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General diffusion processes
as the limit of time-space Markov chains

Alexis Anagnostakis*!, Antoine Lejay'! and Denis Villemonaist!

1Université de Lorraine, CNRS, Inria, IECL, F-54000 Nancy, France

Abstract

We prove the convergence of the law of grid-valued random walks, which can be seen
as time-space Markov chains, to the law of a general diffusion process. This includes
processes with sticky features, reflecting or absorbing boundaries and skew behavior.
We prove that the convergence occurs at any rate strictly inferior to (1/4) A (1/p) in
terms of the maximum cell size of the grid, for any p-Wasserstein distance. We also
show that it is possible to achieve any rate strictly inferior to (1/2) A (2/p) if the grid is
adapted to the speed measure of the diffusion, which is optimal for p < 4. This result
allows us to set up asymptotically optimal approximation schemes for general diffusion
processes. Last, we experiment numerically on diffusions that exhibit various features.

Subject classification: 60J60, 60F17

Keywords: Markov chain approximation, Markov chain approximation, random walk,
singular diffusion, sticky, skew, slow reflection, Donsker’s invariance principle, Wasserstein
distance

1 Introduction

In the diffusion process literature, the most well-studied and straightforward way to approx-
imate diffusion processes is the Euler scheme. While such approximations works well for
non-degenerate stochastic differential equations, this is not the case for more general diffusion
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processes [22]. The Euler scheme is also not well-defined for processes that exhibit sticky
features, skew behavior [20] or slowly reflecting boundaries.

First studied by Feller |17, 18], general diffusion processes are used to replicate a wide
range of phenomena like semi-permeable layers [24], principal agent problem dynamics |28, 32]
and interest rates behavior close to 0 [27]. For more theoretical results and applications of
general diffusions, we refer the reader to [7, 13|, 14 21} 25]. The resurgence of interest in these
processes and the need to have a universal simulation method for diffusions have motivated
the search for new kinds of approximation processes.

Several works aim at overcoming the shortcomings of the Euler scheme and allow us
to approximate the law of more general diffusion processes. In [3], the author proposes to
approximate the sticky Brownian motion with a simple random walk that stops for a fixed
amount of time when it hits 0. In [27] and [26], Continuous Time Markov Chains are used to
approximate slowly reflected SDE solutions, where the jumping intensities are computed using
approximated discretizations of the infinitesimal generator of the diffusion. Another work
where such processes are defined is [19], where the authors use a Continuous Time Markov
Chain to identify events in genomics evolution. In [5], 6], the authors develop a numerical
scheme to approximate diffusions on natural scale as long as a mild non-explosion condition is
satisfied. They use symmetric random walks with fixed-time step whose magnitude depends
on the average local behavior of the target process speed measure. Choosing the step-size
this way allows the approximation process to replicate non-boundary sticky features.

In this paper, we prove the convergence in law of grid-valued random walks to any
one-dimensional general diffusion process at an asymptotically optimal rate. General diffusion
processes are regular one-dimensional strong Markov processes with continuous trajectories,
see for instance [29, Chapter 7.3] where they are defined as linear continuous Markov
processes. This convergence result allows us to set up approximation schemes that, while
make it straightforward to take into account for sticky points, can also be applied to any
diffusion process that satisfy a mild non-explosion condition. This includes processes with
boundary conditions like absorption, reflection or slow-reflection as well as the skew diffusions
such as the Skew Brownian motion [25] and its generalizations. The values taken by the
random walk correspond to values taken by the target process at random times, allowing
us to classify it as an embeddable scheme along with [6] and [I5]. We prove that for a
grid adapted to the speed measure of the diffusion process, the laws of the random walks
converges at any rate strictly inferior to (1/2) A (2/p) in terms of the maximum cell size
for all p-Wasserstein distances. This convergence rate is optimal for p < 4 according the
Donsker invariance principle, as this is the rate simple randoms walk converges to the standard
Brownian motion [12].

Besides the asymptotic optimal convergence rate, the usage of such an approximation
process yield several advantages. Firstly, the static character of the grid makes involved
quantities good candidates for numerical approximation (see Sections @ and . Moreover, this
scheme makes it straightforward to take into account potential sticky points of the diffusion.
Finally, its universality is further validated by the fact that the Donsker invariance principle



and [3, [12] 15] are all special cases of it.

We make heavy use of the speed measure/scale function characterization of diffusions:
from Proposition 3.14 of [29, Chapter VII|, the law of a one-dimensional diffusion process
with state-space I an open interval of R is entirely determined by an increasing continuous
function s and a positive locally finite measure m defined on I. The function s called the
scale function, is defined as the uniqueﬂ function such that,

s(x) — s(a)
s(b) — s(a)’

for a < x < b €I and with 7, being the hitting time of a. The measure m, called the speed
measure, is the unique positive locally finite measure such that,

P.(mp < 74) =

Ew(Tab) - / Ga,b(xv y)m<dy)7
(a,b)
for a <z < b€l and where G, (x,y) is the Green function defined as

(s(0) = s(@) (s() = s(w)
y or:E_y,
Gl y) = 3@‘%@ (1)

s(b) — s(a) ’

We can also express the infinitesimal generator of the diffusion L in terms of m and s:

for z > y.

L= Dm Dsa
dom(L) = {f € CJ(I,R) : L f € C)(I,R)},

where D,, an D, are defined by

h—0h>0  m(x,x+h]

D fe) — tim LEHR) =@

=050 sz + h) — s(z)

YRR (RN b Co
(

These results give us analytic formulations of quantities of the form v (z) = E,(7%1,,-,,) for
k € Ny and allow us to bound these quantities in terms of the size of the interval (a,b). The
latter will be particularly useful for proving the convergence results of the algorithm.

Outline. In Section [2] we present the approximation scheme along with its properties. In
Section |3, we give analytical characterizations of the quantities that determine the law of the
random walk defined by the algorithm, allowing us to implement it. Section {4|is dedicated to
proving the convergence of embedding times. In Section [5, we prove the main convergence

Lup to an affine transformation



result in terms of the maximum cell size of the grid. The case of solution of an SDE is studied
in Section [6] Section [7]is dedicated to numerical experiments. In Section [7.1], we apply the
scheme for several types of diffusions (reflection, stickiness, skew-behavior, singularity at 0 or
oo) and illustrate its convergence. In Section , we exhibit the flexibility of STMCAs on a
local time approximation problem.

2 The Space-Time Markov Chain Approximation and its
properties

2.1 The approximation scheme

In this section we define the approximation process for a one-dimensional diffusion process
on natural scald?| with state space I, an open interval of R. The general case is obtained by a
change of scale, as detailed in Section

The possible values taken by the approximation process are given as input of the scheme
and must form a covering grid of I. We introduce incrementally this notion as follows, which
we illustrate by Figure[Il Let I be an interval of R.

e A grid over I is a countable subset of I with no accumulation points within I.

e A cell c of a grid g is an open interval with endpoints in g with a single element of g
in its interior, i.e.,
Card (g N c) =1

We denote with C(g) the set of all cells of the grid g.

e We call x € I the center of the cell ¢ € C(g) iff
cng={z}.
e Finally, a covering grid of I is a grid g such that I = Ucec(g) c.

Examples of covering grids of (0,00) and (—oo,00) are {1/n;n € N} and Z respectively.
For any covering grid g of I and diffusion process X with state-space I, defined through
(s,m), let |g|, |g|x be the grid metrics:

lg| = sup |c], glx = sup {s(c)m(c)}, (2)
ceC(g) ceC(g)

where |c| = (b — a) and s(c) = s(b) — s(a) with a and b being the endpoints of c. The
convergence results will be expressed in the latter metric.

2Which means that s(z) = z.
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Figure 1: The covering grid g = Z of (—o0, c0) along with some of its cells C(g).

Let X be a diffusion process on natural scale with state-space I and speed measure m.
Let X be defined on the family of filtered probability spaces (€2, F, (F;)t>0, (Pz)zer), where
P, is the law of X such that, for any = € I, P,{X, = 2} = 1. For any covering grid g of I,
we define the process X& = (X )t>0 as the asymmetric random walk with:

e state-space g,

e initial distribution equal to the distribution of X the first time it touches the grid,

e the same transition probabilities as X over g,

e conditional transition times that match the conditional expected transition times of X

over g.
Thus, under P,, if @ and b are respectively the closest lower and upper elements to x of g,

(3)

5 a, with probability P,(7m, < 7,),
"~ ]b, with probability Pu(1a <m) =1—=Pu(n, < 7a),

where 7, := inf{t > 0 : X; = a}. For the rest of the trajectory, we define 7, := 7, A 7, and
(T%(n))n=0 as the consecutive jumping times of (X&);o. Then, for all k € Ny and a < z < b
adjacent points of g,

P (X8

Te(k+1) —

b! =1z) =P,(n < 7a), (4)
and

E.(Ta|™ < 7,), on {)E%g(kﬂ) =b}N {)i’_%g(k) =z},
Bo(rapla < 1), on { X8 ) = a} N {X% ) =z}

Te(k+1) — T8(k) = { (5)

As proved in Section , the quantities that appear on the right hand side of and
are explicit functionals of the speed measure m.

Let ¢, be the cell of the grid g containing z, i.e., ¢, € C(g) and z = ¢, Ng. From (4),
and Bayes’ rule, if ¢, = (a,b), both P (Xig ki) = b‘X%g(k) = z) and T8(k + 1) — T%(k) only
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depend on z. Thus, if we know the quantities

p+[£€, <a7 b)] = P:):(Tb < Ta)u T+[l‘, (av b)] =E,; [TablTb < Ta];

p [z, (a,b)] = Pu(1a < 1), T [z, (a,b)] = E, [Tab|7'a < Tb], (©6)

for any adjacent a < < b in g, we can simulate the random walk using Algorithm [1 We
discuss in Section |3| on how to compute the quantities in @ Practical examples are given in

Sections [6] and [71

This algorithm has been first introduced in [I5] in the situation of SDE solutions with
measurable coefficients, where the speed measure of the process satisfies

cdr < m(dr) < Cdu. (7)

Our main contribution is that we allow non-elliptic speed measures with vanishing and
unbounded density (as in e.g. the Bessel process case, see Section , speed measures with
singular part (as in e.g. the sticky Brownian motion setting, see Sections and , scale
functions not in C! (as in e.g. the skew Bessel process, see Section and non-trivial
boundary behaviors (see Section . The probabilistic arguments we use to prove our results
allow for greater flexibility, while the proofs of [I5] are based on elliptic PDE theory. This
allows us to handle degenerate diffusions and to perform grid tuning and achieve higher
orders of convergence (see Section [2.3)).

Remark 1. We observe that the process X8 is not a one-dimensional Markov chain. It is
though a Markov chain in space and time since the joint law of the next position of X8 on
the grid and the next transition time are both determined by the current position on the grid.
Hence the terms: space-time Markov chains and Space Time Markov Chain Approximation
(STMCA).

Remark 2. In the case of sticky diffusions, where the speed measure m has the form m(dx) =
me(dz) + pdo(dx), the transition probabilities and transition times (€]) can be directly inferred
from the ones of the diffusion without the sticky term. Indeed, Proposition [3.2] yields

E, [Tab]‘Tb<Tai| = (5) Ga,b(xu C)UO(C)mC(dC> +p Ga,b(x7 O)UO(O)v (8)

where vg(z) = Po(1, < 7).

For the convergence, we make the further assumption that the diffusion process (X;)i>o
satisfies the following non-explosion condition: there exists a k; > 0 such that the speed
measure of the diffusion process satisfies

m(dx) > ky dz 9)

1422 77

for all x € I. Practically, this means that the process does not move faster than a log-normal
process for large values of X;. We may now express the convergence result in terms of



Algorithm 1 Space-Time Markov Chain Approximation (STMCA) Algorithm

Input: x initial value, 7" time horizon, g = {z,};es grid on I

Output: (X[k])x consecutive values taken by the approximation process, (£[k]); consecu-
tive transition times

Initialization:
t0]=0,n=0
j = argmin,_{|z: — o]}
U ~ Bernoulli (p* [z, (2}, z11)])
if U ==1 then
Jj=7+1
end if
X[0] =

Main loop:
while [n] < T do
U ~ Bernoulli (p*[z;, (zj—1,z11)])
if U ==1 then
j=3+1
fn -+ 1] = ] + T* [z, (2,1, 2501)]
else
J=J—1
fln -+ 1] = fn] + T~ [z, (1, 2501)]
end if
X[n+1] =z,
n=n+1
end while

the step-size of the grid in terms of p-Wasserstein distances. In the following result, the

p-Wasserstein distance W, between two laws p and v of processes with Cadlagﬂ paths is
defined as

SR Y (I
Wolpv] = it HIC— &l

where by I'(u, v) we denote the collection of all measures with marginals 4 and v.
Theorem 2.1. Let X be a diffusion process with state-space I an interval of R, on natural
scale, whose speed measure satisfies Condition @ for some constant k; > 0. Let g be a

covering grid of 1. Then, for allp > 1, 6 € (O,%l A %), T > 0 and x € I there exists a
constant C' > 0 such that

Wp[LaW (()N(tg)te[o,T]),LaW ((Xt)te[O,T])} < C’|g|g(, (10)

3This stands for “continue & droite avec une limite a gauche”, that is right-continuous with left-limit.
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where |g|x = SUchC(g){|C|m(C)}-

Remark 3. In the case where m(dx) > k; dz, the constantﬁ C' > 0 in Theorem does not
depend on the starting point of the diffusion.

Remark 4. If X is a diffusion process on natural scale such that holds, the bound in ((10))
can be replaced by C|g|*.

The convergence of the Wasserstein distances implies the convergence in law [31], p. 109].

Corollary 2.2. For all T > 0, the processes (X¢)icjo,r) converges in law to (X)ico,r] in the
Skorokhod space D(]0,T],1) as |g|x — 0.

In Section [2.5] we observe that, by suitable choice of the probability space, the values
taken by the approximation process correspond to values taken by X. We call this class
of approximation schemes embeddable schemes (other embeddable schemes are the ones
developed in [0, [15]). Proving the convergence of an embeddable scheme usually involves:
embedding the approximation process in the trajectory of the target diffusion process and
controlling the embedding times, controlling the speed at which the process moves.

2.2 Convergence rate for the general case
The convergence results established in the previous section are proven in the case of a diffusion
process on natural scale. In this section, we show how more general results can be inferred.

Let X be a diffusion process with state-space I an open interval of R, scale function s and
speed measure m. We assume that

e s belongs to the Sobolev space W1 (T), so from Theorem 8.2 of [9], as s is continuous,

) =) = [ oy

for all y, x in .

e there exists a k; > 0 such that for all z €I,

/
m(dz) > le)z da, (11)
1+ (s(z))
e the inverse of s is a-Holder continuous, i.e., there exists a constant C' > 0 such that for
all z #y e
—1(7) _ o—1(=
|z — gl

4This results in the bound of Theorem not depending on the starting point of the diffusion.
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Given a grid g, we consider the random walk )?tg defined by Algorithm , where the transition
probabilities and transition times in @ can be computed using the formulas derived in
Section [3] We obtain the following corollary of Theorem [2.1}

Corollary 2.3. Let X be a diffusion process with scale function and speed measure satisfying
the above conditions. Let also g be a covering grid over the state-space I of X. Then, for all
p>1,0 € (0, }l A %), T >0 and x € 1 there exists positive constants Cy, and Cy such that

Wp[Law ((XE)icror)), Law ((Xt)te[O,T))] < Cilgl%,
where |g|x is defined in (2)).

Proof. We define the proxy process Y = (s(X})):>o which has state-space s(I), scale function
sy(r) = z and speed measure my (dz) = m o s71(dz). From condition and a change
of variables, we get that (Y;);>o satisfies condition @ for the same constant k;. We also
define Y;® evolving according to Algorithm 1, with covering grid s(g) = {s(z);z € g}.
It can be defined on the canonical space of X so that s()?tg) = ?ts(g) almost surely. Thus,
Condition implies that

X, — XE| < O, - V@)

Along with the fact that

gly = cilcl&{IS(CNmy(S(C))},

Theorem [2.1] implies Corollary [2.3] O

2.3 Grid tuning

We observe that for all ¢ > 0, in the case of a Brownian motion, Theorem yields a
convergence rate of O(|g|z27¢) as |g| — 0, which is optimal from Donsker’s invariance
principle [12]. We would like to have this result for all diffusion processes, but the following
example illustrates that this is not the case. We then show how we can remediate to this by
using a custom grid and extrapolate this method to the general case via Corollary 2.5

Example 2.4. Let X be the diffusion process with state-space R, defined through s and m
with
s(z) = =, m(dx) = 2dx + pdy(dz).

This process is called the sticky Brownian motion and is the “most elementary” sticky diffusion
process. As such, it spends a positive amount of time at 0 and the Euler scheme is known to



not be well defined for these processes. We observe that, for any covering grid g of R and
c € C(g) with ¢ # ¢ and ¢y € C(g) being the cell containing 0,

2lc|* = m(c)le| < sup m(c)|e],

ceC(g)
plcol + 2|col® = m(co)|co] < sup m(c)l|c|. (13)
ceC(g)
From , for a uniform grid of step size h,
2hp < |g]x-

Thus, for any € > 0, the convergence rate given by Theorem is O(hi*ﬁ) as |g| — 0.
This means that there are functionals of the trajectory for which the convergence rate is
much slower for this process in comparison with a standard Brownian motion. In order to
remediate to this, we propose a preliminary step to the approximation scheme that involves
finding a grid that is “adapted” to the speed measure of the process. In the case of the
Brownian motion with a sticky point at 0, such a grid can be defined as one that has uniform
non-adjacent cells to 0 of size h and with the cell of center 0 being (—h?/2p, h?/2p), i.e.

s={ U (-5, 5 oo { U (5,451 (1)

kEZy

As the approximation process is a random walk, for every k steps it makes, it spends C’)(\/E)
steps in the cell containing 0 (see [10]). Thus, running the algorithm on either grid yields
the same algorithmic complexity, whilte the convergence rate is improved to O(h%_e) for the
adapted grid. Numerical examples are given in Section [7.1.2]

The general case is covered by the following Corollary:

Corollary 2.5. Let X be a diffusion process and X the approrimation process defined by
Algorithm (1. Then, if g is a grid such that

lglx < Clgl?, (15)

we can bound the p-Wasserstein distance between the laws of (Xg)te[()’j‘) and (X¢)ejo,r) in
Theorem by |g|® instead of |g|%. Thus, for all € > 0, the law of the random walk converges

. . . (l/\Z)_E . (l/\l)_€
in any p-Wasserstein distance at the rate O(|g|'2"»’~) instead of O(|g|'*"*'~°) as |g] — 0.

We now show how one can create grids such that holds in the case of homogeneous
SDEs. Considering sticky and/or skew points is straightforward.

e For a process whose speed measure satisfies and with one or more skew points,
no grid modification is required,

10



e For a process whose speed measure satisfies and and has a sticky point at 0
of stickiness p > 0, one needs to consider the points {—h?/p,0, h?/p} to have a tuned
grid,

e The case of a reflection at a boundary is treated in Section [2.4]

Let (1, 0) be a pair of functions satisfying the following condition:

Condition 1. The functions are measurable R — R mappings and the SDE
dXt = M(Xt) dt + U(Xt) dBt, (16)

has a unique weak solution, where B is a standard Brownian motion.

Let X be the diffusion that solves , I its state-space, s its scale function and m its
speed measure given by [8, p. 17]

7]‘@1 2p(€) dC 1 2

o2(0) and m(dz) = dez, (17)

s'(z)=e

with s’ being the right-derivative of s. Then, if g = {z;};c; is a covering grid such that for a
constant C' > 0 and every j € J

‘(5(3%1) — s(wj-1)) /Ij+1 m dC‘ A (241 — 2-1)" < Ch?, (18)

Tj—1

it satisfies and |g| = Ch. Thus, from Corollary [2.5] for any e > 0 using such grids give
us a convergence rate of O(|g|2¢) in Theorem .

Generating such grids numerically can be done choosing a starting point xy and adding
points z; to the grid iteratively as follows: given x;_1, let x; be chosen such that:

[(5(y) — s(x,-1)) /y m acl < w2 (19)

Then the next element of the grid is defined as

) if 2O _ . <h
x; = {xﬂ ne Tt =T (20)

j
rj_1+h if ¢ xj_1 > h.

J

The problem can be solved numerically using a fixed point algorithm. Examples of
STMCA simulations using tuned grids computed solving — are given in Figures (4| and
151

11



2.4 The case of diffusions with boundary conditions

When presenting the results and the structure of the scheme, we considered only processes
where I is an open set, thus considering diffusion with unreachable boundaries. Our results
also adapt to the situation where either ¢ and/or r are reachable, and in this case some
adjustments are needed, depending on the nature of finite boundaries and on the condition
at regular boundaries. In order to keep the presentation simple, we assume that the process
is on natural scale and that I = [0, +00) (the adaptation to I = (¢,7] or I = [¢,r] or I = [, 1)
with £ € RU {—o0} and r € RU {+o0} is straightforward).

It is well known (see for instance Section 5.11 of 1td’s book [23]) that the finite boundary 0
can be of four types. Setting, for some fixed ¢ > 0,

I:// m(dzx) dy, II:// m(dy) dz,
O<y<z<c O<y<z<c

0 is an exit boundary if Z < oo and ZZ = oo,

0 is a regular boundary if 7 < oo and Z7 < oo,

0 is a natural boundary if Z = oo and Z7 = oo,

0 is an entrance boundary if Z = co and ZZ < o0.

The entrance type been excluded for a finite boundary of a diffusion process on natural scale,
and the natural type been considered in the settings of Theorem [2.1] this leaves us with two
possible types for the boundary 0: exit or regular. If 0 is an exit boundary, then the diffusion
process X is absorbed at the boundary 0. If 0 is a regular boundary, then the diffusion
process can either be absorbed or reflected at 0. In these cases, the convergence result of
Theorem can be extended by considering a grid g on I containing 0 and by adapting the
dynamics of X8 as follows. The dynamic of X® is the same as in Algorithm , up to the time
when it reaches 0, then:

e if 0 is an absorbing boundary (exit or regular), then the result can be immediately extended
by stopping X# when it reaches 0;

e if 0 is a reflecting regular boundary, then the process Xs jumps from 0 to b := min g\ o, with
probability 1 and after a time f[o b)(b — ¢)m(d¢). We emphasize that in this configuration,

0 may be a sticky boundary (i.e., with m(0) € (0, +0o0)).

In both cases of reflection and absorption at 0, the boundary is attainable. Thus, 0 must
be a point of any covering grid of I = [0, 00). This leads to the following adaptation of the
notion of grid cells. The cells C(g) of such grid g are the open intervals for the induced
topology of R on I with endpoint in g. For example gg = Z, is a covering grid of [0, c0) and

C(gﬂ) = {[07 1)7 (TL - 1Ln+ 1)n€N}'

12



Figure 2: The covering grid g = Z" of [0, 00) along with its first cells C(g).

The proof of the convergence in these situations is omitted here, since it is a straightforward
adaptation of the proof of Theorem using in particular the fact that, in the case of a
reflecting boundary,

Eo 1] = /[0 0= Om(ac)

The case of killing boundaries, and in general of a process with non-zero killing measure,
leads to additional non-trivial difficulties. Devising an algorithm and a similar result as
Theorem [2.1] for such processes remains an active area of research.

2.5 Markovian embedding

The consecutive values of the process ()N(t)tzo defined through (3)-(f) form a Markov chain
with, by construction, the same transition probabilities as (X;);>0 on g. We define the
embedding times of (X;);>0 in g as,

1 0,
A ¢ (21)
8 =inf{t > 75, :XtEg\{XT]il}}, Vi > 1.

As both )?Tg(n) and X e are both Markov chains with the same transition probabilities
with X forced to be equal in law to Xe (see Section , the following equality in law holds,

LaW(jZTg(n); n > 0) = Law(X,s;n > 1). (22)

We define K&(t) as the inverse of T8(n), i.e.,
Ke(t) =inf {n € N: Y B [rf - 78| Xe |, Xe] > 1], (23)
k=1

Thus, we get the following Proposition.

13



Proposition 2.6. Let (Xi)i>0 be a diffusion process, g a grid defined over its state space I
and XP be the approximation process defined in and . Then, if (78),>0 are the
embedding times of (Xi)i>0 in g, the following equality in law holds,

Law ()?t;t > O) = Law (XT;‘(g(t)?t > 0),

where K8(t) is the random index defined in (23).

3 Moment characterization of conditional exit times

The law of the approximation process defined in the previous section was shown to be
determined by the transition probabilities P,(7, < 7,) and conditional transition times
E. (7|7 < 72). In this section we show that quantities of the form vi(z) = E,.(7%1,,-..)
yield an integral formulation with respect to the speed measure of the diffusion and involving
the scale function (we do not assume that the diffusion is on natural scale in the present
section). We also show that this results in them being solutions to Dirichlet problems where
the differential operator is the infinitesimal generator L of the diffusion. This allows us
to simulate such processes via Algorithm [I| and thus to approximate the law of the target
diffusion process (X;)i>o-

In terms of Algorithm [I} we need to compute for three adjacent points a, z,b of the grid the
quantities

vo(z) = Pou(m < 1), v1(2) = Ex(Tapls,<r,) and Uy (z) = Eu(TapLr, <r, )-

The quantities of (6] are then

plofab]=u), T (] =
_ i . _ . @1((1]) <24)
p [z, (a,b)] =1 —vo(z), T [x,(a,b)] = =)

Proposition 3.1. The function vo(x) = P,(7, < 7,) is solution to the problem with Dirichlet
boundary conditions
Lu=0, z¢€(a,b),
u(a) =0, (25)
u(b) =1,

where L is the infinitesimal generator of (X¢)i>o0, which also implies that vy € dom(L).

Proof. Let x € (a,b), from the definition of the scale function and the factorization of the
infinitesimal generator L = D,,, D,

B s(+) — s(a) 1
LUO_DmDS—S(b)—S —_—



which equals 0 as m(dz) is a positive measure. As vy and L vy = 0 are both functions in CY,
we deduce that vy € dom(L) and Lvy = 0. Under Py, the stopping time 7, equal 0 a.s. and
the process has a.s. continuous trajectories, hence 7, > 0 a.s., i.e.,

Uo(b) = Pb(Tb < Ta) = Pb(O < Ta) =1.

This, along with the symmetrical argument, allow us to retrieve the boundary conditions
of . 0

Proposition 3.2. For every k € N, let v, be the function defined for every x € (a,b) by
vp(r) = E.(tR1,,<.,). Then,

o) = / G, s (Q)ml(d0). (26)
(a,b)
Proof. Since [[* (g, — t)* 1 dt = 74 [k,

Tab o0
() = kE, [Jln,«a /O (T — t)’Hdt] — kE, [Lb% /0 Toer, (Tay — 1) dt}

From the Markov property, by conditioning on F; and as 1,<,,, is J;-measurable,

vp(z) = kE, { / Li<ry E [Lry<r (T — )| F) dt] —kE, { / " Ex, [1r<r, i '] dt] .
0 0

The equality results by applying directly Green’s formula. O

Proposition 3.3. The function v(z) = E. (7% 1,,<.,) is solution to the problem with Dirichlet
boundary conditions

Lu=—kv_1, z€ (a,b),

Lemma 3.4. Let g(x) = fab) Gup(z,y) f(y)m(dy), where f € CY(a,b) and Gy p(x,y) is the
Green function defined in . Then g € dom(L) and

Lg(x) = —f(x), Vz € (a,b).

Proof. Let x € (a,b). Using the D,, Dy factorization of L. and the dominated convergence
theorem we get

Lg(x)




The continuity of ¢ is a consequence of Lebesgue’s convergence theorem for integrals. Moreover
as Ggp(z,y) is bounded by s(b) — s(a), m(dx) is locally finite and f is bounded, ¢ is also
bounded. So, we deduce that f € dom(L) and that on (a,b) we have Lg = —f. O

Proof of Proposition[3.3 From Proposition [3.2]
op(z) = / Gap(z, y)kve—1(y)m(dy).
(a,b)

As vy € CY(a,b), from Lemma (3.4 we deduce iteratively that vy € C?(a,b) for all k € N and
that Lvy = —kwvg_1 on (a,b). For the boundary conditions, we observe that 7,, = 7, A7, =0
a.s. under P,, so for k£ > 1

vg(a) = Ea(be]lTb<Ta) < Ea(ﬁfb) =0.

With the same argument we show that vg(b) < 0 and as they are obviously positive quantities
vg(a) = vg(b) = 0. O

4 Convergence of the embedding times

In order to prove the convergence of the process (X£);>o we need to control quantities of the
form E, [supth |t — T[g@(T)P’], where 75 are the embedding times of the process X in the
grid g. In this section, we show the existence of such bounds in terms of the metric

g[x = sup {s(c)m(c)} (27)
ceC(g)

defined in (2)). If there exists a constant K > 0 such that m(c) < K for all ¢ € C(g), then,
lcjm(c) < K|c| and |g|x < K|g|. Thus, we can bound the quantities of interest in terms
of |g| instead of |g|x. But, in doing so, we do not track correctly the convergence rates of
the approximation process. For example, for the standard Brownian motion, |g|p = |g|*.
Moreover, as shown in Section such bounds give us a direct way to adapt the grid to the
speed measure in order to accelerate the convergence of the scheme.

4.1 Bounds on the conditional moments of the exit times

Lemma 4.1. Let vi(z) = E.(751,,..), then for all k € N

Vg

Vk—1

< klglx. (28)

[e.e]
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Proof. We first observe that

Ga,b(xu y) =

As for x > y the ratio 2= < 1,

(29)

(y—a)(b—z)
N, T >,
Ga,b(l‘7 y) v { GV

which is bounded by (b — @) in both cases as z,y € (a,b). Thus,

[ Gastamptm(an) = wnta) [ Gaoatoi) 2B mid) < w(e)o - apm((ab). - (30)

From Proposmon v (x) = k‘f Gap(z,y)vr—1(y)m(dy) and

vg(x) = k! - Gap(, z1) - Gop(Tg, Tp—1) - - Gap(z2, 1)vo(x1)m(dey) ... m(day).
7 7 7 (31)

From and ,
vp(x) < k(b —a)m((a,b))vg_1(x).

Since (b — a)m((a,b)) < |g|x, we get the desired result on vy /vg_1. O
Corollary 4.2. Let k € N. Then, we have the following bound for vi(z) = E, (75 1,, <),

[vklloe < Kllgl%-

Lemma 4.3. Let X be a diffusion process with state space I an interval of R, m the speed
measure of X, a,z,b € 1 such that a < x < b, ¢, = (a,b), |c.|x = m(c,)|b—al and A >0
such that Nc;|x € (0,1). Then,

A

Ex(e/\mb) < exp (m

Ex(Tab)) (32)

Proof. Developing the exponential series,

E <6>\Tab):1+iﬁE (TN):l—}—E (7_ )iﬁEI(TéX)
T Pt NI z\ab xz\1ab Fo NI Ew(Tab)'

From Corollary 4.2, we can bound the ratio of expected values by (N — 1)!|c,|%¥ . As
)\|Cx|X S (O, 1),

= A A
E. () <1+ E,(7, (Ao x)V T <1+ Ep(rap) ————.
(M) < 1+ <Tb)NZ:1N( ealo)" ™! < 1+ Bulr)
Thus, we only need to apply the inequality 1+ z < e* to get . O]
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Lemma 4.4. Let t, M >0 and A > 0 such that \|g|x € (0,1). Then,

CAM A
Po(TRe > M) < e MMe Telx (33)
Proof. From Markov’s inequality,
P, (1B, > M) < e ME, {e Kgm} _ M, {AZ”W%—WO]. (34)

Conditioning on the o-algebra B generated by the trajectory of X; on the grid g, i.e.,
B=oc{X, ;k €Ny}, and as K5(t) is B-measurable,

K1)
E$ [eAijl(t)(Tk_Tk ' i| |: H |: A(Tk " 1

From the definition of |g|x, Alc|x < Alg|lx € (0,1) for each cell ¢ of the grid g. Thus,
applying Lemma on each term of the product in (35)),

BH . (35)

KE(t)
A
P (TKE() > M) AMEQ; [exp (m Z E<7—k_7—k71|6)>i| (36)
k=1
From (23),
K8(t)
t < Z E(r, — 74-1|B) <t + E(Tre@)+1 — Tre() |B)
k=1
Thus, from ,
K&(t)
S B(r— mealB) < ¢+ [Jonfvollee <t + gl (37)

k=1
From and , we get . O

4.2 Convergence of the embedding times

For this section, let X be a diffusion process with state-space I an interval of R, g a covering

grid of I, 7 the embedding times of X in g as defined in and K&(t) as defined in (23)).

Lemma 4.5. For any T > 0,

K&(T)
S Var (78— 78 || Xoe | Xoe) < 2lglx (T + |glx),

where |.|x is defined in (2).
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Proof. For all x € g, let c, be the cell of g containing x. Then,

KE(T)
Z Var (7§ — 7571|X75717XT§)
k=1

KE(T) ,
= Z E [(Tkg - Tkg_l)2 XTf_l’XTE] - <E |:7_kg - Tkg_l XT§—1’XTI§:|>
k=1
B |(rf = )2 Xop |, Xg| | RO
< sup E [(T,f; - Tkgfl)‘XTf,l’ Xﬂf]‘
esie) | B |78 8| Xoe  X| S S

So from Lemma 4.1 and the definition of K&(t),

K&(T)
Z Var (Tkg — T§_1|XT§_1,XT§)
k=1

K&(T)
)
<= Z E |:<Tk:g - Tkg—l) X75717X75i|

V1 oo 1

v v
<2 (T+[2].) = 2lelx(T+ lglx).
V1 lloo Vg oo
which is the desired inequality. O]

Proposition 4.6. Let (F;)¢>0 be the canonical filtration of X. Let also A, = F.s, B =
a((XTE)keNO) and Atg =18 — 75 . If we define the augmented filtration G, = A, V B, then
the process

My, = zn:ATkg —~E[ATE|X e | Xos],
is a G,-martingale. -
Proof. For m < n,
E [M,|Gn] = E [M,| A, B]

—E [Z ATE—B[ATE[Xpe  Xos]+ Y ATE—E[ATE|X;s , Xg]
k=1

k=m-+1

An,B|.
From Lemma and as 7p is Ay measurable,

B [Ma|Gn] = M+ Y Bx, |ArE—E[A7F|Xe , Xg]

k=m+1

B} — M,,

This proves the result. [
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Theorem 4.7. For any T > 0,

B[ sup |rEe, — 7] < 2lelx (4(7 + lglx) +1). (38)
te[0,7)

where |.|x is defined in (2).
Proof. The convexity inequality (a + b)? < 2P~1(aP + bP) yields for p = 2

KE(t)

2
E[sup T8 —t2]§2E[sup T, — E[ATS|X s , X & }
te[O,T]| Ke () | te[0,T] KE=E) ; [ k| Mt k}
KE(t) ,
+2E [ swp | 3 B[AE X Xog] — 1] | (39)
telo, 71" Yo

From Proposition , the term Y, A7f — E [ATE‘XTE_I,XTE} is a G,-martingale, where
Gn=FeVDBand B= U((ng)keNo)- Thus, from Doob’s L? inequality,

E[ sup \MKg(t)ﬂ :E[ sup ‘Mk’Q] <2E UMKg(T)|2].
te[0,7) k<Ke(T)

By conditioning on B, from Lemma

K8(t)

E[ sup Z ATE —E [ATﬂXTE 1,XT§} 2]
telo, 1] T -

K&(T) )
<2B|( Y AF-E[AE|Xe  Xg]) ]
k=1

KE(T)
- 2E[ Y Var (AT,?‘XTIil,XTE)],
k=1

which from Lemma [4.5|is bounded by 4|g|x (T + |g|x). For the second term on the right
hand side of (39), from and since K2(t) > 1 for any t > 0,

KE(t)
Z E [Tkg - Tkgfl‘XTfila XT’%:| —t< E [Tlg{g(t) - T;g(g(t)—l}XT[g(g(t)_ﬁXT?(%(t)}
=1
U1
<=l <lglx.
Vo oo
So having bounded both additive parts of the right hand side of 7 we get . m
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5 Convergence rate of the Markov chain

5.1 Moment bounds

In this section we prove that Theorem 3.1 of [5] holds also for reflected processes and for a
sharper constant. This result, combined with the bound is used to prove the convergence
of the approximation process in Section [5.2]

Lemma 5.1. Let X be a diffusion process on natural scale with state-space R and a speed
measure mx that satisfies Condition @ Then, for all p > 2, there exist two constants C,
C'" > 0 such that
Eo | sup X, — af?| < C'[U+ a1, (40)
t€[0,T]
where ky is a constant such that Condition (9)) is satisfied, C < 8p(p — 1)/k1 and C' >0 is a
constant that depends only on p.

Proof. Let Z be the diffusion process on natural scale with speed measure,

k1 kq
(d$) = ]l‘x|<1 dz + ]l‘x|>12 3 dz.

We note that kl < for all z > 1. The dynamlc of Z can be shown to be

1-1-2

—dBt, fOI' |Zt| < 1,
4z, = { vk

\/ik_th dBy, for |Z;] >1,
where B is a standard Brownian motion. We also assume that P,(Z, = z) = 1. As X
and Z are on natural scale, they can be expressed as time-changed Brownian motion [30]
Theorem 47.1, p. 277|, i.e., for every t > 0, Xy = B, ) and Z; = W, (), where B and W
are two standard Brownian motions with P,(By = z) = P,(W, = z) = 1, respective local
times L*(B), L*(W) and with vx(t),77(t) being the respective right-inverses’| of

1 1
Ax(t) = 5/L§(B)mx(d:p) and Agz(t) = §/Lf(W)mZ(dx)
I I
Using the same underlying Brownian motion in these definitions, we have Az(t) < Ax(t),

and hence vx(t) < vz(t). Thus,
E. [ sup |X; — m|p] =E, [ sup |B; — x|p]
te[0,T] te[0,yx (T)]

<E, [ sup | B; —x|p] =E, [ sup |Z; —x|P|. (41)
t€[0,7z(T)] t€[0,T7]

5The right-inverse of a function f is given by,

) =inf{¢>0: f() >z}
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Thus, from Doob’s LP and convexity inequalities,

-1

op
E[ sup |Xt—x|p} < f(E [1Z21] + |x|p). (42)
p_

te[0,7)

Using It6’s formula, followed by a classical localization argument, Fatou’s Lemma along with
the standard dominated convergence theorem, one obtains that for all ¢ > 2/3,

B, [(12] ~ 1L g0 +1]

t 2
3 _ 47
< (J2] = D)* Ty + 1 +/ Eq(?)q = DB [(1Z] = Tz 21— | ds.
0 1
Using the inequality |z — 1|*7722% < 4|z — 1]*?+ 4 for all z > 1,
= [(’Zt! = )Mz + 1
< 3 g E, [(|Z,] — 1)*
< (ol = Dtpr + 1+ [ 230 = DE. [(12] = 19112+ 1] s,

Using Gronwall’s Lemma, we deduce that, for all £ > 0,
Eo (1 = 1%Lz + 1] < [(fe] = 1)1 + 0075,
Let C; > 0 be a constant such that (|z] — 1)*1 551 +1 > Cy|2]*? for all z € R. Thus,
E, [yzty?’q} < O {(|2] = 1)%0 gy + 1Bk g > g,
Hence, for al]ﬁ p > 2, we have
E, [yztyp] < Oy 1+ |2k g > 0, (43)

Replacing in (42)), we get the bound for C" = 1%121’_1(0;/3—1—1) and C' = 8p(p—1)/k;.
[

Proposition 5.2. Let X be a diffusion process with state-space 1 an interval of R, on natural
scale and with a speed measure mx that satisfies Condition @D Then, for each T > 0 and
v € (0,3), there exists a constant C' > 0 such that

|Xt — Xs’
sup ———
stt<T |t — 8|7

< O(1+ |z)). (44)

LP(Py)

The result also holds in the presence of a reflecting boundary ¢ € 1.

6The extension to p = 2 is straightforward.
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Proof. For the non-reflecting case, the proof works using the same arguments as in the proof
of Theorem 3.1 in [5].

For the reflecting case: Let X be a diffusion process on natural scale, with speed measure
m satisfying for a constant k1 > 0 and a reflecting boundary at ( € I. We observe that

X =[X°=(l+¢ (45)
in law, where X° is the non-reflecting diffusion on natural scale with speed measure
myo(dz) = Lysem(de) + Lyeem(2¢ — da)
which also satisfies for the same constant k;. From and the triangle inequality,

X=X X=X =] X - X

— 46
|t —s|7 |t —s|7 |t —s (46)

The diffusion process X° is non-reflecting and its speed measure m . satisfies . Thus, (44)
holds for X° for a constant C' > 0 and from (46)),

X — X XP - X2
sup [Xe = X < || sup 1Xe = X3 < C(1+ |z]).
s#L<T it —s|7 llLrp.) s#L<T [t —s|v e,
O
5.2 Proof of the convergence rate for a process on natural scale
Proof of Theorem[2.1. From Proposition [2.6]
W, | Law ((XE)ieorr), Law ((X)ieiom) |
= inf {|[I¢ —¢ll| ¢~ Law (B, € ~ Law (Xo)iewn) }
< X - ‘ .
= tSE%,pTH TRE®) ! Lo (Py)
Let M > T. From Minkowski inequality,
_ < _
relo Xete = Xl ey = ‘ Lfg<g<T>§Mt§3,pTJ Hrtew = Xl e,
+ ‘ ng(T)>MtSE£]\XT§g@ — Xyl e (47)
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For the first additive term of , for any v > 0, by multiplying and dividing by |T;g(g(t) — |7,

’ bote < ti[%p X ote ~ M Lr(Py)
_ ‘ L sup M|T —t[ ‘
Tiem <M te[0,T] |7'Kg — e Lr(Ps)
< ‘ L { |X7'1g(g(t) t| } | t|7
S M SUp g o 0 Sup |7 -
Tie(n)S te[0,T] ‘T}g(g —tp te[0,T) e LP(Pa)

As Tlg(g ) is increasing with respect to t,

’ lrkser )SMtSB%}’ a2 Lr(Py)
< | X5 — X ~
< || sup § = sup \TKg(t) t|
sgr<nr | |s — 1 t€[0,7] L?(Py)

Xs - X p\ 1/p
= <Em[ sup {|—t|} Sup [T, —t|7] ) :
szrem | s =t ) e

From Hélder’s inequality for ¢ > 1 and ¢/(q — 1) conjugates exponents and (44)), for every
v € (0,3), there exists a constant Cy = C1(M,~,p(q — 1)/q, ) > 0 such that
‘ 1

<M Sup ’ _Xt|

t€[0,T

X, — X p(g—1)/q\ a/p(a—1) 1/
S <EJ: |: sup ﬁ (Eg; [ sup IT;g(g(t) - t|’yj|pq) pq
s#t<M |8 — 1] te[0,1]

,7_

K8(T) K8 (1) L?(P,)

< C’f/p(q_l)(Ex [ sup |7_Kg t|qu1/pq.

t€[0,T]
Choosing ¢ = 2/7p, from (B8], for any v € (0,3 A %)
1/p(1-7p) v/2
‘ Le e gy <M t:;él;] | X- TRE() Xil Lo (Py) </ (2|g|x (4T + |g|X)) . (48)
For the second additive term of ,
E, []1 TE gy > M SE(l)sz] | Xoe, £ = thp] Z [ 8 g () ElMm+1) tSElP pe By thp]. (49)
m=M
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For each term of the sum in , from Holder’s inequality,

E$ []]‘T}g(g(,r) €[m,m+1) Sup |XT _Xt|p:|

te[0,T

1/q
g
= [Px(TKg(T) - m)} [Ew [Lﬁgme[m’wl) tigtl)g] ‘Xngfg(t)

1/q
= [PI(TI%g(T) - m)] [Ex [ng@( y<m S[up X e

K&(t)

x ’p] } q/(d'-1)
— Xy

q'/(d'-1)
_ Xt|p” _
As each m in the sum in satisfies m + 1 > M > T, from Minkowski’s inequality,

E, [L

P
e <m+1 SUP X TRE®) Xil }

t€[0,7)

< o (P, )
< B [Lg g enai?! sup {[Xg, = ol X, -l

< 2PE, [ sup | Xy — x|p],
te[0,m+1]

which from Lemma is bounded by Cy [1 + |z|P]e®*(™*+V)  where O, and Cj are positive
constants depending on p. This, along with Lemma 4.4 and Hélder’s inequality gives us for
A > 0 chosen such that o = \|g|x < 1,

/ _q ,
Xt!p] < [ [1+\x|pq] Cs( m+1)} Y [exmexfﬂéf{ (@-1)/q

E, |1 [m,m+1) SUup ’

T8 €
K&(T) t€[0,7) g(t)

where Cy(pq’) < 2pq'(pq’ — 1)/c and Cy(pq’) > 0 a positive constant depending only on pq'.
1/q
Thus, setting Cy(pq’) = [CQ(pq )[1 + |xfPa ]] eCsld > (),

E, [ﬂTig(ﬂE[m,m-l—l) Sup ’ - Xt’p]

telo,T K8

< Cyexp {—, [037"14‘ (¢ — 1)()\% - Am)]}

1 —\glx
—C, exp{ [Cgm +(d -1 |go|éX <T1+_|golx - m)] }
_C5exp{ [O3m+<q 1)@(1Ta—m>}},
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‘1;11&). If we choose ¢’ > 1 such tha A=0C5— (¢ —1)a/|g|lx <0,

—Q

where C5 := Cyexp(

E, [Lg o sup |X.e —XP}
= Kg(T)e[ sm+1) tE[O,T]| K8(t) t|
(¢ —1aT \ o4 (¢ —1)aT y e
< [T o e {0
< Gexb ] gyl § 2 ()" = GO g ST
(¢ — Do @2 { (G5 — )M}
:Cg,exp{ }
(1—-a)lglx

1—exp{C’3—M}'

lglx

If M is chosen such that M > T/(1 — «), then

o) O CsM /I 1 T
> B L, clmmen sup [ Xox, =Xl < T exp { (4 )O‘< ~M)}, (50)
m=M e tefo,r) EO l—e 8lx l-a

where the bound is O(e™V/I8lx) and can be rewritten as CMe=C*/8lx  From @7,
and ,

sup | X e
tejor] KW

_Xt|

_ 2 —_C2)
. < Cll/p(l vp) (2’g|x <4T—|— |g|x>)7/ 1+ 0We=C?/lglx |

As |g[% and e~V/I8lx are both O(|g]}(/2), there exists a constant C' > 0, such that,

< Clg[d?,

sup |XT§(5(z) - Xt’
te[0,T]

which is . O

LP(Py)

6 Computations for the classical SDE case and beyond

In order to implement Algorithm [I] for simulating paths of a diffusion X, one needs two
things. First, a grid g adapted to the scale function and speed measure of X. Second, good
approximations of the transition probabilities and conditional transition times of X over g.
The first point was covered in Section [2.3]

In this section, we show how to compute the quantities @ in the pure SDE case. The
extension to SDE solutions with point-wise singularities is straightforward. This allows us
via Algorithm [I] to simulate all such processes.

Let (u, o) two real-valued functions that satisfy Condition [I|and X be the diffusion that
solves
dXt = M(Xt> dt + O'(Xt> dBt,

"We remark that if this is satisfied for a grid g, then it is satisfied for all grids g’ such that |g'|x < |g|x.

26



where B is a standard Brownian motion. Let also I be the state-space of X. A straightforward
computation using [t6’s formula gives us the infinitesimal generator of X,

L f(z) = u(@)f'(z) + 30*(2)f"(z),  Vf € dom(L),

dom(L) = (f € Gy(I) : L f € C(I)). (51)

(L,dom(L)) = {

In particular, if 4 and o are continuous, then, dom(L) = C?(T). From Proposition [3.1/and
we can infer that,

_ g A 12
s'(x)=e © and m(dz) = () 02(2) dz. (52)
Thus, from Proposition
fz e_f;! Zgig; Cdy
’Uo(l‘) Y — v 2u(¢) (53)
f e Jo 920 Cdy
From and (52),
Gab .CL’ C UO ) dC?
/ x 02(:16) (54)

)
/Gabxg“ 1— O)s/(a;) ()d(.

The scale functions and the speed measures are defined up to a multiplicative constant: for
a € R and A > 0, the pairs (s,m) and (a + As, \"'m) are associated to the same diffusion.
In particular, as we are only concerned with points x € [a, b], we could use vy for the scale
function. The speed measure shall be adapted accordingly. For x,{ € [a,b], the Green
function in takes the simpler form,

Gap(z,0) =vo(z A Q) (1 — vo(z V Q).

Thus, expressions ((54) become

vi(x) = bv T — vz v(¢) 2

1( )_/a 0( /\C)(l 0( \/C))v()(() O'2<C) dga (55)
Y Cula 1—wu(¢) 2
1)1(93)—/&110(96/\()(1 o \/C)) ) 02(<)d(}

The quantities and or can be computed analytically as we do for the Ornstein-
Uhlenbeck process in Section or approximated numerically as for the Cox-Ingersoll-Ross
process in Section [7.1.4]
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7 Numerical experiments

7.1 Approximation in distribution
7.1.1 Standard Brownian motion

The standard Brownian motion can be defined as (see [8, p. 119]) the diffusion process with
scale function and speed measure

s(z) =z and m(dx) =2dx.

Let vg(z) := E.[751,, o] and Uy (z) := E,[75 1, -,,] for all k € Ny, where ¢, = (a,b). Then,
from the definition of the scale function,

From Proposition |3.2]

WP () = (x— )b - )
2

M () :(x—a)(b—x)<§<b_a)2 +i— -

where by BM we mean these quantities are associated with the Brownian motion. Thus,
from (), we have all the necessary quantities we need to implement the algorithm.

7.1.2 Sticky Brownian motion

The Brownian motion with a sticky point at 0 of stickiness p > 0, already presented in
Example [2.4] can be defined [, p. 123] as the diffusion process with scale function and speed
measure

s(x) =z and m(dx) = 2dz + pdy(dx).
From the definition of the scale function,
r—a
S b—a’
From Proposition [3.2] we may deduce the following expressions for the conditional exit times
of ¢, = (a,b),

vo(x)

vi(z) = v () + ploe(as) Gap) (2, 0)vo(0),
@1(1’) = UJIBM (ZE) -+ p]lOe(a,b)G(a,b) (x, O) (1 — UQ(O)),
where vPM (z) and 7P () are the analogous quantities for the standard Brownian motion.

In Figure [3}(a) are simulation results of the sticky Brownian motion using algorithm
and its probability transition kernel (see [8, p. 124]).
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Figure 3: (a): Histogram of simulated values at T' = 1 of a sticky Brownian motion of
parameter p = 0.7 with initial value xq = 0 using Algorithm |1/ with the tuned grid of
size-criteria h = 0.01.

(b): Histogram of simulated values at 7' = 1 of a skew Brownian motion of parameter 5 = 0.9
with initial value zy = 0 using Algorithm (1| with a uniform grid of step-size h = 0.01.

7.1.3 Skew Brownian motion

The skew Brownian motion at 0 with parameter 8 € (0,1) can be defined (see [8, p. 126]) as
the diffusion process with scale function and speed measure

20 dx, x>0,

g =T
sw=y"e o, wd m(dx):{Q(l—/@)dx, z <0,

From the definition of the scale function,

_ s(x) —s(a)
=)~ sta)

As the  and (1 — ) terms between the speed measure and the scale function compensate
themselves in the expressions giving vy, in Proposition [3.2]

vi(z) = vPM(2) and T, (x) = TP ().

In Figure 3}(b) are simulation results of the skew Brownian motion using Algorithm
and a plot of its probability transition kernel [8 p. 126].
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7.1.4 Ornstein-Uhlenbeck process

Let X be the Ornstein-Uhlenbeck with mean reversion force # > 0, long-term mean p and
diffusion parameter ¢ > 0 define through its path-wise description

dX, = 0(u— X,)dt + 0dB,, X, €R,

where B is a standard Brownian motion. We will see that vy can be expressed in terms of

the Gaussian imaginary error function as s(z) = erfi (1/ % (u — z)),

e S 25 dc dy erfi (\/g(u —x)) — erfi (\/g(,u —a))
;effay igggdcdy erfi (\/g(u—b)) —erfi (\/g(u—a)) 7

where erfi(z) = 2 [F e’ dt = %€I2D+([E), with D, (x) being the Dawson functio. Thus, for

s

an Ornstein-Uhlenbeck process becomes

vo(x) =

vi(x) = /ab vo(a A Q) (1 —vo(z v ¢))vo(¢)cexp (M)% da,

171(1:):/ vo(xAC)(l—vo(a:\/g“))(l—vo(C))cexp <0(C;2'u)2)%dx,

where ¢ = erfi (\/g(,u — b)) —erfi (\/g(,u —a)).

7.1.5 Cox-Ingersoll-Ross process

The Cox-Ingersoll-Ross process or CIR process [11], introduced first by W. Feller [16], is the
diffusion that solves the SDE

dX; = Q(M — Xt) dt+0\/ X dBt, Xy > O,

where B; is a standard Brownian motion. The parameter § > 0 expresses its mean reversion
speed, p its long term speed and o > 0 is its diffusivity parameter. This equation has a
diffusion coefficients that degenerates at 0. It however remains non-negative given Xy > 0
and almost surely never hit 0 when 20u > 2. A large body of work have been devoted to
the simulation of the CIR and related process, see e.g. [1].

From and (55),

20 20

(r) = do ¥ 7€y
Vol ) =
Jiy ety

8We use the latter representation in our numerical results.
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Figure 4: Histogram of simulated values at T" =1 of a CIR process of (6, 1, 0) = (5,5,1) with
initial value xy = 1 using Algorithm [I] with:

(a): a uniform grid of step-size h = 0.01 and (250, 200)-step Riemann approximation of (vg, v1)
(simulation time: 44.5 sec).

(b): a tuned grid of size-criteria h = 0.01 computed solving numerically (19)-(20) with
Newton’s method and (250, 200)-step Riemann approximation of (v, v1) (simulation time:
46.5 sec).

and

UO(C)%dC,

vp(C) o*¢

mmz/ vl A O (1= vp(a v () 1= 0l) 2

v (z) = / vo(x A Q) (1 —wo(z V()

——dC.

vp(C) 0%

As the scale function yields no satisfactory closed formula, we perform a numerical approxi-
mation of both vy and the couple (v, v7).

These functions may be computed numerically. One may choose a suitable grid when
the process is close to 0, leading to improved convergence results. It is also noteworthy that
the approximating process does not cross 0, a problem which arise when using Euler type
schemes.

In Figures [4] and [§] we plot the transition kernels and histograms of simulated values
of CIR processes at T" = 1 using Algorithm [I] with uniform and tuned grids and approxi-
mation precisions of the quantities (vg, vy, v1). We also superpose on the same figures the
corresponding transition kernels.
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CIR process

Figure 5: Histogram of simulated values at T = 1 of a CIR process of (0, u,0) = (1,2,1)

with initial value zq = 5 using Algorithm [I] with:
(a): a uniform grid of step-size h = 0.015 and (100, 100)-step Riemann approximation of

(vo,v1) (simulation time: 10.8 seconds).
(b): a tuned grid of size-criteria h = 0.015 computed solving numerically — with

Newton’s method and (100, 100)-step Riemann approximation of (v, v;) (simulation time:

12.8 seconds).
(c): Same as Figure |ba] but with a (250, 200)-step Riemann approximation of (v, v;) (simula-

tion time: 11.5 seconds).
(d): Same as Figure [5b| but with a (250, 200)-step Riemann approximation of (v, v1) (simula-

tion time: 12.2 seconds).
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Skew Bessel process
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Figure 6: Histogram of simulated values at T' = 1 of the Skew Bessel process of parameters
(6,8) = (1.2,0.8) with initial value zo = 0 using Algorithm |1| with a uniform grid of step-size
h = 0.01. The quantities were approximated using 100-step Riemann approximations.

7.1.6 Skew or reflected Bessel process

The Bessel process is defined as the solution of the SDE

0—1

dX, =
oK,

dt 4+ dB,,

where B is a standard Brownian motion. If § € (0,2), then 0 is an attainable boundary
(see Section [2.4)). In this case, we can then define the following behaviors at 0: reflection or
skew /partial reflection. In particular, the Skew-Bessel process of dimension § € (0,2) and
skew 4 € (0,1) is the diffusion process with state-space R defined through s and m, where

(see [2])

1 2279 =0

- o x ’ 2 6_1d O
s@) =1 P27 mida) = 200 A0 00

1z £ <0 2(1 — B)|z[*tdz, z<O0.

1—-82—-6" " =7

This yield the following expressions for the quantities we need to compute in order to
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Figure 7: (a): histogram of simulated values at 7" = 1 of a Reflected Bessel process of
parameter = 1.1 with initial value zy = 5 using Algorithm [I] with a uniform grid of step-size
h = 0.01.

(b): histogram of simulated values at "= 1 of a Bessel process of parameter 6 = 1.8 with
initial value o = 5 using Algorithm [1| with a uniform grid of step-size h = 0.01. The
quantities were approximated using 100-step Riemann approximations.

implement the algorithm,

_ s(x) — s(a)
)= 50— st

vy () = / G, Ouo(O)20CP 1 e, (56)

B () = / Gl ) (1 — vo())20CP e,

where Gy (z, () is defined in (T]).

In Figures [0 and [7] we plot the transition kernels and histograms of simulated values of: a
skew and two reflected Bessel processes. The plotted corresponding transition kernels are
computed in [2].

7.2 Local time approximation
The following example illustrates the flexibility of Space-Time Markov Chain Approximation

(STMCA) generated via Algorithm . One feature of such approximation processes is that
they are defined on a given grid. With a suitable choice of grid it is possible to achieve higher
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orders of convergence of localized path-sensitive functionals. An example is the stickiness
parameter estimation in [4]. It is shown there that, if X is a sticky Brownian motion of
stickiness p > 0, a € (0,1/2) and ¢ is an integrable function vanishing in the vicinity of 0,

the statistics
o [nt]

Lilg.o] = 3 g(n"X ) (57)

and
[nt]

Pulg, @] == 2/\)\(9) 1 Z 1

Ln[gva] n =1 {X%:O}

(58)

converge in probability to L(X) and p respectively. This qualifies p,[g, a] as a consistent
estimator of the stickiness parameter.

It is also observed that, as long as n is high enough:

e The convergence of seems to hold for any a € (0,1).
e The convergence speed of seems to increase in terms of a € (0, 1).

e The higher the «, the less observations of the trajectories are observed via g.

Algorithm [I] gives us the flexibility to remediate to the latter by using grids of higher
precision around the point of stickiness. Thus, the statistics and are relevant for
larger values of v and we achieve higher orders of convergence without significant increase in
the numerical complexity.

Let gy and g; be two grids defined by:
go(h) = {0} U{ £ (h*/p+kh);k e N}, gi(h) = { £ zx(h); k > 0}, (59)

where {z;(h)};>0 is defined recursively by

Rl 1
_0, 4+ (B h(l——) 1, hl, -1 (60
o i Tt ( prj1+1 " rj+1 ) <t oz (60)

We observe that
g1l =lgo] and  [gi|x = [go|x- (61)

Thus, from Theorem , the rate of convergence of the STMCA is O(h'/?) for both grids.
Simulation results
In this section we present Monte Carlo simulation results. The integer Ny will be the

Monte Carlo simulation size. For every j < Nyc we simulate the path of an approximation
process X;. To assess the quality of each Monte Carlo estimation we use the following metrics:
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Stickiness parameter estimations
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Figure 8: Stickiness parameter estimations histograms using with n = 100000 and
a = 0.3 (true value p = 1).

a n pvc Suc  Omc  ace  rej/Nuc
0.3 100000 1.334 0.740 0.860 0.125 0/2000
0.4 100000 1.061 0.142 0.378 0.046 0/2000
0.5 100000 1.314 0.162 0.403 0.011 0/2000

0.55 100000 - - - ~2000/2000
0.6 100000 - - - — 2000/2000
0.65 100000 - - - —2000/2000

Table 1: Stickiness parameter estimations using the grid g, for h = 0.01. The missing values
in the table corresponds to cases where the statistic (57)) is observed to be 0. Computation
time (single-core): 4 seconds.

° (ﬁMC,SfAC,GMC): Monte Carlo estimation, variance and standard deviation of the
stickiness parameter estimations,

e acc: average number of path-values observed by g, i.e

1 Nuc 1 n
T Narc ; n ; Loox 0 (62)
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Figure 9: Stickiness parameter estimations histograms using with n = 100000 and
a = 0.55 (true value p = 1).

0% n PMC Sf/lc OMC acc rej/Nuc
0.3 100000 1.252 0.629 0.793 0.1272  0/2000
0.4 100000 1.068 0.187 0.432 0.0437  0/2000
0.5 100000 1.023 0.072 0.268 0.0140  0/2000
0.55 100000 1.018 0.067 0.259 0.0079  0/2000
0.6 100000 1.012 0.031 0.177 0.0044  0/2000
0.65 100000 1.015 0.026 0.163 0.0025  2/2000

Table 2: Stickiness parameter estimations using the grid g; for h = 0.01. Computation time
(single-core): 67 seconds.

e rej: percentage of trajectories where the local time estimation equals 0, i.e.,

o M

rej = #{j < Nuc : % Zg(nO‘XZ,Tl) = O}- (63)
=1

We use the test function g(z) = 11<|4/<5/8 which satisfies the conditions of Corollary 1.3
of [4]. Within each table (Tables we use the same simulated STMCA trajectories of the
sticky Brownian motion of parameter p = 1.

We observe that the usage of grid g; yields far superior results than g (see Tables .
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Using g; we have an abundance of simulated path-wise observations close to the point of
stickiness. The statistic remains thus relevant for large values of o and we can achieve
higher orders of convergence (see Figures , and Tables [152). It is worth noting that
simulation with A = 0.001

A Conditioning on the embedded path

Lemma A.1. Let X be a diffusion process with state-space I an interval of R defined on a
family of probability spaces P = (2, (Ft)i>0, Pz)zer such that for every x € I, P, (Xo =z) = 1.
Let also g be a covering grid of I, {7;}jez, the sequence of embedding times of X in g defined
mn and B the sigma-algebra defined by B = o{X,;j € No}. Then, for any measurable
path-functional F : CO(R,,I) — R and j > 1 and z €1,

E, (F(XP™)s)| B) = By (F(X7 ™)) X,y X)) (69

where XT=17 is the process defined for every t >0 by X7V = X7, 4o)nr,-

Proof. Let us fix x1,z9,... be a sequence of points in the grid. Let us define
Q(x;x1,29,...) =P, (XT1 =1, X, =9, .. )

By the strong Markov property,

PJ? (XTH_l = Ti+1, XTi+2 = Tj42,- - )FTZ> = PXTZ. (XTl = Tit1,, XTi+2 = 17i+2>
= Q(Xr; Tig1, Tiga, . - ).

Using the strong Markov property twice, first by conditioning first with respect to F,,_, and
then with respect to .,

E, <]1X7-1:x1 ..... X,j::ch((XtTj_l’Tj)tzo)ﬂxfj:xj,x

Tj+1:£j+1,...>

with R(z,y) =P, (F((X?’Tl)tzo)]l X, :y). Therefore, using the definition of the conditional

expectation,

E, <F((X,?‘”j)t20)‘Xﬁ — 21, X, = T3, .. )
R(x; 1,2, .
= (i 2) B, (F((Xto’ l)tzO‘Xn = fj)-
Pa (Xﬁ = xj)

This is sufficient to prove the result. O
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