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Abstract. In this paper we address the problem of the prohibitively large computational cost of existing Markov
chain Monte Carlo methods for large-scale applications with high-dimensional parameter spaces, e.g.,
in uncertainty quantification in porous media flow. We propose a new multilevel Metropolis—Hastings
algorithm and give an abstract, problem-dependent theorem on the cost of the new multilevel estima-
tor based on a set of simple, verifiable assumptions. For a typical model problem in subsurface flow,
we then provide a detailed analysis of these assumptions and show significant gains over the stan-
dard Metropolis—Hastings estimator. Numerical experiments confirm the analysis and demonstrate
the effectiveness of the method with consistent reductions of more than an order of magnitude in
the cost of the multilevel estimator over the standard Metropolis—Hastings algorithm for tolerances
e <1072,

Key words. elliptic PDEs with random coefficients, log-normal coefficients, finite element analysis, Bayesian
approach, Metropolis—Hastings algorithm, multilevel Monte Carlo

AMS subject classifications. 35R60, 62F15, 62M05, 65C05, 65C40, 65N30

DOI. 10.1137/130915005

1. Introduction. The parameters in mathematical models for real world processes are
often impossible to determine fully or accurately, and are hence subject to uncertainty. Sim-
ulations with these models are frequently used to inform decisions and assess risk, and it is
hence of great importance to quantify the uncertainty in the model outputs induced by the
uncertainty in the model parameters. A popular way to achieve this is stochastic modelling.
Based on available information coming from, for example, expert knowledge, a probability
distribution is assigned to the input parameter 6. This distribution is known as the prior
distribution in the Bayesian framework. If, in addition, some dynamic data (or observations)
Fops of the model outputs are available, it is possible to reduce the overall uncertainty in the
input parameters and to get a better representation of the model by conditioning their prior
distribution on this data, leading to the posterior distribution of 6 in the Bayesian framework.

The goal of simulations is often to compute expected values (or higher order moments)
of quantities of interest under the posterior distribution. This can be achieved by sampling
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from the posterior and taking a sample average. In most situations, however, the posterior
distribution is intractable in the sense that exact sampling from it is impossible. One way
to circumvent this problem is to generate a Markov chain of samples using a Metropolis—
Hastings-type Markov chain Monte Carlo (MCMC) approach [38, 51, 52], which consists of
two main steps: (i) given the current state of the chain, a proposal for the next state is
generated according to some proposal distribution, such as a random walk; (ii) the likelihood
of this new sample (i.e., the fit of the proposed sample to the observed data F,s) is compared
to the likelihood of the current sample. Based on this comparison, the proposed sample is
either accepted and used for inference, or rejected and the current sample is used again. This
procedure leads to a Markov chain of samples, and under mild conditions (including ergodicity
of the chain), the sample average will converge to the desired expected value.

A major problem with MCMC is the high cost of the likelihood calculation for large-
scale applications, e.g., in subsurface flow where, for accuracy reasons, a partial differential
equation (PDE) with highly varying coefficients needs to be solved numerically on a fine spatial
grid. This means that the generation of each single sample is computationally very expensive.
Furthermore, the number of samples required to achieve a given accuracy is typically large,
easily in the order of 10°, due to the slow convergence of the sampling error in Monte Carlo
averaging. Altogether, this often leads to an intractably high overall complexity, particularly
in the context of high-dimensional parameter spaces (typical in subsurface flow), where the
acceptance rate of proposed samples in MCMC methods can be very low.

We show here how the computational cost of the standard Metropolis—Hastings algorithm
can be reduced significantly by using a multilevel approach. This has already proved highly
successful in the context of computing expected values under tractable distributions for sub-
surface flow problems [11, 2, 33, 8, 60], i.e. in cases where it is possible to generate independent
and identically distributed (i.i.d.) samples from the distribution of interest. The multilevel
Monte Carlo (MLMC) method was first introduced by Heinrich for the computation of high-
dimensional, parameter-dependent integrals [41], and then rediscovered by Giles [30] in the
context of stochastic differential equations in finance. Similar ideas were also used in [4, 5] to
accelerate statistical mechanics calculations. Multilevel methods reduce the total simulation
cost by utilising different discretisations of the underlying model. Most simulations are done
with a low cost, low accuracy discretisation to capture the bulk behaviour, while a few high
cost, high accuracy simulations are added to increase the overall accuracy. A more detailed
introduction to the multilevel methodology is given in section 1.1 and section 3.

The main contributions of this work are the following:

(i) The development of a multilevel Metropolis-Hastings algorithm that is generally ap-
plicable to Bayesian inference problems in computationally expensive models. The
practical algorithm is given in Algorithm 3.

(ii) A complexity theorem (cf. Theorem 3.4) that quantifies, for an abstract inference
problem, the gains in the e-cost of the multilevel Metropolis—Hastings algorithm over
the standard version, i.e., the cost to achieve a root mean square error less than ¢, in
terms of powers of the tolerance .

(iii) Verification of the assumptions of Theorem 3.4 for a particular application in station-
ary, single phase subsurface flow with log-normal permeability prior and exponential
covariance; it is shown that the e-cost of the new multilevel version is indeed one order
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of € lower than its single-level counterpart (cf. Theorem 4.9), i.e., O(e~(+1)=9) instead
of O(E_(d+2)_5), for any § > 0, where d is the spatial dimension of the problem.

(iv) Numerical experiments that confirm the theoretical results for d = 2. For ¢ around
1073, the absolute cost is about O(10-50) times lower than that of single-lvevel
MCMC, which is a vast improvement and brings the cost of the multilevel MCMC
estimator down to the level of multilevel MC estimators based on i.i.d. samples, pro-
viding real hope for practical applications of MCMC analyses in subsurface flow and
other large-scale PDE applications. In fact, in practice the cost for the multilevel
estimator grows only like O(e~%), but this is most likely a preasymptotic effect.

The outline of the rest of the paper is as follows. In section 1.1, we start with a simple
introduction to multilevel Monte Carlo methods, before providing some further context in
sections 1.2-1.4. In section 2, we recall, in a very general context, the Metropolis—Hastings
algorithm, together with results on its convergence. In section 3, we then present a new
multilevel version and give a general convergence analysis under a set of problem-dependent,
but verifiable, assumptions. A typical model problem arising in subsurface flow modelling
is then presented in section 4. We briefly describe the application of the new multilevel
algorithm to this application and give a rigorous convergence analysis and cost estimate of
the new multilevel estimator by verifying the abstract assumptions from section 3. Finally, in
section 5, we present some numerical results for the model problem discussed in section 4.

1.1. Background on multilevel Monte Carlo methods. Let A(f) be some quantity of
interest that depends on a random parameter . Suppose that we want to compute the ex-
pected value E[A] with respect to the distribution of 6, which here is assumed to be tractable,
such that we can sample from it exactly. Furthermore, suppose that A(f) cannot be computed
exactly for a given value of 8, but that we only have access to a hierarchy of approximations
{A}2, with A = limy_,o As. The parameter £ is referred to as the level and we assume that
the computational cost to compute a sample of Ay grows exponentially while the approxima-
tion error decreases exponentially with £ — oco. For values of ¢ close to 0, samples from A, are
inaccurate but computationally cheap, while for larger values of £, they are more accurate but
significantly more expensive. This situation arises, for example, in the context of PDEs where
the hierarchy relates to different computational grids used in the numerical approximation,
but is not restricted to that case.

Choosing L large enough such that Ay is a sufficiently accurate approximation of A, and
using a sample average, we obtain the Monte Carlo (MC) estimator

N
E[A] ~ E[A] ~ N§ ALY = ANS
=1

where {#'} | is a set of i.i.d. samples of the random parameter §. This Monte Carlo estimator
can quickly become computationally infeasible, since evaluating Ay for a given value 6 is
typically expensive and a large number N of samples are required due to the slow O(N -1/ 2)
convergence rate of the statistical (or sampling) error.
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The basic idea in multilevel Monte Carlo is to exploit the linearity of expectation, to write

L
E[AL] = E[Ao] + > E[A; — Ap ]
/=1

and to estimate each of the expected values on the right hand side independently with a level-
dependent number of samples Ny, resulting in the multilevel Monte Carlo (MLMC) estimator

I{VIJ\%\}/I% Ny ZA 010 + Z NZZ(AZ 69 Ag,l(ﬁ("l))).

This can be seen as a systematic use of a hierarchy of control variates.

It may not be immediately clear how the MLMC estimator offers computational savings
compared to the standard MC estimator, since we now need to compute L + 1 individual MC
estimators, but the crucial observation is that each of these estimators is cheap to compute.
The first estimator only involves samples from the cheapest approximation Ay (rather than
from Ap), leading to huge computational savings. On the other hand, if Ay — A sample-wise
then the difference terms A, — Ay_1 tend to zero in mean-square. This convergence is again
exponential in ¢, leading to a huge variance reduction on the higher levels. Since the mean-
square error of a sample average is proportional to its variance, the number of samples Ny,
which is necessary to estimate E[A; — Ay_;] accurately via a sample average, can then also be
chosen to decrease exponentially as £ — oco. A crucial point to note here is that, in order to
make the variance V[A; — Ay_1] small, the same sample 6(8) is used on both levels.

Under suitable assumptions on the hierarchy {A,}7°,, one can prove a general theorem on
the computational complexity of MLMC estimators, and hence quantify the gains compared
to standard MC estimators (cf. [30, Thm. 3.1], [11, Thm. 1]J:

Theorem 1.1. Let € < e' and suppose there are constants o, 3,7 > 0 with a > %min(ﬁ,’y)
such that, for all £ > 0,

~

(i) |E[A; — A)| = O27%), (i) V[Ap1 — Ad = O27PY) and (iii) Cost(A(0%)) = O(27%).

Then there exists L € N and {Ny}L_, C N, such that E [A\MLMC - E[A]} <¢e? and

{Ne},L
0(572), for 6§ >0,
Cost (Ag%hfg) _ ) O(e?log(e)?), for 6=0,

(’)(6_ _%), for 6 <0.

The extension of the multilevel approach to MCMC methods is not straightforward. As
mentioned, in general the posterior distribution is intractable since the likelihood evaluation
for each proposal requires a model evaluation and the model was assumed to be available only
in the form of a hierarchy of approximations indexed by the approximation level £. Thus, on
each level ¢, in order to maintain the same cost assumption, the samples (9 have to come
from a different distribution. In order to avoid introducing extra bias in the estimator, we
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construct two parallel Markov chains {6} },>¢ and {©}_, },,>0 on levels £ and ¢ — 1, each from
the correct posterior distribution on the respective level. To be able to choose N, small, we
need to make sure that the variance of Ay(0}) — A;—1(©}_,) is small, i.e. we need to ensure
that 0 and ©}_; are suitably correlated. The coarser of the two chains is constructed using
the standard Metropolis—Hastings algorithm, for example, using a (preconditioned) random
walk. The main innovation of the paper is the introduction of a new proposal distribution for
the finer of the two chains, {0} },,>0, which involves the coarse chain {©} ;}n>0.

1.2. Relation to Delayed Acceptance and the Surrogate Transition Method. The idea
of using computationally cheaper approximations of the underlying model to speed up MCMC
computations is not new. Similar two-level sampling strategies had been investigated before
[50, Sect. 9.4.3] (see also [9, 25, 27]). However, the computationally cheaper coarse models
were used only to accelerate the MCMC sampling, and not as control variates in the estimator.

1.3. Recent developments. This section provides an overview over recent developments
in multilevel methods in the context of this article. The multilevel methodology is an ex-
tremely powerful tool to reduce the computational cost of uncertainty quantification and risk
assessment in computationally intensive simulations. This is a very active area of research,
and for a full overview of developments, we refer the reader to the multilevel community
web-page [31] maintained by Mike Giles.

A significant recent research direction in multilevel methods has been the move away
from standard Monte Carlo based on i.i.d. random sampling towards more sophisticated
sampling methods. To improve on the standard Monte Carlo convergence rate of N~/2 of
the sampling error of estimators based on N samples, one can make use of Quasi-Monte Carlo
and sparse grid quadrature methods [48, 37, 22, 47, 59]. Both of these methodologies are well-
established in the context of high-dimensional quadrature, and can achieve faster convergence
rates, independent of the underlying parameter dimension, for a large class of problems.

A particular focus has been the situation where i.i.d. sampling is simply not available, due
to the complexity of the sampling distribution. The motivation is typically the application to
Bayesian inference problems or to sequential inference problems arising in the context of data
assimilation and filtering. This includes the Metropolis-Hastings type Markov chain Monte
Carlo estimators considered in this work, as well as importance sampling based multilevel
Markov chain Monte Carlo methods [42], multilevel sequential Monte Carlo methods and
multilevel particle filters [35, 3, 45, 20, 49, 46], multilevel ensemble Kalman filters [44], mul-
tilevel approximate Bayesian computation [61], multilevel stochastic gradient Markov chain
Monte Carlo algorithms [32] and multilevel methods based on ratio estimators [54, 21]. We
would also like to point out here that the "levels” in the references above are not necessarily
defined through a hierarchy of meshes, but can also involve different numbers of particles (e.g.
[35, 44]) or different subsets of the observed data (e.g. [32]).

There have also been several developments following directly from this work, applying the
developed methodology in new application areas such as decision making in reservoir sim-
ulation [26] or deformable registration in medical imaging [55]. On the methodology side,
[14] examine the use of more advanced proposal distributions in the multilevel Metropolis—
Hastings estimator. Using dimension-independent likelihood-informed (DILI) proposal distri-
butions [15], the authors show significant gains in the practical performance of the algorithm.
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Finally, the authors in [1] use coupled Markov chains, similar to the ones used in this work,
for unbiased estimation in intractable distributions.

1.4. Changes to original publication. This article was originally published as the refer-
ence [23], and the following changes have been made to this SIGEST version:

The introduction has been expanded to include more background material and a section
on recent developments in the field. In accordance with the erratum [24], we have further
corrected the statements of Lemma 4.6 and Lemma 4.7, in which the original claims about
symmetric proposal distributions were incorrect. Furthermore, the rates of convergence in
equations (4.23) and (4.25) have been corrected. As a result of the corrections above, equations
(4.14) and (4.19) were removed, so these equation numbers no longer exist in this reprint.

2. Standard Markov chain Monte Carlo. We will start with a review of the standard
Metropolis—Hastings algorithm, described in a general context. For ease of presentation, we
leave a precise mathematical description of our model problem until section 4. We denote by
0 := (0;)2 , the RF-valued random input vector to the model, and denote by X := (Xj)j]\il =
X () the RM_valued random output. Further, we let Qs g = G(X) be some linear or nonlinear
functional of X. In the context of groundwater flow modelling, this could, for example, be
the value of the pressure or the Darcy flux at or around a given point in the computational
domain, or the outflow over parts of the boundary. In practice, both # and X are often finite-
dimensional approximations of infinite-dimensional objects, and an underlying “true” model
is recovered as M, R — co. We shall therefore refer to M as the discretization level of the
model. For more details see section 4.

We consider the setting where we have some real-world data (or observations) Fyps avail-
able and want to incorporate this information into our simulation in order to reduce the
overall uncertainty. The data Fypg is assumed to be finite-dimensional, with Fg,s € R™ for
some m € N, and usually corresponds to another linear or nonlinear functional F(X) of the
model output.

Let us denote the density of the conditional distribution of 6 given Fyps by P(0]| Fops)-
Using Bayes’ theorem, we have

L(Fops | 0) 7l (0)

PO Fops) = P(Fons)

~ L(Fops | 0) it (6).

In the Bayesian framework, one usually refers to the conditional distribution P(6 | Fyps) as the
posterior distribution, to L(Fyps|0) as the likelihood, and to 7{t(0) as the prior distribution.
Since the normalizing constant P(F,ps) is not known in general, the conditional distribution
P(0]| Fops) is generally intractable, and exact sampling is not available.

The likelihood L£(F,ps | 0) gives the probability of observing the data Fy,s given a particular
value of 6. In practice, this usually involves computing the model response Fyr g := F (X (0))
and comparing this to the observed data Fys. Note that since the model response depends
on the discretization parameter M, in practice we compute an approximation £ys(Fops | 6) of
the true likelihood L(Fops|6). We will denote the corresponding density of the approximate
posterior distribution by

TME0) = Ly (Fons | 0) 7dE(6).
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Now let vM:%(9) := 7M:F(9) df denote the probability measure corresponding to the den-
sity 7. We assume that as M, R — oo, we have E ur [Qrr] — E,[Q] for some (in-
accessible) random variable 9 and measure p. The goal of the simulation is to estimate
E, .z [Qu,g] for M, R sufficiently large. Hence, we compute approximations (or estimators)
@ mr of E,vr [Qarr]. To estimate this with a Monte Carlo-type estimator, or, in other
words, by a finite sample average, we need to generate samples from the conditional distri-
bution v*f_ which is usually intractable, as already mentioned. Instead, we will use the
Metropolis—Hastings MCMC algorithm in Algorithm 1.

Algorithm 1 (Metropolis—Hastings MCMC).

Choose 6Y. For n > 0:
e Given 0", generate a proposal 6’ from a given proposal distribution ¢(6’|6™).
e Accept €' as a sample with probability

o ] 7.‘_M,R o’ ome’
(2.1) oM (¢')o™) :mm{l’TrM»R((Q"iqq((Q’:Q”))}’

ie., 01 = @ with probability a™-% and 6"*! = 6™ with probability 1 — o,

Algorithm 1 creates a Markov chain {6"},cn, and the states 0™ are used as samples for
inference in a Monte Carlo sampler in the usual way. The proposal distribution ¢(¢’|6") is
what defines the algorithm. A common choice is a simple random walk. However, as outlined
in [36], the basic random walk does not lead to a convergence that is independent of the input
dimension R. A better choice is a preconditioned Crank-Nicholson (pCN) algorithm [13],
which is also a crucial ingredient in the multilevel Metropolis—Hastings algorithm applied to
the subsurface flow model problem below.

Under reasonable assumptions, one can show that 8" ~ v as n — 00, and that sample
averages computed with these samples converge to expected values with respect to the desired
target distribution v (see Theorem 2.2). The first few samples of the chain, say 6°, ..., 6",
are not usually used for inference to allow the chain to get close to the target distribution
vM:E - This is referred to as the burn-in of the MCMC algorithm. Although the length
of the burn-in is crucial for practical purposes, and largely influences the behavior of the
resulting MCMC estimator for finite sample sizes, asymptotic statements about the estimator
are usually independent of the burn-in. We will denote our MCMC estimator by

M,R

N+ng N+ng

(22) W= S Qe=y > GXEY)

n=ng+1 n=ng+1

for any ng > 0, and only explicitly state the dependence on ng where needed.

2.1. Convergence analysis of standard Metropolis—Hastings MCMC. Let us give a brief
overview of the convergence properties of Algorithm 1, which we will need below in the analysis
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of the multilevel variant. For more details we refer the reader to, e.g., [52]. Let
K(0')0) := o™ (0'10) q(0')0) + <1 —/ oME(0"16) q(0"16) d@”) 50 —6)
RR

denote the transition kernel of the Markov chain {0"},¢cn, with 6(-) the Dirac delta function,
and let

E=1{0:7"E6) > 0},
D ={0:q(0|6%) > 0 for some 6* € £}.

The set £ contains all parameter vectors which have a positive posterior probability and
is the set that Algorithm 1 should sample from. The set D, on the other hand, consists of
all samples which can be generated by the proposal distribution ¢ and hence contains the
set that Algorithm 1 will actually sample from. For the algorithm to fully explore the target
distribution, we therefore crucially require £ C D. The following results are classical and can
be found in [52].

Lemma 2.1. Provided that £ C D, v is a stationary distribution of the chain {0™},en.

Note that the condition £ C D is also sufficient for the transition kernel K (-|-) to satisfy
the usual detailed balance condition K (0]6*) 7M-E(6*) = K(6*|6) #M-F(9).

Theorem 2.2. Suppose that E, .z [|Qr,r|] < 0o and

(2.3) q(010*) >0 for all (0,0%) € € x E.
Then

lim QXC = E, ar [Qug] for any 0° € € and ng > 0.
N—o00

The condition (2.3) is sufficient for the chain {6"},cn to be irreducible, and it is satisfied,
for example, for the random walk sampler or for the pCN algorithm (cf. [36]). Lemma 2.1
and Theorem 2.2 above ensure that asymptotically, sample averages computed with samples
generated by Algorithm 1 converge to the desired expected value. In particular, we note that
stationarity of {6"},en is not required in Theorem 2.2, and the estimator converges for any
burn-in ng > 0 and for all initial values 8° € &.

Now that we have established the (asymptotic) convergence of the MCMC estimator (2.2),
let us bound its cost. We will quantify the accuracy of our estimator via the mean square
error (MSE)

(2.4) e(QNO)? == Ee | (QN —E,(@))*].

where Eg denotes the expected value with respect to the joint distribution of ® := {0"},en
as generated by Algorithm 1 (not with respect to the target measure ). We denote
by Ca(A%C) the computational e-cost of the estimator, i.e., the number of floating point
operations needed to achieve an MSE e(@%C)Q <2

Classically, the MSE can be written as the sum of the variance of the estimator and its

bias squared, ,
e(QNC)? = Vo [ON] + (Ee [QNC] ~ E,[@]) -
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Here, Vg is again the variance with respect to the approximating measure generated by
Algorithm 1. Using the triangle inequality and linearity of expectation, we can further bound
this by

(2.5) G(Q%C)Q <Ve [ } +2 <E(—) [ MC} —E, mr [A%C} )2+2 (]EV]\/I,R [QM,R] — Ep [Q])2 .

The three terms in (2.5) correspond to the three sources of error in the MCMC estimator.
The third (and last) term in (2.5) is the discretization error due to approximating ¢ by Qar,r
and p by ™%, The other two terms are the errors introduced by using an MCMC estimator
for the expected value; the first term is the error due to using a finite number of samples, and
the second term is due to the samples not all being perfect (i.i.d.) samples from the target
distribution vM-%,

Let us first consider the two MCMC related error terms. Quantifying, or even bounding,
the variance and bias of an MCMC estimator in terms of the number of samples N is not an
easy task, and is in fact still a very active area of research. The main issue with bounding the
variance is that the samples used in the MCMC estimator are not independent, which means
that knowledge of the covariance structure is required in order to bound the variance of the
estimator. Asymptotically, the behavior of the MCMC related errors (i.e., terms 1 and 2 on
the right-hand side of (2.5)) can be described using the following central limit theorem, which
again can be found in [52].

Let 8 ~ vME_ Then the auxiliary chain e = {9 tnen constructed by Algorithm 1
starting from ° is stationary; i.e., 8" ~ M for all n > 0. The covariance structure of e)
is still implicitly defined by Algorlthm 1 as for ®. However, now Vg|Q}, z] = Vo2 [QuR),

Eg[Q% 1l = Eyarr[Qurg], and
Covg [QM r Qi R] =Eg [(Q%LR - EyM,R[QM,R]) (Q%,R - EVM,R[QMR])]

for any n > 0, where QTMR ‘= G(X(6")). The so-called asymptotic variance of the MCMC
estimator is now defined as

(2.6) 04 =V, ar [QM R} + QZCOV [QM R Qi R}

n=1

Note that stationarity of the chain is assumed only in the definition of 022, i.e., for é, and it

is not necessary for the samples @ actually used in the computation of @%C
Theorem 2.3 (central limit theorem). Suppose (2.3) holds, Ué < 00, and

(2.7) P[aMF=1] <1.
Then we have, for any ng >0 and 8° € &,

VN (@NC By [Qura]) 2> N(0,02),

D .
where — denotes convergence in distribution.
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The condition (2.7) is sufficient for the chain ® to be aperiodic. It is difficult to prove
theoretically. In practice, however, this condition is always satisfied, since not all proposals in
Algorithm 1 will agree with the observed data and thus be accepted. Theorem 2.3 shows that
asymptotically, the sampling error of the MCMC estimator decays at the same rate as the
sampling error of an estimator based on i.i.d. samples. Note that this includes both sampling
errors, and so the constant a% is in general larger than in the i.i.d. case, where it is simply
V, M,k [QM,R]-

Since we are interested in a bound on the MSE of our MCMC estimator for a fixed number
of samples N, we make the following assumption.

Al. For any N € N,

29 Vo[i] ¢ (o o] o ) el
with a constant that is independent of M, N, and R.

Such nonasymptotic bounds on the sampling errors are difficult to obtain but have recently
been proved for certain Metropolis—Hastings algorithms (see, e.g., [36, 53, 42]), provided that
the chain is sufficiently burned in. The implied constant in assumption Al usually depends on
quantities such as the covariances appearing in the asymptotic variance 022 and will in general
only be independent of the dimension R for judiciously chosen proposal distributions such as
the pCN algorithm. For the simple random walk, for example, the hidden constant grows
linearly in R. It is possible to relax assumption Al and prove convergence for algorithms also
in this case, but we choose not to do this for ease of presentation.

To complete the error analysis, let us now consider the last term in the MSE (2.5), the
discretization bias. As before, we assume E, .z [Qr,r] = E, [Q] for M, R — oo with a certain
order of convergence

(2.9) [Eyn [Qarr] = Bp [Q S M~ + R™

for some o, o/ > 0. The rates o and o’ will be problem dependent. Now let R = M/®" such
that the two error contributions in (2.9) are balanced. Then it follows from (2.5), (2.8), and
(2.9) that the MSE of the MCMC estimator can be bounded by

(2.10) e(QNC)2 < V”M’RJETQM’R] MO

Under the assumption that V,a,z[Qa,g] can be bounded independently of M and R, it is
hence sufficient to choose N > e=2 and M > =1/ to get an MSE of O(£?).

To bound the computational cost to achieve this error, the so-called e-cost, we assume
that one sample Q?\L/I,R can be obtained at cost C( 7]\‘/“%) < M7 for some vy > 0. Thus, with

N > e 2 and M > e~/ the e-cost of our MCMC estimator can be bounded by
(2.11) C.(QMNC) < NMY < e=27/e,

In many practical applications, especially in subsurface flow, both the discretization pa-
rameter M and the length of the input R need to be very large in order for E, .z [Qar,r] to be
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a good approximation to E, [Q]. Moreover, as outlined above, we need to use a large number
of samples N in order to get an accurate MCMC estimator with a small MSE. Since each
sample requires the evaluation of the likelihood Ly (Fops|0™), and this is very expensive when
M and R are large, the standard MCMC estimator (2.2) is often too expensive in practical
situations. Additionally, the acceptance rate of the algorithm can be very low when R is large.
This means that the covariance between the different samples will decay more slowly, which
again makes the hidden constant in assumption A1 larger, and the number of samples we have
to take increases even further.

To overcome the prohibitively large computational cost of the standard MCMC estimator
(2.2), we will now introduce a new multilevel version of the estimator.

3. Multilevel Markov chain Monte Carlo algorithm. The main idea of multilevel Monte
Carlo (MLMC) simulation is very simple. We sample not just from one approximation Qs r
of @ but from several. Let us recall the main ideas from [30, 11].

Let {Mg}fzo C N be an increasing sequence in N, i.e., Mg < M; < --- < My =: M, and
assume for the sake of simplicity that there exists an s € N\{1} such that

(3.1) Mp=sMp_q forall/=1,...,L.

We also choose a (not necessarily strictly) increasing sequence {Rg}gLZO CN,ie., Ry > Ry_1
forall ¢ =1,..., L. For each level ¢, denote correspondingly the parameter vector by 6, € R,
the quantity of interest by Qy := Qu,,R,, the posterior distribution by vt = vMelie and the
posterior density by 7f := 7MeRe. For the sake of simplicity we assume that the parameter
vectors {05}5’:0 are nested, i.e., that y,_; is a subset of 8y, and that the elements of 8, are
independent.

As for multigrid methods applied to discretized (deterministic) PDEs, the key is to avoid
estimating the expected value of @y directly on level ¢, but instead to estimate the correction
with respect to the next lower level. Since in the context of MCMC simulations, the target
distribution v* depends on ¢, the new multilevel MCMC (MLMCMC) estimator has to be
defined carefully. We will use the identity

L
(3.2) E,r[Qr] = Ew[Qo] + Y (Er[Qe] — Eye-1[Qr-1])
(=1

as a basis. Note that in the case where the distributions are the same, the above reduces to
the telescoping sum used for MLMC estimators based on i.i.d. samples.

The idea is now to estimate each of the terms on the right-hand side of (3.2) separately,
in such a way that the variance of the resulting multilevel estimator is small. In particular,
we will estimate each term in (3.2) by an MCMC estimator. The first term, E, o[Qo], can be
estimated using the standard MCMC estimator in Algorithm 1, i.e., @18/,[1(\370 as in (2.2) with Ny
samples. We need to be more careful in estimating the differences E,¢[Q¢] — E,¢-1[Q¢—1] and
build an effective two-level version of Algorithm 1. For every £ > 1, we denote Yy := Qy—Qy_1
and define the estimator on level ¢ as

1 n§+N, 1 nf+Ny
(3.3) Y = w Y ov= N Qu(07) — Qe-1(07_1),

n:né—l—l n:né+1
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where né again denotes the burn-in of the estimator, Ny is the number of samples on level /¢,
and ©y_1 has the same dimension as 6,_;. The main ingredient in this two-level estimator
is a judicious choice of the two Markov chains {6}'} and {©} ;} (see section 3.1). The full
MLMCMC estimator is defined as

L
(3.4) Qv = QN + D YN
/=1

where it is important that the two chains {0} },cn and {©} },en, which are used in }A/ZNJIVCZ and

in ?}f% New1o respectively, are drawn from the same posterior distribution v, so that @%%Ng}
is an unbiased estimator of E,r[Qr].

There are two main ideas in [30, 11] underlying the reduction in computational cost asso-
ciated with the multilevel estimator. First, samples of @y, for £ < L, are cheaper to compute
than samples of @Jr, reducing the cost of the estimators on the coarser levels for any fixed
number of samples. Second, if the variance of Y, = Q(6;) — Qr—1(©y—1) tends to 0 as £ — oo,
we need only a small number of samples to obtain a sufficiently accurate estimate of the ex-
pected value of Y, on the fine grids, and so the computational effort on the fine grids is also
greatly reduced.

By using the telescoping sum (3.2) and by sampling from the posterior distribution v
on level ¢, we ensure that a sample of @y, for ¢ < L, is indeed cheaper to compute than a
sample of Q. It remains to ensure that the variance of Y, = Q(0y) — Q¢—1(0¢—_1) tends to
0 as £ — oo. This will be ensured by the choice of 6y and ©y_;. Note that crucially, this
requires the two chains {0} } and {©}_;} to be correlated. However, as long as the stationary

0

marginal distributions of {67} and {©7 |} are v* and v*~!, respectively, this correlation does
not introduce any bias in the telescoping sum (3.2).

3.1. The estimator for Qy; — Qy_1. Let us fix 1 < ¢ < L. The challenge is now to
generate the chains {6} },en and {©}_; }nen such that the variance of Yy is small. To this end,
we partition the chain 6, into two parts, the entries which are present already on level £ — 1
(the “coarse” modes) and the new entries on level ¢ (the “fine” modes):

0r =000, 0o F),

where 0y ¢ has length Ry_1, i.e., the same length as ©y_;. The vector 8, r has length R,—R,_;.

An easy way to construct 6} and ©}_; such that the variance of Yy is small would be to
generate ¢} first and then simply use O} ;| = 920. However, since we require ©}_; to come
from a Markov chain with stationary distribution =1, and 7 comes from the distribution Ve,
this approach would lead to additional bias. We do, however, use a similar idea in Algorithm 2.

Let us for the moment assume that we have a way of producing i.i.d. samples from the
posterior distribution v*~1. Since the distributions v~ and v* are both approximations of the
true posterior distribution p and differ only in the choice of approximation parameters M and
R, the distributions v*~1 and v¢ will, for sufficiently large ¢, be very similar. The distribution
v*~1 is hence an ideal candidate for the proposal distribution on level ¢, and this is what is
used in Algorithm 2. First, we generate a sample @?jll from the distribution »*~!, which is
independent of the previous sample O} ;. We will use the independence of these samples in
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Algorithm 2 (Metropolis—Hastings MCMC for Qy — Q/—1).

Choose initial states @g_l ~ 1 and 02 = [@2_1 , HQ,F]. For n > 0:
e On level £ — 1: Generate an independent sample @?fll
/—1
v

from the distribution

e On level £: Given ¢} and @?fll, generate H?H using Algorithm 1 with the specific
/

proposal distribution q&; (6 ]6) induced by taking 0pc = ©71! and by gener-
ating a proposal for 6} , from some proposal distribution qﬁ/’[};(% 7|07 ) that is
independent of the coarse modes. The acceptance probability is
Linly £ n|p!
¢ . 7 (07) aniw (07197)
oy (07167) = mm{l7 oo (alam (-
m(0}) anp, (04107)

Lemma 3.1. Based on @?jll, we then generate 92‘“ using a new two-level proposal density

qﬁ/m in conjunction with the usual Metropolis—Hastings accept/reject step in Algorithm 1. In
particular, to make a proposal on level £, we take 9270 = @?fll and independently generate

92, r from a proposal distribution qﬁ}i for the fine modes, which can again be a simple random
walk or the pCN algorithm.

At each step in Algorithm 2, there are two different outcomes, depending on whether we
accept or reject on level £. The different possibilities are given in Table 1. Observe that when
we accept on level £, we have 9?251 = @Zfll, i.e., the coarse modes are the same. If, on the
other hand, we reject on level E: we crucially return to the previous state 6} on that level,

which means that the coarse modes of the two states may differ.

Table 1
Possible states of @gj‘ll and 0221 i Algorithm 2.

Level ¢ test 92@11 92%1
accept o, e}
reject o, ] 07 ¢

In general, this “divergence” of the coarse modes may mean that the variance of Y, does
not go to 0 as £ — oo for a particular application. But, provided that the modes are ordered
according to their relative “influence” on the likelihood L(Fops|fl), we can guarantee that
ok (05107) — 1 and thus that the variance of Y; does in fact tend to 0 as £ — co. We will
show this for a subsurface flow application in section 4.

The specific proposal distribution qf/[L in Algorithm 2 can be computed very easily and at
no additional cost, leading to a simple formula for the “two-level” acceptance probability aﬁ/[L.

Lemma 3.1. Let £ > 1. Then

—1/pn LF (on
m(0)) 7107 o) ayin, (07 10, 1) }

y4 gy 3
o) =1

and the induced transition kernel Kf/IL satisfies detailed balance.
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Furthermore, if the distribution qﬁ/’é is either (i) symmetric, or (ii) the pCN proposal
distribution, then

~<
|
('\
._.
—~
>
oS3

min wz(ﬁ ) ) case (i)
L A0 | ’

(
. Z(Fobsw/) l— 1(F0b8|920) ..
min { Zo(F. 1z } ,  case (ii).

obs |07) Le—1(Fons | 0} o)

uL (0 167) =

Proof. Since the proposals for the coarse modes 0y and for the fine modes 0, r are
generated independently, the proposal density qﬁ/[L(Gé |0}') can be written as a product of

densities on the two parts of 6, i.e., qf/’g and qﬁ}i. For the coarse part of the proposal
distribution, we simply have qf/’g(%cwzc) = 774_1(6270) and qﬁ){%(‘%d%,o) = Wf_l(HZC).
This completes the proof of the first result. Detailed balance for Kf/IL follows triv-
ially due to the Metropolis—Hastings construction. The corollary for symmetric distribu-
tions qf/’é follows by definition. The corollary for pCN proposals follows from the identity

air, (07 110 5 >/q“‘< b 107 ) = 5" (07 p) /7" (0 ) (see, e.g., [13]), together with the factor-
ization 7§(0y) = ’7T0 Y000) 7r0 (04 F)- [ ]

3.2. Recursive subsampling to generate i.i.d. samples from v*~1. In practice, it will
not be possible to generate independent samples of the coarse level posterior distribution ¢~!
directly. We instead suggest approximating independent samples of v/~! using Algorithm 1
in the following manner: After a sufficiently long burn-in period, Algorithm 1 will produce
samples which are (approximately) distributed according to v*~!. Although the samples
produced in this way are correlated, the correlation between the nth and (n + j)th sample
decays as j increases, and for sufficiently large j, the samples ©;_, and @nﬂ will be nearly
uncorrelated. Hence, an i.i.d. sequence of samples of ! can be approximated by subsampling
a chain {©}_,},en generated by Algorithm 1 with, e.g., the pCN proposal distribution.

This procedure can be applied very naturally in a recursive manner. Starting on the
coarsest level, burning in a Markov chain of samples and subsampling this chain to produce
(nearly) independent samples from v°, we can then apply Algorithm 2 to produce a Markov
chain of samples from v!. This can then be subsampled again to apply Algorithm 2 on level 2.
Continuing in this way, we can recursively produce independent samples from v*~! for any
¢ > 0. See Algorithm 3 in section 5 for details.

Although in general the i.i.d. samples of v*~! will in practice have to be approximated, for
the analysis of our multilevel algorithm we will assume that the chains {©}_, },,en and {6} } nen
are generated as in Algorithm 2. The additional bias introduced in the practical Algorithm 3
below is in fact so small that we initially did not detect it in our numerical experiments, even
for very short subsampling rates.

3.3. Convergence analysis of the multilevel MCMC estimator. Let us now move on
to convergence properties of the multilevel estimator. As in section 2.1, we define, for all
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£=0,...,L, the sets

L = {0, : 7'(0,) > 0},
D' = {0y : qiyr.(6¢]6;) > 0 for some 0 € £}.

The following convergence results follow from the classical results, due to the telescoping
sum property (3.2) and the algebra of limits.

Lemma 3.2. Provided that ' C D¢, v is a stationary marginal distribution of the chain
{07 Inen-

Theorem 3.3. Suppose that for all £ =0,...,L, E ¢ [|Q¢]] < oo and

(3.5) A (001605) >0 for all 6,,0; € E.

Then R
{Nii}goo QIX{I{JNE} =FE,.[Qr] forany 69 c & and nf > 0.
Let us have a closer look at the irreducibility condition (3.5). As in the proof of Lemma 3.1,
we have

* — L F *
Q§4L(9€|‘9£) =t 1(94,0) qML(ag,Fw&F)v

and thus (3.5) holds if and only if 7*~1(0,¢) and qﬁ}é(ﬁg,pwzﬂ are both positive for all
(00,07) € El x &Y. Both terms are positive for common choices of likelihood, prior, and
proposal distributions.

We finish the abstract discussion of the new, hierarchical multilevel Metropolis—Hastings
MCMC algorithm with the main theorem that establishes a bound on the e-cost of the mul-
tilevel estimator under certain assumptions on the MCMC error, on the (weak) model error,
and on the strong error between the states on level ¢ and on level £ — 1 (in the two-level
estimator for Yy), as well as on the cost Cp to advance Algorithm 2 by one state from n to
n+ 1 (i.e., one evaluation of the likelihood on level ¢ and one on level £ —1). As in the case
of the standard MCMC estimator, this bound is obtained by quantifying and balancing the
decay of the bias and the sampling errors of the estimator.

To state our assumption on the MCMC error and to define the MSE of the estimator,
we introduce the following notation. We define @y := {6} },,eny U {©}_ }nen, for £ > 1, and
O¢ = {0f}nen and define by Eg, (resp., V@,) the expected value (resp., variance) with
respect to the distribution of @, generated by Algorithm 2. Furthermore, let us denote by
v~ the joint distribution of §; and ©,_1, for £ > 1, which is defined by the marginals of 6,
and ©,_; being ¥ and v~ !, respectively, and the correlation being determined by Algorithm
2. For the sake of convenience, we define Yy := Qo, v 1 :=1% and M_; = R_; = 1.

Theorem 3.4. Let ¢ < exp[—1], and suppose there are positive constants o, o', 3,8',~v > 0
such that o > % min(8,7). Under the following assumptions, for £ =0,..., L,

ML. |E,[Qf] — E,[Q]] < Cua(M;® + R,

M2. Vee1[Ye] < Criz (M5 + R 7)),

M3. Ve, [FME] + (Ee, [FMS] — Byt [FAC))2 < Cog N7V, Vi),
M4, C; < Criy M7,
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and, provided that Ry = Mgmax{a/a/’ﬁ/ﬁ/}, there exist a mumber of levels L and a sequence
{Ne}E_, such that

(QL {Ne}) =Ey,e, [(QL A [QDQ] < g2

and
2 loge] if 6>,
C-(QY¥n,y) < G § &2 [logef? if 8=,
OB/ |loge| if B<n.

Proof. The proof of this theorem is very similar to the proof of the complexity theorem
in the case of multilevel estimators based on i.i.d. samples (cf. [11, Theorem 1]), which can
be found in the appendix of [11]. First note that by assumption we have RZO‘/ < M, and
R7 < M.

Furthermore, in the same way as in (2.5), we can expand

(QL {Ne}) Vye, [@%I{NZ}}LQ (EUg@e [@%I{JNZ}} —E. [@%I{JN@}DZ +2 (EVL [QL]—Ep[Q])Q-

(1)

It follows from the Cauchy—Schwarz inequality that

Ve, [Q%{,I{JNZ}] ZV@Z YZNZ Z Covy,e, YZNW 'sz] S(L+1 Zv@e YZNZ]
0<e<t' <L =0

We can bound the second term in the MSE above by

I R R 2 L N 2
(]) — <Z (E@Z [n%] — Eye,ifl [Yg{v}\fce}) ) < (L—I—l) Z (E(-)g [YK Ne} - ]Eyl,éfl [W%D )
=1

=0

and thus it follows from assumption M3 that

L
(3.6) (@) S (L4 )Y N Ve Y]+ (B [Qn] - E,[Q))

£=0

In contrast to the i.i.d. case, we have an additional factor (L + 1) multiplying the sampling
error term on the right-hand side of (3.6). Hence, in order to make this term less than £2/2,
the number of samples Ny needs to be increased by a factor of (L + 1) compared to the i.i.d.
case, which also increases the cost of the multilevel estimator by a factor of (L + 1). The
remainder of the proof remains identical.

Since L is chosen such that the second term in (3.6) (the bias of the multilevel estimator)
is less than £2/2, it follows from assumption M1 that L + 1 < |loge|. The bounds on the
e-cost then follow as in [11, Theorem 1], but with an extra |loge| factor. [ ]
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Note that in our proof we do not require the estimators }//\'el’\ﬁlvcl, {=0,...,L, to be inde-
pendent. However, in practice we found that independent estimators lead to a faster absolute
performance of the multilevel estimator (in terms of cost versus error).

Assumptions M1 and M4 are the same assumptions as in the single-level case and are
related to the bias in the model (e.g., due to discretization) and to the cost per sample,
respectively. Assumption M3 is similar to assumption A1l in that it is a nonasymptotic bound

for the sampling errors of the MCMC estimator ?}/J{\g For this assumption to hold, it is in

general necessary that the chains have been sufficiently burned in, i.e., that the values ng are

sufficiently large.

4. Model problem. In this section, we will apply the proposed MLMCMC algorithm
to a simple model problem arising in subsurface flow modelling. Probabilistic uncertainty
quantification in subsurface flow is of interest in a number of situations, as, for example,
in risk analysis for radioactive waste disposal or in oil reservoir simulation. The classical
equations governing (steady state) single-phase subsurface flow consist of Darcy’s law coupled
with an incompressibility condition (see, e.g., [19, 12]):

(4.1) w+kVp=g and divw=0 in DcCR?Y d=1,23,

subject to suitable boundary conditions. In physical terms, p denotes the pressure head of
the fluid, k is the permeability tensor, w is the filtration velocity (or Darcy flux), and g is the
source term.

4.1. Uncertainty quantification. A typical approach to quantifying uncertainty in p and
w is to model the permeability as a random field k = k(z,w) on D x 2 for some probability
space (2, A,P). The mean and covariance structures of k£ have to be inferred from the (limited)
geological information available. This means that (4.1) becomes a system of PDEs with
random coefficients, which can be written in second order form as

(4.2) —V - (k(z,w)Vp(z,w)) = f(z) in D,

with f := —div g. This means that the solution p itself will also be a random field on D x ).
For simplicity, we shall restrict ourselves to Dirichlet conditions p(w,z) = ¢(z) on 9D and
assume that the boundary data ¢ and the source term ¢ are known (and thus deterministic).

In this general form, solving (4.2) is extremely challenging computationally, and so in
practice it is common to use relatively simple models for k£ that are as faithful as possible to
the measurements. One model that has been studied extensively is a log-normal distribution
for k, i.e., replacing the permeability tensor by a scalar-valued field whose log is Gaussian. It
guarantees that & > 0 almost surely (a.s.) in 2, and it allows the permeability to vary over
many orders of magnitude, which is typically the case.

When modelling a whole oil reservoir or a sufficiently large region around a potential
radioactive waste repository, the correlation length scale for k is typically significantly smaller
than the size of the computational region. In addition, typical sedimentation processes lead
to fairly irregular structures and pore networks. Faithful models should therefore also assume
only limited spatial regularity of k. A covariance function that has been proposed in the
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application literature (cf. [43]) is the following exponential two-point covariance function for
log k:

(4.3) C(z,y) := o’exp <—Hw_)\yHT> , x,y € D,

where ||-||, denotes the £,-norm in R? and typically = 1 or 2. The parameters o> and \ denote
variance and correlation length, respectively. In subsurface flow applications, typically only
02 >1 and X\ < diam D will be of interest. The choice of covariance function in (4.3) implies
that k is homogeneous, and it follows from Kolmogorov’s theorem [16] that k(-,w) € C%!(D)
a.s. for any t < 1/2.

For the purpose of this paper, we will assume that k is a log-normal random field, where
log k has mean zero and exponential covariance function (4.3) with » = 1. However, other
models for k are possible, and the required theoretical results can be found in [8, 60, 57].

Let us now put model problem (4.2) into context for the MCMC and MLMCMC methods
described in sections 2 and 3. The quantity of interest () is in this case some functional G of
the PDE solution p, and @y g is the same functional G evaluated at a discretized solution
pum,r- The discretization level M denotes the number of degrees of freedom for the numerical
solution of (4.2) for a given sample, and the parameter R denotes the number of random
variables used to model the permeability k. The random vector X will contain the M degrees
of freedom of the discrete pressure pys g.

For the spatial discretization of model problem (4.2), we will use standard, continuous,
piecewise linear finite elements (FEs); see, e.g., [6, 10] for more details. Other spatial dis-
cretization schemes are possible; see, for example, [11] for a numerical study with finite volume
methods, and [34] for a theoretical treatment of mixed FEs. We choose a regular triangulation
Ty, of mesh width h of our spatial domain D, which results in M = O(h~%) degrees of freedom
for the numerical approximation.

In order to apply the proposed MCMC methods to model problem (4.2), we need to
represent the permeability k in terms of a set of random variables. For this, we will use the
Karhunen-Loeve (KL)-expansion. For the Gaussian field log &, this is an expansion in terms
of a countable set of independent, standard Gaussian random variables {&, }nen. It is given
by

log k(w,z) = Z Vin®n(2)&n (W),
n=1

where {i, }nen are the eigenvalues and {¢y, }nen are the corresponding L2-normalized eigen-
functions of the covariance operator with kernel function C(z,y). For more details on its
derivation and properties; see, e.g., [29]. Here we will mention only that the eigenvalues
{#tn}nen are nonnegative with ) -, u, < oco. For the particular covariance function (4.3)
with r = 1, we have y,, < n~2, and hence there is an intrinsic ordering of importance in the

KL-expansion. Truncating the KL-expansion after R terms gives an approximation of k in
terms of R standard normal random variables,

R
(4.4) kp(w,z) = exp [Z M%(@@(@] .
n=1
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Denote by ¥ := {,}nen € RY the vector of independent random variables appearing in
the KL-expansion of log k. We will work with prior and posterior measures on the space RV,
To this end, we equip RY with the product sigma algebra B := X en B'(R), where B!(R)
denotes the sigma algebra of Borel sets of R. We denote by py the prior measure on RY,
defined by {&,}nen being i.i.d. N(0,1) random variables such that

(4‘5) Po = ® g(gn) dfn;

neN

where g : R — R™T is the Lebesgue density of an N'(0, 1) random variable and d&,, denotes the
one-dimensional Lebesgue measure.

We assume that the observed data is finite-dimensional, i.e., F,s € R™ for some m € N,
and that

(46) Fops = ]:(p(ﬂ)) +n,

where F : H'(D) — R™ is a continuous function of p, the (weak) solution to model problem
(4.1) which depends on ¥ through k. The observational noise 7 is assumed to be a realization of
an N (0, 0%1I,,) random variable (independent of ¥). The parameter o2 is a fidelity parameter
that indicates the level of observational noise present in Fg.

With pg as in (4.5), we have po(RY) = 1. Furthermore, since p depends continuously on
¥ (see [7, Propositions 3.6 and 4.1] or [58, Lemmas 2.20 and 5.13]), the map Fop: RY — R™
is also continuous (by assumption). The posterior distribution, which we will denote by p, is
then known to be absolutely continuous with respect to the prior and satisfies

9p oy [ Fobs — F(p(9))|>
(4.7) 8—/)0(19) ~ exp |— 202 =: exp [~ D(I; Fops)] s
where || - || denotes the Euclidean norm on R™. The hidden constant depends only on Fjs and

is generally not known (for more details, see [56] and the references therein). The right-hand
side of (4.7) is referred to as the likelihood.

Since the exact solution p(¢) is not available, the likelihood exp [—®(J; Fyps)] needs to be
approximated in practical computations. We use a truncation of the KL-expansion of logk
after R terms and a spatial approximation pys r of p(¥) by piecewise linear FEs. The value
of a% may also be changed to 0%7 - We denote the resulting approximate posterior measure

correspondingly by pM ¥ with

8pM’R
dpo

[ Fobs = Fpar,r(9))|1?

4.8
(4.8) 202,

(¥) = exp

=:exp [~ (9; Fops)] -

Since F o pg s depends only on 6 := {&,}f | the first R components of ¥, and since the

prior measure factorizes as pg = p(]f‘ ® p(J)-, the approximate posterior measure also factorizes
as p"hE = yM:E @ ol where

oMt

(4.9)
Opf;

(0) = exp [_(I)M7R(0§ Fobs)] )
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and pt = pg [17]. Note that % is a measure on the finite-dimensional space R. Denoting
by mM-F and m? the densities with respect to the R-dimensional Lebesgue measure of vf
and pf, respectively, it follows from (4.9) that

(4.10) TR (9) = exp [~ @M (0; Fops)] i (0) .

Our goal is to approximate the expected value of a quantity @Q = G(p(J)) with respect
to the posterior ,0 for some continuous G : H'(D) — R. We denote this expected value by
= [ G( p(dY) and assume that, as M, R — oo,

E, .7 [Qur,r] — E,[Q],

where E,v.z[Qr,r] := [pr G(pm,r(6)) VR (d6) is a finite-dimensional integral.

Finally, let us set the notation for our MLMCMC algorithm. To achieve a level-dependent
representation of k, we simply truncate the KL-expansion after a sufficiently large, level-
dependent number of terms R, such that the truncation error on each level is bounded by the
discretization error, and set 6, := {{n}gil. A sequence of discretization levels M, satisfying
(3.1) can be constructed by choosing a coarsest mesh width hg for the spatial approximation

and choosing hy := s ‘hg. A common (but not necessarily optimal) choice is s = 2 and
uniform refinement between the levels. We denote the resulting (truncated) FE solution by
Pe = PMy,R,-

The prior density ﬂg of 8, is simply a standard Ry-dimensional Gaussian:

Ry 62

(4.11) 7 (6) = W ep |- > 7

j=1

For the likelihood, we have

(4'12) EZ(Fobs ‘ 0€> ~ €xp

— || Fobs — F*(60)]?
20—%,6

where F*(0;) = F(pe(6¢)). Recall that the coarser levels in our multilevel estimator are
introduced only to accelerate the convergence, and that the multilevel estimator is still an
unbiased estimator of the expected value of Q7 with respect to the posterior v* on the finest
level L. Hence, the posterior distributions on the coarser levels v¢, ¢ = 0,...,L — 1, do not
have to model the measured data as faithfully as v. In particular, this means that we can
choose larger values of the fidelity parameter 0%76 on the coarse levels, which will increase the
acceptance probability on the coarser levels. The growth in O'% ; has to be controlled, as we
will see below (cf. assumption A3). 7

4.2. Convergence analysis. We now perform a rigorous convergence analysis of the ML M-
CMC estimator @1}4/{%%} introduced in section 3 applied to model problem (4.1). We will first
verify that the multilevel estimator is indeed an unbiased estimator of E,.[Qr]. To achieve
this, we need only verify the irreducibility condition (3.5) in Theorem 3.3. As already noted,
for common choices of proposal distributions, the condition holds true if 772_1(94,0) > 0 for all
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6, such that 7¢(#,) > 0. The conclusion follows, since both the prior and the likelihood were
chosen as normal distributions and normal distributions have infinite support.

Theorem 4.1. Suppose that for all £ =0,...,L, E ¢ [|Q¢|] < co. Then

lim @}“{NZ} =E,.[Qr] for any 6 € £ and nf > 0.
{Ne}—oo

Let us now move on to quantifying the cost of the multilevel estimator, and verify the
assumptions in Theorem 3.4 for our model problem. As mentioned earlier, assumption M3
involves bounding the MSE of an MCMC estimator, and a proof of M3 is beyond the scope of
this paper. Results of this kind can be found in, e.g., [53, 36]. We will also not address M4,
which is an assumption on the cost of obtaining one sample of Qy. In the best case, with an
optimal linear solver to solve the discretized (FE) equations for each sample, M4 is satisfied
with v = 1.

We will address assumptions M1 and M2, which are the assumptions related to the dis-
cretization errors in the quantity of interest @ and the measure p. For ease of presentation, we
will for the remainder of this section assume that log k£ has mean zero and exponential covari-
ance function (4.3) with 7 = 1, and that v and f in (4.2) are deterministic, with ¢» € H(9D)
and f € H-'Y/2(D). This implies that the solution p to (4.2) is in L9(Q, H3/2=%) for any § > 0
and ¢ < oo (cf. [60]). In the Metropolis—Hastings algorithm we will consider only the pCN
algorithm.

Since they will become useful later, let us recall some of the main results in the conver-
gence analysis of (“plain vanilla”) MLMC estimators based on i.i.d. samples. An extensive
convergence analysis of FE multilevel estimators based on i.i.d. samples for model problem
(4.2) with log-normal coefficients can be found in [8, 60, 57]. We first have the following result
on the convergence of the FE error in the natural H'-norm.

Theorem 4.2. Let g be a Gaussian field with constant mean and covariance function (4.3)
with r = 1, and let k = explg] in model problem (4.2). Suppose D C R is Lipschitz polygonal
(polyhedral). Then

]1/q

—1/2d+6 —1/24+46
EPO ‘p _péﬁ.]l(l)) < Ck,f,w,q (Mﬁ / + RK / )

for any q < oo and § > 0, where the (generic) constant Cy . 4 (here and below) depends on
k, f, ¥, and q, but is independent of any other parameters.

Proof. The proof follows from [60, Proposition 4.1]. [ |

Convergence results for functionals of the solution p can now be derived from Theorem 4.2
using a duality argument. Here, for the sake of simplicity, we will consider only bounded, linear
functionals, but the results extend to continuously Frechet differentiable functionals (see [60,
section 3.2]). We make the following assumption on the functional G (cf. Assumption F1 in
[60]).

A2. Let G : HY(D) — R be linear, and suppose there exists Cg € R such that

IG(v)| < CgHU||H1/275 for all § > 0.

An example of a functional which satisfies A2 is a local average of the pressure, ﬁ i) ppdx
for some D* C D. The main result on the convergence for functionals is the following.
Corollary 4.3. Let the assumptions of Theorem 4.2 be satisfied, and suppose G satisfies A2.
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Then
Ep [9() ~ GOl 1" < Chpg (M7 4+ R,

for any q < co and § > 0.

Proof. This follows from [60, Corollary 4.1]. |

Note that assumption A2 is crucial in order to get the faster convergence rates of the
spatial discretization error in Corollary 4.3. For multilevel estimators based on i.i.d. samples,
it follows immediately from Corollary 4.3 that the (corresponding) assumptions M1 and M2
are satisfied, with o = 1/d+ 4, o/ =1/2+ 6, and 8 = 2a, 5/ = 2a/, for any 6 > 0 (see [60] for
details).

The aim is now to generalize the result in Corollary 4.3 to the new MLMCMC estimator.
Two issues need to be addressed. First, the bounds in assumptions M1 and M2 in Theorem 3.4
involve moments with respect to the posterior distributions v¢ and p, which are not known
explicitly, but are related to the prior distributions pé and pg through Bayes’ theorem. Second,
the samples on levels £ and ¢ — 1 that are used to compute samples of the differences Y, =
Q¢ — Q1 are generated by Algorithm 2 and may differ not only due to discretization and
truncation order, but also because they come from different Markov chains (i.e., ©}_; is not
necessarily equal to HZC, as seen in Table 1).

To circumvent the problem of the intractability of the posterior distribution, we have the
following lemma, which relates moments with respect to the posterior distribution to moments
with respect to the prior distribution.

Lemma 4.4. For any random variable Z = Z(0;) and for any q such that B [1Z]7] < oo,
we have

[Eye [Z27] S By 11217
Similarly, for any random variable Z = Z(0) and for any q such that E,, [|Z]9] < oo, we have
|Epe (27| < Ep, [12]7].-

Proof. Using (4.10), we have

B, [29]] =

/RR Zq(eg) exp [—(I)M’R(GZ;FObS)] 71'5(94) dgg
¢

< sup {exp [~ @M (0 Fope)] } / | Z(0,)|975(6,) d6,.
0 RE

The first claim of the lemma then follows, since the above supremum can be bounded by 1.
The proof of the second claim is analogous, using the Radon—Nikodym derivative (4.7). |

We are now ready to prove assumption M1 under the following assumption on the param-
eters 0%76 in the likelihood model (4.12).

A3. The sequence of fidelity parameters {0%’5}2’20 satisfies

opt — a;’% < max <R21/2+5, M[l/d+5> for all 6 > 0.
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Lemma 4.5. Let the assumptions of Corollary 4.3 be satisfied. Suppose F satisfies A2, and
A3 holds. Then s Lais
By [Qe] ~ By [Q)l < Chpp (M /40 4 R,V

Proof. Since Q)¢ depends only on 6, we have E,([Q¢] = E¢[Q¢], and so, using the triangle
inequality,

(4.13) E,e[Qe] — Ep[Q]] < [Epe[Qe] — Epe[Q]] + [Epe[Q] — E,[Q]]-

The first term can be bounded using Corollary 4.3 and Lemma 4.4, i.e.,
B, [Qe] — E[Q]] < Ch g (MZ—I/d-&-é n Re_l/2+5) ‘

For the second term, we will prove a bound on the Hellinger distance dyep(p, pf). This
proof follows closely the proof of [42, Proposition 10]. Denote by Z and Z; the normalizing
constants of p and p’:

7 = / exp [—;@(ﬁ;Fobs)] dpo(¥) and Z;, = / exp [—;@K(ﬁ;Fobs)] dpo(19), respectively.
RN RN

Since F satisfies assumption A2, it follows from the results in [56] that both Z and Z, can be
bounded away from zero. Next, we have

2
2danpnp) = [ (2772 exp |- 50001 Fan)| = 27 exp | 50 05| ) am(0) < 111,

RN
where

2 1 1 2
I:=— (eXp |:_q)(19§Fobs):| — exp |:_(I)€(19;Fobs):|> dpo(9),
Z Jan 2 2

I:=2|Z7"Y2 - Z£1/2\2/

[ o [~ (9; Fop)| doo(9).

To estimate I, note that both exp [—%@(19; Fobs)] and exp [—%@e('ﬁ; Fobs)] are bounded above
by 1, so that

1 1
exp | =505 Fin) | = exp |~ 384001 Fon)| <1900 Fow) — 84005 Fre)|
Denoting F := F(p(¥)) and Fy := F(pe(f)), and using the triangle inequality, we have that

2
(1Fobs = Fll + IF = Fell) |y — |2

= 2 2
o OFy

[ Fobs — FH2 _ [ Fobs — F€H2

3 2
OF OFy

_ _ 2|/ Fops — Fpl| + || F — Ey
= Ee — P (072 — oz) + AP = FIHIEZ o gy
F
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Since F was assumed to satisfy A2, it follows from Corollary 4.3 that
B (I~ FUlMe < Crgy (M50 4 RY2).

Moreover, since ||Fy|| can be bounded independently of ¢ (again courtesy of assumption A2)
and since ||Fops — Fy|| < || Fobs|| + || Fel|, we use assumption A3 to deduce that

—1/d+5 —1/2+5) 2
IS Epll900; o) — 00 Fe)?) < Cip (M50 4 R7VE)
For the second term II, we note that |Z~%/2 — Z;l/Q\Q Smax{Z73,7,%} |Z — Z|?, and an
analysis similar to the above shows that

— _ 2
I < Ep[|®(9; Fons) — ®°(9; Fops)]2 < Chof (Me R 1/2+5) '

The claim of the theorem then follows, since |E ¢ [Q] — E,[Q]| < C sy dnen(p, 0. [ |

In order to prove M2, we further have to analyze the situation where the two samples 92‘“
and @?_ﬂl used to compute YK”+1 “diverge,” i.e., when @Zjll =+ 92251.

Lemma 4.6. Let 92‘“ and @?fll have joint distribution v**~1, and set Y[“'H = Qg(ﬁ?“) -
Qg_l(@?’fll). If qﬁ/’é 1s a pCN proposal distribution, then

V,ee-1 [YK"H] < Ch,p (.7\4[_11/d+(s + Rz_ll/2+5> for any 6 > 0.

To prove Lemma 4.6, we first need some preliminary results. First, note that @Z‘jll #* 9?'51

only if the proposal 6} generated for 0?“ was rejected. Given the states 6} and 6}, the
probability of this rejection is given by 1 — af/IL(GQW?). The total probability of a rejection
is then E¢[(1 — a;p], where ¢ denotes the joint distribution of the two variables. We need to
quantify this probability.

Before we can do so, we need to specify the (marginal) distribution of the proposal ¢},
which we denote by ;. The first Ry_; entries of 8} are distributed as V=1, since they come
from ©y_;. The remaining Ry, — Ry_; dimensions are distributed according to the proposal
density qﬁ}é(% r |07 ) (independent of the first y_; dimensions). The same proof technique
as in Lemma 4.4 shows again that [E¢[Z)] S E ol [|Z]9] for any random variable Z = Z(6)).

Lemma 4.7. Let 0} and 0} be as generated by Algorithm 2 at the (n + 1)th step. Denote
their joint distribution by ¢, with marginal distributions v* and (), respectively. Suppose F
satisfies A2, and that A3 and the assumptions of Corollary 4.3 hold. Ifqﬁ}é 18 a pCN proposal
distribution, then

n - 0 - )
E¢ [(1 O RCALL ))} < Ch.t <M6711/d+ + Réjl/2+ ) for any & > 0.

Proof. For the sake of brevity, denote Ly(Fops | -) =: L¢(+). We will first derive a bound on

’ . . o Lo(0)) Lo—1(07 )
1 — oy, (07 ]67) for £ > 1 and for ¢, and 0} given. First note that if L0 Lo 0] o) > 1, then
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1 —af(0,]07) = 0. Otherwise, we have

e (o Le(8) L(0}) Le-1(07 ¢) L0
1 — (00 107) = (1 ££—1(9270)> + (Eg(@?) ££_1(920)> (1 EZ—l(QZC))

_ L(8))
Le1(6; )

<1

+

(4.15)

Let us consider either of these two terms and set 8y = (Q);Z 1 to be either 6} or 6}. Using the
definition (4.12) of the likelihood, we have

- 2 Fobs — Fo_ 2
(£16) G ( | Foe = Fe@)I? 1| Fobs — Fea(Bec) ) |

Li—1(0ec) Oy T%o 1
Denoting Fy := F(6;) and Fy_1 := F(6y,c), we get as in the proof of Lemma 4.5 that

HFobs - FZ||2 _ ||F0bs - Fé—lHZ

2

< || Fope — Fra|2 072 — 072 ‘
2 obs F/ F/—1
oY) OFe—1

2||Fobs — Fo—1|| + || Fe — Fo—
(4.17) o Ao = Pt W= By,

OFy

Using the inequality |1 — exp(x)| < |z| for 0 < |z| < 1, it follows immediately from (4.17),
assumption A3, Corollary 4.3, Lemma 4.4, and Hélder’s inequality that

L)
Lo—1(0e,c)

(4.18) E¢ Hl ] < Chofu (M;_ll/d” + R;_l{2+5).

A bound on the expected value of 1 — af (6} |07) follows from Minkowski’s inequality. M
We will further need the following result.
Lemma 4.8. For any 6y, let ko(0;) := exp(Zfél VI3 (00)5) and k(0y) := min 5 k(- 7).
Then

. 1l 1Dy . .
(4.20)  |pe(Or) — pe(07) |1 (D) S w(00)(07) [ke(0c) = ke(07) oy for almost all 6,0y,
and
(4.21) E [|pg(05)|§[1(D):| < constant

for any q < oo, where the hidden constants are independent of £ and py.
Proof. Using the definition of x(6;), as well as the identity

/ ke(60)Vpe(0) - Vodz = / foder = / ke(67) Vpe(6;) - Vo dx for all v € HY (D),
D D D
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we have

(0lpa(00) = PO ) < [ 10V (080 = pe(87)) - ¥ (pe(00) = pu(8})) da
< [ Chal00) = l67) Tl7) - 7 (000 = pe(57)

Due to the standard estimate [p¢(67)|m1(py < | flla—1(py/K(67), (4.20) follows from an appli-
cation of the Cauchy—Schwarz inequality, and (4.21) follows from the fact that E ol [k(-)79] is
bounded independent of ¢ ([7, Prop. 3.10]). [ ]

Using Lemmas 4.7 and 4.8, we are now ready to prove Lemma 4.6.

Proof of Lemma 4.6. Let 9?“ and @?jll be as generated by Algorithm 2 at the (n+ 1)th

001

step, with joint distribution v . As before, denote the proposal generated for (9?“ by 0.
@n+1

First, since 9270 = 0,7, it follows from Minkowski’s inequality that

VVZ,Z—I [an—H] < E,/N—l {(QZ(Q?H) - Qéfl(@?jll))ﬂ

(4.22) S | (Qe07™) — Qul0))’| + Egy | (Qul6) — Qea(0,0))7]

Here, ¢ denotes the joint distribution of ¢, and 9?“, and ¢ is the marginal distribution of 6.
A bound on the second term follows immediately from Corollary 4.3 and Lemma 4.4; i.e.,
(4.23)

Eg; [(Qu0) = Qe1(000))°] S By [(Qul0) = Qer000))°] < Crgw (M0 + RIYT)

The first term in (4.22) is nonzero only if 92”1 # 0,. We will now use Lemmas 4.7 and 4.8, as
well as the characteristic function Lyn+s Lo1y € {0,1} to bound it. First, Holder’s inequality
14

gives
n 2
(Qe(07™) — Qe(9))) H{egﬂ;ée;}]

(@uep*) — Quie)™] "

Ez [(Qe(%l“) - Qe(%))z} = E;

(4.24) < E;

for any g1, q2 such that ¢ by gy ' — 1. Since G satisfies assumption A2, it follows from

Lemmas 4.4 and 4.8 that the term EZ[ (Qe(0) 1) — Qg(@é))Z(h }l/ql in (4.24) can be bounded
by a constant independent of ¢ for any ¢1 < oc:

e[ (Qu(67) — Qe(0))™" | S By [(Qu(6] 7)) ] + Eey [(Qe(67)*"]
S ]Epg Upe(tge)ﬁﬁ(m] < constant.

1/q2
Bz [Tz )

Since 0?“ # 0, only if the proposal #, has been rejected on level £ at the (n + 1)th step,
the probability that this happens can be bounded by E¢[1 — aﬁ/m(%w?)], where the joint
distribution ¢ is as in Lemma 4.7. It follows by Lemma 4.7 that

n —1/d+6 1/246
(4.25) Bz [Ligpi gy | = PO # 00 < Crop (M {7 + B
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Combining (4.22)—(4.25), the claim of the lemma then follows. [ |

We now collect the results in the preceding lemmas to state our main result of this section.

Theorem 4.9. Under the same assumptions as in Lemma 4.6, assumptions M1 and M2 of
Theorem 3.4 are satisfied, with « = 3 =1/d—§ and o/ = ' =1/2—§ for any § > 0.

If we assume that we can obtain individual samples in optimal cost Cp, < My log(My), e.g.,
via a multigrid solver, we can satisfy assumption M4 with v =14 ¢ for any é > 0. It follows
from Theorems 3.4 and 4.9 that we can get the following theoretical upper bounds for the
e-costs of classical and multilevel MCMC applied to model problem (4.2) with log-normal
coeflicients k:

(4.26) C-(QNY) 70 and C.(Q)fy,y) ST for any 6 > 0.

~

We clearly see the advantages of the multilevel method, which provides savings of one power
of e~! compared to the standard MCMC method. Note that for multilevel estimators based on
i.i.d. samples, the savings of the multilevel method over the standard method are two powers
of ¢! for d = 2,3. The larger savings stem from the fact that 8 = 2« in this case, compared
to B = « in the MCMC analysis above. The numerical results in the next section for d = 2
show that, in practice, we do seem to observe 8 ~ 1 ~ 2q, leading to CE(A%/{I{JNZ}) = 0(e7?).
However, we do not believe that this is a lack of sharpness in our theory, but rather a pre-
asymptotic phase. The constant in front of the leading order term in the bound of V,¢,e—1 [Y}"],

namely the term Ef[ (Qe(@?+1) - Qg(&é))mh ] Ya gy (4.24), depends on the difference between
Qg(Q?'H) and Q¢(6). In the case of the pCN algorithm for the proposal distributions ¢ 1 and
qﬁ}é (as used in section 5 below), this difference will be small, since 8} and 6 will, in general,

be very close to each other. However, the difference is bounded from below, and so we should
eventually see the slower convergence rate for the variance as predicted by our theory.

5. Numerics. In this section we describe the implementation details of the MLMCMC
algorithm and examine the performance of the method in estimating the posterior expectation
of some quantity of interest for our model problem (4.2). We consider (4.2) on the domain
D = (0,1)? with f = 1. On the lateral boundaries of the domain we choose Dirichlet boundary
conditions; on the top and bottom we choose Neumann conditions:

Ip Ip

ain = 07 and — =0.

5.1 —0=0 =1=1 B
( ) p|x1—0 ) p’xl—l ’ 2o=0 onlzy=1

The quantity of interest is the flux across the boundary at z; = 1, given by

dﬂj‘g.
r1=1

L9
(5.2) Q::—/O k:£

The (prior) permeability field k is modelled as a log-normal random field, with covariance
function (4.3) with » = 1, 02 = 1, and A = 0.5. The log-normal distribution is approximated
using truncated KL-expansion (4.4) with an increasing number Ry of terms as ¢ increases. For
r =1, the KL eigenfunctions in (4.4) are known explicitly [11].

The model problem is discretized using piecewise linear FEs on a uniform triangular
mesh. The coarsest mesh consists of mg + 1 grid points in each direction, with refined meshes
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containing my + 1 = 2%mg + 1 points, so that the total number of grid points on level ¢ is
My = (my+1)2. All of our algorithms have been implemented within FreeFem++ [39]. As the
linear solver for the resulting linear equation system for each sample we used UMFPACK [18].

5.1. Implementation details. Let us first define two important quantities for the conver-
gence analysis of Metropolis—Hastings MCMC.

Effective sample size and integrated autocorrelation time. Let {6"},>0 be the Markov chain
produced by Algorithm 1 and @ NC the resulting MCMC estimator defined in (2.2). The
integrated autocorrelation time 7¢ of the correlated samples Q}; p 1= G (X (0™)) produced by
Algorithm 1 is defined to be the ratio of the asymptotic variance 022 of the MCMC estimator

Q\%C, defined in (2.6), and the actual variance V,n,r[Qnr,r] of Qarr. If

1Y e\ 2
=N Z <Q7K4,R - Q%C)

J=0

denotes the sample variance, then a good estimate for 7¢, used, e.g., in the statistical software
package R, is given by 79 = 32Q /p(0), where p(0) is the so-called spectral density at frequency
zero. Details of a method for approximating the spectral density are given in [40] (included in
R under the package coda). The effective sample size is defined as N eff .— N /Tq. It represents
the number of i.i.d. samples from vy r that would lead to a Monte Carlo estimator with the
same variance as Q MC " The statistical error in this estimate is computed using the diagnostics
set out by Gelman & Rubin [28], which is a weighted average of variances of the means across
all chains, and average in-chain variances.

Recursive independence sampling. The final ingredient for our hierarchical MLMCMC algo-
rithm is an efficient practical algorithm to obtain independent samples ©} ; from the coarse
posterior v/~! which we need in Algorithm 2 in section 3 to estimate E,¢[Q/] — E,e-1[Qr_1].
The algorithm is summarized in Algorithm 3.

We start on level 0 by creatlng a sufficiently long Markov chain {@0} j>0 using Algorithm 1
with pCN proposal distribution ¢° [13] (see (5.3) below for details). Let Q = Q(po(@]))
the sample of the output quantity of interest associated with the jth sample of the auxiliary
chain {(:)% }j>0 on level 0. The samples in this chain are correlated, but by subsampling it with
a sufficiently large rate tg € N, we obtain independent samples. The typical rule in statistics
to achieve independence is to choose ty to be twice the integrated autocorrelation time 7y of
the Markov chain {Qvé}jzo. In practice, we found that much shorter subsampling rates were
sufficient (see below).

Then, on level 0 < k < £ — 1, we use the independent samples created on level k — 1 in
Algorithm 2 to recursively create a Markov chain { @)fg }j>0 on level k. The proposal distribution
¢"F for the modes that are added on level k is again chosen to be a pCN random walk (see (5.4)
below for details). We subsample this chain again with sufficiently large rate t; € N to obtain

~nt
e L In Summary, to produce one

independent samples on level k. Finally, we set O} ; := 0,
independent sample ©F_; on level £ — 1, we need to compute T k= Hk, tir samples on each

of levels k = 0,...,¢ — 1. Since the acceptance probability aML(®§€|®?€) converges to 1 as k
increases (cf. Lemma 4.7), and since we are using independent proposals from level k — 1, the
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Algorithm 3 (recursive independence sampling).

Choose initial states @2_1 = (:)2_1, ey C:)g such that ég c= é2—1 and subsampling rates
ty forall k=1,...,£ — 1. Then, for j > 0:
e On level 0:

— Given 67, generate (:)6 from a pCN proposal distribution.
— Compute

~ ~ . ~/
0 (8))61) = min { 1, o[ 90) 1
£0(Fobs ’ @%)

— Set @)6“ — @}, with probability ao(éf)@%). Set ééﬂ = éf) otherwise.
e Onlevel k=1,....¢—1:
— Given éi, let é;cC = é,ijjll)tk_l and generate é;CF from a pCN proposal
distribution. 7 ’
— Compute

L1(Fobs | ©4) Lis—1(Fobs | éi,c) }

VY i
o ©7) = min{ 1, =J O
ML(©% 1 ©7) { Li(Fops | @{c) Li—1(Fops | @2;,0)

— Set @)iﬂ = é; with probability a’lf/[L(Nuéi). Set éiﬂ = éi otherwise.
o Set @)} =y,

integrated autocorrelation times 75 of the auxiliary chains {C:)i}jzo, k=1,...,£—1, converge
to 1; i.e., the samples are essentially independent for large k. As a consequence Ty, is actually
of the same order as the autocorrelation time of samples that Algorithm 1 with pCN proposals
would produce on level k (see below for more details).

At the jth state of the auxiliary chain on level 0, the pCN proposal from the standard
multivariate normal prior distribution is generated as follows:

(5.3) (©0)i =/1—B2(0)i+BoWi, i=1,...,Rp.

Here, ¥; ~ N(0,1), and 5y is a tuning parameter used to control the size of the step in the
pCN random walk [13]. Similarly, the proposal 92,  for the fine modes at the jth state of the
auxiliary chain on level k € {1,..., L} is generated by

(5.4) (O )i =\/1= B2 (O p)i+ B Wi, i=1,... ,Rpg—Rp_1.

The actual values of 8 = 0.1, for all £k =0,..., L, that are used in the following calculations
were chosen after carrying out a series of preliminary tests to achieve “good” mixing properties.

As in (2.2), in practice, the first j,g samples from each of the auxiliary chains are discarded
by prescribing a burn-in period. We choose the length jg of the burn-in period on level & to
be twice the integrated autocorrelation time 7.
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Multilevel estimator. We can now use the independent samples O} | ~ v=1 produced by
Algorithm 3 in Algorithm 2 to produce samples 6} of the ﬁne chain on level ¢, and thus
samples Y/ := G(pe(67)) — G(pe-1(07_,)) for the estimator Yg N, of Ee[Qe] — Epe1[Qe—1] in
(3.3). The samples for the estimator Qo, N, on level 0 are produced with Algorithm 1 again
using pCN proposals. This completes the definition of the MLMCMC estimator Q\%I{“M} in
(3.4). It remains only to decide on an optimal sample size Ny on each level that will ensure
that the total sampling error is below the prescribed tolerance, and that the total cost of the
estimator is minimized.

Let 74 be the integrated autocorrelation time of the chain Y}" (resp., Qp) for¢=1,...,L
(resp., £ = 0), and let 8@ be the sample variance on level £. Then N := N, /7, is the effective
sample size on level /, and s} 2/N fﬁ is an estimate of the variance of the estimator }A/Z%C; Our
aim is to achieve the following bound on the total sampling error for the MLMCMC estimator:

Nl\'}

L
(5.5) Z

=0

- < e’

-2

for some prescribed tolerance €. In what follows, we will choose € such that the bias error on
level L is % and thus the two contributions to the MSE in (3.6) are balanced.

To decide on a cost-optimal strategy for the choice of the Ny, we first need to discuss the
cost per sample. Recall that C; denotes the cost to evaluate ), for a Slngle sample O, from
the prior on level £. However, to quantify the cost of the estimator Y on level ¢, we also
need to take all the samples in the auxiliary chains on the coarser levels in Algorithm 3 into
account, as well as the integrated autocorrelation time 7, of the chain {Y"} Recalling that
ti is the subsampling rate on level k in Algorithm 3 and that T = Hk, tir, the total cost
to produce one independent (effective) sample is

-1
(5.6) cst .= 7] (cg +) T ck> .

k=1

As in the case of standard multilevel MC with i.i.d. samples, the total cost of the multilevel
estimator is minimized, subject to the constraint (5.5), when the effective number of samples
on each level satisfies

(5.7) = (Z W) \/;

as described in [30, 11]. In practice, the optimal number of samples can be estimated adap-
tively after an initial number of samples to get an estimate for s7 (see again [30, 11] for
standard MLMC).

In all calculations which follow we simultaneously run P parallel chains. This allows for
an efficient parallelization and aids exploration of multimodal posterior distributions. Fur-
thermore the calculation of the total sampling error (5.5) is simplified. The parallel chains
provide P independent estimates for ?KMC. Therefore, using standard statistical tools, the
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Figure 1. Left: Autocorrelation function for a typical (burned in) coarse level chain {Qg} with an integrated
autocorrelation time of 1o ~ 86. Right: Plot ofIE[YlMC] against subsampling rate to; the solid line shows the
computed results, while the dashed lines give the two-sided 95% confidence interval.

sampling error on each level can be calculated without the need for accurate estimates of the
integrated autocorrelation times. For the implementation considered here we chose P = 128
and distributed the computations across 128 processors.

5.2. Two-level results. We start with a two level test to investigate the additional bias
created in Algorithm 2 due to the dependence of the coarse samples from the recursive sub-
sampling procedure in Algorithm 3 and how that bias depends on the subsampling rate .
We choose two grids with mg = 8 and m; = 16 and fix the numbers of KL modes to be
Ry = Ry = 20. The data is generated synthetically from a single random sample from the
prior distribution computed on grid level 4, i.e. with m4 = 128. The observations F;s are
taken to be the pressure values at 16 uniformly spaced points interior to the domain. The
data fidelity is set to O'% = 10=* on both levels.

We first computed the autocorrelation function for a typical (burned in) coarse level chain
{Q4} (see Figure 1(left)) and note that the integrated autocorrelation time is approximately
To ~ 86 in this case. We then ran Algorithms 2 and 3, for different subsampling rates from
to = 1 to 100 > 79, until the standard error for the estimator }AflMC reached a prescribed
tolerance of ¢ = 2.5 x 1074, Figure 1(right) shows the expected value of Eg, [YMC] as a
function of o, as well as the two-sided 95% confidence interval, i.c., Eg, [YMC] + 1.96c. We
note that E,1[Q1] — E,o[Qo] = E{@?}[@ll\/[c] - E{@g}[@%\{[c] ~ 0.0222, calculated from two
independent standard MCMC runs to a tolerance of € = 2.5 x 107> on each level.

We note that, for the example considered here, the additional bias error due to the depen-
dence of the samples is less than 30% even if no subsampling is used (i.e., tp = 1). In practice,
a value of ty = 50 would be sufficient to reduce the bias to a negligible amount (< 1%), given
all the other bias errors due to FE discretization, KL truncation, and Metropolis—Hastings
sampling. However, to be on the safe side for all the calculations that follow, we take the sub-
sampling rate equal to the smallest integer that is bigger than our estimate of the integrated
autocorrelation time, i.e., t, = [7¢].
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Figure 2. Left: Synthetic data used in section 5.3. Right: Posterior sample created by our algorithm on
grid level 4. For both plots, data points are marked by crosses.

5.3. Comparison of MLMCMC with a standard single-level MCMC estimator. We now
test the full MLMCMC algorithm, using the same coarsest grid with mg = 8 and considering
up to five levels in our method with a uniformly increasing number of KL modes across the
levels from Ry = 50 to R4 = 150. As for the two-level example, the data is generated synthet-
ically from a single random sample from the prior distribution on level 4; see Figure 2(left).
We note that since R4 = 150 here, the data differs slightly from that used in the two-level
results in section 5.2 (although we used the same random numbers for the first 20 KL modes).
The fidelity parameter was again chosen to be o% ;= 107% for all £ = 0,...,4. A typical
sample from the posterior distribution on grid level 4, produced by our multilevel algorithm,
is shown in Figure 2(right).

We compare the performance of our new multilevel method to standard Metropolis—
Hastings MCMC with pCN proposal distribution (again with tuning parameter 5, = 0.1).
The cost C; to compute one individual sample of @y on level £ with our code is shown in
actual CPU time in Figure 3(left), obtained on a 2.4GHz Intel Core i7 processor. The cost
in FreeFem++ is dominated by the assembly of the FE stiffness matrix, and so it grows like
O(h;?) = O(M;). We believe that this behavior is representative for problems of this size
when the uniform grid structure is not exploited in the assembly process, and that these CPU
times are competitive. For larger problem sizes, the cost of the linear solver will become the
dominant part. However, for the MLMCMC algorithm we are really interested in the cost C}?H
defined in (5.6) to compute one independent sample on level ¢ using Algorithms 2 and 3 with
ty = [Tk ]. These costs are shown in Figure 3(right). They are compared to the cost to produce
one independent sample on level £ using Algorithm 1. The integrated autocorrelation times
7y for the auxiliary chains {Q}} on each level in our example are given in Table 2. Note that
since the coarse samples are (essentially) independent, the integrated autocorrelation times
7y for the chains {Y;"} are almost identical, i.e., 7y ~ 7. However, what is more important,
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Figure 3. Left: Cost (CPU time in seconds) to compute one sample of Qn as a function of h. Right: Cost
Cs® per independent sample on level €.

the integrated autocorrelation times on the finer levels £ > 0 are very small and tend to one,
such that N}iﬁ ~ Ny, which due to the exponential growth of the cost with ¢ — oo leads
to huge cost savings. Thus, the subsampling on the coarser levels, which seemed to be a
necessary “evil” to obtain the required (quasi) independence is actually leading to significant
cost savings and should be employed in any case.

Table 2
Integrated autocorrelation times of the auziliary chains {@?} on levels £ =0,...,4.
Level 0 1 2 3 4

Ty 136.23 | 3.66 | 2.93 | 1.46 | 1.23

In Figure 4 we now compare the performance of our MLMCMC method with finest level L
varying from 1 to 4 with standard MCMC on the same level. The tolerance ¢y, for each of the
cases is chosen such that the bias error is less than e, /v/2, leading to £; = 0.04, g5 = 0.017,
ez = 0.013, and €4 = 0.0067, respectively. The estimated bias error decays with about O(h),
which is faster than what we would expect for the functional in (5.2) which does not satisfy
assumption A2 (see [60]). It is likely that this is because the second term in (4.13), i.e.,
the bias error in the posterior distribution, dominates. That bias error is due to the FE
approximation of pressure evaluations at points here, which are expected to converge with
O(hlog|h|)) (see [58]). The slight variation in the convergence rate could mean that some
features in the posterior were only picked up on a sufficiently fine grid. The optimal numbers
N of (independent) samples on each level are chosen according to formula (5.7). They are
plotted in Figure 4(left). Please note that these are numbers of independent samples. The
total number of samples computed on the coarser levels is much larger. For example, for the
four-level estimator we needed about 4 x 107 actual PDE solves for all the auxiliary chains
on level 0 combined. However, each of these solves is about 250 times cheaper than a solve
on level 4. Because 74 ~ 74 = 1.23, we see from Figure 4(left) that we need only about 562
PDE solves on level 4. These are huge savings against standard MCMC, which requires about
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4 % 106 solves on level 4 to achieve the same sampling error. We can see this clearly in the
overall cost comparison in Figure 4(right). The gains are even more pronounced if we relax
the overly conservative choice of t;, = [7] for the subsampling rates.

In our final figure, Figure 5, we confirm our theoretical results and plot our estimates for
Vo1 [V (left) and for E¢ [(1— oy, (65]6))] (right). Ignoring the last data point in each of
the plots, which seem to be outliers, the variance seems to converge with almost O(h?), and
the multilevel rejection probability slightly faster than O(h). We are not sure whether this
means that the bounds in Lemmas 4.6 and 4.7 are both slightly pessimistic or whether this is
just some preasymptotic behavior.

Remark 5.1. Tt is worth pointing out that the recursive independence sampling in Algo-
rithm 3 also brings significant savings if it is used to produce proposals for a standard MCMC
algorithm, as the comparison of the cost per independent sample in Figure 3(right) clearly
shows. This is related to the delayed acceptance method of [9]. The multilevel approach also



MULTILEVEL MARKOV CHAIN MONTE CARLO 35

provides a very efficient burn-in method, due to the significantly reduced integrated autocor-
relation times on the finer levels and since most of the burn-in happens on the coarsest level.
This is related to the approach in [25].

6. Conclusion. Bayesian inverse problems in large-scale applications are often too costly
to solve using conventional Metropolis—Hastings MCMC algorithms due to the high dimen-
sion of the parameter space and the large cost of computing the likelihood. In this paper,
we employed a hierarchy of computational models to define a novel multilevel version of a
Metropolis—Hastings algorithm, leading to significant reductions in computational cost. The
main idea underlying the cost reduction is to build estimators for the difference in the quan-
tity of interest between two successive models in the hierarchy, rather than estimators for the
quantity itself. The new algorithm was then analyzed and implemented for a single-phase
Darcy flow problem in groundwater modelling, confirming the effectiveness of the algorithm.

The algorithm presented in this paper is not reliant on the specific computational model
underlying the simulations and is generally applicable. The underlying computational model
will in general influence the convergence rates o, o, 3, and 3’ of the discretization errors, and
the growth rate v of the cost of the likelihood computation (cf. Theorem 3.4), which in turn
govern the cost of the standard and multilevel Metropolis—Hastings algorithms. The gain to
be expected from employing the multilevel algorithm is always significant, and the gain is, in
fact, larger for more challenging model problems, where the values of a, o', 3, and 3’ are small
and « is large.

The algorithm also allows for the use of a variety of proposal distributions. The cru-
cial result in this context is the convergence of the multilevel acceptance probability to 1
(cf. Lemma 4.7), which, in general, has to be verified for each proposal distribution individu-
ally, but is expected to hold for most proposal distributions.
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