SIMULATION OF FORWARD-REVERSE STOCHASTIC REPRESENTATIONS
FOR CONDITIONAL DIFFUSIONS

CHRISTIAN BAYER AND JOHN SCHOENMAKERS

AssTRACT. In this paper we derive stochastic representations for the finite dimensional
distributions of a multidimensional diffusion on a fixed time interval, conditioned on the
terminal state. The conditioning can be with respect to a fixed point or more generally
with respect to some subset. The representations rely on a reverse process connected with
the given (forward) diffusion as introduced in Milstein et al. [Bernoulli 10(2):281-312,
2004] in the context of a forward-reverse transition density estimator. The corresponding
Monte Carlo estimators have essentially root-N accuracy, hence they do not suffer from the
curse of dimensionality. We provide a detailed convergence analysis and give a numerical
example involving the realized variance in a stochastic volatility asset model conditioned
on a fixed terminal value of the asset.

1. INTRODUCTION

The central result in this paper is the development of a new generic procedure for sim-
ulation of conditioned diffusions, also called diffusion bridges, or pinned diffusions. More
specifically, for some given (unconditional) diffusion process X we aim at simulation of
the functional

(1.1) E[g(X(s1),.... X(sp)IX(T) € A, X(0) = x],

where 0 < 51 < s < --- < sg < T, A is some set that may consist of only one point,
and g is an arbitrarily given suitable test function, and x € R? is a given state. In the re-
cent years, the problem of computing terms such as (I.I) has attracted a lot of attention in
the literature, sparked by several applications. Indeed, many relevant properties of a dif-
fusion process X can be advantageously analyzed by considering the process conditioned
on certain appropriate events. One so allows “to study rare events by conditioning on the
event happening or to analyze the behaviour of a composite system when only some of
its components can be observed”, as eloquently put by Hairer et al.| [2009]. For instance,
in statistical inference based on a continuous time model, discrete time observations can
be enriched to continuous time ones by sampling from the diffusion bridges between the
discrete time data, see [Lin et al.| [2010]] and [Bladt and Sgrensen|[2012]] for more informa-
tion. Conditional diffusions have further been successfully used for critical calculations
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in rare event situations. As an example from computational chemistry, we refer to the re-
view paper of [Bolhuis et al.| [2002]], where diffusion bridges are used for detection of the
transition state surface between two stable regions A and B in configuration space. Here,
standard Monte Carlo simulation is prohibitively costly, as the event of such a transition is
rare, provided that the “walls” in the energy surface between A and B are high. However,
by studying the process conditioned on starting in A and ending in B, one can efficiently
observe on which paths the configuration typically travels from A to B. Other possible
applications appear in the field of stochastic environmental models, for instance regarding
the concentration evolutions of pollution in water, for example see [Spivakovskaya et al.
[2007]] and references therein for a related problem.

Several approaches for simulation of diffusion bridges have already been studied in the
literature. For the theory of diffusion bridges we refer to |Lyons and Zheng| [[1990] and
the references therein. Many existing approaches utilize known Radon-Nikodym densities
of the law of the diffusion X conditioned on initial and terminal values, with respect to
the law of a standard diffusion bridge process (e.g. Wiener bridge) on path-space (as a
Radon-Nikodym derivative obtained by Doob’s h-transform, see for instance Rogers and
Williams| [2000] or|Lyons and Zheng|[[1990]). Several other approaches are based on (par-
tial) knowledge of the transition densities of the unconditional diffusion (that is not gener-
ically available of course). For an overview of many different techniques we refer to [Lin
et al.|[2010].

First, let us mention the work by Beskos et al.|[2006]] who construct a general, rejection
based algorithm for solutions of one dimensional SDEs, based on the Radon-Nikodym
derivative of the law of the solution with respect to the Wiener measure. The algorithm
gives (in finite, but random time) discrete samples of the exact solution of the SDE. A
simple adaption of this algorithm gives samples of the exact diffusion process conditioned
on X(T) =y, by using the law of the corresponding Brownian bridge as reference measure
(instead of the Wiener measure). An overview of related importance sampling techniques is
given by Papaspiliopoulos and Roberts|[2012]. On the other hand, by relying on knowledge
of the transition densities of X, [Lin et al.|[2010] use a sequential weighted Monte Carlo
framework, including re-sampling with optimal priority scores.

Another general technique used for simulation of diffusion bridges is the Markov chain
Monte Carlo method. Indeed, |Stuart et al.|[2004] and Hairer et al.| [2009] show how the
law of a (multi-dimensional, uniformly elliptic, additive-noise) diffusion X conditioned on
X(T) = y can be regarded as the invariant distribution of a stochastic differential equation of
Langevin type on path-space, i.e., of a Langevin-type stochastic partial differential equation
(SPDE). Thus, in principle MCMC methods are applicable as explored by Stuart et al.
[2004]] and Beskos et al.|[2008]]. However, this requires the numerical solution of the SPDE
involved. It should be noted that in [Hairer et al. [2011] the uniform ellipticity condition is
relaxed leading to a fourth order parabolic SPDE rather than a second order one.

Other notable approaches include those of Milstein and Tretyakov] [2004], which treat
the case of physically relevant functionals of Wiener integrals with respect to Brownian
bridges, and |Stinis| [2011]], who uses an MCMC approach based on successive modifica-
tions of the drift of the diffusion process.

Another approach is the one of|Bladt and Sgrensen|[2012]] developed for one-dimensional
diffusions. In order to obtain a sample from the process X conditioned on X(0) = x and
X(T) = y,Bladt and Sgrensen| [[2012] start a path of the diffusion from (0, x) and another
path of the diffusion in reversed time at (T, y). If these paths hit at time 7, consider the con-
catenated path Z. The distribution of the process Z (conditional on 0 < 7 < T) equals the
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distribution of the bridge conditional on being hit by an independent path of the underly-
ing diffusion with initial distribution p(0,y, T, -). As proved by Bladt and Sgrensen| [2012],
the probability of this event approaches 1 when T — co. Finally, in order to improve the
accuracy, Z is used as initial value of an MCMC algorithm on path space, converging to a
sample from the true diffusion bridge.

A more general approach is given by |Delyon and Hu| [2006] which relies on the explicit
Radon-Nikodym derivative of the diffusion X conditioned on its initial and terminal values
and another diffusion Y, which is modeled like the Brownian bridge. In fact, ¥ has the
same dynamics as X, except for an extra term —% in the drift, which enforces Y(T') =
y. Under certain regularity conditions — in particular invertibility of the diffusion matrix
o = o(t,x) —|Delyon and Hu|[2006] provide a Girsanov type theorem, which leads to a

representation of the form
E[g(X)1X(0) = x, X(T) = y] = E[¢(V)Z(Y)]

for functionals g defined on path-space and a factor Z(Y) explicitly given as a functional
of the path Y together with quadratic variations of functions of Y. As such this approach
allows for direct Monte Carlo simulation of (I.I). However, we stress that Z(Y) explicitly
depends on o~! which does not exist in many hypo-elliptic applications. On the other
hand, simulation of the bridge type process Y is numerically troublesome because of the
exploding drift term.

The new method presented in this article is inspired by the forward-reverse estimator
for the transition density p(0, x, T,y) constructed by [Milstein et al.| [2004]. Given a grid
O0<sp<s<---<sg=t"<t <---<1y =T, we prove that

E[g(X(s1),...,X(sg), X(t1), ..., X(t1-1)) | X(s0) = x, X(T) = y]

equals

E[g (X(s0)... .. X(sx). Y1), ... YD) Ke (Y1) = X)) Y1)
E[K (Y@) - X(t)) Y (@)

which can be implemented by Monte Carlo simulation for any € > 0. In (T.2) s <#* < T
is a given grid-point chosen by the user. The process X solves the original SDE with
initial value X(s9) = x on the time-interval [so,#*]. On the other hand, Y is an (indepen-
dent) reverse process as defined in Section started at Y(0) = y and simulated until time
7, == T —t*, not on the original grid, but on a “perturbed” grid defined in (3.6). (Note
that Y is different from the time-reversed diffusion in the sense of [Haussmann and Par-
doux| [[1986] that explicitly requires the transition density of X. Indeed, the dynamics of
Y are explicitly given below in terms of the dynamics of X — not relying on the transition
density — and, usually, share the same regularity properties, see (2.2) and Z.3).) Next, we
weight the trajectories according to the distance between X(¢*) and Y(7T') using a kernel
K with bandwidth e. Finally, we have an exponential weighting factor Y/, similar to the
Radon-Nikodym derivative in [Delyon and Hu| [2006]. The denominator in (I.2)) actually
corresponds to the forward-reverse estimator for the transition density p(so, x, 7T,y) of X
introduced by Milstein et al.|[2004]]. The details of the Monte Carlo simulation are spelled
out in Sectiond] but we note that (T.2)) can be computed to an accuracy of & with a complex-
ity of O(¢72) in any dimension less or equal to fourE] (disregarding possible discretization

s

(1.2) lim

In fact, this restriction can be lifted by use of higher order kernels.
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errors due to the construction of samples X, ¥ and J/)E] Thus, our algorithm essentially
achieves the optimal rate of convergence for Monte Carlo algorithms.

We underline that the forward-reverse algorithm for (I.T) presented here is not a straight-
forward extension of the forward-reverse algorithm for transition densities of Milstein et al.
[2004]]. The main difficulty lies in the extension of the representation from just one inter-
mediate time 0 < * < T to an arbitrary time grid 0 < sp < §; < < sg =" <) <--- <
tp = T with L > 1. In the non-autonomous case this issue is further complicated due to the
fact that the dynamics of the reverse process as defined in Milstein et al.| [2004] depends
explicitly on both 7* and T'. Obviously, the different structure also requires a different error
analysis, in particular we need sharper error bounds than |[Milstein et al.| [2004].

In comparison to the other methods mentioned above, our new procedure has the fol-
lowing main features.

(i) The method applies to multidimensional diffusions.

(ii) It is based on simulation of unconditional diffusions only, hence technical simu-
lation problems due to exploding drifts in SDEs that govern particular diffusion
bridges are avoided.

(iii) The vector fields determining the (forward) SDE that governs X only need to sat-
isfy a Hormander-type condition guaranteeing sufficient regularity and exponential
decay of the transition densities. In particular, the diffusion matrix of X may be
degenerate.

(iv) The estimator corresponding to the developed stochastic representation for is
root-N consistent, that is the mean square estimation accuracy is of order O(N~'/2)
with N being the number of trajectories that need to be simulated.

As a matter of fact, the methods for simulating diffusion bridges known in the litera-
ture so far, do not cover all the features (i)—(iv) simultaneously. For example, Delyon and
Hul [2006] require that either the diffusion matrix is invertible, or impose some very spe-
cific structural conditions on the drift and diffusion matrix of the process X. Moreover, the
exploding drift terms in their process ¥ makes simulation of the auxiliary process Y non-
trivial. On the other hand, the method of Bladt and Sgrensen|[2012] in germ carries some
ideas related to our approach, but they need to impose balance restrictions on the transi-
tion density of X, and moreover their method — together with several other ones — is only
one-dimensional. The methods of [Stuart et al.| [2004] and the related papers mentioned
above also involve some further structural assumptions and, in addition, require numerical
solutions of SPDEs.

Moreover, we complement our algorithm by an adaptation, which allows us to treat
the more general problem of conditioning at final time 7" not on all, but just on some
components of the vector X;y. More precisely, we present a variant of the algorithm for
computing conditional expectations where X7 is conditioned to lie in a “simple” set A, i.e.,
either A has positive measure both under the Lebesgue measure and the distribution of X7
or A is an affine plane of dimension 0 < d’ < d. In order to achieve this extension, we need
to prove (Lebesgue) integrable error bounds for the forward-reverse algorithm for the case
where X7 is conditioned to a value y.

The structure of the paper is as follows. In Section [2] we recap the essential facts con-
cerning the reverse diffusion system of Milstein et al.| [2004]. The main representation
theorems for the diffusion conditioned on reaching a fixed state, or conditioned on reach-
ing some Borel set, are derived in Section[3] A detailed accuracy analysis concerning the

2The constant will increase in the dimension. Moreover, we ignore the cost of checking equality of two
integers.
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Monte Carlo estimators for the respective conditioned diffusions is provided in Section [4]
including the precise required regularity assumptions given in Condition {f.1] .4 and [4.5]
Limitations of the method are discussed in Section[d.3] while Section [5| provides a numer-
ical study involving a Heston type stochastic volatility model.

2. RECAP OF FORWARD-REVERSE REPRESENTATIONS FOR DIFFUSIONS

In this section we recapitulate shortly the main ingredients in the approach by Milstein
et al.|[2004]. Let us consider the SDE

(2.1) dX, ,(s) = a(s, X; x(8))ds + o(s, X, x(5))dW(s), 0<s<T, X ,(t) =x

where X, , € R a:[t,T]xRY - R4, o : [t,T] x R? - R W is an m-dimensional
standard Wiener process and x € R?. At this stage, we only assume that X admits a C>
transition density p and that the coefficients of (Z.1]) are C? as well.

Along with the (forward) process X given by (2.I), Milstein et al.| [2004] introduced an
associated (from X independent) process (Y;.7(s), Y, .7(s)) in RYxR,t < s <T,termed
reverse process on the interval [¢, T'], that solves the SDE

dY,y.r(8) = a7 (s, Yy (8)ds + 0 7 (s, Yz,y;T(S))dW(s)a Yiyr(® =y,

2.2 s
G2 Yo = exp ([ cur Yo (u)du)

with W being a (from W independent) m-dimensional Wiener process, and

d
. o .. .
(s, y) = —bI(T+t-s,9)-d T +t-s,y), b:=0c0"
@ 7(5,3) ,Zl Gl T+ =5 =dT 15y, b=co
(2.3) or(s,y) =o(T +1-3s,y),
1 b oa'
cr(s,y) = 3 Z (9yi8yf(T +t—5,y) — a—yi(T +1—5,y).

i,j=1 i=1

Despite its name, we stress that (Y, Y) is the solution of an ordinary SDE forward in time
on the interval [t, T].
One of the central results in Milstein et al.| [2004] is the following theorem.

Theorem 2.1 (M.S.S. (2004)). For fixed t,x,y and t < t* < T, and any bi-variate test
function f we have

24) E[fKa(t), Yy (T) Yoy (T)] = f f DU, 1 XYy T W) fOs ¥ )X

where X, .(s) satisfies the forward equation and (Yp y.7(5), Y y.r (), s > 1%, is the
solution of the reverse system (2.2).

Corollary 2.2. By taking f = 1, ([2.4) yields

2.5) B (s (T)] = f Py Ty,

which obviously extends to t* = t. By next taking f(x',y’) = f(x") (while abusing notation
slightly) we obtain from (2.4), using and the independence of X and (Y, Y),

E[f(Xi("))] = fp(t,x, ', x) f(x)dx’,
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which obviously extends to t* = T, i.e. the standard forward stochastic representation for
fp(t, x, T, x")f(x")dx’". On the other hand, by taking f(x',y") = f(y') we obtain the so
called reverse stochastic representation

2.6) By (D) Yryr (D] = [ o005 T 000
which obviously extends to t* = t.

3. FORWARD-REVERSE REPRESENTATIONS FOR CONDITIONAL DIFFUSIONS

It should be noted that in [Milstein et al.| [2004] the time domain of the reverse pro-
cess was considered fixed. For our purposes however, it turns out to be more effective (in
particular regarding the proof of Theorem [3.2] below) to consider reverse processes suit-
ably defined on different time domains. In particular it turns out be fruitful to formulate
the forward-reverse representations of the previous section in terms of reverse processes
defined on [0, T'] for suitable 7 > 0. We therefore introduce the reverse process

(3.1 (Yy,r(8), Yyr (Noss<r = Yo:7(8), Yoy:7(5))o<s<r

that starts at time s = 0 at a generic state (y, 1), is defined on an interval [0, T'], and satisfies
(2.2)) with coefficients (2.3) for ¢ = 0, that is (3.1)) solves the SDE

dY(s) = ao.r(s, Y(s))ds + Tor(s, Y(s)dW(s), Y(0) =y,
Y(s) = exp ([} cor(u, Y(w)du).

As a result, we have for any fixed f, 0 < ¢ < T, that

(Y (), Yr (), = (Yopr 4+ 9, Yiyrt+9) _

whence (2.4) and may be equivalently written as
3.3)

B LFXon(t), Your (T = DYy (T = 1] = f f Pt )Py Ty f(y )y,
and
(3.4) E LAYy (T = 1) Yy (T = 1] = f Py T )Y

respectively. The main benefit is that the reverse process used in representations (2.4) and
(2.6) depend on both 7* and 7', while the one used in (3.3) and (3.4) depends on T only. In
particular, (3.4) may be considered as a reverse representation for all 0 < #* < T in terms
of one and the same reverse process (¥y.r, Yy.7).

(3.2)

3.1. Representations for conditioning on a fixed state. Let us start with the following
lemma.

Lemma 3.1. Forany 0 < s <t < T it holds that
YY,V;T(S);T—S(t - S) = Y)‘;T(t)s
Yyr() = Y)Yy, -5t = 5).

Proof. The first statement is directly obvious from (3.2). From this the second one follows
by

yv'T(t) _ ef(; cng,-(u,Yy;T(u))duef; oYy, (975 (u=5))du
— yy'T(s)efoH 0.7 (U, Yy, (sy.7-s (1))due

= yy;T(S)yY);T(s);T—x(t - S). O
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We are now ready to state the following key theorem.

Theorem 3.2. Givena grid Dy :={0<t" <t; <---<tp}, it holds that

E [f(Yy;rL(fL = 10), Yy, (tp = 1), Yy (0 = t1 1 DYy, (1 — to)]

L
=f f(yo’ylsu-v)’L—l)l_[p(ti—lv)ﬁ—l»ti»)ﬁ)dyi—l
Rde i=1

withy, =y and ty = t*.

Proof. The following proof — much shorter than the proof in a previous version of the
paper — has essentially been pointed out to us by an anonymous referee. We fix #y (= t*)
and use induction on L. For L = 1 the statement boils down to (3.4) with 7' := #;. Suppose
the statement is proved for some L > 1. For the grid

D ={to <ty <+ <trs1)

we next consider for any test function f : R><U+D — R,
E[f(Yy;t,ﬁ,(tLH —10), Yyt (tzer — 1), - oo Yoo (trer = L)Yyt (a1 — to)]
= B[E[ f(¥v

YL+l

- L =1 Yy, = L — t-1),

YIL+1

YY,v;ILH(tLH—tL);tL(O))y vitra Gt = 1Yy, - (L= 10 Yy (e = 1), Yy (T — lL)]]

= E[*yy;lu] (fL+1 — tL)E[f(YYv:tLH(fLH_tL);tL(tL = 1o), YYv:rLH(an—fL):fL(tL 1),

(L=t (tL —19), Yy,

YiIL+1

Yottt = 10, Yo e = )Y v, (12 = 10| Vs e = 1)

Y41

By the induction hypothesis, we have that
B[ £ vy, i (L = 100 Yy o (= 1053 Yy o (i = 1),
Yyt (e = 1) vy, -1 (T = f0)|Yy;zL+1(fL+l —1) =1

=E [f(Yz;tL(tL - tO)’ Yz;tL(tL - tl), e Yz;IL(tL - thl), Z)yz;tL(tL - tO)]

L
= fd , fGo Y15 Yi-1,2) np(ti—l,yi—l,ti,yi)dyi—l = F(2)
Rebxt i=1

with y;, := z, and so obtain
E[f(Vyy (Lt = 10)s Yy (trer = 1),y Yy (it = 1))y, (61 = o)
=E I:xyy;t,,”(tLJrl —-1)F (Yy;tu.l(tLJrl - fL))]

& f Ptz 11, F )z
L+1

= f f(YO»yls---’yL)np(ti—l,yi—l,tisyi)d)’i—l
Rext+D i=1
where y; . =y and the integration variable z is renamed to y;. O
For the next theorem, we consider an extended time grid
(3.5) 0L<sog<s1<--<sg=t'=tg<ty<---<ty=T.
For convenience, we also introduce the notation
(3.6) =t —t_, i=1,...,L.
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Moreover, we fix a starting point x € RY,

Theorem 3.3. For any f : R™&*L) — R and grids (3.3)) together with (3.6)), we have
E [ fXsou(50): -+ Xooue(58). Yo (). Yyer (o). - Yyr (0D Yy (1) |

K L
= f S s XK, Y0, Y15 -+ -5 YI-1) n P(Sit1, Xi-1, Si, X;)dX; 1—[ Ptict, Yie1, ti, yidyiz1
Rdx(K+L) i=1

i=1
with xo = x, y; =y, and the processes X and (Y, M) being independent.

Theorem [3.3] follows directly from Theorem [3.2] by a standard conditioning argument
and the Chapman-Kolmogorov equation. Note that for K = L = 1, Theorem [3.3]collapses
to Theorem 2,11

We are now ready to derive a forward-reverse stochastic representation for the finite
dimensional distributions of the process Xj, ., conditional on X, (T) =y, for fixed 5o < T,
and fixed x,y € R. To this end we henceforth assume that

(3.7) p(so, x, T,y) > 0.
We also need to assume continuity of p. Let us take a bounded measurable test function
(X1, eos Xk V1 o Y1) : RZEFLZD SR

and consider the conditional expectation

(38) E [g(Xso,x(sl)’ wees Xso,x(sK—l)s Xso,x(t*), Xsn,x(tl)s cees Xsn,x(tL—l))| Xsn,x(T) = y] .

The distribution of the diffusion Xj, , conditional on X, (T") = y is completely determined
by the totality of conditional expectations of the form (3.8). These conditional expectations
may be obtained due to Theorem [3.4] below.

Theorem 3.4. Consider the forward process X and its reverse process (Y, M) as before and
the grids as specified in (3.3) and (3.6). Let

K.(u) = € ‘Kuje), yeRY,

with K being integrable on R? and fRd K(u)du = 1. Hence, formally K. converges to the

delta function 8y on R? (in distribution sense) as € | 0. Then, since p(so,x,T,y) > 0 by
assumption, for any bounded measurable function g : R*E+L=D 5 R we have

(3.9) E[g(Xupals1): - Xypuelt). Xyt Xgueltr-1)| Xou(T) = 3] =
o xT.y) 1511%1 E[g(Xsn,x(SO, s X (@), Yyr (t-1), ..., Yyr (11))X
X Ke (Yyr (1) = X)) Yy ().
Proof. By applying Theorem [3.3]to

O Xk Y0, Y15 5 YE-1) = 8K, - Xk Vi -5 V-1 K (Vo — Xk,
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we obtain,

B[ g(Xsp.x(51)s - Xgoxlt), Yt i), o Yyr G Ke (Y (L) = X0 (8)) Yy (1)
:f g(xl""9xK’y19""yL—1)KE(yl_xK)X
Rdx(K+L)
K L
X l_[ P(Si—1, Xi-1, Si, X)X l_[ P{tiz1, Yie1, ti, ydyi-i
i=1 i=1
(310) = fd oD g(-xl, e s XK Ve e - s)’L—l)K(V)dVP(f*» Xk + €v, tl,)’Z)X
R X(K+.

K L
x| | p(siz1, Xi-1, i x;:)dx; 1_[ Pzt Yie1, 1, yi)dyi-1.
i=i i=2

By sending e to zero, (3.10) clearly converges to

K
f 8(X15 ey XK, V1 w05 YI-1) 1_[ P(Si-1, Xi-1, iy Xi)dx; X
R(]X(K‘FL*])

i=1

L
x p(t*, xg, t1, 1) 1—1 P(tict, Yie1, 1, ydyiot,

i=2
from which (3.9) easily follows. O
If the original grid t* = 1y < --- < #; = T 1is equidistant, then the transformed grid
0=7% < -+ <1 =T—r"1is obtained by a translation with —#*, which leads to the

following corollary.

Corollary 3.5. Ifthe time gridt* =ty < --- <ty = T is equidistant, we have
E |8 (Ko1)o Xigaelt) Xegue(t1)s ., Xigalt1))| XiyooalT) = 3| =

lmE XSX 3""szt*,Y~ f - —t*,...,Y. t—t* X
p(so, x,T,y) elw [g( 0x(51) 0.0, Yy (-1 ) vt )

X Ke (Yyr(T = 1) = X0 1)) Yo (T = 1)

Moreover, by setting g = 1, we retrieve the forward-reverse representation of the transition
density in\Milstein et al.|[2004]],

(3.11) plso.3..y) = i E[K (Yyr (T = 1) = X o) Yrir (T = 1),
expressed with the variant of the reverse process introduced in (3:2)) above.
Remark 3.6. For fixed x,y € R? and sy < 1* < T as before, let us define a process Z by
Zt) =Yyr(T -1, t'<t<T.
The idea is that we run along the reverse diffusion ¥ backwards in time. Then (3.9) reads
B[ 8 (Xspue(51)s -2 Xp ). Xg 1), Xy t1-1)| Xio(T) = y] =
———— IimE|g(X,, . (51), ..., X (£, Z(t1), ..., Z(t;-1))X
oy M E g X1 ZL00), e ZL01-1))
X Ke (Z(1) = Xy () Yy (T = 1)].



10 CHRISTIAN BAYER AND JOHN SCHOENMAKERS

3.2. Representations for conditioning on a set. Now let us assume that we are interested
in the conditional expectation of a functional g (X, x(s1), . .., X5,.x(fz-1)) given X7 € A for
some Borel set A. It is assumed for simplicity that either A is a subset of R? with positive
Lebesgue measure and with P(X;, (7)) € A) > 0, or A is an affine hyperplane of dimension
d’, 0 < d’" < d. As a further simplification in the latter case, although without further loss
of generality, we assume that A is of the form

(3.12) A= {x eRY:x! = cl, ...,xd_d/ = cd_d/}.
For 0 < d’ < d we consider the “restricted” Lebesgue measure
(3.13) Au(dx) = 5{6,}(de) 6{(,47[1/}(dxd‘d') cdx®H gy,

which coincides with the ordinary Lebesgue measure if d’ = d, and with a Dirac point
measure if d’ = 0. We next introduce a random variable & with support in A independent
from X and Y, whose law has a density ¢ > 0 with respect to A4. Let further (Y- ¢, Ye.7)
denote the reverse process starting at the random location (&, 1) at time ¢*. Here, we replace
the condition on the positivity of the transition density by

(3.14) fp(so,x, T,2)A4(dz) > 0.
A

Theorem 3.7. Let the kernel function K be as in Theorem and let there be given a
time grid of the form (3.5). The conditional expectation of

8 (Xso,x(s1)5 B Xso,x(t*)s XSQ,X(ll)s R Xso,x(tL—l))

given X, (T) € A with A being a Borel set, either with positive probability or a hyperplane
of the form , and g being a bounded measurable test function, has the stochastic

representation

fA (50, % T, 3)Aa(dY) - B 8 (Xpx(s1)s -, X x(t11)| Xy o(T) € A

Yer(ty) ]

= lim E[g (X500, X e, Yer Gro)s - Yer 8) Ke (Yer (i) = X (1)) s

In particular, by setting g = 1 we obtain a stochastic representation for the factor,

Yer(tr)
& |

fp(s(h X, Tv y)/lA(dy) = hlr(l;l E[Ke (Yf;T(;z) - Xm,x(fk))
A €.
Proof. Let us abbreviate

Hp =E[g(Xoya(51), ., Xopaltz-1)| Xsox(T) € A
HE) = B[ g (Xqa(s1), > Xy altL1))| Xep(T) = 3]

and consider the density of the conditional distribution of X, (T) given X, (T) € A with
respect to the measure Ay, i.e.,

p(so,x, T’y) 1 (y)

) =
O = T o T
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Recall (3.14) and the construction (3.13) of 14. Then, we have

Hi= [ B[ (antoe s Xeanlti )] XD = 5] )

= j; H(y)q(y)Aa(dy)
g [H(f)q(f)]
(&)
1 pso, x, T, &)
= E E Xox yoe s X x(t-1)| Xso e (T) = .
I ORSEINEE [ oo Els (o) (t2-1))] Xy x(T) S]}
Hence,

1 — —~
Hy X LP(SO,)C, T,y)Aa(dy) = E[@ leiﬁ)lEE[g (Xso,x(sl)s s X (), Yer(t-)s .., Y.f;T(tl)) X
X Ke (Yer (i) — X, <(1)) J/,;;ﬂ’i)”

= lelﬂ)l E[g (ng,x(sl), e ,Xso,x(t*)s Yg;T(’l:i—l), ey Yf;T(E)) X

—~ -\ Yer(n)
X Ke (Yer () — X, (1)) =2 |, O
(Fer ) = X)) =5
Corollary 3.8. The conditional expectation of g (X, (1), - .., Xy x(tr—1)) given X SIO’X(T) =
c!' € R has the stochastic representation
. oy~ ~ ~ o Yer(n)
lim E[g (Xepes0)s - Xga), Yer () Yer () Ke (Yer () = X, 2(1)) % =

fd . p(s09 X, T9 Cl’yz, .. 9yd)dy2 cte dydE [g (XS(),X(SI)’ e ’X‘YO,)C(IL*I))| XA:O,x(T) = Cl]
Ri-

for any & taking values in the hyperplane A = {z € R?|z' = ¢} such that ¢ > 0 is the
density of the law of & with respect to A, defined accordingly. In particular, by setting
g = 1, we obtain a stochastic representation for the marginal density

Yer(ty)
(&)

Remark 3.9. Without doubt it is possible to construct analogous stochastic representations
for conditional Markov chains in the spirit of [Milstein et al., 2007]]. The details are con-
sidered beyond the scope of the present paper however.

hmE[KE(YE;T(?L)—Xso,x(r*>) }= f plso, %, T,c',y%, .., yhdy? - dy’.
€l0 Ré-1

4. FORWARD-REVERSE ESTIMATORS AND THEIR ANALYSIS

The stochastic representations for the conditional diffusion problem (I.1), derived in the
previous section, naturally lead to respective Monte Carlo estimators. In this section we
analyze the accuracy of these estimators, under the following assumptions. First we need
suitably regularity of the transition densities of both forward and reverse processes.

Condition 4.1. We assume that the diffusion X as well as the reverse diffusion ¥ (not
including ) defined in (2.2)) have C* transition densities p(, x, s,y) and g(t, x, s,), re-
spectively. Moreover, for fixed N € N, there are constants my € N, vy > 0, Ay > 0,
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Ky > 0 and Cy > 0 such that for any multi-indices a, 8 € Ng with |a| + |8] < N we have

KN |y - )C|2 )
6“65, t,Xx,s, < exp| -Ay——|,
w0y p( ) G p[ "I+ =

uniformly for (¢, x, 5,y) € (0, T] x R? x R and similarly for g.

Remark 4.2. In fact, for the theorems formulated as below, we only need Condition@]for
N = 2. Higher order versions only become necessary in the context of Remark .17}

Remark 4.3. By the results of |[Kusuoka and Stroock! [1985]], Cor. (3.25), Condition E]
is satisfied in the autonomous case provided that (the vector fields driving) the forward
diffusion X and Y satisfy a uniform Hormander condition and a and o are bounded and
C®* bounded, i.e., all the derivatives are bounded as well. We know of no similar study for
non-autonomous stochastic differential equations. Of course, the seminal work by |Aron-
son| [[1967] gives upper (and lower) Gaussian bounds for the transition density of time-
dependent, but uniformly elliptic stochastic differential equations. Moreover, |Cattiaux
and Mesnager] [2002] prove the existence and smoothness of transition densities for time-
dependent SDEs under Hérmander conditions.

In any case, an extension of the Kusuoka-Stroock result to the time-inhomogeneous
case seems entirely possible, in particular since we do not consider time-derivatives, for
instance by first considering the case of piecewise constant coefficients.

Condition 4.4. The kernel K satisfies j;{d KW)dv = 1 and kd vK(v)dv = 0. Moreover, it
has lighter tails than a Gaussian density in the sense that there are constants C, @ > 0 and
B = 0 such that

K() < Cexp (—0/|v|2+ﬁ), v eRY,
In many applications, one would probably choose a compactly supported kernel, which

trivially satisfies the above tail-condition. Finally, we also introduce some further assump-

tions put forth for convenience, which could be easily relaxed.
Condition 4.5. The functional g : RE*L-Dxd _ R together with its gradient and its
Hessian are bounded. Moreover, the coefficient ¢ in (2.2)) is bounded.

Remark 4.6. Condition could be replaced by a requirement of polynomial bounded-
ness.

4.1. Forward-reverse estimators for conditioning on a fixed state. Let us consider

4.1)

h€ = ]E[g (XS(),X(Sl)v ce XSg,x(t*)v Yy;T(’tZ—l), R Y_\’;T(’t\l)) e_dK

( e - Kol ))yﬂ@],

which can — and will — be computed using Monte Carlo simulation. Here, we recall the
definition of 7; = t; — t;_; given in @[) By Theorem h converges to

(4.2) h = p(so, %, T, B [ g (X (51 Xsgaltz-1) | XooouT) = 3]

Theorem 4.7. Assuming Conditions and there are constants C, ey > 0 such
that the bias of the approximation h. can be bounded by

lh—h <C€e, 0<e<e.
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Proof. Changing variables yo — v := 2= in Theorem L we arrive at

K
he:fg(xlw'-7xK’y1»~'-’yL—l)K(v)l_lp(si—l»xi—l»si’xi)x
i=1

X p(t*, xg + 6v,t1,y1) l_[ p(tict, Yi-1, ti, y)dxy - - -dxgdvdyy - - - dy .
i=2

In particular, we have that & = lim, | .. Consider
re(xg,y1) = fk(V)p(t*,xK +ev, t,y)dv — p(t', Xk, t1,y1).

In the following, we use the notation 8‘; = 813 65;,, for x € RY, B € N?. By Taylor’s
formula, Condition[d.4]and Condition[&.1] we get

re = fK(V) [p(t", xk + €v,t1,y1) — p(t*, Xk, t1, y1)] dv
= fK(v) (€0, p(f", xk, t1,y1) - v] dv+

+Z f f (1 =0 p(t*, xk + tev, 11, y1) - VdtK(v)dv

W\Z

implying that

€ Y1) |v| K()dvdt

Z il

181=2

Z Z&¢, f (1-1) f Y=kt |2 gy dydy
181=2

Z

181=2

re(xg, yol <

Z&c,C f a _t)fe Yi—xg—tevf? vl dvdt,

where C; := Iff](“ o Y = (l+C2/;itl = as given in Condition , n > 0 and C, is chosen
such that [v2K(v) < C,e™™", which is possible by Condition 4.4

Since

i — xk — tev]* = |y — xx|* = 2te(y; — xx, v) + PP,
y y y

1 1
S S
2n+yrer) — 2y

v v —tevl2 o2 v ]2 _ _b2
fe Yi—xx—tel =il g, — p=Yi—xl f€2t76<y1 XKV 0™ 207

L v2e? —d/2 242
(L) g (2 e

.,
(7_T o€ =2k =ylyi k.
n

we can further compute, using o :=

IA
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Defining 5,, = ZI,BI:2 [%CIC,,(n/n)d/z, we get the bound

1 2
g P 2 2Y 1y 2
IreCxic, y)l < 2Ce?e™1 = f (1= e Ty
0
—~ e — 2
< Cele™ 7 1=kl ,

with y = y — %262, which is positive for 0 < € < & = (n/y)"/?. Consequently, for

0 < € < g, we can interpret sc(xx,y1) = |re(xx, y1)|/(C2€?) as a (Gaussian) transition
density, which has moments of all orders, for a suitable normalization constant C,, for
which we can derive explicit upper bounds. Thus, we finally obtain

K
lhe — h| < flg(xlwu,xKay17~~~a)’L—l)|np(si—laxi—lashxi)x
i=1

L
X |re(xg, y1) 1_[ P(ti—t,Yi-1, ti, ydxy - - - dxgdyy - - - dyp -
i=2

K
2
< Cre f|g(xl,~~-,xl<7y1’~--,)’L—l)|np(si—laxi—lasi,xi)x
i=1

L
4.3) X Se(Xg,y1) np(ti—l»yi—ls ti, ydxy - - - dxgdy; - - dyp—y
i=2

= Cée* < o,
provided that 0 < € < ¢, as the last expression can be interpreted as
CB18Zsys - Zogs Zis s 2o M| Zoy = %, Zr =),

for a Markov process Z with transition densities p(s;_1, X;-1, $i, X;), 1 < i < K, sc(xk,y1),
p(ti—1,Yi-1, 1, ¥i), 2 < i < L, which admits finite moments of all orders by construction. O

Remark 4.8. Note that the constant C in the above statement can be explicitly bounded in
terms of the bound on g, the constants appearing in Condition and 7.

In the spirit of [Milstein et al.| [2004] we now introduce a Monte Carlo estimator ’h\e for
the quantity 4. introduced in (.I). Let us denote

(4.4)

€ . 1 n n m m Y.‘TTG\L)_X?U’X“*) m 7
Ziw = 8 (X0, X (550, Vg (i), Vit () K . (i),

Note that E [Zf,,] = he. The Monte Carlo estimator is now defined by

4.5) ’I;E,M,N = ﬁ Z Z Zo

where the superscripts n and m denote different, independent realizations of the corre-
sponding processes. We are left to analyze the variance of the estimator /¢y . To this
end, we consider the expectation E [Z€ VA ] for various combinations of n,m,n’, and m’.

nm~n’m’

Remark 4.9. For the remainder of the section, we omit the sub-scripts in X, Y and Y/ as we
keep the initial times and values fixed.
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Lemma 4.10. For m # m’ we obtain

E[thmzsm’”f:o = fg('xl’ e ’XK,YI, e ’yL—l)g(x]9 e 7-xK7y’15 e 7)’2_1))(

X p(t*, XK3t1’yl)p(t*’xK9tl’y’1)x

K L L
X 1_[ D(Siz1, Xio1, iy X;)dX; l_[ P{ti1,yi1, tis Yi)dyi-i 1—[ ptio1, Yi s i ydy;_, -
i=1 i=2 i=2

Moreover, we can bound
[BLZ5Z50 ] — E 25,2501 | < CE-

nm“~nm’ nm“~nm’

Proof. In what follows, C is a positive constant, which may change from line to line. We
have

,
nm“nm 51° L) S SK? T I

Y" - Xr
xK[ L ]K

€

E[z5,7¢ ]ZE—ZdE[g(X'? X" YL"fI,...,Yg>g(Xfl,...,X” Yi’",...,YL"/)X

L

Lt

Yo —X;i]

yﬁyﬁf’]

€

= E_deg(xl,...,XK’yl,-..,)’L—l)g(xlw--’xK’y’l""’y/L—l)x

, K
_ — X
XK(yO XK)K(yO K)l_[p(si—laxi—l’si’xi)dxix
€ € i=1

L L
X l—[ p(tic1, yi-1, ti, yi)dyi-i ]_[ p(tic, Yt y)dyi_,
i=1 i=1

= fg(xl,...,xK,yl,...,yL_l)g(xl,...,xK,y'l,...,y’L_l)x

X KWKW)p(t*, xg + ev, t1,y1)dvp(t’, xg + V', 11, y))dv' X
K

L L
X l—l DP(Sic1, Xio1, i, X)dx; l_[ p(tict,yic1, ti, yodyiz 1_[ P,y i Y)Yy,
i=1 i=2 i=2

where we changed variables v = (yo — xg)/€ and V' = (y;, — xg)/€. Thus, for € = 0, we
arrive at the above expression, which is treated as a problem-dependent constant.
Using Condition we now consider
ré P (g, vy = f KWKW)[p(t*, xk + ev, i, y)p(t*, xg + €', 11, ¥7)—
— p(t", xg, 11, y)p(t*, Xk, 1, y'l)]dvdv’

1 d
= ezf 1- t)[z fK(v)K(v’)a)zf"p(t*, Xk +tev, 11, y)p(t', xg + tev', 11, y] )vfdvdv’+
0 i=1
d
+ Z fK(v)K(v’*, Xk + tev, 11, y)O¥ p(t*, xx + tev', tl,y’l)(vl’-)2dvdv’+
i=1

d
+2 Z fK(v)K(v’)af;p(t*, Xk + tev, 1,y p(t*, xg + tev', 11, Y] ividvdv' |dt,
ij=1
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where, for instance, 45 = 8, and 6?’" = 0,:0,;. By similar techniques as in the proof of
Theorem relying once more on the uniform bounds of Condition .1 we arrive at an
upper bound

|r£l’2)(xK,y1 , yll)| < CsUP(xg, yl)S(el’z)(xK,y/l)

for a transition density s8P (xg, y1) with Gaussian bounds. Consequently, we obtain

[B1Z5,Z50) — B [ZenZiw | | < CE f 18Xy XK Vs s VDI

X1g(x1, oy Xk Yy Y l_[ P(sizty Ximt, 8is x)dx;s8 P (xg, y1 )dy; X
i=1

L
X np(ti—lsyi—l’ti’yi)dyi—l X s(flyz)(szy/])dy,l np(ti—lvy;—l’tf,y;)dyl,'—ls
i=3 i=3

which can be bounded by Ce? by boundedness of g. In fact, we can find densities p and g
with Gaussian tails such that

4.6)  [BIZS,Z5 ] - B (25, Zew]| | < C€ f P50, x, 15, x)q(t", x, T, y)*dxg. o

When we consider E [Z;mZ; m], we have to take care of terms M% appearing in the
L

expectation. To this end, let us introduce

/,lz(y(), e ,yL_l) = E[y% Y’[L =Y0s-+-» Y’t‘l = yL—l] .

In what follows, we are going to replace ytEL by its conditional expectation p; (YTL yeees Y;l)
and re-write the expectation as an integral w.r.t. the transition density of the reverse diffu-
sion Y — by independence of X and (Y, Y), we do not need to condition on X as well. Note
that by Condition[4.3] , is a bounded function and the transition densities g of the reverse
process Y satisfy the bounds provided by Condition .| as well.

Lemma 4.11. For n # n’ we have

]E[ZflmZ;m” = fg(xl" s XK—15Y05 - - ~’yL—l)g(-x,19' '-’x}{,l’y()?' ~-,)’L—1)X

K-1 K-1

X /‘12())07 ce ,)’L—l) 1_[ p(si—ls Xi-15 Si» -xi)dxi 1_[ p(sl'—lv nglv Si, X:)dxl/x
i=1 i=1

X p(Sk-1, XK1, Sk, Y0)P(Sk-1, X'K_l, 5K»Y0) H Q(E—l > yi,;; Yi-Ddyi-1

i=1
Moreover, there is a constant C such that

[E[Z5,Z5,] — E (25,25

nm“~n’m

| < €.

lle-
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Proof. We first note that

€ € __—2d n n m m n’ n m m
E[Z5,Z5,] = € E[g(Xsl,...,XsK,YTL],...,Ya)g(Xsl,...,XSK,YTL1,...,YTI)><
Y- X} Y- X )
x K| - K| ( K’)}
173

€ €

SK? T sprc o Sse T n

B Y- X B YZLZ—X;E
X
€

w0 (Y;f, e YT":)].

€

By a similar approach as in Lemmal4.10] but changing variables xx — v := (yo — x¢)/€
and x, — V' = (yo — x%)/€, we arrive at

ElZ;,Z;.,] = fg(m,.-.,xK-l,yo — €V, Y1, Yi-1) 8 (X X, Y0 — €V Y1, YIo1) X

K-1 K-1
X K(V) K(V’)#ZQ’O, cee ,)’Lfl) 1_[ p(si—l’ Xi-15 Si» -xl')d-xi l—l p(si—l, x;_]’ Sis .X:)dx:x

i=1 i=1
L

X P(sk-1, X1, 5K, Y0 = €V)AVP(sk—1, X_y, 5k, y0 = )V’ | | qlEi, i, T yic)dyics
i=1

For € = 0, Condition 4.4 implies

E[Zf,mzs/m”ezo:fg(xl’-~~’xK—1,y07~~-,)’L—l)g(x,]’-~~,x’](_1’y0’-~~7yL—l)x

K-1 K-1
X (Yo, - Yi-1) l_[ P(sict, Xi1, 8i, Xi)dx; ]_[ P(Sic1, Xi_y, S, X)dx; X

i=1 i=1

L
X P(Sk-1, XK—1, SK> Y0O)P(SK—1, Xk_ 15 SK> Y0) 1—[ qCti-1, Yis 1, Yic1)dyi-1,
i=1

which gives the formula from the statement of the lemma.
For the bound on the difference, note once again that

r&h = f[g(xl, s XK1 Y0 = €V, V1s e s Y- 1)E(X s e X Y0 — €V V1, YI1)X

X p(Sk—1, Xk—1, Sk Y0 — EVIP(Sk_1, Xg_1> Sk, Yo — €V')—

—8(X1, . XK=1, Y05 - - > YI-D8(X] - X1, Y0, -+ YE-1)X

P(Sk—1, Xk—1, Sk Y0)P(Sk=1, X_1» Sk Y0) | KWK (V' )dvdV
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can be bounded in the sense that |r22’1)| <C siz’l)(xlg_l , yg)s(ez’l)(x}(_1 ,Yo) for transition den-

sities 5(52‘1) with Gaussian tails, so that

K-1
[BZ:,Z5 ] — B [ZZmZZrm]L:OI <Cée f,uz(YO, e YE-1) np(si—l,xi—l, Siy Xi)dx;X
i=1

k-1 L
2.1 2.1 —~ -~
X 1_[ P(Sict, Xi_y, 80 X))dx & (xg_1, y0)s& (K5 yo) n q(tiz1, Yis tis yic)dyi-1.
i=1

i=1
If ¢ was symmetric, i.e., q(’tz_l,y,’,/t; Yi-1) = q(’t;-l,yi-l,’t; ¥i), then this expression would
already have the desired form. While symmetry of g would be a very strong assumption,
note that the Condition[4.1] allows us to bound
q(ti-1,yir 11, yie1) < C'exp (—)’iUi _}’i—l|2) = Clsis1(Viet, 1)
by a Gaussian transition density s;,_; which is naturally symmetric. Absorbing |||l and
[1%, C!into the constant C and denoting (by a mild abuse of notation)

K-1

(s, x, 1%, y1) = fl—l P(Sizts Ximts Sty x)dxi s (xg_1, o),
i=1

L
q(t, y0, T, y) = f]—[ Si-1(Vi-1,Y)dy1 -~ dyr-1,
i=1
the Chapman-Kolmogorov equation implies that

[ELZ,Z5 ] — B [Z50Z5m]| | < CE f Ps0, %1, 30)’q(1", yo, T, y)dyo

4.7) <Cé f P(s0, x, 1, ¥0)q(t", yo, T, y)dyo.

Lemma 4.12. We have

eE [(Z;m)z] = fK(V)defg(xl, S XK—1Y0s V1 e > YL-DH2(Y0s V1 - - -5 YL-1)X
K-1 L
x| | p(si=1, Xi=1, Sis X)P(Sk-1, XK—1, SK> Y0) 1_[ qti1,yis tis yie1)dxy - - - dxg_1dyody - - - dyr-.
i=1 i=1
Moreover there is a constant C > 0 such that

e'El(Z;,,"] - lim ¢'E [z’ 2

< Ce".

Proof. Substituting xxg — v := (yg — xg)/€, we obtain

edE [(Z;m)z] = fg(-xls s XK—1,Y0 — €V, V1. e syL—l)/JZ(YO,)’l, e 9yL—1)x
K-1
x KO [ | pCsic1xio1s 51 x0p(sic-1, X1, 5K Y0 — €)%

i=1

qQtio1, i 15, yi1) X dxy -+ - dxg_ydvdyody, - - - dyp-1.
i

L
X

l

For € — 0 the right hand side gives the statement from the Lemma.
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For the difference, consider
ah — | go? _ 2 N
re) = V7| 8Cxts o Xk—1,Y0 — €V, Y15 .. ., Y1) P(Sk—1, Xk-1, Sk, Y0 — €V)

= (X1 XK1, Y0s V1o - - YL-1) DSk 1, Xk—15 S Y0) |dV
Following the procedure established in the previous lemmas, we obtain
Pl < CsD k-1, y0),

and by the argument used in the proof of Lemma[d.11] we obtain transition densities func-
tion p(sg, X, *, yo) and q(t*, vy, T, y) such that

48  |e‘El(ZE, - lim ¢'E|(Z5,]

Sszfﬁ(so,xst*,yo)a(f*,yo, T,)’)d)’O O

In what follows, we simplify the notation by the following conventions:
e The constant in Theorem 4.7|is denoted by Cy, i.e., |k — h| < Cye?;
o form # m’, we set B [ZE Zf ] = hil’z) and denote the constant for the difference

nm~nm’
by Cio, ie., [h8? = h{?| < €y €%
e forn # n’, we set E [Z;mZ;m] = h®" and denote the constant for the difference
by Ca1, ie., [B&Y = h5V| < o€
o we set €’E [(Zf,m)z] = h"Y and denote the constant for the difference by Cy ,, i.e.,

1,1 1,1
]’li ) hé )l < C1,1€2.
Lemma 4.13. The variance of the estimator is given by

Var heyy = 1_M_th+M_lh“’z)+—N lh(z” h(”).
NM ¢ NM ° NM ¢ NME
Remark 4.14. Lemma [.13] gives a clarification of the intuitive fact that the variance of
hEM ~ explodes as € — 0 (and, hence, K. — dp). Indeed, as all the h() terms have a

finite limit, the explosion is exclusively caused by the contribution of E[(Z;m)z] = *th b,
Finally, the exploding term e will be compensated by the factor 1/(NM).
Proof of Lemma[.13] The result follows immediately by @-4), independence of Z¢,, and

Z:, ., when both n # n’ and m # m’ and the notations introduced above, noting that

ElZ;,] = he. O
We immediately obtain

Lemma 4.15. We assume ConditionsHg.1) {4 and[@.3)t0 hold. Then the mean square error
of the estimator he v introduced in @) for the term h defined in (&2)) satisfies

1-N-M -1 N - -
E[(I’IE,M,N _h)2] < e + h<12> h(21) tha Dy

NM NM NM N
~d+2 1-N-M M-1 N-1 N-1DM-1

+ € C11+€2 2 Ch+ C12+ Cz] +¢C864.
NM NM NM ~ " NM NM

Similarly to Milstein et al.| [2004]], we can now choose N = M and the bandwidth € so
as to obtain convergence proportional to N~!/2 in RMSE-sense.

Theorem 4.16. Assume Conditions[d.1) #-4and@-3]and set M = N and € = ey dependent
on N.
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2
e [fd < 4, choose ey = CN7?% 1/4 < a < 1/d. Then we have E[(ZEN,N,N —h) ] =
O(N™"), so we achieve the optimal convergence rate 1/2.
2
e Ford > 4, choose ey = CN™2**D and obtain B [(Z@,,N,N - h) ] = Q(N~8/G+d)),

Proof. Insert M = N and the respective choice of ey in Lemma[.15] w

Remark 4.17. By replacing the kernel K by higher order kernelﬂ one could retain the
convergence rate 1/2 even in higher dimensions, as higher order kernels lead to higher

order estimates (in €) in Lemmas .10} [#.1T|and [F.12]

So far, we have only computed the quantity 4 as given in (@2). However, finally we
want to compute the conditional expectation

H = B[ g (Xyya(s1)s > XopaltL1)] Xso(T) = 3]

As H = m with 4 defined in @2), we need to divide the estimator for 4 by an
appropriate estimator for p(so, x, T,y) — in fact, we choose the forward reverse estimator
with g = 1. Note that we have assumed that p(sg,x,7,y) > 0. To rule out large error
contributions when the denominator is small, we will discard experiments which give too
small estimates for the transition density. More precisely, we choose our final estimator to

be

yr-x"n
N M n n m m  r m
anlZmzlg(XS],...,XSK,Y?H,...,YTI)K( _ )ya
m__yn

SIS K (A v
x1

(4.9) H.yy = x

ym _xn

*

r _ b
€ Tt S K[ L ]y,i"L>P/2

where p > 0 is a lower bound for p(sg, x, T,y) (for fixed s, x, T, y), which is assumed to
be knownEl

Theorem 4.18. Assume Conditions .1 .4 and[d.5and set M = N and € = ey dependent
on N.
e [fd < 4 (ord > 4 and higher order kernels are used), choose ey = CN™¢,
1/4 < a < 1/d. Then we have ]E[(I/-I\EN,N,N - H)2 = O(N7Y), so we achieve the
optimal convergence rate 1/2.
e Ford > 4, choose ey = CN"Y**_ and obtain B I:(EGN,N,N - H)z] = QN3G+,

Proof. Let Xy := he, vy, and, similarly, let

| N N ym_xn
= —ed § § | ym
YN = NZEN K[ p ]yfﬁ

n=1 m=1

3Recall that the order of a kernel X is the order of the lowest order (non-constant) monomial f such that
[ FOK)dv # 0.

‘In practice, such a lower bound could be achieved by running an independent estimation for p(so, x, T,y)
and then taking a value at the lower end of a required confidence interval. See Remarkmbelow for a different
version of the theorem. In any case, our numerical experiments suggest that the cut-off can be safely omitted in
practice. Keep in mind, however, that the ratio of the asymptotic distributions for numerator and denominator
may not have finite moments.
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denote the estimator in the denominator — including the normalization factor. Moreover,
let X := h as defined in @) and let Y := p(sg, x, T,y). Then we have already established
in Theorem 4.16] that

E[IXy - XP| = ON),
E[lYy - YP| = ON),

where p = 1 ford < 4 and p = % when d > 4. Moreover, we have obtained in
Lemma that Var Xy = O(N~?) and Var Yy = O(NP).
We will now estimate the mean square error for the quotient by splitting it into two
contributions, depending on whether Yy is small or large. To this end, let
Xy

Iy = Y 1y,sp,

for a constant Dy to be specified below satisfying Dy < E[Yy] (in fact, for N large enough,
this constant may be chosen to be p/2). Then we have

2 2
X X XvY — Y X
(_N _ _) 1YN>DN] _ E[MIYMN]

Yv Y (YnY)?

_E [(Y(Xy = X) + X(¥ - Y))?]
- Y2D?,

Y2E[(Xy — X)?] + X°E (Y - Yy)?|
<2

YD}
Cl
(4.10) <
DXNP

where we used the estimates on the MSEs for numerator and denominator. On the other
hand, we have, using that Dy < EYy, Chebyshev’s inequality and our estimate on the
variance of Yy,
P(Yy <Dy) =Py —EYy <Dy —-EYy;Yy <EYy)

<P(Yy - EYy|>EYy — Dy)

< Var Yy

(EYy - Dy)’
C2
4.11) <—"X
(EYy — Dy)” NP

Finally, consider

=27 T o)

X 21 Xx?
=E [({N - 71YN>DN) + WP(YN < Dy)
Cyy Ccix?

= 2 + 2 v2 ’
DXNP ~ (EYy — Dy)* Y2NP

(4.12)
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where we have combined (#.I0) and @.IT). Now choose Dy := p/2 for N large enough.
As EYy -= v, @I2) implies that

4.13) E [(5 - )—;)2] — O(N"P). o

Remark 4.19. Alternatively, we could replace the cut-off p/2 in (£.9) by some sequence

Dy m 0. In that case, the MSE of the estimator is of order O(N~” /DIZV), which can
be chosen as close to O(NP) as desired by proper choices of (slowli convergent) se-

N—oo
quences Dy. Note that finally EYy > Dy in the proof of Theorem [4.18| as EYy ——
p(s0,x, T,y) > 0 by assumption.

4.2. Forward-reverse estimators for conditioning on a set. In Theorem 3.7and Corol-
lary [3.8] we have derived a representation of the conditional expectation of a functional g
of the process X given that X7 € A (for a Borel set A with positive probability) or given
X1 =y',...,X¢ = y”. In analogy to the first part of this section, one can construct Monte
Carlo estimators for these conditional expectations and analyze their bias and variance. In
what follows, we assume that A is either a general Borel set with positive probability or an
affine surface, i.e., we treat both cases distinguished above together.
Recall that we represented the conditional expectation as

Yer(1) - Xso,x(r*)) yg;T(’tZ)] ~
e@& 1

= fp(s()’ X, T’ y)/lA(dy)E [g (Xs(),x(sl), ) Xsn,x(tL—l)) | Xso,x(T) € A] s
A

lim E[g (XSO,X(SI), s X (55, Yer (1, - .- Yﬁf(fl)) e—dK(
€l0 €

where £ is an independent random variable taking values in A with density ¢ with respect
to A4. In order to arrive at an estimator with bounded variance, we need to restrict the
choice of ¢ and, consequently, &.

Condition 4.20. The density ¢ has (strictly) super-Gaussian tails, i.e., there are constants
C,y,0 > 0 such that
o)™ < Cexp(yM*™), veA.

We define the following Monte Carlo estimator for the conditional expectation:

ZN ZM X" X" _ym YY"\ K Y’inx;l* yfﬁi
— n=1 Zim=1 8\ Asp e oo Ry I Heeen I € PE™)
(4.14) HE,M,N — ym-xn ym
Tl I K ()
n=1 m=1 € o(Em)
x 1 v ,
et 2 5 K A |2
where (X{,,...,X{,), I <n < N, are independent samples from the solution of the for-
ward process X started at X;, = x and (Y,[i", e, YT’") together with y,;”, 1 <m,< M, are
L 1 L

independent samples from the reverse process (Y, Y) started at Y’ = &", Y = 1, for an
independent sequence of samples & from the distribution £. Apart from the term (&™), the
difference to estimator {.9) is the randomness of the initial values of the reverse process.
Again, p(so,x,T,y) > p > 0, and Remark [4.19] applies. The analysis of (#.14), however,
works along the lines of the analysis of {.9). Indeed, in all the expectations considered in
Theorem .7 and in Lemma[4.TOH4.12] we obtain the same kind of results by the following
steps:
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(1) Condition on ¢ and pull out the factor ¢(¢)~! (possibly with indices m and/or m’);
(2) Use the results obtained in Section [4.1] with constants depending on the value of

&
(3) Move ¢(¢)~! back in and take the expectation in &.

Theorem 4.21. Set M = N and assume Condition and, as usual, Condition
and

o [fd <4, choose ey =CN™, 1/4 < a < 1/d. Then the MSE of the forward-reverse

estimator HEMN is O(N7Y).

e Ford > 4, choose ey = CN~?**9_ Then the MSE of the forward-reverse estimator
ﬁiM,N is O(N~8/G+d)y,

Proof. In this proof, the constant C may change from line to line. Define

hf = LP(SO, X, T? )’)/lA(d}’) -E [g (XSU,X(SI)’ e ’XSQ,X(tL—l))| XSO,X(T) € A]

— Yer(t
e :=E[g(xm,xsl),...,Xso,xa*),Yg;T(tL1), Yo (@) Ke (Yer (i) — X 1) = f;)L)},

om, T(tL) Xsu x(t )J fm;T(’tZ)

€

o(Em)

and notice that the result will follow if we can establish the bounds of Theorem A.7] and
Lemmam Iﬂl andlm for h, he and Z¢,, replaced by h¢, h‘: and Zf,;;f , respectively.

For the bias, (#.3) implies a bound |A(y) — h.(y)| < Ce*p(so, x, T,y) for some density p
in y, where we make the dependence of 4 and &, on y explicit. Consequently, conditioning
on £ first, we have

e 1 \ . o
Zin = 28 (X5,0050, - X (50, Vo ) Yo () K (

(&)
<E [|h(§) - he(f)l}
(&)

<C 2fﬁ(SO’X’T’§) d
< Ce G p(&)dé

U — i = ‘E[h(é‘) - hf(f)”

(4.15) < Cé.

By the same approach, using the estimate from Lemma@ denoting ¢, ,, (v, ¥") =
E [Z;ijm,], where we assume Y = Y’” and Y = Yt’"y , we get, using a simple adaptation
of (@.6) for different terminal values y and v,

nmm(é‘:m é;m)_ anm(é:m é:m)|6 OW

PEMPE™)

[ Plso. x. 1, x)q(t*, x, T, €M)G(t", i, T, f’”')de]

|]E |zeize] - [z;;izjm,]|ezo| < E[

< CeE

PEMPE™)
= Cé f D(so, X, t*, xx)q(t", xg, T, Y)q(t", x¢, T, ¥ )dxg Aa(dy)Aa(dy”)

(4.16) < Cé.
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Adopting the above notation for the case n # n’ covered in Lemma#.11)and using #.7)),
we get

& € EM) = 25,0 M|

|E |zeize ] - [z;;izj;i]‘ | <E
= QEM)P(E™)
D b b t*9 4 t*’ 9’ T?
<cé f p(so, x, 1", y)q(t", y1, T,y) Ay Aa(dy).
()

By assumption the density f p(so, x, t*, y1)q(t*, y1, T, y)dy, has Gaussian tails, whereas ¢
was assumed to have strictly sub-Gaussian tails. This implies that the above integral is
finite and we get the bound

4.17) 'E |zeizst | - E[Z;;izj;‘fn” <Cé.

In a similar way, using (#.8)), we get the bound

2

(4.18) €.

¢E|Z)?| - lim e[z’ ¢

The respective versions of Lemma .13} Lemma[#.15 and Theorem {.16] follow imme-

diately from the bounds (#.13)), (#.16), (@.I7) and (#I8), and we can repeat the proof of
Theorem[4.18] arriving at the conclusion. m]

We again stress that the non-optimal complexity rate in Theorem [4.21] can be improved
to the optimal one even for d > 4 by Remark .17}

4.3. Limitations of the forward-reverse estimator. Theoremd.18]andf.2T|above present
the asymptotic analysis of the MSE for the forward-reverse estimator. In practice, for many
methods with very good asymptotic rates, limitations arise due to potentially high con-
stants, and the forward-reverse estimator is no exception. In fact, this can be already seen
in a very simple example, where all the estimates can be given explicitly.

For so = 0 < t* < T, consider the one-dimensional Ornstein-Uhlenbeck process

(4.19) dXo () = —aXo(t)dt + dB;
for @ > 0. The corresponding reverse process satisfies
(4.20) dYy.r(t) = aY,r()dt + dW,,

for a Brownian motion W;. Moreover, Y7 (T —*) = ¢*7~"). We first discuss the estimator
hENN introduced in @) for the numerator of the forward-reverse estimator HE ~. for
g = 1 with K = L = 1. Of course, we expect that the findings for this special case carry
over to situations with non-constant g and K, L > 1.

After elementary, but tedious calculations (see [Milstein et al., 2004} Section 4]) one
arrives at

| (775
V27 (e 22T 1 gX(T)) P17 (e2e72T=1) 4 g2(T))

4.21) E e =
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and

_ 2N -1 A
4.22) Varh T T N2B + 02T “B+dXT)
(4.22)  Varhenwn 27N*(B + oX(T)) eXp( B+ UZ(T))

+ N1 exp(— 5 A 5 ; )
2aN2 \/B + 0X(T — t*) /B + 20X(T) — oX(T - t*) B+20%(T) - o*(T — t*)

+ Al 1 eXp (_ 2 A 2 * )
2aN2 \/B + 0X(T) = 0X(T — t')\[B+ oX(T) + oX(T — 1) B+ o (T) +oX(T - 1)

ea(T—t*) A
+ exp (— > ) .
27N2%e /B + 202(T) B +20%(T)

where

_ e—2as

2a
Thus, all the terms in the MSE (composed of the square of {#.21) and (@.22)) exhibit
fairly moderate constants, except for the last term in (#:22). Indeed, when @ > 0, we
have ¢®@~") > 1, unless T — * < 1. In other words, the constant in Theorem
will be quite large if @ > 0 and T — ¢ ~ 1. That observation is quite intuitive in view
of (#.19) and @.20): X, , is contracting to 0 as time increases, whereas Y. is exponentially
expanding away from y. Thus, the probability of Xo (#*) and Y,,r(T — t*) be close to each
other is very small.

1 2 .
a2(s) = . A= (e“’Tx—y) . B = e 200,

Remark 4.22. Note that the last term in (#22) is the term estimated in Lemma 412} The
constant in the lemma depends on the constant in Condition [d.T] for the derivatives of the
transition density p(t, x’, s,y") with respect to the y’-variable. For the Ornstein-Uhlenbeck
process, the density is given by

(e—a(s—t)x/ _ y/)2

t? ’9 b ! =
p(t,x',s,Y") pY=T—

2n02(s — 1) XP1~

Therefore, we see that derivatives with respect to y* (and, hence, the corresponding con-
stants) are considerably larger than derivatives with respect to x’. This explains why the
last term (and no other term) in #.22)) causes problems for « large.

Remark 4.23. There is also a source of error due to the form of ﬁe,N, wm as a fraction of two
terms. The error of an approximation

0 _0_0+AQ

P p P+AP

of a quantity of interest Q/P by the fraction of the approximations Q for Q and P for P
with corresponding (absolute) errors AQ and AP is controlled by the relative errors for Q
and P. Indeed, assume for simplicity that AQ = 0 and Q/P = O(1), then

0) Q_O AP/P
{20l i)

P P

which may be close to 1 if the relative error AP/P for the denominator P is large.
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5. NUMERICAL STUDY

5.1. Implementation. Some care is necessary when implementing the forward reverse
estimators (4.9) and (4.14) for expectations of a functional of the diffusion bridge between
two points or a point and a subset. This especially concerns the evaluation of the double
sum. Indeed, straightforward computation would require the cost of M N kernel evaluations
which would be tremendous, for example, when M = N = 10°. But, fortunately, by using
kernels with an (in some sense) small support we can get around this difficulty as outlined
below — see also |[Milstein et al.|[2004]] for a similar discussion.

We here assume that the kernel K(x) used in (#.9) and {.14)), respectively, has bounded
support contained in some ball of radius r, an assumption which is easily fulfilled in prac-
tice. For instance, even though the Gaussian kernel K(x) = (27)~%? exp(—|x?>/2) has un-
bounded support, in practice K(x) is negligible outside a finite ball (with exponential decay
of the value as function of the radius). Therefore, it is easy to choose a ball B,(0) such that
K is smaller than some error tolerance const X TOL outside the ballE] Then, due to the small
support of K, the following Monte Carlo algorithm for the kernel estimator is feasible. For
simplicity, we take N = M. (We present the algorithm only for the case of (.9)), the anal-
ysis being virtually equal for (#:14).) Here, the input variable D denotes the grid (3.3).
The complexity of the simulation steps (2) and (3) in Algorithm[I]is O (KNd) and O (LNd)

Algorithm 1 Forward-reverse algorithm

1: procedure ForRREV(N, €y, a, o, x,y, D, t*, g)

2 Simulate N trajectories (X;l(),x)nN:l of the forward process on sy < - - < sg.

3: Simulate N trajectories (Y T MTT)% _, of the reverse process on 0 < Hh<--<1.
4 form < 1,N do

5 Find the sub-sample

Xy k=1, d) = (X0 () 1 n=1,...,N}Y O Bye, (Yitp(T)).

80,X

6: end for
7. Evaluate (.9) by
m o m
ZN Zlm Xnk(m) Xnk(m) ym Y\ K YTL _Xr* ym
- m=1 k:]g 51 R ) ¢ ) ’tz—l’”.’ ?1 € »l;i
Heun < gk X
N I s
Zm=l Z‘lk—lK( - € )y):,\l/l

x 1

1 —ayN Im
i€ Zmmt 20t K|

ym 7X”1<(”’)

L]yrj >p/2
3 .

8: end procedure

elementary computations, respectively. The size /,, of the intersection in step (5) of Algo-
rithm (1] is, on average, proportional to N ej{, X p (so, x,t°,Y \’,’;’T(TL)). The search procedure
itself can be done at a cost of order O(N log N) (neglecting the cost of comparison between
two integers). Thus, we get the complexity bounds summarized in Theorem [5.1] below.

SObViously, the appropriate value for const depends on the size of the constants in the MSE bound.
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Theorem 5.1. Assume that samples from the forward process X and the reverse process
(Y, Y) can be obtained at constant cost)’| Furthermore, assume that the cost of checking for
equality of integers carries negligible cost. Then the following asymptotic bounds hold for
the complexity of Algorithm([l]

e Ifd < 4, we choose ey = O(N~V4), implying that the MSE of the output of the
algorithm is O(N~") with a complexity O(N log N).

o Ifd > 4, we choose ey = ON"H“DY and obtain an MSE of O(N~3@D with a
complexity O(N log N).

5.2. Numerical examples. We present two numerical studies: in the first example, the
forward process is a two-dimensional Brownian motion, with the standard Brownian bridge
as the conditional diffusion. In the second example, we consider a Heston model whose
stock price component is conditioned to end in a certain value. In both examples, we
actually use a Gaussian kernel

)

L

K(x) = We T,

and the simulation as well as the functional g of interest are defined on a uniform grid

D={0=sg<---<sg=t"=ty<---<ty=T}withs; =i/land t; = (K + j)/lfor | e N
and L+ K =1

Example 5.2. We consider X; = B;, a two-dimensional standard Brownian motion, which
we condition on starting at Xy = 0 and ending at X; = 0, i.e., the conditioned diffusion is
a classical two-dimensional Brownian bridge. In particular, the reverse process Y; is also a
standard Brownian motion, and Y = 1. We consider the functional

2 = ,2
g(xl,---,xl—l):Z[mZx{] ,

j=1 i=1

where x; = (xil, xiz) € R?. In this simple toy-example, we can actually compute the true

solution
E[g(Xl/l, e ,X(l—l)/l)| XQ = Xl = O] = lﬂ
6/-1

As evaluation of the functional g is cheap in this case, we use a naive algorithm calculating
the full double sum. We choose M = N and € = ey = N~*4, which still gives the rate of
convergence obtained in Theorem

In Figure we show the results for / = 10, with the choices K = 1 and K = 4, i.e., with
t* = 1/10 and t* = 4/10, respectively. In both case, we observe the asymptotic relation
MSE ~ N~! predicted by Theorem The MSE is slightly lower when ¢* is closer to
the middle of the interval [0, 1] (case (B)) as compared to the situation when #* is close to
the boundary (case (A)). Intuitively, one would expect such an effect, as in the latter case
the forward process can only accumulate a considerably smaller variance as compared to
the reverse process. However, it should be noted that the effect is rather small[]

oIt is a straightforward exercise to adjust this calculation for the case when the corresponding stochastic
differential equations need to be solved by some numerical scheme with known rate of convergence.

TCf. Milstein et al, [2004]], where it was noted that the variance of the forward-reverse density estimator
explodes when t* — T or t* — 0. Mathematically, this is a consequence of the transition densities getting
singular.
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Ficure 1. MSE for Example Dashed lines are reference lines pro-
portional to N~

Example 5.3. Let us consider the stock price S, in a Heston model: X, := (S,,v,), i.e.,
the stock price together with its (stochastic) volatility satisfies the stochastic differential
equation

dsS; = uSdt + \v;S.dB!,

dv; = (yv, + B)dt + € \/v_,(detl + 4/1 — pdetz) .

B qul _ \/ﬁxl 0
als, x) = yx> + )’ (s, x) = §‘/Fp f‘/ﬁm .

As this process is time-homogeneous, we have oo = o, and the remaining coefficients of
the SDE for the reverse process are given by

(2x2 + pé —y) x!
PE - +E B

As path-dependent functional we consider the realized variance of the stock-price, i.e.,
for a grid as above we consider

We have

a(s,x)z( ), c(s,x)=x2+p§—;1—y.

I-1
g(xp,. o, X1, X)) = Z (log(xilﬂ) - log(xl.l))z.

i=1
(Dependence of the functional g on the final value y obviously changes nothing in the
theorems of Section 3] and Section [d]) We choose T = 1/12 and / = 30. This time,
however, we only condition on the value of the stock component at final time 7. For the
calculations, we use the following, arbitrarily chosen parameters: u = 0.05, y = —0.15,
B = -0.045, ¢ = 0.3, p = —0.7. The initial stock price and the initial variance were set
to So = 10 and vy = 0.25, respectively. Moreover, the realized variance was computed
conditionally on St = 12, and we choose the standard normal density for ¢ — despite
Condition E.201
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FiGURE 2. Relative MSE for Example Dashed lines are reference
lines proportional to N~!.

Contrary to Example we cannot produce samples from the exact distributions of
either the forward or the reverse processes X; or (Y,,Y,). Thus, we approximate the
corresponding paths using the Euler-Maruyama scheme on a uniform grid with mesh
h = min(1/360, \/0.0S/N), so that the MSE for the solution of the corresponding SDE

is itself O(N~!), implying that the asymptotic order of the MSE of our quantity of interest
is not effected by the numerical approximation of the forward and backward processes.
Moreover, evaluation of the functional g is quite costly due to the numerous calls of the
log-function. Thus, we use the cut-off procedure introduced above, so that the individual
terms in the double sum are only included when the value of the kernel K. is larger than
1 = 1073, The main parameters of the forward-reverse algorithm are chosen as M = N and
ey = (4N)™%4, 5o that we are in the regime of Theorem

The numerical results in Figure [2] confirm the rate of convergence for the MSE estab-
lished in Theorem .21} Again, there is no significant advantage of choosing r* in the
middle of the relevant interval [0, T']. The “exact” reference value was computed using the
forward-reverse algorithm with very large N, corresponding small € and a very fine grid for
the Euler scheme. Note that Figure 2] depicts the “relative MSE”, i.e., the MSE normalized
by the squared reference value.
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