+17X>l+l) :
e—0+ e<|wiy1+w;] Wiyl + W

Splitting and rearranging integrands, substituting Euler’s cosine formula, and recog-
nizing Cauchy principal integrals,

—2
R d d
Vi1 (%5141, k) = ljl Z/dw]][ - ( L ))X

+w;  w; — w;j
jel. l\{]} Wo I

dwyq
(][ 7+008(wl+1(|k! [%514111)) Pir1(Weig1, Xs141)
W41 +w

dwy
S con(unia (H] [ [1) @ (e, xor)
R Wi+1 — Wy

dwyq
— 4 ———— cos(w;(|k| — [|x ) W x
]iwl-i—l‘}'wj (wj ([B] = X141 l[1) Prr (Weig1, X141)

dwy
+][ 7“ COS(“@(W HX>Z+1H1))¢’1+1(W<1+17X>l+1)>-
R Wi41 —

y (A.4) for ¢ = 2, this is equal to

—2
—1 2 d d
Vi1 (X041, k) = l+21 Z/ dw][ ( e T ))X

wy + w; wy — Wj

JeL. l\{J}
dwiq1 dwyyq
_ k| — o 7 C.18)
(][R vt w  win _wj)COS(le(\ | = %11 1)) @rra(Weri1, X011
dwiqq dwyq
_ _ (k| - ® , .
]i T wm—wj)cos(wj(' | = (x> ll)) P (W1, Xs041)
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(A 5) the first term above corresponding to cos(wj41 ... ) may be rewritten as

1 dwy dwy
(- = Z/ ][ 11 sy
(2m) Wiyl + Wj wl+1 — wj

dw dw
Fo O I G = o)) eostuwnn(hl = ol )P (e, xo00)
T Wt W 7~ Wy
316712 \Z{J} (C.19)
_1 R
— et 3 [ dwris costuna(k] = [xsiealh)
j=1

dw; dw; ][ dw, dw,
+ - )(I)l 1(W<i41,X>141)5
]I[R(wj‘i"U)lJrl wj—le) R g61.1:[\{j}(wﬂ+wj wj—wj) +1(Weih1,X5041)

where the equality follows from Lemma A.3 applied to the variables w;41 and w;. By
reflective change of variables (wj, wi41) — (—wj, —wj41) to change minus signs into plus
signs within Cauchy integrals, the second term in (C.18) corresponding to cos(wj .. .)
may be rewritten as

=2
W;/}Rdwi cos(w; (|k] — [x>111ll1)) %

]I[Rl< H ( dw, _ dw, ))‘Pl+1(wél+1vx>l+1)-

el iy Wt W

Substituting (C.19) and (C.20) into (C.18) yields

(C.20)

=2 41
1
%Mwyz MZ/mWwwrwm»

]I[Rz< H ( T U ‘)>‘1>l+1(W§l+1,X>l+1),

el iy T W
-1

thereby proving that (C.15) holds for | even. If [ is odd, then s¢;(-) = (—1) 2 cos(-)
and following similar steps would prove (C.15), thereby establishing the identity (C.13)
forany l € 2..d. O

We are now in position to prove (C.6) for any d > 2. By definition of dp in (C.1),

/ Sp(d(x,k))e FF g (x) = / dke ™ *W 4(k), (C.21)
Rd+1 R
where W4(k) = V4(xs4, k) as defined by the recurrence (C.12). By Lemma C.3,
d dw dw
— > 7
dwj " w]|k’)]{z{d_1 H (wg +w;  w; —w )>¢6(W)'(C'22)

j=1 Je1..d\{j}
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Substituting (C.22) into (C.21),
9 d
—ik 1 _ —ik
/Rdﬂ Sp(d(x, k))e FF g (x) = (%)dZ/dee x
' ‘ dw, dw,
/Rdw] scd(wj|lc|)]I[Rd1 ( H

sel..d\{j}

—
|
~—
N—
-

s)
—
g
~—

wy + w; Wy — Wj

In odd dimension d > 3, substituting (B.5) yields (C.6) as required. In even dimen-
sion, replacing scq(-) = (—1)% sin(-) into (C.23) yields

[ ol e 7o, x) - *22 / ke [ du sinGn 1)
dw] dw]
LC T« ) oew)

W, +w; w, —w
seld\{y

=¢f;‘ij)
by which we recognize the same integrals as in (C.10). Substituting Euler’s sine formula,
then splitting the integrand while applying the change of variable k — —Fk to the second
resulting integral,

/Rd+l op(d(x, k))e_ik]:_lgi)e(x)

(-1 & ~ iwik _ oiw;
_ ((272)‘1; /Rd/“e_"“ sgn(k) /Rdwj(e_lek — ) f(wy)
-

(—1 a=2 0o Cik(ws
= 1((272)61]22 /Oo dksgn(k)/Rdwje K ]+1)fj(wj)+
/_OO dk sgn(k:)/}Rdwje_ik(wj_l)fﬂwj))

(= 22 dwj dw; o
N 27r Z][ wj—i—l —1)f](wj)’

where we substituted (B.4) in the last step. Substituting f;(w;) into the above equation,
we recover

a—2

ik —1)=z 2
/R Op(d(x, k))e™ " F " ge(x) = <(W
d
dw; dw; dw, - dw,
]Z;]I[R (wj —1 * w; + 1)]§gd1 (361.1._(1[\{]'} (wj +w, w,— wj)>¢6(w)7

which is (C.6).
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D Correspondence Between Carr-Madan Spanning and
Basket Call Spanning in Dimension d =1

Proposition D.1. In dimension d = 1 and for k > 0, the Carr-Madan spanning
formula (2.1) of a twice differentiable payoff F(x) = F(x,k) such that F(Az,\k) =
AF(z,k) for all X\ > 0, and 9,F(0,k) = 8% F(0,k) = 0, can be rewritten in the form
(2.2) for x >0, with

v(dw) = %(ang) <i} 1) dw. (D.1)

Proof. By change of variable K — w = k/K in (2.1),

F(z) = /OOO % (x — Z>+ (0% F) (Z k) dw = /Ooo % (wz — k)" (0% F) (Zk) dw

- / % (wz — k)T (8% F) (i k) dw, = € Ry, (D.2)

—0o0

where we used in the last step that (wz — k)t = 0 for w < 0 < % Differentiating

F(A\z,\k) = AF(z,k) twice with respect to z yields 0% F(Az, \k) = A"10% F(x, k),
whence
koo o [k 1., (1
Substituting the above into (D.2), we recover (2.2) for > 0 and v(dw) given by (D.1).
O
Ezample D.1. Consider the one-dimensional smooth payoff F(z,k) = Gi(x, k) =
2
1357&0\/:?63%, k> 0,z € Ry (see Propositions 4.1-4.2). We have
2 2
e (2k? + 2?) 2k2e 22 (2k% — 2%)
Va2 x4V 2 7
hence G1(0, k) = 0;G1(0,k) = 0. The Carr-Madan spanning formula for G; then reads

0.G1(z, k) = 1.0 , 6§2G1(x, k) = 1,240

2
2k2e” 12 (2k2 — K?)

K“VK? dr.

Gi(z, k) :/ (x— K)T
0
Equivalently, Proposition D.1 yields
Gi(x, k) = / (wx — k)+26_“’2 (2uw? —1)dw, k >0,z € Ry,

which is a representation of the form (2.2) (with (wz — k)" = 0 for w < 0).
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