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parameters, mapping onto diffusion paths consistent
with observations, form an implicitly defined mani-
fold. Then, by making use of a constrained Hamiltonian
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for a class of discretely observed diffusion models. Criti-
cally, in contrast with other approaches proposed in the
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ing minimal user intervention and applying alike in
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1 | INTRODUCTION

A large number of stochastic dynamical systems are modelled via the use of diffusion processes,
see for example Kloeden and Platen (1992) and Oksendal (2013) and the references therein. An
enormous amount of research has been dedicated to both the theoretical foundations of such
processes and—as with this work—their statistical calibration. Our work lies in the context of
processes observed discretely in time, under a low frequency regime, so that approximations of
typically analytically intractable transition densities are assumed to be inaccurate. In this set-
ting, data augmentation approaches within a Bayesian framework have delivered the prevailing
methodologies, see for example Serensen (2009) and Papaspiliopoulos et al. (2013), as they pro-
vide various model-specific algorithms for treating a number of different specifications of the
structure of the diffusion process and of the observation regime. The performance of the devel-
oped algorithms can be improved via a combination of model transforms, often motivated by the
Roberts-Stramer critique (Roberts & Stramer, 2001)—that the posterior distribution of the diffu-
sivity parameters given a time discretisation of the process degenerates at finer resolutions—and
more efficient Markov chain Monte Carlo (MCMC) kernels.

The work herein provides a natural approach for Bayesian inference over diffusion processes.
Observations are treated as constraints placed on latent paths and parameters. This gives rise
to the viewpoint that the posterior can be expressed as the prior distribution restricted to a
manifold. We apply existing MCMC methods for sampling from distributions supported on sub-
manifolds based on the simulation of constrained Hamiltonian dynamics (see, e.g. Brubaker
et al.,, 2012; Hartmann & Schiitte, 2005; Leliévre et al., 2019; Rousset et al., 2010) to effi-
ciently explore this manifold-supported posterior distribution. This class of methods relies on
symplectic integrators for constrained Hamiltonian systems (Andersen, 1983; Leimkuhler &
Matthews, 2016; Leimkuhler & Skeel, 1994; Reich, 1996). Critically, we leverage the Marko-
vian structure of the diffusion process and Gaussianity of the driving noise to design a scalable
inferential procedure. The main contributions of the proposed methodology can be summarised
as follows:

(i) We provide a new viewpoint and accompanying algorithmic methodology for calibrating
stochastic differential equation (SDE) models. The posterior is expressed as a distribution
supported on a manifold embedded in a non-centred parametrization of the latent path
and parameter space. We then make use of a constrained Hamiltonian Monte Carlo (HMC)
scheme to explore this manifold, jointly updating both the parameters and latent path.

(ii) Unlike other algorithms that are often limited to specific model families, our approach is
highly automated and remains unchanged irrespective of the choice of diffusion and obser-
vation models, including: elliptic or hypo-elliptic systems; data observed with or without
noise; linear or non-linear observation operators.
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(iii) We propose a novel constrained integrator that exploits the Gaussianity of the prior distri-
bution on the pathspace. This leads to an improved scaling in sampling efficiency as the
resolution of the latent path discretisation is refined.

(iv) We propose a scheme to exploit the Markovian structure of SDE models to ensure that the
computational cost of the integrator for the Hamiltonian dynamics scales linearly both with
the resolution of path discretisation and the number of observation times. To the best of our
knowledge, the developed approach for leveraging the Markovian structure of the model is
new.

(v) Our method extends the family of SDEs for which statistical calibration is now attainable.
Consider the class of R*-valued SDEs directly observed (without noise) via a non-linear
function h : R* — RY atafinite set of times, for X > Y > 1. In such a scenario, standard data
augmentation schemes fail (for non-trivial choices of h) as the posterior of the latent vari-
ables given the observations does not have a density with respect to the Lebesgue measure.
In contrast, our method remains applicable and unchanged.

Remark 1 (Criteria). To clarify the position of the framework put forward in this work within
the wide field of statistical calibration for SDEs, we list a number of criteria met by our
algorithm:

(i) It carries out full Bayesian inference for the model at hand.
(ii) It respects the Roberts—Stramer critique: the mixing times remain stable as the
resolution of the path discretisation is refined.
(iii) Itisapplicable in scenarios where data are observed with or without noise; it is stable
in the setting of diminishing noise.
(iv) It is applicable in the case of both full and partial observations. For partial observa-
tions, it accommodates both linear and non-linear observation operators.
(v) It attains the above via a unified and, in principle, automated methodology.

We have chosen the applications in Section 7 to highlight these properties. To our
knowledge, the proposed method is unique in satisfying all of criteria (i)-(v).

The rest of the paper is organised as follows. Section 2 presents a generic class of SDE mod-
els relevant to our work. Section 3 recasts the inferential problem as one of exploring a posterior
distribution supported on a manifold. Section 4 describes the constrained HMC method for
sampling such distributions on implicitly defined manifolds. Section 5 shows how the Marko-
vian structure of SDEs model can be exploited to design a scalable implementation of the
methodology. Section 6 discusses related works. Section 7 illustrates the approach on several
numerical examples, with comments on algorithmic performance and comparisons to alter-
native MCMC methods. Section 8 concludes with a brief summary and directions for future
research.

Notation. Sans-serif symbols are used to distinguish random variables from their realisations
(respectively, x and x). The set of integers from A € Z to B € Z inclusive, B > A, is A : B. Floor and
ceiling operations are denoted |x] and [x] respectively. A symbol subscripted by a set indicates an
indexed tuple, for example Xa.p = (Xs)sea.5- The set of linear maps from a vector space &’ to a vec-
tor space Y is (X, Y). For f : R™ — RY, the Jacobian of f is of : R® - R™™and forf : R" - R,
its gradient and Hessian are Vf : R™ — R" and V?f : R — R, For a multiple argument func-
tion g, the Jacobian with respect to the ith argument is denoted 0; g and dg = (018, 0.8, - - -)- The
concatenation of vectors x and y is denoted [x;y] and the concatenation of a tuple of vectors x; .y
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is [x1.x] = [*x1; - - - ;%] with the operation acting recursively, for example [x;.y;y] = [[*1:5]; Y]
The determinant of a square matrix M is |[M|. The N X N identity matrix is Iy. The block diago-
nal matrix with M;.y left-to-right along its diagonal is diag M;.y. The N-dimensional Lebesgue
measure is Ay. The set of Borel probability measures on a space X’ is B(X).

2 | DIFFUSION MODEL
We consider the task of inferring the parameters of Itd-type SDEs of the form
dx(7r) = a(x(r),z)dr + B(x(t), z)db(7) (D)

defined on a time interval 7 C Ry, where z is a Z C R?-valued vector of model parame-
ters, x a X = R¥-valued random process, b a B = RE-valued standard Wiener process, a :
X X Z — X the drift function and B : X X Z — (5, X) the diffusion coefficient function. This
time-homogeneous SDE system can be characterised by a family of Markov kernelsx, : X X Z —
P(X) with k. _.(x,z)(dx) the probability of x(z') € dx given (x(z) = x, z = ), for (r,7',x,2) €
T X T x X x Z.The parameter z is assigned a prior distribution y € B(Z) and, given z, the initial
state x is given a prior v : Z — P(X).

We assume the system is observed at T times with a fixed inter-observation interval A > 0 and
T =[0,TA]. The Y C R¥-valued observed vectors y,.; are then defined foreacht € 1: Tasy, =
h(x(tA),z,w.) with h : X X ZX W — Y the observation function, and w. ~ 5 the observation
noise vector at time index t with distribution # € (W) and W C R".

Remark 2 Two common special cases of our observation model are

(i) Noiseless observations: h(x,z,w) := A(x) with Y < Xand W =0,
(ii) Additive (Gaussian) noise: h(x, z, w) := A(x) + L(z)w (and 1 = N'(0, I)).

In the former case the observation noise vectors wy.r can be omitted from the model.
Our methodology readily extends to irregular observation times and time-varying model
specification—for the SDE and the observation parts—however, for brevity of exposition,
we only describe the equispaced and time-independent case here.

In general, it is neither possible to exactly sample from the Markov kernels x, nor evaluate
their densities with respect to the Lebesgue measure on X. We thus adopt a data-augmentation
approach (Elerian et al., 2001; Roberts & Stramer, 2001) and consider a discrete-time model
formed by numerically integrating the original SDE; although this will introduce discretisation
error, the error can be controlled by using a fine time resolution. We split each interobserva-
tion interval into S smaller time steps § = %. Given a time discretisation, a variety of numerical
schemes for integrating SDE systems are available with varying levels of complexity and con-
vergence properties (Kloeden & Platen, 1992). The schemes of interest in this article can be
expressed as a forward operator f; : Z x X X RV — X defined such that, given parametersz € Z,
a current state x € X and a random vector v ~ N (0, ), J5(z,x,v) is approximately distributed
according to xs(x, z) for small time steps 6 > 0. The simplest and most commonly used scheme
is the Euler-Maruyama method, where V = B and f;(z,x,v) = x + da(x,2) + 6 éB(x, Z)v. Impor-
tantly, the methodology developed in this article straightforwardly accommodates higher order
methods, such as the Milstein scheme (Mil’shtejn, 1975).
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For a particular choice of numerical scheme, given the parameters z ~ ¢ and initial position
Xo ~ v(2), the states at all subsequent time steps x;.gr are iteratively generated via the forward
operator f; with xs denoting the discrete time approximation to the continuous time state x(sé).
The observationsy; . are computed from the discrete time state sequence x; . gr via the observation
function h and observation noise vectors w;.r. The overall generative model is summarised in
Model 1.

Model 1 Time-discretised diffusion generative model.

function gy y (2, o, v1:st, Wi:t) zZ~
for s € 1:5t xo ~ v(2)
s = f5(2, s_1,v5) ve ~ N(0,Iy) Vs € 1:ST
if smodS=0 wg ~ 7Vt € 1T
Ys/s = h(xs, 2, wg)s) X1:sTs Y1.1 = 9x.,y.(Z, X0, V1:5T, W1.T)

return Ti.s¢, Y1t

3 | INFERENTIAL OBJECTIVE ON A MANIFOLD

We are interested in computing expectations with respect to the joint posterior of z, xg, X3:s7,
given observations y, .. = y;... However, the states at nearby time steps will be highly depen-
dent under the prior on x;.gr for small 6. Such strong dependencies are characteristic of centred
parametrisations of hierarchical models, and have a deleterious effect on the performance of many
approximate inference algorithms (Betancourt & Girolami, 2015; Papaspiliopoulos et al., 2003,
2007).

3.1 | Non-centred parametrisation

One can instead choose to parametrise the inference problem in terms of the latent vectors v; . g
used to numerically integrate the SDE. Given values for z, xo and v; . g7, the state sequence x;.gr
can be deterministically computed. Such a reparametrisation has the property that, under the
prior, all components of the latent vectors v;.gr are independent standard normal variables. We
further assume the following.

Assumption 1 There exist functions g, : R” - Z and 8, ' Z X RY% — X and correspond-
ing distributions i € PRY), ¥ € PRY) with strictly positive smooth density functions
with respect to the Lebesgue measures Ay and Ay, respectively, such that g,(u) ~ x4 and
ng(z, Vo) ~v(z) Vz € Zifu~ jjand vy ~ 7.

Under such parametrisation in terms of q := [u; vg; vq.g7; Wi 7] all of (u,vg, vi.g7, Wy.r) are
then a-priori independent and the resulting prior distribution p € P(R?) with Q = U+ Vo +
STV + TW, has a density with respect to the Lebesgue measure Ao,

d di dv ST 1 T d
afé(hulw;vLST;Mn;TD x aﬁi(u)a}§;0m)!;[eXp(-Evlvs)!;[aﬁa(uk). ()

Model 2 gives the generative model under this non-centred parametrisation and defines a
function g, which generates observations given values for the latent variables. The observations
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can be thought of as imposing a series of constraints on the possible values of the latent vari-
ables q; under additional assumptions on the regularity of the mapping g, from latent variables
to observations, the set of q values satisfying the constraints will form a differentiable manifold
embedded in R?. The posterior distribution on q given y;.. = y,.; will not have a density with
respect to the Lebesgue measure 4, as the manifold it has support on is a Ao-null set. In the fol-
lowing section, we show, however, that by using a different reference measure we can compute a
tractable density function for the posterior.

Model 2 Non-centred parametrisation of generative model.

function gy (u, vo, v1.s¢, Wi:t) un~ i
z = g,(u) vg ~ I
x) = gy, (2, 0) ve ~ N(0,Iy) Vs € 1:ST
T1:8t; Y1:t = gxz,y:(z,wO:'Ul:Stawlzt) We ~ 1) vt e LT
return y;.¢ Yir = Qy;(uv V0, V1:sT, WI.T)
3.2 | Target posterior on manifold

We define a constraint function ¢ : R? - R¢ with C = TY < Qas

c([u; vo; vi:sri wiirl) 1= [y (W, Vo, Vi:sr, Wiin)] — [¥1:2], (3)

with the set of values on the manifold M := {q € R? : ¢(q) = 0} corresponding to all inputs of
g, consistent with the observations. We make the following assumption.

Assumption 2 The constraint function c is continuously differentiable and has Jacobian dc
which is full row-rank p-almost surely.

The differentiability requirement will be met if f;, g,, g, and h are all themselves continuously
differentiable with respect to each of their arguments. The rank condition on the Jacobian requires
that the observed variables do not give redundant information about the latent variables, that is
no observed variable can be expressed as a deterministic function of a subset of the other observed
variables. In the case of observations subject to Gaussian additive noise this will always be satisfied
if the noise covariance is full-rank. In the noiseless observation case, the condition will be met
if no component of the state at an observation time xg. is fully determined by the state at the
previous observation time xs—;) and parameters z, and the function # : X — Y has Jacobian
with full row-rank everywhere.

Under these assumptions M will be a D = Q — C dimensional differentiable manifold embed-
ded into the Q dimensional ambient space. The posterior distribution z € P(R?) on q given
¢(q) =0 (and so y;.r = y;.¢) is supported only on M. Note that M has zero Lebesgue measure,
so z does not have a density with respect to A. To define an appropriate reference measure we
further assume the following.

Assumption 3 The ambient latent space R? is equipped with a metric tensor with a fixed positive
definite matrix representation M.

A possible reference measure is then the D-dimensional Hausdorff measure 7 on the ambient
space, which has the required property that « is absolutely continuous with respect to 7. For
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measurable subsets A C M, we have that o)/ (4) = #)/(A) where ¢/, is the Riemannian measure
on the manifold M with metric induced from the ambient metric (see Lemma S3.2 in Section
S3 in the Supplementary Material). As later results will be more naturally stated in terms of the

Riemannian measure, we will use aﬁ’fl as the reference measure here.

Proposition 1 Under Assumptions 1-3, the posterior = has a density

A7 o 32 “Loe(q)"|":
4o (@) x dAQ(q)IOC(q)M oc(q) | 2. 4)

A proof is given in Section S3 in the Supplementary Material. See also Rousset et al. (2010),
Diaconis et al. (2013) and Graham and Storkey (2017). The negative log posterior density thus
reads

d 1
£(g) := —log d—;;(q) + 5 log [Gu(@)l.

where the C X C matrix Gy(q) := de(q@)M~'oc(q)" is termed the Gram matrix.

4 | MCMCONIMPLICITLY DEFINED MANIFOLDS

In this section, we review MCMC methods for sampling from a distribution supported on an
implicitly defined manifold. We stress at this point that we do not design a fundamentally new
such MCMC method but instead rely on modifying and combining existing methodologies. In par-
ticular, we adopt a symplectic integrator for constrained Hamiltonian systems (Andersen, 1983;
Leimkuhler & Matthews, 2016; Leimkuhler & Skeel, 1994) to simulate Hamiltonian dynamics tra-
jectories on the manifold, and use this as a proposal generating mechanism within a Hamiltonian
Monte Carlo (HMC) scheme (Betancourt, 2017; Duane et al., 1987; Neal, 2011). The use of con-
strained Hamiltonian dynamics within an HMC context has been previously proposed multiple
times—see for example Hartmann and Schiitte (2005), (Rousset et al. 2010 Chapter 3), Brubaker
et al. (2012) and Leliévre et al. (2019). We refer the interested reader to Arnol’d (2013) and Holm
et al. (2009) for general background on constrained mechanics and to (Barp 2020 Chapter 3) for
a comprehensive review of HMC on manifolds.

41 | Constrained Hamiltonian dynamics

To define the constrained Hamiltonian system, we first augment the latent vector q, henceforth
the position, with a momentum p. Formally the momentum is a co-vector, that is a linear form
in (R?,R) and the metric on the position space induces a co-metric on the momentum space
with matrix representation M~!. As a common abuse of notation, we will not distinguish between
vectors and co-vectors and simply consider p as a vector in R? equipped with a metric with matrix
representation M~1. The Hamiltonian function h : R2 x R — R is then defined as

hg.p) :=£(@+3p"M'p. ®)

Thus far we have an unconstrained Hamiltonian system. To restrict q to M, we introduce a
Lagrange multiplier function 4 : R? x R? — R€ implicitly defined so that constraint ¢(q) = 0 is
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enforced, at all times, in the following dynamics. The constrained Hamiltonian dynamics asso-
ciated with the Hamiltonian in Equation (5) are then described by the system of differential
algebraic equations (DAE)

d d

The condition that the primary constraints, c(q) = 0, are preserved in time implies a set of

secondary constraints of the form oc(q)M~'p = 0.

Definition 1 The set of momenta satisfying the secondary constraints at a position q coincides
with the co-tangent space of the manifold M at q, denoted

T;M :={peR?:dc(@M'p=0}.

Definition 2 The set of positions and momenta in the manifold and corresponding co-tangent
spaces, respectively, are termed the co-tangent bundle, denoted

T'M:={qeMpeTiM} ={qeR%peR?: c(q)=0,dc(gM 'p=0}.

Remark 3 T*M is a symplectic manifold with a symplectic form given by the restriction of the
symplectic form on R? x R? to T*.M, which under Assumptions 2 and 3 is almost surely
non-degenerate.

Definition 3 The symplectic form on T*M induces a volume form and corresponding Liouville
measure denoted o1+, Which can be decomposed as

orm(dg, dp) = o} (dg) 07!, (dp). @)

which is independent of the choice of M (Rousset et al., 2010, proposition 3.40).

The flow map associated with the solution to the DAEs in Equation (6) is CD?“ T T'M > T*M,
such that for (g(0), p(0)) € T*M and ¢ > 0 we have (q(¢t), p(t)) = (D?”(q(O), p(0)). Fundamental
properties of d)?” are that it is energy conserving and symplectic.

Proposition 2 The Hamiltonian in Equation (5) is conserved under the flow map (13?”.

Proposition 3 The flow map @f’“ preserves the symplectic form on T* M.

See for example Leimkuhler and Reich (2004 Chapter 7). Proofs are also given in Sections S5
and S6 in the Supplementary Material. Together these properties mean the flow map <I>i’“ has an
invariant measure on T* M.

Corollary1 The conservation properties in Propositions 2 and 3 imply that the measure {(dq, dp)
exp(—h(q, p))orr(dq, dp) is invariant under the flow map CID?C corresponding to the con-
strained dynamics in Equation (6).

Using the definitions in Equations (5) and (7), it readily follows that the target posterior
7(dq) «x exp(—¢ (q))aﬁ(dq) is the marginal distribution on the position under the invariant mea-

sure ¢. Thus, the flow map @?” can be used to construct a family of Markov kernels which
marginally leave x invariant.
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4.2 | Momentum resampling

As the dynamics remain confined to a level-set of the Hamiltonian in Equation (5), a Markov
chain constructed by iterating d)?” will not be ergodic. By resampling the momentum between

dD?” applications we can however move between Hamiltonian level-sets.
To orthogonally (with respect to the co-metric) project a momentum onto Ty M, the co-tangent
space at q, we apply the projector Py(q), defined as

Pu(q) =1y — 0e(q)" Gu(g) ' oc(@)M ™. (®)

Using Py, we can independently sample a momentum from its conditional distribution given the
position under the measure ¢ by projecting a sample from N (0, M).
Proposition 4 If p ~ N'(0, M) then p = Py (q)p is distributed with density exp(—p"M~'p/2) with

-1

respect to aAfM, the distribution of p | q=q forq,p ~ ¢.
q

See Section S7 in the Supplementary Material for a proof.

4.3 | Numerical discretisation

In general, the system of DAEs in Equation (6) will not have an analytic solution, and we are
required to use a time discretisation to approximate the exact flow map (Dfl”. We will first introduce
a class of symplectic integrators for the unconstrained Hamiltonian system before showing how
they can be used to construct a symplectic integrator for the constrained Hamiltonian system.

4.3.1 | Unconstrained integrator: Stormer—Verlet and Gaussian splittings

A standard approach for defining symplectic integrators for Hamiltonian systems is to split the
Hamiltonian into a sum of components for which the exact corresponding flow map can be com-
puted, with a splitting of the form h(q, p) = h1(q) + h2(q, p) particularly common. If @?1 and (I)?2
denote the flow maps associated with the dynamics for Hamiltonians h; and h,, respectively, then

the symmetric composition ¥, = @?/12 ) <I>f’2 o Qi‘/lz is a symplectic and second-order accurate inte-

grator for the Hamiltonian system (Leimkuhler & Reich, 2004). Furthermore, as both CIJill and CIJi12
are time-reversible, ¥, is also time-reversible.

Various choices can be made for splitting the Hamiltonian of interest in Equation (5) between
hy and h,, subject to the requirement that the flow map dbflz can be computed, with CDill (q.p) =
(q,p — tVhi(q)) always trivial to compute. An obvious splitting is h1(q) = £(q) and hy(q,p) =
% p'™M~1p; in this case @f’z(q, p) = (g +tM~'p,p). The composition then corresponds to the
Stormer-Verlet integrator (Verlet, 1967).

In our setting, the log prior density on the ambient space logdp/d A, is quadratic in the com-
ponents of the position q corresponding to v; . gr due to their standard normal prior distribution. It
will typically also be possible to choose an appropriate parametrization such that the prior densi-
ties dji/dAz, dv/dAx and di/d Ay are equal to or well approximated by standard normal densities.
An alternative splitting, which can be useful in this setting, is then h1(q) = £(q) — %qTq, hy(q,p) =

%qTq + %pTM‘lp, with the simplification h;(q) = élog |Grm(q)| when logdp/dig(q) = —%qTq.
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The quadratic form of h, and corresponding linear derivatives mean the corresponding flow map
is still exactly computable. If we let R be an orthonormal matrix with the normalised eigenvec-
tors of M1 as columns and Q a diagonal matrix of the square-roots of the eigenvalues such that
M~! = RQ?’R" then we have that

q)fZ(q, p) = (Rcos(QOR"q + RQsin(QNR"p, R cos(QNR'p — RQ ™' sin(QNR'g) .

This splitting and corresponding integrator has been used previously in various settings (Beskos
et al., 2011; Beskos et al., 2013a; Neal, 2011; Shahbaba et al., 2014). Importantly as the flow-map
@?2 exactly preserves Gaussian prior measures, under certain assumptions the change in Hamil-
tonian over a trajectory generated using the integrator does not grow as the dimension Q of the
space is increased, so the probability of accepting a proposed move from the trajectory remains
independent of dimension for a fixed step size. This in contrast to the Stormer—Verlet integrator
for which for a fixed step size the accept probability will tend to zero as the dimension becomes
large (Beskos et al., 2011).

In the context here of inference in partially observed diffusion models, as the time step 6 of
the discretisation of the diffusion is decreased (or equivalently S increased), the dimension of
set of latent noise vectors v;.gr and so q will increase, with the prior distribution on q tending
to a distribution with a density with respect to an infinite-dimensional Gaussian measure in the
limit 6 — 0. As here the target posterior distribution has support only on a submanifold of the
ambient space, the results of Beskos et al. (2011) do not directly carry over, however, empirically
we have found that a constrained integrator based on this Gaussian splitting gives an improved
scaling in sampling efficiency with S compared to the Stormer—Verlet splitting as we illustrate in
our numerical experiments in Section 7.

432 | Constrained integrator

We now show how a constraint-preserving symplectic integrator can be formed from the uncon-
strained integrator ¥;. In (Reich 1996 section 3.1) it is observed that the map defined by I1,(q, p) =
(q.p — 0c(q)"A(q, p)), with g € M, is symplectic for any function A that is sufficiently regular
(e.g. continuously differentiable). Reich (1996) then shows that if a second-order accurate sym-
plectic integrator for an unconstrained system with Hamiltonian as in Equation (5) is defined by
the map ¥, then the integrator with step defined by the composition (¢, p’) = I1;s o ¥, o I1,;(q, p),
with A implicitly defined by solving for the primary constraints, ¢(q’) = 0, and 1’ by solving for
the secondary constraints, de(q’)M~'p’ = 0, is a second-order accurate symplectic integrator for
the corresponding constrained system.

Rather than composing instances of IT; with the overall map ¥, as proposed by Reich (1996),
we can instead consider composing I1; with the component maps which make up ¥, to enforce
the constraints within each ‘sub-step’. This was proposed for the specific case of ¥, corresponding
to a Stormer—Verlet integrator in the geodesic integration algorithm of Leimkuhler and Matthews
(2016).

For a general quadratic h, (covering both the Stérmer—Verlet and Gaussian splittings intro-
duced above), the associated component flow-maps d)?l and d)?z can be expressed for suitable

choices of matrices (I7?, [7?, TP, T77) as

@' (q.p) :=(q.p - (VI (), ®*(g.p) := (T*q+T%¥p,P9gq +TPPp). 9)
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First considering the flow-map <I>i’1 , we define the constraint-preserving composition
E(@.p) :=T1,09"(@.p) = (¢.p — tVhi(q) — de(@)"2). (10)

with 4 implicitly defined by the condition Ei’l (q.p) € T*M VY(q,p) € T*M. Solving for 1 yields
the explicit definition E?l (% p) :=(q,Py(q@)(p — tVhi(q))). As E;ft o Ehf“(q, p) =(q,p) for all
(g.p) € T"M, the mapping Z " is time reversible. Now considering the ®,* map, we first consider

the composition
CI)?2 oIl (q.p) = (IT'q+ T (p—oc@)'A) . IV g+ TP (p — oc(@)' 1)) (11)
with A implicitly defined by requiring the following to hold for any (q, p) € T*M,
c(IPiq+I’p—TPocg)'2) = 0. (12)

For general constraint functions c, this is a non-linear system of equations in 4 that needs to be
solved using an iterative method. Newton’s method gives the update

,
(g5.p5) = @ (q.p — dc(@)"45) .

_ -1
Ay =4y + (0e@)(II?) " oc@" ) e(g;)  with 4o =0. (13)

Assuming for now the iterative solver can find a value for A to satisfy Equation (12), the com-
position in Equation (11) preserves the primary constraints, but not the secondary constraints in
general. The secondary constraints can be enforced by composing with a further instance of the
map II, resulting in the overall composition E?z(q, p) :=Ilyo (I)i’2 oIl;(q, p) with A’ implicitly
defined by the condition Ef‘z(q, p) € T"M V(q, p) € T*M. This can be explicitly solved for ' to
give E?z(q, p) = (q. Py(@)p) with (q,p) = d)?z oII,(q, p) as defined in Equations (11) and (12).

For sufficiently small t and sufficiently smooth constraint functions, it can be shown that there
exists a locally unique solution to Equation (12) (Brubaker et al., 2012; Leliévre et al., 2019). In
general, though, there may be multiple or no solutions, and even if there is a unique solution
the iterative solver may fail to converge. This lack of a guarantee of converging to a unique solu-
tion presents a challenge in terms of maintaining the time-reversibility of the 5?2 step and so the
overall integrator.

To enforce reversibility on Efz, we apply a reversibility-check transform R defined such that
R(Eﬁ'z)(q, p) = ”?2(q, p) for all (q,p) where EE ) Ei’z (q,p) = (q, p), with (g,p) values for which the
condition is not met causing evaluation of R(E?Z)(q, p) to raise an error. Similarly if the iterative
solves in the evaluation of either the forward Ei’z or time-reversed Ei’z maps fail to converge an
error is also raised. The map R(Ei’z) is then by construction reversible unless an error is raised
that can be suitably handled downstream by the HMC implementation. The approach of using
an explicit reversibility check in MCMC methods using an iterative solver was first proposed
by Zappa et al. (2018) with subsequent application within the context of constrained HMC in
Graham and Storkey (2017) and Leliévre et al. (2019).

With the reversibility check, the map R(E?z) is guaranteed to be time-reversible if it does
not raise an error. As Ef” is also time reversible and both maps are symplectic, the integrator
=M

—hy\ —h ' . . . .
E ) oR(E,?) °5t/12 defines a time-reversible symplectic map on T*M whenever an error is not
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raised. In practice, the equality conditions indicating whether the iterative solver has converged
and the reversibility check is satisfied, are both relaxed to an error norm being less than tolerances
6. and 6, respectively. Further details of the implementation of the integrator and its relation to
previous work are given in Section S8 in the Supplementary Material.

4.4 | Choice of metric matrix representation M

We recommend choosing M = cov(q)~! for q ~ p, that is the precision matrix under the prior
p; this requires that p has finite second-order central moments. While there is no fundamen-
tal requirement for M to match the prior precision matrix and so a different choice of M could
be used when cov(q)~! is not defined, heuristically we find that the performance of the pro-
posed methodology is improved when p is exactly or ‘close to’ Gaussian in all components, and
this can usually be arranged by transforms of u, vy and w; . and corresponding reparametrisa-
tions of (i1, g,), (V, gXO) and (n, h). The constrained Hamiltonian dynamics in Equation (6) with
M = cov(q)~! are equivalent to the dynamics under a linear transform q' = L"q with LLT = M for
which cov(q’) = I, and normalising for the prior scales and correlations in this manner appears
to improve the robustness and efficiency of the algorithm.

4.5 | Overall algorithm

Pseudo-code corresponding to applying the reversible, constraint-preserving and symplectic inte-
grator with step Ei’/lz oR(E*)o Efl/lz within a HMC algorithm is summarised in Algorithm 1. Any
errors raised when integrating the trajectory by iteratively applying the CONSTRSTEP function
are handled by terminating the trajectory and the HMC transition returning the initial state,
that is a ‘rejection’. Although for simplicity we have described in Algorithm 1 the use of a
constraint-preserving integrator within a Metropolis-adjusted HMC algorithm with a static inte-
gration time It per chain iteration, in practice we use a HMC algorithm which dynamically adapts
the integration time It, in particular the dynamic multinomial HMC algorithm described in the
appendix of Betancourt (2017), an extension of the No-U-Turn-Sampler algorithm (Hoffman &
Gelman, 2014). We also use the dual-averaging scheme of Hoffman and Gelman (2014) to adap-
tively tune the integrator step-size t in a warm-up sampling phase to target an acceptance statistic
of 0.8. A general purpose implementation of the full algorithm is provided in Python package Mici
(Graham, 2019), which we use in the numerical experiments in Section 7.

We have found the suggested defaults values for the various algorithmic parameters work well
in practice for a range of different models. This therefore results in an automated methodology
with a practitioner only needing to specify functions to evaluate the log prior density logdp/d g
and constraint function ¢ for the diffusion model in question, with the required derivatives of
these functions being able to be constructed algorithmically (Griewank & Walther, 2008).

5 | COMPUTATIONAL COST

We can apply Algorithm 1 to perform inference in partially observed diffusion models by tar-
geting the manifold-supported posterior distribution in the non-centred parametrisation of the
time-discretised model described in Section 3.2. While this approach allows significant generality
in the choice of the elements of the diffusion and observation model, it can be computationally
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Algorithm 1 Hamiltonian Monte Carlo with a constrained symplectic integrator.

Inputs: (reasonable default values for parameters are given in parenthesis)
q : current state with |le(q)| < 6., t : integrator time step,
0. : constraint tolerance (1077), I : number of integrator steps / sample,
f,: position change tolerance (107%),  J: maximum Newton iterations (50).
Outputs:

q' : next state with ||e(q')|| < 6. and if g~ 71 = ¢’ ~ 7.

1 function =1 (q, p, t) 19 function CONSTRSTEP(q, p, t)
2 return (q, Py(q)(p —t Vhi(q))) 20 (g.p)=Z"(q,p,t/2)
21 (q,p) = REVERSIBLEZ"2(q, p, 1)

function ="2(q, p, 1) 22 return Z"i(q,p,t/2)

3
4 (Aq) =(0,9)

5 for jel:J 23 p~ N(0,M)

6 (d',p') = ¢;*(q,p — dc(q)" ) 24 p = Pry(q)p

7 e=c(q) 25 (q',p') = (q,p)

8 if ||e|| < 6. and |q@’ — q|| < 4, 26 try

9 return (¢', Py (q')p’) 27 foriel:I

10 A=A+ (0c(q)(IPP)Loc(q)T) e 28 (¢',p") = CONSTRSTEP(q, p, t)
1 a=q 20 u~U0,1)

12 throw INTEGRATORERROR 30 if u > exp(h(q,p) — h(q',p))
13 function REVERSIBLEZ"2(q, p, t) 31 (¢ p) = (¢, —p)

14 (¢,p)= =ha (q,p,1t) 32 catch INTEGRATORERROR

15 (qr.pr) =="(q,p', 1) 33 (¢.p) =(q.-p)

16 if lg — gl > 20,

17 throw INTEGRATORERROR

18 return (¢',p’)

expensive to run. To analyse the cost of Algorithm 1 in this setting, we make the following
simplifying assumption.

Assumption 4 The Newton iteration to solve (12) converges within J iterations for some J > 0
that does not depend on S and T, for fixed ¢, 6. and 6,.

This assumption appears to hold in practice, and we provide numerical evidence to this effect
in the numerical experiments in Section 7. We then have the following.

Proposition 5 Under Assumption 4, the computational cost of a single constrained integrator step
in Algorithm 1 when directly applied to the posterior density (4) of the generative model in
Model 2 is O(ST?).

A proof is given in Section S1 in the Supplementary Material. The cost of Algorithm 1 when
applied directly to the posterior distribution with density in Equation (4) therefore scales lin-
early with the number of discrete time steps per observation S but cubically with the number of
observation times T.

5.1 | Exploiting Markovianity for scalability

While we have so far considered only sampling from the posterior distribution on latent variables
(u, Vo, V1.1, W1:T) given observations y; .., the constrained HMC approach we have described can
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be applied to sampling from any conditional distribution of the joint distribution on observations
and latent variables under the generative model, of which the target posterior distribution is just
one example.

One way to improve the scaling of the computational cost with respect to the number of
observation times is therefore to restrict the information flow through the state sequence x; gt
by conditioning on a set of intermediate states in the sequence. Due to the Markovian nature of
the state dynamics, the state sequences xg.5—; and Xg;1:s7r are conditionally independent given
the state x; and the parameters z for any s € 1: ST. As a consequence under the non-centred
parametrisation of the generative model in Model 2, we have that if we condition on the interme-
diate state xg. at the t™ observation time then we can independently generate the observation
sequences y;.. and y. .y from respectively (u, vo.st, Wy :¢) and (U, Vse41:s7> Wet1:7)-

We can extend this idea to conditioning on multiple intermediate states in the sequence.
If at B—1 observation time indices t;.z_; € 1:T, the full state is conditioned on, xs¢, =
Xse, Vb € 1:B — 1, then we have that the observation subsequence y.,_,.¢, and conditioned
state xs¢, depend only on the latent variables (u,vst, ,11:st,,We, ,+1:t,) foreachbe€1:B -1
(with to = 0) and the final observation subsequencey, _ .. depends only on the latent variables
(U,VStB,1+1:ST, WtB,1+1:T)-

Due to these conditional independencies introduced when conditioning on the values of
(Xs¢, )P}, We can ‘split’ the generation of the state sequence in to B independent calls to a func-
tion which given a conditioned state xs.,_, generates the subsequence of states for step indices
Stp-1 + 1: Sty and outputs the observations Ve,  +l:c, and final state xs¢, of the subsequence
(or just observations y.__ .7 for the final subsequence). For noiseless observations, y, is com-
pletely determined by xs:,, and so onlyy, _ ,1.¢, 1 and xs¢, should be returned for the non-final
subsequences. The resulting conditioned generative model is summarised in Model 3.

Model 3 Generative model conditioning on intermediate states (xss, )E_1.

function gy(u, vy, vi.st, Wi, b) u~f

z = g,(u) Vg ~ U

Ty = gx,(2,v0) if b=1 else vy vs ~ N(0,Iy) Vs € 1:ST

Ti:st, Yt = ng,y:(szOv'l]l:St?wl:t) wy ~ 1Vt e LT

if b#B Y1 = gy(u,vo, Vi:se,, Wit , 1)
return [yi.¢; Tst) for b € 2:B #tg=T

else V., W. = Vgt, ;+1:Stys Wty +1:t,
return [y;.] Yo = gy(u, ®st,_,, V., W., b)

Using g; from Model 3, we can then define partial constraint functions

1w, [vo; viise, ] [Wiie, D) 1= g5, Vo, V1:5e, Wi, 1) =y, and Vb €2 1 B
(@, [Vse, 41:se, ) [We, 4110, ) 1= 85(W, Xse, |5 Vst 4118t We,  +1:t,,0) =Py
withy, = [ye, 41:¢,3%se, ] VD € 1:B—1andy, = [y, ;q.7]. We then define, respectively, par-

titioned and full constraint functions ¢ : RY x RV STV x R™ — RC€ and ¢ : R? —» R, with ¢ =
(B — 1)X + TY the number of constraints, as

¢ (u, i), wip]) 1= c ([ V5 Wie]) = [(eo@, Vo, W), ;0] - (14)
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The Jacobian of the full constraint function will then have the block structure de([u; v;w]) =
[orc(u. v, w) o,e(u,v,w) 0sc(u,v,w)| with d;¢(u, v, w) a dense C X U matrix, and 9; c(u, v, w)
for i € {2,3} block diagonal CX (Vo+STV) (i =2) and CXTW (i =3) matrices with
dsc(u, [vy:s], [wi:g]) = diag(d; co (U, Vo, Wp))per:z.

As u, [vg:sr] and [w;.r] are independent under the prior p, under the recommendation in
Section 4.4 the metric matrix is M = diag(M,,, M,,, M,,) with M, a U X U matrix, M, a (Vo + STV) X
(Vo + STV) block-diagonal matrix and M,, a TW X TW block-diagonal matrix. The Gram matrix can
then be decomposed as

Gu([w; v, W) = d,6(u, b, WM 9,¢(u, b, w)' + D([u; v; w]) with

D([u; v; W) := 0,¢(u, v, WM, ' 0,6(w, v, W)" + ds¢(u, v, WM, ds¢(ue, v, w)', (15)

corresponding to a rank U correction of a block-diagonal matrix D([u; v; w]).
Using the matrix determinant lemma, we then have that

log [Gun(g)| = log|C(g)| + log |D(g)| — log [M.|, (16)

with C([u; v;w)]) := M, + d,¢c(u, v, w)' D([u; v; w]))~'0;c(u, v, w). Similarly, the Woodbury matrix
identity yields, for a vector r € R€ and q = [u; v; w], that

GM(Q)_lr = D(q)_l (r - alz(ua i? W)C"’(q)_lalz(ll7 59 W)TD(q)_lr) . (17)

By applying a sequence of constrained HMC Markov kernels, each conditioning on intermedi-
ate states (Xgt, ﬁ;i at a different set of observation time indices t.5_; as well as the observations
y; .7 we can construct a MCMC method which asymptotically samples from the target posterior
distribution at a substantially reduced computational cost compared to the case of condition-
ing only on the observations y; .. To analyse the computational cost of applying the constrained
HMC implementation in Algorithm 1 to the conditioned generative model, we assume the

following.

Assumption5 T =BRand t, = bRVb € 1:B — 1, that is, that the observations are split in to B
equally sized subsequences of R observation times.

Assumption 6 The Newton iteration to solve (12) converges within J iterations for J > 0 that
does not depend on R, S and T, for fixed ¢, 6. and 6,,.

In practice, we will need to alternate with conditioning on a different set of observation
times to allow the Markov chain to be ergodic, for example, t; = [%JVb € 1:B, with in
this case the observation times split in to B — 1 subsequences of R observations times and two
subsequences of [%J and [%] observation times. This alternative splitting will result in only
minor difference in operation cost compared to the equispaced partition hence we consider only
the former case in our analysis. Assumption 6 is motivated by our observation that the aver-
age number of Newton iterations needed for convergence appears to be independent of R, S
and T.

Proposition 6 Under Assumptions 5 and 6, the computational cost of a single constrained inte-
grator step in Algorithm 1 when applied to the posterior of the generative model conditioning
additionally on the values of the states at observation time indices t.g—1 as in Model 3 is
O(R%ST) operations.
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A proof is given in Section S2 in the Supplementary Material. If the number of observations
per subsequence R is kept fixed, the computational cost of each constrained integrator step there-
fore scales linearly with in both the number of time steps per observation S and the number of
observation times T.

6 | RELATED WORK

Our approach follows the general framework described in Graham and Storkey (2017) for per-
forming inference in generative models where the simulated observations can be computed
as a differentiable function of a random vector with a known prior distribution. As in this
work, Graham and Storkey (2017) suggest using a constrained HMC algorithm to target the
manifold-supported posterior distribution arising in such a setting, and consider a diffusion
model with high-frequency noiseless observations of the full state as an example. In this set-
ting with S = 1, the constraint Jacobian was observed to have a structure allowing a O(T?) cost
implementation of the operations required for each constrained integrator step.

Here we make several important extensions to the framework of Graham and Storkey (2017),
with the scheme proposed in Section 5.1 allowing efficient (O(ST) cost constrained integrator
steps irrespective of the observation regime (high- or low-frequency, partial or full, with or
without noise) and the use of a constrained integrator based on a Gaussian splitting as pro-
posed in Section 4.3 giving improved mixing performance as the time-discretisation is refined (S
increased). Further by integrating the constrained integrator into an adaptive HMC algorithm
(Hoffman & Gelman, 2014) we eliminate the need to tune the integrator step size and number of
integrator steps per trajectory, giving a more automated inference procedure.

The non-centred parametrisation of the diffusion generative model described in Section 3.1
has similarities to the innovation scheme of Chib et al. (2004), and its later extension in Golightly
and Wilkinson (2008), which recognises for the specific case of an Euler-Maruyama discretisa-
tion, that the state sequence x; . sr can be computed as a function of the model parameter z, initial
state xo and increments of the driving Brownian motion process. This relationship can be inverted
to compute the increments given xo.sr and z. By performing a Metropolis-within-Gibbs update to
z conditioning on the increments and observations, the degeneracy in the conditional distribution
of parameters of the drift coefficient when instead conditioning on x;.sr as S — oo is avoided, thus
producing an algorithm respecting the Roberts-Stramer critique. Our approach generalizes this
idea beyond the Euler-Maruyama case by allowing for a generic forward operator f}, and jointly
updated all latent variables under this reparametrisation rather than using it to only update the
parameters.

The conditioning scheme proposed in Section 5.1 is similar in spirit to blocking schemes
proposed previously in MCMC methods for inference in partially observed time series mod-
els, see for example Shephard and Pitt (1997), Golightly and Wilkinson (2008) and Mider
et al. (2020); however, the implementation and motivation of the approach here both differ.
In the blocking schemes, conditioning on intermediate states introduces conditional indepen-
dencies allowing proposing updates to blocks of the latent path given fixed parameters in a
Metropolis-within-Gibbs type update, with a separate update to the parameters. Here we jointly
update the parameters and latent path, and use the conditioning to induce structure in the
constraint Jacobian which can be used to reduce the cost of the constrained integrator.

Hypoelliptic diffusions have a rank-deficient diffusion matrix B(x,z)B(x,z)", but still have
transition kernels «, with smooth densities with respect to the Lebesgue measure due to the
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propagation of noise to all state components via the drift function. Prior work on the cali-
bration of such models has often adopted a maximum likelihood approach, in the setting of
high-frequency observations, see for example Ditlevsen and Samson (2019) and the references
therein. The singularity of the Wiener noise increment covariance matrix when discretising using
an Euler-Maruyama scheme can be avoided via the use of a higher-order discretisation scheme:
Ditlevsen and Samson (2019) use a strong order 1.5 Taylor scheme to obtain consistency in the
estimation of parameters in both the drift and diffusion coefficient functions.

In terms of our criteria, in Remark 1, to our knowledge there is currently no alternative
algorithm that satisfies them all for noiselessly observed hypoelliptic systems. The guided pro-
posals framework (Bierkens et al., 2020; van der Meulen & Schauer, 2018; Mider et al., 2021)
comes close, as it allows for Bayesian inference in both elliptic and hypoelliptic systems, fully
or partially observed with noise or with noiseless observations and a linear observation function
h(x) = Lx, and respects the Roberts—Stramer critique. The approach however does not allow for
non-linear noiseless observations, and the methodology requires choosing a tractable auxiliary
process used to construct the proposed updates to the latent path given observations and parame-
ters, with the original and auxiliary processes needing to satisfy matching conditions on their drift
and diffusion coefficients, which can be non-trivial—for example, when the diffusion coefficient
is state dependent—hindering the automation of the methodology. In contrast, our method can
be applied without change to both hypoelliptic and elliptic diffusions.

A long line of previous work has considered MCMC methods for performing inference in dis-
tributions on non-Euclidean spaces, particularly prominent being the influential paper Girolami
and Calderhead (2011) where the latent space is equipped with a user-defined Riemannian metric
which facilitates local rescaling of the posterior distribution across different directions. Related
algorithms have also been proposed based for finite-dimensional projections of distributions with
densities with respect to Gaussian measures on Hilbert spaces (Beskos, 2014; Beskos et al., 2017).

In our case, the manifold structure arises directly from the observational constraints placed on
the latent space of a generative model and the manifold is extrinsically defined by its embedding
in an ambient latent space. Rather than the non-trivial task of selecting a positive-definite matrix
valued function to define a Riemannian metric on the latent space, our method only requires
the user to choose a matrix representing the fixed metric on the ambient space. As discussed in
Section 4.4, we find the prior precision matrix to be a good default in practice.

7 | NUMERICAL EXAMPLES

To demonstrate the flexibility and efficiency of our proposed approach we now present the results
of numerical experiments in a range of different settings: hypoelliptic and elliptic systems, simu-
lated and real data, noiseless and noisy observations. In all cases, we use the same methodology,
as described in the preceding sections, for performing inference, and where possible we compare
to alternative approaches.

7.1 | FitzHugh-Nagumo model with noiseless observations
As a first example, we consider a stochastic-variant of the FitzHugh-Nagumo model (FitzHugh,

1961; Nagumo et al., 1962), a simplified description of the dynamics of action potential genera-
tion within an neuronal axon. Following Ditlevsen and Samson (2019) we formulate the model
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as a X = 2 dimensional hypoelliptic diffusion process x with drift function a(x, z) = [%(xl - xf -
X2); yx1 — xp + B] and diffusion coefficient operator B(x, z) = [0; o] where the components of the
Z = 4 dimensional parameter vector are z = [o; €; y; ] and the Wiener process b has dimen-
sion B = 1. We initially assume the Y = 1 dimensional observations y; .. correspond to noiseless
observation of the first state component, that is A(x) = x;, with an interobservation time interval
A= % Further details of the discretisation and priors used are given in the Section S10 in the
Supplementary Material.

To measure sampling efficiency in the experiments we use two complementary metrics: the
average computation time per constrained integrator step 7., and the estimated computation
time per effective sample 7., that is the total chain computation time divided by the estimated
effective sample size (ESS) for the chain for each parameter. Proposition 6 closely relates to Zep,
and so by estimating how this quantity varies with R, S and T we can empirically test whether the
proposed scaling holds in practice. While our analysis only considers the computational cost of the
constrained integrator, ultimately we are interested in the overall sampling efficiency, which also
depends on the mixing performance of the chains; by measuring 7. we therefore also gain insight
into how our approach performs on this metric. In order to empirically verify that Assumption 6
holds in practice we additionally record the average number of Newton iterations per constrained
integrator step (averaged over both forward and time-reversed Z" calls) which we denote 1.

The ESS estimates were computed using the Python package ArviZ (Kumar et al., 2019) using
the rank-normalisation approach proposed by Vehtari et al. (2019). The chain computation times
were measured by counting the calls of the key expensive operations in Algorithm 1 and separately
timing the execution of these operations—details are given in Section S13 in the Supplementary
Material. The Python package JAX (Bradbury et al., 2018) was used to allow automatic computa-
tion of the derivatives of model functions and all plots were produced using the Python package
Matplotlib (Hunter, 2007).

For all experiments, we use chains which alternate between Markov transitions which condi-
tion on the states at observation time indices {t, : bRVDb € 1:B} and {t}, : L@J Vbel:
B} U {T} with B = T/R. For the experiments in this subsection, we ran all chains with constrained
integrators using both the Gaussian and Stérmer-Verlet splittings to allow comparison of their
relative performance. We use the parameter values 6 = 0.3, = 0.1, y = 1.5and # = 0.8 and initial
state xop = [—0.5; 0.2] to generate the simulated datay, . for all experiments.

To allow measuring how performance of our approach varies with R, S and T, we ran experi-
ments over a grid values for each of these parameters with the other two kept fixed, specifically:
R € {2,5,10,20, 50,100} with S = 25 and T = 100, S € {25, 50,100, 200,400} withR = 5and T =
100, T € {25, 50,100, 200,400} with R = 5and S = 25. For all (R, S, T) values and splittings tested
we ran three sets of four chains of 1250 iterations each with independent initialisations (details of
the initializations are given in Section S12 in the Supplementary Material), with the first 250 iter-
ations of each set of four chains an adaptive warm-up phase used to tune the integrator step-size
t, with the samples from these warm-up iterations omitted from the ESS estimates but included
in the computation time estimates. For all sets of chains, the split-R convergence diagnostic val-
ues computed from the (non-warm-up iterations of the) four chains for all parameter values using
rank-normalisation and folding were less than 1.01 as recommended in Vehtari et al. (2019). A
dynamic HMC implementation (Betancourt, 2017) was used to set the number of integrator steps
per trajectory in each transition. A summary of all the algorithmic parameter values used in the
numerical experiments is given in Section S14 in the Supplementary Material.

The top panels in Figure 1 show how the number of Newton iterations required to solve (12)
in each of the forward and reverse 2" steps, averaged across the chains, varies with R, S and T
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FIGURE 1 FitzHugh-Nagumo model (noiseless observations): Average number of Newton iterations per
integrator step n (top) and computation time per integrator step 7., in seconds (bottom) for varying R, S and T.
The markers show the median across three independent runs. The dashed lines in the bottom right two plots
show a log-domain least squares fit to the medians for each splitting

and for the two different Hamiltonian splittings. We see that for a given splitting, the number of
Newton iterations is close to constant in all cases, providing empirical support for Assumptions 4
and 6. The bottom panels in Figure 1 instead show the average time per integrator step 7. varies
with R, S and T for both splittings. We see that the log-domain least-square fits show a very close
to linear scaling of ., With both S and T, verifying these aspects of the O(R*ST) scaling claimed
in Proposition 6. The growth of Z., with R over the range here is sub-quadratic (the dotted line
shows a quadratic trend for reference), however there is visible acceleration in the growth. An
inspection of a breakdown of the total computation time spent on different individual operations
revealed that for smaller R the O(RST) computation of the constraint Jacobian is dominating,
with the O(R?ST) linear algebra operations only becoming significant for larger R.

Figure 2 shows how the estimated computation time per effective sample 7. varies with each
of R, S and T, for each of the four model parameters and for each of the two Hamiltonian splittings.
First considering the results for varying number of observations per subsequence R we see the
efficiency is maximised (¢ minimised) for both splittings for an intermediate value of R ~ 5,
with a small drop-off in efficiency for R = 2 and a larger decrease in efficiency as R is increased
beyond 5. This reflects the competing effects of the reduced cost of each constrained integrator
step as R is made smaller versus the reduced chain mixing performance in each transition for
smaller R due to the extra states being (artificially) conditioned on. Importantly we see, however,
that the latter effect is less significant (in this model at least), meaning that performance is still
close to optimal for R = 2, suggesting performance will not be too adversely effected if a too small
R value is chosen.

Now turning our attention to the plots of . versus the number of discrete time steps per
inter-observation interval S, we see that there is a clear difference in the scaling of % with S
for the two Hamiltonian splittings, with the Gaussian splitting giving a only slightly above linear
scaling across all four parameters with exponents in the range 1.06-1.10 compared to 1.14-1.44
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FIGURE 2 FitzHugh-Nagumo model (noiseless observations): Computation time per effective sample Zg in
seconds for varying R, S and T for each model parameter, in all cases on a log-log scale. The markers shows the
median across three independent runs. The dashed lines in the plots in bottom two rows show log-domain
least-square fits to the medians for each splitting

for the Stormer—Verlet splitting. Inspection of the integrator step sizes ¢t (not shown), which were
adaptively tuned in a warm-up phase to control the average acceptance statistic for the chains to
be fixed, reveals that for the Gaussian splitting the step size ¢ is in the range ¢t = 0.29 + 0.01 for
all s while for the Stormer—Verlet splitting shows a decrease from ¢ = 0.20 for S = 25 to t = 0.10
for S = 400, consistent with results suggesting that the step size of the Stérmer-Verlet integrator
needs to scale with Q~'/# to maintain a constant accept probability of a static integration time
HMC algorithm in the unconstrained setting (Beskos et al., 2013b; Neal, 2011), compared to a
dimension-free dependence of the acceptance probability on ¢ for integrators using the Gaussian
splitting in appropriate targets (Beskos et al., 2011). While we have emphasised here the superior
performance of the Gaussian splitting, we note that the growth of #.¢ with S for both methods is
very favourable, and shows our approach is able to remain efficient for fine time discretisations
of the continuous time model.

Finally, we consider the bottom row of plots in Figure 2, showing how Z.g varies with the
number of observation times T for each model parameter. We see that in this case both splittings
give very similar scalings, with a close to linear growth in 7 with T for all four parameters. The
(infinite-dimensional) target posterior being approximated for each T value differs here unlike
the case for varying R and S), in particular becoming more concentrated as T increases. The
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increase in 7. with T seems to be largely attributable to the increase in the computational cost
of each constrained integrator step with T, and so the mixing performance of the chains seems
to be largely independent of T. This suggests that the constrained HMC algorithm is able to effi-
ciently explore posterior distributions with varying geometries. While here the concentration of
the posterior is due to an increasing number of observations, in the following section we will see
that our approach is also robust to varying informativeness of the individual observations.

7.2 | FitzHugh-Nagumo model with additive observation noise

As a second example we consider the same hypoelliptic diffusion model as in the preceding
section, but now with observations subject to additive Gaussian noise of standard deviation o),
that is h(x,z, w) = x; + oyw and n = N'(0, 1). The presence of additive observation noise means
that the posterior on (u,vy.gr) given y;.r = ;. has a tractable Lebesgue density. We therefore
compare our constrained HMC approach to running a standard (unconstrained) HMC algorithm
targeting the posterior on (u, vp.sr) with details of the posterior density and HMC algorithm
used given in Section S9 in the Supplementary Material. As a further baseline, we also compare
to the approach of Mider et al., 2021), which uses a Metropolis-within-Gibbs scheme alternat-
ing guided proposal Metropolis—Hastings updates to the latent path xy.5r given parameters z,
with random-walk Metropolis (RWM) updates to the parameters z given the path xg.gr. An
application of this approach to the FitzHugh-Nagumo model considered here is described in
van der Meulen et al. (2020), and we use the Julia code accompanying that article to run the
experiments.

We use the same priors and time discretisation as in the previous section, and fix S = 40 and
T = 100. Simulated observed sequences y,.. were generated for each of the observation noise
variances oy € {107%,107,107%,107"}. In all cases, y, ., was generated using the same parameters
and initial state as in the previous section and sharing the same values for v;.gr and w; .+ (sampled
from their standard normal priors). Chains targeting the resulting posteriors were run for each
o, value and for each of the three MCMC methods being considered.

For our constrained HMC algorithm, we used R = 5 and ran chains using a constrained inte-
grator based on the Stormer—Verlet splitting, with results instead using the Gaussian splitting
showing a similar pattern of performance and hence omitted here to avoid duplication. For the
standard HMC algorithm, a diagonal metric matrix representation M was adaptively tuned in
the warm-up iterations with this found to uniformly outperform using a fixed identity matrix
for all oy values tested here. For both the standard and constrained HMC algorithms, we run
four chains of 3000 iterations with the first 500 iterations an adaptive warm-up phase used
to tune the integrator step-size ¢t (and M for the standard HMC case). For the guided propos-
als/RWM case, we ran four chains of 3 x 10 iterations, with the first 5 x 10* iterations an adaptive
warm-up phase where the persistence parameter of the guided proposals update to x;.gr | z and
step sizes of the random-walk proposals for the update to z | x;.gr were adapted as described in
Mider et al., 2021).

Estimated computation time per effective sample 7. values were calculated for the chains of
each of the three MCMC methods and each of the observation noise variance values o;. The ESS
estimates were calculated as described in the preceding section, however, the true total wall-clock
run times were used for the chain computation times here due the difficulty in ensuring a con-
sistent treatment of different MCMC algorithms in the approach used in the previous section. To
ensure as fair a comparison as possible all chains were run on the same computer and limited to
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FIGURE 3 FitzHugh-Nagumo model (noisy observations): Computation time per effective sample 7 for
varying observation noise standard deviation o, for each model parameter, in all cases on a log-log scale. Points
with cross markers indicate chains with an estimated split- R value of greater than 1.01, indicative of
non-convergence

a single processor core to avoid differences due to varying exploitation of parallel computation in
the implementations.

Figure 3 summarises the results. We first note that despite the large number of iterations used
for the guided proposals/RWM chains (3 X 10°), the per-parameter split- R diagnostics (Vehtari
et al., 2019) for the chains indicated non-convergence of the chains in nearly all cases, with only
the chains for o, = 102 appearing to be approaching convergence with R values in the range
[1.01, 1.05] compared to R values in the range [1.39, 1.87] for oy = 107%3. The poor convergence
here seems to be at least in part due to the difficulty in finding globally appropriate values of
the RWM step sizes, with the step sizes still changing significantly in the final iterations of the
warm-up phase and the final adapted values differing significantly across chains for the same o,,.

Given the poor convergence the estimated ESS values must be treated with some caution,
however even for the o, = 107 case where the chains appeared to be closest to convergence
the estimated 7. values for the guided proposals/RWM chains are between 30 and 80 times
larger than the corresponding values for the constrained HMC chains. As Julia implementa-
tions of numerical algorithms generally significantly outperform Python equivalents (Bezanson
et al., 2017), the superior sampling performance of the (Python) constrained HMC implementa-
tion compared to the (Julia) guided proposals/RWM implementation here seems unlikely to be
just due to differences in the efficiency of the implementations, but rather reflects significantly
improved mixing of the joint gradient-informed updates to the latent variables by the constrained
HMC algorithm, compared to the non-gradient-informed Metropolis-within-Gibbs updates of the
guided proposals/RWM algorithm.

Comparing now the results for the standard and constrained HMC algorithms, we see that
while both algorithms perform similarly for larger o, values (i.e. less informative observations),
the constrained HMC algorithm provides significantly better sampling efficiency for smaller o,
values. Inspecting the integrator step size ¢ set at the end of the adaptive warm-up phase for each
of o, values reveals that, while for constrained HMC all step sizes ¢ fall in the range 0.17-0.18 and
so seem invariant to oy, for the standard HMC chains, ¢ ranges from 5.1 x 10~* for o, = 1072 to
9.1 x 1072 for o, = 107!, resulting in a need to take more integrator steps per transition to make
moves of the same distance in the latent space and hence a decreasing sampling efficiency as o,
becomes smaller.

The results for 6, = 107 break the trend of increasing o, leading to increased efficiency for
the standard HMC chains, with a significant increase in 7. compared to o), = 107!, This seems
to be due to a roughly halving of the integrator step size t set in the adaptive warm-up phase
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to 5.2 x 1073 for oy, = 107, which, combined with the more diffuse posterior for the larger o,
value, led to a significant increase in the average number of integrator steps per transition and so
computational cost per effective sample. A potential explanation for the decrease in the adapted
step size is that the more diffuse posterior extends to regions where the posterior density has
higher curvature necessitating a smaller step size to control the Hamiltonian error. In contrast,
for the constrained HMC chains, the Hamiltonian error is controlled with a close to constant step
size for all 6,; however, there is a drop in efficiency as o, becomes larger, which seems to be due to
the more diffuse posterior requiring a greater number of integrator steps to explore and so higher
computational cost per effective sample on average.

7.3 | Susceptible-infected-recovered model with additive observation
noise

As a final example, we perform inference in an epidemiological compartmental model given real
observations of the time course of the number of infected patients in an influenza outbreak in
a boarding school (Anonymous, 1978). Specifically we consider a diffusion approximation of a
susceptible-infected-recovered (SIR) model (see e.g. the derivation in Fuchs, 2013 section 5.1.3),
with a time-varying contact rate parameter itself modelled as a diffusion process as proposed in
Ryder et al. (2018), resulting in the following three-dimensional elliptic SDE system

ds —N-lcsi \/N-1lcsi 0 0 || dw;
dil= N~lcsi —yi dr +| —v/N-1csi \/% 0 ||dw,

dc (a(ﬁ —logc) + %) c 0 0 oc||dws

where 7 is the time in days, s and i are the number of susceptible and infected individuals respec-
tively, c the contact rate, N the population size and y the recovery rate parameter. The SDE for
c arises from log c following an Ornstein-Uhlenbeck process with reversion rate «, long term
mean f and instantaneous volatility o.

As each of s, i and c represent positive-valued quantities, the diffusion state is defined to
be x = [logs; logi; log c] € R? with drift a and diffusion coefficient B functions derived from the
above SDEs via It6’s lemma. By computing the time-discretisation in this log-transformed space,
the positivity of s, i and c is enforced and the numerical issues arising when evaluating the
square-root terms in the diffusion coefficient for negative s, i or c are avoided. The observed data
¥;.¢ corresponds to measurements of the number of infected individuals i = exp(x;) at daily inter-
vals,i.e. A=1, over a period of T = 14 days, with the observations assumed to be subject to additive
noise of unknown standard deviation oy, that is y. = exp(x,(t)) + oyw,. The z = 5 dimensional
parameter vector is then z = [y; a; ff; 6; oy]. Details of the priors and discretisation used are given
in Section S11 in the Supplementary Material.

We compare the performance of our proposed constrained HMC approach to a standard HMC
algorithm, with the noise in the observations meaning that the posterior on u and vy.gr admits a
Lebesgue density. For each algorithm, we run four chains of 3000 iterations with the first 500 iter-
ations an adaptive warm-up phase. For our constrained HMC algorithm due to the small number
of, and high correlations between, the observations we do not introduce any artificial condition-
ing on intermediate states, thatis R = T = 14. Chains using constrained integrators based on both
the Stormer—Verlet and Gaussian splitting show very similar performance here so we show only
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FIGURE 4 SIR model: Computation time per effective sample Z.¢ (leftmost panel) and estimated posterior
marginals (right panels) for each model parameter computed using constrained (black) and standard (dark gray)
Hamiltonian Monte Carlo chain samples

the Stormer-Verlet case to avoid duplication. For the standard HMC algorithm, a diagonal metric
matrix representation M was adaptively tuned in the warm-up iterations. The estimated compu-
tation time per effective sample %¢¢ values were calculated using the total wall-clock run times
for the chains.

The results are summarised in Figure 4. The left plot shows the estimated per-parameter Zg
values for each of the two MCMC methods: we see that the constrained HMC algorithm is able
to give significantly improved sampling efficiency over standard HMC here. More importantly,
however, it appears that the standard HMC algorithm is in fact failing to explore the full posterior.
The grid of six plots in the right of Figure 4 shows the estimated posterior marginals for each
parameter computed from either the constrained or standard HMC chain samples. There is a clear
discrepancy in the estimated posterior marginal of o}, between the two methods, with the standard
HMC chains having many fewer samples at smaller ¢, values compared to the constrained HMC
chains. Figure S2 in the Supplementary Material shows the corresponding estimated pairwise
marginals with 6, on alog-scale, with the poorer coverage of small ¢, values by the standard HMC
chains more apparent.

While the per-parameter R diagnostics for the standard HMC chains are all below 1.01,
some hint of the underlying issue being encountered here is given by the high number of iter-
ations in which the integration of the Hamiltonian dynamics diverged for the standard HMC
chains-roughly 4% of the non-warm-up iterations for each chain. Such divergences are indica-
tive of the presence of regions of high curvature in the posterior distribution that result in the
numerical simulation of the Hamiltonian trajectories becoming unstable, and in some cases may
be ameliorated by use of a smaller integrator step size ¢ (Betancourt, 2017).

Here specifically the adaptive tuning of the step size t in the warm-up phase has led to a step
size which is too large for exploring the regions of the posterior in which o, is small. Although by
setting a higher target acceptance statistics for the step size adaptation algorithm or hand tuning
t to a smaller value we could potentially fix this issue, this would be at the cost of an associated
decrease in sampling efficiency, leading to even poorer performance relative to the constrained
HMC chains. As seen in the results for the FitzHugh-Nagumo model in Section 7.2, if o, is fixed
the integrator step size ¢ for the standard HMC algorithm needs to be decreased as oy, is decreased
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to control the acceptance rate resulting in a higher computation cost per effective sample—Figure
S1 in the Supplementary Material illustrates this directly for the SIR model. When o, instead is
unknown as here, standard HMC needs to use a step size appropriate for the smallest o), value
‘typical’ under the posterior, which if o, is poorly informed by the data (as is the case for this
model) can require using very small integrator step sizes t. In contrast as the constrained HMC
algorithm is able to use an integrator step size ¢t which is independent of ¢, the sampling efficiency
of the chains is not limited by the need to use a small step size ¢ to explore regions of the posterior
in which oy, is small.

8 | CONCLUSIONS AND FURTHER DIRECTIONS

We have introduced a methodology for calibrating a wide class of diffusion-driven models. Our
approach is based on recasting the inferential problem as one of exploring a posterior supported
on a manifold, the structure of the latter determined by the observational constraints on the
generative model. Once this viewpoint is adopted, available techniques from the literature on
constrained HMC can be called upon to allow for effective traversing of the high-dimensional
latent space. We have further shown that the Markovian structure of the model can be exploited to
design a methodology with computational complexity that scales linearly with both the resolution
of the time-discretisation and the number of observation times.

A critical argument put forward via the methodology developed in this work is that prac-
titioners working with SDE models are now provided with the option to refer to a single and
highly automated, algorithmic framework for Bayesian calibration of their models. This algorith-
mic framework employs efficient Hamiltonian dynamics and adheres to all sought out criteria
listed in Remark 1.

When exploring distributions with rapidly varying curvatures, standard HMC methods with
a fixed step size can yield trajectories that either require too small of a step size (as in the
FitzHugh-Nagumo model with noise in Section 7.2), or become unstable and diverge if the
step size is not small enough in areas of high curvature of the posterior on the latent space
(as with our SIR example in Section 7.3 where variations in the scale parameter o, have strong
effect on the curvature). In both cases, particularly strong effects can render standard HMC
non-operational (as in the SIR case). Although the methodology presented in Girolami and
Calderhead (2011) can in principle be helpful in such contexts, this class of algorithms is intrin-
sically constructed to induce good performances in the centre of the target distribution as it
involves an expectation over the data, and not the given data, for the specification of the employed
Riemannian metric. Constrained HMC dynamics can provide a more appropriate approach for
dealing with rapidly varying curvature across the whole of the support of the target distri-
bution. When combined with efficient discretisations of the dynamics—as in the case of the
class of diffusion models we have studied in this work—they can provide statistically efficient
methods.

The viewpoint adopted in this paper is potentially relevant to a larger class of stochastic
models for time series (e.g. random ordinary differential equations), as well as other Markovian
model classes (e.g. Markov networks). Some of the authors are currently involved in applying
such MCMC methods to Bayesian inverse problems; manifold structures naturally appear in the
low noise regime (Beskos et al., 2018). In general, we believe that the approach presented in this
paper warrants further investigation, with a corresponding study of critical algorithmic aspects,
for example computational complexity and mixing properties.
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