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Abstract

We consider nearest neighbor weighted random walks on the d-dimensional
box [n]¢ that are governed by some function g : [0,1] — [0, c0), by which
we mean that standing at z, a neighbor y of x is picked at random and the
walk then moves there with probability (1/2)g(n~'y)/(g(n " ty)+g(n~1x)).
We do this for g of the form ™ for some function f which assumed to be
analytically well-behaved and where m,, —+ oo as n — oo. This class of
walks covers an abundance of interesting special cases, e.g., the mean-field
Potts model, posterior collapsed Gibbs sampling for Latent Dirichlet allo-
cation and certain Bayesian posteriors for models in nuclear physics. The
following are among the results of this paper:

e If f is unimodal with negative definite Hessian at its global maximum,
then the mixing time of the random walk is O(n logn).

e If f is multimodal, then the mixing time is exponential in n, but we
show that there is a simulated annealing scheme governed by f¥
for an increasing sequence of K that mixes in time O(n?). Using a
varying step size that decreases with K, this can be taken down to
O(nlogn).
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e Ifthe process is studied on a general graph rather than the d-dimensional
box, a simulated annealing scheme expressed in terms of conductances
of the underlying network, works similarly.

Several examples are given, including the ones mentioned above.
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1 Introduction

Markov chain Monte Carlo (MCMC) is a powerful tool for sampling from a given
probability distribution on a very large state space, where direct sampling is diffi-
cult, in part because of the size of the state space and in part because of normaliz-
ing constants that are difficult to compute.

In machine learning in particular, MCMC algorithms are very common for
sampling from posterior distributions of Bayesian probabilistic models. The pos-
terior distribution given observed data turns out to be difficult to sample from for
the reasons just mentioned. One then designs an (irreducible aperiodic) Markov
chain whose stationary distribution is precisely the targeted posterior. This is usu-
ally fairly easy since the posterior is usually easy to compute up to the normalizing
constant (the denominator in Bayes formula). A particularly popular choice is to
use Metropolis-Hastings sampling (of which Gibbs sampling is a special case).

An all too common problem with these MCMC algorithms is that the target
distribution contains several modes such that it is extremely hard for the MCMC
to move between the modes. This may for example result in that one can get
stuck for a virtually infinite time in a relatively small mode containing a negligible
probability mass in the target distribution.

Our driving force will be a class of probability distributions on the d-dimensional
box B = {0,1/n,2/n, ..., 1} that exhibit this problem and show that a very fast
and very simple simulated annealing scheme yet provides convergence to the true
distribution within the order of n? steps. Furthermore, combining simulated an-
nealing with a varying step size, this can even be taken down to order n logn.
This class comprises an abundance of interesting examples, of which we will in-
clude the mean field Ising model with a nonzero external field, collapsed Gibbs



sampling for Latent Dirichlet allocation and a model of nuclear physics; calibra-
tion data corresponding to the 3S1 phase shifts from an analysis of neutron-proton
scattering cross sections [17].

Let g : [0,1]¢ — (0, 0] be a bounded function. We want to sample from the
probability distribution 7 on By, given by

g(s)
) = )

Consider the following natural Metropolis hastings algorithm; standing in vertex
u, a vertex v among the 2d neighbors of w is chosen uniformly at random and a
move to v is proposed and then accepted with probability (1/2)g(v)/(g(u)+g(v)).
If u is on the boundary of the box, the algorithm still proposes moves in directions
that lead out of the box, but such a move is of course not accepted; this feature can
be achieved by for each boundary vertex u adding one loop (u, u) for each direc-
tion leading out of the box and thereby making B¢ regular (i.e. all vertices have
the same degree). We will refer to this MCMC algorithm as the weighted random
walk on B? “governed by ¢ or “according to ¢g”. The factor 1/2 in the acceptance
probability is there in order to make the algorithm lazy, i.e. it can be described as,
for each time step, flipping a fair coin to decide to either move according to a
given Markov transition matrix or to stay put. Lazy chains are convenient to work
with, as they never exhibit periodicity behavior. In particular the transition matrix
of a lazy reversible Markov chain has only nonnegative eigenvalues. The natural
discretization of a continuous time Markov chain is always a lazy discrete time
chain and results for the continuous time chain typically carry over.

In this paper, the function ¢ = g, will be of the form g(xz) = f(x)™,
m,, — 0o, where f has continuous partial derivatives up to order 3 and a unique
global maximum in the interior of [0, 1]%. For simplicity we take m,, = n as the
generalization will be obvious. We further assume that f has at most finitely many
stationary points and that the Hessian is negative definite at the global maximum.
(Many of these conditions can be relaxed; this will be pointed out later.) As a
stepping stone and of independent interest, attention will also be paid to weighted
random walks on graphs where asymptotically all the mass of the stationary dis-
tribution is concentrated to a single vertex.

The problem with mixing appears when there are other local maxima than
the global maximum. It is easy to see that in such a case, starting from a state
corresponding to a local but not global maximum, there is a vanishing probability
that the MCMC will leave that mode within less than a time which is exponential
inn.



In such situations a common method to overcome is to use simulated anneal-
ing (SA). Originally SA was designed to find a global optimum (of g in this case),
but in the MCMC situation we just modify it so that we stop at a nonzero tem-
perature. The idea is to replace the original MCMC with a time inhomogeneous
Markov chain, where at time ¢, the state of the chain is updated according to
G = [, where B;(n), Ba(n), . . . are hopefully chosen so that convergence is
sped up considerably. Typically the 3, = (;(n):s are much smaller than n for a
long time, but will be raised to n at the end of the process. According to standard
language, we sometimes refer to the ;:s as inverse temperatures. SA is usually
heuristic and few formal studies have been made. Woodard et. al. [18] makes a
valuable general analysis, but produce results that for the given situation are nei-
ther as strong nor as concrete as the ones presented here. There have also been a
handful of studies of the closely related simulated tempering algorithm, see [2],
[8], [15], where the idea is to move back and forth between different tempera-
tures. Results there are partly applicable to our situation and show that mixing in
polynomial time can be possible, albeit of fairly high power.

Remarks on notation.

e Many statements in this paper are made in terms of asymptotics as n — 0.
We will use the standard O-notation. Let f, g : Z; — R. Then we write
f(n) = olg(n)) if lim,, o f(n)/g(n) = 0 and we write f(n) = O(g(n))
when there is a constant () < oo such that f(n) < Qg(n) for all n. Writing
f(n) = w(g(n)) is taken to mean that g(n) = o(f(n)) and f(n) = Q(g(n))
means that g(n) = O(f(n)). If f(n) = O(g(n)) and f(n) = Q(g(n)), then
we write f(n) = O(g(n)).

e If A(n) is a sequence of events (where each A(n) is defined on a probability
space that is naturally associated with n), then we say that A(n) occurs whp
(with high probability) if P(A(n)) = 1—o(1), i.e. if lim,,_,,, P(A(n)) = 1.

e In many situations below, equalities or inequalities will be valid for some
constant, but where the particular value of that constant is not important.
In those cases, such constants will be denoted by the generic letter () (in-
stead of writing “constant” in the equations). This means that the value of
() sometimes varies between instances where it appears, even within the
same array of equations/inequalities. Sometimes constants depend on some
parameter 6, in which case we generically denote them ().



Recall some definitions. For a signed measure p on a finite space S, the toral
variation norm is given by

1
Vllzv =3 PO
sesS
For two probability measures x4 and v, we get
1
v = kv = 5 3 lu(s) = w(s)| = max{u(A) = v(4) s A C S},
seS

For a probability measure 7 and 1 < p < oo, the LP-norm of p with respect to 7

is given by !
I, = E K%)] y

where the subscript means that X is chosen according to 7. If v is a probability
measure on S, then the LP-distance between v and 7 with reference to 7 is given
by the L?-norm of v — 7 with respect to 7. In other words

lv— x|, = E [(;8((% - 1)10] e

By Schwarz inequality ||v — 7||,, is increasing in p. Also ||y —||rv = 3| — |1
Hence in particular

1
b = 7lizv < Sllv =72

Let X = {X;} be an aperiodic irreducible Markov chain on S with stationary
distribution 7. For € > 0, the e-mixing time of X is defined as

Tuix(€) = min{t : [P(X, € ) = v < e}

The relaxation time of a reversible Markov chain X is 75(X) := 1/(1—\3), where
Aq is the second largest eigenvalue of the transition matrix. If X is also lazy, then
the L? contraction property (Lemma 3.26 of [1]) states that

IP(X; € ) = mlls < e™"/™||P(Xo € ) — 7.

At some points, we are going to make use of the correspondence between
electric networks and random walks on weighted graphs (for reference see [7]). A
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graph G = (V| F) is said to be weighted if each edge e = (u,v) € E is assigned a
weight w(e). We say that the Markov chain X, X1, . .. is a weighted random walk
on Gif P(Xii1 = 0| Xy = u) = w(u,v)/w(u), where w(u) = >°_, cpw(u, 2).
There is valuable information to be found on this Markov chain by regarding G as
an electric network with each edge e regarded as a resistor with conductance w(e)
and hence resistance 1/w(e). For u,v € V, denote by R(u,v) = Rg(u,v) the
effective resistance between u and v in this electric network. Let m = m(G) =
> .crw(e) be the total conductance of the graph. For each vertex v, let T, be
the first time that X visits v, i.e. T, = min{t¢ : X; = v}. For vertices u, v, write
H(u,v) = Hg(u,v) = E,[T,] for the hitting time of v from w. The index u to the
expectation refers to conditioning on Xy = u. The commute time between u and
v is given by C(u,v) = Cg(u,v) = Hg(u,v) + Hg(v, u). Two well known facts
follow.

e Foreachu,v € V, C(u,v) = 2mR(u,v),

e Inserting an electrical source of 1 volt at v and v with potential 1 at « and 0
at v, we have for any z € V that P, (7, < T,) equals the potential at z. In
the case V' = B,, this means that for z € [u, v],

R(z,v)

P.(T, < T,) = Ra o)

For two weighted random walks, X and X on the same graph (but with differ-
ent weights), one can relate the two relaxation times; by ([1], Lemma 3.29)

. w(v w(e
To < ToIin _( )max ) (D
veV w(v) eeE wle

Another useful property of the relaxation time is that contracting vertices of a
weighted graph can never increase it. That is, whenever a set A of vertices of a
graph G are replaced by a single vertex a, and each edge (u,v) is replaced by
an edge (u, a) of the same weight as (u, v) whenever v € A (consequently every
edge within A becomes a loop at a of that weight), the new graph G 4 thus formed
has (Corollary 3.27 of [1])

TQ(GA) S TQ(G).

Useful bounds on the mixing time of a Markov chain can sometimes be derived
from its conductance profile. Let X be a an aperiodic irreducible Markov chain
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on the finite state space S with stationary distribution 7 and transition matrix
[p(z,y)]. For A C S, define

QA A => "> w(w)p(x,y)

r€EA yeAc

and the conductance of A as

Q(A, A%

=T

The conductance profile is then the function ® : (0, co) given by

O (u) = min{P(A) : 7(A4) < u}

for u < 1/2 and ®(u) = ¢(1/2) for u > 1/2. Theorem 1 of [14] states that for
any v > 0, whenever

4/ P2
t21+4/ OFY
min(n(e) w(y) U

one has

LEEPRERNN N
™(y)
Let X = {X;}°, be the Markov chain on B? governed by g = f" as de-
scribed above. The following theorem is one of our main results.

Theorem 1.1 Assume that f is unimodal and has no stationary point except at
the global maximum. Then there is a constant C' < oo independent of n such that
forT = Cnlogn

lim [P(Xr € -) = 7llpv = 0.

Proof. Assume first that d = 1. Let a be the global maximum of f. To make
things more convenient, we shall for the time being rename our states so that the
state space becomes B = {—a, —a+1/n,...,a—1/n,a} and f has its maximum
at 0. We also re-scale f so that f(0) = 1. By Taylor’s formula for A close to 0,
f(h) =14 (1/2)f"(0)h? + O(h3) and f'(h) = hf"(0) + O(h?).

Consider now the expected change in f under one step of X governed by
f™ from state X; = x. We assume that |z| > D/y/n for a constant D. Let
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a=alx) = f(x)/f(z)and 8 = B(x) = —f"(x)/f(z). Observe that |a(x)]

is of order \/1 — f(z) and in particular |a| > QD/+/n for |x| > D/\/n. By

Taylor’s formula f(z + 1/n) = f(2)(1 + a/n — B/(2n?) + O(n=3)). We have
Elf (Xe1) = f(Xo)| Xy = 2]

L((fe+3) - f@)fe+)" | (fa—3) - f@)fle-3)"
i : |

T+ fle + I Ty + fle = 1y
L (B e f@rhr by
‘4“)( oz T O )+n<f(x)”+f(x+%)” f(:v)”+f(:c—%)”))'

The third term in the last parenthesis is at least

Q% ((1 + % - % +O(n—3))n - <1 - % - % +O(n_3)>n>

for a constant () depending on f. (Note that x and «(x) have opposite signs.) If
D is sufficiently large, then |x| > D/\/n implies that this expression is bounded
below by Q(a/n)(1 + a/(2n))" > Qa?/(2n). Plugging in above gives

1 Qa®
Elf (Xes1) = [(X)[ Xy = 2] = Zlf(x) (W - ﬁ)

and provided that D is sufficiently large, the right hand side is at least Qa/n.
Now take j(z) = (1 — f(2))1>p/m- Since 1 — f(z) is of order a(x)?, it
follows that

Bli(X)X =] < (1-2) o)

for all x if we consider X as absorbed when it hits [—D/+/n, D/+/n]. By induc-

. Bl < (1- %)tmo) <(1- %)

Since the smallest possible positive value of j is of order 1/n, it follows from
Markov’s inequality that whp X will have hit [—D/+/n, D/+/n] within time (2/Q)nlogn =
@nlogn.

Next observe that for |y| = n=2/%, n(y)/m(z) is of order exp(—n'/?) for any
x € [-D//n,D/\/n]. Tt is well known that the expected number to y between
visits to x is w(y) /7 (x). It follows that whp, once [—D/+/n, D/+/n] has been hit,



X will stay in [—n 2/, n=2/5] for a super polynomially long time and in particular
for time Cnlogn for arbitrary C'. During this time, we claim that X may be
analyzed as having state space [—n 2/, n=2/%]. Note that our chain, governed by
/™, conditioned on not leaving (—v, y), does not have the same distribution as the
chain governed by f" restricted to [—y, y]. However, all paths that do not hit the
boundary of [—y, y] have the same probability relative to each other for them both.
Hence the two chains can be coupled so that they behave identically on the event
that they do not hit that boundary. Since this event occurs whp, the two processes
will have identical distributions on a set that occurs whp. Hence the claim.

An essential part of what we just showed is that if | X;| > D/\/n for suffi-
ciently large D, then E[f(X,,1)|X,] is (significantly) larger than f(X;). If | X/|
is small (less then 0/+/n for a small 0), then E[f(X;11)|X;] < f(X:). However,
since there is drift toward the direction in which f increases, it is easy to see from
the above computations that E[f(X;1)|X;] > f(X;) — 3/(4n?) for all values of
X;.

This allows for an easy generalization to d > 2; whenever X, is outside the
box (—D/y/n, D/y/n)?%, we have that for at least one coordinate i € [d], the
conditional expected change f(X;;1) — f(X;) given that a move in that coordi-
nate direction is suggested, is at least Qa2 /n for arbitrary @ if D is sufficiently
large. Here oy = f}(x)/f(x) and d is the direction under consideration. Since
the conditional expected change, given any other suggested direction for the next
move, is no less than —3/(4n?), we get E[f(X;11) — f(Xy)|X:] > Q/n. From
this it easily follows that [—D/+/n, Dy/n]¢ is whp hit within time O(n logn) as
ford = 1. As for d = 1 it follows that from this time on, X whp stays within
[—y,y]? with y = n=2/5 for a super polynomial number of steps. Exactly as for
d = 1, to analyze X conditional on this, X may be analyzed as the random walk

n [—y, y]? governed by f™ modulo an error of at most o(1) for any probability
statements about X.

Summing up so far, we have shown that in order to complete the proof, it
suffices to show that the random walk on [—y, y]? governed by f™ and started at
some point in d[—D/+/n, D//n]%, mixes in Qnlogn steps. To this end, note
that since all partial derivatives of f up to order 3 exist and are continuous, f is
negative definite on [—y, y]¢ with y = n~2/5. With this choice of y, there is a
positive constant ¢ such that all eigenvalues, ), of the Hessian of f at x satisfy
A< —cforall z € [—y,y].

Consider again for a while d = 1. We claim that the relaxation time of the
random walk X on [—y, y] governed by f™ is of order n. Assume first that f is



symmetric about the origin. Note that for any x € [—y, y|, if X stands at x, the
probability that X moves to x — 1/n is at least 1/4 — o(1). By Theorem 1.2 of
[5], this entails that
n<Q max Y f(@)" > fa)™
2€Bnn[0.y] rEBy:z<x<e rE€B,:0<x<z

For any z, the second factor is bounded by nzf(z)~". For the first factor, note
that for any = € [0, y], we have f'(z) = zf”(0) + O(2?) < —fx for a constant
B = —f"(0) — o(1) that can be taken to be independent of z. It follows that for
any positive integer r,

f (z + é) < (f(z) - &y < f(x)" (1 - %) < e f(2)"

n
Hence

n 1 n S —pr 1 n

o f@r <o) e < —f()m
z Bz
r€Bp:z<z<ly r=0
Plugging into the bound on 7, gives
Q
T < En = Qn

as desired.

Next we claim that 7» = O(n) holds also for d > 2. If the Hessian of f
is diagonal at each point and f is symmetric along each coordinate axis, then
this is an immediate consequence of the result that we just derived, as X is then
a convex combination of independent weighted random walks on [—y, y] of the
form just treated. Assume next that the Hessian is constant on [—, y]?, but not
necessarily aligned with the coordinate axes. In other words f(z) exactly equals
1—(1/2)zT Hz on [—y, y]?, where H is the Hessian. Let vy, . . ., vy be orthogonal
unit eigenvectors of H. For given L > 0 construct a d-dimensional lattice G, as
follows. Foreachi =1,...,d and each r € {—1, 1}, and draw an edge from 0 to
x,; = rLv;. Next, for each point x = x,; thus connected to the origin, draw an
edge from x to x + r Lv; for each r and 7. Keep doing this iteratively until no new
points inside [—y, y]? can be incorporated. For each L, the weighted random walk
on (&, then has relaxation time at most () n.

Now, the vertex set of G is typically disjoint from BZ. To remedy this, modify
(GG, into a graph G by moving each vertex x € V(G) to the nearest (in the
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Euclidean sense) vertex # € B¢ without changing the edge structure, i.e. letting
(Z,79) € E(Gy) if and only if (z,y) € E(Gy). The difference between weighted
random walks governed by f™ on G and G, then becomes what results from
the small differences between f(Z) and f(x). However by direct comparison (1),
Tg(é) < Qn(G) < Qpn. Fix L sufficiently small that each vertex © € B is
also a vertex of G. Vertices of B} appear several, but a bounded, number of times
as vertices of (3, but are here regarded as distinct vertices of G. Next we prune
G into the graph G by contracting these multiple copies of vertices of B? into a
single vertex, thereby also gluing together the loops at each such vertex to a single
loop with the added weight of the loops glued. Since G is constructed from G by
contraction, 75(G) < Tg(é’) < Qn.

Now we use (2.3) and Theorem 2.1 of [6]; associate with each edge (x,y) €
E(G) a shortest path P(x,7) in B¢ between x and y. Note that the length of P
is bounded by d. Write 7 for the stationary distribution for the weighted random
walk on G. Then there are constants () and @’ such that for each z, Qn(z) <
7m(z) < Q'm(x). Indeed, we may choose the constants so that for each (z,y) €
E(G) and each z € P(x,y), Qr(z) < 7(z) < Q'n(z). Finally there are also
constants (), Q" € (0, 1) such that for each vertex in B}, the probability of a move
from there to any given neighbor is in (@), Q). The same goes for the random
walk on G. Plugging all this into Theorem 2.1 of [6] and then (2.3) of [6], we find
that 7, < Q72(G). Hence

Ty < @n.

Finally, we relax the assumptions of symmetry and constant Hessian H (z).
Let fo(z) =1 — (1/2)2T H(0)x. Write 7/ and 7/° for the stationary probabilities
for the walks governed by f and f, respectively and write 7'2f and 7,° analogously
for the two relaxation times. It has just been proven that 73° is of order n. We
proceed to show that 7'2f is very close to 73°. There is a constant ) (e.g. the
maximum of the absolute values of the third order derivatives over [—y, 3]?) such
that

f@)" = (fola) £ QlzP)" = fo(2)"(1 £ Qlz[*))"
= fo(@)" (1 £ Qn™)" = fo(x)"(1 £ Qn~"7")

from which it follows that 7/ (z) /7% (2) = 1 & Qn=/° for all z € [y, y]°.
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Next, let u be an arbitrary unit vector along one of the coordinate axes. Then

sf000) | @

n n?

(o 50) = 5@+ A0 £ Qs = () +
g (10 9

Hence

Analogously X
folz + Zu)" ( Q) < ffu(o)$>
—fo(x)” =(1=x " 1+ —f()(x) .
Since f(x) = (1 £ Qn°) fo(x), we get

fla+ qu)" folz + Ju)
f(z)" fo(z)"
Hence the transition probabilities under fJ' and f™ differ by at most a factor 1 +

Qn‘l/ °. Along with the relation between 7! and 7/, a direct comparison via [1],
Lemma 3.29, gives

=(1+Qn %)

= (1+0(1))7.

In order to estimate the mixing time from the relaxation time, pick constants C'
and D sufficiently large that X hits [—-D/+/n, D/+/n]? whp within time Cn logn
regardless of starting state and let 7" the first hitting time; we proved above that
such a D < oo can be chosen. Let Z be the vertex that is hit at time 7.

Then for ¢t > Cnlogn, any k < nlogn and any z € [—D/+/n, D/\/n],

1
IP(X; €T =k Z=2z2)—7|rv < §||P(Xt e \T'=k7Z=z)—7|s
1
L T
< G_Q(t_CNIogn)/nHNz . 71_”2
where ., is the one point distribution at 2. Since 7(z) > Qn~%2, we have ||, —

7|l; < Qn?* and it follows that for any € > 0, there is a constant () such that the
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right hand side is bounded by 1/n whenever t > @nlogn. Hence for any A and
t > Qnlogn,

PX,€c AT =k, Z=2)—7(A) <

S|

and hence
P(X; € A) —7w(A) =0

asn — oQ.
O

Let us now turn our attention to the situation with f with more than one local
maximum. As a stepping stone towards this, we start with a simpler model.

Let G = (V, E') be a connected graph which is regular (i.e. all vertices have the
same degree, d) and let g : V' — (0, 00). Consider the lazy weighted random walk
on (G governed by g, i.e. the process that standing in vertex u, for each neighbor v
of u, moves to v with probability (1/(2d))g(v)/(g(u) + g(v)). A weighted graph
such that weighted random walk on it coincides with this process is most easily
constructed as follows. Define a new graph G* = (V*, E*) by adding a vertex
in the middle of each edge and adding loops to the vertices of (G. Formally let
V¥ =V UFEand E* = {(u, (u,v)) : u € V,(u,v) € E} U{(u,u) : u € V}.
Each edge (u, (u,v)) € E* is now given weight g(u) and each loop (u, u) is given
weight d(u)g(u), where d(u) is the degree of u. Running a weighted random walk
G* with these weights and observing it only on V/, i.e. only every second step, we
get a process with the right properties.

The stationary distribution 7 of the random walk governed by g is proportional
to g. Consider the problem of sampling from 7 via simulated annealing of this
process. In analogy with the above, we will consider the case g = f™ asn — oo
for a function f : V' — (0,00) and without loss of generality we assume that
min, f(v) = 1. We also assume that f has a unique maximum. Write X = X"
for the random walk governed by f™ to express the dependence on n when needed.
Let m = ©" denote the corresponding stationary distribution. As soon as there are
more than one vertex v for which f(v) > max{f(u) : v # v, (u,v) € E'}, mixing
time will be exponential in n.

Let v; be the vertex at which f attains its maximum and let v, be a vertex
where f attains its second largest value. Note that

f(v2)
f(vr1)

(o) 21— |V ( ) 1~ V]exp(—(f - f2)D),
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where f; = log f(v;). This is at least 1 — ¢ whenever

o e los(VI/o

- fi—fa

The following is well known.

Lemma 1.2 For any lazy reversible finite Markov chain {Y;} with stationary dis-
tribution T, for any t and any state s,

P(Y; = s| Xy = s) > 7(s).
Proof.  Since the chain is lazy, all the eigenvalues of the transition matrix
P = [p;;] are nonnegative. Let A = [p;;/7;/m;|. Then A is symmetric with
the same eigenvalues as P and such that if y = [y;] is an eigenvector of P, then
x = [/m;y;] is the corresponding eigenvector. Now make a diagonalization of A°,

translate the result back to P* and conclude that the diagonal elements p; of P’
are 7; plus a nonnegative remainder term. O

Let HX (v) := max{H (u,v) : v € V} and HX = max, H*(v). By Lemma
1.2, Markov’s inequality and the strong Markov property, the following holds.

Theorem 1.3 For any K, taking T = e ' H¥,
IP(XF €)= 75||rv < 1—e

If K sufficiently large that
>1—¢ (2)

and one takes T = ¢ " HX (vy), then
IP(XE € ) —7"||l7v < 1 — 2e.

Also, taking log(IV1/0)
og €

i

is guranteed to be sufficient for (2).
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For u,v € V, let distg(u,v) be the graphical distance between v and v,
i.e. the number of edges of a shortest path between u and v. We write Dg =
max, , distg(u, v) for the diameter of G. Let Ry(u,v) be the effective resis-
tance between u and v in the electric network where each edge of G is regarded
as a unit resistor and let Ry = max,, Ry(u,v). Note the obvious inequalities
Rg < Dg < |V|-1.

Next observe that no edge of G* in the electric network corresponding to the
walk governed by f% has conductance of more than f(v;)* and resistance of
more that 1. Hence m(G*) < 2|E*|f(vy)® = 2d|V|f(v1)® and Re+ (u,v) < 2Ry
for any vertices u,v. Here we use that |E*| = 2|E| = d|V/| and the factor of 2
in the bound for m appears from the loops that were added to G* to model the
laziness of the walk. We get for any v on recalling that H; = Hg+ /2,

max H' (u,v) < max O (u,v) < 2dRo|V|f(v1)* = 2dRo|V | exp(f1K),

For v = vy, this can be improved slightly, since the walk governed by f K. where
f is identical to f except that f(v;) = f(v2), has the same hitting time of v; but
no edge of higher conductance than f(vy). Therefore we may in that case replace
f1 with f, on the right hand side to get

HX < 2dRg|V|exp(f2K).
Substituting in Theorem 1.3 gives

Theorem 1.4 Let ;
1
T =2dRg(|V|e )n-7.
Then
||]P)(X7{( € ) — 7Tn||TV < 1-—2e.

Hence our ”simulated annealing scheme” thus works out by simply taking
By = K for T units of time and then stop. Here are some important remarks.

e If (G is not regular, then the results apply after first adding the necessary
number of loops to G.

e If properly reformulated, the results are still applicable if the graph G' grow
with n, i.e. we consider a sequence of graphs G,, = (V,,, E,,)),n =1,2,. ..,
a sequence of functions f,, and for each n, the corresponding random walk
{X7"}22,- Then Theorems 1.3 and 1.4 apply as before with the quantities
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involved now dependent on n. However, the difference between f,,(v;) and
fn(ve) may decrease as n grows. This is the case e.g. in the situation con-
sidered at length above with the walk governed by the smooth function f
(where f, is f| pd)- In that case, the stationary distribution is no longer
concentrated on v; and Theorems 1.3 and 1.4 are useless as they stand.
However, they can be put to use given some more work; more on this will
follow.

e [f the maximum of f is not unique, say that f is maximized at vertices z; and
29, the stationary distribution 7 puts mass 1/2 — o(1) at both these vertices,
Theorem 1.3 works with Hj, = max(max, H(u, z1), max, H(u, 23)). The
guarantee on K still holds, with f; being the log of the largest value of f off
z; and z3. However the improved bound on max, H(u, z;) does not hold
and the bound H3}; < 2d|V|? exp(f; K) must be used. Hence Theorem 1.4
holds with .

T =2dRa(|V|e ) n-h

instead.

e The situation covered by Theorem 1.3 and Theorem 1.4 is equally much
that of optimization as of mixing; asymptotically all the probability mass
of 7 is placed in v; and so mixing is asymptotically the same as finding the
maximum of f.

Example. LetG = ({1,2,3},{(1,2),(2,3)}) and f givenby f(1) =2, f(2) =1
and f(3) = 3. Pick € = 0.05. A sufficiently large K for having stationary prob-
ability mass for XX is given by (2/3)% = 0.05, i.e. K = log(0.05)/1og(2/3) <
7.39. The worst possible hitting time of 3 is given by starting from 1 and is
bounded by 4 - 2% < 2939 < 671. Hence with T' = (1/0.05) - 671 = 13420, the
probability of being in 3 at time 7" is at least 0.9.

If we instead use the general upper bound on I’ provided by Theorem 1.4, we
get on adding loops to 1 and 3 and get d = 2, T = 8(3/0.05)!°83/(log3~log2) ~
52600. O

Example. Let G be the n-path and f(1) = 2, f(n) =3 and f(:) = 1,2 <i <
n — 1. Again take ¢ = 0.05. Provided that n > 500, a sufficiently large K is
K = log,n. For such K, the hitting time of n starting from 1 is bounded by 6n?
and we can take 7 = 120n°.

The bound on 7" from Theorem 1.4 becomes of order n!*1og3/(log3-10g2) which

is about order n*". If we instead plug in K = log,n in the bound for T in
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Theorem 1.4, we get a bound of order n?. Actually, there is room for taking down
K to anything larger than log, n for sufficiently large n. However this does still
not give the right order via Theorem 1.4. O

The bounds given on K and the time needed to sample from 7 require knowl-
edge of, or at least bounds on, f; and f5. In practice of course, these are often
unknown. Some remarks on this issue.

e Assume first that f; and f5 are unknown but that we can give a number ()
such that f < @), but no lower bound on f; — f5. Write ¢ = log (). Then
by the first part of Theorem 1.3, time 2¢'d|V|? exp(¢K) is sufficient to
sample from 7 up to a total variation error of ¢.

Consider the following SA scheme. Pick a fairly large integer number S.
For each K = 1,2, ..., collect a sample of size S from 7%. This takes
2¢ 'SR |FE|exp(gK) time steps. For all K, the most probable observation
from 7% is v;. This means that the samples cannot aggregate at any one
vertex other than v;. Also, eventually for sufficiently large K, samples will
aggregate at v;. Now run this for X' = 1,2, ... until given a sample that
has, say, at least 4/5 of its observations at one given vertex. Then if S is
sufficiently large we can be very certain that that vertex is v;. If the process
stops at K = K, then the whole process takes time

K A
K
T =2c'dSRa|V| Y exp(aK) < 2e-1aSs RV | SR

K=1

(In fact, S does not need to be very large for making the probability of
getting more than 4/5 of observations at a vertex containing less than 1/2
of the probability mass extremely unlikely.)

e If we cannot even give an upper bound on f, then we can try larger and
larger bounds in the algorithm just described. For example, for each K =
1,2, ... replace () with K. This means that sample K is collected in

2¢1dS|V|* exp(K log K)

time steps. Then it will be unknown to us if a particular sample is distributed
according to 7%, but we know that it will be eventually. However, it will in
this case not be detectable when K is sufficiently large.
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Let us now again focus on the case that was the most interesting to us at the
outset. Let f : [0,1]¢ — (0, 00) be a function whose partial derivatives up to and
including order 3 are continuous and has finitely many local extrema and a unique
global maximum. Assume also that the global maximum is in the interior of the
domain and that the Hessian is negative definite there. (The last two assumptions
can be relaxed in several ways as will be apparent from the arguments to follow.)
Since the case where f is unimodal was done above, we assume that f has at least
one more local maximum than the global maximum.

We consider the weighted random walks X governed by f¥, whose sta-
tionary probabilities are 7% (x) o f(z)* and we want to sample from 7" using
weighted random walk. We want to run the walk according to f¥ for some wisely
chosen K:s rather than f™ in order to obtain rapid mixing. Let ¢ € (0,1)¢ be
the global maximum of f and let a be a second highest local maximum. Write
S, ={z € BY: f(x) > ~}. For any given v < f(c), we have |S,| = Q,n’.
Hence for sufficiently small € > 0,

T8 (S5 (ay4e) (f(a) + 6>K
TG =Y\ Flo—e) =°

for sufficiently large K. Hence for such a K,
T (S@yse) > 1= 0.
By the L? contraction property,
IP(X; € ) —ml2 < e ™ |P(Xo € ) — 72, 3)

where T3 is the relaxation time of X, i.e. 1 /(1 — \2). For lazy simple random walk
on BY, it is well known that the relaxation time is 7 := 2dn? and that the conduc-
tance profile satisfies ®(u) > d/(nu'/?). Since min, 7% (x) > 1/(nf(c)K), we
have by comparing with standard lazy random walk on [n]%, that 5 < f(c)%73,
and hence

5 < 2df (¢)¥n?.

Since the conductances of all edges of the weighted graph corresponding to X
are in the span [1, f(c)¥], we have the obvious relation ®(u) > f(c) K®*(u),
where ®* is the conductance profile of simple lazy random walk. Hence

d

O(u) > W.

18



Using v = 16 f(c)* in Theorem 1 of [14] as stated above, we find that whenever

2K, 2 rf(c)”2K/16
> 16f(c)*"n / u1/d71du7
0

d2
for which it suffices that t > n?, we have for any y regardless of starting state,

P(X; =y) ' 2K
————2 — 1| < 16f(c)™".
B “
This gives

[P(Xye € ) = 7lla < 16£(c)*".
By (3) it follows that for

t; =n? +4dK f(c)® <log f(c) +log (16{5(0))) n?,

we have
IP(Xy, € -) — w2 < 20.
Thus
IP(Xy, € ) —mllry <.
Since 7 (Sf(a)1e) > 1 -6, it follows that P(X,, € Sp(g)1e) > 1 —24. This means
that if we run according to 7’ for time ¢, and the according to 7" for Qnlogn

time units, we will by Theorem 1.1 have come within total variation distance 1—3¢
of m". The following theorem summarizes

Theorem 1.5 Let d € N and consider the probability distribution, ™ on B given

by
flw)"
ZveBg f(v)n

where f : [0,1]% — (0,00) has continuous derivatives up to the third order, a
unique global maximum c which is in the interior of [0, 1]% at which the Hessian
of f is negative definite. Then for any 6 > 0, there is a constant K sufficiently
large that for

m(u) =

48
Ty = 5dK f(c)*n?log ( ];(C)>
and T = Ty + Qnlogn, the process X = {X;}{°, given by a weighted random
walk governed by f¥ fort = 1,2,...,T, and governed by f" fort = Ty +
1,...,T satisfies
||P(XT € ) — 7T||TV < 9.
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Remarks.

@)

(ii)

(iii)

@iv)

Many of the assumptions on f can be relaxed. For example, f does not need
to be differentiable at c; it may have a peak there instead. Another possible
change is to let the global maximum be on the boundary of BZ. The analysis
needs only minor modifications and in fact, convergence for a unimodal f
of these kinds is even faster and the analysis may be considerably simpler.

A third, and obvious, generalization is to restrict f to a subspace S of B}
under some assumptions on S, e.g. that S be path-connected and S° = S.

A fourth and also obvious observation is that the governing function f” may
be replaced with f,,, for any m,, — oo, as we claimed at the outset.

As for the simpler situation above (weighted random walk on a fixed graph
(7), one may derive a bound on how large K needs to be provided that
some key information on f is available. Consider for simplicity the case
n = 1. By the above calculations for a given small 6 > 0 and ¢ > 0,
((f(a) +€)/(f(c) — €)X < §/Q. is sufficient for 75 (Syay1c) > 1 — 6,
which is the desired property. Here Q) = n/|Sy(c).|. Since for small h,
flc+h) = f(c)+f"(c)h/2+O(h?), some manipulation and using a margin
for the error term, we can conclude that if € is small enough,

—f"(¢)

Qe < Te

This gives that
o _ 2
K > LIoB(=1"(c) = log(Tet?)
2 log f(c) —log f(a)
is sufficient provided that € is sufficiently small.

As for the simpler situation, one will typically not know the difference be-
tween f(c) and f(a) for a second largest local maximum a. Then one can
do as sketched there; for K = 1,2,..., run according to f K until conver-
gence and repeat until a sample from 7% is collected. Then when samples
have started to concentrate in a smaller and smaller convex region, one can
be sure that K is sufficiently large and may then run according to f" for
O(nlogn) steps.

It is not necessary that the global maximum is unique. Assume e.g. that
there are two global maxima c; and ¢, and that f has a negative definite
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Hessian, H(c;), there. Then f(c; + h) = f(c;) — hI H(c;)h; + O(||h||3)
and from that we can see that the relation between the probability masses
around the two ¢;:s for 7% stabilizes as K grows. Then everything goes
through as before.

In a case like this, we may have that f has no other local maxima than the
multiple global maxima. If we want to estimate how large /K needs to be
(as in (ii)), we may then for f(a) use a largest local minimum a.

(v) The essential ideas of our procedure is to first find K sufficiently large for
7% to become sufficiently close to 7", then run a first stage according to
1% to achieve mixing and then finally a second stage of O(nlogn) steps
according to f". By the choice of K, what the second stage achieves is to
find where the global maximum c of f is. For that, it is not necessary to
walk on BY; in principle it suffices with BY for a sufficiently large fixed N
(large enough that we don’t completely fail to detect the neighborhood of
c). To be on the safe side, we can let N grow as K grows, e.g. N = K.
Then the first stage will take at most 5dK3 f(c)® log(16f(c)/K) steps and
the whole procedure becomes O(nlogn).

(vi) In practice, we will be faced with sampling from a random walk on B¢ that
is governed by some function g of which we know only that g has multiple
local maxima which are sufficiently pronounced that the mixing time will
be too large for our computational capacity. Then we do not need that g has
arisen as a function of the form ¢ = f™», we may simply set f := g'/™»
for a suitable m,,.

(vii) Another trick that may be useful in practice is to observe that since to mix in
our situation is essentially to find (a unimodal neighborhood of) the global
maximum and perform a weighted random walk from there for a short time.
Hence it will not matter if we instead of using g, use max(g, M) where
the constant M is chosen sufficiently small that the global maximum is not
“chopped off”. To find a suitable M, we may collect a uniform sample of
points in the domain of g, compute g there and then take )M to be the N’th
largest observation, where N depends on how much risk of chopping off too
much we are prepared to take. Using this trick may be essential if the graph
of g contains moat like structures that effectively disconnect the domain.

Example. The mean-field Potts model. The mean-field Ising model, or the
Curie-Weiss model, is the probability distribution p" on the hypercube Z5 =
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{0, 1}™ given as
k(u)(n — k(u))

n

p™(u) o< exp (ak(u) - ) yu=(Uy,...,u,) € Zy.

Here k(u) = ., u, is the number of 1’s of v and « and (3 are nonnegative
parameters called the external field and the inverse temperature respectively. The
coordinate values w, of u are referred to as spins.

The standard MCMC algorithm for sampling from p" is Glauber dynamics;
for each time step, pick a dimension of the hypercube uniformly at random and up-
date the spin there according to the conditional distribution given the other spins.
The most studied case is « = 0 and it is well known, see e.g. [12] and the refer-
ences therein, that there is a critical inverse temperature (. such that the mixing
time of Glauber dynamics is exponential for 5 > (. and of order nlogn for
B < f3. (and order n®/? for = f3.). These results are valid also for o > 0.

To fit the mean-field Ising model into our framework, we note that 7" (u) is
determined by k(u) and that Glauber dynamics describes a Markov chain on Z%
that is lumpable into the equivalence classes ("lumps”) given by regarding v and v
as equivalent if k£(u) = k(v). Obviously each equivalence class can be represented
by a number z € B, by taking x to be k(u)/n for any representative u of that
equivalence class. Writing (the projection on the set of equivalence classes of) u"
as a function of these representative elements of B,,, we get

1 (@) o (:x) exp <n(ax + Br(1— x)).

By Stirling’s formula,

nT

Hence, taking

1

f(z) = 1) exp(ar — Bz(1 — x)),

the probability measure
" (x) o< fx)".
becomes virtually indistinguishable from p". In particular ||u™ — 7" ||y — 0, so

mixing in terms of 7" is equivalent to mixing in terms of y”. Plots of f can be
seen i Figures 1 and 2
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Figure 1: The function f(z) corresponding to the Ising model for « = 0 and
8 =1,2,3, blue, red and yellow respectively

Exponential mixing time appears exactly when f is bimodal and by our re-
sults, rapid mixing can then be achieved by picking K sufficiently large and run-
ning weighted random walk on B,, governed by f% for Cn?f(c)¥ steps and then
according to f™ for O(nlogn) steps. (Plots of f in Figures 1 and 2.)

Finally, if we want the correct distribution on Z7 and not only on the equiva-
lence classes x € B,,, we can finish off by randomly shuffling the spins or running
Glauber dynamics for nlog n steps (the latter is seen by a simple coupling and a
coupon collector argument).

Of course, what we do here is not exactly simulated annealing for lumped
Glauber dynamics, partly due to the fact that observing the lumped process under
Glauber dynamics results in a time dilation of the random walk governed by %
and partly due to the incorporation of the binomial coefficient into f. However,
none of these issues is difficult to control and the results apply to lumped Glauber
dynamics too.

Since we have good control over f in this case, we can, to get some numbers,
upper bound the constants needed in the O(n?) mixing time bounds, using the
bounds derived. Of course these are very likely to overestimate what is required in
practice by orders of magnitude. We have done the calculations for (o, ) = (0, 3)
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Figure 2: The function f(x) corresponding to the Ising model for & = 0.5 and
8 =1,3,5, blue, red and yellow respectively

and (a, §) = (0.5, 5). In the first case it turns out that in order to get total variation
of at most 0.1, K = 53 suffices and the runtime of the algorithm becomes at most
21400n2. If we instead go for total variation of at most 0.01, K = 80 is sufficient
and the runtime is bounded by 6.1 - 10%n2.

For the second case the corresponding numbers are K = 11.7 and 7.3 - 105>
for total variation of 0.1 and K = 17.6 and 2.3 - 10%n? for total variation of 0.01.

We have also run some experiments in Matlab for the case (a, ) = (0.5,5)
and n = 100. Inspection of f shows that aiming for a total variation distance at
most 0.01, the mixing time starting from 0 is of order 10'* and a sample of size
100 would take order 10'¢ time steps. We follow the advice from Remarks (iii)
and (v) and try K larger and larger until satisfactory performance is achieved. We
choose K = 2,4,6,... and for each K we collect a sample of size 100. With
considerable margin we have b := (max, f(z))/(min, f(z)) < 1.6. By Theorem
1.5, the mixing time on By when governed by f% is or order O(K3b%) and we
speculate that K2b™ steps is sufficient. We then finish off by running O(nlogn)
steps on B,, governed by f"; we guess that nlogn suffices. So, in summary, we
run random walk starting from 0 on B governed by & for K21.6% steps and
then continue for another n log n steps on B,, and then collect a sample point. This
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is repeated 100 times for the desired sample size.

It turns out that K’ = 12 is quite sufficient and if we settle for total variation
of 0.05, K = 8 seems more than enough. The total number of steps required for
running the procedure up to K = k is 100(3 ;54 4y 5°1.67 + 10010g(100))
which for & = 12 is approximately 5.5 - 10° and takes less than a minute and for
k = 8 is approximately 3.9 - 10° steps and takes only seconds. We also tried (the
hopeless task of) running directly on 2 governed by f,,. Collecting a sample of
size 100, running for each sample point 107 time steps takes about three hours and
is nowhere near to escape from the lower mode at any run.

In Figure 3, we have plotted histograms of the results for K = 2,4, 6, 8,10, 12
together with the correct probability mass function in orange.

The mean-field Ising model is a special case of the mean-field g-state Potts
model. The state space is {1,2,...,¢}" and the probability distribution is given

by
: 1
p"(u) o< exp Zazkz(u) - Z Bijki(w)k;j(u) |,
i=1 1<i<j<q

where k;(u) = [{r : v, = i}|and a;, ¢ = 1,...,gand 3;;, 1 < i < j < ¢
are nonnegative parameters. This measure is invariant under permutations and the
projection onto the equivalence classes of vertices with the same spin is indistin-
guishable from

m(z) = f(2)",
for z in the ¢ — 1-dimensional simplex {z = (21,...,2,1) € BI™" - 32971 2, <
1}, where

1 q
f(gj) = W exp <; axr; — Z ﬁij.ZCil’j)

1<i<j<q
q—1 :
and where z, = > !, ;. Theorem 1.5 applies.
O

Example. Latent Dirichlet Allocation. Latent Dirichlet Allocation (LDA) is a
model used to classify documents according to their topics. It was introduced in
Blei et. al. [3] and has reached an almost iconic status in the family of probabilistic
models for text generation/classification and many variants have been developed
since.
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Figure 3: Samples of simulated annealing with K = 2,4, 6, 8, 10, 12.
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A large corpus of documents is to be classified into topics; we want to deter-
mine for each word in each document which topic it comes from. Knowing this
we can also classify the documents according to the proportion of words of the
different topics it contains. LDA is a generative Bayesian model and the setup is
that one has a fixed number D of documents of lengths /V; a fixed set of topics
t1,ts,...,tx and a vocabulary that consists of a fixed set of words wq, wa, ..., wy.
These are specified in advance. The number of topics is usually not large, whereas
the number of words in the vocabulary is. Next, for each documentd = 1,..., D,
a multinomial distribution 6; = (64(1),...,04(K)) over topics is chosen accord-
ing to a Dirichlet prior with a known parameter &« = (ay,...,ax). For each
topic ¢ a multinomial distribution ¢; = (¢:(1),. .., ¢:(V)) according to a Dirich-
let prior with parameter 5 = (01, .. ., fy) independently of each other and of the
f4:s. Given these, the corpus is then generated by for each position (or token)
J = 1,..., Ny in each document d, picking a topic z4 according to ¢; and then
picking the word at that position according to ¢.,;, doing this independently for
all positions. (So the LDA is a so called ”bag of words” model, i.e. it is invariant
under permutations within each document.)

Given the corpus, i.e. all the observed words, we want to make inference about
the latent quantities: the latent topics 24 and the multinomial parameters 0,4, d =
1,...,Dand ¢y, t = 1,..., K. Since the model is Bayesian, this means that we
want to sample from the posterior distribution over these quantities. One standard
method is collapsed Gibbs sampling of the z4;:s; integrating over (i.e. collapsing)
the 0:s and the ¢:s, the marginal distribution over the zg;:s is straightforward to
compute. In particular the conditional distribution of the topic at a given token
given the topics at all other tokens, has a simple expression. This allows for Gibbs
sampling; at each time step pick a token at random and update according to the
conditional distribution of the topic there.

Let us consider the case K = 2. (In practice K will be larger of course, e.g.
K = 50 or K = 100 are common choices, but we expect that the essentials on
mixing of the Gibbs sampler are captured by this simple special case.) For o = 1,
£ = 1, the marginal distribution on the topics has a simple closed form expression:

<nk 12‘}/: 12>

X D n \%4 n;\’
[Toms (k:) szl (kj)
z € {1,2}™. Here ng; is the number of tokens with word j in document d and kg;

is the number of these tokens that are assigned topic 1. The dot-notations refer to
summing over the dotted index, e.g. k; = ZdDzl kq; is the total number of times

1(z)
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that an instance of word j has been assigned topic 1. Note that n; = N, and
hence 7 is the total number of tokens in the corpus. For convenience, drop the
dots at n_ and write just n for the total number of tokens.

The distribution is invariant under permutations of topic assignments within
the occurrences of a given word in a given document and the projection of 1 on
the resulting equivalence classes is

Vo) TS T ()
[Tass () T (o)

k= (]{711, .. .,]{va) S [nn] X ... X [nl)v].

For this to fit nicely into the framework of this paper, we consider the asymp-
totics as the number of documents D is kept fixed and n — oo in such a way
that ng/n = ag for agg > 0, d = 1,....D, j = 1,...,V. Let h(z) =
(2"(1 —2)'7*)" Y z € [0,1]. Let xg; = kqj/n, let S = [0,a11] x ... x [0, apy]
and let f : S — (0, 00) be given by

= h(z.) [Ty H};l h(wij/ o)™
T2 hla foa)*e Ty bl o)™

Let 7 be the probability measure on B := S N BPY given by

m(x) o< f(z)".

Then rewriting v as a measure on B, v and 7 are asymptotically indistinguishable
in the sense that the total variation distance between them vanishes as n — oo.
Hence Gibbs sampling for LDA exhibits exponential mixing time if f has
more than one local maximum. It is not obvious from a look at f if this is the
case or not. In [10], we studied the special case D = 3, V = 3, ng = m for all
d, a;n = 9/30, a1z = 1/30, agss = 1/3, azs = 1/3 and ay; = 0 for the other
(d,7):s. It turned out that local maxima can be found when (z11, 12, a2, T33)
equals (9/30,1/30,1/3,0), (9/30,0,0,1/3) (and the corresponding two points
given by swapping the topics); this phenomenon occurs since the model forces a
classification into two topics, when there is really three topics in the text. The first
of these is the uniquely largest and hence the posterior puts asymptotically almost
all of its mass close to that point. Figure 4 illustrates this partially by plotting
f(x11,1/30,1/3, x33), which has local maxima at the points (211, z33) = (0,0),
(3/10,0) and (0, 1/3), i.e. the points where no words, all instances of word 1 or

v(k) o

/()

28



q 01 02 0303 02 01 O
i

x

Figure 4: The function f(x,1/30,1/3,w)

all instances of word 3 are classified as belonging to the same topic as all instances
of word 2.

This is an example of a situation that fits into the framework, but where the
local maxima are on the boundary of the domain of the state space of the MCMC.

Remark. We believe that whenever a corpus is of a form that is “typical”
outcome of a corpus generated by LDA with L < K topics and then classified
with K topics, f does not have a finite number of isolated local maxima and that
Gibbs sampling mixes rapidly. The case D = 2, V' = 2, (aq1, @12, o1, (i2) =
(3/20,7/20,3/10,1/5) was considered in [11] and we found that f is maximized
on a whole two-dimensional surface cutting through the four-dimensional domain
and that mixing happens in O(n?) steps.

O

Example. 3S1 phase shifts from an analysis of neutron-proton scattering
cross sections. I am grateful to Christian Forssén and Andreas Ekstrom who
provided the data in this example.

Bayesian analysis methods are increasingly being used in theoretical nuclear
physics [17]. A specific example is the determination of parameters in a chiral
effective field theory description of the low-energy, strong interaction between
neutrons and protons (see e.g. [4], [9], [13], and references therein). In short, we
seek to find the parameter vector 6 that minimizes the deviation between the model
and experimental data. In this specific case, the calibration data corresponds to the
3S1 phase shifts from an analysis of neutron-proton scattering cross sections [16]).
See, e.g. [17] for more details on the definition of the likelihood function.
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In this example a Bayesian model of the standard form with two parameters,

9(0o,62) o< L(y; 6o, 01)q(6o, 61),
is given, where the prior ¢ is independent N (0, 5), i.e.
1
log q(fo, 01) = 1—0(93 +67),

and L is an intractable likelihood of the form

" Ly — h(zi, 00, 601)\ 2
IOgL(y;90,91)22<y (a~ - 1)> :

=1

Here h is some intractable function and x; is a set of covariates for observation y;.

Data consisted of log g computed on a 300 x 300 grid together with a warning
that log g may look very odd”, but that it certainly has some pronounced peaks.
Hence it seemed prudent to act according to remarks (vi) and (vii). We collected
a sample, S, of 10° points of the domain and took M to be the 1000’the largest
value of log g on S and replaced log g with max(log g, M). Next, we observed that
max, ,es(log g(u) — log g(v)) &~ 1.86 - 10°. This means that max,(g(u)/g(v))
with the maximum taken over the whole domain is at least ¢!%°%°, We hoped
that the true value is not significantly larger than that and took f = g!/(4186000)
and then hoped that the ratio of the max and min of f is approximately e'/*.
(Computations are of course made at log-scale.)

The relaxation time for ordinary lazy random walk on B? is 4n?, so we hoped
that for sufficient mixing of random walk governed by f% on B, 4N2eX/4 steps
is enough. We then finished off by nlog n steps on B2 according to g. We tried
running with N = K and the values of K that were tried are 5, 10, 15, 20, 30, 40.
For each K we collected a sample of size 100. This took 12 hrs to run through
with Matlab. The result of this first attempt was disappointing as no zooming in
on any region could be seen.

One possible explanation for this could be that peaks are so thin that the N:s
are simply so small that the peaks vanish on the course grids that they correspond
to, so in the next attempt, we tried to fix N = 100 (and not 300 as we considered
the problem to be too misbehaved if peaks are of no more than two pixels wide).
We ran K = 5,10, 15, 20 and found that in this case, the algorithm indeed starts
to zoom in. In Figure 5, histograms of the samples are given.

In this example, we of course in fact have complete control of g, but on larger
grids in higher dimensions (say on Bj,), this would not be the case and we have
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Figure 5: Samples for the 3S1 phase shifts example.

worked as if we were in that situation. In Figure 6, we have plotted log g (with
the floor at M), from an ordinary view and from a birds perspective. The latter
reveals that peaks are indeed very thin.

(]

Acknowledgment. I am very grateful to nuclear physicists Christian Forssén
and Andreas Ekstrom at Chalmers whose inspiration was the spark that set off this
work and who provided me with data for the 3S1 phase shifts example above.
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Figure 6: The log posterior (with floor) for the 3S1 phase shifts example. The
bird’s view on the right hand side reveals that the peaks are very thin.
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