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Abstract

Suppose X is a multidimensional diffusion process. Assume that at time zero the state
of X is fully observed, but at time 7 > O only linear combinations of its components are
observed. That is, one only observes the vector LXr for a given matrix L. In this paper
we show how samples from the conditioned process can be generated. The main con-
tribution of this paper is to prove that guided proposals, introduced in [35], can be used
in a unified way for both uniformly elliptic and hypo-elliptic diffusions, even when L
is not the identity matrix. This is illustrated by excellent performance in two challeng-
ing cases: a partially observed twice-integrated diffusion with multiple wells and the
partially observed FitzZHugh—-Nagumo model.
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1. Introduction

Let X=(X;, t€[0, T]) be a d-dimensional diffusion process satisfying the stochastic
differential equation (SDE)

dX; =b(t, X)) dt +o(t, X;)dW;, Xo=x0, t€][0,T]. (1.1)

Here b: [0, 00) x RY—>RY o [0, c0) x RY — Rdx"/ and W is a d’-dimensional Wiener pro-
cess with all components independent. Stochastic differential equations are widely used for
modelling in engineering, finance, and biology, to name a few fields of applications. In this
paper we will not only consider uniformly elliptic models, where it is assumed that there exists
an ¢ > 0 such that for all (¢, x) € [0, T] x R? and y e R? we have |o(z, x)'y||? > e|y||, but
also hypo-elliptic models. These are models where the randomness spreads through all com-
ponents, ensuring the existence of smooth transition densities of the diffusion, even though the
diffusion is possibly not uniformly elliptic (for example because the Wiener noise only affects
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certain components). Such models appear frequently in application areas; many examples are
given in the introductory section of [9]. A rich subclass of non-linear hypo-elliptic diffusions
that is included in our set-up is specified by a drift of the form

b(t, x) = Bx + B(t, x), (1.2)
where
0 . I Okx 0
B=[ okl K "] ﬂ(t,x)=Lk 1] a{ "Xd}, (13)
Ok/Xk/ Ok/Xk 13(t7 x) g(t)

and o: [0, 00) — ]Rk/Xd/, B: 10, 00) x R — Rk/, and k + k' = d. This includes several forms
of integrated diffusions.
Suppose L is a m x d matrix with m < d. We aim to simulate the process X, conditioned on

the random variable
V =LXr.

The conditional process is termed a diffusion bridge, although its paths do not necessarily end
at a fixed point but in the set {x: V = Lx}. Besides being an interesting mathematical problem in
its own right, simulation of such diffusion bridges is key to parameter estimation of diffusions
from discrete observations. If the process is observed at discrete times directly or through an
observation operator L, data-augmentation is routinely used to perform Bayesian inference
(see e.g. [16], [30], and [38]). Here, a key step consists of the simulation of the ‘missing’ data,
which amounts to simulation of diffusion bridges.

Another application is non-linear filtering, where at time ¢ the state X; was observed and
at time 7+ T a new observation LX;,7 comes in. Interest then lies in sampling from the dis-
tribution on X7, conditional on (X;, LX;47). The simulation method developed in this paper
can then be used to construct efficient particle filters. We leave the application of our methods
to estimation and filtering to future research, although it is clear that our results can be used
directly within the algorithms given in [38]. Finally, rare-event simulation is a third application
area for which our results are useful.

We aim for a unified approach, by which we mean that the bridge simulation method applies
simultaneously to uniformly elliptic and hypo-elliptic models. This is important, as in the
aforementioned estimation problems either one of the two types of ellipticity may apply to
the data. While the sample paths of uniformly elliptic and hypo-elliptic diffusions are very dif-
ferent, the corresponding distributions of the observations can be very similar if the diffusion
coefficients are close. Algorithms which are invalid for hypo-elliptic diffusions will therefore
be numerically unstable if the model is close to being hypo-elliptic, and it may be a priori
unknown if this is the case.

1.1. Literature review

When the diffusion is uniformly elliptic and the endpoint is fully observed, i.e. L =1, the
problem has been studied extensively; see [10], [15], [4], [13], [5], [17], [21], [22], [3], [7],
[35], and [42].

Much less is known when either L # 1 or when the diffusion is not assumed to be uni-
formly elliptic. In [5] and [17] a Langevin MCMC sampler was constructed to sample
diffusion bridges when the drift is of the form b(x) =Bx+ o0o'VV(x) and o is constant,
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assuming uniform ellipticity. Subsequently, in [18], this approach was extended to hypo-
elliptic diffusions of the form

X; Y 0
o) L]

However, no simulation results were included in the paper, as ‘these simulations proved pro-
hibitively slow and the resulting method does not seem like a useful approach to sampling’
[18, page 671].

We will shortly review in more detail the works [13], [27], and [40], as the present paper
builds upon these. The first of these papers includes some forms of hypo-elliptic diffusions,
whereas the latter two papers consider uniformly elliptic diffusions with L # 1.

Stramer and Roberts [37] considered Bayesian estimation of non-linear continuous-time
autoregressive (NLCAR) processes using a data-augmentation scheme. This is a specific class
of hypo-elliptic models included by the specification (1.2)—(1.3). The method of imputation,
however, is different from that proposed here.

Estimation of discretely observed hypo-elliptic diffusions has been an active field over the
past 10 years. As we stated earlier, within the Bayesian approach a data-augmentation strategy
where diffusion bridges are imputed is natural. However, this is by no means the only way to
do estimation. Frequentist approaches to the estimation problem include [36], [14], [24], [11],
[33], [31], [9], and [28].

1.2. Review of [13] and [35]

To motivate and explain our approach, it is useful to review briefly the methods developed
by Delyon and Hu [13] and Schauer, van der Meulen, and van Zanten [35]. The method we
propose in this article builds on their papers. Both are restricted to the setting L = I (full obser-
vation of the diffusion at time 7') and uniform ellipticity. Their common starting point is that
under mild conditions the diffusion bridge, obtained by conditioning on LX; =v, is itself a
diffusion process, governed by the SDE

dX; = (b(t, X7) +a(t, X))r(t, X)) dt + o (¢, X)) dW;, X5 =xo. (1.4)

Here a =00’ and r(z, x) = Vi log p(t, x; T, v). We have implicitly assumed the existence of
transition densities p such that

P O(Xp e A) = / pt,x; T, &)dé
A

and r(¢, x) is well-defined. The SDE for X* can be derived from Doob’s A-transform or the
theory of initial enlargement of the filtration. Unfortunately, the ‘guiding’ term a(t, X;)r(t, X})
appearing in the drift of X* is intractable, as the transition densities p are not available in
closed form. Henceforth, as direct simulation of X* is infeasible, a common feature of both
[13] and [35] is to simulate a tractable process X° instead of X*, that resembles X*. Next,
the mismatch can be corrected for by a Metropolis—Hastings step or weighting. The proposal
X° (the terminology is inherited from X° being a proposal for a Metropolis—Hastings step) is
assumed to solve the SDE

dX0 =b°(t, XO) di + o (1, XO) dW;, XS =xo, 1€[0,T], (1.5)
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where the drift b° is chosen such that the process X; hits the correct endpoint (say v) at the
final time 7. Delyon and Hu [13] proposed taking

bo(t, x) = Ab(t, x) + (v —x) /(T — 1), (1.6)

where either A =0 or A =1, the choice A =1 requiring the drift » to be bounded. If A =0,
a popular discretisation of this SDE is the modified diffusion bridge introduced in [15]. A
drawback of this method is that the drift is not taken into account. Schauer, van der Meulen,
and van Zanten [35] proposed taking

bO(t, x) = b(t, x) + a(t, X)(t, x). (1.7)

Here #(t, x) = V, log p(t, x; T, v), where p(t, x) is the transition density of an auxiliary diffusion
process X that has tractable transition densities. In this paper, we always assume X to be a linear
process, i.e. a diffusion satisfying the SDE

dX, = b(t, X,)dt + 5(t)dW,,  where b(t, x) = B(H)x + B(?). (1.8)

The process X° obtained in this way will be referred to as a guided proposal.

We denote the laws of X, X*, and X° viewed as measures on the space C([0, 7], Rd) of
continuous functions from [0,] to R4 equipped with its Borel-o-algebra by P;, P}, and P}
respectively. Delyon and Hu [13] provided sufficient conditions such that P} is absolutely
continuous with respect to [P for the proposals derived from (1.6). Moreover, closed-form
expressions for the Radon—Nikodym derivative were derived. For the proposals derived from
(1.7), Schauer et al. [35] proved that the condition & (7)Y & (T) = a(T, v) is necessary for abso-
lute continuity of PP} with respect to ’7.. We refer to this condition as the matching condition,
as the diffusivity of X and X need to match at the conditioning point. Under that condition (and
some additional technical conditions), it was derived that

dP?, 50, x0: T, v) fT
X)="-"""" LX) ds ),
s X 0w, 1w P, GO X s

where G(s, x) is tractable. A great deal of work in the proof is concerned with proving that
IIX; — vl — O at the ‘correct’ rate.

1.3. Approach
We aim to extend the results in [13] and [35] by lifting the restrictions of

(1) uniform ellipticity,
(2) L being the identity matrix.

1.3.1. Extending [13]. We first explain the difficulty in extending this approach beyond uni-
form ellipticity. To see the problem, we fix < T'. Absolute continuity of P} with respect to P°
requires the existence of a mapping 7(s, x) such that

o(s, x)n(s, x) =b*(s,x) —b°(s,x), s€[0,7], =xe€ Rd, (1.9)

which follows from Girsanov’s theorem [23, Section 7.6.4]. However, for the choice of [13]
(as given in equation (1.6)) this mapping 1 need not exist for A =0 and L = 1. If A =1, then
we have

V—X
b* 5 _bo 3 =,
(s, %) (s, %) T
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and therefore 7(s, x) only exists if v — x is in the column space of o (s, x). A similar argument
applies to the case A = 0. From these considerations, it is not surprising that Delyon and Hu
[13] need additional assumptions on the form of the drift to deal with the hypo-elliptic case.
More specifically, they consider

dX; = (o (®h(t, X;) + B(t)x + B(2)) dt + o (1) dW,, (1.10)

with o (¢) admitting a left-inverse. Then they show that bridges can be obtained by simulating
bridges corresponding to this SDE with 4 = 0, followed by correcting for the discrepancy by
weighting according to their likelihood ratio. Clearly, the form of the drift in the above display
is restrictive, but necessary for absolute continuity.

Whereas lifting the assumption of uniform ellipticity seems hard, lifting the assumption that
L =11is possible. Indeed, Marchand [27] showed in a clever way how this can be done by using
the guiding term

/ n—1vV— Lx
v(t, x) ;= a(t, x)L (La(t, x)L") T_7 (1.11)

to be superimposed on the drift of the original diffusion. Hence, the proposal satisfies the SDE

dX) = b(t, X)) de +v(t, X)) di + o (1, X7) AW, X5 =X

By applying Itd’s lemma to (T — 1)~ '(LX?(f) — v), followed by the law of the iterated
logarithm for Brownian motion, the rate at which LX (1) converges to v can be derived.
Interestingly, the same guiding term as in (1.11) was used in a specific setting in [2], where the
guiding term was rewritten as o (¢, x)(Lo (¢, x)) T (v — Lx) /(T — t), assuming that Lo has linearly
independent rows. Here AT denotes the Moore—Penrose inverse of the matrix A. The form of
the guiding term in (1.11) suggests that invertibility of La(z, x)L' suffices, which, depending
on the precise form of L, would allow for some forms of hypo-ellipticity. However, we believe
there are fundamental problems when one wants to include for example integrated diffusions.
We return to this in the discussion in Section 7.

1.3.2. Extending [35]. When L is not the identity matrix, the conditioned diffusion also satis-
fies the SDE (1.4), albeit with an adjusted definition of r(z, x). To find the right form of r(z,

x), assume without loss of generality that rank L=m < d. Let (fi, . . ., f;») denote an orthonor-
mal basis of Col (L), and let (fiy+1, - .., f7) denote an orthonormal basis of ker L. Then for
ACR"™

d
P(t’x)(XT cA x Rd*m) :/ (/ p(l‘7 x; T, Z%m) d§m+1, C, d&j) dgl, ey d%_m
A Rd—m N
i=1
Suppose x = Zflzl &f; is such that Lx = v. This is equivalent to
m
> &Lfi=v, (1.12)
i=1
since fy+1, - - -, fa € ker L. Hence if &1, . . ., &, are determined by (1.12) and if we define
d
plt, x) = / p<z, x T, Zaﬁ) &t .- -, dEg,
Rd—m i_
then this is the density of X7 | X;, concentrated on the subspace LX7 =v.
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When rank L = d, we can assume without loss of generality that L = I, which is the situation
of fully observing X7. Summarising, we define

p(t,x; T, v) ifm=d,
Jaaom Pt 5 T, Y0 6 dEpyn, ..., deg ifm<d,

and let (¢, x) = Vp(t, x). The definition of guided proposals in the partially observed hypo-
elliptic case is then just as in the uniformly elliptic case with a full observation: replace the
intractable transition density p appearing in the definition of p by p to yield p. Then define

p(t, x) =

7(t, x) = V, log p(t, x)

and let the process X° be defined by equation (1.5) with b°(¢, x) = b(¢, x) + a(t, x)r(t, x). For
t < T, itis conceivable that P} is absolutely continuous with respect to P} because clearly equa-
tion (1.9) is solved by n(s, x) = o (s, x)(r(s, x) — 7(s, x)). Contrary to the hypo-elliptic setting
in [13], no specific form of the drift needs to be imposed here. However, it is not clear whether

e |LX? —v| tendstozeroast 1 T,
o P < P5.

The two main results of this paper (Proposition 2.2 and Theorem 2.6) provide conditions such
that this is indeed the case. Interestingly, in the hypo-elliptic case the necessary ‘matching con-
dition on the parameters of the auxiliary process X involves not only its diffusion coefficient
& (1) but also its drift b(z, x). In particular, simply equating b to zero makes the measures P7
and P7 mutually singular. To derive the rate at which ||LX; — v|| decays we employ a com-
pletely different method of proof compared to the analogous result in [35], using techniques
detailed in [26]. While the proof of the absolute continuity result is along the lines of that in
[35], having a partial observation and hypo-ellipticity requires non-trivial adaptations of that
proof.

Put briefly, our results show that guided proposals can be defined for partially observed
hypo-elliptic diffusions exactly as in [35], if an extra restriction on the drift b of the auxiliary
process X is taken into account.

Whereas most of the results are derived for o depending on the state x, the applicability
of our methods is mostly confined to the case where o is only allowed to depend on ¢. The
difficulty lies in checking the fourth inequality of Assumption 2.4 appearing in Section 2. On
the other hand, numerical experiments can give insight as to whether the law of a particular
proposal process and the law of the conditional process are equivalent.

Examples of hypo-elliptic diffusion processes that fall into our set-up include:

(1) integrated diffusions, when either the rough, smooth, or both components are observed,
(2) higher-order integrated diffusions,

(3) NLCAR models,

(4) the class of hypo-elliptic diffusions considered in [18].

These examples are listed here for the sake of illustration. We stress that the derived results are
more general.

Whereas some examples that we discuss can be treated by the approach of [13] (which is
restricted to SDEs of the form (1.10)), our approach extends well beyond this class of models
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(see e.g. Example 3.8). Moreover, the hypo-elliptic bridges proposed in [13] are bridges of a
linear process, whereas the bridges we propose only use a linear process to derive the guid-
ing term that is superimposed on the true drift. This means that only our approach is able to
incorporate non-linearity in the drift of the proposal.

1.4. A toy problem

Here we first consider a two-dimensional uniformly elliptic diffusion with unit diffusion
coefficient, which is fully observed. Upon taking b =0 and 6 = o, we have

v X7

dr+ dW,.
T ¢
The guiding term can be viewed as the distance left to be covered, v — X7, divided by the
remaining time 7' — ¢. This simple expression is to be contrasted with a hypo-elliptic diffusion,
perhaps the simplest example being an integrated diffusion, with both components observed,

i.e. a diffusion with
0 1 0
b(t, x) = x=:Bx and o= .
00 1

It follows from the results in this paper that using guided proposals we obtain an ‘exact’
proposal, i.e. X; = X}, upon taking B=B, # =0 and 6 =o. The SDE for X° takes the form

0 1 0 0
dx; = X7 dt+ ) dr+ dw;,
0 0 18(vi — X7 )/(T — )" + (10v2 —28XP ) /(T — 1) 1

where X;; and v; denote the ith component of X; and v respectively. This is an elementary
consequence of the process being Gaussian, and follows for example directly as a special case
of either Lemma 2.1 or equation (1.10).

Even for this relatively simple case the guiding term’s behaviour is radically different com-
pared with the uniformly elliptic case. The pulling term only acts on the rough coordinate and
is no longer inversely proportional to the remaining time. This illustrates the inherent difficulty
of the problem and explains the centering and scaling of X° that we will introduce to study its
behaviour.

dX° = b(1, X°) i +

1.5. Outline

In Section 2 we present the main results of the paper. We illustrate the main theorems by
applying them to various forms of partially conditioned hypo-elliptic diffusions in Section 3.
In Section 4 we illustrate our work with simulation examples for the FitzHugh—Nagumo model
and a twice-integrated diffusion model. The proof of the proposition on the behaviour of X°
near the endpoint is given in Section 5 and the proof of the theorem on absolute continuity
is given in Section 6. We end with a discussion in Section 7. Some technical and additional
results are gathered in the Appendix.

1.6. Frequently used notation

1.6.1. Inequalities. We use the following notation to compare two sequences {a,} and {b,} of
positive real numbers: a, < b, (or b, = a,) means that there exists a constant C > 0 that is
independent of n and is such that a,, < Cb,. As a combination of the two we write a, < b, if
both a, < b, and a, 2 b,. We will also write a, >> b, to indicate that a, /b, — 0o as n — oo.
Bya Vv banda A b we denote the maximum and minimum of two numbers a and b respectively.
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TABLE 1. Stochastic processes.

X original, unconditioned diffusion process, defined by (1.1) b o P,
X* corresponding bridge, conditioned on v, defined by (2.1) b* o Py
X° proposal process defined by (1.5) b° o P;
X linear process defined by (1.8) whose transition densities p b o P,

appear in the definition of X°

1.6.2. Linear algebra. We denote the smallest and largest eigenvalue of a square matrix A by
Amin(A) and Apyax(A) respectively. The p x p identity matrix is denoted by 1,. The p x g matrix
with all entries equal to zero is denoted by 0. For matrices we use the spectral norm, which
equals the largest singular value of the matrix. The determinant of the matrix A is denoted by
|A| and the trace by tr(A).

1.6.3. Stochastic processes. For easy reference, Table 1 summarises the various processes
around. The rightmost three columns give the drift, diffusion coefficient, and measure on
C([0, 1], R9) respectively. We write

a(t,x)=o(t,x)o(t,x) and a(t)=6)o(1).

The state-space of X, X*, and X° is RY. The Wiener process lives on ]Rd/. The observation is
determined by the m x d matrix L. Finally, the orthonormal basis {fi, . .., fy} for R? defined
in Section 1.3.2 is fixed throughout, as are the numbers &1, . . ., &, defined via equation (1.12).

2. Main results
Throughout, we assume the following.
Assumption 2.1. Both b and o are globally Lipschitz-continuous in both arguments.

This ensures that a strong solution to the SDE (1.1) exists. We define the conditioned
process, denoted by X*, to be a diffusion process satisfying the SDE

AXF =b(1, X?) di 4 a(t, X)r(t, X7) dt + o (1, X)) AW, X3 = xo. (2.1)

Here r(z, x) = V, log p(t, x). A derivation is given in Appendix D.

Assumption 2.2. The process X has transition densities such that the mapping p: Ry x R¢ —
R is C° and strictly positive for all s < T and x € R4,

For fixed xeR?, s, and t > s + ¢, the mapping (t,y) — p(s, x; t,y) is continuous and
bounded.

In general Assumption 2.2 is established by verifying Hormander’s hypo-ellipticity con-
ditions: see [43]. The assumption is satisfied in particular under suitable conditions for the
diffusion as described by equations (1.2) and (1.3). Note that the results in this paper are not
limited to this special case.

Proposition 2.1. Suppose that the matrix-valued function t, x +— a in the hypo-elliptic model
given by (1.2) and (1.3) has rank k’ for all (t, x). Furthermore, suppose that o and é are
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infinitely often differentiable with respect to (t, x). Then the process (X;) admits a smooth (i.e.
C®) density which is also smooth with respect to the initial condition.

Proof. This is a special case of Proposition C.1 in Appendix C. U

2.1. Existence of guided proposals

The guiding term of X° involves 7: [0, 00) x R? — R. In the uniformly elliptic case it is
easily verified that this mapping is well-defined. This need not be the case in the hypo-elliptic
setting.

Let ®(¢) denote the fundamental matrix solution of the ODE d®(¢) = B(r)®(¢) dr, (0) =1
and set ®(z, 5) = D(1)P(s)~'. Define

L(t) == LO(T, £).

Assumption 2.3. The matrix

T
/ (T, s)a(s)D(T, s) ds
t
is strictly positive definite fort < T.

In the uniformly elliptic setting, this assumption is always satisfied. Under this assumption,
the matrix

T
M) = / L(s)a(s)L(s)' ds
t
is also strictly positive definite for all 7 € [0, T') and, in particular, invertible.
Lemma 2.1. If Assumption 2.3 holds, then
#(t, x) = LY M(t)(v — u(t) — L(H)x), te][0, T], 2.2)
where
T ~
(t) = / Ls)A(s) ds
t
and
M@ =M (r)".
Proof. The solution to the SDE for X, is given by
u u
X, = ou, t)x—i—/ D (u, 5)B(s) ds + / O(u, s)o(s)dWy, u>t, X,=x.
t t

See [23, Theorem 4.10]. The result now follows directly upon taking u = 7', multiplying both
sides by L, and using the definition of L(?). (]

In Appendix A easily verifiable conditions for the existence of p are given for the case L = 1.
Since t+— w(f) and t+— M(¢) are continuous and x — 7(¢, x) is linear in x for fixed ¢, the
process X° is well-defined on intervals bounded away from 7.

Lemma 2.2. Under Assumptions 2.1 and 2.3 we have that for any t < T, the SDE for X° has
a unique strong solution on [0, t].
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Throughout, without explicitly stating it in lemmas and theorems, we will assume that
Assumptions 2.1, 2.2, and 2.3 hold true.

2.2. Behaviour of guided proposals near the endpoint

Let A(f) be an invertible m x m diagonal matrix-valued measurable function on [0,T).
Define

Zn =AW — () — LOX,) (2.3)
and
LA() = AL, Ma()=AO""MOAD. (2.4)

Note that for t ~ T we have ®(T', t) ~ I and hence Zx ; ~ A()(v — LX;). The matrix A(?) is a
scaling matrix which in the hypo-elliptic case incorporates the difference in rate of convergence
for smooth and rough components of LX; to v, when ¢ 1 T In the uniformly elliptic case, we
can always take A(t) = I,.

The following assumption is of key importance.

Assumption 2.4. There exists an invertible m x m diagonal matrix-valued function A(t),
which is measurable on [0,T), ato < T, a € (0, 1] and positive constants c, ¢, c1, c2, and ¢3
such that, for all t € [ty, T),
(T =07 < Amin(MA®) < Amax(MA®) <E(T =17,
ILA(B(, x) = b(t, )| <1,
tr(La(0) a(t, x) La(t)) < c2,
LA ()(@(t) — a(t, x))La(0)' || < c3(T — 1)°. (2.5)

Proposition 2.2. Under Assumption 2.4, there exists a positive number C such that

Z
lim sup 1Za 0l <C as.

nr (T —=0log(1/(T—1)

Remark 2.1. If o is state-dependent, it is particularly difficult to ensure that the fourth inequal-
ity in (2.5) is satisfied. There is at least one non-trivial example where this inequality can be
assured (see Example 2.1). In Section 7 we further discuss the case of state-dependent dif-
fusivity. In the simpler case where o only depends on 7, we can always take & (f) = o (f) and
then the fourth inequality is trivially satisfied. In Section 3 we verify (2.5) for a wide range of
examples. As a prelude: for the SDE system specified by (1.2) and (1.3) one takes B = B and
0 = o. Then A(f) can be chosen such that the first inequality is satisfied. The second condition
of (2.5) encapsulates a matching condition on the drift which induces some restrictions on 3
and B. The third inequality is then usually satisfied automatically.

The uniformly elliptic case is particularly simple.

Corollary 2.1. (Uniformly elliptic case.) Assume that either (i) the diffusivity o is constant
and 6 = o or (ii) o depends on t and 6 (t) = o (t). Assume a is strictly positive definite and that
b(t, x) — B(l, x) is bounded on [0, T] x RY. Then the conclusion of Proposition 2.2 holds true
with A(t) =1,,.
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Remark 2.2. The behaviour of || Z /|| that we obtain agrees with the results of [35]. That
paper is confined to L =1 and the uniformly elliptic case, but includes the case of state-
dependent diffusion coefficient. Under this assumption, it suffices that 6(T) 6 (T) = a(T, v),
a condition that can always be satisfied.

The proofs of Theorem 2.2 and Corollary 2.1 are given in Section 5.

In Section 3 we give a set of tractable hypo-elliptic models for which the conclusion of
Theorem 2.2 is valid. The appropriate choice of the scaling matrix A(?) is really problem-
specific. Moreover, the assumptions on the auxiliary process depend on the choice of L.

In most cases it will not be possible to satisfy the fourth inequality of Assumption 2.4 when
the diffusion coefficient is state-dependent. The following example shows an exception.

Example 2.1. Suppose the diffusion is uniformly elliptic and L=[L O, /], where L € Rk
and d = k + k’. Now suppose a(t, x) is of block form

alt, x) = ari(t) kak/
e Ok/xk ax»(t,x)|’

and that we take a to be of the same block form. Upon taking B= O0gxq and A(r) =1, we see
that L () = L and hence

La(n)(a() — a(t, x))La(®)' = L@ (1) — an(n)L'.

Therefore, if we choose aj1(¢) to be equal to a;;(z) the fourth inequality in Assumption 2.4 is
trivially satisfied.

Empirically, however, it appears that Assumption 2.4 is stronger than needed for valid
guided proposals; see Example 4.4.

2.3. Absolute continuity

The following theorem gives sufficient conditions for absolute continuity of IP}. with respect
to IP7.. First we introduce an assumption.

Assumption 2.5. There exists a constant C such that
pls,x;1,y) <Cp(s, x;1,y), 0<s<t<T
forall x,y e RY.

Theorem 2.6. Assume there exists a positive 8 such that |A(t)| < (T — )78 If Assumptions 2.4
and 2.5 hold true, then

dPy (0, xo) o
X°) = Wr(X°),
22 X = 50 ) V)
where ,
w,(X"):exp( / g(s,X;’)ds), (2.6)
0

3 1 3
G(s, x) = (b(s, x) — b(s, x))'F(s, x) — itr([a(s, x) — a($)[H(s) — 7(s, x)F(s, x)']),

and H(s) = L(s) M(s)L(s).
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The proof is given in Section 6.

Remark 2.3. The expression for the Radon—Nikodym derivative depends on the intractable
transition densities p via the term p(0, xg). This is a multiplicative term that only shows up
in the denominator and therefore cancels in the acceptance probability for sampling diffusion
bridges using the Metropolis—Hastings algorithm.

The following lemma is useful for verifying Assumption 2.5. Its proof is located in
Section 6.

Lemma 2.3. Assume n(s, x) satisfies the equation
o (s, x)n(s, x) =b(s, x) — b(s, x)
and that n is bounded. Then there exists a constant C such that

p(s, x;1,y) < Cp(s, x; t, y)

forallx,yeRdand0§s<t§T.

3. Tractable hypo-elliptic models

In this section we give several examples of hypo-elliptic models that satisfy Assumption 2.4.
In the following we write X, = [X;.1 -+ X;4].

In each of the examples we choose an appropriate scaling matrix A(¢) and verify the condi-
tions of Assumption 2.4. For this, we need to evaluate La(¢) and M (7). The computations are
somewhat tedious by hand (though straightforward), and for that reason we used the computer
algebra system Maple® for this. Ideally, instead of the conditions appearing in Assumption 2.4,
one would like to have conditions only containing b, B, o, and o. This, however, seems hard
to obtain and maybe a bit too much to ask for, given the wide diversity in behaviour of hypo-
elliptic diffusions and the generality of the matrix L. In each of the examples, we state the
model and the conditions on b and & such that Assumption 2.4 is satisfied.

Example 3.1. (Integrated diffusion, fully observed.) Suppose
dX; 1 =X; 2 dt,
Xm,2 :é([, Xt) dt + V dWla

where B: [0, T] x R? — R is bounded and globally Lipschitz in both arguments. If L = I, and
the coefficients of the auxiliary process X satisfy

Bt—01 B1(1) =0 5|0
()—00, B1() =0, U—y,

then Assumption 2.4 is satisfied.

Proof. As we expect the rate of the first component, which is smooth, to converge to the
endpoint one order faster than the second component, which is rough, we take

_|a@=-n" 0
A(t)—|: 0 1]
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We have

- 0
b(t, x) — b(t, x) = |:é(l, x)i| .

By choice of B and A we get

[1 /(T —1) 1}
La(t) = AWLO(T, £) = AO)D(T, t) = 0 |

and

M(;)—i 12/(T—0% 6/(T—17 Y (r)—i(T—t)—l 12 6
TVl epr—r? ayr—pn| - M7 6 4|

Now it is trivial to verify that Assumption 2.4 is satisfied.

Example 3.2. (Integrated diffusion, smooth component observed.) Consider the same setting
as in the previous example, but now with L=[1 0]. That is, only the smooth (integrated)
component is observed. Then Assumption 2.4 is satisfied.

Proof. Upon taking A(f) = (T — 1)~ !, we get
MA)=3y 2T -0~ and La®=[1/(T -1 1], (3.1)
from which the claim easily follows.

Example 3.3. (Integrated diffusion, rough component observed.) Consider the same setting
as in Example 3.1, but now with L =[0 1]. That is, only the rough component is observed.
Then Assumption 2.4 is satisfied.

Proof. Taking A(f) =1 we get MA(t) =y~ 2(T —1)~! and La(r)=[0 1], from which the
claim easily follows.

The guiding term is completely independent of the first component. This is not surprising,
as this example is equivalent to fully observing a one-dimensional uniformly elliptic diffusion
(described by the second component).

Example 3.4. (NLCAR(p)-model.) The integrated diffusion model is a special case of the class
of continuous-time non-linear autoregressive models (see [37]). The real-valued process Y is
called a pth-order NLCAR model if it solves the pth-order SDE

av" " = B, Y di+ y dW,.

We assume f: [0, T] x R? — R is bounded and globally Lipschitz in both arguments. This
example corresponds to the model specified by (1.2)~(1.3) withd=p, d =1, and k=p — 1.
Integrated diffusions correspond to p =2. Observing only the smoothest component means
that we have L=[1 0jx4—1]. This class of models includes in particular continuous-time
autoregressive and continuous-time threshold autoregressive models, as defined in [8].

We consider the NCLAR(3)-model more specifically, which can be written explicitly as a
diffusion in R® with

010 0 0
b(t,x)=10 0 1]|x+ 0 ., o=1|0
0 0 O y
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If eitper L=ILorL=[1 0 0], Assumption 2.4 is satisfied if the coefficients of the auxiliary
process X satisfy

01 0 0
Bhy=[0 0 1|, Bi=pHn=0, 6=|0 (3.2)
0 00 y
Proof. If L = I3, we take the scaling matrix
(T—02 0 0
A(t) = 0 (T-n"" 0

0 0 1

to account for the different degrees of smoothness of the paths of the diffusion. Then, defining
w(t) = (T — )~ ', we obtain

; 240 —120 20 w(t)? w() 1/2
MA(t)=$ 120 64 —12| and Lain=| O w@ 1 |,
20 —-12 3 0 0 1

from which the claim is easily verified.
For L=[1 0 0] we take A(¢) = (T — t)~2, and since

20 —1 -2 -1
MA(f)=ﬁ(T—l) and LA =[T—-0n"" (T—-n"" 1/2],

Assumption 2.4 is satisfied. See Example 4.1 for a numerical illustration of this example.

Example 3.5. Assume the following model for FM-demodulation:

Xi1 X2 0 0 W
dl X2 | = —aX; ) di+ | V2ya o al "',
. Wiz
X2 2y sin (ot + X; 1) 0 v

Here, the observation is determined by L=1[0 0 1]. Motivated by this example, we check our
results for a diffusion with coefficients

0 0 1 O 0 0
b(ta X) == B.X + é2(t7 x) 3 B - 0 — 0 y o = ‘}/1 }/2
Bt %) 0 0 0 i

Note that this is a slight generalisation of the FM-demodulation model. We will assume that
y32 + y42 #0and B 5 are bounded. If B(f) = B and 6 = o, then Assumption 2.4 is satisfied.

Proof. As the observation is on the rough component, we choose A(f) = 1. We have
Ma() =T =073 + )"

and LA(r)=[0 O 1]. Hence LA(t)(l;(t) —b(t, x)) = ,53(t) — ég(t, x) and the other conditions
are easily verified. )
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Example 3.6. Assume [X,; X;»] gives the position in the plane of a particle at time z.
Suppose the velocity vector of the particle at time 7, denoted by [X; 3 X; 4], satisfies an SDE
driven by a two-dimensional Wiener process. The evolution of X, = [X;| X;» X;3 X;4] is
then described by the SDE

dX;1 =X, 3 dt,
dX; 2 =X, 4 dt,

X3 B.(t, Xp)
d| 7= d dw,,
&J E&xﬁ’“”

where W; € R%. This example corresponds to the case d =4, d’ =2, and k=2 in the model
specified by (1.2)—(1.3). Observing only the location corresponds to

1 0 00
L= .
|:O 1 0 O:|

In matrix—vector notation the drift of the diffusion is given by b(t, x) = Bx + B(t, x),

where
0 0 1 0 0
B= 0 001 and B(t,x)= 0
0 0 0 O ﬁ3(1, Xt)
0 0 0 O E4(L Xr)

We will assume diffusion coefficient

00 »m »
o= s
00 v wm
where y1y4 — y2y3 0. If B1(1)= B2(f)=0, B(r) =B, and & =0, then Assumption 2.4 is
satisfied.

Proof. As we observed the first two coordinates, which are both smooth, we take A(?) =
(T — )~ 1. The claim now follows from

_ 3 —vi—vi nvtrn
M) =(T -1~ [ o

iva—vv)? | vivs+yvavs —vi—vi.

L(ﬁ_(r—n” 0 1 0
A= 0 T—n"" 0 1|

and

Example 3.7. Hairer, Stuart, and Voss [18] consider SDEs of the form

ax,= | xa O lars|] aw
o oY paxy| Ty M
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where X; = [X,1 X;»], 6 > 0 and the conditioning is specified by L=[1 0]. As explained in
[18], the solution to this SDE can be viewed as the time evolution of the state of a mechani-
cal system with friction under the influence of noise. Assume (¢, x) — (¢, x) is bounded and
Lipschitz in both arguments. Note that this hypo-elliptic SDE is not of the form given in (1.2)
and (1.3). However, if

~ 0 1 ~ ~ 0
B(t):B9:|:O 9:|’ B1(t) =0, 0:|:y],

then Assumption 2.4 is satisfied.

Proof. Upon taking A(f) = (T — )~ !, we find that

. ) 1 T
hTr? (T —0)Ma()=3y “ and La(H)= .
t

T—t o(T —1)

This is to be compared with the expressions in (3.1). We conclude as in Example 3.2 that the
conditions in Assumption 2.4 are satisfied.

Example 3.8. This is an example to illustrate that our approach applies beyond equations of
the form (1.10). We assume

0 1
dX; = BX, dt dr dw;,
=5 +[g(r,xz>} +H f

with B: [0, T] x R> — R bounded and globally Lipschitz in both arguments. Suppose L =

[1 0].1f
B_p_ 0 1 - |0 -1
- M 0 0 ’ ﬂ_ 0 ’ o = 1 k]

then Assumption 2.4 holds.

Proof. Using A(t) =1, we have LA(t) =[1 T —1], limyy7 (T — )M () = 1 and the claim
follows as in the previous examples.
4. Numerical illustrations

In this section we will discuss implementational aspects of our sampling method, and we
will illustrate the method by some representative numerical examples. We implemented the
examples in our software package Bridge [34], written in the programming language Julia [6].
The corresponding code is available in [41].

To compute the guiding term and likelihood ratio, we have the following backward ordinary
differential equations:

dL(t) = —L(H)B(r) d1, LT =L,
dM' (1) = —L(OaOL@) dt, M (T) = 0y,

du(t) = —L(1)B(t) dt, W(T) = Ot

https://doi.org/10.1017/apr.2019.54 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2019.54

Simulation of elliptic and hypo-elliptic conditional diffusions 189

where 7 € [0, T']. These are easily derived: see [39, Lemma 2.4]. These backward differential
equations need only be solved once. Next, Algorithm 1 from [38] can be applied. This algo-
rithm describes a Metropolis—Hastings sampler for simulating diffusion bridges using guided
proposals. We briefly recap the steps of this algorithm; more details can be found in [38].
As we assume X° to be a strong solution to the SDE specified by (1.5) and (1.7), there is a

measurable mapping GP such that X° = GP(xg, W), where xg is the starting point and W a RY -
valued Wiener process (GP stands for ‘guided proposal’). As xq is fixed, we will write, with
slight abuse of notation, X° = GP(W). The algorithm requires us to choose a tuning parameter
p €10, 1) and proceeds according to the following steps.

(1) Draw a Wiener process Z on [0, T]. Set X = g(Z).
(2) Propose a Wiener process W on [0, T]. Set

Z°=pZ+/1—p2W 4.1)
and X° =GP(Z°).

(3) Compute A=Vr(X°)/Wr(X) (where Wr is as defined in (2.6)). Sample U ~
Uniform(0, 1). If U < A then set Z=Z° and X = X°.

(4) Repeat steps (2) and (3).

The invariant distribution of this chain is precisely IP}. If the guided proposal is good, then we
may use p = 0, which yields an independence sampler. However, for difficult bridge simulation
schemes, possibly caused by a large value of T or strong non-linearity in the drift or diffusion
coefficient, a value of p close to 1 may be required. The proposal in (4.1) is precisely the pCN
method; see e.g. [12].

In the implementation we use a fine equidistant grid, which is transformed by the mapping
t: [0, T] — [0, T] given by t(s) = s(2 — s/T). Motivation for this choice is given in Section 5
of [38]. Intuitively, the guiding term gets stronger near 7', and therefore we use a finer grid the
closer we get to 7. The guided proposal is simulated on this grid, and using the values obtained,
Wr(X°) is approximated by Riemann approximation. Furthermore, for numerical stability we
solve the equation for MT(r) using M'(T) = 1071°1,,,,.,,, instead of M (T) = 0,

Example 4.1. Assume the NCLAR(3)-model, as described in Example 3.4 with ﬁ(t, X) =
—6sin (2rx) and xo = [0 O 0]’. We first condition the process on hitting

v=[1/32 1/4 1]

at time 7 =0.5, assuming L =13 (full observation at time 7). The idea of this example is
that sample paths of the rough component are mean-reverting at levels k € Z, with occasional
noise-driven shifts from one level to another. The given conditioning then forces the process
to move halfway along the interval (at about time 0.25) from level O to level 1, remaining at
approximately level 1 up to time 7. Such paths are rare events and obtaining these by forward
simulation is computationally extremely intensive.

We constructed guided proposals according to (3.2) with B3(r) = 0. Iterates of the sampler
using p = 0.85 are shown in Figure 1. The average Metropolis—Hastings acceptance percentage
was 43%. We need a value of p close to 1 as we cannot easily incorporate the strong non-
linearity into the guiding term of the guided proposal. We repeated the simulation, this time
only conditioning on LX7 = 1/32, where L=[1 0 0]. We again took p =0.95, leading to an
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0.03
0.02
0.01
0.00
component 2 iteration
50000
U0 40000
% 01 30000
- 20000
0.0 10000
0
1.5
1.0
0.5
0.0
0.0 0.1 0.2 0.3 0.4 0.5
time

FIGURE 1. Sampled guided diffusion bridges when conditioning on X7 = [1/32 1/4 1]’ in Example 4.1.

average Metropolis—Hastings acceptance percentage of 24%. The results are shown in Figure 2.
The distribution of bridges turns out to be bimodal. The latter is confirmed by extensive forward
simulation and only keeping those paths which approximately satisfy the conditioning.

Example 4.2. Ditlevsen and Samson [14] consider the stochastic hypo-elliptic FitzHugh—
Nagumo model, which is specified by the SDE

- 3
dX, = [1;8 _1{8] X, dt+[ X,,l/;—i-s/e] dr + [2} dw,, Xo=x(0). 4.2)

Only the first component is observed, hence L =[1 0]. We consider the same parameter values
as in [14]:
[e sy B o]l=[0.1 015 0.8 0.3]. 4.3)

A realisation of a sample path on [0, 10] is given in Figure 3.

While this example formally does not fall into our set-up, the conditions of Assumption 2.4
strongly suggest that the component of the drift with smooth path, i.e. the first component of b,
certainly needs to match at the observed endpoint. We construct guided proposals by linearising
the drift term X; | at the observed endpoint v. Hence, using —x° 2243 — 3a%x for x near a, we

take ) 5
= . |1/e=3v/e —1]¢ o0 |2v7/e+s/e - |0
B(r)-[ , ) ] ﬂ(t)—[ 5 ] a_u.

To illustrate the performance of our method, we take a rather challenging, strongly
non-linear problem. We consider bridges over the time-interval [0, T] with T = 2, starting
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FIGURE 2. Sampled guided diffusion bridges when conditioning on LX7 = 1/32 with L=[1 0 0] in
Example 4.1.

component 1

component 2

0.0 2.5 5.0 7.5 10.0
time

FIGURE 3. A realisation of a sample path of the FitzHugh—-Nagumo model as specified in (4.2), with
parameter values as in (4.3).
at x(0) =[— 0.5 —0.6]. In Figure 4 we forward-simulated 100 paths, to access the behaviour

of the process. Next, we consider two cases.

(a) Conditioning on the first coordinate at the endpoint of a ‘typical” path; we took v = —1.

(b) 2. Conditioning on the first coordinate at the endpoint of an ‘extreme’ path; we took
v=1.1.
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FIGURE 4. Realisations of 100 forward-sampled paths for the FitzHugh—Nagumo model as specified in
(4.2), with parameter values as in (4.3).
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FIGURE 5. Sampled guided diffusion bridges when conditioning on v = —1 (typical case).

We ran the sampler for 50 000 iterations, using p =0 and p =0.9 in cases (a) and (b)
respectively. The percentage of accepted proposals in the Metropolis—Hastings step equals
64% and 21% respectively. In Figures 5 and 6 we plotted every 1000th sampled path out of
the 50 000 iterations for the ‘typical’ and ‘extreme’ cases respectively. Figure 5 immediately
demonstrates that for a typical path, guided proposals very closely resemble true bridges (using
Figure 4 as comparison). To assess whether in the ‘extreme’ case the sampled bridges resemble
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FIGURE 6. Sampled guided diffusion bridges when conditioning on v=1.1 (extreme case). The
‘outlying” green curve corresponds to the initialisation of the algorithm.
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FIGURE 7. Realisations of 30 forward-sampled paths for the FitzHugh—Nagumo model as specified in
(4.2), with parameter values as in (4.3). Only those paths are kept for which |Lx7 —v| < 0.01, where
v = 1.1 (the conditioning for the ‘extreme’ case).

true bridges, we also forward-simulated the process, only keeping those paths for which |Lxr —
v| < 0.01. The resulting paths are shown in Figure 7 and resemble those in Figure 6 quite well.

This example is extremely challenging in the sense that we take a rather long time horizon
(T =2), the noise-level on the second coordinate is small, and the drift of the diffusion is
highly non-linear. As a result, the true distribution of bridges is multimodal. Even in much
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simpler settings, sampling from a multimodal distribution using MCMC constitutes a difficult
problem. Here, the multimodality is recovered remarkably well by our method, as can be seen
in Figure 6.

Remark 4.1. We have chosen 50 000 iterations in the examples. However, qualitatively the
same figures of simulating bridges can be obtained by reducing the number of iterations to
approximately 10 000.

4.1. Numerical checks on the validity of guided proposals

In this section we first investigate the quality of guided proposals over long time spans.
Next, we empirically demonstrate that the conditions of our main theorem, especially
Assumption 2.4, are stronger than actually needed. In each numerical experiment we compare
two histogram estimators for v — p(0, xo; T, v). The first estimator is obtained by making a
histogram of a large number of forward simulations of the unconditioned diffusion process. Let
{Ax} denote the bins of this histogram. A second estimator is obtained by using the equality

00, x0; T, v) = (0, x0; T, v)E[W7r(X>T-)],

which is a direct consequence of Theorem 2.6. Note that we extended the notation to highlight
that p, p, and X° depend on T and v. We use the relation in the previous display as follows: for
each bin Ay,

/ p(0, x0; T, v) dv = E[]Ak(f/)wq}T(XT,V,o)}
A q(V)

where V is sampled from the density g. Hence, I 4, PO, x0; T, v)dv can be approximated using
importance sampling, where repeatedly first the endpoint v is sampled from g and subsequently
a guided proposal is simulated that is conditioned to hit v at time 7. In our experiments we
took the importance sampling density ¢ to be the Gaussian density with mean and covariance
obtained from the unconditioned forward-simulated endpoint values.

Note that the set-up is such that this is feasible, at least when estimating the entire histogram,
but of course it would be prohibitively expensive to use forward sampling to compute the
density in a single small bin or at a single point.

Example 4.3. Consider the non-linear hypo-elliptic two-dimensional system determined by
drift b(t, x) = Bx + B(t) + [0; % sin (x2)] with B = %[ -1 1; 0 —1], B =1[0 % sin (¢/4)],
and dispersion o =[0; 2] (with a semicolon separating matrix rows). Starting at Xy =
[0; —m /2], we expect to observe V = LX7 +Z with L=[1 1], Z~ N(O, 10’6). ‘We consider
both 7 =4 and T = 40, the latter to check how guided proposals perform over a very long
time span. We take guided proposals derived from E(t, x)=Bx+ pB(t)and 6 =o.

In Figure 8 the two histograms are contrasted. Interestingly, the results show no degradation
in performance when increasing 7 by an order. For the simulations we took K =70 bins and
100 000 samples of V respective draws from V (thus on average approximately 1500 draws
per bin) and time grid t; = s;(2 — 5;/T) with s; = hi, h=0.01, therefore decreasing step-size
towards 7 while keeping the number of grid points equal to 7/h, as suggested in [38]. The
implementation is based on our Julia package [29] with package co-author Marcin Mider.
The figures also serve to verify the correctness of the implementation.

Example 4.4. It is interesting to ask if — numerically speaking — the change of measure is
successful in cases where o depends on x and the fourth inequality of Assumption 2.4 cannot
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FIGURE 8. Dark orange: histogram baseline estimate of the density of observation V =LXr + Z,
Z ~N(0, 107%) from forward simulation. Dashed blue: observation density estimate using weighted
histogram of points V sampled from Gaussian distribution weighted with importance weights from
guided proposals steered towards those points. Top: T = 4m. Bottom: 7' = 40x. Pink: difference between
histograms.

be verified. For that purpose, we slightly adjust the setting of the previous example by now
taking L=[1 0] and o (¢, x) =[0; 2+ % cos (x2)] and repeating the experiment. In this case
we chose 6 =0(0, [0;0]). As the problem is more difficult, we took fewer bins (K = 50)
and set 7 =0.005 (otherwise keeping our previous choices). The resulting Figure 9 shows
no indication of lack of absolute continuity or loss of probability mass. This strongly indicates
that guided proposals can perform perfectly well for the present complex setting that includes
state-dependent diffusion coefficient and hypo-ellipticity.

However, care is needed. In Figure 10 we show the result for the same experiment but
with L changed to L=[1 1]. Here, the loss of probability mass indicates violation of absolute
continuity. We conjecture that La(T, v)L' = La(T)L' may be the ‘right’ restriction on choosing
a(T). To obtain empirical evidence, we redid the experiment with L =[1 1] but now o (¢, x) =

[0; 2+ % cos (Lx)]. In this case one can match the diffusivity at time 7 by taking ¢ = [0; 2 +

% cos (v)]. The resulting figure (Figure 11) indicates no loss of absolute continuity, supporting

the conjecture.
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FIGURE 9. As Figure 8, but estimates for the model with observation operator L =[1 0] and o (¢, x) =
[0;2 + 4 cos (x2)], at T = 4.
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FIGURE 10. As Figure 8, but estimates for the model with observation operator L =[1 1] and o (¢, x) =
[0;2+ % cos (x2)], at T = 4. Note the loss of probability mass indicating lack of absolute continuity.

5. Proofs of Proposition 2.2 and Corollary 2.1

In this section we give proofs of the results from Section 2.2 on the behaviour of guided
proposals near the conditioning point. For clarity, the proof of Proposition 2.2 is split up over
Sections 5.1, 5.2, and 5.3. The proof of Corollary 2.1 is in Section 5.4.

5.1. Centering and scaling of the guided proposal

To reduce notational overheads, we write a; = a(t, X;'). Then ZJ,, b, and o; are defined
similarly. Our starting point is the expression for 7 in (2.2).

Lemma 5.1. If we define
Z; =v— u(t) — L(HX;,
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FIGURE 11. As Figure 8, but estimates for the model with observation operator L=[1 1] and o (¢, x) =
[0; 2+ % cos(x; +xo)],at T =4m.

then
dZ, = L(t)(b; — by) dt + L(t)o; AW, — L(t)a,L(t) M(1)Z; dt.
Proof. We have

d d
dz, = —<$L(t))X,° df — — () — L(1) dX.

The results now follow because the first two terms on the right-hand side together equal
L(t)b(t, X7). O

Lemma 5.2. We have

1 1
Ed(Zl’M(t)ZZ) = 5z;M(t)L(z)(zz(t) — a;)L(M()Z; dt
+ ZIM(0)L(t)(b, — by) dt

1
+ ZM(t)L(t)o; AW, — EZ;M (OL(ta, L(t) M(1)Z,; dt
+ tr(L(H)a,L(t) M(t)) dt.
Proof. By 1td’s lemma,

., 1_,dM(¢) , ,
Ed(Zl‘M(t)Zt) = EZI TZ; dr+ ZtM(t) dZt + tr(L(t)atL(t) M(I)) dr.

Next, substitute the SDE for Z; from Lemma 5.1 and use

—1
M@ _ MO
dr dr

M(t) = M()L(E)a(t)L(t) M(2).

The final equality follows from the fact that MT(r) = M(¢)~! satisfies the ordinary differential
equation dM (1) = —L(Ha@)L(¢)’ dr. The result follows upon reorganising terms. U
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Whereas in the uniformly elliptic case all elements of Z; and M(7) behave in the same way
as a function of T — ¢, this is not so in the hypo-elliptic case. For this reason, we introduce a
diagonal scaling matrix A(7).

Lemma 5.3. Let A(t) be an invertible m x m diagonal matrix. If Za ;, LA(t) and M () are as
defined in (2.3) and (2.4), then

1 1
A MAWZA )= S Z) MaOLAD@D) = a)LatY Ma(Za,; dr
+ Z MAOLA@)(D, — by) dt

1 ! /
+Z) Mp()LA(t)o; dW; — EZAJMA(I)LA(f)atLA(I) MA(ZA , dt

+ tr(La(aLa () Ma(®) dt. (5.1)

Moreover,
Ht, X)) =La(t)YMA(DZa . (5.2)
Proof. This is a straightforward consequence of Lemma 5.2. The expression for 7 follows
from equation (2.2). t

5.2. Recap on notation and results

For clarity we summarise our notation, some of which was already defined in Section 1.6.
The auxiliary process is defined by the SDE dX, = (B(HX, + B(t)) dr + &(t) dW,. The matrix
(1) satisfies the ODE d®(¢) = B(r)®(¢) dr and we set (T, 1) = &(T)D(1)~!. A realisation v
of V = LX7 is observed. The scaled process is defined by

T
I, = A(t)<v - / L(t)B(r)dr — L(z)X;),
t

where L(t) = L®(T, t) and La(t) = A(t)L(t). Furthermore, we defined
-1

T
M(t)=< f L(r)a(r)L(r)’dr> and Ma(H)=AO"'MOAD)!,
t

where a(t) = 6 (1)6(¢). Finally, the guiding term in the SDE for the guided proposal X7 is given
by a(t, X7)LA(t) MA(f)Za . The process t — Za ; is the key object to be studied in this section.

5.3. Proof of Proposition 2.2
The line of proof is exactly as suggested in [25, page 341], as follows.
(1) Start with the Lyapunov function V(t, Zx ;) = %ZAJ/MA(t)ZA,t.
(2) Apply 1td’s lemma to V(t, Za ;).
(3) Use martingale inequalities to bound the stochastic integral.
(4) Apply a Gronwall-type inequality.

We bound all terms appearing in equation (5.1). Note that the first term on the right-hand
side vanishes. We start with the Wiener integral term. To this end, fix 79 € [0, T) and let

t
Ni= [ Za MaOIL G0 dW,
I

0
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Then

! 1 [ 1
/ ZA s MA(S)La(s)os AWy — 3 / ZA s MA(S)LA(S) as LA(S) MA(S)Za s ds = Ny — E[N]t-

T fo

Now N; can be bounded using an exponential martingale inequality. Let {y,,} be a sequence of
positive numbers. For n € N, define t, =7 — 1/n and

1
En:{ sup (NI_E[N]I>>VI1}~
0<t<tp+1

By the exponential martingale inequality of [26, Theorem 1.7.4], we obtain that P(E,) < e "n.
If we assume ) ., e " < oo, then by the Borel-Cantelli lemma P(limsup,_, ., E,) =0.
Hence, for almost all w, there exists ng(w) such that, for all n > ng(w),

1 t
sup (Nt -3 / [Nlt) <y (5.3)
10 =<t<fp4+1 0

Let ¢ > 0. Upon taking y,, = (1 + 2¢) log n, we get

o0 o0
E eV = Z n17% < 0o

n=1 n=1

Since M A (?) is strictly positive definite,
Amin(MA)|Za 411> < Zy MA(DZn 1.

Assume ty) <t < t,4+1. Combining the inequality of the above display with Lemma 5.3 and
substituting the bound in (5.3), we obtain, for any € > 0,

1 1
Exmm(MAa))nzA,,nz = 5 Za.Malt0)Za 1

l ~
+/ I1Za sIIMANILA()Ds — by)|| ds
fo

t
oyt / (r(La(s) as La(s) Ma(s) ds
Ip

+ % /to t Zn,s MAGS)LA($)(@(s) = as)La(s) MA($)Za s ds.
Recall that for positive semidefinite matrices A and C we have
[tr(AC)| < tr(A)tr(C) < tr(A)pAmax (C)
if C e RP*P_ Hence
tr(LA(S) as LA(s) Ma(s)) < tr(La(s) as La(s) )mAmax(Ma(s)). (5.4)

Furthermore, as
MA@ = )\max(MA(S)z) = Amax(M (), (5.5)
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we can combine the preceding three inequalities to obtain
1 , 1
Ekmm(MA(t))IIZA,zII =< EZA,IOMA(IO)ZA,IO
1
+ [ 12 s MGG~ b)) s
1o
t
+yutm / tr(LA(S) as LA(S) )Amax(Ma(5)) ds
lo

1 t
3 f Zns Ma(La()(S) — a)La(sY Ma()Za s ds.
To

Upon substituting the bounds in (2.5), for certain positive constants Cy, C1, C2, C3, and Cy
we obtain

t
(T — 07 ZaI* < Co+ Cy f I1Za sI(T — )~ " ds
fo
t t
+ Coya + C3 / (T—5) " d+Cy / 1ZasPT =972 (5.6)
fo ]

If we define & = (T —1)~! N ;|I2, then this inequality can be rewritten as

T—1
SrSCo+C2Vn+C310g<T_Z)

t t
+le (T—s)—1/2/§ds+c4/ (T — s)* & ds.
to 0]

By Lemma B.1 in the Appendix this implies

T —t 1 2 !
§t§<\/Co+C2yn+C3log<T f)+§C1(\/T—to—\/T—t)> exp<C4/ (T_S)al)
_ o

Now divide both sides of this inequality by log (1/(T — t)) and consider #, <t < t,4+1. Then
logn <log (1/(T — t)). It then follows that

. I1Za.el1?
lim sup - < Cy(1+2e)+ Cs.
nr (T —nlog (1/(T —1)

Now let ¢ | 0.

5.4. Proof of Corollary 2.1

As A(t) =1, it is easy to see that M(r) = O(1 /(T — t) and LA () = O(1). TNhis behaviour of
M(¢) is also contained in the first inequality of [35, Lemma 8] (in that paper, H corresponds to
M as defined here). Now it is easy to see that the conditions of Theorem 2.2 are satisfied.
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6. Absolute continuity with respect to the guided proposal distribution

6.1. Proof of Theorem 2.6

We start with a result that gives the Radon-Nikodym derivative of Py relative to [Py for
t<T.

Proposition 6.1. For t <T we have

P o X?
d—i(XO)Z 10(0’ -xO) ’i(t’ i)\l—[[(xo),
dIPt p(ov XO) p(tv Xt )

where W, is defined in (2.6).

Proof. Although this result is not a special case of [35, Proposition 1] (where it is assumed
that L = I and that the diffusion is uniformly elliptic), the arguments for deriving the likelihood
ratio of IP} with respect to IP; are the same and therefore omitted. The only thing that needs to be
checked is that 5(z, x) satisfies the Kolmogorov backward equation associated with X. This can
be proved along the lines of Lemma 3.4 and Corollary 3.5 of [40]. Let JE, = O’(X;, 0<s<?p
and set ¥; = (¢, X;). Now

E[Y, | F] = f A(t, )p(s, Xy 1, x) dx
R4

d
=/H;di7(s,5(s; £, X) /Rdim (i?t, x T, j;%ﬁ) d&mt1s - - -, dég
~ d ~ ~
= ‘/l\gdmi)<s’ XS’ Tv Zgjf]) dsm+lv LR | dEd = 15(‘97 XS) = YS

J=1

That is, (Y,, ]-',) is a martingale. If £ denotes the infinitesimal generator of X,, then I =
8/(8t)+£ is the infinitesimal generator of the space—time process (z, Y,). Since ¥; is a
martingale, the mapping (7, x) — p(, x) is space—time harmonic. Then by Proposition 1.7
in Chapter VII of [32], Kp(t,x) =0. That is, p(z, x) satisfies Kolmogorov’s backward
equation. O

This absolute continuity result is only useful for simulating conditioned diffusions if it
can be shown to hold in the limit # 1 7" as well. The main line of proof is the same as in
the proof of [35, Theorem 1], where at various places p and p need to be replaced with p
and p. However, some of the auxiliary results that are used require new arguments in the
present setting. Moreover, the assumed Aronson-type bounds are not suitable for hypo-elliptic
diffusions.

6.2. Proof of Theorem 2.6
We start by introducing some notation. Define the mapping ga : [0, 00) x R? — R™ by

galt, x) = AV — pu(t) — L(n)x)

and note that Zx ; = ga(t, X7). For a diffusion process ¥ we define the stopping time

ox(Y)=T A tei[ng] {ligatt, Y0l = ky/(T — H)log (1/(T — 1)},

https://doi.org/10.1017/apr.2019.54 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2019.54

202 J. BIERKENS ET AL.

where k € N. We write
of =ok(X°) ox=0x(X) of =orX").

Define p = p(0, x9)/p(0, xg). By Proposition 6.1, for any ¢t <7 and bounded, F;-
measurable f, we have

o P X?)] VA (YO
E|lf(X =E[f(X°)p ¥(X°)]. 6.1
[f( )p(t’ X*) [F(X*)p Wi(X®)] (6.1)
By taking f;(x) = 1{r < ox(x)}, we get
- o o ~(t7 X*) *
pEWX)1{t <o} = ]E|:Z(f7 Xi*) 1{t <o} }i|. (6.2)

Next, we take limg_, « lim/4+7 on both sides. We start with the left-hand side. By Lemma 6.1,
for each k € N, supy, <7 W,(X°) is uniformly bounded on the event {T'=o}. Hence, by the
dominated convergence theorem we obtain

lim lim E[¥,(X*)1{t < o¢}] = lim E[W7(X°)1{T < o}].
k—o00 t1T k—00

Since by definition a,f <T, wehave {T < o,f} ={T= a,:’}. Furthermore,

T =0} = 1{ I1ZA .1l < ky/(T — t)log (1/(T — t))} M1 ask— oo,
by Proposition 2.2. Therefore, by monotone convergence,

lim lim E[W,(X°)1{z < o7}] = E[¥7(X°)].
k—o0 1T

It remains to show that the right-hand side of (6.2) tends to 1. We write

p(t, X7)
o(t, X7)

(0, XO)]E|: Ifr < 0;:}} =E[p@t, X)1{t < oy}]

=E[p@, X)] — E[p(t, X)1{t > oy}].

By Lemma 6.3 the first of the terms on the right-hand side tends to p(0, xo) when ¢t 1 7. The
second term tends to zero by Lemma 6.4.
To complete the proof we note that by equation (6.1) and Lemma 6.3 we have
P E[W/(X°)]— 1 as t1 T. In view of the preceding and Scheffé’s lemma this implies that
W, (X°) — Wp(X°) in the L!-sense as t1 T. Hence for s < T and a bounded, F;-measurable,
continuous functional g,
Ao W P XD)
E[gX*)p¥r(X*)] = hm]E[ X)) — |
& "7 g o, X7)
By Lemma 6.3 this converges to E g(X*) as r 1 T and we find that E g(X°)pW7(X°) =E g(X*).

Lemma 6.1. Under Assumption 2.4 there exists a positive constant K (not depending on k)
such that
W,(X°)y<qe < exp (KK?).
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Proof. To bound W,(X°), we will first rewrite G(s, X°) in terms of Za ;, La(¢) and M (?), as
defined in (2.3) and (2.4). By (5.2), we have

F(t, X)) =La(®YMA)Za, and  H(t) = LA() MA(DLA(?).
Here, the expression for () was obtained from
H(t) = — DL(tY M(1)(v — (1) — L()x) = D(L(t) M(t)L(t)x) = L(t) M()L(t).
Hence
G(s, Xg) = (b(s, X5) — b(s, X)) La(s) Ma($)Za s
- %tr([as — a($)ILA(s) MA(S)LA(S))
+ %ZA,S/MA(S)LA(S)[QS — a()ILA(S) MA(S)ZA 5.

On the event {r < o’} we have

1Zall < ky/(T = 1) log (1/(T = 1).
The absolute value of the first term of G can be bounded by
IMAGILA($)B(s, X7) = bls, XD Za s
<(T =57 Zasl
<cim(T — )" /log (1 /(T — s)).

Here we bounded ||[Ma(®)] < Amax(Ma(2)), as in (5.5). The absolute value of twice the second
term of G can be bounded by

tr(La(s)(@s — a())LA(S) Yehmax(Ma (),

just as in (5.4). As for a p x p matrix A we have tr(A) < pAmax(A) = plIA|I? (recall we assume
the spectral norm on matrices throughout), this can be bounded by

m||La(s)(as — a(s)La(s) [*mimax (Ma(s)) < m*c3e(T — 5)>* .
The absolute value of twice the third term of G can be bounded by
1Za s I IMa I La(s)als) — a(s)Lals) |
<KX (T — 5)log (1 /(T — ))eX(T — 5)"2c3(T — 5)°
<K cs(T — )" og (1/(T — ).

We conclude that all three terms in G are integrable on [0, T]. U

Lemma 6.2. For all bounded, continuous f: [0, T] X RY - R,

lim /f(t, xX)p(t, x; T,v)dx=f(T, v).
1T
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Proof. The proof is just as in Lemma 7 of [35]. O
Lemma 6.3. If Assumption 2.5 holds true, 0 <t <thp <---<ty<t<T,and g€ Cb(RNd),
then ~

IimE|gX;, ..., X )'O(t’—X’*) =E[gX}, ..., X )]
T g ™ p(t, X7) n w
Proof. The joint density g of (X;,, ..., X;,), conditional on X;, = xo, is given by
N
qxi, ..., xN) = l_[P(fi—l, Xi—13 liy Xi).
i=1
Hence
P XD)
E|:g(Xt*l,...,XtN) L i|
p(t’ Xt)
p(t, x) pUN, X3 1, X)p(t, x)
=/g(X1, -3 XN) q(xt, ..., xN) dxy ... dxydx
p(t, x) (0, x0)
1
= /g(xl, cos XN, - XN)F (8 B, xy) dixg . die, (6.3)
(0, x0)

where for iy <t <T
F(t; ty, xy) = / p(tn, xn; t, X)p(t, x) dx.

We can assume t > (T + ty)/2. For fixed ty and xy, the mapping (¢, x) — p(ty, xy; t, X)
is continuous and bounded, for ¢ bounded away from fry. By Lemma 6.2 it follows that
F(t; ty, xy) = p(ty, xny) when 11 T. The argument is finished by taking the limit # 1 7" on
both sides of equation (6.3), interchanging limit and integral on the right-hand side and noting
that the limit on the right-hand side coincides with E[g( ;*1, s XP)1

The interchange is permitted by dominated convergence. To see this, first note that g is
assumed to be bounded. Next,

n
/ (Hp(li—l, Xi—15 1, xi))lﬂ(lN, xys 1, 0)p(, x) dxdxg . .. dey < CVT B(t0, x0),
=1

which follows from repeated application of Assumption 2.5. O

Lemma 6.4. Assume that there exists a positive § such that |A(t)|§(T—t)7‘S. If
Assumption 2.5 holds true, then

lim limE[p(z, X,)1 .
Jim tlTnTl [o(t, X)1{t > or}]

Proof. As in the proof of [35, Lemma 5], it suffices to show that

lim linTl]E|:1{,>ak} /p(ak,XJk; t, 2)p(t, z) dzi| =0.

k—o00 t1

Applying Assumption 2.5 and using the Chapman—Kolmogorov relations, we obtain

/p(ak, Xoi t, 2)p(t, 2) dz < Cp(ok, Xop).
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Define Z =v—u) — L(t)f(t. If we denote its transition density by g, then
ﬁ(ta y)za(t’ V_/'L(t)_L(t)y7 T’ 0)’ yERd and re [Oa T)a
since 7(t, x) depends on x only via L(f)x. Define the set

A ={(t,y) €0, T) x R: | A0 — () — L) || = kn(@)},

where () = /(T —t)log (1/(T — t)). Then

E[l{»ak}/p(ok,Xak;t, 2)p(t, 2) dz] SE[ sup  p(7, y)],
(t.y)e Ak

since by definition of ok, [|A(ok)(v — (ok) — L(0x)Xs,) |l = kn(ox). The expectation on the
right-hand side is now superfluous. It is easily derived that Z; satisfies the SDE

dZ, = L(t)G (1) dW,;

and hence for x € R
(t. x; T, 0) = ¢(0; x, M' (1)),

where we denote the density of the multivariate normal distribution in R™ with mean vec-
tor v and covariance matrix Y, evaluated in u by ¢,,(1; v, Y). Hence, stitching the previous
derivations together we obtain

E[l{z>ak}/p(0k,Xak;t, 2)p(t, 2) dz] < sup Bw(0;x, M ().
(.y)e Ak

The right-hand side multiplied by (277)"/? equals

1
IM()|'/? exp ( = 5O = uO) = Ly M@ — () = L(r)y>>,

which can be further bounded by

1
sup |AMIIMa(®)]Y* exp ( = 5 = (O = LWy AOMAOAD — (1) - L(r)y>)
(t,y)eAx

1
< s | A (Amax (M ()™ exp ( — 5 1AM = p) - L(r)y»nzxmm(MA(r»)
(t,y)e Ak

- IA(t)l( ‘ )m/z < 9"2”@2)
< su —_— exp| — =——
te[O,pT) T—1 P 2T —1)

Kn(1)?
< sup (T—0"%"2exp (— ckon(®) )
1€0,7) AT -1

Next, the maximum can be bounded, followed by taking the limit k — oo, to see that this tends
to zero. This is exactly as in the proof of [35, Lemma 5]. U
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6.3. Proof of Lemma 2.3

By absolute continuity of the laws of X and X and the abstract Bayes’ formula, for bounded
Fr-measurable f we have

PO, x0; T, v)

E[f(X) | Xr = v] = —E[f(fo‘ﬂﬁob
T b0, x0: T, v) dPr

XT = V:| .
Hence, upon taking f = 1 and applying Girsanov’s theorem, we get

. ro 1T .
p0, x0; T, v) =p(0, x0; T, V)E[eXP </O n(Xs) dWs — 5/0 In(Xo))? dS) ‘XT = V]

Since 7 is bounded, this implies

T
p(0, x0; T, v) o p(0, xo; T, V)E[eXp ( / n(Xy) dWs)
0

XTZV:|.

Upon defining 7; = fOT nj(XY)Z ds, the Dambis—Dubins—Schwarz theorem implies that the
expectation on the right-hand side equals

J T s i d Jooo~
Efe YL T (%) awd | X =v] = E[CZ/=. Yo X = v].

By boundedness of 7 there exist constants {K| ;};’;1 such that 7; < K;. Hence the right-hand side
of the above display can be bounded by

/ . / . d/ .
d J . d J J
E[ezjtl SUPo<s<K; Wy | X7 = v] — E[ezf:l SUPo<s<k; WS] — | | E[esupos.rskj WS]’

J=1

where the final equality follows from the components of W being independent. The expec-
tation on the right-hand side is finite, the constant only depending on 7. To see this,
if B; is a one-dimensional Brownian motion, then Btzsupogst B has density fz (x) =
We—xz/mlw,w)(x), which implies that E[exp (B;)] < co.

The statement of the theorem now follows by considering the processes X and X started in x
at time s and noting that the derived constant only depends on 7.

7. Discussion

7.1. Extending the approach in [27] to hypo-elliptic diffusions

A potential advantage of the approach of Marchand [27] is that, at least in the uniformly
elliptic case, there is no matching condition for the diffusion coefficient to be satisfied.
Inspecting the guiding term in (1.11), it can be seen that it is also well-defined when
ker(o(t, x)'L’) = {0}, since this ensures that the inverse of La(t, x)L" exists for all t> 0 and
xe R4, Unfortunately, this excludes, for example, the case where the smooth component of an
integrated diffusion process is observed (Example 3.2). Here, the guiding term is given by

T —1
guid, (¢, x) == aL(t)’( / L(t)aL(t) dt) (v — L(t)x).
t
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Now it is tempting to adjust the proposals of [27] in (1.11) in the same way as was done for
guided proposals, by replacing L with L(f). This leads to the guiding term
v — L(t)x

guidy (¢, X) = aL(®)' (L()aL(t) )™ —

This guiding term will not give correct bridges, though. To see this, if =0 then X° =X,
but

. L. . . 0
guid, (¢, x) = gguldl(t, x) with guid,(#, x) = [3(v —xy — (T — D) /(T — t)2:|

(here x; denotes the ith component of the vector x). We stress that guid, (¢, x) was never pro-
posed in [27] and that the guiding term in (1.11) is perfectly valid in the uniformly elliptic case.
The point we make here is that it is far from straightforward to generalise the work of [27] to
the hypo-elliptic setting. Possibly, the correct generalisation of [27] to the hypo-elliptic case is
to take the guiding term of the form

T —1
at, X;’)L(z)’( / L(r)a(r,X?)L(r)’dr) (v — L()X?).
t

This term, however, is unattractive from a computational point of view.

7.2. State-dependent diffusion coefficient

We have formulated our results for state-dependent diffusion coefficients o. The main dif-
ficulty, however, resides in checking the fourth inequality of Assumption 2.4. We conjecture
that the ‘right’ way to deal with this term is to bound

ILa(0)@(@) — alt, XPDLA®'I| S 1 Za -

Then the final term in inequality (5.6) would be replaced with Cy4 fz; (T — s)_2||ZA, S||3 ds.
The conjecture is motivated by the proof of [35, Theorem 2]. Obtaining such an inequality
is not straightforward, as is the corresponding Gronwall-type argument. We postpone such
investigations to future research.

Appendix A. Existence of 7if L =1

When L = I, the existence problem of transition densities has been studied in control theory
as well.

Definition A.1. The pair (B, &) is called completely controllable at s if, for any ¢ > s and
x, y € R?, there exists a function v € L*[s, ] and corresponding solution ¥ of

dY(w) = Bw)Y(u) + 6 w)v(u)) du, Y(s)=x
such that Y(¢) = y.

The following lemma is proved in [19].
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Lemma A.1. The following are equivalent:

(1) (B,&)is completely controllable at s,
(2) non-degenerate Gaussian transition densities p(s, x; t, y) exist,
(3) for arbitrary Gaussian initial data X, the random vector X, is non-degenerate Gaussian

fort>s.

If B, & in (1.8) are constant matrices, complete controllability is equivalent to rank(C) =d,
where the controllability matrix C is defined by

C:=[6, B3,...,B" 5]
(see [19, page 74] or [20, Proposition 6.5]). This provides an easily verifiable condition for
complete controllability.
Appendix B. Gronwall-type inequality
In the proof of Theorem 2.2 we used the following Gronwall-type inequality.

Lemma B.1. Assume t+> {(t) is continuously differentiable and non-negative on [fy, t).
Assume t+— f1(t) and t+— f>(t) are continuous and non-negative on [to, t1). Suppose t — u(t)
is a continuous and non-negative function on [ty, t1) satisfying the inequality

t t
u(t) < (6 + / Fils)y/uts) ds + / Pl ds, 1€ 1o, 1),
IO 0]

t 1 t 2 t
u(t) < (\/C(to)Jr/ IC’(S)IdS+§/f1(S) dS> exp (/ Sa(s) dS>-
1o fo ]

Proof. This is a special case of [1, Theorem 2.1]. In their notation, we have n =2, wi(x) =
X, Wi(x) = 24/x (taking u; = 0), wo(x) = x, Wa(x) = log x (taking up = 1). O

Then

Appendix C. Hypo-ellipticity

Proposition C.1. Consider the diffusion (1.1) with b(t, x) = Bx + B(t, x) for Be R4 and
/

B € C®([0, T] x R RY), and with o € C®([0, T] x RY, R¥*4). Suppose that, for all (1, x) €

0,7T) x RY, the pair (B, o (t, x)) is controllable, that is, the rank of the matrix concatenation

[o(t,x) Bo(t,x) --- B lo(t, x)]

is equal to d. Further, suppose that for all (t, x) € (0, T) x R and all tuples (ng, ny, ..., ng) €
{0,1,...,d— 1)@+,

d
@) [ ] @) B(z, x) € Col o2, x)
i=1
and

d
Col ((Bt)”" 1_[ () "o (2, x)) C Colo(t, x),

i=1

https://doi.org/10.1017/apr.2019.54 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2019.54

Simulation of elliptic and hypo-elliptic conditional diffusions 209

that is, the column spaces of all partial derivatives of B(t, x) and o(t, x), including B(t, x)
itself, belong to the column space of o(t, x). Finally, suppose there exists at most one strong
solution to (1.1) (which is the case if, for example, B and o satisfy a linear growth condition).
Then, for all initial conditions xy and all t > 0, the distribution of X; admits a density function

P, x, y):
Eylf(Xp)] = /R dp(t, x0, V() dy, feCoRY,

and p is a smooth (infinitely often continuously differentiable) function on (0, 00) x R? x R?.

Proof. Write (Uj)jd; | for the columns of o so that
o(t,x)=[o1(t,x) -+ o,( x)]
The Stratonovich form of (1.1) is given by
dx; =E(t, X)dt+o(t, X;)o dW;, Xo=x9, t€]0,T],

where Z(t, x)=Bx+ E (t, x) with coordinates of E given by

. . 1 & .

B0 =p0— 33 ) 0j@o), x).

j=1 I=1

Observe that E(t, x) € Col o (1, x), just like B(z, x).

In particular, the generator of the diffusion (1.1) can be given in terms of the first-order
differential operators

Aof(ta 'x):ad[(t’ x)+<z(t7 x)’ fo(t, x))’ A]f(t’ x): <U](t7 x)v fo(tv x))’ J=1’ "'5d/7

/

as L=Ag+ % Z;lzl .Ajz. In this proof, without further comment, we will use (i) Einstein’s
summation conventiqn, and (ii) the canonic_all identification of first-order partial differen-
tial operators A =a'd; = a’(t, x)9, + Zfl: 1 @'(x)dy; (acting on functions f: [0, 00) x RY —
R) with vector fields [a°(r, x) a'(t,x) - - a(t, x)]" € C®([0, 00) x R?; R x R¥). The
commutator [, U>] of two vector fields Uy, Uy is as usual defined by

(U, U] (2, x) = UnUf (1, x) — UbULf(2, ).
For/=0,...,d— 1, write

V!:=Col[o(t, x) Bo(t,x) --- Blo(t, x)].
Write [-, Ap]’ for taking the Lie bracket with .Aq repeatedly, that is, recursively we define

U, Agl°f =Uf and U, Aol =[1U, Aol Aol, 1=0,1,2,....

We first compute

[Aj. Aolf = o} BLof — (0,0])oif — Bix' (dic}Youf — B'@i0)okf + o (0Bt -
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Observe that the first term represents the operator (Boj, Vf), and the remaining terms assume
values in V9 = Col o(t, x). By iterating we obtain [.Aj, Ao]l =Blo +U, where U, x) e yi-1
for all (¢, x). By the controllability assumption on B and o, the vectors

(LA, Aol(t,x): 1=1,...,d—1,j=1,...,d}
span R for all (¢, x). Adding Ay to the collection of vectors gives that
span{ Ao, [Aj, Aol'(t,x): I=1,...,d—1,j=1,...,d}

has dimension d + 1, for all (¢, x) € (0, T) x R%. The result now follows from Hormander’s
theorem lifted to (0, T') x R4, for example [43, Corollary 5.8]. O
Appendix D. Derivation of the conditioned process

The SDE for the conditioned process, given in (2.1), can be derived using Doob’s
h-transform.

Assumption D.1. The mapping p: Ry x RY — R is C'? and strictly positive.

Suppose 0 < s < t < T. By the Chapman—Kolmogorov equations, for a compactly supported
C>®-function f: R — R we have

EIf(X,) | Xs =, LXr =v] = / forpis.xi b LY g
ps.)

Define g(z, x) =f(x)p(t, x). Using the above display we find that the infinitesimal generator of
the conditioned process, say L*, equals

L (x) = lim ATV EF Xyra) | Xy = X, LX7 =] — f(x))

|
= (s, 0 IAI%A 1(/g(S+A’y)p(S’x;S+A’Y)dy—g(s,x))

J— . _1 _ B
(s, x) lAnf(l) A7 (Elg(s + A, Xs4) | Xs =x] — g(s, X)).

By Assumption D.1, g is a compactly supported C°°-function in the domain of the infinitesimal
generator K of the space—time process (¢, X;). Therefore

1
Lf(x) = ——(Kg)(s, x),

p(s, x)
where
0 1
Ko(s, %)= —-(s, ) + Y bils, ) Digh(s, x) + 5 3 aii(s, 1) Djp(s, ).
i i
Here (and in the following) all summations run over 1, ..., d:
9 d°
D;=— and Diz» = .
3)6,' v 3)6,'3)6.,'
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Using the definition of g, we get

£ =3 | bits. x)+2au<s ) ’(p (Sx)x ") b
f( )
+ 5 Za,,<s x) Djf (x X 2 e ).

ij

We claim (KCp)(s, x) =0 (i.e. p(t, x) satisfies Kolmogorov’s backward equation). The drift and
diffusion coefficients of the conditioned process can then be identified from the infinitesimal
generator L£*. To verify the claim, first note that Z; = p(t, X;) defines a martingale: if Fj is the
natural filtration of X, then

E[Z, | Fy] = / p(s. Xsi 1, )plt, x) dx = Z,

where we used the Chapman—Kolmogorov equations. Therefore (¢, x) — p(t, x) is space—time
harmonic and then the claim follows from [32, Proposition 1.7, Chapter VII].

Acknowledgements

We thank O. Papaspiliopoulos (Universitat Pompeu Fabra Barcelona), S. Sommer
(University of Copenhagen), and M. Mider (University of Warwick) for stimulating discussions
on diffusion bridge simulation.

J. Bierkens acknowledges support by the Dutch Research Council (NWO) for the research
project ‘Zigzagging through computational barriers’ via project number 016.Vidi.189.043.

References

[1] AGARWAL, R. P., DENG, S. AND ZHANG, W. (2005). Generalization of a retarded Gronwall-like inequality
and its applications. Appl. Math. Comput. 165, 599-612.

[2] ARNAUDON, A., HOLM, D. D. AND SOMMER, S. (2019). A geometric framework for stochastic shape
analysis. Found. Comput. Math. 19, 653-701.

[3] BAYER, C. AND SCHOENMAKERS, J. (2014). Simulation of forward-reverse stochastic representations for
conditional diffusions. Ann. Appl. Prob. 24 (5), 1994-2032.

[4] BESKOS, A., PAPASPILIOPOULOS, O., ROBERTS, G. O. AND FEARNHEAD, P. (2006). Exact and computa-
tionally efficient likelihood-based estimation for discretely observed diffusion processes. J. R. Statist. Soc. B
Statist. Methodology 68, 333-382.

[S] BESKOS, A., ROBERTS, G., STUART, A. AND V0SS, J. (2008). MCMC methods for diffusion bridges. Stoch.
Dynamics 8, 319-350.

[6] BEZANSON, J., KARPINSKI, S., SHAH, V. B. AND EDELMAN, A. (2012). Julia: a fast dynamic language for
technical computing. Available at arXiv:1209.5145.

[71 BLADT, M., FINCH, S. AND S@RENSEN, M. (2016). Simulation of multivariate diffusion bridges. J. R. Statist.
Soc. B. Statist. Methodology 78, 343-369.

[8] BROCKWELL, P. (1994). On continuous-time threshold ARMA processes. J. Statist. Planning Infer. 39, 291—
303.

[9] CLAIRON, Q. AND SAMSON, A. (2017). Optimal control for estimation in partially observed elliptic and
hypoelliptic stochastic differential equations. Working paper, available at https://hal.archives-ouvertes.fr/
hal-01621241/.

[10] CLARK,J. M. C. (1990). The simulation of pinned diffusions. In Proceedings of the 29th IEEE Conference on
Decision and Control, 1990, pp. 1418-1420. IEEE.

[11] COMTE, F., PRIEUR, C. AND SAMSON, A. (2017). Adaptive estimation for stochastic damping Hamiltonian
systems under partial observation. Stoch. Process. Appl. 127, 3689-3718.

[12] COTTER, S. L., ROBERTS, G. O., STUART, A. M. AND WHITE, D. (2013). MCMC methods for functions:
modifying old algorithms to make them faster. Statist. Sci. 28, 424—446.

https://doi.org/10.1017/apr.2019.54 Published online by Cambridge University Press


https://arXiv.org/abs/1209.5145
https://hal.archives-ouvertes.fr/hal-01621241/
https://hal.archives-ouvertes.fr/hal-01621241/
https://doi.org/10.1017/apr.2019.54

212 J. BIERKENS ET AL.

[13] DELYON, B. AND HuU, Y. (2006). Simulation of conditioned diffusion and application to parameter estimation.
Stoch. Process. Appl. 116, 1660-1675.

[14] DITLEVSEN, S. AND SAMSON, A. (2019). Hypoelliptic diffusions: discretization, filtering and inference from
complete and partial observations. J. R. Statist. Soc. B 81 (2), 361-384.

[15] DURHAM, G. B. AND GALLANT, A. R. (2002). Numerical techniques for maximum likelihood estimation of
continuous-time diffusion processes. J. Bus. Econom. Statist. 20, 297-338.

[16] GOLIGHTLY, A. AND WILKINSON, D. J. (2006). Bayesian sequential inference for nonlinear multivariate
diffusions. Statist. Comput. 16, 323-338.

[17] HAIRER, M., STUART, A. M. AND VO0sSs, J. (2009). Sampling conditioned diffusions. In Trends in Stochastic
Analysis (London Math. Soc. Lecture Note Series 353), pp. 159-186. Cambridge University Press.

[18] HAIRER, M., STUART, A. M. AND V0SS, J. (2011). Sampling conditioned hypoelliptic diffusions. Ann. Appl.
Prob. 21, 669-698.

[19] HERMES, H. AND LaSalle, J. P. (1969). Functional Analysis and Time Optimal Control. (Mathematics in
Science and Engineering 56). Academic Press, New York and London.

[20] KARATZAS, I. AND SHREVE, S. E. (1991). Brownian Motion and Stochastic Calculus, 2nd edn (Graduate
Texts in Mathematics 113). Springer, New York.

[21] LIN, M., CHEN, R. AND MYKLAND, P. (2010). On generating Monte Carlo samples of continuous diffusion
bridges. J. Amer. Statist. Assoc. 105, 820-838.

[22] LINDSTROM, E. (2012). A regularized bridge sampler for sparsely sampled diffusions. Statist. Comput. 22,
615-623.

[23] LIPTSER, R. S. AND SHIRYAEV, A. N. (2001). Statistics of Random Processes I: General Theory, expanded
edn (Applications of Mathematics: Stochastic Modelling and Applied Probability 5). Springer, Berlin.

[24] Lu, F., LIN, K. AND CHORIN, A. (2016). Comparison of continuous and discrete-time data-based modeling
for hypoelliptic systems. Commun. Appl. Math. Comput. Sci. 11, 187-216.

[25] Mao, X. (1992). Almost sure polynomial stability for a class of stochastic differential equations. Quart. J.
Math. Oxford Ser. (2) 43, 339-348.

[26] MAo, X. (1997). Stochastic Differential Equations and their Applications (Horwood Publishing Series in
Mathematics & Applications). Horwood Publishing, Chichester.

[27] MARCHAND, J.-L. (2012). Conditionnement de processus markoviens. Doctoral thesis, IRMAR, Université
de Rennes 1.

[28] MELNYKOVA, A. (2018). Parametric inference for multidimensional hypoelliptic diffusion with full observa-
tions. Available at arXiv:1802.02943.

[29] MIDER, M. AND SCHAUER, M. (2019). BridgeSDElInference 0.1.1. doi:10.5281/zenodo.3446185.

[30] PAPASPILIOPOULOS, O., ROBERTS, G. O. AND STRAMER, O. (2013). Data augmentation for diffusions.
J. Comput. Graph. Statist. 22, 665—688.

[31] POKERN, Y., STUART, A. M. AND WIBERG, P. (2009). Parameter estimation for partially observed
hypoelliptic diffusions. J. R. Statist. Soc. B Statist. Methodology 71, 49-73.

[32] REVUZ, D. AND YOR, M. (1991). Continuous Martingales and Brownian Motion (Grundlehren der
Mathematischen Wissenschaften 293). Springer, Berlin.

[33] SAMSON, A. AND THIEULLEN, M. (2012). A contrast estimator for completely or partially observed
hypoelliptic diffusion. Stoch. Process. Appl. 122, 2521-2552.

[34] SCHAUER, M. et al. (2018). Bridge 0.9.0. doi:10.5281/zenodo.1406163.

[35] SCHAUER, M., VAN DER MEULEN, F. AND VAN ZANTEN, H. (2017). Guided proposals for simulating multi-
dimensional diffusion bridges. Bernoulli 23, 2917-2950.

[36] S@RENSEN, M. (2012). Estimating functions for diffusion-type processes. In Statistical Methods for Stochastic
Differential Equations (Monogr. Statist. Appl. Probab. 124), pp. 1-107. CRC Press, Boca Raton.

[37] STRAMER, O. AND ROBERTS, G. O. (2007). On Bayesian analysis of nonlinear continuous-time autoregres-
sion models. J. Time Ser. Anal. 28, 744-762.

[38] VAN DER MEULEN, F. AND SCHAUER, M. (2017). Bayesian estimation of discretely observed multi-
dimensional diffusion processes using guided proposals. Electron. J. Statist. 11, 2358-2396.

[39] VAN DER MEULEN, F. AND SCHAUER, M. Continuous-discrete smoothing of diffusions. Available at
arXiv:1712.03807 2017.

[40] VAN DER MEULEN, F. AND SCHAUER, M. (2018). Bayesian estimation of incompletely observed diffusions.
Stochastics 90, 641-662.

[41] VAN DER MEULEN, F. AND SCHAUER, M. (2019). Code examples hypoelliptic diffusions 0.1.0.
doi:10.5281/zenodo.3457570, https://github.com/mschauer/code-examples-hypoelliptic-diffusions.

[42] WHITAKER, G. A., GOLIGHTLY, A., BOYS, R. J. AND SHERLOCK, C. (2017). Improved bridge constructs
for stochastic differential equations. Statist. Comput. 27, 885-900.

[43] WILLIAMS, D. (1981). To begin at the beginning: ... In Stochastic Integrals (Lecture Notes Math. 851), pp.
1-55. Springer, Berlin and New York

https://doi.org/10.1017/apr.2019.54 Published online by Cambridge University Press


https://arXiv.org/abs/1802.02943
https://doi:10.5281/zenodo.3446185
https://doi:10.5281/zenodo.1406163
https://arXiv.org/abs/1712.03807
https://doi:10.5281/zenodo.3457570
https://github.com/mschauer/code-examples-hypoelliptic-diffusions
https://doi.org/10.1017/apr.2019.54

	Introduction
	Literature review
	Review of '13313'135 and '13335'135
	Approach
	Extending '13313'135
	Extending '13335'135

	A toy problem
	Outline
	Frequently used notation
	Inequalities.
	Linear algebra.
	Stochastic processes.


	Main results
	Existence of guided proposals
	Behaviour of guided proposals near the endpoint
	Absolute continuity

	Tractable hypo-elliptic models
	Numerical illustrations
	Numerical checks on the validity of guided proposals

	Proofs of Proposition2.2
	Centering and scaling of the guided proposal
	Recap on notation and results
	Proof of Proposition 2.2
	Proof of Corollary 2.1

	Absolute continuity with respect to the guided proposal distribution
	Proof of Theorem 2.6
	Proof of Theorem 2.6
	Proof of Lemma 2.3

	Discussion
	Extending the approach in '13327'135
	State-dependent diffusion coefficient

	Appendix A. Existence of r if L = I
	Gronwall-type inequality
	Hypo-ellipticity
	Derivation of the conditioned process
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


