arXiv:1909.03566v1 [stat.ME] 8 Sep 2019

Sampling Conditionally on a Rare Event via
Generalized Splitting

Zdravko 1. Botev
UNSW Sydney, Australia, botev@Qunsw.edu.au

Pierre L’Ecuyer

Université de Montréal, Canada, and Inria—Rennes, France lecuyer@iro.umontreal.ca

We propose and analyze a generalized splitting method to sample approximately from a distribution condi-
tional on the occurrence of a rare event. This has important applications in a variety of contexts in operations
research, engineering, and computational statistics. The method uses independent trials starting from a sin-
gle particle. We exploit this independence to obtain asymptotic and non-asymptotic bounds on the total
variation error of the sampler. Our main finding is that the approximation error depends crucially on the
relative variability of the number of points produced by the splitting algorithm in one run, and that this rel-
ative variability can be readily estimated via simulation. We illustrate the relevance of the proposed method
on an application in which one needs to sample (approximately) from an intractable posterior density in

Bayesian inference.
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1. Introduction

We consider the problem of generating samples from a conditional distribution when the condi-
tioning is on the occurrence of an event that has a small probability. We have a random variable
X defined over a probability space (R¢, B,P), where B can be taken as the Borel sigma-field, and
X has a probability density function (pdf) f. We assume it is easy to sample exactly from the
density f. The rare event on which we condition can be written in the form B ={S(x) >~} € B
for an appropriately chosen measurable function S :R? — R called the importance function. The

conditional pdf is then

q(m): f(m>]1{€‘s(1(;;)2’y}’ iE:(.%‘l,...,J?d)T, (1)
where I is the indicator function, and
£=t(y) =P(S(X) > ) (2)

is the appropriate (unknown) normalizing constant, which we assume is so small that estimating

it via the naive acceptance-rejection method (simulate X ~ f until S(X) > ) is impractical.
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Sampling from a distribution conditional on a rare event has many applications. For example,
suppose we want to generate X from an arbitrary density proportional to p(zx) for € R¢, for some
known function p, and that it is too hard to generate samples directly from this density. Since p is
known, we may be able to find a density f such that sup, p(x)/f(x) <~ for some constant v < oco.
Then to generate X, it suffices to generate a pair of independent random variables X ~ f and
U ~U(0,1) conditional on the event p(X)/f(X) > ~U, which is frequently a rare event (Kroese
et al. 2011)[Section 14.5]. This fits our framework by taking S((x,u)) =p(z)/(f(x)u).

Another application is Bayesian Lasso regression (Park and Casella 2008), in which inference
requires repeated simulation of a vector 8 of model parameters, conditional on the regularization
constraint ||3]|; <. We give a detailed example of this in Section 5.

A third type of application occurs in the setting where we want to estimate the probability ¢ of
the rare event and to understand under which circumstances the rare event is likely to occur. A
popular method to estimate £ is importance sampling, and the optimal way to do it is to sample
under a density f proportional to the original density conditional on the rare event, and then
adjust the estimator using a likelihood ratio (Tuffin et al. 2014, Botev and Ridder 2014, Botev
et al. 2011). This also fits our framework. In this context, it can be very useful to sample from the
conditional density to get insight on how the rare event occurs. For instance, in a network with
unreliable links, one may want to sample random configurations of all the links conditionally on a
failure of the network, to better understand what (typically) makes the network fail (Botev et al.
2014, 2012).

The sampling methods examined in this paper are based on the generalized splitting (GS) algo-
rithm of Botev and Kroese (2012) for drawing a collection of random vectors whose distribution
converges to a target distribution with pdf of the form (1). To apply GS, we first select an increas-
ing sequence of levels —co =9 <y < --- <7, =~ for the importance function S. This can be
done in pilot runs via a run (Botev and Kroese 2012). The algorithm uses a branching process that
favors states X having a large value of S(X) by resampling them conditional on staying above the
current threshold, thus “splitting” those states into new copies, and then discarding those that do
not reach the next level. At the end, the states that have reached the last level v are retained. This
process is replicated several times independently and all the retained states are collected to form
an empirical version of the target conditional distribution. There are many ways of choosing the
total number of replications (or trials). For example, one can fix them in advance to a constant
n, or one can repeat the procedure until n trials have provided at least one retained state each,
or until the total number of retained states is more than ¢, or until a certain computing budget
(CPU time) has elapsed. In the latter case, one can either complete the current trial, or discard it,

or just take the states retained so far from that trial.
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There is a large variety of splitting-type or interacting particle algorithms to sample the state of
a Markov chain approximately from its steady-state distribution conditional on a rare event; see for
example Glasserman et al. (1999), Cérou et al. (2005), Cérou et al. (2012), L’Ecuyer et al. (2009),
Andrieu et al. (2010), Bréhier et al. (2016), and the references given there. The analysis of these
algorithms consists in most cases in proving their unbiasedness when estimating the expectation of
a random variable that can be nonzero only when the rare event occurs (estimating the probability
of the rare event is a special case of this), and sometimes showing their asymptotic efficiency when
the probability of the rare event decreases toward zero (Dean and Dupuis 2009).

In this paper, we are interested in the different problem of bounding the difference between the
exact conditional distribution and the distribution obtained by picking a state from the sample
returned by the splitting algorithm. We do this for some variants of the GS method of Botev and
Kroese (2012). L’Ecuyer et al. (2018) proved that this method provides an unbiased estimator of
the expected value of a cost function, but also showed that a state picked at random from the set
of retained states at the last level does not follow the true conditional distribution in general.

On the other hand, the distance between the two distributions converges to zero when the
number of replicates increases toward infinity. The aim of the present paper is to study how this
convergence occurs and to establish explicit non-asymptotic (risk) bounds on the total variation
(TV) error between the two distributions, their mean absolute value, and the expectation of the
TV error in the case when it is a random variable. Our bounds are expressed in terms of simple
mathematical expectations that can be estimated easily from the simulation output.

We provide convergence results for two versions of the GS algorithm. In both, we assume that
whenever a trial returns no state from the rare event set (an empty trial), we discard it and try
again. In the first version, we run GS until we have n non-empty trials, for some fixed n > 0. We
prove that the TV distance between the true conditional distribution and the distribution of a
state picked at random from the retained states from this GS version is bounded by ¢; /n where ¢;
is an unknown constant that can be estimated from the simulation output. In the second version,
we run GS until the total number of retained states exceeds t, for some fixed positive integer ¢.
For this version, we show that the convergence rate is of the form c,(t)t=%/2 = O(t~%/2), where the
quantity c,(t) is bounded uniformly in ¢ and can be estimated from the simulation output. The
derivation of these bounds is made possible thanks to the fact that GS produces independent trials,
each one starting from a single particle, and this permits us to use results from renewal theory for
our analysis.

Typically, approximate simulation from the target pdf (1) is accomplished using Markov chain
Monte Carlo (MCMC) (for example, Jones and Hobert (2001), Taimre et al. (2019)). While MCMC

sampling can be simple to implement, it still poses the challenge of analyzing its output and



deciding how close the sampling or empirical distribution is to the desired target distribution
(Jones and Hobert 2001). The reason for this difficulty is that MCMC generates a sequence of
dependent random vectors Y 1,Y o,.... Typical graphical diagnostic tools like autocorrelation plots
are heuristics, which do not easily provide precise qualitative measure of how close the simulated
random variables follow the target distribution. Also we have to choose from an infinite number of
possible one-dimensional plots. In contrast, our bounds on the TV error present a more rigorous
and theoretically justified convergence assessment than the autocorrelation plots typically used in
MCMC.

The rest of the paper is organized as follows. In Section 2, we recall the GS algorithm used in
this paper. In Section 3, we define our versions of GS used for sampling conditional on the rare
event. In Section 4, we state our main new results on the convergence of the distance between the
empirical and true conditional distributions, and bounds on this distance. The proofs are given in
the appendix. In Section 5, we show how our methodology can be applied in a practical setting,
namely to sample approximately from the posterior density of the Bayesian Lasso. In this example,
we show how the non-asymptotic risk bounds can be used to assess convergence and to estimate
the error committed when using GS to sample from the conditional distribution. We also compare

the simulation accuracy of GS with that of the sequential Monte Carlo method (Cérou et al. 2012).

2. Background on Generalized Splitting

We recall the GS method for estimating the rare-event probability ¢ in (2). This method is a simple
generalization of the classical multilevel splitting technique for rare-event simulation (Kahn and
Harris 1951, Glasserman et al. 1999, Garvels et al. 2002, L'Ecuyer et al. 2009). Our background
material here is similar to the one given in L’Ecuyer et al. (2018).

The idea of GS is to define a discrete-time Markov chain with state Y, which evolves via a
branching-type random mechanism that pushes it toward a state corresponding to {Y € B} =
{S(Y') >~} in (1). To estimate the (rare-event) probability (2) via GS, we first need to choose:

1. an integer s > 2, called the splitting factor, and

2. an integer 7 > 0 and real numbers —oco =, <y, <--- <, =~ for which
pr:=P(S(Y) 27 |S(Y)Zv-1)~1/s

for [=1,...,7 (except for p,, which can be larger than 1/s). These 7,’s represent the 7 levels of
the splitting algorithm. In Section 5 we give particular choices of s and 7 that are relevant to our

examples.
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For each level v, we construct a Markov chain whose stationary density is equal to the density
of Y conditional on S(Y') >~; (a truncated density), given by

{S(y) >
)= F0) g Q
Note that ¢y = f and ¢, = ¢q. We denote by x; = k(- | -) the transition kernel of this Markov chain:
ri(dy | ) represents the probability that the next state is in dy when the current state is . There
are many ways of constructing this Markov chain and k;. A practical example using Gibbs sampling

will be given in Section 5.

Algorithm 1 GS Sampler 1

Require: s, 7, v1,...,7~

generate a vector Y from its unconditional density f
if S(Y) <~ then
return X, =0 and M =0
else
X1+ {Y} {this state Y has reached at least the first level}
for [=2to 7 do
X, <0 {list of states that have reached the level ~,}
for allY € X;_; do
set Yo+ Y  {we will simulate s steps from this state}
for j=1to s do
sample Y'; from k;_1(dy | Y ;_1)
if S(Y;) >, then
add Y; to &,  {this state has reached the next level}

return the list y = X of retained states and its cardinality M.

The original GS algorithm is summarized in Algorithm 1, and is also given in L’Ecuyer et al.
(2018). The algorithm returns a list ) of retained states that belong to B = {y: S(y) >}, as well
as the size of this list. This list is a multiset, in the sense that it may contain the same state more
than once. The list ) can be empty and its cardinality M =0. The o-ring symbol in the notation
is a reminder that the size of the set can be zero. In the remainder of this article, we define ) and
M as the versions of y and M , conditional on M >1.

Let A denote a o-algebra of Borel measurable subsets of R?. For some of our results, A will be a
more restricted class than the Borel subsets of R?. Algorithm 1 can be used to estimate P(Y € A)

for any A € A via the unbiased estimator:

P(A)=H(A)/s", (4)
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where H(A) =|YNA] is the number of states Y € ) that belong to A. In practice, one will replicate
this algorithm several times and take the average. The unbiasedness is implied by the following

lemma, proved in L'Ecuyer et al. (2018).

LEMMA 1 (L’Ecuyer et al. (2018)). For any measurable function h:R*+— R and any mea-

surable subset A C B, we have

Eas | Y WYY € A} | =5 'E[R(Y){Y € A}, (5)

Yey

where the expectation on the left-hand-side is with respect to Y from Algorithm 1 and the expectation

on the right-hand-side is with respect to the original density f.

By taking h as the identity function in (5), we obtain that P(A) in (4) is unbiased for P(A):
Ecs[H(A)] =Eas [Cyep {Y € A}] = s 'P(Y € A),

and therefore
Ecs[P(A)] =Eas[H(A)/s™| =P(Y € A).

o

Moreover, since Egs[M]=s""'P(Y € B) and A C B, we have that

o

Eqs[H(A)] _P(Y € 4)
Ess [M] _IP’(YeAyYeB)_P(YeB).

3. Sampling Conditionally on a Rare Event

When estimating an expectation as in (5), an empty list Y poses no problem: the unbiased estimator
just takes the value 0 in that case. But for our purpose of sampling from a conditional distribution,
we insist that there are no empty sets of retained states. To make sure that the set of retained states
is non-empty, we modify the original GS so that each trial returns at least one state. Whenever a

GS run returns an empty list, we simply discard it and try again. This gives Algorithm 2.

Algorithm 2 GS Sampler 2

Require: s, 7, v1,...,7;

repeat
run Algorithm 1
until M >0
return the list Y = X, of retained states and its cardinality M = |Y|.

Does this algorithm still provide an unbiased estimator? An important observation is that if we

replace Y by Y in (5), the equality is no longer true. That is, we get a biased estimator of the
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expectation on the right. However, our main goal here is not to estimate this expectation, but
to sample approximately from the conditional distribution, and we will analyze methods that use
Algorithm 2 for this purpose. As mentioned earlier, there are several ways of doing it. In this paper,
we examine the following two versions: (a) run a fixed number n of iid replicates of Algorithm 2 and
(b) perform replicates until there are more than ¢ retained states in total. These two approaches
are detailed in Algorithms 3 and 4, respectively. In both cases, at the end we collect all the retained
states in a multiset ). For the first version the cardinality of the returned set ) is at least n,
whereas in the second case it is at least t and N (t) is the (random) number of calls to Algorithm 2.

We summarize these two versions as follows.

Algorithm 3 Sampling an empirical distribution from n iid non-empty GS replications
Require: s,7,71,...,7, and n

fori=1,...,ndo
run Algorithm 2 to obtain the list ); of size M,
return the empirical distribution @n of the states in the set Y, =), U---UY,

Algorithm 4 Sampling an empirical distribution with more than t retained states

Require: s,7,71,...,7, and ¢
i< 0and Ty« 0
repeat
14—1+1
run Algorithm 2 to obtain the list ); and its cardinality M;
T, T,_1+ M,
until 7; > ¢
return N (t) < ¢ and the empirical distribution @N(t) of the set of states Y, =V U---UVn)

Note that @n (or @N(t)) is a random distribution; it is the distribution conditional on ).
The unconditional distribution of a state obtained by generating ), and then selecting one state
randomly from )}, is also of interest: this is the (a priori) distribution of a state sampled from
@n (or @N(t)), but before we run the GS algorithm to construct ). We will denote these two

unconditional distributions by
Q. (A):=E[Q,(A)] (for Algorithm 3)

and

Q(A) := E[@N(t)(A)] (for Algorithm 4)



for all A € A, where the expectation is with respect to the realization of ),. We saw earlier that

E[L(DA)]:]P’(YGA\YGB).
E[M]
Now let H(A) =|YNA| be the number of states returned by Algorithm 2 that belong to A. We have
E[H(A)] =E[H(A)|M > 0] =E[H(A)]/P(M > 0). Likewise, E[M] = E[M]/P(M > 0). Therefore,
E[H(A)] E[ﬁ(OA)] _p
E[M] E[M]

(YeA|Y €B).

We also know that Q,(A4) and @N(t) (A) converge with probability one to E[H(A)]/E[M] when n —
oo and when t — oo, respectively, from the strong law of large numbers applied to the numerator

and the denominator. Thus, they converge almost surely to the desired conditional probability

Q(A):=P(Y €A|Y €B).

4. Convergence Analysis
We now analyze the convergence of the empirical distribution of the retained states, @n (or @ N
as well as its expected (i.e., unconditional on )),) version Q, (or @Q,), to the true conditional
distribution Q. The aim is to obtain non-asymptotic or risk bounds on the distance between Q
and the empirical distribution, and its expected (unconditional) version. For a given class A of
measurable sets, we consider the three error criteria:

1. The TV error between the expected (unconditional) distribution Q,, and Q, that is:

sup |Q,(A) —Q(A)] .

AcA

This error measures the size of the “bias” of @n as an estimator of the true Q.

2. The worst-case mean absolute error of the conditional distribution @n, defined as:

sup E |Qn (4) - Q(4)| -

AeA

~

3. The (random) TV error, sup ¢ 4 ’QH(A) —Q(A)|, of the conditional distribution Q,, and its

expected value:

Esup|Qa(4) - Q(4)] -

AcA

By permuting the positions of the expectation, absolute value function, and the supremum
(sup |E[]| — supE| - | = Esup]| - |), we find that the three error criteria dominate each other as

follows:

expected TV error mean absolute error TV error
7\ 7\

E sup [0,(4) - Q)| > supE[Q.(4) - Q)] > sup [E[Q.(4)] - Q(4)]
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In other words, the expected TV error is the most stringent of these three errors. In fact, the
(expected) TV error of the empirical distribution is so stringent that it does not converge, unless the
class of sets A is restricted. To ensure convergence, in Section 4.2 we will take A to be a restricted
class of subsets. In contrast, the TV and mean absolute errors do not require any restrictions on

the class A and for these error criteria we simply take A to be the class of all Borel subsets of R9.

4.1. Convergence of Total Variation and Mean Absolute Errors

Let m :=E[M] and Var(M) denote the expectation and variance of M, which is the output of either
Algorithm 3, or Algorithm 4. In this section, we state theorems giving non-asymptotic bounds on
the TV error and the (worst-case) mean absolute error. The proofs of the following results are in

the appendix.

THEOREM 1 (Sampling via n iid runs of GS). The TV error is bounded as
sup [Q,(4) ~Q(4)[ < e
where ¢, := (Var(M) + Var(M)IE[Mz]) m~2. The worst-case mean absolute error is bounded as

supE|Q,(A) — Q(A)| <& (n)n~ "2
A

where ¢, (n) := (\/IEM2 + \/3EM4/n) m~t is bounded uniformly in n.
The terms ¢; and ¢ (n) in these bounds can be estimated from the simulation output.

THEOREM 2 (Sampling until GS returns ¢ states). In this case, the TV error is bounded

as

Slj;p |@t(A) —Q(A)] <ea(t) (t/m)_3/2,

where cy(t) == +/(4/3)E[M3|E[M?] (m + E[M2]/t) m~3 is bounded uniformly in t. The worst-case

mean absolute error is bounded as
sglpm@w)(m —Q(A)| < &(t)(t/m)2,

where &y(t) := (EM?)Y?m=' + (EM?*)m=3/%t=1/2 is also uniformly bounded in t.

Again, the terms co(t) and é(t) can be estimated easily by simulation: it suffices to estimate

—3/2 could be absorbed into

EM? and EM? by their empirical versions. The constant m in (t/m)
c2(t), but we choose not to do this, because we want to be able to compare Q, and Q,, on a common
scale, where n (the simulation effort of Algorithm 3) and t/m (the average simulation effort of
Algorithm 4 for large ¢) are the same. The key point to notice is that we get a better rate for the

bound for Q, than for Q,.
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In the next result, we obtain an improved convergence rate of O(1/t?), but at the price of
introducing in the bound an O(exp(—wt)) term (for some w > 0) which is hard to estimate. This
term converges exponentially fast in ¢, so it is asymptotically negligible when ¢t — oo, but it is not
necessarily negligible for a given (finite) ¢. So we have an asymptotically better bound that we
cannot easily estimate. In practical settings, we may prefer the O((t/m)~*/?) bound from Theorem 2

that we can more easily estimate to the O((t/m)~2) bound that we cannot completely estimate.

THEOREM 3 (Sampling until GS returns ¢ states; asymptotic version). We have
sup |Q,(4) — Q(A)| < cs(t/m) % + O(exp(—wt)),

where w >0 is a (typically unknown) constant and

_ E[M?IM —1-2r]]
= 2ms3

with r:= (EM? +m)/(2m).

This result does not include a statement about the mean absolute error, because the bounds of
the mean absolute errors in Theorems 1 and 2 already converge at the optimal asymptotic rate,

and thus cannot be improved.

4.2. Convergence of the Empirical Conditional Distribution @n

We now examine the convergence of the TV error between the empirical distribution @n and Q
when n — oco. This distribution is random, and any realization is discrete with finite support, so
obviously it cannot converge to Q in TV with A taken as all the Borel sets, because by taking A as
the finite set ), we get Q,, (A) =1 for any n, but Q(A) =0 (assuming that Q has a density). Thus,
as mentioned previously, we necessarily have to restrict the class A. We start by giving conditions

for TV convergence with probability 1 under the following restrictions on the class A.

ASSUMPTION 1. Suppose that one of the following two conditions holds:
1. A is a class with finite Vapnik-Chervonenkis (VC) dimension, or
2. A is the class of all convex sets in R?, and the transition kernel in Algorithm 1 has a probability

density ki (y | x).

THEOREM 4 (Almost-Sure TV Convergence). Under Assumption 1, we have almost sure

TV convergence:

sup |@n(A) —Q(A)| — 0  with probability 1 when n — co.
ACA
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The notion of VC dimension is discussed for example by Vapnik (2013). Roughly speaking, it
measures the flexibility of a class of subsets to correctly classify data defined over R?, and in our
context it measures the complexity of the class of sets A. Sets with higher VC dimension are more
complex.

Note that the class of convex sets has an infinite VC dimension, which is why the second option
in Assumption 1 requires the extra regularity condition on the transition kernel. This condition
will be satisfied if k; is the transition kernel of a Gibbs sampler, but will not be satisfied for the
kernel of a Metropolis-Hastings sampler (Kroese et al. 2011, Equation 6.3, Page 226). Note that the
condition does not require that we have a closed form (simple) formula for the transition density
ki(y | ). It only requires that it exists.

Our next result (proof in Appendix A.5) provides bounds on the expected TV error of the

empirical distribution, where A is a class of sets with a finite VC dimension.

THEOREM 5 (Bound on Expected TV for Empirical Distribution). Suppose the class A
has finite VC' dimension v. Then, the expected TV error made by using the empirical distribution

@n as an approximation of Q is bounded as follows:

Boup G,(4) @) < Vo0 2O ROUEIERAT] )

where

<00

_ _[n(2) fv+vin@n/o)B[M?] 1
Y1 =1(v,n) = \/ vIn(2n)E[M?1n M] * In(2n)

is bounded uniformly in (v,n,T).

As an example, let [a,b] = {y € R?:a <y < b} represent a rectangle in R? and suppose A is
the class of all rectangles in R?. Then v = 2d (Sauer 1972). If a = —oo, that is, A as the class
of one-sided intervals of the form [—oo,b], then v =d + 1. In this case, the previous theorem can
provide a bound on the expected value of the Kolmogorov-Smirnov statistic:

ks(n) :=E [ sup

xEcRd

QX <o)- QX <a) . ()

We will use this type of error bound in Section 5.2 when we assess the quality of our approximate
sampling from a Bayesian posterior.

Using the metric entropy of the class A, it is also possible to obtain a bound without the
logarithmic growth term In(n)In(M) in Theorem 5, and to get an expected TV bound that depends

solely on the relative second moment of M.
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THEOREM 6 (Second Bound on Expected TV for Empirical Distribution). Let 7 be
the number of levels in Algorithm 1 with splitting factor s and suppose that A has VC dimension

v < oo. Then the empirical distribution @n satisfies:

Var(M) (s+1)4y/vE[M?]

E su AnA - A S + 7,U,1,8),
sup 0,(4) - Q) < Y N i (rvm.s)
where
[T+logs v/n 1/2
1 /In2 1+1 1
o =o(T,0,m,8) 1= & ( 1 +in(v+ )+1+ln(252k)> < 00
— 2nv v

is bounded uniformly in (1,v,n,s).

Unfortunately, as we shall see in Section 5.2, the constant v, in this bound is much larger than
1 in Theorem 5. As a result, n has to be impractically large for the above bound to beat the
simpler bound in Theorem 5. Nevertheless, the result is still of theoretical interest as it shows that
the rate of convergence in expectation of the TV distance can be improved from O(In(n)/y/n) to
the canonical rate of O(1/+/n). In addition, the term E[M?1n M]/m? in Theorem 5 does not appear
in Theorem 6.

REMARK 1 (SIMPLIFICATIONS DUE TO EXISTENCE OF A DENSITY). If the transition density
ki(x|y) is available in closed form and easily evaluated, we can do much better by dropping the
restrictions that the class A has a finite VC dimension. Instead, if x(x|y) = k. (x|y) is a transition
density with stationary pdf ¢, then we can define the empirical density:

— Z (x]Y),
T, Yelu
so that we can use Sheffé’s identity (Devroye and Lugosi 2001, Theorem 5.1) to simplify the uniform

deviation over the class B of Borel measurable sets:

/A()dw@ ’/yqn — q(x)|da

Therefore, the bound on the expected TV distance simplifies as follows:

2 sup
AeB

2E [jlég /A(}n(a:)dm—Q(A)H SE/W nM, Y; H(lY) _Y; He]e
HE/ LS w@lY) - ga)| da
R |V 25

< f/ﬁ( Var(M) + 1/ oa Var(s(|¥ ) de )

Thus, provided the integrated variance [Var(x(z|Y))da can be estimated easily, this bound can
be used as a simpler alternative to Theorem 5. We do not pursue this possibility further in this

article.
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5. Numerical Example: Bayesian Lasso

In this section we consider an application of the splitting sampler in Algorithm 2 to the problem of
posterior simulation in Bayesian inference. We estimate the bounds in Theorems 1 to 6 in order to
assess the convergence of Algorithms 3 and 4. This convergence assessment can be used to either
assess whether any Bayesian credible intervals are reliably estimated from the simulation output,
or to rank the performance of implementations that use different Markov chain kernels k; (the

Markov chain that yields the smallest TV error will be the preferred one).

5.1. Approximate Posterior Simulations via Splitting
One of the simplest and most widely used linear regression models for data y = (y1,...,y.) " is the
Bayesian Lasso (Park and Casella 2008), in which the point-estimator of the regression coefficient

B=(Bi,...,04)" € R?is defined as the minimizer of the constrained least squares problem:
min |y~ XBJ3,  subject to 3] <7

where: (1) X is a matrix with d columns (predictors); (2) the term |||, = 31|+ -+ |B4| is the
least absolute shrinkage and selection operator (Lasso); and (3) v >0 is the Lasso regularization
parameter. In a Bayesian linear regression, one wishes to estimate the posterior distribution of the
parameters (3, 0?), that is, the distribution of (3, 0?) conditional on the data y and the constraint
IB3]]1 < ~y. Since this posterior distribution is intractable, one typically approximates it by sampling

random pairs (3,0) from the posterior pdf:

0(B,0ly,7) o ¢(y—XB;o’D) o I{||BllL <~} x dl/(29)", (7)

where: a) ¢(x;3) denotes the multivariate normal pdf with mean zero and covariance matrix 3
evaluated at x; b) the factor o~2 results from using an uninformative prior for the scale o, and c)
I{|| 8]l <~} x d!/(2v)? is the prior of B, uniform over the feasible set. Note that, unlike the more
common Laplace prior used in the Bayesian Lasso (Park and Casella 2008), here the prior enforces
the constraint on 3 directly.

To sample a new state (3,, o) during the course of splitting, we need to simulate from a transition
density £;((ok,By) | (0k-1,8_1)), which is stationary with respect to the density (3). We simulate

a move from (ox_1,3,_;) to (ox,B,) as follows. Given 3,_,, we sample
(1/07) ~ Gamma((n'+1)/2,[ly —XB_,I2/2),

which is the gamma distribution with mean (n’+1)/|ly — X3, _,|/3 and shape parameter (n'+1)/2.
Given (o, 8,_,), we simulate 3, via a “hit-and-run” Gibbs sampler (Kroese et al. 2011, Page 240).
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In other words, the new state is 8, = 3,,_; + Ad, where d is a point uniformly distributed on the

surface of the d-dimensional unit hyper-sphere, and the scalar X is simulated according to:

A, )
(Ald,o Bir) ~ oAl dyon, By ) = fq;?ﬁk;ﬂd " \k:«Lyv;gf

The conditional pdf ¢(\|d,o,3,_;) is a univariate truncated normal, which can be simulated easily

(Botev and L’Ecuyer 2017).

As a concrete illustration we use the “diabetes dataset” (Park and Casella 2008), consisting of
n' =442 patients. For each patient, we have a record of d =10 predictor variables (age, sex, body
mass index, and 7 blood serum measurements, so that X is a matrix of size 442 x 10), and a response
variable, which measures the severity of nascent diabetes. We fix v = 1200, which corresponds to
the Lasso regularization parameter value used by Park and Casella (2008).

To simulate from the Bayesian posterior (7) we ran Algorithm 2 with splitting factor s =100
and n = 10" using the following 7 =4 levels: (71, 72,73,74) = (1907,1368,1230,1200) to obtain the
multiset ). The first three levels were chosen so that p; = 0.01 for j =1,...,3. The values for
T,Y1,-- -, were selected by running the adaptive pilot algorithm in (Botev et al. 2012)[Algorithm

4]. The marginal empirical distribution of each coefficient j; is illustrated in Figure 1 as a boxplot.

(o)
600 - | H
400 - | -~
200 - ] é

-200 -

Age Sex BMI BP tc [ol hdl tch Itg glu

Figure 1 Empirical marginal distributions of the ten coefficients 3; corresponding to the ten predictors, sampled
approximately from (7). For comparison, the unconstrained (ordinary) least squares solution for each

B; is displayed as a circle.
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5.2. Convergence Assessment via Theoretical Bounds

Using the output of Algorithm 2 from the previous section we calculated point estimates of the
unknown terms, c;,¢é (n),ca(t),é(t), c3,11, 19, appearing in Theorems 1 through 6. Note that all
the unknown terms depend on moments of M. For example, some of the point-estimates of the
moments of M are (EM,EM?)~ (5.9,71). Figure 2 shows the estimates of ¢, /n, cy(t) (t/m) =%/,
and ¢z (t/m) 2, which bound the TV error (see Theorems 1 to 3), on a common scale with ¢t =n x 5.9

(since m =E[M]~5.9).

c/vn
- = ot)(t/m)*"?
........ es(t/m)2

estimated TV error bounds
[
o
(2]
T

10710 s e i -

10-12 i
10t 102 10° 10* 10° 10°
n

Figure 2  Comparison of three bounds on the TV error, ci/v/n, ca(t) x (t/m)~%2, and ¢z x (t/m)~2, where

t=nXxXm.

There is one major take-home message from Figure 2, namely, that Algorithm 4 (sampling to
exceed t states) simulates more closely (in terms of TV error) from the target distribution Q than
Algorithm 3 (n iid non-empty replications). Of course, the downside of using Algorithm 4 is that
the number of trials, N (), is random (with expectation t/m for large t).

In addition, reading off from Figure 2 we can see that if we run Algorithm 4 with ¢ > 5.9 x 103,
then the TV error between Q, and Q is estimated as less than 10~ using the non-asymptotic
bound ¢, (t)(t/m)~3/? and as less than 10~° using the asymptotic bound c3(t/m)~2 (it is asymptotic,
because we ignored the asymptotically negligible O(exp(—wt)) term in Theorem 3).

As for the mean absolute error, the left pane of Figure 3 shows the estimated bounds ¢ (n)n~!/2
and ¢, (t)(t/m)~/? given in Theorems 1 and 2, respectively, using t =n x m.

It is clear that the bound & (t)(t/m)~%/? is always smaller. Note that both bounds are asymp-

totically equivalent to first order — as n becomes larger, the two bounds converge to each other.
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10

----a(n)/ Vi

&(t)(t/m)'?

100 L

107 F

bounds on ks(n)

10§

worst-case mean absolute error

10—3 L L 1 | 10° |
10t 10 10° 10 10° 10° 10 10 10° 108 10%°
n n

Figure 3 Left: estimates of the worst-case mean absolute error; Right: estimates of the expected TV error.

Based on the mean absolute error, in this example we again conclude that Algorithm 4 (sample
more than ¢t =m x n states) is a better performing sampler than Algorithm 3 (n iid non-empty
runs).

Next, we apply the results of Theorems 5 and 6 to bound the expectation of the Kolmogorov-
Smirnov statistic, ks(n), given in (6). Let bs(n) and bg(n) be the upper bounds on (6) derived
in Theorems 5 and 6, respectively (here v =d+ 1 = 11). The right pane of Figure 3 shows the
estimated bounds on the value of ks(n). There are a number of observations to be made.

First, we can see that for the range of the plot, bs(n) = O(In(n)/+/n) yields a better risk bound
than bg(n) = O(1/y/n) (despite the superior convergence rate of bg). This is because, as mentioned
previously, the constant ¢, in Theorem 6 is much larger than v; in Theorem 5. In fact, the cross-
over for which ultimately bs(n) < bs(n) happens for n > 10" (not shown on Figure 3).

Second, from the right pane of Figure 3 we can see that the expectation of the Kolmogorov-
Smirnov statistic is indeed the most stringent error criteria, because we need a very large n to
guarantee an acceptably small error (at least n > 107 to make bs(n) smaller than 1072).

Third, we observe that since the transition kernel, x;, has a density (it is the transition pdf of a
Gibbs Markov chain), Theorem 4 ensures the almost sure convergence of the empirical TV uniformly
over the class A of all convex subsets, that is, sup 4 4 |@n(A) —Q(A)| — 0 with probability one.

Finally, we note that our convergence results do not theoretically quantify the speed of conver-
gence of the Markov chains, induced by the kernels ;. This dynamics is captured by the moments
of M, which we estimate empirically, but not theoretically. To analyze theoretically the growth of
the moments of M will require an analysis of the speed of convergence of all Markov chains used

in Algorithm 1.
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5.3. Comparison with Sequential Monte Carlo for Rare Event Estimation

In the Bayesian context, the rare-event probability ¢(v) =P(||3]|; <) is the normalizing constant
of the posterior (7), also called the model evidence or marginal likelihood, which is of importance
in model selection and inference.

From equation (4) above, we can see that an estimator of ¢ using n = 10* independent runs of
Algorithm 1is £:= (M, +---+ M,)/(ns™') with relative error \/Var(]\Z)/(f\/ﬁ). We obtained the
estimate of /= 2.4 x 108 with estimated relative error of 3.6%.

For completeness, and as a benchmark to our results, we compared the performance of Algo-
rithm 1 with the popular sequential Monte Carlo (SMC) method for rare-event estimation of
Cérou et al. (2012), as described on top of page 798, column 1. For the SMC we used the same
intermediate thresholds (y1,72,7s,74) = (1907,1368,1230,1200) (in the notation on page 798, we
have Ay, := {||B|l: <}) and a total simulation effort of 6 x 10° particles to estimate ¢. This is
roughly twice the average simulation effort for n runs of Algorithm 1, which is approximately
nX Y ., i ~ 3.4 x 10°. Despite this, the relative error of the SMC estimator of ¢ was estimated
as 12%, or about three times larger than the relative error of £.

The observation that the GS algorithm can, under certain conditions, perform better than
sequential Monte Carlo methods is known and is already explained in Botev and Kroese (2012).
Briefly, the GS sampler is expected to outperform standard SMC methods when the Markov chain
induced by k; converges slowly to its stationary pdf (3). Conversely, when the Markov chain at
each level [ mixes fast (the particles follow the law of (3) almost exactly), then SMC methods are
to be preferred. As previously explained (Botev and Kroese 2012), unlike standard SMC methods,
the GS sampler does not have a bootstrap resampling step, which is advantageous when the tran-
sition kernel &, fails to create enough “diversity” in the samples (bootstrap resampling reduces the
diversity). This advantage, however, disappears if the Markov chains at each level are mixing fast,
and as a result using a fixed number of particles at each level (Cérou et al. 2012, Page 798) leads

to superior accuracy compared to using a random number of particles (as in the GS Algorithm 1).

6. Summary and Conclusions
We presented two different implementations of the generalized splitting method that can be used to
simulate approximately from a conditional density in high dimensions. In the first implementation,
we construct an empirical distribution @n from n iid non-empty replications of the GS sampler
(Algorithm 1). In the second implementation, we construct an empirical distribution @N(t) by
running Algorithm 2 until we have more than ¢ states in total. In both implementations, @n and
@ N(t), and their respective expectations Q,, and Q,, aim to approximate the true distribution Q.
To assess the quality of the approximations we derived non-asymptotic bounds on three different

error criteria: (1) the total variation errors of Q, and Q,, widely used in MCMC convergence
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analysis; (2) the mean absolute errors of @n and @N(t); and (3) the expected total variation error
of @n

The main take-away messages are as follows. First, the GS sampler in Algorithm 4, which samples
until we have more than ¢ states in total, converges faster than the GS sampler in Algorithm 3,
which samples n iid non-empty replications.

Second, the proposed splitting samplers provide a simple qualitative method for assessing
whether they are sampling accurately from the target distribution. Any unknown constants and
terms in the theoretical error estimates depend only on moments of the number M of particles,
which can be readily estimated from the simulation output. This allows us to make qualitative
statements such as “choose n > 10® to (approximately) obtain a total variation error of less than
103", or to rank the performance of different implementations of the algorithms.

Finally, we have confirmed that, under certain conditions, generalized splitting can be more effi-
cient than sequential Monte Carlo in estimating rare-event probabilities. This observation extends
not just to estimation, but approximate sampling as well, because if an algorithm is not the most
efficient in estimating a rare-event probability, then it will also not be the most efficient algorithm

to simulate conditional on the rare event.

Appendix A: Proof of the Theorems

We first recall the working notation. Let A be a class of measurable sets. For any A C A and ¢ > 1, let M; and
H;(A) be the cardinalities of ); and of }; N A. These are the realizations of M and H(A) for replication i of
Algorithm 2. Let M,, and H,,(A) be the respective averages of these n realizations, and let m := Egg[M], so
that the target distribution is Q(A) =Egs[H (A)]/m. For simplicity of notation, unless there is ambiguity, we
henceforth drop the GS subscripts from Egg. When we draw an Y from @n, it belongs to A with probability
H,(A)/M, (since ), is not empty, M,, > 0). Note that H(A) < M for all A€ A, and that M, and H, take
their values in {1,...s771}.

In particular, in Algorithm 3 we obtain the independent sets, Y1, Va, -+, V,, of states Y. We can (re)label

all the states Y such that:
V1 Vn

—
Y. Yo, o Yo 1. Yo

In this way, {Y,,t =1,2,...} is a discrete-time regenerative process with regeneration times 0=Ty < ... <T,,
and tour lengths M, =T, —T;_y, j=1,2,...,n with stationary measure Q(A). With this notation we have
that N(¢t) = min{n : T,, > ¢} in Algorithm 4. Moreover, if we define the number of renewals in (0,t¢] as
N(t):=N(t) — 1 =max{n: T, <t} with N(0) =0, then {N(t), ¢ >0} is a renewal process (Asmussen 2008,
Chapter 5).
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Since N(t) = N(t) + 1 is a stopping time with respect to the filtration generated by the sequence of iid
random variables {M;, i > 1}, by the Wald identity we have E[Tw )] = E[N(¢)]E[M;]. We define Q. (A) =
H,(A)/M, and Qu)(A) = e SINY H,(A). With Z,(A) := H,(A) — M;Q(A), Wald’s identity also gives
N(t)

}:&M)

REMARK 2 (ELAPSED-TIME PROCESS). Note that the autocorrelation plot of the age (or current lifetime)

E —E[N(t)|E[Z:(A)] = 0. (8)

process, E(t) :=t— Ty, may be used as a graphical tool to diagnose the convergence of {Y,,t=1,2,...}
to its stationary distribution Q(A), because (Asmussen 2008, Page 170, Proposition 1.3):
sup [P(Y, € 4) — Q(4)] < 2sup [P(E(t) € A) — P(E(<) € A)|.
A A

In other words, ensuring the convergence of the Markov process {E(t),t > 0} to its stationary measure is
sufficient to ensure the convergence of {Y,,t=1,2,...} to its stationary measure.
A.1. Proof of Theorem 1
First, we prove the bound on the TV error. Using the identity, (Meketon and Heidelberger 1982, Page 180)

f_a_f(y_ﬁ)2 x ay (x_a)(y_ﬁ) (9)

y By B B B ;@

with =0, we have that

g [l)]_ 1) _g [2:60)
M, m | M
_E -Z",(A) (M, —m)z} B Cov(Z,(A), M,)
| M, m2 m?2
(IZ(A)| < M was used) <E _(M"n;)mq - COV(Z’;E;“)’M")
_ Var(M) — Cov(Zy(4), My)

Hence, using the fact that |Cov(Z;(A), M;)|* < Var(M;)Var(Z,(A)) < Var(M,)EM?, we obtain
Var(M) +sup , |Cov(Z,(A), M
sup @, (4) -~ @A) < (M) P?leQ (Z1(4), M)

< Var(M) + /Var(M)EM?

nm?
We can thus clearly see that the convergence of Q,(A) depends on the relative error of M.

Next, we prove the bound for the mean absolute value. First, note that the term E(Z,(A)V,)?, where
Vi := M;, — m, can be bounded using the independence of the pairs (Z;(A),V;) and EZ;(A) =EV, =0, as
follows:

_ _ - E[Z,Z. V.V, 2_9 EM*
EZZ(A)V? = Lijea EIZZViVI L3 max E|Z, Z,V,Vi| < 3 —.
n

" nt - nt ikl

Therefore, using the triangle inequality, we have:

mE|Q.(4) — Q(A)| = E| Z,(4) — Z8uzr)

n

(W, >1)  <E|Z,(A)|+E|Z,(A)(, —m)|

< VEZ2(A) +\[E(Z,(A)(L, - m))?
VEM? N V3EM*

Vn n

(1Z(A)<M) <
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A.2. Proof of Theorem 2
Recall that N (t) = N(t)+1 is a stopping time. Let R(t) := T (141 —t, so that r(t) ;== ER(t) = mE[N (¢)] —t.
Using Wald’s identity (8), we can write:

— N(t)
Q,(4) —Q(A) = | 2=y (Hx(A)—M3Q(4))

TN (t)

TN zp(A) 2N z,(4)
TN (1) - 1+R(t)/t

—E (1) Z(4),

where Z,(A) =1 ZN(t) Z(A). Then, using the fact that

<1, we obtain the uniform bound

m
[Qu(4) ~ Q)| = [E[ 207 Z.()] |
<1E|R(t)Z,(A)|

SRR
_ VER) JE @]
- VERO] e

t3/2

< VEIR ()] \/En]\;ﬂ(1+r(t)/t),

- $3/2

where in the third last line we used Wald’s second-moment identity (see (10) below). To finish the proof we
apply Lorden’s moment inequalities (E[R(t)] < E[M?]/m and E[R?(t)] < 4E[M?3]/(3m), see Lorden (1970))

to obtain

\/AE[MP|E[M2](m + E[M?]/t)/m®
(t/m)re

sup [Q,(4) ~Q(4)] <
To prove the bound for the mean absolute value, we proceed as follows. Again using m <1, we have:

e 2 (4)
1+R(t)/t

¢ B (1200 2,(4)) = VEOEZD)

EZ2(A) E[MZ2]E[Z%(A )] VvVEM? EM2
<\/ m t2m? - \/t% tm

E[Q.(4) —Q(4)| =

where in the second last line we used Cauchy’s inequality and Wald’s second-moment identity, and in the

last line we used Lorden’s inequality and the sub-additivity of the square root.

A.3. Proof of Theorem 3

Denote r(t) :=ER(t) and r := (EM? +m)/(2m) and note that under the condition EM?*5 < co for some
p >0, we have (Glynn 2006)

r(t) =r+o(1/tP*?).
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Using 0 < = —1+2< x2 for x >0, we have the error bound:

[T(4) - @A) = [E (7 — 1) Zu(4)|
EROL 1 [E (o — 1+ 22 Z,(4)

\JER(t)Zf(A)\ + IERz(t)|zt(A)|
t2

IN

(triangle ineq.)

IA

UER(t)ZN“’ Ze(A) | E[RA(DIE(Z7 (A)]
tz

IN

Since EM?® < oo, by Lorden’s inequality, we have ER*(t) < co and the second term is O(t~%/2), because by

Wald’s second-moment identity:

E[Z7(A)] < (L+7(t)/DE[M?]/t=0(1/t). (10)

For the first term, we verify that e,(t) := ER(t) XN Z,(A) < oo satisfies the renewal equation e, (t) =
(wsva)() with va(t) := E[R(£)Z1 (A)] = E[(R(t) — ) Z1(A)], see (Awad and Glynn 2007, Page 25). The latter
is bounded uniformly in A:
[a()] = [E[(R(t) — ) Z1(A); My > 1] + E[(R(t) — ) Z1(A); My < ]|
= [E[(My — 1) Z1(A); My > t] + E[(r(t — M1) — 1) Z1(A); My < t]|
<E[| My — | My; My > t] + E[|r(t — My) — r|My; My <t].

For the first term, we obtain:
E[|M; —r|My; My > t] = O(E[MPT>; M > t]/t**3) = o(1/tPT3) .

For the second term,
E[lr(t—M) —r|M; M <t]<E[jr(t—M) —r|M;M <t/2] +E[|r(t— M) —r|M; M >t/2]

< sup |r(s) —r|E[M]+ sup |r(s) —r|E[M;M >t/2]

s>/2 s<t/2

=o(1/tPT3) +o(1/tP+4) .
Hence, we have the convergence uniformly in A:

E(M, —1-2r)M,Z,(A
ealt) = (M 27;") 121(A)

< E|M; — 1 —2r|M?
- 2m

+o(1/t7+2)

+o(1/t7+2).

Putting it all together, we obtain

E[M —1— 2r|M?
2mit?

sup [Q.(A) —Q(A)| < + Ot +o(1/t7H4) .

where r = (EM?+m)/(2m). The exponential convergence comes from the fact that EM? < oo for all p > 0,
because M < s™~! is always bounded. This completes the proof.
Notational Setup for Proofs of Theorems 4 and 5

We now introduce some working notation that will apply to both the proofs of Theorem 4 and 5. Define

Fu)={(bs,...,bp,) €{0,1}" : there exists an A€ A:b,={x, € A}, x;, € Y} (11)



22

to be a class of binary functions on {0,1}"" such that each element of F corresponds to an intersection
of Y, with a set A in A. Without any conditions on the class of sets A, the cardinality of F()) grows
exponentially in T},, and we have |F())| < 2™ for any n. Let

SA({?JZ-}?=1)1: max #‘Aﬂ{yh '7yn}7AE'A|

,,,,,

denote the Vapnik-Chervonenkis shatter coejﬁczent (Vapnik 2013). Loosely speaking, the shatter coefficient
S4(Yy) is the maximum number of distinct ways in which the point-set ), can intersect with elements of
A.

Sauer’s Lemma (Sauer 1972) tells us that if A is a class of sets with Vapnik-Chervonenkis dimension

v < 00, then the shatter coefficient eventually grows polynomially in n, instead of exponentially:

Sal{y;}iz)) < (ne/v)”, n>wv. (12)

Let p1,...,p, be iid random variables with marginal distribution P(p = £1) = 1/2. Let )/, be a sample
independent from ), that can, in principle, be obtained from another n independent calls to Algorithm 1.
The )/, sample is a “ghost” sample (Giné and Zinn 1984) that does not need to be constructed, but is only
used in symmetrization inequalities. We denote quantities computed using Y/, by H/, Y, M/, T/, etc. For

example, H' is an independent “ghost” copy of H. We will make use of two symmetrization inequalities by

Giné and Zinn (1984). The first will be used in Theorem 5:

ACA ACA T

E sup |H,(A) —EH(A)| <E sup Zp, o .’(A))‘. (13)

The second will be used in Theorem 4:

P(sup |H(A) —EH(A)| >¢) <2P(sup |H(A) — H'(A)| > €/2) for e > \/8 sup Var(H (A)). (14)
ACA ACA ACA
A.4. Proof of Theorem 4

If we can show that (with g, =o(n) < lim, 100 g./n =0),

B(sup [0, (4) ~ QA)| > €) < 1 exp(—cane® +o(n)) (15)

ACA
for some constants ci,cp > 0, then the fact that >~ P(sup,c4 |Qn(A) — Q(A)| > €) < 0o for any € >0
implies the almost sure convergence result of the theorem. To show (15) we will use the symmetrization

inequality (14) and the simple union bound:
P X +£Y|>e¢) <P(|X]|>ae) +P(|Y] > (1 — a)e) ae(0,1). (16)
Using these two inequalities, we have

B(sup [0 (4) ~ QA > €) 'S B(M, —m| > ) + P(sup a4 | B (4) — EH(A)] > =€)

ACA

(Hoeffding’s with M < s7) < 2exp ( nm’e ) +P(supyc 4 | Hn(A) —EH(A)] > =€) .

22T
Thus, in order to show (15), we only need an exponentially decaying bound on the second term with ¢; =
me/2:

_ (14) _ _ | EM? SEM?
P(sup |H,(A) —EH(A)| >¢e1) < 2P(sup |H,(A)— H] (A)| >e€1/2) fore; >4/8 S en>——.
ACA

ACA €1
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Recall that p1,...,p, is an iid random sample with P(p = £1) = 1/2, and that each H is an independent
“ohost” copy of H;. By symmetry, each H;(A) — H/(A) has the same distribution as p;(H;(A) — H/(A)).
Using this observation, we obtain (with ey :=¢€;/2 and for n > 2EM?/€3):

sz 1 (A)> >62>
(16)
(izlan > ot ) (izlan
=P ; .
(223n 2o )

The proof will be complete if we show that (€3 =€2/2)
P (supyc |20, piHi(A)| > €3) < c1 exp(—caned + o(n))

ACA ACATV

P(sup |H,(A) — H,(A)| > e;) = (Sup

St

3]

for some constants ¢y, cy > 0. Let
NA(J)U) = #|AQ{Y1,,YTN},AEA|

be the number of different subsets of the points in ), that can be picked out by the class A (so that, by
definition, the shatter coeflicient is S4(7,,) = maxy, N4(Q)). Similarly, let

NA(yu) = #|Amjuﬂ4 € -/4‘7

where Y, = {Y1,...,Y -1} is the collection of all ns™"! potential states from n independent runs of
splitting (L’Ecuyer et al. 2018)[Section 3.1] (in practice only a small fractions of these trajectories survive
till the final level of splitting). Clearly, N4(Vy) > Na(J0).

A well-known result (see (Rao 1962) and (Devroye et al. 2013, Theorem 13.13)) asserts that when the Y’s

have a density and A is the class of all convex sets, then:

EN(Y,) =2 . (17)

y)]

>€3

n

Thus, by conditioning on ), we can write:
Z piH;(A)

[ 1
(sup sz >€3> =E ]P’(sup
AcCaA | i ACA 1
Zﬂl

n
(union bound) <E [N4(Y,)supP (
. . 2ne§
(Hoeffding’s with |p;H;(A)| <s7) <E|[N4(Jy)sup2exp | —
ACA

>€3

)]

AcaA
(257)?

2
(sing 0| < Tl =ns") - <20 (55 ) EINLOL)]

nes
D9 ex < 282‘0’T+0(n)>.

This completes the proof.
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A.5. Proof of Theorem 5

Our proof follows as closely as possible the proof of the classical VC inequalities, as described in (Devroye

and Lugosi 2001, Theorems 3.1 & 3.2).

Applying the triangle inequality and then the symmetrization inequality (13), yields:
N H,(A) H,(A H,(A
Boup (@,(4) - Q)| < B sup | Do) - Tl g [ Bl )
ACA ACA n Aca| M

1 - 1
< —E|M, —m|+ —Esup
m mn aAca

Zpi(Hi(A) — Hi(4))

— VR 4 LBy v,

where we define the conditional expectation

YY) YD)

=E | sup
ACA

Z pi(Hi(A) — H{(A))

and the last expectation is with respect to p. Let A C A be the collection of sets such that all intersections

yU7yC)‘| bl

with the pointset {Y'y,..., Y5, ,Y",..., Y] } are represented once, and any two sets in A are different.

Observe that
Zpl i((A)—H] (A))‘

YY) Y, = [bup Yo, %]

ACA

and that [A| < Sa(T, +T2).
Let | X||¢ < oo denote the sub-Gaussian coefficient of the random variable X . In other words, the moment
generating function of X satisfies
Eexp(tX) < exp(t| X|[3/2), V.
We shall next use the maximal inequality
Emax [ X, | < v2In(2[]) max | X, || (18)
for a finite index set ", which holds even if the X,’s are dependent. We will also make use of the property
that
I3 wiXellE = 32, will X2, (19)
whenever X1, Xs,... are independent. Conditioning on all {Y,},{Y}}, and taking expectation over p, we

obtain:

YY) YD) =E, sup

AC

Zpk Hy A)_H;(A))‘

k=1
(18
(maximal ineq.) < \/2 In(274(T,, + 1)) (H,(A)— H,(A))
e
(12)+019)
(Sauer’s Lemma) V2In2[(T, +T")e/v]") sup Z llpx (Hi(A) — H(A))||%

n

< V2T, + Tpe/ol") sup | S (Hi(A) vV Hi(A))?

ACA N\ 5

n

<\ [2ImQUT, +T))e/v]?) > (M v M])>.

k=1
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Therefore, using the bound (R; := (M;V M), r2:=+ 3 R?):
Er2In(T, + 7)) <In(2n)Er2 +E (% > Rf) ln(% >R

)
(Cauchy-Schwartz) In(2n)Er2 +E (13, R?) $In(L 3", R?)
(Jensen’s on zln(x)) <In(2n)Er2 +E5- 3", R?In(R?)

)

(

(

(
=1n(2n)ER? + ER? In(R)

<2In(2n)EM? + 2EM? In(M),

we obtain:
~ Var(M) ]E\/2(1n(2)+vln(Tn+T7/L)+v7uln(v))r%
E sup |Q.(A < \/
sup [@,(4) ~Q(4) < et
< \/Var(l\l) 2\/(ln(2)+v+v1n(2n/v))]E1W2+v]E]\/12 In M
Var(M) 24/v In(2n) E[M?2 1n M]
S \/m\/ﬁ + \/ my/n wl(van)a
where

~[(In(2) +v+vin(2n/v))EM? 1
vrlv,m) = \/ vin(2n)EM?1n M + In(2n)

This completes the proof of the theorem.

A.6. Proof of Theorem 6

We need to introduce more working notation. First, recall a number of standard definitions. Define the
weighted L, (P) metric on the probability space (R?, 2, P) via the norm || X[, := (fpa \X(w)|”dIP>(w))1/p7 p>
1. Let F be a class of functions. An e-cover of F under the L,(P) metric is a finite set C = {f1,..., fi¢} with
cardinality |C| such that for every f € F there exists an f, € C that satisfies ||f — fi]l, < e. Let C* be the
e-cover with the smallest cardinality. The cardinality of the smallest e-cover of F under the metric L,(IP)
is called the covering number and is denoted by A (e, F, L,(P)). We will write A4 (e, F, L,(P)) = A (¢, F) if
the metric is clear from the context.

Recall that Y, with T, = nM, = |),| is the agglomeration of all the final states from n independent runs
of Algorithm 1. Since the splitting factor is s, we have M < s7. Denote o7 := 3" | M?. We know that
o, <s7. For each index k=0,1..., K :=[log,(s7y/n)], we define a cover as follows.

Conditional on Y, we let C; be the smallest (o,,s%)-cover of the set of functions
F (Vo) ={(H1(A),...,H.(A)); A€ A},

under the weighted metric with norm ||h|y:=4/+ ZJ 2

Observe that the zero vector is within o, s7° radius of all elements of F()),), and that Co = {0} is an
minimal (o,,s7%)-cover, that is, A4 (0,57 F(Y,)) = 1. Further, the minimal e-cover for € € [0, %) contains
all the elements of F(J,), that is, A (o,s %, F(I,)) = |FQ)|=|Cx|.

Conditional on Y, we let h = (hq,...,h,) be the vector with components h;(A) = Zkeyj I{Y, € A} (each

h; is a conditional version of H;). For a given p = (p1,...,p,)", let h™ correspond to the vector maximizing

Zpkhk

sup
ACA

H=lp k.
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Then, for k=0,..., K, let hy, be the vector in the minimal cover C;, which is closest to h*, that is ||k, —h™|2 =

infrec: [|h — h*||s <o,s7F. It follows that h* = hj = Zszl(h;C — h;,_1). By the triangle inequality we have
[P — R alla < [[hi = R*[|o + [[hy 1 =7 [l2 < (s +1)o,s™" .

Hence,

K K

o R =D o (h—hi 1) | <D |p" (hi — by )
k=1 k=1
K (20)
§Z max lp"(h—h)|

hecy,h'ecy

k ’ k
lh=h'll2<(s+1)ons™

Il
—

Taking expectation with respect to p and using the maximal inequality (18), we thus obtain
E max lp"(h—h)| <\/2In(2(C;_4 [ICE]) (s + 1)ons ™" .
hecy,h'ecy_
Ilh—h/ll2<(s+1)ons™"

P

Therefore, taking expectation over ):

Elp h"|<(s+1)) s 'E [an\/Zln(2|C,j|2)} <(s+1)) s7/2E [In(2(C;[?)0?].

k=1 =1
Finally, from the triangle inequality and symmetrization inequality (13), we have
H,(A) H,(A H,(A
(4) () D _qa)

m

E sup |Q,(4) — Q(A)| <E sup

ACA ACA

+ E sup

ACA

n

1 - 2 =
< —E|M, —m|+ —Esup ZpiHi(A)
m mn aAcsn Py
Var(M) | (s+ 1)2v2 ZK:
- myn mn =

It thus remains to bound the metric entropy In.4 (o,€, F(J)). For a fixed Y, let Ci,...,C. be minimal

sfk\/IE [02In(2.42(0,s7 %, F(Iu)))] -

e-covers corresponding to each of the n binary function classes (j=1,...,n):
.7:(37]) = {(b17. . .7b]\/1j) . A € A,bl :]I{Y,L S 14},}/vZ Eyj} .

This implies that for any b; € F());), there exists an s; € C; such that:

M ;
1 - k k
by = s,lla =y | 37 D205 = 5{7)2 <.
J k=1

(M;)
J

Then, the set {s§1) 4+ +s
any h € F(J,), we have

18, €C5,5=1,... ,n} is an o,e-cover of F(J)). To see this, note that for

hje{b§1)+.--+b§Mﬂ;bjef(yj)}, j=1,....n
and by the Cauchy-Schwartz inequality:
2 2
M k Mp n M;  (k
Hh_( k:llsg)V'" k:ls'slk))HQZ% j=1 (hj_ k:]18§ ))

2
— 1y M?(i ggl(b@_s;“))

M; 3

2
n 2 (1 ZM' (k) (k)
J=1 Mj (Z\/Ij k=1 bj =S ‘)

2
n M k k
<y M2 (G b - s ) < o2e
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Using the inequality of Haussler (1995)
InN (e, F(Y;)) <In(e[v+1]) + vIn(2e/e?), e€[0,1] (21)

for the cover number of a class of sets A with VC dimension v < oo, we thus have the bound on the metric
entropy of F(J,):
n (21)
InN (o6, F(Y,)) < Zln/\/’(g}'(yj)) < n(ln(e[v+1]) +vin(2e/e?)), e€[0,1].
j=1

y/Var(M)

myn

Hence, combining all the results so far we obtain the upper bound for Esup ,c 4 \@n(A) -QM4)| -

<

(s+1)2v2 ZK: VE[2Im(2N2 (0,575, F(Y.))]

sk

(s+1) 4\/1)]E72 Z \/1‘217(3 + In(el v+1]) +In(2es2*)

(s + 1)4\/11]E
ST g

Ua(T,0,m) .

Hence, the result of the theorem follows.
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