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We investigate the properties of the Hybrid Monte Carlo algorithm (HMC) in high dimensions.
HMC develops a Markov chain reversible w.r.t. a given target distribution II by using separable
Hamiltonian dynamics with potential — logII. The additional momentum variables are chosen
at random from the Boltzmann distribution and the continuous-time Hamiltonian dynamics
are then discretised using the leapfrog scheme. The induced bias is removed via a Metropolis-
Hastings accept/reject rule. In the simplified scenario of independent, identically distributed
components, we prove that, to obtain an O(1) acceptance probability as the dimension d of the
state space tends to oo, the leapfrog step-size h should be scaled as h = [ x d—14, Therefore,
in high dimensions, HMC requires O(d1/4) steps to traverse the state space. We also identify
analytically the asymptotically optimal acceptance probability, which turns out to be 0.651
(to three decimal places). This is the choice which optimally balances the cost of generating a
proposal, which decreases as | increases (because fewer steps are required to reach the desired
final integration time), against the cost related to the average number of proposals required to
obtain acceptance, which increases as [ increases.

Keywords: Hamiltonian dynamics, high dimensions, optimal acceptance probability, leapfrog
scheme, squared jumping distance.

1. Introduction

The Hybrid Monte Carlo (HMC) algorithm originates from the physics literature [15]
where it was introduced as a fast method for simulating molecular dynamics. It has since
become popular in a number of application areas including statistical physics [17, 18, 43,
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2 Beskos et al.

23, 1], computational chemistry [22, 24, 30, 42, 45], data assimilation [2], geophysics [30]
and neural networks [32, 46]. The algorithm has also been proposed as a generic tool for
Bayesian statistical inference [31, 12, 16].

Many practitioners believe that HMC improves on traditional Markov Chain Monte
Carlo (MCMC) algorithms. There are heuristic arguments to suggest why HMC might
perform better, in particular based on the idea that it breaks down random walk-like
behaviour intrinsic to many MCMC algorithms such as the Random-Walk Metropolis
(RWM) algorithm. However there is very little theoretical understanding of this phe-
nomenon (though see [14]). This lack of theoretical guidance concerning the choice of the
free parameters for the algorithm partly accounts for its relative obscurity in statistical
applications. The aim of this paper is to provide insight into the behavior of HMC in high
dimensions and develop theoretical tools for improving the efficiency of the algorithm.

HMC uses the derivative of the target probability log-density to guide the Monte-
Carlo trajectory towards areas of high probability. The standard RWM algorithm [29]
proposes local, symmetric moves around the current position. In many cases (especially
in high dimensions) the variance of the proposal must be small for the corresponding ac-
ceptance probability to be satisfactory. However smaller proposal variance leads to higher
autocorrelations, and large computing time to explore the state space. In contrast, and
as discussed in the following sections, HMC exploits the information on the derivative
of the log density to deliver guided, global moves, with higher acceptance probability.
Thus HMC has the potential to effectively decorrelate by exploiting Hamiltonian evolu-
tion, conferring a potential advantage over random walk based methods whose effective
decorrelation time is determined by random walk behaviour.

HMC is closely related to the so-called Metropolis-adjusted Langevin algorithm (ab-
brev. MALA) [39] which uses the derivative of the log-density to propose steepest-ascent
moves in the state space. MALA employs Langevin dynamics; the proposal is derived
from an Euler discretisation of a Langevin stochastic differential equation that leaves the
target density invariant. We note here that the statisticians’ use of the term ‘Langevin
dynamics’ refers to the dynamics of a first order equation which physicists normally term
‘Brownian dynamics’; this model is derived from the second order Langevin equation in
the over-damped limit. Indeed the idea of using such dynamics as a proposal for Monte
Carlo predates its appearance in the statistical literature [33, 40]. On the other hand,
HMC uses Hamiltonian dynamics. The original variable ¢ is seen as a ‘location’ variable
and an auxiliary ‘momentum’ variable p is introduced; Hamilton’s ordinary differential
equations are used to generate moves in the enlarged (¢,p) phase space. These moves
preserve the total energy, a fact that implies, in probability terms, that they preserve the
target density II of the original g variable, provided that the initial momentum is cho-
sen randomly from an appropriate Gaussian distribution. Although seemingly of different
origin, MALA can be thought of as a ‘localised’ version of HMC in the case where Hamil-
ton’s equations are integrated for only one time-step before the accept/reject mechanism
is applied [28]. We will return to this point below.

In practice, continuous-time Hamiltonian dynamics are discretised by means of a nu-
merical scheme; the popular Stormer-Verlet or leapfrog scheme [19, 25, 41, 44] is currently
the scheme of choice. This integrator does not conserve energy exactly and the induced
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bias is corrected via a Metropolis-Hastings accept/reject rule. In this way, HMC develops
a Markov chain reversible w.r.t. II, whose transitions incorporate information on IT in a
natural way.

In this paper we will investigate the properties of HMC in high dimensions and, in
such a context, offer some guidance over the optimal specification of the free parameters
of the algorithm. We assume that we wish to sample from a density IT on R with

I(Q) = exp(-V(Q)) , (1.1)

for V : RV — R. We study the simplified scenario where II(Q) consists of d > 1
independent identically distributed (iid) vector components,

d
Q) =exp(= > V(g)), V:R"=R; N=mxd. (1.2)

i=1

For the leapfrog integrator, we show analytically that, under suitable hypotheses on V'
and as d — oo, HMC requires (’)(dl/ %) steps to traverse the state space, and furthermore,
we identify the associated optimal acceptance probability.
To be more precise, if h is the step-size employed in the leapfrog integrator, then we
show that the choice
HMC: h=1-d"'/* (1.3)

leads to an average acceptance probability which is of O(1) as d — oo : Theorem 3.6.
This implies that O(d'/*) steps are required for HMC to make O(1) moves in state space.
Furthermore we provide a result of perhaps greater practical relevance. We prove that, for
the leapfrog integrator and as d — oo, the asymptotically optimal algorithm corresponds
to a well-defined value of the acceptance probability, independent of the particular target
IT in (1.2). This value is (to three decimal places) 0.651: Theorems 4.1 and 4.2. Thus,
when applying HMC in high dimensions, one should try to tune the free algorithmic
parameters to obtain an acceptance probability close to that value. We give the precise
definition of optimality when stating the theorems but, roughly, it is determined by the
choice of [ which balances the cost of generating a proposal, which decreases as [ increases
(because fewer steps are required to reach the desired final integration time), against the
cost related to the average number of proposals required to obtain acceptance, which
increases as | increases.

The scaling O(d'/*) to make O(1) moves in state space contrasts favorably with the
corresponding scalings O(d) and O(d'/?) required in a similar context by RWM and
MALA respectively (see the discussion below). Furthermore, the full analysis provided
in this paper for the leapfrog scheme may be easily extended to high-order, volume-
preserving, reversible integrators. For such an integrator the corresponding scaling would
be O(d'/(*)), where v (an integer) represents the order of the method. For the standard
HMC algorithm, previous works have already established the relevance of the choice
h = O(d=/*) (by heuristic arguments, see [18]) and an optimal acceptance probability
of around 0.7 (by numerical experiments, see [12]). Our analytic study of the scaling
issues in HMC was prompted by these two papers.
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4 Beskos et al.

We end this discussion with a transparent disclaimer about the range of validity of
our optimal scaling results. Our work contains two central assumptions: (i) we work in
the setting of an iid target measure; (ii) this iid target is defined via a single potential V'
which (see below) is assumed to grow no faster than quadratically at infinity so that the
tails of the distribution are no lighter than Gaussian. Regarding (i), we expect that our
results will extend to some problems with a non-product structure, provided that the
resulting measure is ‘close’ to iid. Examples of such problems are contained in the work
of Bédard [4, 6, 5], and the papers [9, 27, 35]. These last three papers show that optimal
scaling results for RWM and MALA type algorithms extend directly to target measures
which have a density with respect to a Gaussian, uniformly as dimension d — oo. Since
a Gaussian measure is iid when represented in appropriate coordinates such measures
are indeed close to the iid case as almost sure properties of the Gaussian measure are
inherited by the target measure. However, for all optimal scaling analyses of RWM,
MALA and HMC, the extent and manner in which the ‘close to iid’ assumption can be
violated, and yet the same optimality criteria apply, remains an open and interesting
research question. Regarding (ii) we note that integration of Hamiltonian systems with
super-quadratic potentials (more precisely superlinear forces) typically requires adaptive
time-step integration [41] and that an open and interesting research direction concerns
the generalization of HMC algorithms to this situation. We discuss these issues related
to possible relaxation of our key assumptions also in the conclusions section.

The paper is organized as follows. Section 2 presents the HMC method and reviews
the literature concerning scaling issues for the RWM and MALA algorithms. Section 3
studies the asymptotic behaviour of HMC as the dimensionality grows, d — oo, including
the key Theorem 3.6. The optimal tuning of HMC is discussed in Section 4, including
the key Theorems 4.1 and 4.2. Sections 5 and 6 are technical. The first of them contains
the derivation of the required numerical analysis estimates on the leapfrog integrator,
with careful attention paid to the dependence of constants in error estimates on the
initial condition; estimates of this kind are not available in the literature and may be
of independent interest. Section 6 gathers the probabilistic proofs. We finish with some
conclusions and discussion in Section 7.

2. Hybrid Monte Carlo (HMC)

The Hybrid Monte Carlo method is described from a statisticians perspective in [26]. Here
we provide a precise definition of the algorithm, recalling several important concepts from
the theory of Hamiltonian dynamics, such as volume-preservation, Liouville equation and
reversible integration;' rather than repeat these classical definitions here, we refer the
reader to the text [41].

Lireversible’ here has a different meaning from that employed in the study of Markov chains.
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Optimal Tuning of HMC 5

2.1. Hamiltonian Dynamics

Consider the Hamiltonian function:
H(Q,P)=3(P,M™'P)+V(Q) ,

on R2Y | where M is a symmetric positive definite matrix (the ‘mass’ matrix). One should
think of @ as the location argument and V(@) as the potential energy of the system; P
as the momenta, and (1/2)(P, M~'P) as the kinetic energy. Thus H(Q, P) gives the
total energy: the sum of the potential and the kinetic energy. The Hamiltonian dynamics
associated with H are governed by

dQ dP

_ -1 _

a system of ordinary differential equations whose solution flow ®; defined by

(Q(t), P(t)) = 2:(Q(0), P(0))

possesses some key properties relevant to HMC:

e 1. Conservation of Energy: The change in the potential becomes kinetic energy;
i.e., Ho®, = H, for all t > 0, that is H(®,(Q(0), P(0))) = H(Q(0), P(0)), for all
t > 0 and all initial conditions (Q(0), P(0)).

e 2. Conservation of Volume: The volume element dP d@Q of the phase space is
conserved under the mapping ®;.

e 3. Time Reversibility: If S denotes the symmetry operator:
S(Q, P) = (Q,-P)
then Ho S ="H and
So(®) toS=0,. (2.2)
Thus, changing the sign of the initial velocity, evolving backwards in time, and
changing the sign of the final velocity reproduces the forward evolution.

From the Liouville equation for (2.1) it follows that, if the initial conditions are dis-
tributed according to a probability measure with Lebesgue density depending only on
H(Q, P), then this probability measure is preserved by the Hamiltonian flow ®;. In
particular, if the initial conditions (Q(0), P(0)) of (2.1) are distributed with a density
(proportional to, since we omit the normalising constant for the Gaussian part)

exp(=H(Q, P)) = exp(—(1/2)(P, M~' P)) exp(-V(Q)) ,

then, for all ¢ > 0, the marginal density of Q(t) will also be exp(—V(Q)). This suggests
that integration of equations (2.1) might form the basis for an exploration of the target

density exp(—V(Q)).
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6 Beskos et al.
2.2. The HMC Algorithm

To formulate a practical algorithm, the continuous-time dynamics (2.1) must be discre-
tised. The most popular ezplicit method is the Stormer-Verlet or leapfrog scheme (see
[19, 25, 41] and the references therein) defined as follows. Assume a current state (Qo, Fo);
then, after one step of length h > 0 the system (2.1) will be at a state (Qp, P,) defined
by the three-stage procedure:

Ppjp=PF — %VV(QO) ; (2.3a)
Qn=CQo+hM Py ; (2.3b)
Py =Py — 2VV(Qn) . (2.3¢)

The scheme gives rise to a map:

Up: (Qo, Po) = (Qn, Pr)

which approximates the flow ®;. The solution at time 7T is approximated by taking L%J
leapfrog steps:

(Q(T), P(T)) = ®r((Q(0), P(0)) ~ TL7 ((Q(0), P(0)) .

Note that this is a deterministic computation. The map
(T) _ gl%!
v, =0

may be shown to be volume preserving and time reversible (see [19, 25, 41]) but it does
not exactly conserve energy. As a consequence the leapfrog algorithm does not share
the property of equations (2.1) following from the Liouville equation, namely that the
probability density function proportional to exp(—H(Q,P)) is preserved. In order to
restore this property an accept/reject step must be added. The work in [31] provides a
clear derivation of the required acceptance criterion.

We can now describe the complete HMC algorithm. Let the current state be (). The
next state for the HMC Markov chain is determined by the dynamics described in Table 1.

Due to the time reversibility and volume conservation properties of the integrator map
\Ifng), the algorithm in Table 1 defines (see [15, 31]) a Markov chain reversible w.r.t TI(Q);
sampling this chain up to equilibrium will provide correlated samples Q™ from II(Q). We
note that the momentum P is merely an auxiliary variable and that the user of the
algorithm is free to choose h, T and the mass matrix M. In this paper we concentrate
on the optimal choice of h, for high dimensional targets.

2.3. Connection with other Metropolis-Hastings Algorithms

Earlier research has studied the optimal tuning of other Metropolis-Hastings algorithms,
namely the Random-Walk Metropolis (RWM) and the Metropolis-adjusted Langevin
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HMC(Q):

(i) Sample a momentum P ~ N(0, M).
(i) Accept the proposed update Q' defined via (Q', P') = \IJELT) (Q, P) w.p.:

a((Q, P), (Q', P")) := L Aexp{H(Q, P) - H(Q', P")} .

Table 1. The Markov transition for the Hybrid Monte-Carlo algorithm. Iterative application for a
given starting location Q°, will yield a Markov chain Q°, Q?, ...

algorithm (MALA). In contrast with HMC, whose proposals involve a deterministic el-
ement, those algorithms use updates that are purely stochastic. For the target density
II(Q) in (1.1), RWM is specified through the proposed update

Q=Q+Vhz,

with Z ~ N(0, ) (this simple case suffices for our exposition, but note that Z may be
allowed to have an arbitrary mean zero distribution), while MALA is determined through
the proposal

Q’:Q+gv1ogn(cg)+\/ﬁz.

The density II is invariant for both algorithms when the proposals are accepted with

probability QT (Q', Q)
a(@.Q) = 1N oo 0

where
T(x,y) =P[Q €dy | Q=2x]/dy

is the transition density of the proposed update (note that for RWM the symmetry of

the proposal implies T(Q, Q") = T(Q’, Q)).
The proposal distribution for MALA corresponds to the Euler discretization of the
stochastic differential equation (SDE)

1
dQ = §V1ogH(Q) dt +dW |

for which II is an invariant density (here W denotes a standard multivariate Brownian
motion with covariance I). One can easily check that HMC and MALA are connected
because HMC reduces to MALA when T' = h, i.e., when the algorithm makes only a
single leapfrog step at each transition of the chain.
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8 Beskos et al.

Assume now that RWM and MALA are applied with the scalings
RWM: h=1[1-d7', MALA: h=1.-d"'3, (2.4)

for some constant [ > 0, in the simplified scenario where the target IT has the iid structure
(1.2) with m = 1. The papers [36], [37] prove that, as d — oo and under regularity
conditions on V (the function V must be seven times differentiable?, with all derivatives
having polynomial growth bounds, and all moments of exp(—V') must be finite), the
acceptance probability approaches a nontrivial value:

E[a(Q, Q)] — a(l) € (0,1)

(the limit a(l) is different for each of the two algorithms). Furthermore, if ¢Y, ¢}, ... de-
notes the projection of the trajectory Q°, Q',... onto its first coordinate, in the above
scenario it is possible to show ([36], [37]) the convergence of the continuous-time inter-
polation

RWM: ¢ gl"® MALA: ¢ gl"®""] (2.5)
([z] denoting the integer part of 2 € R) to the diffusion process governed by the SDE

dgq = —% La() V' (q) dt +/Ta(l) dw , (2.6)

(w represents a standard Brownian motion). In view of (2.4), (2.5) and (2.6) we deduce
that the RWM and MALA algorithms cost O(d?) and O(d*/?) respectively to explore
the invariant measure in stationarity, for product measures where the cost of each step of
the algorithm is O(d) (since, recall, m is fixed and d — o0). Furthermore, as the product
la(l) determines the speed of the limiting diffusion the state space will be explored faster
for the choice I,y of I that maximises [ a(1). While l,,,; depends on the target distribution,
it turns out that the optimal acceptance probability a(l,p:) is independent of V. In fact,
with three decimal places, one finds:

RWM : a(lopt) = 0.234,  MALA : a(lop) = 0.574 .

Asymptotically as d — oo, this analysis identifies algorithms that may be regarded as
uniformly optimal, because, as discussed in [38], ergodic averages of trajectories corre-
sponding to | = l,p; provide optimal estimation of expectations E[ f(q)], ¢ ~ exp(—V),
irrespectively of the choice of the (regular) function f. These investigations of the op-
timal tuning of RWM and MALA have been subsequently extended in [9] and [10] to
non-product target distributions.

For HMC we show that the scaling (1.3) leads to an average acceptance probability
of O(1) and hence to a cost of O(d*/*) to make the O(1) moves necessary to explore
the (product) invariant measure. However, in contrast to RWM and MALA, we are not
able to provide a simple description of the limiting dynamics of a single coordinate of
the Markov chain. Consequently optimality is harder to define.

2this is mostly a technical requirement which may be relaxed.
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3. Hybrid Monte Carlo in the Limit d — oc.

The primary aim of this section is to prove Theorem 3.6 concerning the scaling of the
step-size h in HMC. We also provide some insight into the limiting behaviour of the
resulting Markov chain, under this scaling, in Propositions 3.8 and 3.9.

3.1. HMC in the iid Scenario

We now study the asymptotic behaviour of the HMC algorithm in the iid scenario (1.2),
when the number d of ‘particles’ goes to infinity. Due to such a scenario for our target, a
global m x d-dimensional implementation of the Hamiltonian dynamics (2.1) or indeed
of the practical leapfrog scheme (2.3), can now be decomposed into d independent imple-
mentations along each of the identical m-dimensional constituent components (assuming
that the auxiliary variable P is also chosen to have a similar iid structure). We will exploit
this simplified structure in our analysis.

We write Q = (¢;)%_, and P = (p;)%_, to distinguish the individual components, and
use the following notation for the combination location/momentum:

X = (xi)g:ﬁ xi = (qi,pi) € R?™.

We denote by P, and P, the projections onto the position and momentum components
of x, i.e. Py(q,p) = q, Pp(g,p) = p. We have:

d
P)=3 Hap); Hlgp)=3(pM 'p)+V(g)—loglc)

where M is a m X m symmetric, positive definite matrix. Also, ¢ > 0 is the normalising
constant for the Gaussian part, i.e. ¢=! = fe’%@’MAm dp. We have only included it
here to avoid repeatedly using a normalising constant in the mathematical expressions
for expectations used below. Of course, HMC only uses differences in the energy H (g, p) or
it’s derivatives, so normalising constants under the distribution of p or ¢ are not required
by the algorithm. The Hamiltonian differential equations for a single (m-dimensional)
particle are

W _ ey gy (3.1)

dt Todt v '

where V : R™ — R. We denote the corresponding flow by ¢; and the leapfrog solution
operator over one h-step by 1;,. Thus the acceptance probability for the evolution of the

d particles is given by (see Table 1):
d

a(X,Y) =1Aexp (Z H'D (2 ))]) (3.2)
1=1
with Y = ()L, = \IJZT) (X) denoting the HMC proposal.
As mentioned above, due to the iid scenario, the leapfrog scheme (2.3) disentangles
into independent implementations for each of the d particles (g¢;,p;), with the different
particles being only connected through the accept/reject decision (3.2).
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3.2. Energy Increments

Our first aim is to estimate (in an analytical sense) the exponent in the right-hand side
of (3.2). Since the d particles play the same role, it is sufficient to study a single term

H(x;) — H!" (2;)). We set

Az, h) == HQ (@) — H(pr(x)) = H@ (@) — H(z) . (3.3)

This is the energy change, due to the leapfrog scheme, over 0 < ¢t < T, with step-size
h and initial condition x, which by conservation of energy under the true dynamics, is
simply the energy error at time 7. We will study the first and second moments:

p(h) :=E[A(z,h)] = Az, h) e H@dy
R2m
s*(h) :=E[A(z,h)?] ,

and the corresponding variance

If the integrator were exactly energy-preserving, one would have A = 0 and all pro-
posals would be accepted. However it is well known that the size of A(z, h) is in general

no better than the size of the integration error w,(IT) () — pr(x), i.e. O(h?). In fact, under
natural smoothness assumptions on V' the following condition holds (see Section 5 for a
proof):

Condition 3.1. There exist functions o(x), p(x, h) such that
Az, h) = h*a(z) + h?p(z, h) (3.4)
with limp g p(z, h) = 0.

Furthermore in the proofs of the theorems below we shall use an additional condition
to control the variation of A as a function of . This condition will be shown in Section
5 to hold under suitable assumptions on the growth of V' and its derivatives.

Condition 3.2. There exists a function D : R*™ — R such that

Az, h)|?
5P
0<h<1 h

with

D(z) e H@dy < oo .
R2m
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Key to the proof of Theorem 3.6 is the fact that the average energy increment scales
as O(h*). We show this in Proposition 3.4 using the following simple lemma that holds
for general volume preserving, time reversible integrators:

Lemma 3.3. Let 1/),(IT) be any volume preserving, time reversible numerical integrator of
the Hamiltonian equations (3.1) and A(z,h) : R*™ xRy — R be asin (3.3). Ifg: R — R
s an odd function then:

(T)

/ g(A(z, h)) e H@) gy = — / g(A(x, h)) e~ H(y,
R2m

R2m

=) dr

provided at least one of the integrals above exist. If g is an even function, then:
[ a@eme @ ao= [ g@a@me o .
R2m

R2m

provided at least one of the integrals above exist.
Proof. See Section 6. O
Applying this lemma with g(u) = u, we obtain
—H(¥;" (2))
u(h):: - Z&(Iah)e h dx
R2m

which implies that

2u(h) = Az, ) [1 = exp(—A(z, h))] e H@) dy (3.5)

R2m

We now use first the inequality |e* — 1| < |u|(e" + 1) and then Lemma 3.3 with
g(u) = u? to conclude that

12 u(h)| < /2 |A(z, h)|? e HOD @) gy 4 /2 Az, h)|? e H@) dg
R2m R2m

< 2/ |A(z, h))2e H @ de = 252(h) . (3.6)
R2m

The bound in (3.6) is important: it shows that the average of A(z, h) is actually of the
order of (the average of) A(x, h)2. Since for the second-order leapfrog scheme A(x,h) =
O(h?), we see from (3.6) that we may expect the average u(h) to actually behave as
O(h%*). This is made precise in the following theorem.

Proposition 3.4. If the potential V' is such that Conditions 3.1 and 3.2 hold for the
; (1)
leapfrog integrator v, ', then
h 2(h
i AU _ )

—_— 1
h—0 h* R i h4

227
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12 Beskos et al.

for the constants:
Ez/ A)e @ de . p=%/2.
R2m
Proof. See Section 6. O

Next, we perform explicit calculations for the example of the harmonic oscillator and
verify (for this case) the conclusions of Proposition 3.4.

Example 3.5 (Harmonic Oscillator). Consider the Hamiltonian

1 1
H(q,p) = 5192 + 5(12

(32%9 - (—pr> ’

q(t)\ _ [ cos(t) sin(t)\ (¢(0)
p(t)) — \—sin(t) cos(t)) \p(0)) °
In this case, the leapfrog integration can be written as:

Yn = Yn(q,p) = <_1h_+h23[?4 1 _22/2> <;> = <§> :

and, accordingly, the numerical solution after L%J steps is given by:

(1) —=l3 (1)
¥y, (¢, p) (p>

that gives rise to the system

with solutions

[1]

Diagonalizing = and exponentiating yields:
—_n COS(@”) \/#—2/4 81n(9n)
~ \—\/1-h2/4 sin(0n) cos(6n)

where 6 = cos™1(1 — h?/2). Using, for instance, MATHEMATICA, one can now obtain
the Taylor expansion:

Az, h) = H\V(2)) — H(z) = ha(z) + h*B(z) + O(hS)
where:
a(q,p) = ((0* — ¢*)sin®(1) + pgsin(2)) /8 ;
B(q,p) = ( — ¢?sin(2) + pg(2 cos(2) + 3sin(2)) + p*(3 — 3cos(2) + sm(2)))/192 .

Notice that, in the stationary regime, q, p are standard normal variables. Therefore, the
expectation of a(x) is 0. Tedious calculations give:

1 1
Var [a(z) ]| = ESiTP(l) , E[B(@)] = ﬁSiHQ(l) ;
i agreement with Proposition 3.4.
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3.3. Expected Acceptance Probability

We are now in a position to identify the scaling for h that gives non-trivial acceptance
probability as d — oo.

Theorem 3.6. Assume that the potential V' is such that the leapfrog integrator 1/),(1T)
satisfies Conditions 3.1 and 3.2 and that

h=1-d"Y*, (3.7)
for a constant I > 0. Then in stationarity, i.e. for X ~ exp(—H) and Y = \Ifng)(X),
lim E[a(X,Y)] =2®(-*VE/2) =: a(l)

d—o0

where the constant X is as defined in Proposition 3.4.

Proof. To grasp the main idea, note that the acceptance probability (3.2) is given by
d
a(X,Y)=1Ae;  Ryg=-> A(x;h). (3.8)
i=1

Due to the simple structure of the target density and stationarity, the terms A(z;, h)
being added in (3.8) are iid random variables. Since the expectation and variance of
A(z, h) are both O(h?) and we have d terms, the natural scaling to obtain a distributional
limit is given by (3.7). Then Rq ~ N(—4$I'%,1*S) and the desired result follows. See
Section 6 for a detailed proof. O

In Theorem 3.6 the limit acceptance probability arises from the use of the Central
Limit Theorem. If Condition 3.2 is not satisfied and o2 (h) = oo, then a Gaussian limit is
not guaranteed and it may be necessary to consider a different scaling to obtain a heavy
tailed limiting distribution such as, say, a stable law.

The scaling (3.7) is a direct consequence of the fact that the leapfrog integrator pos-
sesses second order accuracy. Arguments similar to those used above prove that the
use of a volume-preserving, symmetric v-th order integrator would result in a scaling
h=0O(d~"/®) (v is an even integer) to obtain an acceptance probability of O(1).

3.4. Displacement of one Particle in a Transition

We now turn our attention to the displacement q{”‘l —q¢ of a single particle in a transition
n — n + 1 of the chain. Note that clearly

Gt =1 Py (@ ) + (L Ias 1= T cagonyn - (3.9)

with U,, having a uniform distribution in [0, 1]. While Conditions 3.1 and 3.2 above refer
to the error in energy, the proof of the next results requires a condition on the leapfrog
integration error in the dynamic variables ¢ and p. In Section 5 we describe conditions
on V that guarantee the fulfillment of this condition.

imsart-bj ver. 2009/08/13 file: hmc.tex date: October 13, 2011



14 Beskos et al.
Condition 3.7. There exists a function E : R*™ — R such that

" (@) — pr(@)]

su < E(x) ,
oghrg)l h? < E@)
with
E(x)*e @ dr < oo .
R2m

Under the scaling (3.7) and at stationarity, the second moment E[ (¢} — ¢})?] will
also approach a nontrivial limit:

Proposition 3.8. Assume that the hypotheses of Theorem 3.6 and Condition 3.7 hold
and, furthermore, that the density exp(—V (q)) possesses finite fourth moments. Then, in

stationarity,
Jim B[ (g = ¢)?] = Cy - a(l)

where the value of the constant Cj is given by
C; =E[(Pyer(q,p) —a)*]; (q,p) ~ exp(—H(q,p)) -
Proof. See Section 6. (|

Notice that the computational work required to integrate up to a fixed time T is
inversely proportional to the parameter [. Thus Proposition 3.8 suggests that it is rea-
sonable to choose a value for ! that maximizes the quantity a(l)l. This choice of [ is
optimal in the sense that it seeks a middle ground between smaller values of [, which
lead to a higher acceptance probability (and hence larger mean square jumps) but need
more computational work, and large values of [ which have a smaller acceptance proba-
bility (and hence smaller mean square jumps) but need less computational resources. In
Section 4 we expand this idea, define a precise notion of optimality which encodes this
trade-off, and derive the resulting optimal acceptance probability.

3.5. The Limit Dynamics

We now discuss the limiting dynamics of the Markov chain, under the same assumptions
as in Proposition 3.8. For HMC (as for RWM or MALA) the marginal process {g}' } >0 is
not Markovian w.r.t. its own filtration since its dynamics depend on the current position
of all d particles via the acceptance probability a(X™,Y™) (see (3.9)). In the case of
MALA and RWM, {q}}n>0 is asymptotically Markovian: as d — oo the effect of the
rest of the particles gets averaged to a constant via the Strong Law of Large Numbers.
This allows for the interpolants of (2.5) to converge to solutions of the SDE (2.6), which
defines a Markov process. We will now argue that for HMC {¢}},,>0 cannot be expected
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Optimal Tuning of HMC 15

to be asymptotically Markovian. In order to simplify the exposition we will not present
all the technicalities of the argument that follows.

It is well known (see for instance [44]) that, due to time reversibility and under suitable
smoothness assumptions on V', the energy increments of the leapfrog integrator may be
expanded in even powers of h as follows (cf. (3.4)):

Az, h) = h?a(x) + h*B(z) + O(h®) .

Necessarily E [a(x)] = 0 since from Proposition 3.4 we know that E[A(xz, h)] = O(h?).
Ignoring O(h%)-terms, we can write:

a(X™,Y") =1 Aefilatlza

with
d

d
ta=—h" ) {a(?) ~Ela() [gf ]} = b Y BT

i=1
d
fa=—h*Y Ela(z])|q']
i=1

Under appropriate conditions, R} ; converges, as d — 00, to a Gaussian limit indepen-
dent of the o-algebra o(q}, ¢y, . ) To see that, note that, due to the Strong Law of
Large Numbers and since h* = [*/d, the second sum in RY ; converges a.s. to a constant.
Conditionally on o(q7', g5, .. .), the distributional limit of the first term in R} ; is Gaus-
sian with zero mean and a variance determined by the almost surely constant limit of
h* Z'Z:l{a(x?) —Ea(z?)|q? ]}2; this follows from the Martingale Central Limit The-
orem (see e.g. Theorem 3.2 of [21]). On the other hand, the limit distribution of RY ,
is Gaussian with zero mean but, in general, cannot be asymptotically independent of
o(qt,q3, .. .). Instead, it seems that Ry ; will result to a quantity appearing in the ac-
ceptance probability that is non-trivial as d — oo and makes it impossible for having a
Markovian limit for the trajectory of ¢;. In the case of RWM or MALA, the conditional
expectations that play the role played here by E [a(a?) | /'] are identically zero (see the
expansions for the acceptance probability in [36] and [37]) and this implies that the cor-
responding acceptance probabilities are asymptotically independent from o(q?, ¢%,...)
and that the marginal processes {¢}'},>0 are asymptotically Markovian.
The last result in this section provides insight into the limit dynamics of {¢}'},>0:

Proposition 3.9. Let Q" ~ 11(Q), define
ar ™t = 1" Paer(ar, ) + (1= 1)1 1" =Tun<aq) -
and consider ¢} in (8.9). Then, under the hypotheses of Proposition 3.8, as d — 0o:

L
(g 7™ = (a1, a7 ™) .
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16 Beskos et al.
Proof. See Section 6. O

This proposition provides a simple description of the asymptotic behaviour of the one-
transition dynamics of the marginal trajectories of HMC. As d — oo, with probability
a(l), the HMC particle moves under the correct Hamiltonian dynamics. However, the
deviation from the true Hamiltonian dynamics, due to the energy errors accumulated
from the leapfrog integration of all d particles, gives rise to the alternative event of
staying at the current position ¢", with probability 1 — a(l).

4. Optimal Tuning of HMC

In the previous section we addressed the question of how to scale the step-size in the
leapfrog integration in terms of the dimension d, leading to Theorem 3.6. In this section
we refine this analysis and study the choice of constant [ in (3.7). Regardless of the
metrics used to measure the efficiency of the algorithm, a good choice of [ in (3.7) has
to balance the amount of work needed to simulate a full T-leg (interval of length T)
of the Hamiltonian dynamics and the probability of accepting the resulting proposal.
Increasing [ decreases the acceptance probability but also decreases the computational
cost of each T-leg integration; decreasing [ will yield the opposite effects, suggesting
an optimal value of [. In this section we present an analysis that avoids the complex
calculations typically associated with the estimation of mixing times of Markov chains,
but still provides useful guidance regarding the choice of [. We provide two alternative
ways of doing this, summarized in Theorems 4.1 and Theorem 4.2.

4.1. Asymptotically Optimal Acceptance Probability

Clearly, the number of leapfrog steps of length h needed to compute a proposal is [T'/h].
Furthermore, at each step of the chain, it is necessary to evaluate a(X,Y") and sample
P. Thus the computing time for a single proposal will be

Td1/4

Cl,d5:[ -‘-d'CLF—‘rd'Oo, (4.1)
for some constants C'Lp, Co that measure, for one particle, the leapfrog costs and the
overheads. Let E; 4 denote the expected computing time until the first accepted T-leg, in
stationarity. Recall that ) denotes the vector of positions within the Hamiltonian model
so that X = (@, P). If N denotes the number of proposals until (and including) the first
to be accepted, then

El,dZCl,dE[N]:ClvdE[E[MQH:Cl’dE[m} '

Here we have used the fact that, given the locations @, the number of proposed T-
legs follows a geometric distribution with probability of success E [a(X,Y)|@Q]. Jensen’s
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Optimal Tuning of HMC 17

inequality yields

Eig> 22— =E 4.2
l’d_E[a(X,Y)] l,d > ( )
and, from (4.1) and Theorem 3.6, we conclude that:
TC
3 —5/4 - LF
dm A B =T

A sensible choice for [ is that which minimizes the asymptotic cost Ej 4 that is:

lopt = arg max eff(l); eff(l) :=a(l)l .
>

The value of [,,; will in general depend on the specific target distribution under consid-

eration. However, by expressing eff as a function of a = a(l), we may write

_ (2 -1 3
off = () -a- (071 (1- 2))’* 43)
and this equality makes it apparent that a(lop:) does not vary with the selected target.
Fig.1 illustrates the mapping a +— eff(a); different choices of target distribution only
change the vertical scale. In summary, we have:

Theorem 4.1. Under the hypotheses of Theorem 3.6 and as d — oo, the measure of
cost EJ ; defined in (4.2) is minimised for the choice lope of | that leads to the value of
a = a(l) that mazimises (4.3). Rounded to 3 decimal places the (target independent)
optimal value of the limit probability a is

a(lopt) = 0.651 .

The optimal value identified in the preceding theorem is based on the quantity Ej ; that
underestimates the expected number of proposals. It may be assumed that the practical
optimal average acceptance probability is in fact greater than or equal to 0.651. In the
next subsection we use an alternative measure of efficiency: the expected squared jumping
distance. Consideration of this alternative metric will also lead to the same asymptotically
optimal acceptance probability of precisely 0.651 as did the minimisation of Ej 4. This
suggests that, as d — oo, the consequences of the fact that E;; underestimates E; 4
become negligible; proving analytically such a conjecture seems hard given our current
understanding of the limiting HMC dynamics.

4.2. Squared Jumping Distance
We now consider the chain Q°,Q!,... in stationarity (i.e. Q° ~ II(Q)) and account

for the computing cost C; 4 in (4.1) by introducing the continuous-time process QN®,
where {N(t);t > 0} denotes a Poisson process, independent of the HMC Markov chain,
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0.4

0.3

eff

0.2

0.1

0.651

0.0
I

0.0 0.2 0.4 0.6 0.8 1.0

Figure 1. The efficiency function eff = eff(a).

of intensity A\g = 1/C; 4. If qq(t) := qiv(t) denotes the projection of QN® onto the first
particle and § > 0 is a time increment, we measure the efficiency of HMC algorithms by
using the expected squared jump distance:

SIDu(8) =E[(qa(t+ ) — qa(t))?] .

This measure of efficiency is a fairly standard one: see [34, 9] for example.

In the HMC algorithm the computational time (cost) expended between successive
steps of the Markov chain is essentially fixed and equal to C; 4. Using an auxiliary Poisson
process instead with mean interarrival time equal to C; 4 is merely a device that allows
for the definition of processes (over the different choices of [) that take the computational
time per step (that changes with ) under consideration in a reasonable manner and can
be meaningfully compared via an easy to calculate measure such as ST Dg4(9).

The following result shows that ST D4(0) is indeed asymptotically maximized by max-
imizing a(l) I:

Theorem 4.2. Under the hypotheses of Proposition 3.8:

Cjo
. 5/4 J
dhm A’ x STDy = Cir

x a(l)l .

Proof. See Section 6. O
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Figure 2. Boxplots of Squared Errors (SEs) from Monte-Carlo averages of HMC with T = 1 for 7
different selections of number of leapfrog steps or step-sizes h (corresponding to the different boxplots in
each panel); the number of leapfrog steps used in the 7 scenaria were (6, 7,8,9,10,13,27). We ran HMC
120 times; every run was allowed a computing time of 30s. Each boxplot corresponds to the 120 SEs in
estimating E [ f(q) ], for a particular h and f(-). Written at the bottom of each boxplots is the median of
the 120 empirical average acceptance probabilities for the corresponding h. (Notice that these medians

change in a non-linear fashion from one boxplot to the next.
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20 Beskos et al.
4.3. Optimal Acceptance Probability in Practice

As d — o0, the computing time required for a proposal scales as 1/1 (see (4.1)) and
the number of proposals that may be performed in a given amount of time scales as [.
Inspection of (4.1) reveals however that selecting a big value of [ gives the full benefit
of a proportional increase of the number of proposals only asymptotically, and at the
slow rate of (’)(d_l/ 4). On the other hand, the average acceptance probability converges
at the faster rate O(d~'/?) (this is an application of Stein’s method, see e.g. [3]). These
considerations suggest that unless d~'/* is very small the algorithm will tend to benefit
from average acceptance probabilities higher than 0.651.

Fig.2 shows the results of a numerical study on HMC. The target distribution is a
product of d = 10° standard Gaussian densities N(0,1). We have applied HMC with
different choices of the step-size h but the same length of time horizon T'= 1 and, in all
cases, allowed the algorithm to run during a computational time t.om;, of 30 seconds. We
used Monte-Carlo averages of the output

to estimate, for different choices of f, the expectation E[ f] =E[ f(q)], ¢ ~ N(0,1); here
N, denotes the number of T-legs carried out within the allowed time ¢.pp. For each
choice of h we ran the HMC algorithm 120 times.

Each of the four panels in Fig.2 corresponds to a different choice of f(:). In each
of the panels, the various boxplots correspond to choices of h; at the bottom of each
boxplot we have written the median of the 120 empirical average acceptance probabilities.
The boxplots themselves use the 120 realizations of the squared distances: (f —E[ f])2.
The shape of the boxplots endorses the point made above, that the optimal acceptance
probability for large (but finite) d is larger than the asymptotically optimal value of 0.651.

5. Estimates for the Leapfrog Algorithm

In this section we identify analytical hypotheses on V' under which Conditions 3.1, 3.2
and 3.7 in Section 3 hold.

We set f := —VV (the ‘“force’) and denote by f'(¢q) := fM(q), f?(q),... the succes-
sive Fréchet derivatives of f at ¢. Thus, at a fixed ¢, f*)(¢) is a multilinear operator
from (R™)¥*1 to R. For the rest of this section we will use the following assumptions
on V:

Assumptions 5.1. The function V : R™ — R satisfies:

o (i) VeCHR™ — Ry).
o (i) £, @, fO) are uniformly bounded by a constant B.
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These assumptions imply that the potential V'(¢) can grow at most quadratically at
infinity as |¢| — oo. (If the growth of V' is more than quadratic, then the leapfrog algo-
rithm as applied with a constant value of h throughout the phase space is in fact unstable
whenever the initial condition is large.) The case where V' takes negative values but is
bounded from below can be reduced to the case V' > 0 by adding a suitable constant to
V. In terms of the target measure this just involves changing the normalization constant
and hence is irrelevant in the HMC algorithm.

5.1. Preliminaries

Differentiating (3.1) with respect to t, we find successively:

B(t)
gty =M~ 1f(q(t)) ,
D(t) = O (q(t)) (M~ p(t), M~'p(t)) + ' (q(t)) M~ f(q(t)) ,
q(t)=M""f"(q(t)) M~ "p( t) 7
D(t) = £ (q(t)) (M p(t), M~ p(t), M p(t) )+
3f@ (qt)) (M f ( ) M=p(t)) + f'(q@®) M~ (q(t)) M~ F(q(t))

() =M P () (M p(t), M7 p(t) ) + M7 (q(8) M f (a(h)) -

In this section letter K will denote a generic constant which may vary from one appear-
ance to the next, but will depend only on B, T, || M]||, || M ~!||. From the above equations
for the derivatives and using the assumptions on V', we obtain the following bounds:

QIRNVCIONE [q(t)] < K [p(t)]

()] < K [p(t)] , G0 < K[f(a@®)] (5.1)
PO < K ([p®) + 1f(a@®)]) [4(t)] < K p(t)] ,
(O] < K (Ip®)] + lpOlf (@) + £ (a)l) » [d @O < K (Ip®)* +1f(at))])

5.2. Asymptotic Expansion for the Leapfrog Solution

In previous sections we have used a subscript to denote the different particles comprising
our state space. Here we consider leapfrog integration of a single particle and use the
subscript to denote the time-level in this integration. The leapfrog scheme can then be
compactly written as

i1 = Gn + M " py + M1 f(g,) | (5.2)
DPn+1 = Pn + %f(qn) + %f(qn + hM?lpn + %QMilf(qn)) . (5.3)
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We define the truncation error in the usual way:

).

_TT(lq
_77(117) .

) = (a(tn) + hM Ip(ty) + M7 f(g(ta))) |
) = (p(ta) + & f(gn) + B F (altn) + RM p(ty) + 5 M7 f(q(ta)) )

q(t
p(t

n+1
n+1
where we have set ¢, = nh € [0,T]. Expanding and using standard truncation error
analysis (see [19], for example) we obtain:

D = § 1 () + 5 O Olle)
P =~y BB (1) + 0 OB ()lloe) + R OGP .

where, for arbitrary function g:

[9()llee == sup [g(t)] -
0<t<T

In view of these estimates, §h*q (t,) and —75 h® P (t,) are the leading terms in the
asymptotic expansion of the truncation error. Standard results (see, for instance, [20],
Section I1.8) show that the numerical solution possesses an asymptotic expansion:

G = qtn) + R20(ty) + O(h%) |

Pn = p(t,) + h2u(t,) + O(h?) , (5.4)

where functions u(-) and v() are the solutions, with initial condition «(0) = v(0) = 0, of
the variational system

(- IR () e
Remark 5.2. Notice here that u(-),v(-) depend on the initial conditions (¢(0), p(0)) via

(q(+),p(+)) but this dependence is not reflected in the notation. One should keep in mind
that most of the norms appearing in the sequel are functions of (q(0), p(0)).

Applying Gronwall’s lemma and using the estimates (5.1), we obtain the bound:

[u( oo + [0C)lloe < K (IlpC)II5 + 1£(@()llos ) (5.6)

and, by differentiating (5.5) with respect to ¢, expressing i, © in terms of u, v, and using
(5.1) again, we obtain in turn:

(Moo < K (IlpOIE + 2O lsellf (@D oo + £ (@Dl ) (5.7
[5() e < K (IpOI1Z + 1 @)llse) - 5

0¢)
~— ~—

imsart-bj ver. 2009/08/13 file: hmc.tex date: October 13, 2011



Optimal Tuning of HMC 23

5.3. Estimates for the Global Error

With the leading coefficients u, v of the global errors ¢, — q(t,), pn — p(t,) estimated in
(5.6), our task now is to obtain an explicit bound for the constants implied in the O(h?)
remainder in (5.4). To this end, we define the quantities

Zn = qtn) + h2v(tn) ,
wy, = p(tn) + h2u(tn) ,

and denote by T,(lq)*, 7'7(1:0 )* the residuals they generate when substituted in (5.2), (5.3)
respectively, i.e.,

T = 2y — 2 — R M, — I M f(2)

* — 2 —
—rP* =,y —w, — %f(zn) — %f(zn—l—hM Lw, + %M 1f(zn)) .
Since the leapfrog scheme is stable, standard numerical analysis techniques [20] show
that it is possible to estimate the global errors in terms of the local residuals (truncation
errors). This gives

— — < C (q)* (p)* .
oax (lgn = zn| + [pn —wnl) < 5 max (j7, 7] +[7,77]) (5.9)

with the constant C' depending only on T" and Lipschitz constant of the map (gn,pn) —
(@n+1,Pns1), which in turn depends on || M ~!|| and the bound for f’. The stability bound
(5.9) is the basis of the proof of the following estimation of the global error:

Proposition 5.3. If the potential V satisfies Assumptions 5.1, then for 0 <t, <T,

[P = (p(tn) + hPu(ts))| < K1 (IpO)15% + 1 (a()I5 +1)
lan = (a(tn) + h*0(tn))| < K B° (IpCO)15% + 1 (@G5 +1) -

7,7(;1)*7 (

Proof. Our task is reduced to estimating T ) We only present the estimation for

7'7(1:0 )*, since the computations for T,(lq)* are similar but simpler.
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After regrouping the terms in T,(lp )* e find that

—7P" = plts) = p(tn) = § Faltn) = § Flaltnrn)) + 5 B 1)

+mumﬁn—wm%Wf&mwww—%ﬁ@)

+%(ﬂﬂMD—f@J+£f@@MNMD

—%(ﬂ%+hM”wj+§M‘V@@M)—ﬂﬂ%H)—wammw%D

+%(ﬂ%+hM1WWH§M1ﬂﬂ:ﬁ-ﬂ%+hM]wm+§M'V@m»
Is

Now we estimate the above five terms separately.
I1: We note that

p(tnt1) —pltn) — %f(Q(tn)) - %f(Q(tn-H)) = p(tn+1) — p(tn) — %p(tn-‘rl) - %p(tn) :

and by using the estimates in (5.1) it follows that

1] < KB (1pO)llso + 1pO)lloo 1 £ (@) lloe + 1 (@) llse ) -
(

Iy: Here we write Iy = h?(u(tn+1) — u(t,) — h(t,)) so that by (5.7)

12| < K 2% (IpO1% + 1P O)llso 1 £ (@) lloe + 1 (@) llse ) -

I5 : This term is estimated, after Taylor expanding f(z,) near f(q(t,)), by

15| < K h° ([lp(-)lloe + (@)l )*-
I, : We rewrite this as
% (f(Q(thrl) =+ 7'7(1(1) =+ hzv(tn) + thilv(tn)) — fla(tng1)) — thI(Q(tn))U(tn))
and Taylor expand around f(g(t,)) to derive the bound:

1] < K22 (IO + £ (@()I3)-

I5 : This term is easily estimated as:

15 < Kh* ()]s < KB (PO + 1 (aO)lse ) -

Combining all the above estimates, we have the bound

P < Kb (IpO)lls + 1 (@()I1Z) -
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A similar analysis for 7, (Q) yields the bound

| < KB (llp()lI% + 1 (@()13) -

The proof is completed by substituting the above estimates in (5.9). O

We now use the estimates in Proposition 5.3 to derive the asymptotic expansion for
the energy increment for the leapfrog scheme (cf. Condition 1).

Proposition 5.4. Let potential V satisfy Assumptions 5.1. Then, for the leapfrog
scheme, we get

Ala,h) = h2a(@) + h2p(a,h) |
with

O + 1 @)% +1)

a(w) = (M~'p(T),u(T)) = {f(a(T)),v(T)) ,
la(2)| < K (Ilp )
lp(a, )| < KR (lpO)I5 + 11 (@) +1) , 0<h<1,

where (q(+),p(+)) denotes the solution of (3.1) with initial data x = (q(0),p(0)) and
u(+),v(-) are the solutions of the corresponding variational system given in (5.5) with

u(0) = v(0) = 0.

Proof. We only consider the case when T'/h is an integer. The general case follows with
minor adjustments. By Proposition 5.3,

Alw,h) = H" (@) = H(x) = HW (@) — H(pr(z)) =
= (M~'p(T),R*u(T) + h*Ry) + & (M (hzu(T) + 1Ry, (RPu(T) + K’ Ry))
V(q(T)+h*o(T) + h°Ra ) — V(¢(T)) ,
where Ry, Ry are remainders with
|Ri| + |Ro| < K ([lp()ll5 + [1F (g% +1) -
By Taylor expanding V() around ¢(7") we obtain,
Az, h) = B ((M~'p(T),w(T)) = (f(a(T)),v(T)) ) + p(x, h) ,

with
lp(@, h)| < K 12 (pO))1% + £ (a( )2 +1)
for 0 < h < 1. From the bound (5.6) it follows that

la(@)] < K (IpC)llselluC)lloe + 1F @D llsollv() oo )
<K (IpOI% + IFOI% +1)

and the theorem is proved. O
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Our analysis is completed by estimating the quantities ||p()||cc and ||g()||c0, that
feature in the preceding theorems, in terms of the initial data (¢(0),p(0)). We obtain
these estimates for two families of potentials which include most of the interesting/useful
target distributions. The corresponding estimates for other potentials may be obtained
using similar methods.

Proposition 5.5. Let potential V' satisfy Assumptions 5.1. If V' satisfies, in addition,
either of the following conditions:

(1) f is bounded and
[ v@pe@dg <0 (5.10)

(2) there exist constants C1,Coy > 0 and 0 < v < 1 such that for all |q| > Ca, we have
V(g) > Cilq|" ;

then Conditions 3.1, 3.2 and 3.7 all hold.

Proof. We only present the treatment of Conditions 3.1 and 3.2. The derivation of
Condition 3.7 is similar and simpler.

From Proposition 5.4 we observe that function D(x) in Condition 3.2 may be taken
to be

D(z) = K (lpOlIS + IF (aO)I% +1) -
Thus, to prove integrability of D(-) we need to estimate ||p(-)||co and ||f(q())|lco. Esti-
mating ||p(+)|| is easier. Indeed, by conservation of energy,

3 (p(t), M~ "p(t)) < 5 (p(0), M~ 'p(0)) + V(q(0)) ,

which implies
M) < K (Ip(0)]"* +[V(q(0))*) - (5.11)
Now, we prove integrability of D(-) under each of the two stated hypothesis.

Under hypothesis (1): Suppose f is bounded. In this case we obtain that |D(z)| <
K(|lp()||L8 + 1), therefore it is enough to estimate ||p(-)||s- Since the Gaussian distribu-
tion has all moments, integrability of D follows from (5.10) and (5.11).

Under hypothesis (2): Using the stated hypothesis on V' (q) we obtain

Cila(®)]" < V(q(t)) < 5 (p(0), M~ p(0)) + V(q(0)) ,

which implies that:

1

2 1
la(®)| < K(Ip(0)]> +[V(a(0)]7 ) -

By Assumptions 5.1(i), |f(q(t))] < K(1+ |¢(t)|) and arguing as above and using the
bound (5.11), integrability of D follows if we show that

/ V(@) eV Ddg < 0o, §=max(8, %) .
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Since |V (q)] < K(1+|q?),
/ V(@) eV@dg< K [ (1+|q*)e Bl dg < oo
» -

and we are done. O

6. Proofs of Probabilistic Results

Proof of Lemma 3.3. The volume preservation property of 1/1,ST)(~) implies that the

~1
associated Jacobian is unit. Thus, setting z = ( ,(IT)) (y) we get:
—H(z) g,. _ (7) _ —H(x)
[ o D= | (@D @)~ H@) e

- — (T)y—1
- /Rz g[Hy) = H(@,") " ()] e @ Wy .
Following the definition of time reversibility in (2.2), we have:

Sop' = (") 1o g

for the symmetry operator S such that S(q,p) = (¢, —p). Using now the volume pre-
senving transformation y = Sz and continuing from above, we get:

/ g(A(z,h)) e H® dy
R2m
- /Rzm 9(H(52) - H(W}ST)VI(SZ))) e HW) T 52 g,
- /Rz g(H(S2) — H(Sy{"(2))) e HE@T Mgy
= /Rzm Q(H(Z) — H(ﬂ);(lT)(z))) e_H(w;T)(z))dZ 7
where in the last equation we have used the identity H(Sz) = H(z). O

Proof of Proposition 3.4. We will first find the limit of 02(h)/h*. Conditions 3.1 and
3.2 imply that:
A%(z,h
_é%lza%@+f@ﬁH4MLMM@SD@)

and since, for fixed z, A%(x, h)/h* — o?(z), the dominated convergence theorem shows:

2(h
lim 2 (h) :/ Ax)e H@dy =5
h—0 h4 R2m
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Now, (3.6) implies that:

2
p=(h)

im0 R
and the required limit for o2(h)/h* follows directly. Then, from (3.5) we obtain

=0, (6.1)

2u(h) = o*(h)
ha
_/ Az, h) [exp(=A(z,h)) — 1+ Az, h)] S HE) gyt 12 (h)
RQW‘L

h? h? ht
Since for any fixed x, Conditions 3.1 and 3.2 imply that A(x,h) — 0 as h — 0 and
A?(z,h) = O(h*), we have the pointwise limit

lim exp(—A(x,h)) — 1+ Az, h)

h—0 h? =0

Using inequality |ulle® — 1 —u| < |u|?(e® + 2), we deduce that for all sufficiently small h,

/ |A(z, h)| |exp(—=A(z, h)) — 1+ Az, h)| S
R2m

= % =) dx

A2(x,h A2(x,h
S/ | (xv )| eXp(—A(x,h)) efH(x) d:Z?+2/ | (xv )| efH(z) dx
R2m ht R2m h4
<3 D(x) e @) dy < o0,
R2m

where the last line follows from applying Lemma 3.3 with ¢(z) = 22 and Condition 3.2.
So, the dominated convergence theorem yields

2(h) — o (h)

li =0.
y h*
This completes the proof of the proposition. O

Proof of Theorem 3.6. We continue from (3.8). In view of the scaling h = - d~/4
we obtain, after using Proposition 3.4:

E[Rq] = ~d-u(h) — 5

and
Var[Rq] =d-o?(h) — 1*% .

The Lindeberg condition is easily seen to hold and therefore:

Ry 5 Ry = N(-LZ 1Y) |
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From the boundedness of u +— 1 A e“ we may write:
Ela(X,Y)] = E[1Aeft>],

where the last expectation can be found analytically (see e.g. [36]) to be:
E[1Aef=]=28(-1?VE/2) .

This completes the proof. O

Proof of Proposition 3.8. For simplicity, we will write just ¢”, ¢"*' and p™ instead

of ¢, ¢!, p respectively. Using (3.9), we get:

(¢ = ") = I (P (™) — 0")
We define:
d
a—(anyn) = 1/\6Xp{—ZA((E?,h)}; "= ::]IU"<11’(X",Y") ) (62)
i=2
and set T
& = (P (@) — 4" )
Using the Lipschitz continuity of u +— Iy < 14« and the Cauchy-Schwartz inequality we
get:

n n n T n T n
E (g — ¢™)?2 — €"] < |Alx1, bl [Pl (@) — )L,
Now, Conditions 3.1 and 3.2 imply that

|A(z1,h)|z, = O(h?) .

Also, from Condition 3.7 and the stated hypothesis on the density exp(—V), ¢" and
Py ,(IT)(q", p™) have bounded fourth moments uniformly in A, so:

(P (@) = 0")]a < C
for some constant C' > 0. The last two statements imply that:

E|(¢"" —¢")* - €' = O(h?) . (6.3)
Exploiting the independence between ™~ and the first particle:
E[&]=E[a(X,Y)] x E[(Pey”(¢",p") = ¢")*] = al) - E[(Pyer(q"p") - ¢")°] .

where, for the first factor we used its limit from Theorem 3.6; for the second factor the
limit is a consequence by Condition 3 and the dominated convergence theorem. Equation
(6.3) completes the proof. O
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Proof of Proposition 3.9. Fix some ¢' € R"™. We define ¢ (X", Y™) and I"~ as in

6.2). For simplicity, we will write just ¢”, ¢"*1, "t and p” instead of ¢7, ¢" !, q7*!
1 Q1 1

and p' respectively.
We set
g =1 Py p") + (1= 1) "

Adding and subtracting I" - Py (pr(¢™, p™)) yields:

"t — g™ < P (a7, ™)) — Polor(d™, ™)
+ I = I (|Py(or(a™, ™) + 1¢"]) - (6.4)

Using the Lipschitz continuity (with constant 1) of u — Iy < 1p exp(u) :
[I"™ = I"| < |A(x1,h)] . (6.5)

Now, Condition 3.7 implies that the first term on the right-hand side of (6.4) vanishes
w.p.1 and Condition 3.1 implies (via (6.5)) that also the second term vanishes w.p.1.

Therefore, as d — oo:

¢t — g™t =0, as. .

Theorem 3.6 immediately implies that ™~ £, I”, thus:

From these two limits, we have ¢"*1 —=» q"+!, and this completes the proof. O

Proof of Theorem 4.2. To simplify the notation we again drop the subscript 1. Con-
ditionally on the trajectory ¢°,q", ... we get:

0, w.p. 1 —Xg0+ O(()\dé)Q) ,
(q(t +8) —q(t))> = ¢ (VO — V)2, w.p. Aad +O((Aad)?) ,
(qNOHH —gNO)2 >0, wp. O((Aad) ) .

- 3

Therefore,

SIDa =E[(¢V O — ¢V D)2] (X8 + O((Aad)?))
+ Y E[(VOTH — gNO2TO((Aad) ) (6.6)

j=>1
Note now that:

, i+t 2
E[(qN(t)-i-H-J _ qN(t))2] < (Z |qN(t)+k _ qN(t)+k—1|L2)
k=1

=G+ 1E[(¢"T —¢")?],
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since we have assumed stationarity. From (4.1):

Ag = d 0/ —Tcéw +O(d=%%) .

and, from Proposition 3.8, E[(¢" ™ — ¢")?] = O(1). Therefore,

A/t x N TE[ (VO — gNO)21O((Ae6)7 )

j=1
is of the same order in d as

Ny d X (17 00T

Jj=1

thus:
@4 5 YT E[(@VOFH = VO] O((Aad) ) = O(a) -
j=1
Using this result, and continuing from (6.6), Proposition 3.8 provides the required state-
ment. O

7. Conclusions

The HMC methodology provides a promising framework for the study of sampling prob-
lems, especially in high dimensions. There are a number of directions in which the research
direction taken in this paper could be developed further, and a number of observations
to be made concerning optimal tuning of MCMC methods in general. We conclude by
listing some of these issues.

e The overall optimization involves tuning three free parameters (h, T, M); since M
is a symmetric matrix, the number of tuning parameters is 2 + m(m + 1)/2. In
this paper, we have fixed M and T and illustrated that the choice h = [d~1/4
provides non-vanishing O(1) acceptance probabilities as d — co. We then focussed
on optimizing the HMC algorithm over choice of [. The natural next step would be
to study the algorithm for various choices of the mass matrix M and the integration
time 7.

e There is interesting recent computational work [16] concerning exploration of state
space by means of nonseparable Hamiltonian dynamics; this work opens up several
theoretical research directions.

e The issue of irreducibility for the transition kernel of HMC is subtle, and requires
further investigation, as certain exceptional cases can lead to nonergodic behaviour
(see [11, 42] and the references therein).

e Our analysis of the HMC algorithm is conducted in stationarity. It is possible
that different scaling analyses will be required to study the burn-in phase of the
algorithm, as for the study of random walk type algorithms in [13].
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e There is evidence that the limiting properties of MALA for high-dimensional target

densities do not appear to depend critically on the tail behaviour of the target (see
[37]). However in the present paper for HMC, we have considered densities that are
no lighter than Gaussian at infinity. It would thus be interesting to extend the work
to light-tailed densities. This links naturally to the question of using variable step
size integration [41] for HMC since light tailed densities will lead to superlinear
vector fields at infinity in (2.1). This also links to the work in [16] where non-
separable Hamiltonians arise via introduction of a non-standard metric on phase
space, related to the Fisher information. This metric introduces a rescaling of state
space and this rescaling induces similar algorithmic properties to those induced by
variable time-stepping.

We have shown how to scale the HMC method to obtain O(1) acceptance proba-
bilities as the dimension of the target product measure grows. We have also shown
how to minimize a reasonable measure of computational cost, defined as the work
needed to make an O(1) move in state space. However, in contrast to similar work
for RWM and MALA ([36, 37]) where a scalar SDE governs, for large d, the evolu-
tion of a single component of the Markov chain, we have not identified a limiting
Markov process which arises in the infinite dimensional limit of HMC. This remains
an interesting and technically demanding challenge.

The work concerning optimal scaling of RWM and MALA in [36, 37] and the
identification of the optimal acceptance probabilities of 0.234 and 0.574 respectively,
concerns target measures with an iid structure. However, recent work [27, 35] shows
that, for measures which have density with respect to a Gaussian measure (in
the limit d — o0), hence are not necessarily iid, the same optimal acceptance
probabilities arise. It would be natural to try to extend the work concerning HMC
contained in this paper to non iid target measures in a similar manner. Note also
that for measures with this special structure these results on optimal scaling are
mainly of theoretical interest because they extend known results out of the iid
scenario. For the particular case of measures which have density with respect to
a Gaussian, and from a more practical perspective, the RWM, MALA and HMC
algorithms should all be modified to exploit this underlying Gaussian structure.
This is the subject of the next bullet.

We have concentrated on explicit integration by the leapfrog method. For measures
which have density with respect to a Gaussian measure (in the limit d — o0) it
is natural to use semi-implicit integrators which compute the linear dynamics im-
plicitly, leading to exact statistics in the pure Gaussian case. This idea was first
developed for the MALA algorithm [8] and for the RWM algorithm in [10] and
leads to methods which explore state space in O(1) steps for measures with this
special structure. The idea has recently been developed for HMC methods in [7]
and the resulting algorithm shown to outperform the semi-implicit MALA algo-
rithm for some problems arising in conditioned diffusions. Developing a theoretical
understanding of this behaviour would be of interest. Note that the optimal ac-
ceptance probabilities 0.234,0.574 and 0.651 will not necessarily apply for these
semi-implicit proposals as the optimal proposal variance does not shrink to zero
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as d — o0; as a result different mechanisms may come into play when determining
optimality.

e It would be interesting to conduct simulation studies which investigate the robust-
ness of optimal scaling results for RWM, MALA and HMC in scenarios in which
the target is not iid or change of measure from Gaussian. Such simulation studies
could help guide future theoretical results on optimal scaling.
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