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1 Introduction

The backward stochastic differential equation (BSDE) was introduced by Bismut (1973) [2]
under a linear setup and was later extended by Pardoux & Peng (1990) [29] to general non-
linear situations. Although the research activity had been contained in a relatively small
mathematical community, it has been rapidly gaining traction with financial researchers and
practitioners, in particular, since the last financial crisis. This is because that one almost
inevitably encounters BSDEs when he/she tries to handle various non-linear effects arising
from credit risk, collateralization, funding and regulatory costs, and various other sources
of incompleteness arising from the new market realities. See, for example, Duffie & Huang
(1996) [14], Fujii & Takahashi (2013) [16], Crépey (2013) [9] and a summary of recent practical
topics in the financial industry [3, 5]. Various interesting financial applications, such as for
insurance, utility indifference pricing and optimal contract theory can be found in books
[12, 7, 11, 10]. One can consult with [15, 25] as a text for general mathematical treatments
of BSDEs.

There now exists vast literature on their numerical treatments, ranging from the famous
four-step scheme proposed by Ma et al. (1994) [26], its discretized implementation by Douglas
et al. (1996) [13], various Monte-Carlo techniques making use of the least-square regression
method (See, for example, Bouchard & Touzi (2004) [6], Bender & Denk (2007) [1], Go-
bet et al. (2005) [21] and Gobet & Lemor (2010) [22]), a branching diffusion method by
Henry-Labordere (2012) [23], and a particle method by Fujii & Takahashi (2012a) [17]. Un-
fortunately though, many of them require a good amount of experience and deep expertise
to achieve stable results, such as an appropriate choice of basis functions, the order of regres-
sions, and of course, a good programming technique.

It is obvious that a simple analytical approximation method is deeply wanted. In Fujii
& Takahashi (2012b) [18], we have developed a driver perturbation method combined with
a standard asymptotic expansion technique for the forward SDEs. Its error estimate was
recently provided by Takahashi & Yamada (2013) [33]. It is systematic and straightforward,
but one still needs to endure long tough calculations especially for higher order corrections,
which is stemming from the needs of evaluation of conditional expectations at each order
of expansion. An interesting exceptional case arises if a so-called quadratic-growth BSDE
(qgBSDE) is associated with linear Gaussian forward SDEs, and at the same time, if its
terminal value is given by, at most, quadratic form of the Gaussian variables. In this case,
the value function is given by a quadratic function of the Gaussian variables whose coefficients
are completely determined by the ordinary differential equations (ODEs) involving ones with
Riccati form. See, for example, Schroder & Skiadas (1999) [31] as an early research. Recently,
this property was applied to the mean-variance (quadratic) hedging problem by Fujii &
Takahashi (2013, 2014) [19, 20], making use of the beautiful BSDE expression derived by
Mania & Tevzadze (2003) [27]. Notice that the Riccati equation may possibly diverge in a
finite time-interval in a general setup. In such a case, one needs to shorten the maturity of
the corresponding problem.

In this paper, we propose a new scheme which approximates a solution of a BSDE by a
polynomial function of the underlying variables. In a Markovian setup, it is well-known that
the solution of a BSDE is given by a Markovian function of the underlying variables [26].
Therefore, it is intuitively clear that the solution should be well approximated by a poly-



nomial function for short maturities within which the size of the underlying variables (after
appropriate rescaling and shift of their means) remains relatively small. Despite the appar-
ent similarity to the usual asymptotic expansion, the new scheme yields a recursive system
of linear ODEs which can be obtained by simply matching the coefficients of the assumed
polynomial solution to those of the BSDE’s driver. Although we have to assume that the
forward processes have a special form of quadratic covariation of the continuous part, they
can have rather general drifts and random jump components. In that sense, the method can
be interpreted as a generalizations of exact but exceptional quadratic-solution example to an
approximate polynomial-solution technique with wider applications.

The organization of the paper is as follows: In Section 2, the main idea of the polynomial
expansion scheme is explained. In order to show its usefulness and accuracy, we apply the
method to several well-known problems in the remaining part of the paper. In Section 3
and 4, the proposed scheme is applied to European contingent claims using a jump-extended
Heston model and the A-SABR model. We provide the closed expression for the recursive
system of linear ODEs which specifies the approximate solution at an arbitrary order. In
Section 5, the optimization problem for the exponential utility in the presence of a terminal
liability is analyzed. The closed-form system of the linear ODEs is derived for this setup, too.
Each model is associated with several illustrative numerical examples. Finally in Appendix,
some details omitted in the main text are provided.

2 Polynomial Expansion Scheme

2.1 Problem Setup

Let us consider the following system of forward and backward SDEs in a probability space
(Q,F,P):

v, = H(XT)—/tTf(s,Xs,Vs,Zs,/KU(s,z)Q(s,dz))ds
—/tTZSdWS—/tT/KU(s,z)J\?(ds,dz) (2.1)
X, = x+/Otb(s,Xs)ds—i—/OtU(s,Xs)dWs—i—/ot/KzN(ds,dz) (2.2)

where x € R is a constant, W one-dimensional standard Brownian motion and A a random
measure whose deterministic jump distribution is given by Q(t, -) with some (compact) space
K for its support. N (dt, dz) is the corresponding P-compensated random measure

N(dt,dz) := N (dt,dz) — A(t, X¢)Q(t, dz)dt (2.3)

where A(t, X;) denotes the jump intensity. We assume that H : R — R, f:[0,7] x R* — R,
b:[0,T] x R— Rand A:[0,7] x R — R, are all smooth functions. In addition, we assume
that the quadratic covariation of X from its continuous part is given by, at most, quadratic



form of X itself
d(X°), = (02(t>xf ol (H) X+ ao(t)>dt (2.4)

where the superscript “c” denotes the continuous part of X. Here, (0i(t))i=1,2,3 is the set
of deterministic functions in such a way that it guarantees the right-hand side of (2.4) is
non-negative for every possible value taken by X. We assume that the forward-backward
SDE system of (2.1) and (2.2) has a well-posed solution.

Since the stochasticity of (V;):>0 is provided solely by (X¢):>0, we can rewrite the BSDE
as

v, — H(XT)—/tTf<s,Xs,V;,ZS,/KU(s,z)Q(s,dz)>ds

T T
—/ ZdX§ —/ / Ul(s, z)N(ds,dz) (2.5)
t t JK

with appropriate redefinition of f(-) and Z . Here, dX{ := b(t, X;)dt + o(t, X;)dW; denotes
the continuous part of the X’s change. Thus, in the following, we consider the equivalent
system given by (2.5) and (2.2).

2.2 Asymptotic Expansion
2.2.1 General Idea

In order to obtain a polynomial expansion, we introduce € so that we can count the order of
the underlying X. Let consider the following perturbed BSDE:

Ve = H(eXT)—/tTf<s,eXs,V:f,Zg,/KUE(s,z)Q(s,dz»ds

_ /tT ZEdXE — /tT/KUE(s,z)N(ds,dz) ) (2.6)

Here, the superscripts € in V, Z, U emphasizes that these variables are now dependent on the
parameter €. An important difference from the usual small diffusion asymptotic expansion
method proposed by (Yoshida (1992a) [35], Takahashi (1999) [32], Kunitomo & Takahashi
(2003) [24] for the pricing of contingent claims, Yoshida (1992b) [36] for statistical applications
) based on Watanabe (1987) [34] theory is that the underlying process (X¢):>o itself is not
perturbed and only its size is scaled by e within the BSDE.

We assume that that the expansion

o0

ve = Y eyl (2.7)
n=0

n = Xm n

v o= Y SRl (2.8)

0

3
Il

For example, Z and 7 is connected by the relation 7, = Zso(s, Xs).



[n]

is well defined, where (vy,'(t),0 < m < n) are all deterministic bounded functions in a given
time interval ¢t € [0,T]. In particular, the It6-formula should be applicable to (2.8) so that
one obtains the well-defined forward SDE for (Vt[n})gStST. It leads to the corresponding
expansions of the control variables

Zs =3¢z (2.9)
n=0
US(t,z) = Y _eUM(t, 2) (2.10)
n=0

whose expressions can be easily derived once (2.8) is obtained.

If the maturity is short enough so that size of X remains small, truncating the expansion
in (2.7) at a certain order n and putting (e = 1) are expected to give an approximation of the
original problem. Note that, since € is introduced as a combination (eX), discussing the size
of € separately from X is not useful. Let us denote the truncated n-th order approximation
as (using the superscript (n) instead of [n])

Zzt . UM, 2) ZUU] (t,z) . (2.12)

Note that all of them are given by the polynomial functions of X, at most, of the order of n.
One can check the accuracy of approximation by comparing

- T
vy = viv4 / f(s X, v, zm / U™ (s, z)Q(s,dz))ds

. /O ZMdxe + / / N(ds, dz) (2.13)

and H(X7) in a “path-wise” fashion. In numerical examples given in later sections, we
shall observe that the polynomial approximation gives a good path-wise approximation, at
least for the paths along which (|X¢(w)|)¢t>0 does not significantly grow to a big value. In
practical applications, the capability of checking (H(Xr) — v (T")) directly should be a
great help for setting aside an appropriate amount of risk-reserve for the hedging program to
be implemented. By the very nature of polynomial approximation, one can imagine that a
higher order expansion may yield an unstable result in a very volatile market, or for a problem
with long maturity. The above comparison gives useful information for an appropriate order
of expansion for a given situation.

As we shall see below, all the functions (UT[n] (t))m,n except v([)o] (t) are specified by linear
ODEs. In later sections which deal with specific models, we provide a closed form recursive
system of linear ODEs which fixes the coeflicients of the polynomials up to an arbitrary order.
However, in this section, let us adopt a slightly tedious step-by-step explanation, which we
hope to give a clearer image to the readers.



2.2.2 Zero-th order

It is obvious that
v = / (s (2.14)

where f(s) := f(s,0, VS[O], 0,0). Hence, the coefficient should be determined by

[0 0 0

i) = £.0,087®).0,0,  ofl(T) = H(0). (2.15)
This is the only non-linear ODE we encounter. We assume that the finite solution exist to the

relevant time interval ¢ € [0, 7]. This should be the case for most of the natural applications,
since the 0-th order problem corresponds to the market where all the underlyings are constant.

2.2.3 First order

Thanks to the smoothness assumption, one has
) T T
v Z 0,1 (0) Xy / ZWaxe - / / Ul (s, )\ (ds, d=)
t t JK

—/T{axﬂ )Xo+ Ouf()VI + 0. f(5)ZI + 0uf (s /U[”szw(sdz)}d

(2.16)
On the other hand, let us suppose the above solution is given by
v = ol x, + o) (2.17)
Then, it yields the dynamics
avV = {@P( )X, + ol )}dt
+ollmaxe + o) /K 2N (dt, dz) . (2.18)
By comparing (2.16) and (2.18), we should have
ZM =M@ (2.19)
U, 2) = vgl] (t)z . (2.20)

Substituting the expressions of VI, Z[ and UM into (2.16) and matching its driver to
the drift part of (2.18), one obtains

o) = 0. £ (1) + Duf (£} (1) (2.21)
0 (1) = 0. F 00 (0) + (9.1 (1) + Buf a(t, 1)) ol 1) (222)



with terminal conditions vgl] (T) = 0,H(0) and vt[)l} (T') = 0. Here, we have used the notation

q(t,n):/Kz”Q(t,dz) (2.23)

to denote the n-th jump moment. In the reminder of the paper, we assume the existence of the
moments relevant for the approximation scheme. It is clear that the assumed solution (2.17)
and the corresponding control variables with the coefficients satisfying the above ODEs is in
fact one solution of the BSDE (2.16) as long as the forward SDE (2.18) is well-defined. Due
to the linearity of the ODEs, the solution should be unique among the assumed polynomial
forms.

2.2.4 Second order

For the 2nd and higher order corrections, the assumption on the quadratic covariation term
plays an important role. As before, let us suppose that the solution takes the polynomial
form:

X2
VA = 050 + ol (01X + g (0) (2.24)

Then, a simple application of Ito-formula yields
X7
20
+ (o8 )X + 0P (1)) axy

o, (Ko +2)2 = X2y
b (B0 F=T R ) M) (225)

1 121,

av = (B0 + o0+ if o) ar+ 3 0axe,

It should be clear that the assumption made in (2.4) is necessary to guarantee that the

highest polynomial order assumed in Vt[n] remains n under the dynamics of (X;);>0. The
expression in (2.25) now implies

72 =B x, + 02 1) (2.26)
2
U, 2) = o (t) (Xt,z n %) +olP(1)z . (2.27)



On the other hand, the 2nd order part of (2.6) leads to a BSDE
2 _ Xy — [ 22axe— [ [ U2 s N (ds. de
VP =St - [ ZPaxs - [ | BN s az)
T
-/ {8f() VE 40,722 + 0uf () | VP, 20Q05.d2)
t K
4012 + GOV + 502 F A + 5027 () [ U520 d2)
+X, (amﬂ W+ 0,2 ()20 + 00 f (5) / U[”<s,z>c2<s,dz>)>
K
0 (o, ()20 + 8, £(s)( [ 005, 2)0(s, d )
VI (0,092 + 0,08 | 015 2)Q05,2)
0 f(5) 21 / U[l](s,z)Q(s,dz)} (2.28)
K

Although there appear many cross terms, the same procedures as in the first-order case of
matching the coefficients of X in the driver of (2.28) to those in (2.25) give us a set of linear
ODEs.

After a simple calculation, one can confirm that the relevant ODEs are given by

(1) = (01 () = 020)) 5 0) + 2 £ O [l ) + 200, O (1) + 27(8)  (2.29)

o) = 2up@ef 0+ (0:50) + 0,50t 1) - 50 )0

2
+<8v,zf(t) + 8U7uf(t)q(t7 1)) [Ugl]( )] + 82f( ) [1]( ) ([)1} (t)
(Do () + B F (Dt 1) )01 (1) + 000 f (000 (1) (2.30)

#0) = a0l + 5 (uF(a(r,2) — oolt)) o ()
(8:0) + 0ufDyatt, 1)l 0) + L2 )
4 (8270 + 02 F()at,1)” + 20-f()a(t, 1)) W (1)
(Do f (1) + B f (Dalt, D))ol D0} ) (2:31)
with terminal conditions
B (1) =02H(0), 1) = 1) =0. (2.32)

Given the solution for the 1st-order expansion (vgl] (1), v([)l] (t)), the above ODEs can be solved

one-by-one following the order of vg] — 1152] — v([)m. If the forward dynamics (2.25) of the



hypothesized solution is well-defined, then it is clear that it actually gives one solution for
the BSDE of the 2nd order (2.28). Due to the linearity of the ODE, the solution should be
unique among the assumed forms.

It is clear that one can repeat the procedures up to an arbitrary order. At any order
n (> 1), the relevant ODEs specifying the coefficients of polynomial solution are linear and
they give the unique solution. If the hypothesized polynomial solution is well-defined in the
given interval, it at least provides one solution for the BSDE of the n-th order.

Remark:

In the above example, the distribution (Q(t,-))¢>0 is not necessary be deterministic. q(t,n)
can be a polynomial function of X at most of the order of n. However, it is important to note
that this point is dependent on how the jump component is introduced in the model: If X
has a proportional jump, then ¢(¢,n) specifying the n-th moment of the proportional jump
factor should be independent of X. For example, one can consider the conditions to keep
(2.28) as a 2nd-order polynomial of X.

2.2.5 Mathematical justification for convergence and error estimate

Unfortunately, we have not yet obtained a good understanding of the mathematical prop-
erties of the proposed expansion. Despite the similarity to Takahashi [32] and Kunitomo &
Takahashi [24] in the way that the parameter € is introduced and its similar application to
BSDEs in Fujii & Takahashi [18], it is not yet clear if we can simply borrow the arguments
in Takahashi & Yamada [33] for justification to the current polynomial scheme. A rigorous
proof is left for an important topic for the future research.

However, we would like to emphasize that the above limitation is not a significant draw-
back for practical applications. The great advantage to have an explicit form of an approxi-
mate solution is allowing one to test its accuracy directly for a given setup (See the discussion
in Section 2.2.1.). The test like this is necessary for any methods since the convenient as-
sumptions needed for the mathematical justification will be violated in realistic situations
anyway. In contrast to the proposed scheme (and the one in [18]), one can see that carrying
out this check is not a simple task for purely simulation-based techniques.

In addition, it is interesting to notice that we have not used any special properties of
Wiener integral after expressing the BSDE in term of dX as in (2.5). If one can loosen the
conditions necessary for the quadratic covariation terms, one may possibly obtain an unified
way of approximation for rather general semimartingales.



3 Pricing European Options
with a Jump-extended Heston Model

3.1 Problem Setup

We assume that the asset price S and its stochastic wvariance-factor Y have the following
dynamics under a probability space (2, F,Q):

Sp = So+ /O t Sy <a(s)\/idws + /K (e* — 1)N(ds, dz)) (3.1)
V=14 /Ot (a(s)\/idBS +r(s)(1— Y;)ds) (3.2)

where Q is supposed to be a certain equivalent martingale measure chosen by market partic-
ipants. W and B denote one-dimensional Q-Brownian motions with d(W, B); = p(t)dt. N
denotes Q-compensated random measure specified by

N(dt,dz) = N(dt,dz) — A(t, Y,)Q(t, dz)dt (3.3)

with the jump intensity A and its deterministic distribution function Q(¢,-). &(-),a(-), p(*)
and (-) are appropriate deterministic functions. We allow A : [0,T] x Ry — R, to be a
smooth generic function of Y, and hence (3.1) and (3.2) do not consist of the analytically
solvable affine system.

In order to make the expansion around the origin a good approximation, we perform a
change of variables

Y, =Y, —1. (3.4)

Then, they follow the dynamics

X, = /Ot (o(s)\/Ys T 1dw, — [0(5)2 (Vs + 1) + Als, V;)8(s)] ds)

+ /Ot /K 2N (ds, dz) (3.5)
Y, = /t (a(S)\/YS Y 1dB, — /ﬁ(s)YSds) (3.6)
0

where (3(-) is a deterministic function defined by

B(t) = /K (¢ — 1)Q(t. d2) (3.7)

and \(t,Y}) := A(t,Y; + 1).
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Let us consider the valuation problem for a European option in a BSDE form:

V, = H(X7) —/tT stWS—/tTFSdBS—/tT/KU(s,z)N(ds,dz) (3.8)

where H(X7) denotes the terminal payoff at the maturity 7" in terms of X, and V; denotes its
present value at time ¢ (< 7). Simple redefinition of the control variables (Z,I"), one obtains

T T T
Vt:H(XT)—/t stxg—/t FSdYS_/t /KU(s,z)N(ds,dz)

_ /tT {Zs [0(5)2 (Y, +1) + )\(S,Y;),B(S)} + r(s)[sYs — (s, Ys) /

K

Uls, z)Q(s,dz)} ds .

One can now apply the proposed polynomial expansion scheme to the BSDE if H(:) is a
smooth function. Although we can directly approximate the option payoff by a polynomial
function, we shall take an alternative road that does not involve such approximation. We are
going to consider H(z) = ™ for m = 1,2,3,---. Then the corresponding value function V;
gives the moments of Xp. We finally use the Edgeworth expansion to get an estimate of the
probability density function of X7 (and hence St) to calculate the standard Call and Put
options.

3.2 Polynomial Expansion

We consider the system of a perturbed BSDE

T T T
VS =H(eXp)— / ZdXS — / rdys — / / U€(s,2)N(ds,dz)
t t t JK

- /tT {z; [0(«29)2 (Y + 1) + Als, Y2)B(s)] + en(s)TEY: — A(s, ¥2) /

U*(s, z)Q(s,dz)} ds

K
(3.9)
and the forward SDEs (3.5) and (3.6). We expand the solution in term of € as
n=0
Zs ="z, Ti= Zenrt . US(t,2) ZE”U[n (t,2) . (3.11)
n=0

In the next lemma, we give the solution of the above expansion in terms of a recursive

system of linear ODEs. We denote the number of choices selecting m out of n (> m) by
n!

Cinm) = . We also use the convention for the summation symbol that Zz =0

(n —m)!m!
when (j < 7).

Lemma 1 If it exists, the polynomial solution for the expansion in (3.10) and (3.11) is

11



uniquely given by

V[n] Z Z m k 'k:' 7’:] kk(t) (3'12)
m=0 k=0
n m-—1 m—k—1
n X VP
= Z Z m L — 1 k! in} kk(t) (3'13)
m=1 k=0
w_ NN XY
r=>"3 R ki (t) (3.14)
m=1 k=1
n—1 m m—ky 'k n l—m
- X Y, z n
Ut z) = Zm( > m“z[ " k(t)> (3.15)
m=0 k=0 T l=m1

with the set of deterministic functions vw_k w(t) of (0 <k <m < n) satisfying the following
recursive system of linear ODFEs

.[n o(t)? n n at)? n
£k = “Tnsrmscioh ( TG a0+ O OO0+ 2l )

2
o2(t n n a(t)? n
—Lm<n—2) <2()U7[n}—k+2,k(t) + p(t)a(t)a(t)vin]—k+l,k+l(t) (2) 7[n] k k+2(t)>

g t 2 n— n— g t 2 n
Hlm<n—1,1<k)F < (2) N () R ( A )> +H(m§n—1)(2)1’£@]k+1,k(t)

k n—m .

n—I n—lI] ta.]

—I—]I(mgn—nZC(k,l)@é)\(t,O) ﬁ(t)vfnfk]ﬂyk (t UJ[er kit (j! )) (3.16)
=0 Jj=1

having the terminal conditions UL:%(T) = 02 H(0) with all the other components zero.

Proof: Let us suppose that the polynomial-form solution given in (3.12) exists. Then, the
application of It6-formula and simple rearrangements of summation yield

yk
[n] _ t - [n]
av ZZ (m — klk;l{ Yrm— kk(t)

m=0 k=0

g n n n
Hlm<n—1,1<k)k <2tv7[n]k+2,k1(t) + ptatatvr[n]fk+1,k(t) T 7[11] k k+1(t)>

2
+H(m§n72) ( 2 q[‘Z] k+2, k;( )+ thtatULZ}_k+17k+1(t) + = 9 q[‘Z] kk+2(t)> }dt

n m-—1 m—k—1 n.m m—ky k—1
[n] X; vF [n] Xy Y,
* z:l P U () (m—Fk—1) 'k:‘dXt + Z va_k’k (m —k)!(k — 1)!dYt
+’§ iw( Zn: A / I 0z)) (3.17)
m=0 k=0 (m — k)tk! l=m+1 Tk = m)! ’ '

12



which then implies (3.13), (3.14) and (3.15).
On the other hand, extracting the n-th order part from the BSDE (3.9), one obtains

xXn T T T
v = TLonmo) - [ Zblax; - / iy, — [ [ Ulis s, dz)
n: t t t K

T 0.2
- / 5 (Y zln=1 4 Z[”]> + A(s Z I,0) YZZS[”_” SR AN G
t

5,0 _
Z')YSI/KU[H ﬂ(s,z)Q(s,dz)}ds (3.18)

Substituting the control variables Z,I" and U with assumed form in (3.13), (3.14) and (3.15),
and reordering the summation, one can confirm that (3.18) becomes

X T r ’
v = SLonmo) - / ZIMdxe — / rirlay, - / / U(s, 2)N (ds, dz)
t t t K

n.m T m—kyk 2
323 [ it | 5 (sl o)

k

+ZC(1€,Z)5( )al)‘(s 0) LZ Q+1,k—z<3> +la<rkr(s)v 7[: li]k( )
=0
k n—m .
=3 CaniA s 0 (D o Q(‘S,"])) ds . (3.19)
1=0 j=1 J:

Then, matching the coefficients in the drift term of (3.17) to those of (3.19) yields the system
of the linear ODEs (3.16). The terminal conditions should be clear from the expression (3.19).

As long as the forward SDE (3.17) is well-defined when using the solution of the ODEs
(3.16), it actually gives one possible solution for the n-th order BSDE (3.18). Due to the
linearity of the ODEs, the uniqueness of the solution within the assumed form should be
clear. W

Note that the above system of ODEs can be easily solved one-by-one by evaluating in the
following order:

n:0 — Npax (3.20)
m:n—0 (3.21)
k0 —m. (3.22)

3.3 Pricing formula for a European Option

Suppose that we have obtained the good estimate of moments of v,, = E[X!] form =1,2,---
from the truncated approximation of the BSDE (3.9) with H(x) = z™. The n-th order

13



cumulant x,, is given, in terms of these moments, by
] r—1 ! 1 Ym | Fm

Xo=nl 3 ()= Y (ﬁ) (3.23)

{km} m=1

where the summation } ;. 4 is taken for all the n-uplets of non-negative integers {k1,- -+ , kn}
satisfying the Diophantine equation

ki +2ky 4+ -+ nkp =n . (3.24)

r is defined by r := k1 + ka + -+ - + kp.
Then, the Edgeworth expansion of the X7’s density using up to the n-th order cumulant
is given by

S

pa(@) = §la: 1, 52) 1+Zng+2r Hooop (5F )H;(;;T;))’“m (3.25)

s=1 {km}

where p := x1, 2 := /X2 and

bz p, %) = \ﬁE exp (—1($;N>2> . (3.26)

Here, the summation ) {km}is taken for all the s-uplets of non-negative integers satisfying

ki+2ko+ -+ sks=s (3.27)
and

ri=ki+ko+---+ks (3.28)
n (3.25). Hy() denotes the Hermite polynomial defined by

2 d" 2
H,(z) :=(-1)"e? d:c”e_T . (3.29)

See, for example, Blinnikov and Moessner (1998) [4] for a simple derivation of the formulas
and informative numerical examples of the density approximation from the moments.

Then an approximated price of a Call option on St with strike K based on the n-th order
(n > 2) Edgeworth expansion 2 is given by

ck :/ (Soe” — K)Vpp(x)dx

—0o0
[e¢) n—2 1 S 1 X 2 k
= | (SpeSvtr - K 1 —H —( m+ )m d
| (s 12 3 s o0 T ()
(3.30)
2We mean that the expansion using the cumulants (xi), 1=1,2,--- ,m.
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where

IH(K / S()) — U 1 _y2
di= —120 7 7 = e T 3.31
< o) = = (331)
All the necessary integrations in (3.30) can be performed analytically thanks to the following
properties of the Hermite polynomials:

/d " o(y) Ho(y)dy = $(d) Hyy (d) (3.32)

/d " () Ho (y)dy = €S 6(d)Hy 1 (d) + 5 /d T S Hy o ()dy. (3.33)

Put options can be evaluated similarly.

3.4 Numerical Examples

For numerical examples, we choose a set of constant parameters and a Gaussian jump density

given as 3
1 1/2z—py 2)
t,dz) = ——e —= dz . 3.34
Q( ) \/%()'J Xp( 2( agJ ) ( )

In each of Figure 1 to 3, the approximation of the moments v,, = E[X7'] (m = 1,---,10)
with the expansion order up to n = 20 based on the result of Lemma 1 is given in the left-
hand panel. Each line is connecting one of the {~,,} estimated by the polynomial expansion
up to the order specified by the horizontal axis. Note that the approximation of ,, becomes
non-zero only for n > m. One can see that the lower-order moments converge rather quickly.
The right-hand panel gives the comparison of the implied volatilities approximated by the
Edgeworth expansion using the corresponding order of cumulants and the result from the
Monte-Carlo simulation with 500,000 paths. We have used Put options for lower strikes by
directly applying the corresponding formula without relying on the Put-Call parity. The
horizontal axis denotes the size of the strikes scaled by Sy, i.e. K/Sp. In Figure 4, the higher
moments (s, Y9,710) are shown separately and the results for the implied volatilities are
given in Figure 5 4.

As one can see from Figures 3 and 4, higher moments grow rapidly for longer maturities
and also the rate of convergence slows down. As for higher moments there is no guarantee
that the Edgeworth expansion converges even if the moments are accurately estimated °. In
addition, by the very nature of polynomial expansion, when |v,,| > 1 the expansion can
be divergent. As can be seen in Figure 5, one may be better off by focusing on the lower
moments (and cumulants) to get a stable approximation for a problem with long maturity.

31t does not have a compact support but the scheme still seems to work well in this example.
4The estimation based on 1o is omitted since it seems to give a totally useless result.
5 Although it is similar, Gram-Charlier series generally gives much worse approximation.
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Figure 1: Estimation of moments and implied volatilities. T'= 1,0 = 0.15,a = 0.6,p = —0.6,x = 0.1, u; =
—0.02,0; = 0.03 and A(t,Y;) = 8(Y; + 1)°.
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Figure 2: Estimation of moments and implied volatilities. 7 = 1,6 = 0.15,a = 0.6,p = 0,k = 0.1, u; =
—0.02,07 = 0.03 and A(t,Y:) = 8(Y; + 1)2.
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Figure 3: Estimation of moments and implied volatilities. T = 3,0 = 0.15,a = 0.5,p = —0.5,x = 0.1, u; =
0.01,05 = 0.035 and A(t,Y;) = 5Y; + 10Y; + 8.
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Figure 5: Estimation of implied volatilities. T' = 5,0 = 0.15,a = 0.5,p = —0.5,x = 0.1,y = 0.01,0; =
0.035 and A(t,Y:) = 5Y; + 10Y; + 8.

Before closing this section, let us study the path-wise nature of the current approximation
scheme for the terminal condition H(X7) = X7'. For each order of moment m and expansion

n, one can calculate the path-wise truncated approximation error [ X7 — XN/T(n)], where V()
is given by (2.13) appropriately specified for the current model. In Figure 6, we have shown
the scattered plot of this quantity for (m = 1 and 5) with various orders of expansion n
using the same setup as in Figure 3, i.e. {T'=3,0 =0.15,a = 0.5,p = =05,k = 0.1, uy =
0.01,07 = 0.035 and A(¢,Y;) = 5Y;2 +10Y; +8}. In Table 1, the mean and standard deviation
of [ X' — ‘77(,71)] are given for m = {1,2,---,5} in the same setup. For ease of comparison,
E[X7'] estimated by simulation is also given in the lower table for each moment. Note that
the non-trivial approximation exists only for n > m. Improvement of approximation stops
effectively at just a few higher order expansion n > m, which means that the contributions of
polynomial expansion for the target of X7 is dominated by m-th and just a couple of higher
order polynomials. This is rather natural and also consistent with the left panel of Figure 3
showing the convergence of approximation series for each moment.

One can observe that our scheme can provide accurate path-wise approximation of X™
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but its error grows gradually for the higher moments. This fact can be naturally expected,
since the contribution from the small number of realizations which reside in the tails of the
distribution of X7 becomes more important for higher moments. For the above example, the
situation does not change meaningfully even if we use the pure diffusion model by putting
A = 0. We have observed a minor improvement of convergence only by a factor of few.
Since we have used the standard Euler scheme, the corresponding simulation error may be
contributing to the above result to some extent.

- . .
* Othorder 05 *

1storder

bonsd . @
e ¢ * Othorder

« 2nd order 0.5

., K .
= 3rdorder . P L e . .o

» Sthorder
* thorder 45 .

« sthorder
+ Sthorder

+ 7thorder
* Gthorder

2.5 o 03 + 8thorder

+ Tthorder .

« othorder
* 8thorder

- + 10thorder
* Sthorder 33

+ 10th order

1.5

m=1

Figure 6: Scattered plot of [X7* — V™ (m = 1 in the left and m = 5 in the right) with various expansion
orders n. The setup is the same as in Figure 3.

m=1 n=~0 n=1 n=2 n=3 n=>5 n=7 n =10

mean || -0.054 | —3.4x10°3 | =32x103 | 6.7x 101 1.4 x10°° 1.6 x 107 1.5x 106

stdev 0.34 0.028 4.6 x 1073 9.5 x 10~ % 1.3x 1077 1.2 x 1077 1.2 x 1077

m=2 n=20 n=2 n=3 n=4 n==5 n==7 n =10

mean 0.12 0.014 7.7 %1073 —1.6 x 1073 1.9 x10°4 —4.7%x107% | =5.4x10°°

stdev 0.22 0.044 0.017 4.7 x 1073 3.9x 1073 3.9x 1073 3.9x 1073

m=3 n=2~0 n=3 n=4 n==5 n= n= n =10

mean || -0.041 -0.017 —6.6 x1073 | 4.7x1071 —1.8x 10~ % 1.5 x 104 3.9x10~°

stdev 0.27 0.084 0.043 5.6 x 103 5.3 x 103 5.3 x 1073 5.2 x 1073

m=4 n=20 n=4 n=>5 n==~6 n= n= n =10

mean 0.060 0.025 0.014 8.3 x 10~ 1 6.1 x 10~ % —4.4x107% [ —12x 1074

stdev 0.39 0.18 0.11 0.019 0.012 0.011 0.010

m=>5 n=~0 n=>5 n==~6 n=7 n=3~8 n=9 n =10

mean || -0.050 -0.037 -0.021 —52x1073 [ —1.9x 103 6.8 x 10~ % —9.0 x 10~F

stdev 0.65 0.40 0.28 0.084 0.042 0.025 0.024

m=1 m =2 m=3 m=4 m=>5

EX7] [[ -560x 1072 [ 1.16 x 10~ [ —4.30x 10~2 [ 6.33 x 102 [ —5.69 x 10—2
Table 1: Mean and standard deviation of the path-wise realizations of [X7* — V] of m = {1,--- ,5} with
the same setup as in Figure 3 by simulation. The second table gives the figures of E[X}'] with m = {1,--- ,5}

estimated by MC simulation for clarity.
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4 An Application to »-SABR Model

4.1 Problem Setup

By using an appropriate change of variables, the proposed polynomial expansion scheme can
be applied to a wider choice of models than what may be naively imagined. Let us consider
(rescaled) \-SABR model (SABR model with mean-reverting volatility) under an equivalent
martingale measure Q.

t
Si= S+ [ (Sy)ols) Tt (4.1)
0
— t — —
V=14 / (a(s)stBs +r(s)(1 — Ys)ds) (4.2)
0
where W, B are one-dimensional Q-Brownian motions with d(W, B); = p(t)dt. (o, p, k) are

all deterministic functions, and 8 € [0,1) is a constant. Here, a factor of Sé_ﬁ is included to
make o roughly equal to the at-the-money implied volatility of S.

The change of variables
1 St 1_6
Xp=—— |5 -1 4.
U1 <<So> ) (4.3)

V=Y, —1 (4.4)
leads to the dynamics
X, = /0 <U(s)(1 +Y,)dW, — ga(s)Qb(Xs)(l + Y5)2d8> (4.5)
Y, = /0 (a(s)(l +Y,)dB, — fﬁ(s)sts) (4.6)
where
N0 F—— (4.7)
TI1r (1P '

The assumption on the quadratic covariation (2.4) is now satisfied for these new variables.
The BSDE relevant for a European contingent claim with terminal payoff H(Xr) at
maturity 7" is given by

V; = H(X7)-— /tT <§a(s)2b(XS)(1 +Y,)2Z, + /@(s)YSFS> ds

T T
—/ Zsd X —/ I'sdYs (4.8)
t t

As in the Heston’s case, we choose H(x) = 2™, (m = 1,2,---) to obtain the moment estimate
of X7 and then use the Edgeworth expansion to approximate its probability density. Here,
we are not claiming the Edgeworth expansion is the best choice and different basis functions
(such as Laguerre polynomials) can be more appropriate.
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4.2 Polynomial Expansion

We now introduce € to the BSDE (4.8) so that we can perform polynomial expansion

T
Ve = H(eXT)—/ <§a(s)2b(eX5)(l—i—eYs)2Z§+m(s)Y5F§> ds
t
T T
- / Z¢dX, — / redy, (4.9)
t t
as
ve=Y el (4.10)
n=0
zi=Y ez, ri=3 ety (4.11)
n=0 n=0

We have the following lemma.
Lemma 2 If it exists, the polynomial solution for the expansion in (4.10) and (4.11) is
uniquely given by

n

X ryE

[n] [n}
Vit = ZZ (m — k)k! Um— kk(t) (4.12)
m=0 k=0
n om-1 mok-1
n _ X v I
Z"=33 (m —J — D)l - ki) (4.13)
m=1 k=0
n.m m—ky k—1
] _ XY, Il
Iy = Z (m — k)!(k —1)! Upn— kk(t) (4.14)
m=1 k=1

with the set of deterministic functions vfz]_kk(t) of (0 <k <m <n) satisfying the following
recursive system of linear ODFEs

ol 9} ) ] ai )
Oy e (8) = —La<iyk(k — 1) ?vm7k+2,k72(t) + provovy, g e (D) + Evmfk,k(t)

~Ln<n-1,1<k)k (Utz o ot (8) + 2l () + af ULZ]—k,k—&-l(t))

of [n] i) a7 n)
—Lm<n—2) ?Umfk+2,k(t) + POty gy (B) + ?Umfk,k+2(t)

m—k

+lm<n— 11<k)kfft?1[ k}k( t) + Lin<n—1) U C(m — k,1)8-b(0) x

=0

n—l n—Il—
( 7[n k} i1k (8) <k 2k U[ 1l}+1,k:—1(t) +lo<nk(k — 1) Ur[n—k:—2l]+1,k—2(t) )

(4.15)
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having the terminal conditions ”Ln,}o (T') = 02 H(0) with all the other components zero.

Proof: 1t can be proved in exactly the same way as Lemma 1. The derivation is given in the
Appendix A.

4.3 Numerical Examples

As in Section 3.4, let us provide several numerical examples for the estimated moments and
the comparison of the implied volatilities. The number of paths for Monte-Carlo simulation
is 500,000 as before. For this model, we cannot use the special relation in (3.32) and (3.33),
and hence we have carried out numerical integration of the estimated density for the pricing.
The styles and conventions used in each figures are the same as those in Section 3.4.
Although the polynomial expansion gives similar accuracy for short maturities, its appli-
cability to long maturities is rather limited compared to the previous extended Heston model.
The main cause seems to be the factor k(k — 1) appearing in the first line of the ODE given

in Lemma 2, which strongly drives {vwk} especially for higher moments and makes them

unable to converge. This factor stems from the terms o< Y2 in the quadratic covariations. In
1
addition, since the support of X; is limited to the range X; > 1T 5 the model’s compat-

ibility to the Edgeworth expansion may be lower than the Heston model. This may be one
of the reasons for somewhat unstable behavior of the implied volatilities when higher-order
cumulants are included.

For completeness, we give a convergence analysis for the path-wise realizations of the
truncated approximation [ X7 — ﬁ}n)] as before. In Table 2, the mean and standard deviation
for m = {1,2,--- ,5} with various order of expansions are given under the same setup used
in Figure 8. In this model, the improvement of approximation stops more quickly than the
previous Heston model case. This is likely due to the smaller size of moments 6 and possibly
other delicate model features. The quicker convergence of approximation series can also be
seen from the left panel of Figure 8.
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Figure 7: Estimation of moments and implied volatilities. T = 0.5,0 = 0.15,a = 0.3,p = —0.4,k = 0.1, 8 =
0.4.

5This is due to the performed change of parameters.
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Figure 9: Estimation of moments and implied volatilities. T' = 1,0 = 0.15,a = 0.35,p = 0,x = 0.1, 8 = 0.6.

m=1 n=0 n=1 n=2 n=3 n=2>5 n="7 n =10
mean —4.7x1073 | —2.8x107% [ —27x107% 1.8 x 1076 —4.4x 1077 5.5 x 1078 1.0 x 10=7
stdev 0.15 1.9 x 1073 4.1 x 1077 7.5 x 107° 1.8 x 10—° 1.7 x 10—° 1.7 x 10—°
m =2 n=20 n=2 n=3 n=4 n=>5 n="7T n =10
mean 0.024 2.1x 1074 5.3 x 10~ ° 2.2 x 10~° 1.2 x 10=° 1.1 x 10=° 1.0 x 10~=°
stdev 0.037 1.3x 1073 1.2 x 1073 1.2 x 1073 1.2 x 1073 1.2 x 1073 1.2 x 1073
m =3 n=20 n=3 n=4 n=>5 n==6 n="7T n =10
mean —1.6 x 103 —4.0 x 10~° —4.1 x10°° —5.7x 10°° —3.0x10°° —1.8x10°° —1.4x10°°
stdev 0.018 6.5 x 107 5.9 x 10~ % 5.6 x 107 5.6 x 107 5.6 x 10~2 5.6 x 10~2
m =4 n=0 n=4 n=>5 n==~6 n="7 n=3~8 n =10
mean 1.9 x 103 2.6 x 10~° 2.1 x107° 7.9 x 10°6 5.4 x 1076 4.7x10°° 4.4x10°°
stdev 9.1 x 1073 4.8 x 10~% 4.5 x 10~% 4.3 x 1077 4.3 x 1077 4.3 x 1077 4.3 x 1077
m=2>5 n=~0 n==5 n==~6 n==7 n=3~8 n=29 n =10
mean —3.8x 1072 —9.7x10°° —1.4x10°° —4.6 x 10°° —3.4x10°° —29x10°° —2.7%x10°°
stdev 5.7 x 1073 3.9x 1077 3.7x 1077 3.6 x 10~% 3.5 x 10~% 3.5 x 10~% 3.6 x 10~%
m=1 m =2 m =3 m =4 m=>5

]E[Xjﬁ”] —4.78 x 103 2.39 x 1072 —1.73 x 1073 2.04 x 1073 —4.48 x 1074

Table 2: Mean and standard deviation of the path-wise realizations of [ X" _‘7791)] ofm={1,---,5} with the

setup in Figure 8 by simulation. The second table gives the figures of E[X7'] with m = {1,--- ,5} estimated
by MC simulation for clarity.
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5 Utility Optimization with Terminal Liability

European contingent claims, which we studied in the previous sections, can of course be solved
without resorting to a complicated BSDE formulation. The main motivation there was to
get some insight about the performance of the proposed scheme by studying the two popular
models. Now, in this section, we treat a utility-optimization problem in an incomplete market
where solving a BSDE becomes crucially important.

Here, we adopt a simple Heston security market consists of one-risky asset with stochastic
volatility. For simplicity, we assume that the interest rate is zero. In the probability space
of the physical measure (2, F,P), the dynamics of the underlying variables is assumed to be
given by

S, = So + /Ot Ssa(s)\/i(dws +0(s, S, Ys)ds)
Vi=1+ /Ot <a(s)ﬁi(d35 + p(s)0(s, SS,Y;)ds) + k(s)(1 — i;)ds> (5.1)

where W, B are P-Brownian motions with d(W, B); = p(t)dt. o,« and k are deterministic

functions of time, and 6 : [0, T] x Ri — R gives the risk-premium process associating with

W. The risk-premium for B is implied by the pf as well as the mean-reverting term of Y.
Given a portfolio strategy (m:)i>0, the wealth at the terminal time 7" (> t) is given by

T
W, w) = w+ / udSe . (5.2)
t

In the reminder of this section, we are going to study the BSDE associated with the expo-
nential cost minimization:

V(t,w) = essinf E (5.3)

exp <7<fl(ST,YT) — Wi(t, w))) ‘]:t

where v is a positive constant specifying the risk averseness, and H : Ri — R is a smooth
function denoting the terminal liability. Using [t6-Ventzell formula and the transformation

V(t) = 1n<V(t, w)evw) (5.4)

one can show that the following BSDE holds:

Vi = vH(Sr, V) — /T {;9(3, AL %(1 _ p(s)2)f§} ds
T ' T
—/t Z, [dws+é(s,ss,2)ds] —/t T, [st+p(s)§(s,Ss,ﬁ)ds} . (5.5)

It is well-known that the transformation (5.4) makes V' (¢) independent from the initial wealth
w. The details and various interesting topics can be found in a comprehensive review by Mania
& Tevzadze (2008) [28]. Similar qgBSDE arises in other economically important setups too,
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such as Power and HARA (hyperbolic absolute risk aversion) utilities after appropriate change
of variables. We simply study (5.5) for a demonstrative purpose of the current approximation
scheme.

It is important to notice that one cannot make use of Cole-Hopf transformation to convert
the qgBSDE (5.5) to a solvable linear BSDE as long as (H,f) depend on both of the S and
Y. For example, if both of them depend only on Y, one can solve it analytically by following
the arguments given by Zariphopoulou (2001) [37].

As in Section 3, we perform the change of variables

and define

The relevant forward SDEs are now given by

X —/t{ (s)V/Ys +1(dW, + (s, X Y)d)—U(S)Q(YJrl)d } (5.9)
t = o(s s s S, Ag, I's)AS 9 s S .
0

t
Y, — / {a(s)\/Ys ¥ 1(st + p(s)e(s,xs,ys)ds) — k(s)Y,ds } . (5.10)
0
Simple redefinition of variables yields

V, = v H(Xp, Yi) — /T Z,dX, - /T T,dY, — /T {;@(S,XS,YS)
0‘(;)2 (1—p(s)H)(1+Y)I2 + 0(28)2(1 +Y)Zs + n(s)YSFS} ds  (5.11)

where H(X7,Yr) := H(St,Yr) and O(s, X5, Ys) = 0(s, X5, Ys)? . The control variables are
connected to those in (5.5) by

Zs=Zo(s)\VYs+1, Ts=Tsa(s)v/Ys+1. (5.12)

We assume the system of the forward and backward SDEs (5.9), (5.10) and (5.11) has a well-
posed solution in the reminder of the section. Although it deviates from the main subject of
the paper, it is interesting to notice that the above BSDE has a simple exact solution in a
special case. The details are give in Appendix C.

24



5.1 Polynomial Expansion

In order to obtain the polynomial approximation for the system (5.9), (5.10) and (5.11), let
us introduce € and consider the perturbed BSDE:

Ve :fyH(eXT,eYT)—/ ZidXs — / redy; — / { (s,eXs,€Ys)
t

_als)? a2, 0(5)°
(1= p(9))(L+ X)[DP + T (14 V) Z 4 en(s)YIS pds (5.13)

and the associated expansion

n=0
oo [ee]

=N ez, =Y et (5.15)
n=0 n=0

The approximate solution of the original system is obtained by truncating the summation at
a certain order n and putting (¢ = 1) as explained in Section 2.2. For this model, we have
the following result:

Lemma 3 If it exists, the polynomial solution for the expansion in (5.14) and (5.15) is
uniquely given by

n m—kvk
n] _ X" Y )
V"= ZOkZ(m )iV o) (5.16)
m=0 k=0
n om—1 m_k—1
n] _ X v I
Zt - Zlkz (m k—l)'k' Upn— kk(t) (517)
m=1 k=0
. n m Xm kyk 1 .
=% o) (5.18)

(m — kﬂk—n'mkk

with the set of deterministic functions ULZ]—k p(t) of (0 <k <m < n) satisfying the following
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recursive system of linear ODFEs

- [n] i () ] ai ]
Uy () = —Lim<n—11<k)k jvm_kw,kq(t) + peorouvy, g () + ?Um—k,k:—&—l(t)

97 [n]

2
(6%
—Lm<n—2) <2U7:k+2,k(t) + ptatatvkﬁ£k+l,k+1(t) + ;vﬁ]k,mz(t))

Lo kak of [n]
‘HI(m:n) 5896 8y@(t, 0, 0) + H(mgnfl) ?Um—k—i-l,k (t)

0f 1] n—1]
Himen11<0)k | 5 Umpr1p-1(8) + Fevg, g (0)
n—1 IN[m+1] JAk+1] a2 [l] [ l]
2 n—
Tm<n-y D Y. 5 Cunri-»Cler-105 L pp Ok japipra(t)
=1 j=1V[l4+2—n+m] p=1V[j—m+k]
n—2 IAm JNk o2 0 —i-1]
n—I[(—1
Tacmenoi<h D, D > 5 &7 Clon—k,j—p) Clhbap) PV p.p (Vi po—ps1 ()

=1 j=1V[l4+2—n+m] p=1V[j—m+k]
(5.19)

with £ := (1 — p(t)?) and the terminal conditions anlkk(T) = vag_kﬁlle(0,0) with all the
other components zero.

Proof: The proof is done in a similar way to Lemma 1 and 2. The details of the derivation
are given in Appendix B.

5.2 Numerical Examples

For numerical examples, we shall use

Ot, X, Yy) == coe Xt (Y, + 1) (5.20)
H(X7,Yr) := e I XTG(Yr) (5.21)

where ¢, c1,91 are constants and G(-) a smooth function of Y. Since the parameter of
risk-averseness v appears only in a combination vH, the factor e %7 can equivalently be
interpreted as a Sp-dependent risk averseness.

The problem analyzed in this section is intrinsically non-linear. Thus, we cannot use
the density approximation and must directly approximate the terminal payoff by a smooth
function. In practice, however, it should not be a prohibitive limitation. Since the problem
is non-linear, one has to consider the optimization in a portfolio level. Then, considering
an appropriate hedging strategy based on a smooth approximate payoff function, instead of
treating it exactly, should be reasonable.

We consider the next four choices of terminal liability (except e™9'* factor) in the numer-
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ical examples:

(1) sin(y + %) (5.22)
(2) : max(0,y) (5.23)
(3) : max(0,—y) (5.24)
(4) : 0.6 — max(0,0.2 — y) (5.25)

For (2) to (4), we have approximated it by a 5th-order polynomial function determined by
a simple least-square method, and treat it as the true G(y) in the evaluation. Here, the
shapes of the liability and the order of approximating polynomial function are chosen rather
arbitrary. In practice, one has to consider in a portfolio level and needs to choose a certain
order of polynomial to recover its overall shape. The impact from adding another term would
be easy to check directly. It is naturally expected, however, that the higher order terms plays
only a minor role otherwise it means that the firm is taking quite problematic positions and
exposing it to the far-tail behavior of the underlying securities.

Each of Figure 10 to 13 consists of: 1)Top left: a graph of G(y), 2)Top right: a graph

of the truncated value function and control variables (Vo(n), én),Fé")) for each n specified

by the horizontal axis 7, 3)Bottom left: a scattered plot of [yH(Xr,Yr) — 1772”)] for each
expansion order, 4) Bottom right: a graph of the means as well as the standard deviations of
[vH (X7, Yr) — VT(n)] for (0 < n < 10) with 100,000-path simulation, whose details are also
given in a table associated with each example. Note that the errors are measured relative to
the smoothly modified terminal functions in (2) to (4) cases.

From the definition of the truncated approximation, one can easily see that the mean of
[vH(Xr,Yr) — XN/}”)] is equivalent to the estimate of

T T
vy —E [’YH (X1, Yr) — / ZMax, — / r{"ay,
0 0

—/ {§@(t,Xt,Yt) - %(1 — A+ Y)[E2 %(1 +Y)Z™ + kYD )}dt] (5.26)
0

by simulation. Its convergence to zero gives one consistency test for the value function at
the initial point. The scattered plots of [yH (X, Yr) — ‘7}")] and the corresponding standard
deviations provide a much stronger test. They suggest that the truncated value functions
and control variables give a good path-wise approximation for the original BSDE. One can
clearly observe that the deviations [yH (X, Y7)— VT(n)] at the maturity are strongly clustering
around zero even for a relatively low expansion order n ~ 3. Of course, as one can imagine,
the probability that the size of (’yH (X7, Yr), X7, YT) becomes (meaningfully) bigger than
one should be small enough in order to obtain a converging result. This means that we need
to adopt a proper “scaling” for the wealth and the other parameters to make sure the chosen
utility (or cost function) stays O(1) 8.

"See, (2.11) and (2.12) for the definition of truncated variables.
8 A similar scaling would be necessary for any risk-management in practice in the presence of non-linearities.
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Remark

For those who have checked the result of Lemma 3 by themselves, it must be clear that
deriving a closed form system of ODEs would be much harder in a realistic multi-asset setup.
In that sense, the above numerical result is quite encouraging by implying that one may get a
reasonable approximation even by a lower order expansion, for example, n ~ 4. In this case,
step-by-step derivation of the relevant ODEs following the instruction given in Section 2.2
can be done without much difficulty even for a more involved BSDE. Interesting practical
applications are left for the future research.
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Figure 10: T'=1,0 = 0.2, = 0.5,p = —0.7, 5 = 0.1,¢9 = 0.01, ¢; = 0.4,v = 1,91 = 0.6.
G(y) = sin(y + 7/6).

n=0|n=1 n=2 n=3 n=4 n=>5 n==17 n =10
mean || -0.026 | 0.016 | -0.016 | -0.011 | 6.3 x 10> [ 3.9x 107> | =6.5x 10T | 5.0 x 10~ *
stdev || 0.39 0.13 | 0.094 | 0.027 0.030 0.020 0.012 9.1x107°

Table 3: Mean and standard deviation of [yHp — 1772“)] for the setup in Figure 10.

28



2:5

-1.5

0.5

0.5

—=Gly)

~——max(0,y)

2.5

+0-order
- 1-order
- 2-order
# 3.order
* 4-order
4 5-order
+7-order

~10-order

0.7

0.6 ~

05 -

0.4 ~

—4—mean

~f-stdev

Figure 11: T'=1,0 = 0.2, = 04,p = —0.6,x = 0.1,¢9g = 0.01, ¢; = 0.4,v = 1,91 = 0.6.
G(y) is a 5-th order polynomial approximating max(0,y).
n=0|n=1 n=2 n=3 n=4 n=>5 n==7 n =10
mean 0.093 0.10 —28x107°% [ 37x1073 [ —=82x107%* | -13x1072 | 29x107* | 1.3x107*
stdev 0.29 0.14 0.040 0.030 0.026 0.011 0.011 53x 1073

Table 4: Mean and standard deviation of [yHp — 177&”)] for the setup in Figure 11.
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Figure 12: T=1,0 = 0.2, = 04,p = —0.6,x = 0.1,¢g = 0.01, ¢c; = 04,y = 1,91 =
G(y) is a 5-th order polynomial approximating max(0, —y).
n=0|n=1| n=2 n=3 n=4 n=>5 n="7 n =10
mean || 0.064 | 0.075 | -0.019 | —8.6x107% | 58 x107% | —3.6 x107% | 1.5 x 107° | 44 x 10"
stdev 0.17 0.089 | 0.044 0.042 0.041 0.011 0.012 8.0x 1077

Table 5: Mean and standard deviation of [yHp — 17}”)] for the setup in Figure 12.
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Figure 13: T=1,0 = 0.2, = 04,p = —0.6,x = 0.1,¢g = 0.01, ¢; = 0.4,y = 1,91 = 0.6.
G(y) is a 5-th order polynomial approximating [0.6 — max(0, 0.2 — y)].

n=0|n=1|n=2|n=3 n=4 n==5 n==17 n =10
mean || -0.052 | -0.031 | 0.012 | 0.011 | —9.2x107% | —99x107* [ 1.4x 1073 | —9.0x 107
stdev || 0.27 | 0.095 | 0.040 | 0.069 0.024 0.013 0.017 52 x 1077

Table 6: Mean and standard deviation of [yHp — 17}”)] for the setup in Figure 13.
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6 Conclusions

In this paper, a polynomial scheme of asymptotic expansion for BSDEs is proposed. We
have shown that the polynomial expansion is uniquely determined by the recursive system
of linear ODEs, which can be easily solved one-by-one by following the appropriate order
of evaluation. We have studied possible applications to the pricing of European contingent
claims as well as the exponential-utility optimization with terminal liability, each of which is
provided several illustrative numerical examples.

A rigorous mathematical justification and more intensive numerical studies with realistic
models are left for the future works. For example, a class of multi-factor Heston model pro-
posed by Col et al. (2013) [8] has a nice structure of dependence to which the current scheme
can be applied. Studying the BSDEs associated with the control problem with defaultable
securities, such as those give by Pham (2010) [30], looks interesting, too.

A  Proof of Lemma 2

We proceed as in the Heston’s model. Based on the dynamics (4.5) and (4.6), the forward
dynamics of the hypothesized polynomial solution is given by

Z Z (m — k) I { Bk (1)

m=0 k=0
of i o? )
Flo<kyk(k — 1) 2 U k2t )+pt0‘tatvmfk+1,k71(t)+?Umfk,k(t)

+H(m§n—1,1§k)k (O’?Uf,['::]fk+27k71 (t) + 2pto-tatv7[::],]g+1’k (t) + agvr[,z],kyk+1(t))

o? a?

n m—1 m—k—1+vk
[n] X; Y,
+Z va ri(t (m — k_l)‘k'dXt
m=1 k=0
XZTL—ky;k’—l
+Zlkzvm pilt m—k)!(k:—l)!dyt (A1)
m 1

which implies the control variables given in (4.13) and (4.14).
On the other hand, the n-th order part of the BSDE (4.9) is

xn T T
v = St - [ Zbax.~ [ rlay,
n! .

T n—1
B B 3Lb(0) 1 i bO) (n—l—1]
/t{2 (Z 0 2 xlzl +2Z 2 Xy, ZL
+Z
=0

a(s)?
=0
~ 9, 3’( )X ly2zr—t= 31) + F;SYSPL"”} ds (A.2)
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Substituting the control variables by those in (4.13) and (4.14), one obtains

(] _ T [n] [ T xm-kyk
" " H (0 ZMdx, — F”Y
v = oo - [ Alax - [Crpa - 305 [P

m=0 k=0
) ,8 m—k
X {H(m<n—l,1<k)kﬁsvlz:k]7k( )+H m<n-—1) 5 Z Cm k,l) 8 b )
=0
n—l n—I{— n—I[{—
X (”7[71—1@]—5+1,k(5) + Ia<k)2k v 7[n k 1l}+1k; 1(8) + To<y k(k — 1)Ur[n k 2l}+1k 5(s )) }ds :

By comparing the coefficients in the drift term, one obtains the linear ODEs as (4.15). If the
forward SDE (A.1) is well-defined with the solution of (4.15), then it is clear that it gives one
solution for the BSDE (A.2). The uniqueness of the polynomial solution is clear due to the
linearity of the ODEs.

B Proof of Lemma 3

The dynamics of (5.9) and (5.10) gives the forward SDEs of the assumed polynomial (5.16)
as

ZZ (m—k lkl{ B (1)
m=0 k=0

o2 . o2
Hlm<n—1,1<k)k <2tvr[n}—k:+2,k—l(t) + ptatatvv[n]—k—i-l,k(t) + 2t ’En} k k+1(t)>

n 052 n
Fm<n—2) ( 5 7[71] ko (8) + ptgtatv£n]—k+l,k+l(t) + 2tv7[n]—k,k+2(t)> }dt

n m-—1 m—k—1vyk
[n] X Y,
+Z va wi(t (m — k_l)‘k'dXt
m=1 k=0
infky;tkfl
+Zlkzvm ek G e — (B.1)
m 1
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which then implies the control variables as in (5.17) and (5.18). On the other hand, the
n-order BSDE of (5.13) is

& (k)R /f)'k' S

k=0
T n n—kvk
Z XY a” 9rO(s,0,0) + kY I
e\ (n— k)2
a 5)2 ) n[n—I] n—1—1]
5 (ZI‘HF[ +YZF[ Il
+0(2S)<ZL”] +YSZS["‘1]> }ds . (B.2)

Substituting (5.17) and (5.18) into the above expression and reordering the summation yield

[n] X7~ kYTk n—k gk r [n] T [n]
v, :Zma ok H (0, )—/t Zl dXS—/t rirlay;
=0

Xm kYk 1 n—k ok O‘2 [n]
m=0 k=0

o2
Hl(m<n— 11<k)k’( 5 7[: ]1]+1k 1(8) + Ksvp, " Ii]k( ))
n—1 IN[m+1] JA[k+1]
§s (m<n—2) Z Z Z Clm—k,j—p) Clhp-1)? J[l] p,p(s)vx:g—ﬂp,k—pﬂ(s)
=1 j=1V[l4+2—n+m] p=1V[j—m-+k]
IAm JNk
fs (1<m<n—2,1<k) Z Z Z Cm—rk,j—p)Cle,p)PV ]Hp,p(s)vlz i; 1j}+pk p+1( s) ¢ ds

=1 j=1V[l4+2—n+m] p=1V[j—m+k]
(B.3)

By comparing the drift terms of (B.1) and (B.3), one obtains the system of linear ODEs
as in Lemma 3. It is clear that if the forward SDE (B.1) with the solution of the ODEs is
well-defined, it at least gives one solution for the BSDE of the n-th order (B.2). Due to the
linearity of the ODEs, the solution should be unique within the assumed polynomial form.

C An exact solution for (5.11)

Suppose that both of the H(x,y) and ©(t,z,y) are linear functions of (x,y):

H(z,y) = hgx + hyy + ho (C.1)
O(t,z,y) = O4(t)x + Oy(t)y + Oo(t) (C.2)
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where (hg, hy, ho) are constants and (©,(t), ©,(t), ©g(t)); are some deterministic functions of
time. Then, it is almost immediate to notice that a linear value function and the deterministic
control variables can provide an exact solution:

Vi = 02 (6) Xt + vy (1) Y + vo () (C.3)
Zp = vy (t) (C4)
I‘t = Uy(t) (C5)

where (v;(t),vy(t),vo(t)) are deterministic functions of time.
The ODEs which fixes v, vy, vg can be obtained quite similarly to the discussed approx-
imation scheme. On the one hand, the dynamics of the proposed solution becomes

dv, = (@x(t)Xt + 0, (DY, + @o(t))dt
g (H)dXy + vy (H)dY, . (C.6)

On the other hand, by inserting the assumed form of control variables to (5.11), one obtains

T T
V, = y[hxXT + hy Y7 + ho} — / v (8)dXs — /t vy(s)dYs
t

T (1
-/ {2 (025X + 0, ()Y + O0(s)) + A(s)vy (5)Y: (€.7)
45 (05)20(5) — a1~ pls)y()7) (1 + Ys>} ds | (C.8)

Thus, the the system of ODEs including a Riccati-type for v,

ba(t) = 502 (1) (C9)
iy (1) = 5 (o070 (t) — 2t (1 — (s (1)) + w(e)uy (1) + 304 (1)  (C.10)
io(t) = 5 (00 (t) — (e (1~ plsP)uy (1)) + 5001 (1)

with the terminal conditions
Vz(T) = vhe, vy(T) =~hy, vo(T) =~ho (C.12)

gives an exact solution if v, (and hence the others) has a finite solution for the relevant time
interval t € [0, 7.
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