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Abstract

We consider the problem of estimating expectations with respect to a target distribution
with an unknown normalising constant, and where even the un-normalised target needs
to be approximated at finite resolution. This setting is ubiquitous across science and
engineering applications, for example in the context of Bayesian inference where a
physics-based model governed by an intractable partial differential equation (PDE)
appears in the likelihood. A multi-index sequential Monte Carlo (MISMC) method is
used to construct ratio estimators which provably enjoy the complexity improvements
of multi-index Monte Carlo (MIMC) as well as the efficiency of sequential Monte
Carlo (SMC) for inference. In particular, the proposed method provably achieves
the canonical complexity of MSE™!, while single-level methods require MSE™¢ for
& > 1. This is illustrated on examples of Bayesian inverse problems with an elliptic
PDE forward model in 1 and 2 spatial dimensions, where & = 5/4 and § = 3/2,
respectively. It is also illustrated on more challenging log-Gaussian process models,
where single-level complexity is approximately & = 9/4 and multilevel Monte Carlo
(or MIMC with an inappropriate index set) gives £ = 5/4 + w, for any v > 0,
whereas our method is again canonical. We also provide novel theoretical verification
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of the product-form convergence results which MIMC requires for Gaussian processes
built in spaces of mixed regularity defined in the spectral domain, which facilitates
acceleration with fast Fourier transform methods via a cumulant embedding strategy,
and may be of independent interest in the context of spatial statistics and machine
learning.

Keywords Bayesian inverse problems - Sequential Monte Carlo - Multi-index Monte
Carlo

Mathematics subject classification 65C40 - 60J22 - 65C05 - 62F15 - 62M30

1 Introduction

There has been an explosion of work over the past decade involving the enormously
successful multilevel Monte Carlo (MLMC) method [27] for estimating expectations
with respect to distributions which need to be approximated. The canonical example
is the problem for forward uncertainty quantification (UQ), where a single realisation
of the random variable of interest requires the solution to a stochastic, ordinary, or
partial differential equation (SDE, ODE or PDE) [7, 53, 58]. The MLMC framework
formulates this problem in terms of a sum of increments corresponding to approxima-
tions at successive resolutions, or levels. Under a suitable coupling of the increments,
which is typically fairly trivial in the forward context, the variance of the increments
decays as the resolution and cost increase, and so progressively fewer samples are
required to control the variance at higher levels.

In the context of Bayesian inference, one typically requires expectations with
respect to target distributions for which the normalising constant is unknown. As
an example, let = denote a probability density on X x Y. Assume we know how to
evaluate w(x, y) = w(y|x)mo(x) and 7o(x) but not 7 (y) = fx m(y|x)mo(x)dx. Now
consider the case where one observes y € Y and would like to infer the posterior
distribution 7 (x|y), given by

r(xly) = T lf()y”)"(x) : (1)

This is referred to as the Bayesian framework, and 7 (y|x) and 7o(x) are referred to
as the likelihood and the prior, respectively [55]. Note that once the goal of (1) is
established, then a method should be capable of efficiently approximating integrals of
the form:

%/Xfp(X)f(X)dx,

where f(x) « w(y|x)mo(x) and Z = fx f(x)dx (i.e. f(x) itself only needs to be

proportional to the joint density). Methods which have been designed for exactly this

purpose include Markov chain Monte Carlo (MCMC) [26], importance sampling [55],
Elol:;ﬂ
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and combinations thereof such as sequential Monte Carlo (SMC) samplers [15, 21].
The latter methods are particularly powerful, handling elegantly some of the most
challenging issues that arise in this context, such as small variance, strong dependence
between variables, and multimodality.

Over the past decade the excitement about MLMC has intersected with the Bayesian
computation community, in particular relating to the context of Bayesian inverse prob-
lems [59], where an intractable PDE often appears inside the likelihood of the posterior
distribution of interest. For instance, we will later consider the case where the likeli-
hood takes the from:

7(y|x) o e~ 2IP=G@I*

where y is an observed set of real-valued outputs and G(x) is a solution to the outputs
from the intractable PDE for a given set of input parameters x. This context appears
to be much more subtle, due to the complications of combining these technologies.
Early work is related to MCMC [22, 34] and SMC samplers [5, 6, 48]. More recently,
the methodology has also been applied to the context of partially observed diffusions
[35, 39], for parameter inference [37], online state inference [2, 13, 28, 30, 39, 42], or
both [19]. A notable recent body of work relates to continuous-time observations in
this context [4, 45, 56]. Another notable trend is the application of randomised MLMC
methods [11, 33, 40, 41, 44] in this context. Typically, these methods require unbiased
estimators of increments, which is particularly challenging in the inference context.
The first work to use randomised MLMC in the context of inference was [11], and
unbiased increment estimators were available in the context of that work. Other more
recent instalments have utilised double randomisation strategies in order to remove
the bias of increment estimators [33, 40, 41].

The benefits of MLMC are somewhat hampered by the dimension of the underlying
problem. This is an important issue, particularly in the context of a PDE or a SPDE.
For example, the error associated with a finite element method (FEM) approximation
of a PDE typically depends upon the mesh diameter, /2, while the number of degrees
of freedom typically scales like #~¢, where d is the dimension of the associated PDE.
The multi-index Monte Carlo (MIMC) method was introduced to gracefully handle
the dimension dependence of this problem [29] following, in spirit, from the seminal
work on sparse grids [10]. Instead of an estimator based on a sum of increments, the
MIMC method constructs an estimator based on a sum over an index set of d—fold
composition of increments. Under suitable regularity conditions, this approach is able
to leverage convergence in each dimension independently and thereby mitigate the
curse of dimensionality.

The MIMC method has very recently been applied to the inference context [19,
38, 43]; however, the estimates required for increments of increments have proven
challenging from a theoretical perspective, and this has severely limited progress thus
far. In particular, an MIMC method for inference with provable convergence guarantees
does not currently exist, except a ratio estimator using simple importance sampling, as
considered for MLMC and QMC in this work [57]. Such estimators are not expected
to be practical for complex target distributions due to a large constant associated with
importance sampling [1, 12].

EOE';W
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The current work breaks down this theoretical barrier and unveils the MISMC
sampler ratio estimator for posterior inference. By employing a ratio estimator, we
introduce a theoretically tractable method which provably achieves the benefits of
both SMC samplers for inference and MIMC for multi-dimensional discretisation.
In particular, rather than dealing with self-normalised increments of increments, as
previous methods have done, the innovation is to construct instead a ratio of MIMC
estimators of an un-normalised integral and its normalising constant, both of which
can be unbiasedly estimated with SMC sampler. This seemingly minor difference of
formulation substantially simplifies the analysis and enables us to establish a theory
for the convergence of an MIMC method for inference problems—a theory which
until this point had been elusive.

This article is structured as follows. In Sect. 2, we provide a class of motivating
problems for the methodology that is developed. In Sect. 3, we provide a review of
the relevant computational methodology that is used in our approach. In Sect. 4, we
present our method and theoretical results. In Sect. 6, we present numerical results.
Finally, in the appendix several technical results are given, necessary for the theory
that is presented in Sect. 4.

2 Motivating Problems

We consider the setting of Bayesian inference for an elliptic partial differential equa-
tion and for the log-Gaussian Cox model, where we must also perform numerical
estimation.

2.1 Elliptic Partial Differential Equation

We consider the following elliptic PDE. Consider a convex domain @ C R with
boundary 02 € CY, a function (force vector field) f : @ — R and a function (perme-
ability) a(x) : 2 — R, which is parameterized by x € X. For each x € X, we define
the (pressure field) u(x) : 2 — R as the solution to the following PDE on 2

=V . (@x)Vu(x)) =f, on 2, 2)
u(x) =0, on 02 . 3)

In the above PDE, we assume the force vector field is known, e.g. f = 1. However,
we assume the permeability a(x) depends upon a parameter x which is a random
variable, specifically x ~ my. The dependence of @ on x induces a dependence of
the solution u on x. Hence, the solution itself, u(x)(z), is a random variable for each
7 € Q.

For concreteness, assume that D = 2 and Q = [0, 1]2. Assume a uniform prior,

x~U(-1,1)? = n. 4)

For x ~ mo, and z € €2, the permeability will take the form

FoC'T
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d
a(0)@) =ao+ y_xivi(2), )

i=1

where 1; are smooth functions with ||~ < 1 fori = 1,...,d, and ap >
Zf-lzl x;. In particular, for simplicity and concreteness, let d = 2 and

a(x)(z) =3+ xycos(3mzy) sin(3mzp) + xp cos(wzy) sin(wzo).
2.1.1 Finite Element Approximation and Error Estimates

Consider the 1D piecewise linear nodal basis functions ¢f defined as follows, for
mesh {zK =i/(K + D} andfor j =1,..., K,

=i K K
K=K <€ [Zj—l’ <j ]
K _ K
¢ (2) = 27z K _K
j 1— , z€lzy,z% 4]
Z;(-H_Z;( Joritl
0, else.

Now, fora = (a1, a2) € N2, consider the tensor product grid over 2 = [0, 112 formed
by

{( KLot KZ,O()}KI,a+1sK2,m+1
iy 0%, i1=0,ir=0 ]

where K , = 2% and K3 o = 2% (and the mesh-width in each direction is bounded
by2 %,k =1,2).Leti =i1+Kjqirforii=1,...,Kigandip =1,..., K2 4 and

K« Ky« . .

Ko = KiaKa o, and let ¢7(2) = of ; (21.22) = ¢;,"" (21)@;,"" (22) be piecewise
bilinear functions. The weak solution of the PDE (2) and (3) will be approximated by
Ug(x) = ZlK:"‘l ul,(x)¢¢ € V. Given x, the values of u!,(x) are defined by substitut-
ing the expansion into (2) and taking inner product with qb‘j?‘ forj=1,...,Ky.In

particular, observe that we have

Kot
<—v . <a(x)vzug(x)¢?> ,¢‘;‘> =(f.¢%) j=1....Ka

i=1
Using integration by parts and observing that ¢7|3q = 0, then

Ky

D la@ul, )V, Vo) = (. ¢5) j=1,....K,

i=1

We can represent the solution as a vector u, (x) = [ufx x):i=1,...,Ky], and
define f, ; = (f, ¢>‘;‘) and

FoCT
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A4l [E2p+l
Aaij)i= [ () @V (@) - Vo (2)dz,

Lj—1 Y2251

where we introduce the notation j := j; + j2Ki 4 (for j1 = 1,..., K1 and jo =
1,..., K2q).

Observe that if i = i 4+ 2K o, then the integral is zero for all i such that iy <
Je — lorigy > jr+ 1, for k € {1,2}. So the above matrix A, (x) is sparse, and it is
straightforward to verify that it is symmetric positive definite.

The approximate weak solution to Eqgs. (2), (3) is given by the system

Ay (X)ug(x) =14,

Due to the sparsity of Ay (x), for D < 2 the solution can be obtained for a cost of
roughly O(K) using an iterative solver based on Krylov subspaces, such as conjugate
gradients [52]. For D > 3 it may no longer be possible to achieve a linear cost—see,
e.g. [29]. See the references [9, 16] for further description and much more.

The weak solution u of (2) and (3) is said to be W22 regular if there existsa C > 0,
such that

IV2ull < CIIf|

for every f € L2(Q), where || - || denotes the LZ(Q) norm. For the purposes of the
present work, it suffices to observe the following proposition [8, 24].

Proposition 2.1 For a(x) given by (5) and uniformly over x € [—1,11%, f € L? and
Q convex, the weak solution of (2) and (3) is w22 regular, and there exists a C > 0
such that

IV (e (x) — u(x))| < €2~ minfer,e2}
Furthermore,

g (x) — u(x)| < Cc22minfone2}

2.1.2 A Bayesian Inverse Problem

In the PDE (2) and (3), the parameter x is unknown. Here, we infer estimates about
the true value x from noisy observations of the solution to the PDE, u(x). A further
confounding factor is that the closed form solution to u(x) is, in general, not known
in closed form and instead we must numerically approximate u(x) with u,(x) as
described above.

Now observations y will be introduced and we will consider the inverse problem,
given by

w(dx) == nm(dx|y) &« L(x)mo(dx) (6)
FolCT
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where L(x) o m(y|x) and the dependence upon y is suppressed in the notation.
We will use the notations dw(x) = w(dx) = m(x)dx to mean the same thing, i.e.
probability under 7 of an infinitesimal volume element dx (Lebesgue measure by
default) centred at x, and the argument may be omitted from dr where the meaning
is understood.

Define the following vector-valued function

Gu(x)) = [ @), ..., vu @), (N

where v; € L? and v; (u(x)) = [ vi@u(x)(z)dz fori =1,...,n,forsomen > 1.1t
is assumed that the data take the form

y=Gux)+v, v~N(@OE), vlx,! 8)

and we define
1
L) =exp (= 51y = Gw@L).

Here y is suppressed from the notation. Also we apply the convention that |w|g :=
(wTE Tw)!/2,

In particular, u(x) is the (weak) solution map of (2) and (3), for given input x.
Denote its weak approximation at resolution multi-index o by uy(x). The approxi-
mated likelihood is given by

1
Lo(x) = exp(— |y = Glua (1)) [3),
and the associated target is
7y (dx) o< Ly (x)mo(dx) . 9)

The following proposition summarises the key result.

Proposition 2.2 In the present context, there is a C > 0 such that u, uy < C, hence
ac > 0suchthat L, Ly > ¢ > 0, and so (6) and (9) are well defined. Furthermore,
following Proposition 2.1 and the continuity of L as a function of u, the following
rate estimate holds uniformly in x

|Lo(x) = L(x)| < c272mintenea),

For the concrete example of D = 2, let the observations be given by v; (1) := u(z;),
fori = 1,...,4, where z; € {(0.25,0.25), (0.25,0.75), (0.75, 0.75), (0.75, 0.25)},
and let & = &£21. This example has been considered in the context of an MLSMC
sampler method in [6]. It is noted that this example extends the theory described, since
Vi ¢ L2.

! Here we use L to denote pairwise independence of random variables.
FolCT
u o
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2.2 Log-Gaussian Process Models

Another model problem which will be considered is the log-Gaussian process (LGP),
and the related log-Gaussian Cox (LGC) process, which are commonly used in spatial
statistics. In this example, the dimension of the state space grows with level.

Specifically, we aim to model a data set comprised of the location of n = 126
Scots pine saplings in a natural forest in Finland [47], denoted z, ..., z, € [0, 112,
The LGC version of our model is based on the one presented in [31]. The process of
interest is defined as A = exp(x) where x is a Gaussian process, a priori distributed
in terms of a KL-expansion as follows, for z € [0, 2]2,

x(z) =061 + Z ok (0) (Grr (2) + & p—k(2)), & ~CN(0,1) iid.,
keZXZ{UZ{ x0
(10)

where CA/ (0, 1) denotes a standard complex Normal distribution, & is the complex
conjugate of &, and ¢y (z) o exp[miz - k] are Fourier series basis functions (with

i =+/—1),and
PR(O) = 02/ (03 + KD (03 + 1) T . (1

The coefficient B controls the smoothness of the Gaussian process. The parameters
0 will be assumed known in the present work, but these can also be fit within a
hierarchical modelling framework. The associated prior measure is denoted by L.
Following the formulation from [31], the likelihoods are defined by

(LGC) 57710()0 o exp ;X(Zj) - /[0,”2 exp(x(z))dz | , (12)
(LGP) j%o(x) o exp ;x(z.;) — nlog /[0,1]2 exp(x(z))dz | . (13)

See, e.g. [61] for a description of the LGP version, which is given second above. Note
that only z € [0, 112 is required. The periodic prior measure is defined on [0, 212 so
that no boundary conditions are imposed on the sub-domain [0, 1]? and the fast Fourier
transform (FFT) can be used for approximation, as described below.

The finite approximation is constructed as follows. First the KL expansion (10) is
truncated

xq(2) = 01 + Z PO Edi () + & P 1(2), & ~CN(O, 1) iid., (14)

ke Ay

where A, 1= {—2%1/2, ... 29/2) x {1, ...,2%2/2y U {l,...,2%/2} x 0. Note that

Xq(z) can be approximated on a grid {0, 27!, ... 1 =279} x {0,272, ... 1 —27%2}
FolCTM
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using the FFT with a cost O((ar1 + a2)2%7%2), Now £ (z) is defined as an interpolant
(for example linear) over the grid output from FFT. The finite approximation of the
likelihood is then defined by

dre "
(LGC) d—’;o(xa) o exp ;xa(z,) — Q(exp(xa)) | (15)
(LGP) %(xa) X exp jzz;ia(zj) —nlog Q(exp(xy)) | (16)

where Q denotes a quadrature rule, which may for example be given by Q (exp(xy)) =
2T N R 0212 EXP(Xa () o1 Q(exp(xa)) = [ a(2)dz.

If one uses the prior with isotropic spectrum ,o,% @) =6,/(65 + k% + k%)%, then
our target measure coincides with the standard prior of [31] in the limit as min; or; —
00. One can understand the connection in this context via the circulant embedding
method based on FFT [46]. However, previous work has employed the (dense) kernel
representation of the covariance function instead of diagonalising it with FFT. For our
product-form spectrum, the regularity would be matched for § = 1, corresponding
to a product of Ornstein—Uhlenbeck processes. Instead, we will choose § = 1.6 for
convenience, which means that our prior is slightly smoother.

2.2.1 LGP and LGC Theoretical Results

First, we state a simple convergence result for Gaussian process of the form (10) with
spectral decay corresponding to (11).

It will be useful to define the following operator A on the space of functions in
L3():

A=Y ap®@¢, a=0+k)0+k), (17)
keZ?

the mixed Sobolev-like norms

Ixllg == 149x]l, (18)
where A?/? = D kez? aZ/2¢k ® ¢y and we recall | - || is the L>(£2) norm, and the
spaces

H™ = {x € L*(Q); |x[ly < oo} (19)

We note that these spaces ensure mixed regularity (hence superscript m), rather than the
typical regularity associated with standard Sobolev spaces. It is precisely this property
which multi-index methods are designed to exploit. Figure 1 shows the contours of
functions in H{?z (red) and W1/2:2 (blue), along with the regions associated with
EOE';W
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lllustration of Multi-index construction
@M1 +KE +K)
1[1+E)(1+K2)]
[k, €0,}

& iy {lkil s ‘Sa}

IR

N
2

0

-50 50

o)

Fig. 1 A cartoon of variance contours associated with a function in H {?2 (red) and a function in wi/2.2

(blue). Letting 6, = [24/224], the spectral region associated with an increment of approximations on the
index sets defined in (14), {|k|1 € 84} = {k € Aq} N {k ¢ Ay 2} (With @ = (a, a)), is depicted in yellow.
Its intersection with the region associated with an increment of increments, 01'2:1 {|ki| € 8a}, is depicted in
green (Color figure online)

an increment (yellow) and increment of an increment at approximation level o =
(a, a). From inspection, it is clear that increments of increments are of higher order
in comparison with increments for functions in the mixed space, but not for functions
in the standard space.

The following proposition is proven in “Appendix B”.

Proposition 2.3 Let x ~ mg, where g is a Gaussian process of the form (10) with
spectral decay corresponding to (11), and let x,, correspond to truncation on the index
set Ay as in (14). Then x € qufor all g < B/2, and forr € [0, q) thereisa C > 0
such that

e — x[If < Cllx||727 2@ miniei

For B = 1, (11) looks like a product of OU processes, with the regularity of Wiener
measure [54]. Hence, following from Proposition 2.3, x is almost surely continuous
for § > 1, and (12) and (13) are well defined. It is worth noting that (12) and (13) are
not well defined for the standard prior, e.g. from [31], since the Sobolev embedding
theorem (see, e.g. [59]) does not guarantee that the solution is almost surely continu-
ous. However, non-infinitesimal representations of (12), i.e. for finite partitions of the
domain, can still be computed as long as A is integrable.

The following proposition ensures our LGC and LGP posterior measures are well
defined on function space and has a density with respect to the prior. It is proven in
“Appendix B”.

Proposition 2.4 Given x : Q — R is a Gaussian process, with probability measure
denoted 1, defined on compact finite dimensional space 2, that is almost surely
continuous and has a finite mean and covariance. If we define 7 by

dm "
(LGC) —(x) xexp Zx(zj-)—/ exp(x(z))dz | ,
dmo i=1 Q@
Elol:;ﬂ
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(LGP) j%o(x) X exp ZX(Z]‘) —nlog/ exp(x(z))dz | ,

j=1 ¢

for n € N then (dx) is a well-defined probability measure, and can be represented
in terms of its density with respect to mg:

d
7(dx) = S mo(dx) .
dm
The analogue to Proposition 2.2 takes the following form. The proposition is again
reproduced, and proven, in “Appendix B”.

Proposition 2.5 For both LGP and LGC, there is a C > 0 such that for x ~ wy and
Xo = Py,x, where Py, denotes the orthogonal projection onto the index set Ay
defined in (14), the following rate estimate holds for all g < (f — 1)/2

]ElLa(xa) _ L(x)|2 < C272min{q,1}min{a1,a2}.

3 Computational Methodology
3.1 Approximate Monte Carlo

For concreteness, in this subsection we will consider the case of the PDE example from
Sect. 2.1. The case of Sect. 2.2 follows similarly. Let X := [—1, 1]¢ be the domain of
X.

3.1.1 Monte Carlo

The forward uncertainty quantification (UQ) problem is the following. Given a quantity
of interest ¢, = ¢ o uy : X = R, compute its expectation

Ega (x) = /X 0 (1 ()0 ().

The typical strategy is to independently sample x’ ~ g, fori = 1,..., N, and then
approximate

. .
Ega () ~ = ) ¢ (uta ().
i=1

For example, we can let

Koy Kay

0a) = g I = /Q () @z ~ 33 ul (o) x) /Q 6% (9% (D)dz,

i=1 j=I

where the latter can be written as ug Kyuy, where Ky i := (67, ¢‘}‘).
FolCTM
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3.1.2 Multi-index Monte Carlo

With MIMC [29], we apply the approximation

Ep(x) ~ Y E[Agy(x)] (20)
ael

where the difference of differences operator is defined as A, := Ap o---0 Ajgy
with A;@y = Qo — Qu—e;, €; is the ih standard basis vector in R?, and 0o = 0if
a; < 0 for any i. The task is then to approximate the expectation of the increment of
increments for each @ € 7 C ZP. For example, for D = 2, one must approximate

E[Agq ()] = /

| (19 = gl @)

— [Pt 1.0 (0) = (1t 1,031 D] )0 ()

To do this we sample xt’; ~ 1, 1.i.d. fori =1, ..., Ny, and then approximate
1 Qe
E[Agy (x)] ~ BN« [Agy ()] := N ; A (x})

Observe that ]E[E(va “[Apy(x)]] = E[A@y(x)]. Furthermore, based on approximation
properties of u, one expects a C > 0 such that

C s
B[ @ 180 (0] - Blage (0D = - [[27. @)

* =1

For the example in Sect. 2.1.1, we have 81 = > = 4 [29].

In particular, as we will now describe, we know how to choose the index set 7
and schedule of { Ny }4c7 such that the following estimator delivers the same MSE for
significantly smaller cost than the standard method of Sect. 3.1

Ep(x) ~ EY'p(x) := Y Bl [Agy(x)]
ael

where E,]IV “ indicates that N, independent samples are used at each level «. A concise,
but not comprehensive, summary of the approach is given in the review [27]. For a
detailed treatment see [29]. MLMC corresponds to the case in which there is one
index. The MLMC methodology is more generally applicable to problems in which
the target distribution—in this case the pushforward of o through u, ()47, i.e. the
distribution of u(x) for x ~ mp—needs to be approximated first to finite resolution,
o, before Monte Carlo can be applied.

Elol:;ﬂ
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Assumption 3.1 There exist positive constants s;, f;, ¥; and C fori = 1,2,..., D,
such that the following holds

@ [E[Ag (0)]] = C27@9);
() E [E[Agu(X)] ~ ElAg. ())?] = CNg 2@,
(c) COST(Agy(x)) < C217).

For a random variable X, the cost function COST(X) denotes the computational
complexity of a single sample of X.The following two propositions are standard results
for MIMC and are proven in [29].

Proposition 3.1 Assume Assumption 3.1, with B; > v;, foralli =1, ..., D. Then for
the total degree index set Ij = {a € NP : Ziil Sia; < L, ZiD=1 8; = 1}, there are
values of L € N, §; € (0, 1] and {Ny}ez, Such that

E|| > EN[Ag, ()] —Elp(X)]] | < Ce%, (22)

(){EIL

with a computational complexity of O(¢~?) for any small & > 0.

Remark 3.1 Under the same assumptions as in Proposition 3.1, if the index set
is replaced with the tensor product index set Zp,.;, = {a € NP . o €
{0,...,L1},...,ap € {0, ..., Lp}}, then the same complexity result can be obtained
only with an additional constraint that Z?:l vilsj <2.

3.2 Monte Carlo for Inference

For simplicity, in this subsection, we define the algorithm for the target 7, although
we note that in practice this cannot be implemented for finite cost for our targets, and
it must be replaced with 7. This sets the stage for our method, which combines the
inference approach with the approximation approach described in Sect. 3.1.

3.2.1 Markov Chain Monte Carlo and Importance Sampling

In the context of Bayesian inference, the objective is ultimately to compute expecta-
tions with respect to a probability distribution & proportional to f > 0, where one
can evaluate f but not its integral, denoted by Z = f f(dx),som(dx) = f(dx)/Z.
In particular, we define f(dx) := L(x)mo(dx) as the target, in the limit « — 0o of
(9). That is, for arbitrary ¢ : X — R, we want to compute integrals

@)

> (23)
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If we could simulate from 7, we would approximate this by
N
EN — (@) i O ~ 7. 24
(@) N ;:1 p(x™), x T (24)

However, in the present context this is not possible because the normalising constant
Z is typically unknown and must be calculated numerically. Markov chain Monte
Carlo (MCMC) and (self-normalised) importance sampling are the standard methods
to solve such problems [55]. Both methods provide estimators ¢V with a dimension-
independent convergence rate analogous to E¥ (¢), for some Cy > 0:

17"~ 7)1} = S
For MCMC, C,, typically depends at worst polynomially on d, and can sometimes be
made independent [17, 50]. However, due to its intrinsic locality, MCMC is doomed to
fail for distributions which are concentrated around several modes with low probability
in between. In the case of importance sampling, the latter case is handled gracefully;
however, one must be careful since often C, = O™ [1, 3, 12]. To be precise,
estimating f @dm using samples from 7 results in C, = O(exp(D 1 (7, ||77))), where

1
ﬂtp:m(pﬂ,

and Dk, (v[|p) is the Kullback-Leibler divergence from p to v [12]. _
If one can simulate from some 7 such that 7 (dx) = %f(dx) with Z = f fdx),

f(dx) = L(x)mo(dx),and L/L < C, then importance sampling consists of replacing
the above unbiased approximation by the following biased but consistent one

Ny (i L)
2t et )z(xm)

Ny L(x®)
il TGO

, xO~ 7 (25)

MCMC methods instead proceed by constructing a Markov chain M : X x o (X) —
[0, 1], where o (X) is the sigma algebra of measurable sets, such that for all A € o (X)

(TM)(A) := / T(dx"YM(', A) = (A),
X

i.e. the Markov chain is = —invariant. Provided the Markov chain is also ergodic then
one may simulate a trajectory and approximate (23) by

Ns+Np
T 2 e, X0~ MOGO, ), (26)
5 i=14N,
Elol:;ﬂ
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Here, as above, N; is the number of samples used, while N, is the number of initial
samples that are unused because we must first allow our Markov chain to approach
stationarity.

The most popular MCMC method is Metropolis—Hastings (MH), which proceeds by
designing a proposal Markov kernel Q such that the following composition Markov
kernel is ergodic. First, sample x’ ~ Q(x¥, dx") = q(x®, x")mo(dx’), then let
x+D = x’ with probability

] LaHg (!, x )

Otherwise, let x0T = x@ Notice that again, as in (25), only the un-normalised
target density L is required. Note that in order to customise the presentation to the
context at hand, we presented a particular category of MH methods, designed for
probability measures on general state spaces, which have densities with respect to 7.
Such methods are justified by the framework of [60], and a particularly convenient
instantiation arises for Gaussian process priors g, where it is easy to define Q such
that g(x, x") = q(x’, x) for all x,x’ € X. See [17, 50], and the more recent slice
sampler variant [49].

Sequential Monte Carlo samplers combine these 2 fundamental algorithms — impor-
tance sampling, and propagation by MCMC kernels — along a sequence of intermediate
targets, and are able to achieve some very impressive results. The next subsection intro-
duces this technology.

3.2.2 Sequential Monte Carlo Samplers

Sequential Monte Carlo (SMC) samplers are able to merge the best of both worlds,
by repeatedly leveraging importance sampling on a sequence of target distributions

which are close. In particular, define 41, ..., hy 1 byh; = Ljy1/Lj,where L} = L,
L; =1L, L appears in (25) (and may likely be mp), f(dx) = L(x)mo(dx) is the
un-normalised target, and for j = 2, ..., J — 1, L; interpolates in between.

Letw; = f;/Z;, where Z; = ffj(dx) and fj(dx) = L;(x)mo(dx). Note that
f(dx) ]—[,Cl] hj(x) = f(dx). The idea of SMC is to simulate from 7 = 7y and use
these samples to construct a self-normalised importance sampling estimator of f> with
weights /1 as in (25), and iterate for j = 1, ..., J — 1, resulting in a self-normalised
importance sampling estimator of w. There is, however, an obvious issue with this
idea. In particular, the locations of the sampled points remain unchanged over each
stage of the algorithm for this sequential importance sampling estimator. This leads to
degeneracy that is no better than the original (one step) importance sampling estimator
(25).

The key idea introduced in [14, 21, 36, 51] is to use Markov transition kernels
between successive target distributions 7 ; and 7 ;41 in order to decorrelate (or “jitter”)
the particles, while preserving the intermediate target. The standard approach is to let
M for j =2,...,J besuchthat (7;M)(dx) = [ 7;(dx)M;(x',dx) = mj(dx),
e.g. an MCMC kernel of the type introduced in the previous subsection, (27).

EOE';W
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The resulting SMC algorithm is given in Algorithm 1. Define

N
1 ;
@)= D o). (28)
i=1

Algorithm 1 SMC sampler

Let xii) ~mfori=1,..., N, and Z{V =1.Forj=2,..., J, repeat the following steps:

k
© Store ZV =z¥ | L SN By (x;jly
. ~ i [ k .
(i) Define w’j = h_j,l(x;lll)/ Z;(V:l l1_j,1(x§jl), fori = l. ..... N.

. . (It
(ii) Resample. Select I; ~ {w}., e, wN}, and letfi.l) = xif fori=1,...,N.

(iii) Mutate. Draw x;i) ~M; ()?;i), D), fori=1,..., N.

In the resampling step of Algorithm 1, the samples are resampled according to their
weights, so that some “unfit” (low weight) particles will “die” while other “fit” (high
weight) ones will “multiply”. As such, it can be viewed as a sort of genetic selection
mechanism [20]. One can understand this operation as preserving the distribution
of particles as well as the degeneracy of the sample, while exchanging variance of
weights for redundancy of particles. Therefore, at a given instance, there is no net
gain; however, future generations will have replenished diversity. As an example, one
can use multinomial resampling. See [15] for details.

3.2.3 Estimating the Normalising Constant with SMC

Recall Z; = [ fj(dx), and observe that

o L L) _Zjn
wj(hj) = Zj/ L;(x) fidx) = Z; .

It follows that the ratio of normalising constants of 7; = 7 to 7] = 7, Z/Z, is given
by

7 J—1

J

= [[7itp.
o

If Z; = 1 is known, then this is simply equal to Z, the normalising constant of 7.
Observe that using Algorithm 1 we can construct an estimator of each factor by

N
1 .
N § : (@)
7'[j (hj):N hj(xj )
i=1
Elol:;ﬂ
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Recall that for any ¢ : X — R we have f;(p) 1= fgz)(x)fj(dx) = fr(D)m;(p), by
definition. Now define the following estimator

J—1
@) =[]V hp=) (@) =z)x) (9). (29)
j=1

where nJN () and Z IJV are as defined in Algorithm 1.
Note that by definition

V() _ V()
zy Ny

V() =

4 Multi-index Sequential Monte Carlo

With the necessary notation and concepts defined in the previous section, we now
establish our theoretical results for Multi-Index Sequential Monte Carlo. Through this
we can provide theoretical guarantees for the Bayesian inverse problems, such as those
defined in Sect. 2.1.2 and we develop methods which apply the MIMC methodology
of Sect. 3.1.2 to that problem.

The main result is an estimator which retains the well-known efficiency of SMC
samplers while provably achieving the complexity benefits of MIMC. This problem
has been considered before in [19, 38, 43], but the present work is the first to establish
convergence guarantees under reasonable verifiable assumptions. To this end, our
objective is to apply SMC samplers to estimate (23) while utilising a multi-index
decomposition of the form (20).

After formulating our problem and introducing some additional notation, we present
and prove our main convergence result Theorem 4.1.

4.1 Formulation

For convenience we denote the vector of multi-indices
Dx2P
a(e) == (a1(@), ..., (@) € ZL ™,

where o (o) = o, app () = o0 — Zf;l e;j,and o (o) for 1 < i < 2P correspond to
the intermediate multi-indices involved in computing Ay, as described above (23).

We note that when « is on the boundary of ZE then several of the terms involved in

Agy are 0, but we find this notation more expedient than letting o (a) € Z_L:Xk“ where

ke = 2#ii A0} ¢ {0,2, ..., 2D} adjusts the dimension ky, when « is on the boundary
of the index set.

Define f,(dx) := Ly (x)mo(dx), Zo := fx fo(dx) and wy(dx) = fo(dx)/Z,,
following from (9). There are two fundamental strategies one may adopt for estimating
w(p) = f(@)/f(1) using a multi-telescoping identity as in (20). The first considers

EOE';W
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the following representation

1
(@)=Y Alalpa)) = Y A (Z—fa«pa)) : (30)

D D
o€l aely

Note we allow ¢, to depend on «*—for example it could involve the solution to the
PDE.

Directly estimating A (7, (¢y)) would be quite natural if we were able to sample
from a coupling of (7g,(a), - -, Ta,p ())» 1.€. a distribution I, : a(XzD) — [0, 1]
such that

/ My (dx) = 7ta ;@) (dx;), forj=1,...,2°2
x,j€X2D*1

In practice, however, this is non-trivial to achieve. One successful strategy for MLMC
methods is to construct instead an approximate coupling I, such that 7y, )/ Iy is
bounded foralli = 1, ..., 2P, then simulate from this and construct self-normalised
importance sampling estimators of the type (25) for each of the individual summands

of A (Zla S ((pa)> appearing in (30). This strategy was introduced for MLMCMC

in [37] and has subsequently been applied to MIMC in the contexts of MCMC [38]
and SMC [19, 43]. These MIMC works lack rigorous convergence results, due to
the challenge of achieving rigorous rates for the individual summands, as well as the
effect of cumbersome off-diagonal terms in the MSE estimates arising from bias of
the summands (which are higher-order for MLMC). Both of these issues are handled
elegantly with the present method.

In the present work, we adopt the second fundamental strategy, which is to use the
ratio decomposition

Cf@) aezp Alfa(9a))

T T T M)

€1V

In their limiting forms in (30) and (31), the expressions are equivalent; however,
from an approximation perspective they are fundamentally different. In the context
of SMC, there are advantages to the latter. In particular, this alleviates both of the
issues with arising from bias of the summands in the aforementioned approach, which
have prevented rigorous convergence results until now. A similar strategy was used
to construct randomised MLMC estimators for Bayesian parameter estimation with
particle MCMC in [11]. This method comprises the main result of this work, and its
development is the topic of the following subsection.

. D
2 Here, xX_j omits the jlh coordinate from x = (x, ..., xzp) e X2
FolCT
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@ Spri o_ Il
7} Springer |, 7j03



Foundations of Computational Mathematics

4.2 Main Result

In order to make use of (31), we need to construct estimators of A( fy(¢y)), both for
our quantity of interest {, = ¢, and for {; = 1. To that end, we shall construct
a coupling which approximates I1,, and has well-behaved importance weights with
respect to I,. Let

2D
Mo (dx) = mo(dx1) [ | bx, (dxi) . (32)
i=2

where §y, denotes the Dirac delta function at x. Note that this is an exact coupling
of the prior in the sense that for any j € {1, ...,2P"}

/ L Todx) = mo(dx)). (33)
x_jEXZ -1

Indeed, it is the same coupling used in Sect. 3.1.2. It is hoped that this coupling of
the prior will carry over to provide error estimates analogous to (21) for the estimator
(31), when computed using SMC. We note that one can estimate (31) directly by
importance sampling with respect to the prior, as described in Sect. 3.1.2; however,
this is not expected to be as efficient as using SMC. We hence adapt Algorithm 1 to
an extended target which is an approximate coupling of the actual target asin [11, 19,
37, 38, 43], and utilise a ratio of estimates analogous to (29), similar to what was done
in [11]. To this end, we define a likelihood on the coupled space as

Lo (x) = max{Lg;@)(X1), - - -, Loy, (@) (XK, )} - (34)
Note that k, = p#inei #0} ¢ {0,2,..., 2D } < 2D adjusts the effective dimension of

the target when « is on the boundary of the index set. The approximate coupling is
defined by

Fy(dx) = Lo (x)ITo(dx),  Tly(dx) = Fo(dx) . (35)

Fo (1)

Example 4.1 (Approximate Coupling) As an example of the approximate coupling
constructed in equations (32), (34), and (35),let D = 2,d = 1, and ¢ = (1, 1). Then,
we have

IT1,1)(x1, X2, x3, x4) oc max{Ly1(x4), L1o(x3), Lo1(x2), Loo(x1)}
70 (x1)8x; (x2)8x; (X3)8x, (X4) .

Note that for our choice of prior coupling (32), we effectively have a single distribution

IT(1,1)(x) o max{L11(x), L1o(x), Lo1(x), Loo(x)}mo(x),
EOE';W
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but any coupling of the prior which preserves the marginals as in (33) is admissible, so
we prefer to consider this as a target on the “diagonal hyperplane” x| = xp = x3 = x4,
as above.

Let Hy, j = Ly, j+1/Lq, j for some intermediate distributions Fy 1, ..., Fy,j = Fy.
In our case, we use the natural intermediate targets Fy j(dx) = Lq(x)% Ip(dx),
where 11 =0,7; < 7j4q,andty = 1. For j =1, ..., J, we define

Mo j (@) = —— Fy (dx)
i(dx) = —F, i(dx
- Fa (1)

and we let M, ; be a Markov transition kernel such that (Ily ; My, j)(dx) =
g, j(dx), analogous to M in Sect. 3.2.2. Any MCMC kernel as described in
Sect. 3.2.1 with target distribution I1, ; is suitable for this purpose. An example is the
Metropolis—Hastings kernel described above and in (27).

Remark 4.1 (Tempering) Tempering accurately is crucial, because if the effective
sample size drops too low, then the population will lack sufficient diversity to survive.
The purpose of the sequential resampling and mutation is precisely to preserve diversity
in the sample. Sometimes a fixed tempering schedule is suitable for this purpose, for
example 7; = (j —1)/(J —1). An alternative is to use an adaptive tempering strategy.

Given a (possibly un-normalised) weighted sample {w®, x®}N_ " the effective
sample size (ESS) is defined as follows

This quantity serves as a proxy for the variance of the weighted sample. To understand
the name, note that if w® oc 1 for all k, then ESS = N, while if w*" o 1 for
some k* and w®) = 0 for k # k* then ESS = 1. If r; = 7;_; + h, for i > 0, then
the intermediate weights will be w® = Ly (x®)" and the corresponding ESS(h)
is a scalar function of & which quantifies the sample attrition that results from the
importance sampling step; precisely what we are aiming to control. The adaptive
tempering parameter 7; is computed by firstly solving ESS(4) = ESSy;, with a pre-
specified value of ESSyy, and then letting 7; < 7;_1 + A. In this way, the effective
sample size is ESSp, each time importance sampling is carried out. The tempering
procedure is carried until 7; = 1.

Remark 4.2 (Role of Dimension D) Note that in high dimensions one would select
an index set in which there are few (or no) terms on the interior. In the present work,
we do not explicitly consider the dependence on D (which is reasonable for small
D < 5 say); however, the methodology is applicable for high-dimensional targets and
that is the subject of future work. The cost of simulating the approximate coupling at
level o will feature a constant 2 multiplying Assumption 4.2(C), because that is how
many likelihood evaluations are required to compute (34), and hence corresponding
multi-increment. The constant can be large, but this will not alter the complexity
estimates.

Elol:;ﬂ
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Algorithm 2 SMC sampler for coupled estimation of A(fy(¢y))

Letx(li)~ﬂ1 fori =1,..., N,Zivzl,andwlqk:lforkzl ..... 2D.F0rj:2,...,J,
k=1,..., 2D , repeat the following steps fori =1, ..., N:

1 N k
© Store zY¥ =z¥ | L >N Ha,j_l(xi.jl).
. i i k
(i) Define wh; = Ho j 1 ¢ )/ S0 Haj1 ),
. ; )
(ii) Resample. Select I ~ {wl. ..... wﬁ.v}, and letfcy) = “’jil

(iii) Mutate. Draw xj.i) ~ Mo,,j(ﬁg-i), ).

For j = 1,...,J, and for random variables x(?), i = 1,...,N (which will be
sampled from the Markov chain M, ;) we define

N
1
N . .
My (dx) = Z}: Bxy)(dx) , (36)
1=
and then define
J—1
zl =[]0y ;(Hey). FYdx):=z)n],ux). (37)
j=1

We require the following assumption

Assumption 4.1 Let J € N be given, and let X be a Banach space. For each j €
{1, ..., J} there exists some C > 0 such that for all (o, x) € Z_? % x2"

C7' < Z, Hy j(x), Lo(x) < C.

The following proposition can easily be deduced from [Theorem 7.4.2, [20]].
Proposition 4.1 Under Assumption 4.1, we have E[Foﬁ\’(w)] = Fo(¢).

Define
= Lag@) (¥1)
Ve () 1= Y k() ay@)@6) . 0(x) 1= # : (38)
k=1 «

where (x € {—1, 1} is the sign of the k™ term in Afy and ¢, : X — R. Following
from Proposition 4.1, we have that

EIFY (W)l = Fa(We,) = Afolla) - (39)

Now givenZ C Zf, {Ng}acz,and ¢ : X — R, for each @ € Z, run an independent
SMC sampler as in Algorithm 2 with N, samples, define ZO[[V =Z7Z ’]V , and define the
FoC
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MIMC estimator as

Ng
AMT > aet Fo " (Yp,)
¥z = N ’
max{)_, .7 Fo * (Y1), Zmin}

(40)
where Zni, is a lower bound on Z as given in Assumption 4.1, and Fév ® is defined in
37).

4.2.1 Theoretical Results

Throughout this subsection, C > 0 is a constant whose value may change from line to
line. The following theorem is the main theoretical result which underpins the results
to follow.

Theorem 4.1 Assume Assumption 4.1. Then, for any J € N there exists a C > 0 such
that forany N € N, ¢ : X2” - R bounded and measurable and o € Zf

N 2 c 2
E[IF) ) = Fa)] = £ Faly?).
Furthermore,
Fay}) <C fx (A(La ()80 (x)))20(dx)

where Y, (x) is as (38).

Proof The first result follows from Lemmas 5.1, 5.2 and 5.3, given in Sect. 5. The
second result is derived as follows:

2

2D
th o
Fo(y7) = fxzD Z‘k%gk)é“am)(xk) Ly (x)TTo(dx)
k=1 o
1 2D 2
- /XZD L, (x) ;LkLuk(a)(xk)fak(a)(xk) [o(dx)

-c /X (A(La ()0 (1)) 270(dx)

The first 2 lines are direct substitution and the inequality follows by defining C~! =
infxexzu L, (x) and using the definition of Iy in (32). O

Following from above, the assumptions below will be made.

Assumption 4.2 For any ¢ : X — R bounded and Lipschitz, there exist C, B;, s;, i >
0 fori = 1,..., D such that for resolution vector (27%!, ..., 27%D), i.e. resolution
2% in the i™ direction, the following holds:

Elol:;ﬂ
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(B) 1A fu(§)| =t By < C27(@9);
(V) [y (A(Lq(x)Za (X)) *mo(dx) =: Vo < C27(P);
(C) COST(Fy () =: Cy o 20070,

The proofs of the main theorems will rely on one more result, Lemma 4.1, given
immediately afterwards.
The next theorem comprises the main result of the paper.

Theorem 4.2 Assume Assumptions 4.1 and 4.2, with B; > y; fori = 1, ..., D. Then,
for any ¢ > 0 and suitable ¢ : X — R, it is possible to choose a total degree index
setTp = {a e NP 2 i < L, Y28 = 1), 8 € (0, 1] and {Ng)yer,, such
that for some C > 0

E[@Y — 7(9))?] < Ce?,

and COST({O\%/H) < Ce™2, the canonical rate. The estimator P ‘/’I is defined in equation
(40).

Proof Starting from Lemma 4.1 and given Theorem 4.1, and the Assumptions 4.2, the
result follows in a similar fashion to standard MIMC theory [19, 27, 29, 38, 43]. The
proof is given in “Appendix A” for completeness. O

Remark 4.3 Under the same assumptions as in Theorem 4.2, and similar to Proposi-
tion 3.1, if the index set is replaced with the tensor product index set 7.1, := {« €
NP . q; € {0,...,L1},....,ap € {0, ..., Lp}}, then the same complexity result can
be obtained only with an additional constraint that ?:1 vilsj < 2.

Zael Foiva (Wpu)
maX{ZaEI Fojtva 1), Zmin}

Lemma 4.1 For the estimator (40) '(ﬁ%/" = , the following

inequality holds

2
EI@F —7(@)’] = € max (ZE[(F“%)—F (V) } (Z Fawm) ) :

a¢Z

N
Proof Recall that from (40) we have @ AMI Lot FO;V Vo)
max{zael— Fo'* (Y1), Zimin}

2
ElEGM _ N _Eg Yuez Fa (Vo) i
or @] |:<max{2ae1 Ol “(¥1), Zmin} J

Toer ! Fa“ (g, ( N )
=E < f (1) — max{ F, (Y1), Zmin}
|: max{zaez Ne W), me}f(l) ogl ]

2
70 (Z F (Wg,) — f(w))) ]

FoE'ﬂ
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Since f(1) > Zmin and | max{A, Z} — max{B, Z}| < |A — B]|, we have

2 2
E (max{ZFO{Va(wo,zmm}—f(l)) <E (ZF;Vawl)—f(l))

ael ael
41)
Then, we have
2
E(@Y! —7@)* < € max E| |3 F(wg) - £
¢elp, 1} wel
2
C E FlNe -Y'F
= cllon [(OE e o; a(%))
2
- (ZFaw;a)—f(c)) ]
ael
2
— Na —_ 2
_C;Qf}’fl} EE [(Fa (We,) Fa(%)) ]+ (anga(w;a))
O

Remark 4.4 1t is remarked that one always has Z > 0; therefore, given a target error
level €, one can always replace Z,i, < ¢, and achieve the same result. To see this,
denoting

ZM =3 FYe),

ael

observe that line (41) can be replaced with

|max{ZM', e} —Z| < |ZM| — Z| + |e| + | max{Z — &, 0} — max{Z, 0}|
< |ZM — 7| +2/¢|.

Theorem 4.2 formulates the total degree index set with general § satisfying some
loose conditions. In the paper [29], optimal § is constructed according to a profit
indicator. The focus of the present work is on the canonical case, where the complexity
is dominated by low levels, so we simply choose § o s. The proof of Theorem 4.2 is
based on the general §, and it is easy to see that this choice suffices.

To achieve the canonical rate of complexity, Theorem 4.3 with the tensor product
index set relies on the essential assumption that Zle Z—j < 2, which ensures that the
samples at the finest index do not dominate the cost. If the assumption is violated,
then only the subcanonical complexity Zf: 1 ?—]’ can be achieved. This rate may often

EPE?
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be D—dependent, resulting in a so-called curse of dimensionality. In comparison,
Theorem 4.2 with the total degree index set releases this constraint, and improves
the computational complexity for many problems from subcanonical to canonical, as
illustrated in the numerical examples.

4.3 Verification of Assumptions

Here we briefly discuss the models considered before in connection with the required
Assumptions 4.2. Note that both posteriors have the form exp(®(x)) for some & :
X — R, and are approximated by ®, : X — R.

Proposition 4.2 Let X be a Banach space with D = 2 s.t. my(X) = 1, withnorm || - ||x.
For all € > 0, there exists a C(€) > 0 such that the following holds for ®, ®, given
by (13), (16), or log(L), log(Ly) from (9), respectively:

Aexp(Py (xy)) < C(€) exple|lx}) (IACDa(xa)I + A1 Po—e, (Xa—e))|

X |A2q>ozfel (xa7e1)|> .

Proof Let us introduce the shorthand notation Aj; = P (xy), A10 = Po—er (Xa—e,),
Aot = Py—e; (Xa—e)s A00 = Poy—e)—er (Xa—e1—¢,). We have

Aexp(Py(xy)) = exp(Ar1) — exp(Aio) — (exp(Ao1) — exp(Ago))
= exp(Ajo) (exp(A11 — Ajp) — 1) — exp(Ago) (exp(Agr — Ago) — 1)
= exp(A10) (exp(A11 — A1) — exp(Aor — Ao))
+ (exp(Ao1) — exp(Ago)) (exp(A1o — Aoo) — 1)
< C(e) exp(ellx[lR) (A1 — Ao — (A1 — Ago)|
+lAo1 — AoollA10 — Aool)

where we have added and subtracted exp(A1g) (exp(Aogr — Apo) — 1) in going from
the second to the third line. The final line follows from the mean value theorem and
equations (59) and (72) with X = H™, r > 1/2. These trivially hold for (9).

The issue which prevented us from achieving above for LGC is that terms like
exp(—Ajp) x exp(—dy(xy)) appear in the constant, which involve a factor like
exp( f exp(x(z))dz). Fernique theorem does not guarantee that such double exponen-
tials are finite. However, for LGP, we instead have

exp(—Aio) x (/;2 exp(x(2))d2)" < Q" exp(nlxllL=@) < 12" exp(nllx]l,).

O

PDE. The following proposition updates Proposition 2.1 and is proven in the literature

on mixed regularity of the solution of elliptic PDE, as mentioned already in Sect. 3.1.2.
See, e.g. [29] and references therein.
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Proposition 4.3 Let uy be the solution of (2) and (3) at resolution «, as described
in Sect. 2.1.1, for a(x) given by (5) and uniformly over x € [—1, 11%, and f suitably
smooth. Then, there exists a C > 0 such that

[Aug(x)|ly < C27%17%2,
Furthermore,
[ Aug ()| < €27 21te2)

Note that since Ly (x) < C < 0o by Assumption 4.1, the constant in Proposition
4.2 can be made uniform over x, and hence the required rate in Assumption 4.2 is
established immediately.

LGP. Will restrict consideration to LGP here, since LGC features double exponentials
which are difficult to handle theoretically in this context. The following proposition
updates Proposition 2.3 as required for differences of differences.

Proposition 4.4 Let x ~ mo, where m is a Gaussian process of the form (10) with
spectral decay corresponding to (11), and let x, correspond to truncation on the
index set Ay = ﬂ,'2=1 {lki]| < 2%} as in (14). Then there is a C > 0 such that for all

g<@B-1)/2
lAxe 1> < Cllx||2272 Yl

Proof The proof follows along the same lines as that of Proposition 2.3 (B.1), except
instead of projection onto U?:] {|ki] > 2%}, the projection here is onto the set of
indices N?_, {2% ! < |k;| < 2%}, i.e.

<o

—q/2
14712 Pra it <y <oy e 1) =

]

The key phenomenon that takes place is that the difference of difference Ax, leaves
a remainder which is an intersection 01.2:1 (2%~ < |k;| < 2%}, rather than the union
Ul.2=1{2""'_1 < |kj| < 2%}, associated with the truncation error in Proposition 2.3,
which one would achieve with a single difference from x, — x,—1. This eliminates
all indices in which k; I'= O(1) for some i, and provides the required product-form
rates.

Proposition 4.5 The rate from Proposition 4.4 is inherited by the likelihood, resulting
in verification of Assumption 4.2(V) with B; = .

Proof The proof follows along the lines of Proposition 2.5. In this case, following
from Proposition 4.2, for all ¢ > 0 and g < /2, we have

Eny (ALa(30))? = Exy C(€) exp(elx D) (APa(xa) + A
FolCTl
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2
(Da—ez (xa—eg)AZq)a—el (xa—el ))

2
< 2 M i

where the second line is computed with estimates similar to (72), and Fernique The-
orem to conclude, as in the proof of Proposition 2.5. O

5 Proofs Relating Theorem 4.1

In this section, we prove Lemmas 5.1, 5.2 and 5.3 from which Theorem 4.1 is an
immediate consequence. We fix o« € 7 throughout this section and thus, to avoid
notational overload, we henceforth suppress it from our notation.

Forj =2,...,J, we define

H(Hj_le)

; (42)

and observe that the iterates of the algorithm of Sect. 3.2.2 can be rewritten in the
concise form

xh~ @,y ), fori=1,...,N, (43)

where we recall the definition (28) for the empirical measure IT ?’71. Let & (IT) :=TII.
A finer error analysis beyond Proposition 4.1 requires keeping track of the effect of
errors (1'[?’ - ®; (1'[?’_1)) and accounting for the cumulative error at time J. To this

end, and for any ' : xX2” 5> R bounded, we define the following partial propagation
operator forp =1,...,J

J
Y(xy) l_[ Hj j(x;j_DMxj_1,x))dx,q1.0,

j=n+1

O (V) (x2) = /
X

2D 5 (J—n)

(44)

where Q. 5 = L, ie. Q. 7(¥)(xy) = ¥(x ). We will assume for simplicity that
F1 := Ty, the prior, so that F;(1) = 1. Note that then [To(Q1(¥)(x1)) = F;(f) =
F).

We present now the following well-known representation of the error as a martingale
w.r.t. the natural filtration of the particle system (see [11, 20])

J
FY@) = Fa =Y FY O (M) = 0, | sy, @5)
n=1

Sy @)
FoCT
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where we denote the summands as Srjx ;). This clearly shows the unbiasedness
property presented in Proposition 4.1. In particular, EF }V (¥) = F(y), as can be seen
by backwards induction conditioning first on {xiJ_l}f\’: , and recalling the form of

F,{V (1) given in (37). This brings us to our first supporting lemma. Throughout these
calculations, C is a finite constant whose value may change on each appearance. The
dependencies of this constant on the various algorithmic parameters are made clear
from the statement.

Lemma 5.1 Assume Assumption 4.1. Then, for any J € N there exists C > 0 such
that for any N € N and any v : X2 = R bounded and measurable

C J
ELF) () = FO)*1 < 2 D El(Qns () x;))].

n=1

Proof Following from (45), we have

J
E(F) () — F(¥))* < C Y _EI(SY ,(¥))%]
n=1

IA

C
NE[(QnJ(w(xW] :

The first inequality results from application of the Burkholder—Gundy—-Davis inequal-
ity. The second inequality follows via an application of the conditional Marcinkiewicz—
Zygmund inequality and the fact that F,¥(1) is upper-bounded by a constant via
Assumption 4.1. O

Lemma 5.2 Assume Assumption 4.1. Then, for any J € Nandn € {1, ..., J} there
exists a C > 0 such that for any N € N and  : X2” - R bounded and measurable

(Qn. s (W) (X)) < CQuy (P (xy).

Proof Observe that for any x, € XZD, On.7(W)(xn)/On.7(1)(xy) is a probability
distribution. Therefore, Jensen’s inequality provides

2
n Y (O (D 2(M)
(s (D) n)” = (Cns DG 5=

< Qn g (D)(x) Qs (W) () .

The result follows with C = SUp, oD On.s()(xp). O

Lemma 5.3 Assume Assumption 4.1. Then for any J € Nandn € {1, ..., J} there

exists a C > 0 such that for any N € N and any ¥ : X" = R bounded and
measurable

E[Qns (YD (xD] < CF(y?).
Elol:;ﬂ
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Proof We proceed by induction. The result for n = 1 follows immediately from
Lemma 5.2 and the fact that we defined ®(I1;) = I1; = F; = Iy

J—1
Mo(Q1,5 (W) (x1) = / L Ve nToe) [T Hj@ )M, xjp0dxy
X2 xJ

j=1

- / W) F)dxy .
X2 xJ
Now, assume the result holds forn — 1:

ELQu—1.7 (W) (x) D1 =E(@, 1 (MY )[Qu-1.7WH]) < CFWY?),  (46)

and we will show that this implies it holds for n.
‘We have that
@, (MY DQw 7 (W] = Oy (D1 (T N[00 7 ()]
T
F{ @ (T ) — @, (@1 (T NQ s (W]

I

We consider bounding the expectations of 77 and 73 in turn.
T1. We have

1

N 2 —
Dy (Pp—1 (T1,_ N[00,y (Y] = cbnfl(nyllvfz)(anl)

) /X 1 (T ) (A1) Hyd () M (1 ) Qs () (61
By Assumption 4.1 inf, H,_(x) > C~! and
Qs WA)s) = [ Hot () Moo 1) Qo (W) ).

Therefore, by the inductive hypothesis

E (@n(®01 (M )0 s (D)) = CE (@01 (5[ Qa1 (0)])
< CFW?).

FolCT
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T>. For the second term, we have

@I ) = @ (@t (T Q s (W]

T (Hn o\ My Qg (02)) @t () (Hi 1 My O s (V)
T (Hy-1) @1 (TT_5) (Hy—1)

1
<|l—
oy (H,—1)

., - cbn_l(n,7_2>)<Qn_1,J(w2>)‘

11
(@1 (MY ) =TIV )(H,—1)
Y (Hy— )@ (Y ) (Hy—1)

<I>n_1(n,,Nz><Qn_1,](w2)>‘ :

T

These two terms are now considered.
T,,1. The expected value of 7> 1 can be bounded as follows:

E[|(m = @t (M0)) Qa1 n@d)|] < B[ MY Qa0
+ E[| @01 (MY (010 0)]]
=E[1Y Qw10
+ B[ @01 (M) Q01,5 (02 ]

< 2B [ @1 ()10 (02))
<2CFY).

Where the triangle inequality is used in the first line, positivity is used in the second,
the Martingale property is used in the third, and the induction hypothesis is used to
conclude. Thus, after appropriately redefining the constant C, we have that

E[T,1] < CF(y?).

T, . Finally, for the second term, note that by Assumption 4.1 there is a C < o0
such that

(q)n—l(H,/:/_z) - Hiv_1)(Hn—1) -
HQL] (Hp—1)Pp—1 (H,}yfz)(anl) B

Thus, by again applying the induction hypothesis (46) one has that
E[T22] < CF(¥?)
and this suffices to complete the proof. O
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Fig. 2 2D Elliptic PDE with random diffusion coefficient rate of convergence for MLSMC and MISMC
with the self-normalised increments estimator and the ratio estimator, where MISMC is applied with the
tensor product index set and the total degree index set. Each MSE is computed with 200 realisations. Rates
of regression: (1) MISMCSN_TP: —1.007 (2) MISMCSN_TD: —0.996 (3) MISMCRE_TP: —0.964 (4)
MISMCRE_TD: —0.925 (5) MLSMCSN: —0.880 (6) MLSMCRE: —0.918

6 Numerical Results

First, we considered the toy example of a 1D DE simplification of the PDE introduced
in Sect. 2.1. Since the method reduces to a multilevel method in this case, the results
are provided in “Appendix C.1”.

6.1 2D Elliptic PDE with Random Diffusion Coefficient

In this subsection, we look at the 2D elliptic PDE with random diffusion coefficient
from Sect. 2.1. The problem is defined in (2)—(3). The domain of interest is Q2 = [0, 112,
the forcing term is f = 100, a(x)(z) = 3 + x; cos(3z1) sin(3z2) + x2 cos(z}) sin(zz),
and the prior is x ~ U[—1, 112. The observation operator and observation take the
form of (7) and (8), respectively.

Let the observations be given at a set of four points - {(0.25,0.25), (0.25,0.75),
(0.75,0.25), (0.75,0.75) }. Corresponding observations are generated by y = uy (x*) +
v, where uy (x*) is the approximate solution of the PDE at « = [10, 10] with x* =
[—0.4836, —0.5806] drawn from U[—1, 1]%, and v ~ N(0, 0.5%). Due to the zero
Dirichlet boundary condition, the solution is zero when o; = 0 and «; = 1 for
i =1,2.Soweseta; < «; +2fori = 1,2 as the starting indices. The 2D PDE
solver applied here is modified based on a MATLAB toolbox called IFISS [23] such
that the solver can accept a random coefficient and solve the problem of interest. The
algorithm is applied with Metropolis—Hastings method and a fixed tempering schedule
for all @, where / =3 and 7; = (j — 1)/2.

EOE';W
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Fig.3 LGC model with MLSMC and MISMC with the self-normalised increments estimator and the ratio
estimator, where MISMC corresponds to the total degree index set. Each MSE is computed with 100
realisations. Rate of regression: (1) MISMCRE_TD: —1.022 (2) MISMCSN_TD: —0.973 (3) MLSMCRE:
—0.686 (4) MLSMCSN: —0.677

For this example, we have s; = so = 2 and 1 = B, = 4 for the mixed rates
corresponding to Assumptions 4.2, which implies that along the diagonal o] = « the
rates for AFy are s1 4+ 5o = 4 and B + B2 = 8. This is shown in Figs. 7 and 8. The
contour plot 9 performs a more general illustration. For the multilevel formulation,
s = 2 and B = 4, which can be observed from Fig. 10.

Considering the quantity of interest x% + x22, MSE in Fig. 2 is calculated with 200
realisations. Total computational costs are computed with the same idea as the previous
questions. The reference solution is computed by MLSMC instead of MISMC to avoid
errors in algorithm. MISMC algorithm is carried on with the two different index sets
mentioned above—tensor product and total degree index set. According to the rates of
regression in the caption of Fig. 2, both MLSMC and MISMC with the self-normalised
increment estimator and the ratio estimator have the rate of convergence close to -1
falling into the canonical case, which is as expected.

The advantage of MISMC can be shown in the following examples, where we can
only achieve subcanonical rates with MLSMC and MISMC with the tensor product
index set but the canonical rate with MISMC with the total degree index set. It is worth
to note that this advantage is because the total degree index set which abandons the
most expensive estimation.

6.2 Log-Gaussian Process Models

After considering the PDE examples in previous subsections, we show the numeri-

cal results of the LGC model introduced in Sect. 2.2. The parameters are chosen as

0 = (01,62,63) = (0, 1, 110.339). For this particular example, the increment rates
Elol:;ﬂ
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Fig.4 LGP model with MLSMC and MISMC with the self-normalised increments estimator and the ratio
estimator, where MISMC corresponds to the total degree index set. Each MSE is computed with 100
realisations. Rate of regression: (1) MISMCRE_TD: —0.994 (2) MISMCSN_TD: —0.950 (3) MLSMCRE:
—0.643 (4) MLSMCSN: -712

associated with MLSMC are s = 0.8 and 8 = 1.6, while the mixed rates associated
with MISMC are s; = 0.8 and 8; = 1.6 fori = 1, 2. The rates for s and 8 can be
observed from Fig. 14 and mixed rates for s; and B; fori = 1, 2 can be observed from
Figs. 11, 12 and 13. This forward simulation method has a cost rate of y = 2 + w, for
any w > 0, while the traditional full factorisation method used in [32] (and references
therein) has y = 6. However, one has y; = 1 + @ < fB; < y. This means circulant
embedding will deliver a single level complexity of approximately MSE~%/4, while
the traditional grid-based approach has complexity MSE™!%/4. An implementation of
MLMC delivers MSE /4~ _Finally, MIMC with TD index set (§; = 0.5 fori = 1, 2)
delivers canonical complexity of MSE™!. Note that, because Z?:l 7:—; =5/2 > 2,

the important assumption Z?:l z—j < 2 for MISMC with TP index set is violated, the
cost of the finest level samples dominates the total cost, and MISMC TP therefore has
the same subcanonical complexity as MLMC.

SMC sampler is applied with the pre-conditioned Crank-Nicolson (pCN) MCMC
[17, 50] as the mutation kernel and adaptive tempering described in Remark 4.1. The
quantity of interest is taken as ¢ (x) = f[o’ 11 exp(x(z))dzando; < a;j+5fori =1,2
are the starting indices. Figure 3, and the rate of regression in the caption, show the
above claims that MISMC TD is canonical with rate of convergence close to -1 and
MLSMC is subcanonical. MISMC TP is not included here since the computational
complexity of this method is the same as that of MLSMC for this example. The
only difference between the two methods is the constant. Compared with MLSMC,
MISMC TP has extra indices and two extra terms at all internal indices. This means that
MISMC TP has a larger constant than MLSMC. MISMC TD turns the computational
complexity from subcanonical, which all that is achievable with MISMC TP, MLSMC,
and SMC, to canonical, indicating the benefits of MISMC TD.
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6.3 Log-Gaussian Process Model

In this subsection, we consider the LGP model introduced in Sect. 2.2. By changing
the likelihood and parameters accordingly as 6 = (01, 65, 63) = (0, 1,27.585), the
LGP model follows the same analysis as the LGC model in the previous subsection
and gives the same numerical results for regularity and complexity. More precisely,
the increment rates associated with MLSMC are s = 0.8 and 8 = 1.6, and the mixed
rates associated with MISMC are s; = 0.8 and 8; = 1.6 fori = 1,2, which are
the same as LGC. Figure 18 shows the increment rates for s and g, and Figs. 15, 16
and 17 show the mixed rates for s; and B; for i = 1, 2. The rates corresponding to the
computational costs of MLSMC and MISMC are y =2 +wandy; = 1 +w < y,
for any w > 0, respectively. Being the same as that of LGC, the complexity of LGP is
MSE /4= with MLSMC and MSE~! with MISMC.

As above, SMC sampler is applied with the pre-conditioned Crank-Nicolson
(pCN) MCMC [17, 50] as the mutation kernel and adaptive tempering described
in Remark 4.1. Considering the quantity of interest ¢(x) = f[ogl]z exp(x(z))dz and
letting the starting indices «; <— o; + 5 for i = 1,2, Fig. 4, and the rate of regres-
sion in the caption, show the same claims that MISMC TD is canonical with rate of
convergence close to -1 and MLSMC is subcanonical.

Acknowledgements AJ was supported by KAUST baseline funding.

OpenAccess Thisarticleis licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

A Proofs relating to Theorem 4.2 and Remark 4.3

Let By = Fy (Y, ), and recall from Assumption 4.2 (V) that

| (R ) - b)) | = ValNe.

and from Assumption 4.2 (C) that the total computational cost is ), .7 Ny Cq. Fol-
lowing from Theorem 4.1, we have

2

V.
E[@Y ~7@)?1<C max |3 2+ (> B |. 47)
cefp, 1} Ny
ael a¢l

Then, E[(@%’H — 7T(g0))2] is less than Ce? as long as both max;¢(p. 1) Zaez Vy and
maxge(p,1) (Zaﬂ Bo[)2 are of O(g?). We can now prove the Remark 4.3 as follows.
FolCTl
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Proof We start from inequality (47) and replace the general index set Z by the tensor
product index set Zy,,.1., = {«a € N :q € {0,...,Li},...,ap € {0, ..., Lp}}.
Let L; = [logy(D/e)/si], fori =1,..., D, where |'~'| denotes ceiling a noninteger
to an integer. The bias term is bounded as follows

> Byu= Y FulYg)=<C Y ]_[2 ‘“’<C22 Lisi

a¢Zp, L) a¢Zr, L) agZp Ly i=1

where the inequality above follows from Assumption 4.2(B). Substituting L; in the
inequality, the bias term is of O(¢). By Lemma A.4, ) Vi /N 1s minimised

o€l Ly
and equals €2 by choosing

Ne=e2[ > \/\@T\/»

o EILI

The sample size can only be treated as an integer and there should be at least one
sample in each multi-index of resolution. So let the upper bound of N, be

Ne<l4+e2| Y JVyCo \/7

o EILI Lp

Then, the total computational cost Cz, ., is given by

2
Criwy= D, NaCa=0[c| > VVula| + D Co

OZEILI;LD O[EILI:LD D‘GILI:LD

By Assumption 4.2, we have

D
Z \/mi Z anaf()/i—ﬂi)ﬂ: nczza,(m Bi)/2

o€l Ly o€l L, i=1 i=1 =0

Since B; > vy, ZaeILI:LD VVyCy = O(). In addition, ZUGILI:LD Cy, =
O(e_Zf=1 Dyi/siy and this is bounded by O(¢~2) due to the assumption that
Z,.’; ¥i/si < 2. Thus, the total computational cost is dominated by O(s~2). O

The proof of Theorem 4.2 is similar as that of Remark 4.3. The details are as follows.

Proof We start from inequality (47) and replace the general index set with the total
degree index set 7; := {oa € N? : Zf;l Sia; < L, Zi’;l 8 =1}.
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n=#i=1,...,D: log(2)8i_1si = A1}. Using Lemma A.1, the bias term can be
bounded as follows

> By= Y Fu(¥y,)

agly agly
D
ey [
agly i=1

D
< C/ l—[e—10g(2)xi5idx
{XER?: Z;D=| 5,’)(,'>L, Zl.;] 5,’:1} i=1
—32 log)5  x;s;
=C e~ &=l i idx
{xeR?: Y2 | x> L)

S Ce*A]LLruf]

where A and n; are defined above. Substituting in the L and applying Lemma A.3,
the bias term is of O(¢).

Following the similar steps as the proof for Remark 4.3 and replacing the tensor
product index set with the total degree index set, the total computational cost Cz, can
be formulated as

2
Cz, =) NeCa=0|e? Y VVuCo| + ) Ca

OtGIL (XEIL OlEIL

Starting from the first term, since 8; > y;, we have

Z \/m < Z 225):1011'(%*131‘)/2

aGIL OlEIL

- ]‘L.’;l(l — 20i—B1)/2)

Considering the second term ) Cy and using Lemma A.2, we have

O(EIL
D

Y = 3 amhe

C{GZL O{EIL

eZi’Ll log(2)5fl)/ixi dx

IA

|
{(xeRP: P ;<L)
< CeAzLan—l’

where Ay = max;—1,__plog(2)8; 'y, andny = #{i = 1,..., D : log(2)8; 'y; =
As).
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Substituting L into the upper bound, and since 2s; > f; > y;, we have y;/s; <2
which gives Cy < O(e72). Then, the summation of the two terms is of O (g ~2).
O

OZEIL

Lemmas A.1 and A.2 are from Lemma 6.3 and 6.2 of [29].

LemmaA.1 For L > 1 anda e RE, there exists a C(a) > 0 such that the following
inequality holds

D
e~ Li=4itigy < Ce~Mbpm—1

/;XGRQ: Y2 xi>L)
where

A1=' I}linDai, n1=#{i=l,...,D: al'=A1}.

1=

LemmaA.2 For L > l and a € R_e, there exists a C(a) > 0 such that the following
inequality holds

D
1 A X AsL ynp—1
eXi=1 Gty < CeM2l !

/{‘XGRQZ Y2 xi<L)
where

A2='nl1axDa,-, nm=#i=1,...,D: a = A>}.

i=1,...,
LemmaA3 For L = log (¢~ '(loge=1)2"=D) /A
e*ALL}’l*] S CE

where C = 2(n — 1)/A)* L.

Proof The argument follows by the following sequence of equalities. The final inequal-

ity, below, follows since [logx — x] < 0 for x = logloge .

log (e—ALLn—1>
— AL+ (n—DlogL
1
— —loge™! —2(n — Dlogloge™ + (n — 1) log <Z log (6_1(10g 6—1)2("—“))

1
=loge —2(n — 1)loglog el+m—-1 log 1 + (n — l)logloge_1

+ (n —1)log (Z(n — 1)loglog 671)
—loge + (n — D log2(n — 1)/A) + (n — 1) [log logloge™! — loglog e—l]
FolC
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< log(e(2(n — 1)/A)"™h,

as required. O

LemmaA4 For a fixed & = ¥,/ E [(Foiva (W) — Fa(‘(//;a)>2i| = Yot

(from Lemma 4.1), the cost is minimised by choosing Ny such that

_ IV,
Ny =& 2 (Z va/ca/> C_Z
o'el

Proof Given fixed e2 = Y weT x—‘;, the cost can be minimised as a function of { Ny }4c7
by applying the Lagrange multiplier method. For some Lagrange multiplier A, we solve
the minimisation problem

n]}in Z NyCy + 22 (

ael

\%
> e -e).
acZ ¢

This gives the optimal value of Ny = A4/ V,,/C, foreach o € 7. Plugging the solution
to { Ny }e7 into the constraint equation 2 = Y 7 X—Z givesA =2 .7V VaCq

and therefore
2 Va
Ne=e2(Y VVuCa T
o' el o

B LGC Results

We restate and prove Proposition 2.3.

Proposition B.1 Let x ~ mg, where mg is a Gaussian process of the form (10) with
spectral decay corresponding to (11), and let x,, correspond to truncation on the index
set Ay as in (14). Then x € H[;“f()r all g < B/2, and forr € [0, q) thereisa C > 0
such that

lxe — x|} < Cllx|7272@ ) minie

Proof Since x ~ g is a Gaussian process, in order to prove x € H(;“ forallg < B/2,
it suffices to prove that E|x ||§ < 00. Indeed there is a C > 0 such that

B+1
Elxl; <C Y (A+iDA+k)7 7,
keZ?
FolCT
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from which it is clear that 2¢ < § provides a sufficient condition for summability. To
see this, define xx = (¢, x) = [ ¢(2)x*(z)dz, and note that Elxx|> = pi(0) and
{&r }xez are orthonormal. In more detail,

EllxI2] = E [1A9/2]
2

=E Za > ¢kx

keZ xk

= > 4 Pall? (r. ) Exx
——

k. k' €72 S

= > A+ + k) Elx |
kez?

= Y (A +kDIA+5)7 pi(0)
kez?

1
<CY A+kDIA+k3)1 .
kez? ((L+EDA+E) T

=C > ((1+k)( e

kez?

Now let P4, denote the projection onto the index set A,. Observe that there is a
C > 0 such that

|A—9/% — AW/ZPAQHZL(L2 12y = Sup Z a, xk
’ Ixl=1 e 4,

< C(Q72% 4 27290y (48)

where £(L?, L?) denotes the space of linear operators from L to L?.
For r € [0, g), we have

lxe — x )12 = |AT92 A2 (x — Py x|
< ||(A*(t1*r)/2 A~ r)/zp )Aq/2x||

< Cllx|g272@mnminier,

where the first line follows from the definition, the second follows from commutativity
of P4, and A, and the final line follows from the definition of operator norm and (48).
|

We restate and prove Proposition 2.4.

Proposition B.2 Given x : Q2 — R is a Gaussian process, with probability measure
denoted 1, defined on compact finite dimensional space 2, that is almost surely
FoE"ﬂ
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continuous and has a finite mean and covariance. If we define 7w by

(LGC) 6f—ﬂ(x) o exp ;x(zj)—/gexp(x(z))dz ,

0

(LGP) 57710()0 X exp ]Z_;x(zj) —n log/;zexp(x(z))dz

for n € N then 7 (dx) is a well-defined probability measure, and can be represented
in terms of its density with respect to mwg:

dn
w(dx) = %no(dx).

We first proof the proposition for LGC.

Proof For m with LGC to be well defined, the first exponential above must be inte-
grable. Specifically, we require that

n
0<Z:=Eg |exp Zx(sj) —/ exp(x(s))ds < 00.
j=1 ¢

To upper-bound Z notice that Z’}:l x(s;) is a real-valued Gaussian random variable

with finite mean and variance, which we denote by n and o2, respectively. Also,
exp(x(s)) is non-negative thus

n

Z = Ey, | exp Zx(sj)—/ exp(x(s))ds

j=1 @

n
< Eg, | exp Zx(sj) = E[e”"’”z/z] < 0.
j=1

This gives the required upper-bound.
For the lower-bound, we note that since x(s) is almost surely continuous and €2
is compact, then sup,.q x(s) is almost surely finite. Thus fQ exp(x(s))ds is almost

surely finite, because fQ exp(x(s))ds < |S2] exp(supscq x(s)). Thus, by Monotone
convergence, there exists a value of K such that

IP’(/ exp(x(s))ds > Kl) <1/4
Q

Elol:;ﬂ
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Similarly since >/, x;(s) is Gaussian, there exists a value of K, such that

n
P> xj) <—Ky| <1/4
j=1

Taking, K = 2(K; V K»)
n
P Zx(sj) —/ exp(x(s))ds > —K
° Q
j=l1

>P[ Y x(sj) > —K/2, —/ _eXp(x($))ds > —K /2

= [0.1]

>1-P[) x(sj) <—K/2 —]P(K/Zf/exp(x(s))ds)
j=1 @
11

21—~ ——=

1
5

N
~

Thus Markov’s inequality for corresponding value of K gives

e_K>0,

| =

Z :=Eg | exp Zx(sj)—/ exp(x(s))ds >
j=1 <

as required. O

We now prove the proposition for LGP.

Proof For m with LGP to be well defined, the second exponential above must be
integrable. Specifically, we require that

0<Z:=Eg |exp Zx(sj) —nlog (/ exp(x(s))ds) < 0.
Q

j=1

First, we show Z is lower bounded by 0. Notice that since the process x (s) is almost
surely continuous in s and the domain €2 is compact. Thus almost surely it holds that

n

7 = exp Zx(sj) —nlog </ exp(x(s))ds) >0
Q

J=1

As an immediate consequence Z = IE,,O[Z ] > 0, as required.
FolCTM
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We now show Z is upper-bounded. Notice that, if we let u = (u; : i = 1, ..,n)
be independent uniformly distributed on 2 (wlog we assume |2| = 1) then we can
bound as follows

7 = exp IXn:x(sj)} (/ exp(x(s))ds>_" = exp IXn:x(”)} <Eu [eZL x(ui)]>—1
j=1 ¢ i=l
<exp {Xn:x(sj')} E. [efz?:‘ X(u[)] =Ey |:6XP {Xn:"(sj) - i:x(”")}:| “49)
j=1 i=l

j=1

The inequality above applies Jensen’s Inequality. Thus, we see we can bound Z by
bounding the expectation of exp{Z?:1 x(sj)— i x(u;)} with respect to 7o and u.
By Fubini’s Theorem [62], we can hold u fixed and take the expectation with respect to
1. Notice that under 7, x is a Gaussian process with bounded mean and covariance.

We let 1 and o bound the mean and covariance of x. So, conditional on u, it holds
that

n n
Ery | exp i) () = Y x(u) | < o/2
j=1 i=1
Since the above upper bound is independent of u, we have that

n n
En | By [exp] Y x(sp) =Y x(u) < onnno’/2 (50)
j=1 i=1

Note that Fubini for positive random variables allows interchanging integrals without
a priori finite guarantees [62]. Combining inequalities (49) and (50) we have

n n
Z = EﬂO[Z] <Egn | Ey | exp Zx(sj) - Zx(ui) < Ao /2 0,
j=1 i=1

which gives the required upper bound on Z. O

We now restate and prove Proposition 2.5.

Proposition B.3 For both LGP and LGC, there is a C > 0 such that for x ~ my and
Xo = Pa,x, where P4, denotes the projection onto the index set Ay defined in (14),
the following rate estimate holds for allq < (8 — 1)/2

]ElLa(xa) _ L(x)|2 < C272min{q,1}min{a1,a2}.
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Proof The result is proven for the more difficult case of LGC. The LGP case follows
similarly. Define

D(x) = Y x(zj) — /Qexp(x(z))dz (51)
j=1

Dy () = Y Falzj) — Q(exp(xa)) , (52)
j=1

where we recall the definition of X, above (15). Now L(x) = exp(®(x)) and Ly (xy) =
exp(Py (xy)). Note that 7o = N (0, C) and that C has the kernel representation

Cz, ) =D 0k b G)bk (21 Y iy i (22) ¢y (25) =1 Ci (21, 24)Ca(22, 25) -

k] k2

This means that the dependence between z; and z» is only statistical, via & in (10),
and therefore a given realisation x ~ o admits factorisation

X(@) =Y oy Bry R1)x2.4 (22)

ki

where, for each ki, the i.i.d. random variables

x21,(22) = Zékl,kmb(l)kz (z2)

ka

have the properties of xé ~ N(0,(C2), ie. x2k; € Hpgso and the one-dimensional
Sobolev embedding theorem (see, e.g. [59]) provides ||x2 x; L2 @) < Cllx2 |-, for
r € [1/2, B/2]. Furthermore, letting x;(z;) := Zkl Ok 12,1, 1@k, (z1), 1t is clear
that || x1]|, = ||x|l; < oo for r < B/2. Hence, applying Sobolev embedding theorem
again on X1(z1), we have ||X||L~@) < Clxill,, for r € [1/2, B/2]. Now, since
b, | L) = 1 for all ky and pi, [|x2., Il = O,

%11 oo (@) = sup > pry 1X2.84 118 (1)) (53)
21 kl
> Csup Y iy l1x2.k Il oo [k, (2)] (54)
21 kl
> Csup | DY iy, (21, ko Pk by (22) (55)
D2k K
= Cllxllz>) - (56)

Sobolev embedding theorem is used on x2 x, in the second line, and definitions are
used in the third and fourth lines. In conclusion, ||x ||z~ < Clx|,, for r > 1/2.
EOE';W
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We have that

n
Y x(z)) < nsupx() < Cllxll, . (57)
j=1 e

Therefore,
D(x), Po(xa) =[xl (58)
Furthermore, observe that this implies that for all € > 0
D(x), Palxa) < €l +e " (59)

To see this consider the cases || x|, > ¢! and ||x||, < ¢! separately.
By the mean value theorem,

El[|Lo(xa) — L(x)[’] = /H _ (exp((x)) — exp(Pe (xa))* dro (60)
£/2
< / exp (max{® (x), o (xa)}) |®(x) — P (xa)|* dm
Hg)y
(61)

Note that for the exponential term in the integral

exp(max{® (x), Py (x5)}) < exp(P(x)) + exp(Pe (x4)) (62)
< C(e) exp(e|x||?) (63)

and for the squared term

2
n n
D(x) — Po (xa)|* = | D x(zj) — /Q exp(x(2)dz — »  Xa(z;) + Q(exp(xa)) (64)
Jj=1 j=1
n n 2 2
<2 Z x(zj) — Z Xalzj)| +2 f exp(x(z))dz — Q(exp(xa))dz
j=1 ¢

j=1
(65)

The bound (63) is clear following (59). Now consider the bound of |®(x) —
@, (xq)|?. For the first term of (65), let %y correspond to piecewise linear interpo-
lation for simplicity. As in (57) we have

= Cllx = Xallr.

D (@) — Ralz))

J=1
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Given standard piecewise linear approximation estimates which lead to Proposi-
tion 2.1, and weaker versions such as [25]

e — R || < 27 MMl Wy || < €27 MMy, |y
it is natural to assume the following generalisation, for p > 0 andr + p < 2,
lxe — Xl < 2_pmm{al’a2}“xa”r+p . (66)

For p = (B —1)/2, and r = 1/2, the bound is

A N _B=D
lx — Xollr < llx — xallr + Ixe — Xl < X — xgll, #2772

i) |xy || p/467)
Recall that, by 2.3, x ~ mo implies that x € HJ), a.s. and hence x, € HE"/Z a.s.
Now consider the second term of (65). For the sake of concreteness, we use the

.....

exp(xq(h)) (where wy, = (1/2)1 and I = #{i; h; € {0, 1}}, i.e. the boundary terms
are down-weighted, by 1/2 on edges and 1/4 at corners). Now

/QGXP(X(Z))dZ — Q(exp(xy)) = /Q(eXp(X(z)) — exp(xq(2)))dz
+/Qexp(xa(1))dz — 0(exp(xy)) . (68)

For the first term, we have

/Q(exP(x(z)) — exp(xe(2)))dz < [lexp(max{x(z), xoa ()P llx — xql
< Cexp([lxll)llx = xall (69)

where the first line follows from the mean value theorem and Cauchy Schwartz
inequality, while in the second line, the first factor follows from the inequality
lxllz@) =< llxll, and the fact that |2| < oo. Note that we are restricted to the
|| - |l estimate as a result of the pointwise observations, as in (58), but || x| < ||x|,
so (69) is suitable. For the second term of (68), since the trapezoidal rule for D = 2
follows from iterating the D = 1 rules, Theorem 1.8 of [18], along with similar
manipulations as above, implies

fQ exp(xq (2))dz — Q(exp(xq)) < C27™Mene2} exp(jix ) Ixelli . (70)

Following from Proposition 2.3, we require 8 > 2sothatx € H" a.s. and the constant
in the second term (70) is controlled. Combining (69) and (70) in (68), we have

FolCT
H_ A
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/QCXP(X(Z))dZ — Q(exp(xe)) = Cexp(flxll)lx — xqll

+C27 Mm@} exn (x| ) Xl (71)

Now let r = 1/2 + 6 for § > 0 arbitrarily small. Then for ¢ € (0, (8 — 1)/2),
plugging (67) and (71) into (65) and using the same argument leading to (59) and then
Proposition 2.3, we have

|®(x) — P (xa) [ < C(€) exp(2ex|[f )2 > minie- hminter.co) (72)

We note that our interest here is in rough priors with ¢ < 1. In case ¢ > 1, one
would employ higher-order interpolation and quadrature such that these errors do not
limit the rate of convergence.

Finally,

EHLQ(XO[) _ L(.X)lz] S C(E)/ exp(3€”x”%/z)anszmin{q,l}min{otl,az}
Hg‘/z
< C272min{q,]}min{a|,a2}

The first inequality is by substituting (63) and (72) in (61) and applying ||.x 12 < |lx ||%/2.
We note that the first inequality holds for all € > 0. Fernique theorem (e.g. Theorem
6.9 of [59]) guarantees that o (exp(3€||x ||%3/2)) < oo for some € > 0, and allows us
to conclude with the second line. m|

C Additional Numerical Results
C.1 1D Toy Example

We consider a 1D Toy Example first, whose likelihood is analytically tractable. This
example is taken from [41]. Note that the multi-index methods are the same as mul-
tilevel methods in 1D. Considering the PDE (2)—(3) with D = 1, let @ = [0, 1],
a = 1, and the forcing term be f = x, where x is a random input with a uniform
prior such that x ~ U[—1, 1]. This differential equation can be solved analytically
as u(x) = —0.5x(z% — z). Assume the observation operator as (7) and the observa-
tion taking the form as (8). The pointwise observations are well defined in 1D with
x € L*(S2). We take the observations at ten points in the interval (0,1) with a step
size 1/10. Let & = 0.2. Observations are generated by y = —0.5x*(z> — z) + v,
where y = [y1, ..., y10l, 2 = [21, ..., 210], x* = 0.2581 drawn from U[—1, 1] and
v~ N(0,0.2%).

For this example, the quantity of interest used is x2. By applying the FEM and
discretising the differential equation with the step size h; = 27/~!, we have s = 2,
B = 4. This is shown in Fig 6a and b. The value of y is 1 because we use a linear
nodal basis function for FEM and tridiagonal solver. The algorithm is applied with
Metropolis—Hastings method and a fixed tempering schedule for all o, where J = 3.

Elol:;ﬂ
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Fig. 5 1D toy example, SMC, MLMCMC and MISMC rate of convergence by MSE vs Cost. Rates of
regression: (1) MLSMC_SN: —1.011 (2) MLSMC_RE: —1.005 (3) SMC: —0.753 (4) MLMCMC_SN:
—1.005
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Fig.6 1D toy example convergence rates. B; is computed with 100 realisations and shown in panel 6a along
with a line corresponding to s = 2. V; is computed with 100 realisations and shown in panel 6a along with
a line corresponding to 8 = 4

The MSE shown in Fig. 5 is calculated with 100 realisations, where the reference
solution can be worked out as in [41]. The total computational cost is of O(ZlL:o N;Cy).
For comparison, single-level SMC, MLMCMC and MLSMC with the self-
normalised increment estimator are applied in this example. It is difficult to observe
the approximate rates from the plot directly, so we fit the rates and demonstrate those
in the caption. The rate of convergence of single-level SMC is close to -4/5. The rate
of convergence of MLMCMC with the self-normalised increment estimator, MLSMC
with the self-normalised increment estimator and our MLSMC with ratio estimator
are all approximately -1, which is the canonical complexity and better in terms of rate
of convergence than the single-level methods as expected. The difference of perfor-
mance between MLMCMC and MLSMC with either of the two estimators is only up
EOE';W
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to a constant. MLMCMC has a smaller constant here, presumably as a consequence
of the simplicity of the problem and the tuning of MLSMC. Our MLSMC with the
ratio estimator appears to have a slightly larger constant, while the theoretical results

remain its advantage.

C.2 2D Elliptic PDE with Random Diffusion Coefficient

See Figs.7, 8, 9 and 10.
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Fig.7 2D Elliptic PDE with random diffusion coefficient. Verification of MISMC rates as in Assumption 4.2
for a1 given ap = 7, computed with 20 realisations and 1000 samples for each realisation. Left: s1. Right:
B1. The same result holds for an &1 = 7 (not shown)
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Fig.9 2D Elliptic PDE with random diffusion coefficient. Verification of MISMC rates as in Assumption 4.2,
computed with 20 realisations and 1000 samples for each realisation. Left: s. Right: 8
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C.3 LGC

See Figs. 11, 12, 13 and 14.
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Fig.11 LGC model. Verification of mixed rates associated with Assumption 4.2 for MISMC, over ) given
a1 = 8, computed with 20 realisations and 1000 samples for each realisation. Left: 5. Right: 8. The same
result holds over «| for p = 8 (not shown)
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Fig. 12 LGC model. Verification of mixed rates associated with Assumption 4.2 for MISMC, over oy = a1,
computed with 20 realisations and 1000 samples for each realisation. Left: 2s. Right: 28
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Fig. 13 LGC model. Verification of mixed rates associated with Assumption 4.2 for MISMC, over o and
a1, computed with 20 realisations and 1000 samples for each realisation. Left: 2s. Right: 28
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C.4 LGP

See Figs. 15, 16, 17 and 18.
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Fig. 15 LGP model. Verification of mixed rates associated with Assumption 4.2 for MISMC, over o) given
a1 = 8, computed with 20 realisations and 1000 samples for each realisation. Left: 5. Right: 8. The same
result holds over «| for wp = 8 (not shown)
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Fig. 17 LGP model. Verification of mixed rates associated with Assumption 4.2 for MISMC, over «; and
a1, computed with 20 realisations and 1000 samples for each realisation. Left: 2s. Right: 28
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Fig. 18 LGP model. Verification of increment rates for MLSMC, computed with 20 realisations and 1000
samples for each realisation. Left: s. Right: 8
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