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Conditional hitting time estimation in a nonlinear filtering
model by the Brownian bridge method

CHRISTOPHE PROFETA * ABASS SAGNA f

Abstract

The model consists of a signal process X which is a general Brownian diffusion process and
an observation process Y, also a diffusion process, which is supposed to be correlated to the
signal process. We suppose that the process Y is observed from time 0 to s > 0 at discrete times
and aim to estimate, conditionally on these observations, the probability that the non-observed
process X crosses a fixed barrier after a given time ¢ > s. We formulate this problem as a usual
nonlinear filtering problem and use optimal quantization and Monte Carlo simulations techniques
to estimate the involved quantities.

1 Introduction

We consider in this work a nonlinear filtering model where the signal process X and the observation
process Y evolve following the stochastic differential equations:

{dXt = b(Xy, t)dt + o (X, t)dW, X, = o, 0

dY; = h(Ys, Xy, t)dt + v(Yy, )dW; + 6(Y, )dWs, Yo = yo.
In these equations, W and W are two independent standard real valued Brownian motions. We
suppose that the functions b, o, h, v, and ¢ are Lipschitz and that, for every (z,t) €]0, +oo)2,

O(z,t) >0, v(z,t) > 0and o(x,t) > 0.
Let a be a real number such that 0 < a < x( and let

X =inf{u >0, X, < a}

be the first hitting time of the barrier a by the signal process. As usually, we consider that inf () = +oo.
Our aim is to estimate the distribution of the conditional hitting time
P (75 > t|.F)) )

for ¢ > s > 0 and where (F} )e>0 is the filtration generated by the observation process Y

FY =o(Y,,u<s).

S

More generally, we shall denote by (F7 )e>0 the filtration generated by the process Z.
Such a problem arises for example in credit risk when modeling a credit event in a structural
model as the first hitting time of a barrier a by the firm value process X. Investors are supposed to
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have no access to the true value of the firm but only to the observation process Y, which is correlated
to the value of the firm (see e.g. [34]]). We will typically suppose that we observe the process Y
at regular discrete times t) = 0 < t; < ... < t,,, = s over the time interval [0, s] and intend for
estimating the quantity

P (T;( >t Yy, V)
for every t > s. Note that, if ¢ < s, then, applying the Markov property to the diffusion Y, the

computations boil down to the case s = t. In [2], the quantity

]P( inf Xu>amo,...,1gm>

u€|[s,t]

has been estimated by a hybrid Monte Carlo-Optimal quantization method in the case where the
observation process dynamics is given by:

dY, =Y, (h(Xt)dt +v(t)dW; + 6(t)th) , Yo =yo,

where v and § are deterministic functions. However, the approach used in the previous work does not
apply to our framework because we want to compute the conditional distribution of a function of the
whole trajectory of the signal process from 0 to ¢ given the observations from 0 to s, with s < .

Example 1. A particular case of model (I)) one may consider is the following “Black-Scholes” case:

dXy = Xt(,udt + O'th), Xo = x, 3)
dY; = Y,(rdt + vdW; + 6dW,), Yo = o,
so that I, iX
t v t v repee
— = —— — p—)dt + 6dW; 4
or 2, 52
Yo v/o = Ve + ny - vo
Y, = X ) — —— 4+ —)t]).
f (xo)”/g . exp( Wy + <7“ 2 . + 5 ) > o)
Observe that setting » = p and o = v yields
dYy  dXy —~
Tt - Tt + 5th,

meaning that the return on Y is the return on X affected by a noise (see e.g. [3]).
Of course, in this case, we may compute theoretically the expression (2)) by noticing that:

X = inf{u >0, X, < a}

—~ 52
= inf {u >0, oW, — 5 U >In(Y,) +1n <@> - ln(a)}
Yo

and that, conditionally to F), the process (Wu, u < s) has the same law as

o ) o o? 4 62
S S 20 <
( /70_2+52Bu+0.2+52 <ln(Yu)+ln<y0>+ 5 U’)aU’_S)

where B is a standard Brownian motion independent from the process Y. This follows from the fact
that, since W and W are two independent Brownian motion, so are

B_aW—i—(SW and E_(SW—JW



and from the relations :

B 1 ) o? + 62 ~ 0By — O'Et

Therefore, in this particular setting, the problem boils down to the computation of the first passage
time of a Brownian motion to a curved boundary. We refer to [3]] for some similar, and far more
general, considerations.

Example 2. Another particularly simple case is given when both the signal and the observation pro-
cess evolve following the Ornstein-Uhlenbeck dynamics:

{dXt = N0 — X;)dt + odW;, Xo = 0, ©

dY; = A0 — Y,)dt + odW, + 6dWy, Yy = yo.

In this case, we have :

t —
X =Y, — (yo— xo)e_kt - 5€_>\t/ AW,
0

so that "
X = inf {u >0, Y, —a—(yo— z0)e ™ < 5e>‘“/ eAvdWU}
0

u —_—
and, conditionally to ]{3/ , the process <e)‘“ / e’\”dWU, u < s> has the same law as
0

o 56)\u —\u —\u
<\/mUu+02+52(Yu—yoe —6(1—e )>,u§s>

where U is an Ornstein-Uhlenbeck process with parameters A and 0 started from 0, and independent
from Y. This follows from Knight’s representation theorem combined with the same ideas as above.

The rest of the paper is organized as follows: in Section 2] we state and prove the main theorems,
i.e. we give an approximation of the expectation (Z) when X is replaced by its continuous Euler
scheme X, see especially Subsection 2.3l Then, in Section 3, we introduce some numerical tools in
order to compute the quantities involved. We finally conclude the paper by a few simulations.

2 Estimation of the conditional survival probability

2.1 Preliminaries results

To deal with the computation of the conditional hitting time (2), we introduce the first hitting time
from time s:
) = inf{u > s, X, < a}.

Define furthermore the filtration (G;)¢>( by, for every ¢ > 0,
Ge = o{(Wu, W), u < t}. @)

We have the following result.



Lemma 2.1. Foreveryt > s,
P(rX >t FY) = E{II{T;(N}F(s,t,XS)]}"f] )

with
F(s,t,Xs) =P < inf X, > a\XS> .

u€|[s,t]

Proof. If t > s, one has
(FX >t ={rX > s} {r® > ¢,

so that
P(rX > t|FY) = P > stn{r® > 1| FY)
= B [E[LpsglposylG) 17 ],

where the o-algebra G, is defined in (7). Hence, using the fact that W is independent from W and
the Markov property of the process X:

P(rX >t FY) = B[1gpagB (150200, 17
E 1B [Ty 7] 17|
= B[ g P(r® > 7017 ]
. Y
E [11 R ot X, > alX,)| 7] ] .
This shows assertion (g]). O

Note that in general, there is no closed-form expression for computing IP( ir[1f X, > a|lX S), except
€ls,t

in some very special cases, such as Brownian motion or Bessel processes... We shall therefore need
an approximation of this expression, which is the purpose of the next subsection.

2.2 The continuous Euler scheme

Let us denote by X the continuous Euler scheme process associated to the signal process X and
defined by
X, = X, +b(X,.8)(s — 8) + 0(Xe, 8) (W, = W), Xo = a0,

with s =ty if s € [tg, tx+1). To estimate the distribution of the conditional hitting time given in (2)),

consider that we observe the process Y at discrete and regularly spaced times: tg,t1,...,tmy, With
0=ty < - <tpm=258<tny1 < -+ <t, =t Inour general model (see Equation (d))), the
discrete time observation processes {X¢, , k =0,...,n}and {Y;,, k =0,...,m} are obtained from

Euler scheme as:

th+1 - th + b(thatk)Ak + O-(th?tk)(Wtk+l - Wtk) 9)
Y;%H = ka + h(Y;fk’th’tk)Ak + V(Y;fk,tk)(WtkH - Wtk) + 6(nk?tk)(Wtk+l - Wtk)
where £k = 0,...,m — 1 for the observation process, k going till n — 1 for the signal process and

Aj = tpy1 — tg. Note that if £ > s, the number of discretization steps over [0, s| may differ from the
number of discretization steps over [s, ¢] so that we choose

tk:% fork=0,...,m
E=5+ (t ) fork=m+1,...,n

4



Supposing that we have observed the trajectory (Y3, ..., Y;,, ) of the observation process ¥ we aim
to estimate

P75 > tn| Yig, .-+, ¥2,.)
by _

P73 > tn| Yigs -+, Ya,), (10)
where B

T;( = inf{u > 0, X, < a}.

To this end, we will use a useful result called the regular Brownian bridge method. This result recalled
below allows us to compute the distribution of the minimum (or the maximum) of the continuous
Euler scheme X of the process X over the time interval [0, ¢], given its values at discrete and regular
time observation points 0 = tg < t; < --- < t,, = t (see, e.g. [6,17]).

Lemma 2.2. Let (X;);>0 be a diffusion process with dynamics given by

t t
Xi=x+ / b( Xy, u)du + / o(Xy,u)dW,
0 0
and let (X;)¢>0 be its associated continuous Euler process. Then, the following equality in law holds:

_ _ o —1
z(urg[%% Xo| Xy, =2, k=0, n) - ﬁ(k:orflfr}%l (HA]Zag(?clkvtk)) (Ak,)), (11)

where (Ay)g=o,... n—1 are i.i.d. random variables uniformly distributed over the unit interval and

( L Ll41
Apo?(xp,ty)

by

) is the inverse function of the conditional cumulative function H ZIZ ’:é“&lk b defined

Apo?(zp,ty)

Tedia ) { exp ( - m(u —xp)(u — xk+1)) if u < min(zg, Tg11) (12)
1 otherwise.

In the following, we shall replace the expression o (x, ) in the expression of H by o and rather

L LTl Th41
write: HAW% .
Short proof. Observe first that, conditionally to {th = xp; k=0, -+ ,n}, the random variables
{ [min }Xu; k=0,...,n— 17 are mutually independent, thanks to the independent increments
UE (g, th41

property of Brownian motion. Then, it suffices to notice that computing the law of [min }Xu
UE[tg, 41

conditionally to {th = X, th = Zk41} amounts to computing the law of the hitting times of the
bridge of a Brownian motion with drift. This law is well-known to be independent from the drift (i.e.

from the function b here) and to be given by an expression such as (12). U
In the rest of the paper, the function 1 — Hi’::é““(a) will be often used. We shall denote it by
k
Z’w’;“ (a), so that

Tk

T, T 2(-%'k —a ($k+1 — a)
GAkkag-H(a) = <1 — exp <— Ako'Q(xlm tk) n{ka& l‘k+12a}' (13)

Now, in our set-up, we shall apply the Brownian bridge method to obtain the following lemma, which
is taken from [2]:



Lemma 2.3. We have

n—1 _ _
- Xt Xy g
P (ue[lélnf:tn]X > a|(Xy, )k m) = G Aol (a). (14)

k=m

Proof. It follows from Lemma[2.2] that

S S -1
. = S o . Xt Xtgqq
i <ue[1tr;f,tn} K= a‘(th)kZO""’m> =F <k=n£?-l-r,ln1 <HAW§ ' > (o) > a) .

Zkvzk-l»l( )

Since the function H is non-decreasing and the A,’s are i.i.d. uniformly distributed random

variables, this reduces to:

n—1
X X
P( min X, > a|(Xy, )k m) = H P<Ak >H,, e tk“(a))

Ue[tmvtn] ke

e Koy X

tp 2t

- H (1 - HA,:T,% o (a)> :
k=m
This completes the proof. U

2.3 Main theorem

We now state and prove the main theorems of this section. We first show that the conditional hit-
ting time of the continuous Euler process X given the discrete path observations Yy, ...,Y;, may
be written as an expectation of an explicit functional of the discrete path X;, ..., Xy, of the signal
given the observations Y, ...,Y;, . Therefore, we reduce the initial problem to the characterization
of the conditional distribution of X, ..., X;, givenYy,,...,Y;

m*

Theorem 2.4. Set X™ = (Xy,,...,Xy,,) and Y™ = (Yy,,...,Y;, ). We have:
P (72 > | Yigs - Yin) = O (Yigs - +s Vi), (15)

where for y™ := (Yo, - - -, Ym)»
™) = Bfo (X7 = 7). 1

The function ® is defined for every z™ = (2g, ..., zm) by

m—1
B(") = Fltm, b, 2m) || G757 @)
k=0

with

Fltm, tn

o o]

Proof. We may show similarly to Equation (8] in Lemma[2.1] that
P(rX > ty|Yiy,... . V) = E [H{T§>tm}p(tm,tn,Xtm)lYto,---,th] ,
with

F(tmatnaXtm) =P < inf X > a{Xtm> .

ue [tm 7tn}
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It follows from Lemma[2.3] that

Ftm,tn, Xy,,) =E [IP’( min X, > a|(X, )k > ‘Xtm} =K

UE[Em,tn]

n—1 - -
Xy, Xy, =
H GAkoz - (a)| XtMI ’
k=m
On the other hand, combining a successive conditioning rule with the independence between W and
W gives :
IP(T;( > tn‘ Y%m s 7Y;fm) =E|E |:]1{T§>tm}p(tmvtnaxt )’(Wtk’Wtk)k: 7~~~7m} ’Ym]
= ]E E |:H{T§>tm}F(tn?tm’Xtm) Wtk 7 7mi| | m]

=K F(tmatnaxtm)IP (T > tm‘ Wtk k=0,.. ,m) ‘Ym}

=E F(tmatnaXtm)IP (7— > tm| th k=0,. m) |Ym}

Now, using Lemma[2.3] once again, we have

Xey Xt
P <7’ > | (Xt ke > H GAkl;k B4 ()

so that B

X o vm

a m - ety m

IP(T >t Yy V2 ) IE][(I)(X )| Y, Y}]
where for every 2" := (zg, ..., Zm),
- l‘k,l“kﬂ
B(2™) = F(tm, tn, Tn) H G

This completes the proof. U

It remains now to characterize the law of XY™ = y™ appearing in (I6). This is the purpose
of the following theorem, in which we shall write the conditional survival probability in a usual form
with respect to standard nonlinear filtering problems.

We set from now on O = a(xk,tk), bk = b(xk,tk), 5k = 5(yk,tk), hk = h(yk,xk,tk), and Ve =
v(yk, ti). We next give the main result of the paper.

Theorem 2.5. We have:
P (X > ta| Vi, o, Vi) = U (Y, .-, Ve, (17)

where for y™ == (Yo, ..., Ym),

U(y™) = 18
™) ELy] ; (18)
with .
Xy, ,th+1 m i _ _
H GAkUk a) and Ly = H 9k (th s Yk th+1 ) yk-i—l)-
k=0
The function gy, is deﬁned by
1 Vi <mk+1 — My Ykl — mi>2
» Yies Lo+ = oA 202g, - - 19

with m,lﬁ = x + b AL and mz = yr + hi A



Proof. It follows from Theorem 2.4] that
P (15 > tn| Yig, .o, Ve, ) = B [®(X™) | Vi, ..., Vs, ]

where for every 2™ := (zg,...,Tm),

(I)( ) = matnaxm H ka’karl

Akak

It remains to characterize the conditional distribution of X™ given Y™, Recall that the dynamics of
the processes (X;, ) and (Y7, ) are given for k = 0,...,m by

th+l - th + b(th 7_tk)Ak + U(th7tk)(wtk+1 - Wtk) . .
}/tk-kl - Y;fk + h(Y%Mth?tk)Ak‘ + V(Y;fkvtk‘)(wtkﬂ - Wtk) + 5(}katk)(Wtk+1 - Wtk)
(20)

Let Py, 4, (th+1 € dxpy1,Ys,,, € dyrs1) denote the density function of the couple (thtl,Y}kH)
given (X;,,Ys, ) = (zx, yx). Using Bayes formula and the Markov property of the process (Xz, , Y2, )k
we get:

Puoyo(Xty € dar, ..., Xy, € dop|Yy, € dyr,..., Y, € dym)
_ Pagyo ((th €dxr1,Ys, €dyr);...; (X, €dvg,Ys, € dym))
- Pxo,yo(Y;n edyy,...,Ys, € dym)
IPmo,yO (th S dxl,Y;gl c dyl) X oeee X IP:vm 17ym 1(Xtm c dxm,Y;tm c dym)
]PJBOyyO(}/;l edyr,..., s, €dym)

For every 2™ = (¢, ..., Zm) and y™ = (Yo, ..., Ym), set
Nip(@™;y™) 1= Pag o (Xpy € dw1, Yy, €dyn) X - X Py (Xy,, € dag, Yy, € dypm).

With this notation, the denominator reads:

Poyyo(Ye, €dyr, ..., Y, € dym) = /Nk ;y™)dxy . dxgy,.
On the other hand, the random vector (X, ,, Vs, . ,) ‘ (X4, Y2,) = (xk,yx) has a Gaussian distribu-
tion with mean m;, and covariance matrix >, given for every £k = 0,...,m — 1 by
Tp + b Ag o2 OkVE
= Y =A k . 21
M <yk + hkAk> ’ k k <0'ka I/g + 5,% ( )

Then, for every k = 0,...,m — 1, the density fi(k, Yi; Tht1, Y1) Of (X1, YViy )| (X, Va) =
(2, yx) reads

1 vi + 0% { (241 —mp)? (g1 —mf)?
(T, Y Tt 1, Y1) = 2o 0n exp ( 25,3Ak ‘713 Vl% + 52
2up

- m(ﬂﬁkﬂ — mp) (Yr+1 — mi)}>, (22)

where mj, := x), + bpAr and m3 := yi + hiAg. As a consequence,
P (75 > tal (Yig, - Vi) = ™) = B[&(X™)| (Yig, -, Vi,,) = o]

[N« y™ ) day . day,
[ Ng(zmym)day ... dzy,

(23)



Now, we know that the random variable Xy, ,,|X;, = 2, has a Gaussian distribution with mean m;,
and variance O'I%Ak. Its density Py (xg, xg+1)dzi1 is therefore given by :

1 Tri] — mb)2
Pk, Tp1)dg 41 = m €xXp < - %)kaﬂ-
k

Then, by definition of N;, we may write:

/Nk(xm;ym)dxl codrpy,

m—1
2/ H Sk Yks Tt Yo1) At

fk wkﬂkﬁk 15 Ye+1
/H Tt )Pk(xk,$k+1)d$k+1

Py(xp, Trg1)
—1
/ H fkﬁ $k,yk,$k+1ayk+1 Ti—[ Pk(ﬂ?k $k+1)d$k+1
Py(k, Tht1) Py ’

m—1
:/ <H gk(wk,yk§$k+17yk+1)> IPJ:o,yo(th S d.%'l, o 7Xtm S dmm) - E[LZLL
k=0

where g, is defined by (I9) and the next-to-last equality follows from the Markov property of the
process (X¢,, k=0,...,m). Now, looking at the numerator of (23)), similar computations lead to:

/‘b(wm)Nk(azm; y"™)dzy ... dey,

$k7$k+1
/ (tms tn, Tm) H G oz (@) fe(@ho Yki Tt Yo )dTha,

:/F m,tn,xm <H G‘Zi’ii‘kl )

m—1
X <H gk($k7yk§$k+layk+1)> Pxo,yo()?tl S dl’l, o 7Xtm S d.%'m)
k=0

=E[F(tp, tn, X, ) K™ LY.
Finally, going back to (23)), we obtain
E[F(tm, tn, X¢,, ) K™ L})']
E[L}]

P <T5X >t (Yigs ooy Ya,,) = ym) =
which is the announced result. O

Remark 2.1. Remark that more generally we have for every real valued bounded function f,

E[f (X)L

E X Y == P Y = g
[f( tm)| to Yo, s Lt Ym E[LZL]

(24)

In this case we can estimate the right hand side quantity of (24]) using recursive algorithms. In our
setting, we can adapt these algorithms by noting that the expression (I8) may be read in the similar
form of (24) as:
E[F(tm, tn, X1, ) L]

E[Ly]

IP(T;2 > bl (Yigs -5 Ya,,) :ym) =



where
m—1 _ _
Xty Xt g

L =1] gk(th,yk;th+1,yk+1)GAk0i (a)
k=0

and where the involved functions are defined in Theorem 2.31

Considering the model given in Example [T} one may apply the result of Theorem using the
continuous Euler process X of the signal. However since in this framework the solutions of the
stochastic differential equations are explicit, we refrain from using the Euler scheme to avoid adding
additional error. In the next result we deduce a similar representation of the conditional survival
probability using the explicit solutions of the stochastic differential equations of the model ().

Corollary 2.6. Consider that the signal process X and the observation process Y evolve following
the stochastic differential equations given in (3):

dX; = Xt(,udt + O'th), Xo = xo, 25)
dY; = Y (rdt + vdWy + 6dWy), Yy = yo.
Then,
E[F (tm, tn, Xt,, ) K™L']
(™) = m Y 2
with
m—1 o X, m—1
Km = GA;;Z% e (a) and LZL = H gk(th7yk7 th+1 ) yk+1)'
k=0 k=0
The function gy, is defined by
1 v2  rlogapi —my  logypin — mi?2
Ik (Th, U3 Tha 1, Yy 1) = m exXp <— 202/, ( pu - U )
27)

with

1 1 1
T = 0200 1 Yk1, M = logxg + (1 — 502)Ak and m3 = logyy + (r — §V2 - 552)Ak.

Proof. It follows from It6 formula that for every s < ¢,

{Xt = X, exp (1 — 20 (t — 5) + o(Wy — W)

Y; = Ysexp ((r — 22— 16H)(t —s) +v(W, — W) + S(W, — Ws)> . (8)

2

Then, for every k = 0,...,m — 1 the random vector (Xy,_,Ys, . )|(Xt,,Ys,) = (2x,yx) has a
bivariate lognormal distribution with mean m;, and covariance matrix X given by

B log 7 + (1t — 30%) Ay, B o ov
e = <logyk+(r—%u2—%62)Ak ’ 5= B ov viP446%)°

Hence, its density reads (setting pi, = 00Tk 1Yp11)

v? 4 62 { (log zp41 —m})?

1
Ji(@r, Y Thot1, Y1) = DTN exp (‘ 202, o2

2v
T o121 82) (log g1 — my,) (log yp1 — mi)

i (log yr4+1 — mi)Z }
2 4 62 ’

10



where m} = log zj, + (1 — 302) Ay and m3 := log yy, + (r — 212 — 16%) A}, Furthermore, for every
k =0,...,m — 1, the random variable X;, | Xt, = x1, has a lognormal distribution with mean m,lg

and variance o2 so that its density distribution Py, (g, zr1) is given by

1 (log g1 —my)*
YNy I — )
% (Th, Thy1) TN exXp 2027,

We then conclude the proof by using the same arguments than those of the proof of Theorem[2.31 [

There exist several methods to estimate the above representation of the conditional survival prob-
ability. These methods involve, amount others, Monte Carlo simulations and optimal quantization
methods. Owing to the numerical performance of the optimal quantization method due for example
to its fast performability as soon as the optimal grids are obtained, we will use optimal quantization
methods to estimate the conditional survival probability.

The use of optimal quantization methods to estimate the filter supposes to have numerical access
to optimal (or stationary) quantizers of the marginals of the signal process. One may use the opti-
mal vector quantization method (as done in the seminal work [11]] and used in [2]) to estimate these
marginals. This method requires the use of some algorithms, like stochastic algorithms or Lloyd’s
algorithm, to obtain numerically the optimal (or stationary) quantizers of the marginals of the sig-
nal process. Given these optimal quantizers, the filter estimation is obtained quite instantaneously.
However, the step of search of stationary quantizers is very time consuming.

We propose here an alternative method, the (quadratic) marginal functional quantization method
(introduce in to price barrier options), to quantize the marginals of the signal process. The
marginal functional quantization method consists first in considering the ordinary differential equa-
tion (ODE) resulting to the substitution of the Brownian motion appearing in the dynamics of the
signal process by a quadratic quantization of the Brownian motion. Then, by constructing some
“good” marginal quantization of the signal process based on the solution of the previous ODE’s, we
will show how to estimate the nonlinear filter. Since this procedure is based on the quantization of the
Brownian motion and skips the use of algorithms to perform the stationary quantizers, the computa-
tion of the marginal quantizers is quite instantaneous. This reduce drastically the time computation of
the procedure with respect to the vector quantization method since we skip the step of the use of al-
gorithms search of marginal quantizers by using instead, the marginals of the functional quantization
of the signal process.

In the rest of the paper we deal with the estimations methods of the conditional survival probabil-

ity.

3 Numerical tools

Our aim in this section is to derive a way to compute numerically the conditional survival probability
using Equation (I8). To this end, we have to estimate three quantities: the quantity F(t,,,t,, X;,,),
the expectation E[F (t,y,, tn, Xy, ) K™L;"]| as soon as F(ty,, tn, X4, ) is estimated, and finally, the ex-
pectation E[L;”] . Both expectations will be estimated using marginal functional quantization method.
The probability F'(t,,,tn, X¢,,) will be estimated by Monte Carlo simulations.

Before dealing with the estimation tools, we shall recall first some basic results about both optimal
vector quantization and functional quantization. Then, we will show how to construct the marginal
functional quantization process which will be used to estimate the quantities of interest.

3.1 Overview on optimal quantization methods

The optimal vector quantization on a grid I' = {x1,--- ,xx} (which will be called a quantizer) of
an R%valued random vector X defined on a probability space (€2, A, P) with finite r-th moment and
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probability distribution Py consists in finding the best approximation of X by a Borel function of X
taking at most [V values. This turns out to find the solution of the following minimization problem:

eny(X) = inf {| X — X|,,T ¢ R%, || < N}, (29)

where | X||,. := (E[\X!T])l/r and where X1 := SV zill{xec,(r)) is the quantization of X (we
will write X instead of XT ) on the grid I" and (Ci(l“))i:17,_,, N corresponds to a Voronoi tessellation
of R? (with respect to a norm | - | on R%), that is, a Borel partition of R satisfying for every 1,

Ci(0) c{z eRY: |z — oy = ‘7r{11nN|3: — zj|}.

yeeey

We know that for every N > 1, the infimum in (29]) is reached at one grid I'* at least, called a
L"-optimal N-quantizer. It is also known that if card(supp(Px)) > N then |[T'| = N (see e.g. [8]
or [10]). Moreover, the L"-mean quantization error ey (X)) decreases to zero at an N ~1/d_rate as
the size N of the grid I" goes to infinity. This convergence rate has been investigated in [[1]] and [13]]
for absolutely continuous probability measures under the quadratic norm on R¢, and studied in great
details in [8] under an arbitrary norm on R¢ for absolutely continuous measures and some singular
measures.

From the numerical integration viewpoint, finding an optimal quantization grid ['* may be a
challenging task. In practice (we will only consider the quadratic case, i.e. when r = 2) we are
sometimes led to find some “good” quantizations Projp(X) (with I' = {z1,...,zx}) which are
close to X in distribution, so that for every Borel function F' : R? — R, we can approximate
E[F(X)] by

Mﬂﬂﬂziﬂm% (30)
=1

where p; = P(ProjF(X ) = xz) Amount “good” quantizations of X we have stationary quantizers.
A grid I' inducing the quantization XN of X is said stationary if

Vi # 7, x; # x; and P(X € U;0C;(T")) =0 31)

and R R
ELmXNy:XN.

The stationary quantizers search is based on zero search recursive procedures like Newton algorithm
in the one dimensional framework and some algorithms as Lloyd’s I algorithms (see e.g. [3]), the
Competitive Learning Vector Quantization (CLVQ) algorithm (see [3]]) or stochastic algorithms (see
[12]) in the multidimensional framework. Note that optimal quantizers estimates of the multivariate
Gaussian random vector are available in the website www . quantize.math—-fi.com.

We next recall some error bounds induced from approximating E[F'(X)] by (30). Let I' be a
stationary quantizer and F' be a Borel function on R¢.

(1) If F is convex then R
E[F(XY)] < E[F(X)).
(i1) Lipschitz functions:

— If F'is Lipschitz continuous then (this error bound doesn’t require the quantizer I" to be
stationary) R R
[E[F(X)] = E[F(XN)]] < [FlraplX = X2,

where \F( ) F )’
x —
[FLip = sup )= P .
TH#Y \x—y\

12



— Let 6 : R? — R, be a nonnegative convex function such that §(X) € L(P). If F is lo-
cally Lipschitz with at most §-growth, i.e. |F'(x) — F(y)| < [Flriplz — y| (6(x) + 0(y))
then F(X) € L(P) and

[E[F(X)] — EIF(XN)]] < 2[F]2ip| X = XN 2ll0(X)]|2-

(ii1) Differentiable functionals:
If F is differentiable on R¢ with an a-Holder differential DF (a € [0, 1]), then

[E[F(X)] - E[F(X™)]| < [DF]o|| X — XV||3.

Other error bounds related to the regularity of F' may be found in [[13]).

The optimal vector quantization may be extended to random vectors with values in a set of in-
finite dimension, in particular to stochastic processes viewed as random variables with values in
L?([0,T), dt) endowed with the norm

T
E [\X@T} :/0 E[X2]ds < +oo.

The functional quantization of the stochastic process (Xt)te[o,T} with dynamics
dX; = b( Xy, t)dt + o( Xy, t)dWy, Xo=2xz €R,

is based on the functional quantization of the Brownian motion W. One way to quantize the Brownian
motion is to use the optimal product quantization using its Karhunen-Loeve expansion which reads :

WS Ve,

n>1

where &, := (W,e,) /v/An, n > 1, is a sequence of i.i.d. random variables with standard normal
distribution and

O R (e )

In fact, from the previous expansion, a functional quantization W of the process W of size at most NV

is defined by
— N
W =" VA& " enl(t) (32)
n>1
where éﬁN" (with zVe = {2, ..., x%;l}) is the optimal NNV,,-quantization of &, and Ny X - - - X N,, <

N, with N; > 2 fori < n,and N = 1 for k > n + 1, so that the expansion defined in (B2) is a finite
sum. The product quantizer y that produces the above Voronoi quantization W is defined by

Xi(t):Z\/ExiNn"en(t% 1:(117 7in7"') € H{17 7NTZ}

n>1 n>1
and for every multi-index ¢ € Hn21 {1,---, N, }, the associated Voronoi cell of x is
i) = [T VAnCin (&™),
n>1
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The optimal product quantizer of size at most IV, denoted WY, of the Brownian motion is defined as
the solution of the following optimization problem:

min {|W = W¥|ly, Ny,---,N, >1, Ny x --- x N, <N, N >1}. (33)

Moreover this optimal product quantizer induces a rate-optimal sequence of quantizers (see e.g. [9]
for more details), i.e.

(W =WV < Ky
(log V)2
for some real constant Ky > 0. To define a functional quantization of the stochastic process (X¢):>0
consider (x'V) N>1 a sequence of rate-optimal product quantizers of the Brownian motion and, for
every multi-index ¢ € [[, -, {1,---, Ny}, with Ny x --- x N,, < N, consider z; the solution of the
following integral equation

dz(t) = <b(:r3@-(t),t) — %O’U’(Cﬂi(t),t))dt + o (z(t), t)dxi(t), (34)

where ¢ is the derivative of 0. We define the functional (non-Voronoi) quantization X process of the
stochastic process X of size at most N by

N
jZN = lelCE(X)(W)’ N > 1.
i=1

We have the following result.

Proposition 3.1 (See [Ol)). Under some suitable conditions on the coefficients of the diffusion, which

in the homogeneous case are equivalent to: b is differentiable, o is positive twice differentiable and
!

vV —0b% — %aa” is bounded, we have

I1X — XNz = O((log N) 2

We observe that for any initial value z of the quantized process X, the marginals )?t are of size
dy = Ny X -+- X N, where (Ny,...,N,) is the solution of @3). To define the marginal func-
tional quantization process (still be denoted by (X})) of the process (X;) we order the values of the

marginals and define the marginal quantizer 29 (¢) for every ¢ > 0 by 2%~ (t) = {CﬂcllN t),..., Cﬂzllz (t)}

and 2%V (0) = z and define likewise the marginal quantizers of W; by ¥ (t) = {X‘liN t),..., ng (t)}.
The marginal functional quantization process of size at most V' is then defined by

dn

v d

XY= N O w,ec, ey @)y
=1

Remark that the use of the marginal functional quantization method can not be justified from the
theoretical point of view since we do not know yet the rate of convergence of the marginals of the
quantized process to the marginals of the initial process. However, this method has proved its effi-
ciency from the numerical viewpoint when used to estimate barrier option by optimal quantization,
see [[14] (not that the considered marginal quantization in [[14]] is a little bit different from the one con-
sidered in this paper, nevertheless the numerical results are the same, up to at least a 10~3 absolute
error order).

Let us come back to the problem of interest and let the functionals 7, ,, and @, ,, be defined for
every bounded measurable function f by

Tymf = B[f (X4, )L K™]  and @y, f = B[ (X, )L]"].
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Then,

7"'31,771}?(757717 tp, )

Hy,mF(tm7tn7') ::IP(T;( >tn‘tho :yoa---,Yim :ym) = 1
Wy,m

)

where 1(x) = 1, for every real =. Then, it will be enough to show how to estimate 7, p, F'(t,, tn, -)
since @y 1 is estimated similarly. We discuss in the section below the estimation of 7 ,,.

3.2 Estimation of 7, ,, by marginal functional quantization

Our aim is to estimate

m—1

7"'31,771}?(75771775717 ) =K F(tmatna)?tm) H gl?(thyyk§th+17yk+l)
k=0

by marginal functional quantization (with X = X in the model (3)), where

o o X K
9 (Xt s Xty Ykt 1) = k(X Ui Xty oy s Ukr1) X GA:ag " (a).

We deal with a general setting: the estimation of , ., f for any bounded and measurable function
f. Our main reference is where 7, ,,, f has been estimated using marginal vector quantization
methods. Let us define for every £ = 1,. .., m the transition kernel H, ; by

Hyif(z) = B [f(X) 901 (@, yp—1; Xop, up) | X, = 7]

= /f(2)921(95ayk1;Z7yk)Pk(36,dZ)

where Py (z,dz) is the density of the random variable Xy, |X;, | = z. We set

Hyof =Elf(X0)] = [ f(:)n(dz). 39)
Then, we have (setting for every k, }}f =o({Xy,,i=0,...,k}))
o k—1 )
myif = B[E[£(X0) TT 02 (Koo v Xy wisn) | FL |

S i=0
. k=2

= BB £(X)08 1 (Koo vt Koo vl Fo | TT 02 (oo Koy i)
S i=0
o k—2

=E|E f(th)gl?—l(th,pyk—l;thayk)|th,1:| Hgia(Xtiyyi;Xti+17yi+l):|a
o i=0

where the last equality is a consequence of the Markov property of the process (X, ). Thus, we
deduce that forevery k = 1,...,m,

k—2
Wy,kf =E [Hy,kf(thfl) H g?(thayZa Xt¢+1 ) yi+1)
=0
= myk—1Hyrf.

It follows that 7, ,,, f can be computed by the following recursive formula:

Tymf = (Hyoo Hy10---0Hyp)f. (36)
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Therefore, to achieve the estimation of 7, ,, it remains to estimate the kernels H, ;. This will be
done by marginal functional quantization.

Consider time discretization steps i, k = 0,...,m and let YN+ := {X}C, e X ’“} be a Np-
quantizer of Wy, (we will consider the marginal functional quantization of Brownian motion so that
Ny, = dy for every k). Suppose that we have also access to the margmal functional quantlzatlon

process (th)k of the process (X;):>( over the time steps t, k = i {z), .. CEk 1, of sizes
Nj (keep in mind that Ny = d for every k).
It follows that the transition kernels H,, ;, may be estimated for every k = 1,...,m by

Ny
2 g E i s
Hyvk - H 7]{,‘61'271’
j=1

where '
szk:gk l(xk 15 Yk— 1axkayk)p] Zl:l?"',Nk‘—l;jzly"',Nk‘ (37)

Z_]’

and where the p;’s correspond to the estimation of the transition probabilities from X P %71 to

)?t = $k
0 =P(Xe, =} X, =24 1), i=1.. Neij=1,..., N (38)
Finally, one will perform the estimation 7, ,, = Ay 0 of[ oﬁy m Oof Ty 1, as soon as we will
be able to compute p;; " 1In the proposition below we show how to compute these probabilities from

the cumulative distribution function of the random variable Wy, |W;, , = x, which has a Gaussian
distribution with mean x and variance A, (we refer to for a similar result).

Proposition 3.2. The transition probabilities can be estimated for every k = 1,...,m by
» o o
P A NG x-1) =N O 5 x-1) (39)
where N (-; X}%—l) is the cumulative distribution function of the normal distribution with mean X}%—l
and variance Ay, and where for every k =1,...,m,
+ Ty )
X;f:u’xk _w j=1,...,N
1- Ny
X = —00; Xp© = +00.

Proof. One has forevery k =1,...,m,
AZJ = IP(Wtk € C Nk ‘Wtk . € C( Nk_l))
=P(Wy, < x| Wi, € Ci(xXN1)) = P(Wey, < X [Wh,, € Ci(x™M 1)),
On the other hand, we have for every z € R,

P(Wtk < X, Wtk—l c CZ(XN’“*I))
P(Wtkﬂ € Ci(XNk_l))

P(Wy, < z|[Wiy , € Ci(x™1)) =

Set C; = C;(xV¥=1). Then the numerator on the right hand side of the previous equation may be
expressed as

P(Wtk < X, Wtk—l S Cz):/ <A P(Wtk & dl"Wtk_l = y)IP(Wtk_l c dy))d.%'

Z/C N(z;y)P(Wy,_, € dy) (40)
%N(x;xzfl)IP(Wtk_l S Cz‘)7
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where N (-;y) is the cumulative distribution function of Wy, |W;, , = y. The last quantity is the
approximation of @0Q) by optimal quantization with one grid point, considering that {x},_,} is the
quantizer of size one of the random variable W, , over the cell C;(x"r-1). 0

Following the previous approach, the estimations 7, ,,, and @, , of 7, ,, and t, ,,, are computed
from the following recursive formulae:

~

Ty = Hyo @1
~ ~ ~ N, ~
Ty = Ty k—1Hy ) = [Z UH, kaz/k 1 N k=1,....m
Y, = g8 ((ah yye-vialun) pY. i=1,...dyij=1,....dy;
and R
@y = Tyo
Bop = By p 1 Typ = | SN A i k=1,....m (42)
yk — Wy k—11yk -— i=1 vk Py k—1 SN, T
T;]’k = gk*l(xiflaykfl;xi7yk)ﬁg7 1= 17 cee 7Nk71;j - 17 ... 7Nk-
Then we approximate II, ,, by ﬁy,m given by
N,
WLZZE:JI&m5$
i=1
with )
~ o
M, = 22—, i=1,..., Ny
§:] 1ZUyk 1
Recall that our aim is to estimate
_ TomE (tms s -
H@Jnﬁxtm7tna):: y,m (WL n )’
wy,ml
where the function F'(t,,,t,, ) is defined for every x > 0 by
_ X ,X _
F(tm, ty H Gy, B (@)] Xy, = :c] :
We shall take the estimation:
Ty E (tm, tn, ZH  (tms tns T7). (43)

Remark that the initial function F'(s,t, X5) =P < inf< . Xy > a]XS> (which has been estimated by
s<u<

F(s, t, X s)) has semi-closed expression in some specific models, like in the model (3)) in which case
itis given by

o \ 7 2(u—0?/2)
(Sgif X > alX, > N(h(Xgt —s)) — <?> N(ho(Xst—s))  (44)



where

hi(x,u) = %ﬁ(log(x/a) + (u— %Jz)u),
L 5

ho(x,u) = %ﬁ(log(a/x) + (u— 5 )u)

and where N () is the cumulative distribution function of the standard Gaussian distribution.
Except in these specific cases, the function F'(t,,, t,, -) has to be estimated, and we shall do it by
Monte Carlo methods.

3.3 Estimation of F'(t,,,t,,-) by Monte Carlo

It remains to estimate the function F'(t,,,t,, ) defined by

n—1 -
_ X, , X _
F(tm,tn,z) =E H GA:;% @) Xy, =

k=m
by Monte Carlo simulations. The steps of the Monte Carlo procedure are the following.

1. Let us consider regular time discretization steps {t,,, L1, - -, tn} OVer [ty,, t,] and let M be

the number of trials. We simulate for every j = 1, ..., M the sample path (ng)k:m7...,n, with

Xgm = z for every j.

2. Setting
‘ nlo%ioxd
B k1
p]m,n(wva) = GAka% i (a)7
k=m
we estimate F'(t,,,t,,z) by
1 &
FM (b, ) = i le]mm(x,a). (45)
]:

Consequently, integrating both formulae (@3]) and #3), the conditional survival probability

Hy,mF(tma tna )

will be estimated (for a fixed trajectory (yo, . . ., Ym ) of the observation process (Y, ..., Y:, )) by
~ ] Y M .
HyvaM(t"% tn? ) - M Z Z H?y,mp]m,n(wim a)' (46)
i=1 j=1

Remark 3.1. It follows from Monte Carlo error analysis that for every x > 0,

1 F (tis by @) = FM (b, by ) | = O(V%) 47)
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3.4 Error analysis

We target to give in this section the error bound resulting from the estimation of
X
P(rg > t|Ysy, ..., Ys,,)

by

We shall first give the error bound due to the fact that we compute the survival function of the random
variable 7% instead of 7;*, and then the error bound due to the simulations procedures. To this end,
the following definitions and assumptions are needed.

Definition 3.1. A probability transition P on F is C-Lipschitz (with C > 0) if for any Lipschitz
function f on E with ratio [f]r;p, Pf is Lipschitz with ratio [Pf]zi, < C[f]rip- Then, one may
define the Lipschitz ratio [P]r;, by

P .
[P]Lip = sup { [P f]Lip , [ anonzero Lipschitz function } < +00.
[f ]Lip
Remark that that in our framework, the transition operators Py(z,dy), k = 1,--- ,m are Lips-

chitz, so that we set
[PlLip == | nax [PrlLip < +00.

e,

We furthermore define some useful quantities which appear in the error bound in the following.
(i) Forevery k =1,--- ,m, we set

K’ .=
g = max |gk[loo,

) )

where ||g || oo is the supremum norm of the functions g defined by (19).

(ii) For every k = 1,---,m, let [g}]1ip and [g7]Lip be so that for every x,2/,7,2' € R and
/
v,y €R,

i

’91?(%3/735/72//) - 91?(@\721755/72/)‘ < [glﬂLlp(yvy/) ‘.’IJ - f‘ + [gl%]Llp(yvy/) ‘.’L'/ -

Let us make now some assumptions which will be used to compute (see [7]]) the convergence rate
of the quantity ]E‘]l{T;( St} T ]l{T>t}| towards 0.

(H1) bis aCp°(R,R) function and o is in C;° (R, R).
(H2) there exists op > 0 such that Vo € R, o(x)? > o (uniform ellipticity).

Before giving the error bound associated to our estimation we recall the following useful results.
Consider in this scope that
™ =inf{u>0,X, ¢ D}

where D = (a,400) and X is the signal process. Let (th)k:07,,,7m the continuous Euler process
taken at discrete times ¢,k =0, ..., m and

X = inf{u > 0,X, & D}.

We have the following result.
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Proposition 3.3 (see [7]]). Lett > 0. Suppose that Assumptions (HI1) and (H2) are fulfilled. Then,
for every n € (0, %[ there exists an increasing function K (T') such that for every t € [0,T] and for

every xz € R,
1 K(T)
E;}: |:‘]l{7-X>t} - IL{TX>t}|:| < n%_n \/z )

where n is the number of time discretization steps over [0, t].

The convergence rate of the filter approximation is given by the following theorem. Since we do
not know the convergence rate and some properties as the statlonary property of the marginals of the
functional quantization we consider here that for every k, X N denotes the marginal quantization of
(X¢,) of size Ny, obtained from the marginal vector quantlzatlon method (see [11]]).

Theorem 3.4. (see [I1] for a similar result). We have for every p > 1,

- 5 F ON,
[y mF(s,t,-) = HymF(s,2,-)| < ZB ),Y,Dp) Hth - thka
Pm(y )V¢m -

where

and where

[1f1lo0
Km

B (f,y,p) = (2 = 0a) (P17 [ flLip + 2( ([95-41) £in (ks Y1) + [97) ip (b1, 98))

flloo
+ (2= d2p) H H Z [PV (98 i (Wi—1, %) + [Plripl9d) Lip (-1, 7))
j=k+1

(with the convention that gy = gm+1 = 0 and 6y, is the usual Kronecker symbol).

Proof. The proof is similar to the proof of Theorem 3.1 in [[L1]].
]

Remark 3.2. One may remark that the function B}*(f,y,p) involves the norm || f||» which for
f = F(s,t,-) is bounded by 1.

Let us glve now the error bounds induced from the approximation of P(7X > t,|Y;,,...,Ys,)
by HymF (2

Theorem 3.5. (See [2|] for a similar result) Suppose that the coefficients b and o of the continuous
signal process X are such that Assumptions (H1) and (H2) are satisfied and let 1) € (0, %] Then,

PirX > tu|Yiy, ... Vs ) — ZZ LoD )‘<o< 2+n)+o(Mf%)

21]1

_ ~_.N
4+ — B S,t, y7p) HXt _th k” )
. ( )V ¢m Z oo

where the functions ¢y, am, By (-, y,p) are introduced in Theorem 3.4}
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Proof. We have

Nm M
1 <& ~ . .
IP(T;( > tn|Y20"-"Y2m) - Mzzné,mp]m,n(xima)‘

i=1 j=1
< P(EE > ta|Vigs -+, Vi) = P > talYig, -, i)
+ Iy P (bt ) — My F (s tay )|
[y F (bt ) — yn EM (ts t, )| (48)
Owing to Remark 3.1 and to the fact that ZN " H’ m < 1 we get

|ﬁy,mF(5ata')_ﬁy,m7 ma n7 ‘_ ‘ZHZ7 F m n, m ZHZ7 FM( m, n,xm)‘
1=1

IN

ZH sup\F ms>ln, T )_FM(trmtmx)‘

S Sup|F( my nax) _FM(tm’tn’x”
x>0

— 0(—).
L)
On the other hand, the error bound of the term |y F(tm, tn,-) — H mF (tm,tn, )| is given by

Theorem 3.4
Now, let us consider the first term of the right hand side of Equation (8). We have:

EUIP(Tf > tolVig, ..., Y, ) — P(rX > tn]Y;O,...,th)u
B8 o0~ ]|

<E [‘H{T§>tn} - H{T§>tn}‘]
= O(n™3*"),

the last statement following from Proposition 3.3]

3.5 Numerical examples

We deal with numerical simulations in this section by considering two example of models.

In both examples we fix ¢,,, = 1 and, given a (simulated) trajectory of the observation process ¥ from
0 to t,,, we estimate the conditional cumulative function P(7.X > t,|Y;,,...,Y;, ) using formula
@4Q), for t,, varying 0.1 by 0.1 from 1.1 to 11 (where the time unit is expressed in years). Furthermore,
we set the number m of discretization points over [0, ¢,,| equal to 50 and for every &k = 1,--- ,m,
the quantization grid size IV}, is set to 966 (as a consequence of the numerical solution of the Problem
B3] for N = 10000, with the optimal decomposition (23,7,3,2), see for more detail), with
Ny = 1. All the programs have been coded using the C language on a CPU 2.7 GHz and 4 Go

memory computer.

Example 3 (The “Black-Scholes” example).
The first model is the one considered in Example [I] and Corollary where the dynamics of the
signal process X and the observation process Y are given by

{dXt = X, (udt + odW;), X, = o,

_ 49
dY; = Yy(pdt + cdW; + 6dW;), Yo = yo )
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or equivalently v ax
t ¢ =
Y, T X, + odW;.

We choose the following parameters (as in [3]]) of the model: u = 0.03, 0 = 0.03, 2o = yo =
86.3 and a = 76. The numerical results are depicted in Figure [l and Figure Pl In Figure [l we
draw three trajectories of the observation process Y for the same § = 0.1 (left side graphic) and
the corresponding cumulative functions P(7X < #,|Y;,,...,Y;, ) on the right hand side graphics,
tm = land t,, € [1.1,11], in years. We remark that, for a fixed time ¢,,, the lower the trajectory is,
the higher its probability is to hit the barrier.

The left hand side graphics of Figure 2] corresponds to three trajectories of the observation process
Y for § € {0.1,0.3,0.5} and the right hand side graphics, to (a zoom of) the corresponding cumula-
tive functions P(7X < t,|Y;,,...,Ys, ), with ¢, = 1 and ¢,, € [1.1,11], in years. We observe in this
example that the noisier the observations are, the higher the probability is to hit the barrier a before a
fixed time ¢,,.

Note that in both examples, the function F'(,, ¢y, -) has been computed using formula @4) and
the computation time to get one cumulative function P (17X < t,|Y;,, ..., Y;, ) for a given ¢,, is about
of 24 seconds.

-~ YUP:delta=0.1
— YMID: delta = 0.1

— — Y DOWN: delta = 0.1

80 - 7\

== Cumulative function for Y UP
» K ——  Cumulative function for Y MID
~oN L, mulative function for Y DOWN

-
75 N / N~
|

L i T e e e e e e s Rt sl i B
0.0 01 02 03 0.4 0.5 0.6 07 08 09 1.0

Figure 1: ("Black Scholes example") Three trajectories for the observation process Y and for 6 = 0.1 (on the left), and
the corresponding cumulative functions P(755 < t,|Y4,,. . ., Ys,,) With t., = 1 and ¢, € [1.1,11] years (on the right).

Example 4 (The Ornstein-Uhlenbeck example).
In the second model, we suppose that both the signal and the observation process evolve following
the Ornstein-Uhlenbeck dynamics:

(50)

dXt = )\(9 - Xt)dt + O'th, XO = Xo,
dY; = MO — Yy)dt + odW; + 6dW;, Yy = o

or setting Z; = Y; — X, o
dZy = —NZydt + §dWy,

meaning that Z is still an Ornstein-Uhlenbeck process with mean value # = 0 and with volatility 9.
The parameters are chosen as follows: A = 0.18, § = 0.35, 0 = 0.12, 29 = yo = 0.35 (as in [3])
and a = 0.2. The numerical results are represented in Figure [3] where we depict three trajectories
of the observation process Y for 6 = 0.16 (left hand side graphics of Figure [3) and the associated
cumulative functions P(7¥ < t,|Y,,...,Y;, ), witht,, = 1 and t,, € [1.1,6] in years (right hand
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Figure 2: ("Black Scholes example") Left graphics corresponds to three trajectories for the observation process Y, for
6 =0.1(y UP),d = 0.3 (Y MID), 6 = 0.5 (Y DOWN), and the right hand side graphics correspond to a zoom of the
cumulative functions P (75" < t,|Yi,, ..., Ys,,) witht,, = 1 and t,, € [1.1, 11] years.

side graphics of Figure3). Once again, we remark that, as in the "Black Scholes example", for a fixed
time ¢,,, the lower the trajectory is, the higher its probability is to hit the barrier.

In this example, the function F(t,,,t,,-) has been computed using Monte Carlo simulations of
size M = 10°(see the formula (@3)) with 50 discretization steps over [t,,, t,,]. The computation time
to get one cumulative function P(7X < t,|Y;,,. .., Y;,, ) for a given t,, is about 6.5 minutes.

delta = 0.16

~ Y UP: delta=0.16

==~ Cumulative function Y UP
— Cumulative function for Y MID
— — Cumulative function for Y DOWN

Figure 3: ("Ornstein-Uhlenbeck example") Left graphics correspond to three trajectories for the observation process Y,
for 6 = 0.16 and the right hand side graphics correspond to the cumulative functions IP(T;( < tn|Yigs- -y Ya,,) With
tm = land t, € [1.1, 6] years.
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