n b
Electr® 8biljty

Electron. J. Probab. 24 (2019), no. 61, 1-27.
ISSN: 1083-6489 https://doi.org/10.1214/19-EJP315

Convergence of the population dynamics algorithm
in the Wasserstein metric
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Abstract

We study the convergence of the population dynamics algorithm, which produces
sample pools of random variables having a distribution that closely approximates
that of the special endogenous solution to a variety of branching stochastic fixed-
point equations, including the smoothing transform, the high-order Lindley equation,
the discounted tree-sum and the free-entropy equation. Specifically, we show its
convergence in the Wasserstein metric of order p (p > 1) and prove the consistency of
estimators based on the sample pool produced by the algorithm.
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1 Introduction

We study an iterative bootstrap algorithm, known as the “population dynamics”
algorithm, that can be used to efficiently generate samples of random variables whose
distribution closely approximates that of the so-called special endogenous solution to a
stochastic fixed-point equation (SFPE) of the form:

RE2®(Q,N,{Ci}, {R;)), (1.1)

where (Q, N, {C;}) is a random vector of real-valued elements with N € N = {0,1,2,...},
and {R;}ien is a sequence of i.i.d. copies of R, independent of (Q,N,{C;}). These
equations appear in a variety of problems, ranging from computer science to statistical
physics, e.g.: in the analysis of divide and conquer algorithms such as Quicksort [31,
17, 32] and FIND [14], the analysis of Google’s PageRank algorithm [34, 21, 10, 26], the
study of queueing networks with synchronization requirements [25, 30], and the analysis
of the Ising model [13], to name a few. In general, SPFEs of the form in (1.1) can have
multiple solutions, but in most cases we are interested in computing those that can be
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explicitly constructed on a weighted branching process, known as endogenous solutions.
In some cases, even the endogenous solution is not unique [6], but characterizing all
endogenous solutions can be done using the special endogenous solution, which is the
only attracting! solution, and can be constructed by iterating (1.1) starting from some
well-behaved initial distribution.

This work focuses on the analysis of a simulation algorithm that can be used to
generate samples from a distribution that closely approximates that of the special
endogenous solution to a variety of SFPEs. The need for such an approximate algorithm
lies on the numerical complexity of simulating even a few generations of a weighted
branching process using naive Monte Carlo methods. The population dynamics algorithm,
described in §14.6.4 in [29] and §8.1 in [2], circumvents this problem by resampling
with replacement from previously computed iterations of (1.1), i.e., by using an iterative
bootstrap technique. However, as is the case with the standard bootstrap algorithm,
the samples obtained are neither independent nor exactly distributed according to the
target distribution, which raises the need to study the convergence properties of the
algorithm.

Before presenting the algorithm and stating our main results, it may be helpful to
describe in more detail some of the examples mentioned above. Throughout the paper,
we use zVy = max{z,y} and Ay = min{z, y} to denote the maximum and the minimum,
respectively, of x and y.

* The linear SFPE or “smoothing transform”:

N
REZQ+> CiRi, (1.2)
i=1
appears in the analysis of the number of comparisons required by the sorting
algorithm Quicksort [31, 17, 32], and can also be used to describe the distribution
of the ranks computed by Google’s PageRank algorithm on directed complex
networks [34, 21, 10, 26].
* The maximum SFPE or “high-order Lindley equation”:

N N
R2ZqQv \/ CiR;, equivalently XZTv \/(& + X;), (1.3)
i=1 i=1
arises as the limiting waiting time distribution on queueing networks with parallel
servers and synchronization requirements [25, 30] and in the analysis of the
branching random walk [2].
¢ The discounted tree-sum SFPE:

N
RZQ+\/ CiR (1.4

i=1

appears in the worst-case analysis of the FIND algorithm [14] and the analysis of
the “discounted branching random walk” [7].

¢ The “free-entropy” SFPE:

N
RE Q+ Z arctanh(tanh(f3) tanh(R;)) (1.5)

i=1

IThe attracting solution is the unique solution under iterations of the map pn+1 = T(pr) for all po with
sufficiently many finite moments, where T'(p) is the distribution of ®(Q, N, {C;}, {X;}) where the {X;} are
i.i.d. with distribution p.
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characterizes the asymptotic free-entropy density in the ferromagnetic Ising model
on locally tree-like graphs [13]. In this case, C; = tanh(8) foralli > 1, 8 > 0
represents the “inverse temperature”, and @ the magnetic field.

e Although the analysis presented here does not directly apply to this case, we
mention that the population dynamics algorithm can also be used to simulate the
fixed points of the belief propagation equations on random graphical models [29]:

R2@<Q,N, {C’i},{Ri}) and RZ2w (Q,N7 {éi}v{Ri}) ;

where the {R;} are i.i.d. copies of R independent of the vector (Q, N, {C;}) and
the {R;} are i.i.d. copies of R independent of the vector (Q, N, {C;}), with ® and ¥
potentially different.

We refer the reader to [2] for even more examples, including some involving minimums.
Almost sure convergence results for our algorithm in the non-branching (N = 1) linear
case (1.2) have been previously given in [1]. However, our emphasis here lies on the
branching (P(N > 1) > 0) case where the need for efficient computational methods is
even more critical.

The existence and uniqueness of solutions to any of these SFPEs is in itself a non-
trivial problem. We refer the reader again to [2] for a broad survey of known results
and open problems on this topic. The most studied equations are the linear (1.2) and
maximum (1.3) SFPEs, which have been extensively analyzed in [27, 19, 3, 5, 6, 4, 20]
and [8, 24, 28], respectively. However, to provide some context to where the population
dynamics algorithm fits in, we briefly mention that the existence of solutions is often
established by showing that the transformation 7" that maps the distribution ¢ on R to
the distribution of

¢ (Q,N,{Ci},{X:}),

where the {X;} are i.i.d. random variables distributed according to x, independent of the
vector (@, N, {C;}), is strictly contracting under some suitable complete metric. Note
that in this case, we have that the sequence of probability measures p,+1 = T(tn)
converges as n — oo to a fixed point of (1.1). Moreover, as long as the initial distribution
o has sufficiently light tails, one can show that {y,, } converges to the special endogenous
solution to (1.1), and the contracting nature of 7' provides an upper bound of the form

d(,u/naﬂ) S d(T(Mn71)7T(M)) S Cd(un—hM) S Cnd(p'07/’6)7 n= 1) 27 ey

for some constant 0 < ¢ < 1, where d is the distance under which 7' is a contraction.

As will be discussed in more detail later (see Example 2.7), all the examples provided
earlier define contractions under d,, the Wasserstein metric of order p, for some p > 1.
For completeness, we also include a result (Theorem 2.5) that gives easy to verify
conditions guaranteeing that

B
E UR(’“) fR‘ } <ok

for some 0 < ¢ < 1, where R®) and R have distributions p, and p, respectively.

It follows that from a computational point of view, it suffices to have an algorithm for
computing p for a fixed number of iterations £ € IN. The population dynamics algorithm
produces a sample of observations approximately distributed according to puj, which can
also be helpful in searching for the existence of endogenous solutions, as stated in [2].
We now describe how to obtain an exact sample of uj, which will also make clear the
need for a computationally efficient method. It is worth mentioning that there exist a
few perfect simulation algorithms for generating observations from u directly, although
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My =1
I =C1 Iy = Co I3 =Cj3
®
H1,2) = Ca,2)Ca 3,1y = C3,1)C3 I(3,3) = C3,3)Cs
[ ] [ ] [ ] [ ]
1,1y =CanCr 2,1y = C2,1)C2 l(3,2) = C(3,2)C3

Figure 1: Weighted branching process

they are restricted to special cases of the linear SFPE (1.2), see for e.g., [15, 16]. The
population dynamics algorithm, although only approximate, is more general in terms of
the types of SFPE it covers and the requirements on the vector (@, N, {C;}).

1.1 Constructing endogenous solutions

As mentioned earlier, the attracting endogenous solution to (1.1), provided it exists,
can be constructed on a structure known as a weighted branching process [31]. We now
elaborate on this point.

Let N, = {1,2,3,...} be the set of positive integers and let U = J,—,(IN; )" be the
set of all finite sequences i = (iy,42,...,%,), n > 0, where by convention N} = {0}
contains the null sequence ). To ease the exposition, we will use (i,7) = (i1,...,%n,])
to denote the index concatenation operation. Next, let (Q, N, {C;};>1) be a vector of
real-valued elements with N € IN. We will refer to this vector as the generic branching
vector. Now let {(Qi, Vi, {C(ij)};>1)}icv be a sequence of i.i.d. copies of the generic
branching vector. To construct a weighted branching process we start by defining a
tree as follows: let Ay = {f} denote the root of the tree, and define the nth generation
according to the recursion

Ap={(i,in) €U i€ Ap1,1 <in < N;}, n>1.

Now, assign to each node i in the tree a mark (Qi, N;, {C(; ;) };>1) and a weight IT;
according to the recursion

My=1, Hgyu,) =Chinlli, n>1,

see Figure 1. If P(N < c0) =1 and C; =1 for all i > 1, the weighted branching process
reduces to a Galton-Watson process.

To generate a sample from u; we first need to fix the initial distribution g, e.g.,
by letting po be the degenerate at zero or one probability measure. Now construct
a weighted branching process with k£ generations, and let {Ri(O)}ieAk be i.i.d. random
variables having distribution po. Next, define recursively for eachi € Ay, 1 <r <k,

R =a (Qi’ Ni{Cq5) bzt {RE;;)”}M) ~
The random variable Rék) is distributed according to p, and its generation requires on
average (E[N])* i.i.d. copies of the generic branching vector (Q, N, {C;};>1). It follows

that if the goal was to obtain an i.i.d. sample of size m from distribution pu;, one would
need to generate on average m(FE[N])* copies of the generic branching vector.? However,

2Note that provided R(¥) has finite variance, the Central Limit Theorem gives that a sample of size m would
provide estimates that are accurate up to an error of order m~1/2,
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in applications one typically has E[N] > 1, e.g., N = 2 for Quicksort, E[N] = 30 in the
analysis of PageRank on the WWW graph, and E[N] can be even larger in queues
related to the maximum SFPE. This makes the exact simulation of R*) using a weighted
branching process impractical.

The population dynamics algorithm, described below, uses a bootstrap approach
to produce a sample of size m of random variables that are approximately distributed
according to pi, and that although not independent, can be used to obtain consistent
estimators for moments, quantiles and other functions of py.

1.2 The population dynamics algorithm

The population dynamics algorithm is based on the bootstrap, i.e., on the idea of
sampling with replacement random variables from a common pool. As described above,
the algorithm starts by generating a sample of i.i.d. random variables having distribution
1o, just as in a naive Monte Carlo approach, with the difference that when computing
the next level of the recursion, it samples with replacement from this pool as needed by
the map ®. In other words, to obtain a pool of approximate copies of R) we bootstrap
from the pool previously obtained of approximate copies of RV~ . The approximation
lies in the fact that we are not sampling from RU~Y) itself, but from a finite sample of
conditionally independent observations that are only approximately distributed as RV~
The algorithm is described below.

Let (@, N, {C,}) denote the generic branching vector defining the weighted branching
process. Let k be the depth of the recursion that we want to simulate, i.e., the algorithm
will produce a sample of random variables approximately distributed according to p.
Choose m € N, to be the bootstrap sample size. For each 0 < j < k, the algorithm

outputs 2Um) & (jo’m), Réj’m)7 o RS,{””)), which we refer to as the sample pool at
level j.

1. Initialize: Set j = 0. Simulate a sequence {REO)}ﬁl of i.i.d. random variables
distributed according to some initial distribution pg. Let R§0>m> = R§0> for i =
1,...,m. Output 2" = (R§°=m),R§°*m>, .. .,R,S?*m)) and update j = 1.

2. While j < k:

K3
branching vector, independent of everything else.

(a) Simulate a sequence {(ng)’ Ni(j), {C((f)r)}rzl)}?’gl of i.i.d. copies of the generic

(b) Let
RU™ — ¢ (QE”,N}Q {1, {1:38';)1,@}) o di=1,...,m, (1.6)
where the REZ ;)1’”1) are sampled uniformly with replacement from the pool

PpU-1m), o o
(c) Output 20U = (jo’m)7 Réj’m), e R%’m)) and update j = j + 1.

We conclude this section by pointing out that the complexity of the algorithm de-
scribed above is of order km, while the naive Monte Carlo approach described earlier,
which consists on sampling m i.i.d. copies of a weighted branching process up to the kth
generation, has order (E[N])*m (note that any comparison between the naive approach
and the proposed algorithm needs to be made between samples of the same size). Our
main results establish the convergence of the algorithm in the Wasserstein metric of
order p (p > 1), as well as the consistency of estimators constructed using the pool
2km) The following section contains all the statements, and the proofs are given in
Section 3.
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2 Main results

We start by defining the Wasserstein metric of order p.

Definition 2.1. Let M (u,v) denote the set of probability measures on R x R with
marginals i and v. Then, the Wasserstein metric of order p (1 < p < c0) between p and v

is given by
1/p
dy(p,v) = inf / x — y|P dr(zx, ) .
)= e ([ e dnta

An important advantage of working with the Wasserstein metrics is that on the real
line they admit the explicit representation

1 1/p
dp(p,v) = ( ; |F~(u) — Gl(u)|pdu> , (2.1)

where F' and G are the cumulative distribution functions of ;1 and v, respectively,
and f~1(t) = inf{z € R : f(z) > t} denotes the generalized inverse of f. It fol-
lows that an optimal coupling of two real random variables X and Y is given by
(X,Y) = (F~Y(U),G71(U)), where U is uniformly distributed in [0,1]. We refer the
reader to [33] for a comprehensive study of the Wasserstein metric and its properties.

With some abuse of notation, we use d,(F, G) to denote the Wasserstein distance
of order p between the probability measures p and v, where F(z) = p((—o0,2]) and
G(z) = v((—o0, x]) are their corresponding cumulative distribution functions.

Our main results establish the convergence of dp(ﬁk,m, F}) as m — oo, both in mean
and almost surely, where

Zl (k m) <z and Fy.(z) = pg((—o0,z]), ke NN,
i=1

1
Fk m -
m
and 2+ = (R&k’m), el ]A?,(ffm)) is the pool generated by the population dynamics
algorithm. The theorems are proven under two different assumptions, the first one

imposing a Lipschitz condition on the mean of ¢, and the second one requiring ® to be
Lipschitz continuous almost surely.

Assumption 2.2. A. For some p > 1 there exists a constant 0 < H,, < oo such that if
{(X;,Y;) : i > 1} is a sequence of i.i.d. random vectors, independent of (Q, N,{C.}),
then

E “(I)(Qv N7 {07’}7 {Xr}) - (I)(Qa Na {Cr}ﬂ {Y;"}NP] S HPEHXl - Y1|p]~ (22)

B. ® corresponds to the linear SFPE (1.2), and for some p > 1 there exists a constant
0 < H, < oo such that if {(X;,Y;) : i > 1} is a sequence of i.i.d. random vectors
with E[X;] = E[Y;], independent of (Q, N,{C,}), then (2.2) holds.
Assumption 2.3. Suppose that for any vector (¢,n,{c,}), with n € INU {oo}, and any
sequences of numbers {z,} and {y, } for which ®(q,n,{c.},{z,}) and ®(¢,n,{c-},{yr})
are well defined, there exists a function ¢ : R — Ry such that

(g, m, {er b {ar}) = Blan {end {we D) < D wler) |z — ol

Remark 2.4. (i) To see that Assumption 2.3 implies Assumption 2.2, note that Lem-
ma 4.1 in [23] gives that

£ | (S e - Y),,

<FE

N
Z o(Cr)P X, =Y, P
r=1
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)
(357

and therefore Assumption 2.2 holds with H, = 2F {(27]«\]21 @(Cr))p} , provided the
expectation is finite. However, much tighter bounds can be obtained for specific
examples, and we can usually find p > 1 such that H, < 1.

(ii) The existence of a p > 1 for which H, < 1 is important for obtaining estimates
for the rate of convergence of the algorithm that are uniform in &, and has also
important implications for the convergence of R*) — R as k — oo, as the next
result shows.

p/([p1-1)
(Bl = v3|™171))

<2FE EX) —1iff],

Theorem 2.5. Suppose Assumption 2.2(A) holds for some p > 1, H, < 1, and any
iid. sequence {(X;,Y;) : i > 1} independent of (Q, N,{C,}). Then, provided E [|[R(©|
+|®(Q, N,{C,},{0})|P] < oo, there exists a random variable R and constants 0 < ¢, < 1
and A, < oo such that

E[|R® - Rm < Ayck 50, k- oo, (2.3)

where R*) and R are distributed according to ju;, and p, respectively. For the linear
SFPE (1.2), we have that (2.3) also holds under either of the following conditions:

i) If Assumption 2.2(B) holds and E[Q] = E[R("] = 0.
p
i) IfE {(Zfil |C'z|) + |[RO|P 4 |Q|p} < ocandp;Vp, <1, where pg £ E {Zf;l \CAB]

As the proof of Theorem 2.5 shows, one can take ¢, = H, under the main set of
conditions as well as under conditions (i), whereas for (ii) we have ¢, = p; V p,. As a
consequence of the proof of Theorem 2.5 we also obtain the following explicit bound for
the moments of R*).

Lemma 2.6. Suppose Assumption 2.2(A) holds for some p > 1. In the linear case, if only
Assumption 2.2(B) holds, suppose further that E[R(O)] = F[Q] = 0. Then, for any k > 0,

k—

( [|R(k)|p) Z Hl/p

=0

1 1
where A, = (Hy'" + 1) (E[ROP))"" + (B [0(Q. N.AC,}, {opI") "
Before stating the main theorems establishing the convergence of the algorithm in

the Wasserstein metric, we point out how Assumptions 2.2 and 2.3 are satisfied by all
the examples mentioned in the introduction.

Example 2.7.  » The linear SFPE (1.2) clearly satisfies Assumption 2.3 with p(t) = |¢|.

Moreover, for the Quicksort algorithm studied in [31, 17, 32] we have N = 2,

C; =U=1-Cyand Q = 2UInU + 2(1 — U)In(1 — U) + 1, with U uniformly

distributed on [0,1] and E[Q] = 0, in which case we can take any p € IN; and

H,=1-2pE[UP"*(1-U)]=(p—1)/(p+1) < 1in Assumption 2.2(B). Lemma 2.6

also gives that F[|R(*)|?] is uniformly bounded in k for all p > 1.

For the PageRank algorithm studied in [34, 21, 10] we have {C;}1<i<n i.i.d. and
(|C1|P] < ¢?/E[N] for any p > 1. Hence,
we can take p = 1 and H; = E[N]E[|C1|] < ¢ <1 in Assumption 2.2. Furthermore,
Theorem 2.5(ii) gives that E[|[R*) — R|9] = O(y*) for some 0 < v < 1 provided
E[|Q|? + N9] < oo, which in turn gives the uniform boundedness of E[|R(*)|7].
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* Using the inequality

n

N | < sl < Sy .

jax {w:} — max {y:}| < max |2; — y _X;Ixz vil (2.4)
v

for any real numbers {z;,y;} and any n > 1, we obtain that the maximum SFPE
(1.3) satisfies Assumption 2.3 with ¢(t) = |¢| as well. Furthermore, in the analysis
of queueing networks with parallel servers and synchronization requirements from
[25, 30], where T = 0 (equivalently, Q = 1), the stability condition of the system
implies that H,, < 1 for any p > 1 whenever the system is stable. Lemma 2.6 then
implies that E[|R*)|?] is uniformly bounded in  for all p > 1.

e In the case of the discounted tree sum SFPE (1.4), inequality (2.4) implies that
we can also take ¢(t) = |¢| in Assumption 2.3. For the analysis of the FIND al-
gorithm in [14] in particular, we have N = 2, 4, = U =1—-Cs and @ = 1,
with U uniformly distributed on [0, 1], and we obtain E[|max{UX;,(1 — U)Xy} —
max{UYl, (]. - U)YQHP] S E [maX{U|X1 - Y1|, (1 - U)|X2 - Yv2|}p] S 2E[UP]EHX1 -
Y1|P]. Hence, we can take H, = 2E[U?] = 2/(p+ 1) < 1 for any p > 1 in Assump-
tion 2.2(A). Lemma 2.6 then gives that E[|R*)|?] is uniformly bounded in k for all
p>1

» To see that (1.5) also satisfies Assumption 2.3 with ¢(¢) = [¢| (in this case C; =
tanh(B) for all ¢ > 1), let ¢ = tanh(8) € [0, 1) (since 8 > 0) and note that the function

f(x) = arctanh(ctanh(z)) = %ln <

—lln e®(l+e)+1—c
2 e(l—c)+1+c¢

1+c(e** —1)/(e** + 1))
1—c(e?® —1)/(e?® +1)

has derivative

4c 2c
(14+c2)+ (e2* + e 27)(1 —c2) 1+ 2+ cosh(2z)(1 — ¢2)’

/ _
@) =5
and therefore satisfies

[f () = fFW)l = (Ollz —yl < cle—yl,  for some ¢ between 2 and y.

Assumption 2.2 is then satisfied for p = 1 and H; < E[N]tanh(8), with H, < 1 at
high temperatures (3 < 1/E[N]). Moreover, since |f(z)| < c|lz|, R*®) in the “free
entropy” SFPE (1.5) is smaller or equal than R*), where

N
R® =1Q| + Ztanh(ﬂ)]:?l(-kfl).
i=1

Hence, provided § < 1/E[N], Theorem 2.5(ii) gives that for any p > 1 for which
E[|Q|? + N?] < oo, E[|R™?] is uniformly bounded in k.

Our first result for the population dynamics algorithm establishes the convergence in
mean of d,(Fj m, Fi) under the “optimal” moment conditions, that is, assuming only that
maxo<;<i E[|RY)|P] < co. This result was previously proven in [11] for the linear SFPE
(1.2) forp=1.

Theorem 2.8. Fix 1 < p < oo and suppose that ® satisfies either Assumption 2.2(A) or
Assumption 2.2(B), for p. Assume further that for any fixed k € IN, maxo< ;< E[|RY|P] <
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00. Let {jo), - ,R%)} be an i.i.d. sample from distribution F}, and let F} ,,, denote their
corresponding empirical distribution function. Then,

k p—1
E [dy(Bym. F)?] < (Z(H;W) S (HYPYIE [dy(Fym, Fy)),

r=0 =0

where 0 < H, < oo is the same as in Assumption 2.2. Moreover, if maxo<;<x E[|RY)|7] <
oo forq>p > 1, q # 2p, then

k Pl
E [dp(Fk,myFk)p} <K (Z(H;/p)r) N (HYP)EI (B RW )P/ - mintla-r)/a.1/2)

r=0 7=0

where K = K(p, q) is a constant that only depends on p and q.

Remark 2.9. (i) Note that Assumption 2.2 does not require that H, < 1, i.e., it is not
necessary for ® to define a contraction for the algorithm to work. However, when
H, <1 the bound provided by Theorem 2.8 becomes independent of k, ensuring
that the complexity of the population dynamics algorithm remains linear in k, rather
than exponential, i.e., (E[N])¥, as for the naive algorithm.

(i) Even in the case when H, > 1 for all p > 1, the explicit bounds provided by
Theorem 2.8 may be useful for determining whether endogenous solutions exist,
since they guarantee that we can accurately approximate R*).

(iii) We also point out that the first inequality in Theorem 2.8 implies that the rate at
which F [dp(ﬁk’m, Fk)p} converges to zero is determined by maxo<j<x E[dp(Fj m, F})].
Since dy,(F) ., F;) corresponds to implementing the population dynamics algorithm
by sampling without replacement from a “perfect” i.i.d. pool of observations from
1j—1, this convergence rate is in some sense optimal.

(iv) For all the examples given in Examples 2.7, we have H, < 1 and sup;~, E[|R®*|7] <
oo for some ¢ > p, making the bound provided by Theorem 2.8 independent of
k. Moreover, for the Quicksort and FIND algorithms, as well as for the queuing
networks with parallel servers and synchronization requirements, the best possible
rate of convergence is achieved, i.e., E[d,(Fy.m, Fi)?] = O(m~'/?) uniformly in k.

We now turn our attention to the almost sure convergence of dp(Fhm, F}), for which
we provide two different results. The first one holds under Assumption 2.2(A) as
above, but under rather strong moment conditions. Note that for the linear case
Assumption 2.2(A) holds for any p > 1 for which £ [ (£}, |Ci|)p} < 00, by Remark 2.4(i),
and since the almost sure convergence does not require that we find H, < 1, we do not
need to consider the weaker Assumption 2.2(B) (which only requires that (2.2) holds for
E[X; —Y;] = 0) in the statement of our theorem.

Theorem 2.10. Fix 1 < p < oo and suppose that ® satisfies Assumption 2.2(A) for both
p and 2p. Assume further that for any fixed k € IN, maxo<,<x E[(RY))?(log |RV)|)*] < oc.
Then,

lim dp(Fom, Fr) =0 a.s.

The moment condition requiring the finiteness of the 2p absolute moment also appears
in some related results for the convergence of the Wasserstein distance between a
distribution function and its empirical distribution function, specifically, concentration
inequalities [18] and a central limit theorem [12]. In our case, where we seek only to
establish the almost sure convergence of the algorithm, this condition is too strong,
so we provide below an improved result under the finer Assumption 2.3. A version of
Theorem 2.11 below for the special case of the non-branching (/N = 1) linear recursion
(1.2) was given in [1] (Theorem 4.1).
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Theorem 2.11. Fix 1 < p < oo and suppose that ® satisfies Assumption 2.3. Assume
further that E[|R©)|P*9 4+ ZPt9] < oo for some § > 0, where Z = Y.~ | ©(C;). Then, for
any fixed k € N,

lim dp(Fiom, Fx) =0 a.s.

Our last result relates the convergence of dp(ﬁ‘kym, F},) to the consistency of estimators
based on the pool (™) More precisely, the value of the algorithm lies in the fact
that it efficiently produces a sample of identically distributed random variables whose
distribution is approximately F},. A natural estimator for quantities of the form E[h(R(*)]
is then given by

m

LS (i) = / h(x)dFym (). 2.5)
mi3 R

However, the random variables in ("™ are not independent of each other, and the
consistency of such estimators requires proof. In the sequel, the symbol £ denotes
convergence in probability.

Definition 2.12. We say that ©,, is a weakly consistent estimator for 0 if ©,, £ 9 as
n — oco. We say that it is a strongly consistent estimator for 6 if ©,, — 0 a.s.

Our last result shows the consistency of estimators of the form in (2.5) for a broad
class of functions.

Proposition 2.13. Fix 1 < p < oo and suppose that h : R — R satisfies |h(x)| <
C(1+ |z|P) for all z € R and some constant C' > 0. Then, the following hold:

1. IfE[dp(Fkvm, F)P] — 0 as m — oo, then (2.5) is a weakly consistent estimator for
E[h(R*)] for each fixed k € IN.

2. Ifdp(ﬁhm, Fy) — 0 a.s., asm — oo, then (2.5) is a strongly consistent estimator for
E[h(R™)] for each fixed k € IN.

We conclude that the population dynamics algorithm can be used to efficiently gener-
ate sample pools of random variables having a distribution that closely approximates
that of the special endogenous solution to SFPEs of the form in (1.1). Furthermore, these
sample pools can be used to produce consistent estimators for a broad class of functions.
The gain in efficiency of the algorithm compared to a naive Monte Carlo approach,
combined with the consistency guarantees proved in this paper, make it extremely useful
for the numerical analysis of many problems where SFPEs appear.

3 Proofs

This section includes the proofs of Theorems 2.8, 2.10, 2.11, Proposition 2.13, The-
orem 2.5, and of Lemma 2.6, in that order. The last two appear at the end since they
are not directly related to the population dynamics algorithm. The first four proofs are
based on a construction of the pools {@(j’m) : 0 < j < k} where we carefully couple the
random variables {Rf] ’m)} with i.i.d. observations from their limiting distribution Fj}.

To start, for any £ € IN let

be a collection of i.i.d. random vectors where (Ql(-j)7 Ni(j), {C((f)r)}rz1) has the same distri-

bution as the generic branching vector (Q, N, {C, };>1) and the {U((ij)r)}rzl are i.i.d. ran-
dom variables uniformly distributed in [0, 1], independent of (Q(j),Ni(j), {C(j) }Tzl).

i (i,7)
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\/\
\/\

Next, we recursively construct a sequence of random variables {( R™ R(] ))
m, 0 < j < k} as follows:

i. Set R{*™ = Fy ' (U))) = R{®), for 1 <i < m; define

Z 1(R (0 ™) < x) = Fom(x).

=1

1
FOm S
m

ii. For1 <j<kandeachl <i<m,
R — o (QF7, fo‘% (CD) bor B, U )her)  and
RY =& (QV, NV ACT bor AF AU )5
define

1 & m 1 &
E;l ] ) <) and Fjm(x Elz;zl

Note that the random variables {jo )};11 are i.i.d. and have distribution F}, and therefore,
F; ., is an empirical distribution function for F;. The distribution functions Fjﬂn are
those obtained through the population dynamics algorithm.

Throughout the proofs we will also use repeatedly the sigma-algebra Fj, = o(&}) for
k € IN. We point out that all the random variables {(ng’m), ng)) : ¢ > 1} are measurable
with respect to Fj, for all m > 1.

We are now ready to prove Theorem 2.8.

Proof of Theorem 2.8. Let {(R; RW™ R( )) :1<i<m0<j <k} bea sequence of
random vectors constructed as explalned above.
Next, note that from the triangle inequality we obtain

dp(Ejm, Fy) < dp(Fjm, Fjm) + dp(Fjm, F). (3.2)

Now let x be a Uniform(0,1) random variable independent of everything else, and
define the random variables

RUm) Zfzgi»mh((i —1)/m<x<i/m) and

”-ZR(])l 1)/m < x <i/m),

which conditionally on F; are distributed according to Fj’m and F} ,,,, respectively. Then,
from the definition of d, we have

. ) Aim 1P
By Fy)’ = it B[IX - YP|F] < B[R0 - RO|'| F]
~E G m, Y~ om
_ LN (pam g
= > |REm - RO[. (3.3)
i=1

It follows from the observation that the random variables Xi(j ) = RY™ _ RY) are
identically distributed, that

E [dy(Fyms Fyom)?| < B [[RP™ — RY) ﬂ .
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Next, suppose first that Assumption 2.2(A) holds, and note that
N im P _ .
E Hjo’ )—jo)’ } H‘I’ (Qf) NP ACH Yo A 1m(U((f)r))}r21)
[} ( (J N(]) {C(l r)}'r>17 {F ( (1, r))}r>1)
P
LU = FAU )

— H,E [d,,(Fj_l,m,Fj_l)P] .

]

<HE[

For the linear case when only Assumption 2.2(B) holds, note that

%

R(] 2,m) R(j72)]

N i1
B (E >.Ci ) E[R{"™ - R®] =0
i=1
and therefore,
N P
[ NTZ A i _ j
B[l - P[] =5 |50 o) (A0 - FACE))
r=1
() G) 4|P
<HE[ LU ) = (U(fl))‘ }

— H,E [dp(ﬁj_l,m, Fj_l)ﬂ .

It now follows from (3.2) and Minkowski’s inequality, that

(E [dp(ﬁj,vaj)pr = (E {(dp(ﬁj,vaam) +dp(Fjvm’Ff))p])1/p

. 1/p
< (B [ap(Fym Frn)?]) " + (Bldy(Fiom )P
. 1/p
< (HpE [dp(Fy1ms Fya)?]) 4 (B [y (Fyms B
Iterating the recursion above we obtain

1/p 1/p

Mu.

(B|do(Fyoms 5] ) < DY (B (s FYDY7 4+ (HY) (B |dy(Fo s Fo)) )

Il
—

T

(HY?)I =" ( [dy(Fr, F)P)7

O

ﬁ
Il
=)

, , BN
Now let \,, = (Hp/P)i~" (ZiZO(H;/p)J‘T) and use the concavity of g(z) = z'/? to

obtain

—1

(i(HMM) (E [a(Fy. 7)) " < Z dy(Frn, B )7
r=0

j 1/p

S(Z Frm;Fr) ]) )
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or equivalently,

j p=l
K [dp(Fj,m,Fj)P] < <Z(H§/”)S> > (Hy/?Y "B [dy(Fpm, Fr)7).

s=0 r=0

This completes the first part of the proof.
Next, assume that maxo<,<g E[|RM|9] < oo for ¢ > p > 1, ¢ # 2p, and use Theorem 1
in [18] to obtain that

E [dy(Fym, F,)P] < C(E[|R™|9))P/a (mfl/2 4 mf(qu)/q) ,

where C = C(p, q) is a constant that does not depend on F,.. The second statement of
the theorem now follows. O

We now turn to the proof of Theorem 2.10. To simplify its exposition we first provide
a preliminary result for the mean Wasserstein distance between a distribution and its
empirical distribution function.

Lemma 3.1. Let G be a distribution on R and let {X,};>1 be i.i.d. random variables
distributed according to G. Suppose FE[|X1]|9(log|X1|)*] < oo for some q > 2, and let
Gpm(z) = m™' Y% 1(X; < x) denote the empirical distribution function of the {X;}.
Then,

— 1
il q
mE:1 mE[dq(Gm,G) | < o0.

Proof. Fix ¢ > 0 and define for x > 0 the functions
a(r) = min{1/G(z), 7}  and  b(z) = min{l/G(—x),z9"}.

Next, use Proposition 7.14 in [9] followed by the monotonicity of the L, norm, to see that

m=1

> (GG a2t S [ el B G) - Gl s

m=1 b=t (m)
o0 1 o0
4 q2¢7 ! Z E/ 29 E [G(z) + G(z)] do
m=1

m=1 0
o 1 a=1t(m) rai
= ¢207! Z 7/ |27t 7G(x)G($>dx (3.4)
— m —b—1(m) m
m=1
o] 1 0o .
+ q21 —/ 297 G(x) dx (3.5)
g™
. o 1 —b~(m) o1
2 — - .
+q ﬂ; - /m 2|71 G () d, (3.6)

where ¢g71(¢) = inf{z € R : g(z) > t} is the generalized inverse of function g.
Next, to bound (3.4) note that

o 1 a=t(m) B —
Z W/ lz|77 1/ G(2)G(z) dx
m=1 -

b=1(m)
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Syp /‘"1“”’ RGEIED / T

bl()

x‘kl x4
/ Z 5 d:v +/ Z 5 \/ x) dx,

=la(z)]+1 m=b(z)|+1

where in the last equality we used the observation that {z < a71(m)} = {a(z) < m},
respectively, {z < b=(m)} = {b(z) < m}. Now note that for any n > 0 we have

[eS) oo 3/2  rm+1
1 1 1
Y e ¥ mtl LI
m3/2 m 372
m=n+1 m=n+1 m

3/2 oo
< <1 + > / t732dt < 2°/%(n + 1)V,
n+ 1 n+1

Hence, (3.4) is bounded from above by a constant times

/ 2771/ G(x)(la(z)] + 1) 1/2d;v+ xq /G VY2 dy

<2+/xq11/xd+/ ,/
1 .fL'

=2+ 297 G () dx + / 2?2712 |G () dae
{z>1:1/G(z)<za+<} {x>1:1/G(z)>zat+<}

—|—/ 7' G(—x) dx—l—/ 227172 [G(—x) da
{z>1:1/G(—x)<zate} {x>1:1/G(—z)>xate}

<2+ 771G (2) der/ 271G (~x) da:+2/ x " dx
1 1 1

1 [ 1t 2
§2+—/ ﬂa@m+f/ (—2)7G(dz) + 2
q.J1 q.J- €

oo

1 2
<2+ 6E[|X1|q] + - <oo.

To analyze (3.5) use the observation that {x > a~!(m)} = {a(x) > m} to obtain that

La(z)
1
x4 1G dx—/ — x)dx
/a t(m) a=1(1) mZ: m

La(z)] m+1
_ 1 1

< / 217 G (x) mrl - dtdx

a—1(1) m

m
m=1

oo . la(z)]+1
< 2/ xq_lG(x)/ t~tdtdr
1

a=1(1)

< 2/ 271G (2) log(297¢ + 1) dx
a='(1)

log(t+1) [ _
<2log2+42(qg+e) supM/ 27 (log 2)G(x) dx
t>1 10gt 1

Since sup,; log(t +1)/logt < oo and

o _ “ogz —1)—, |* [~ ai(logz—1
/ 27 (log 2)Ci(x) da — “00BT = D / 210082 = 1) o g
1 q 1 1 q
EJP 24 (2019), paper 61. http://www.imstat.org/ejp/

Page 14/27


https://doi.org/10.1214/19-EJP315
http://www.imstat.org/ejp/

Convergence of the population dynamics algorithm

G(1) | B[Xi|"(log X, ~ D1(X, = 1)

q q
E[|X1|q IOg Xll(Xl Z 1)]

q

we obtain that (3.5) is finite. Finally, the same steps used to bound (3.5) give that (3.6)
is bounded by

< 00,

O

E[|IX1]910g | X1 ]1(X; < ~1)]  log(t+1
q(210g2+2(q+6) [[X1]71og [ X1|1(X; < )]Su og(t + ))

q >1 logt

We now prove the first almost sure convergence result for the algorithm. The idea of
the proof is to first identify a recursive formula for the Wasserstein distance dp(Fk’m, Fy)
as it was done for the convergence in mean theorem. Once we do this, the main difficulty
lies in ensuring that the errors in the bound converge sufficiently fast to satisfy the
criterion for almost sure convergence in the Borel-Cantelli lemma. In the case when we
have a bit more than 2p finite moments this can be done using Chebyshev’s inequality,
similarly to the proof of the strong law of large numbers under finite fourth moment
conditions. We start with this case below.

Proof of Theorem 2.10. We will start the proof by deriving an upper bound for dp(Fk.m, Fy).
To this end, we construct the random variables {(R; (7,m) RZ(-j )) :1<i<m,0<j<k}ac
cording to the construction given at the beginning of the section. Recall that F; = o(&}),
where & is given by (3.1), and that Assumption 2.2(A) holds for both p and 2p.

Next, note that the triangle inequality followed by (3.3) gives

dp(Fk,ma Fk) S dp(Fk,m7Fk,m) + dp(Fk,maFk)
m 1/p
( Z ]R bm) _ ) + dp(Fpomm, F).

. o N
Now define for j > 1, XU = ‘R(-J’m) — RO,

and note that by construction, the

random variables {X <8 m)} i>1 are 1dent1ca11y distributed and conditionally independent
given F;_;. Set Z7™ = X(j ™ _ (XY™ F,;_,] and note that

E[X{™|F; ] H‘I) (Q1 N, {C(1r)}T>1v{F_1m( (1r))}7">1)
(Q(J) Nl(J) {C(({)r }T>17{Ff_ (U(“ Ql)m}'j,l}
< H,E HF:Lm(U((f,)n) _F_l (1 1) ‘ ‘]:] 1}
= Hydy(Fj_1m, Fj_1)P. (3.7)

It follows that

ZZ“”’”H{ dp(F—1,m Fr1)”

=1

Z’ka)

which in turn implies that

) 1/p
R 1 & m .
dp(Ekyms Fie) < dp(Fiyms Fie) + (m Z Zi(k’ : + dep(Fk—l,m7Fk—1)p>

m 1/p
1 . R
—> 2 A By (B, Fier),  (3.8)

=1

S dp(Fk,m7Fk) +
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where in the last step we used the inequality (x + y)ﬁ <z +9% for0 < B < 1and
x,y > 0. Iterating (3.8) £ — 1 more times we obtain

m 1/p
1 - B .
+ | 21 zGm (HL/PY=T 4 (HYPYEd, (B, Fo)

dy(Feom, Fr) <Z o (Ejms Fy)

m 1/p

1 (G.m)
s

i=1

k k
= (H/ YAy (Fyn, Fy) + > (HYP)
j=0 j=1

Now note that by the Glivenko-Cantelli lemma and the strong law of large numbers,

sup |Fjm(z) — Fj(z)] =0  as. and
zeR

1 m . oo oo
S ROP = [P o [ aPdpe) as.
i=1 -0

as m — oo, and therefore, by Definition 6.8 and Theorem 6.9 in [33], d,(F}m, F;) —
0 a.s. for ea(;h 7 > 1. It suffices then to show that for each 1 < j < k the sums
m=3 ", Z9™ 5 0 as. as well.

To see this note that for any € > 0,

00 m m 2
L
m=1 i=1

=1 m=1

|
mm‘H
M8 I
S\H
§
=
Q
\

Moreover, using the same arguments as in the proof of Theorem 2.8, we obtain that
Var (X(™ |7, ) < B[(xXP™)? ‘fj 1]
= E[(® (@, N ACH, Yozt A U}z

<I>( 0 NO) {C'( bz AF (1)7“))}’”21))

2p

]:j1:|

J—

< Hy E [ (B W) = FA W) ‘ Fi_ 1] (by Assumption 2.2(A))

= Hop dop(Fj—1,m, Fj-1)*"
Next, note that by Theorem 2.8 we have

_1j—1

2p
|:d2p( j—1,m, F. } (Z H2p> Zng—l—TE [dzp(an’FT)%] )

r=0

It follows that for any 1 < 5 < k,

o0 m ) H 1

P Z0m < E[d Ei yom Fi QP}

;(z >e> mz:lm o (Eorms Frt)
1

—1 2p=1 g o
H 1y 1
G;p ZHZSP> Zng ' Z %E [d2p(Fr,maFr)2p] .

s=0 r=0 m=1

IN
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Finally, since by Lemma 3.1 we have that

oo

1
Z EE d2p rm7FT)2p] < 0o

m=1

for each 0 < r < j — 1, the Borel-Cantelli Lemma gives that lim,, oo m™* > 1", Zi(j’m) =0
a.s. This completes the proof. O

We now move on to the proof of Theorem 2.11, where we only have a bit more than p
finite moments. In this case, we cannot use Chebyshev’s inequality to verify the condition
for the Borel-Cantelli lemma, and a finer analysis of the errors is required. In particular,
our proof uses the Lipschitz condition from Assumption 2.3 to derive a large-deviations
bound for the sum of independent random variables appearing in the recursive analysis
of d,,(]*:‘k’m7 F}.). Before proceeding to the main proof, we give three preliminary results.
The first one provides an upper bound for the generalized inverse of any distribution
function having finite ¢ absolute moments.

Lemma 3.2. Let G be a distribution function on R, and let G~! be its generalized
inverse. Suppose that G has finite absolute moments of order q > 0, and let X have
distribution G. Then, for any u € (0,1),

G )] < NIXF g (1 —u) ™94 ||X T |lgu

Proof. Let X be a random variable having distribution G, and define G (z) = P(X* <
z) =G(z)l(x >0)and G_(z) = P(X~ <z)=P(X > —z)1(x > 0). Then,

Gi'(u) =inf{z € R: Gy(z) > u} =inf{z > 0: G(z) > u} =G (u)",
while if we define G* to be the right-continuous generalized inverse of G_, then

G '(l—u)=inf{zeR:G_(z) >1—u}

=inf{x >0:1— (;v)+P(X——m) 1—u}
inf{z >0:G(—z) — P(X = —z) < u}
—1nf{x§O:G(x)2u}= G t(u)".

Now use Markov’s inequality to obtain that for all z > 0,
1 - Ga(2) < min{L, E[(X)]}e0 £ 1 — H, (x)

and
1—-G_(z) <min{l, E[(X")}x 21—~ H_(z).

The first inequality implies that for any u € (0, 1),
Gi'(u) =inf{z € R: G4 (2) > u}

<inf{z € R: Hy(z) > u} = H (u) = || X T, (1 —u) =19,

while the second one plus the continuity of H_ gives
G l'u)y =G (1-u)=inf{lz e R: G_(z) >1—u}

<inf{x e R: H_(x) >1—u}

—inflz € R: H (z)>1—u}=H (1 —u) = || X" ||u /.
It follows that

‘G—l(uﬂ = G—l(u)+ + G—l(u)— < ||X+Hq(1 _ u)—l/q + ||X_||qu_1/q, .
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The next two preliminary results provide key steps for the proof of Theorem 2.11,
which essentially consist on giving a large-deviations bound (uniform in m) for the sample
mean of (conditionally) i.i.d. random variables. The random variables {Yi(] ’m)} defined
below will be used as upper bounds for d;;,,, (Ej.m, F}) in the proof of Theorem 2.11,
and the estimates we need have to be very tight considering that we no longer have
finite second moments, so the rate of convergence to their mean can be very slow. The
lemma below gives an upper bound for the truncated summands.

Lemma 3.3. Fix 1 < p < oo and € > 0. Suppose Assumption 2.3 holds and E[|R©)[P+0 +
7ZP*] < oo for some § > 0, where Z = Zz 19(Cy). Let F; = o(&;), where &; is defined
WGMJ%@:M—ﬁMﬂﬁjghn:(MW%mﬂﬂme)wmmmm,
and

NOHD PHdj+1

ym) _ Z (C(JJrl))F (U - Ff1(U(j+1))‘ 7 (3.9)

7 (¢,7) (i,7) J (3,7)
r=1

fori=1,...,m. Then, on the event {supmz” dp+5j(13“j7m, Fy)PHoi < 77}, we have

m>n 1

(Sup —ZY(]’ 1Y9™ < m/logm) > e

fj> <2(n-1)"Y2

g

<ZP< ZYJm)l ]m)<m/logm)>e

m=n

Proof. We start by noting that

m
su Y]m)l 3™ < m/logm) > e
<m>I:L Z o / & )

]-') . (3.10)

To bound each of the probabilities in (3.10) use Chernoff’s bound to obtain that

)

< min e—@em (E |:eé?Yl(j‘m)l(Yl(j’m)Sm/ logm)‘ Fj:|)

1 < j,m j,m
P(m;Yi(]’ )1(Yi(j’ )gm/logm)>e

m

0>0

Note that by Remark 2.4(i), we have that on the event {Squzn dps; (Fj’m, Ej)PHoi <

)
]

E {Yl(j’m)
+5 ] + . )
= HZHngaJiideréjﬂ(Fj,maFj)p+6”1 <N ZIE5 g, (s Fy)P 0+

< max{1, B[ZPT|}yPFoi+1)/(p+05) —

P+dj41

]-“} < 2E[ZPTOin|E “ — F7Y(Uh)

€
4e2/¢’

Next, use the inequality e® < 1 + xe” for > 0 to obtain that

E [eQYl(j’m)l(Yl(j’m)Sm/ log m)

7]
< 1+ 0FE |:Y(j,7n)1(Y(j,m) < m/ log m) eeyl(j,vn)1(Y1(j,m)§m/ logm)‘ fji|

€

J m Om/logm Om/logm ¢
<1+0E V0™ 5| e <1+ 0e o
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Now use the inequality 1 + x < e” to see that

(E |:69Y1(j’m) 1(Y1(j’m) <m/logm)

]__J} )m < eeewLeenL/lug Tn/(462/€).

It follows that by choosing 6 = (2/¢) log m/m we obtain

)

705m(17

Pl =Sy My <m/1
(m f (Y; <m/logm) > e

i=1

0m/logm
< min e—9em+05meem/logm/(4e2/5) — mine W) < e—210gm(1—%)
0>0 6>0 -

)

which in turn implies that (3.15) is bounded from above by

oo [e 9] 00
Z e~ (3/2)logm _ Z m=3/? < Z / x3/2 dx = /ﬂ_1 2 3% dy = 2(n — 1)_1/2.
This completes the proof. O

The next lemma gives the complementary estimate for the probability that any of
the {V;""™} exceeds the truncation value in Lemma 3.3. The challenge here is the
uniformity in m of the result.

Lemma 3.4. Fix1 < p < 00. Suppose Assumption 2.3 holds and E[ZP*°] < oo for some
6 >0, where Z = Zz 19(Cy). Letd; =6(k—j)/kand g =p+6; for0 < j <k, fixn>0,
and let Yl(J ™) be defined according to (3.9). Then, for any q;11 <r; < q; and allt > n,

1 im - v
P (sup Ongl(j’ ) > 1, sup dp+5j(Fj,m,Fj)p+6J < 77)

m>t M m>n
4 1/qJ_|_ RU 4 log ¢\ "/ %+1
<z § LI oy b (1807
! - j/ 4j ’ t

Proof. To simplify the notation, let

(Q7 N7 {CT}TZb {UT}TZl) = (ng"t‘l)’ N1(j+1)7 {C(({I;)}TZM {U((fj:)l)}T21) .

Next, note that

m>t 1 m>t 1

) 1 N P+ 41
0gM _, (im ogm A _
sup & YI(J’ ) = sup & (Z o(C) Fjﬁé(Ur) — F; YU, )

r=1

- 1/ (pt+341) PH6j+1
logm J o .
< C, P - FN
a <§ (p( )iuzpt( m ) J,m( ) j ( )
N PH+8j4+1
(Zw WW)) ,
where o
i 1 PHoj+1
Wr(]vt) = Su>pt ( Orrgnm> JTm(Ur) _ ijl(Ur)

Now, let F; = 0(&}), where & is given by (3.1), and note that

1 ; .
P <sup le(J’m) > 1, sup dpys, (Fj_’m,Fj)p%j < 77)
m>t M m>n '
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N
(ZQO W(Jt > 1, SUP dp+s; (FJ;W“F )p+5j : 77)

(Zg@ CHWI > 1

Moreover, if we let ¢; = p + §; and use Lemma 3.2, we obtain that, conditionally on 7,

f) 1 (sup dp+5j(ﬁj)m,Fj)p+6f < n)] .
m>n

] 1 Vg 1 1/q541
W < sup ( Ogm) ESL(U)] + sup ( Ogm) PN,
m>t m ’ m>t m
1 /a5 ~ 1/aq;
< sup ( Ogm> (E [\Fj—é( U,)|% ]:j]) {U;uq_,» (- UT)A/%}
m>t m ’
log ¢\ Y/4i+1
() e

Furthermore, Minkowski’s inequality gives that on the event {sup,,~,, dg, (Fj,m, F;)# <
n}

1 1/gj+1 . 1/q;
()" o )
m>t
logm Vs f—1 -1 qj M -1
< sup (12 (B (1540 = FPOns| F]) 7+ 1E Wl
logm\ /4! . )
o () e,

log 1/q5+41 )
< (C’tg> {771/‘1_7’_|_||R(J)qu}_

Hence, conditionally on F;, we have that on the event {sup,,>, d,; (Ejm, Fj)% <},

, logt\ 1/%+1 1/, —1/a, _
WD < (t> (K (7o + (=0 9) + B )],

where K; £ n/% + ||RU)||, < co by Remark 2.4(ii).

Thus, we have that on the event {sup,,,, d,; (Ejm, Fj)% < n}, the union bound and
Markov’s inequality yield

P (iw(c,.)wﬁm >1 ﬂ)
' IN e ) . + o\ Y+
<P <z_; (C) {Kj (U; /% 4 (1-U,)” /qﬂ) + | (UT>|} > (logt) )
Y T7—1/44 1 ¢ Ve
<p (; AU > 3 () )
N 1 O\ Vi
+P <Zl P(CE; (1= U) 0 > 2 (logt) )
N 1/ ¢t Yo+
P (Z PCOIE 01> 5 (1) )
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T3/ qi+1 N T
. (logt\ '™ )
<3| —= Ci)R; ,
<3 ( - ) {2E <i§_1w( )R

where by assumption ¢;41 < r; < ¢;, and we have used the observation that U; 2i-u,.
Finally, note that by Remark 2.4(i), we have

+F

N T3
<Z <P(Cz‘)KjUi_l/qj>
=1

- g\ . ool 1
E | e(CKu " < 2E[Z"]K[E[U; ']:T/'
i=1 3/ 45
and ‘
N s /r‘) . .
E (Z so<ci>R§”> < 2B[Z5]E [|RD|"] = 21|21 | RD|I;3.
=1

We conclude that

1 " . _
P (Sup 0g me ) > 1, sup dp+5j (Fjvml’Fj)p‘f’(;J < 77)

m>t M m>n

logt\"/%+1 (4K || Z|| .
< 3 (()g) ﬁ +2||Z‘|:j‘|R(J)||Q ) O
t 1 —Tj/Qj 7 J

We are now ready to prove Theorem 2.11, which states that dp+5(13“k7m, Fy) — 0as.
as m — oo.

Proof of Theorem 2.11. Define ¢; = 6(k — j)/k for 0 < j < k. We will prove by induction
in j that
lim dpys, (Fjm, F;) =0 a.s (3.11)
m—00 N

for 0 < j < k. Since Fyn(x) = Fy,n(z) for all z € R and E[|Ro[P™’] < oo, the Glivenko-
Cantelli lemma and the strong law of large numbers yield

sup |[Fom(z) — Fo(x)] -0  a.s. asm — oo and

r€R
1 m 00 oo
LS RO+ = / (e[PH Ay (z) — / [P dFy(x) a.s. as m — 0o,
m —o0 —0o0

i=1
Therefore, by Definition 6.8 and Theorem 6.9 in [33],

lim dps,(Fom, Fo) = lim dpy5(Fom, Fo) =0 a.s.
m—0o0 m— o0

Suppose now that (3.11) holds for 0 < j < k. To prove that dps,,, (Fj+1,m, Fj+1) =0

a.s. as m — oo, we start by constructing the random variables {(Rgt’m), Rl(t)) 11 <i <
m, 0 < t < k} as explained at the beginning of this section. Now note that for any
e,n >0,

P <Sup dp+5j+1(ﬁ‘j+17m’ Fj+1)p+5_7’+1 > 2p+6]~+16>
m>n
=P (Sgp {dp”Hl(Fj“xm’ Fitim) + dpts; oy (Fit1m, Fj+1)} > 261/(T’+5J+1)>
m>n

<P (Sup dpss, o1 (Fi1ms Figam) > 61/(p+5”1))

m>n

+P (sup dp+5_7‘+1 (Fj+1,m7 Fj+1) > 61/(p+5j+1))

m>n

EJP 24 (2019), paper 61. http://www.imstat.org/ejp/
Page 21/27


https://doi.org/10.1214/19-EJP315
http://www.imstat.org/ejp/

Convergence of the population dynamics algorithm

<P (SUP pss, oy (it my Figam)P T4 > €, sup dpas, (Fjm, F)PT < 77) (3.12)

m>n m>n
+ P (sup dpis; (ijl,Fj)pJ“‘sj > 77) (3.13)
m>n ’
+ P (Sup Aps; o1 (Fit,ms Fjpn) PO+ > €> : (3.14)

To analyze (3.13) note that its convergence to zero as n — oo is equivalent to the
a.s. convergence of d s (Ej.m, F}) to zero as m — oo, which corresponds to the induction
hypothesis (3.11).

To show that (3.14) converges to zero as n — oo, note that by Remark 2.4(ii) we
have E[|RUTY|P+°] < oo, which implies that E[|RU+1)|PT9i+1] < co. Hence, the Glivenko-
Cantelli lemma, the strong law of large numbers, and Definition 6.8 and Theorem 6.9 in
[33] give that lim, o dpts,., (F

o1 (Fjy1,m, Fj41) = 0 a.s., which is equivalent to

lim P (sup dp+5j+1(Fj+1,m7Fj+1)p+5”1 > e) =0.
m>n

n—00

Next, to prove that (3.12) converges to zero we first define the random variables
{Yi(]’m) : 1 < i < m} according to (3.9), and define the events

1 i

App = { sup BTy ) 1} ,
m>nvi 1

Now use (3.3) and Assumption 2.3 to obtain

P (Sup dp+6;00 (Firam, Fiarm P00 > € sup dps, (Fjm, Fj)PH7 < 77)

m>n m>n

(sup — Z ‘R(Hl ™ _ RUHD

m>n MM

p+di41

> €, sup dp+6 (FJ,"L’ F; )p+57 < 77)

mn

§P<sup —ZY(jm > €, sup dp+5 (ij,F)p"“;J <, ﬂAnl>

m>n T =1

+P<Sup dyis, (Fjm, BP0 <, UA )

m>n
=1

i=1

1 m m m
<P (sup — ZY(J (Y(J ) <m/ logm) > e, sup dp+5 (Ejm, Fj)PH05 < 77) (3.15)
m>n M

+ ZP (Afm-, su>p dpys, (Fj,m, Fj)Ptoi < 77) . (3.16)

To analyze (3.15), choose n = (¢~ !4e?/¢ max{1, E[ZPH}})_(p+5j)/(p+6j+l) and let F; =
0(&;) denote the sigma-algebra generated by &}, as given by (3.1). Note that

P (sup Zy(y m)l(Y(J m o< m/logm) > e, sup de (Fjom, Fy)PH05 < 77)

m>n 1
i=1

=F

1 - (3,m) (3,m)
P — Yy < 1 >
(,ilg;mi f (Y, <m/logm) > e

i=1

fj) 1 (Sl;p d;l>+5j (Fj,M7 Fj)p+6j S 77)] .
By Lemma 3.3, we obtain that on the event {supmz” dpyis; (Ejm, Fj)PH05 < 77},

1 m o o
P (sup —ZY}J’ "Y7™ < m/logm) > e

m>n T =
= i=1

fj) <2(n—1)""2
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which implies that (3.15) is bounded from above by 2(n — 1)*1/2.
To analyze (3.16) note that

5 (450030 o B 7 )
m>n

1 im ~ v
=nP (Sup MYl(]’ ) > 1, sup dpys, (Fj,m,Fj)p""SJ < 77)

m>n T m>n

lo m
+ Z <sup g Y(J’ ) >, sup dp+5 (Ejm, Fj)PFoi < 77)

t=nt1 m>t

Now set ¢; = p+ 0; and r; = ¢j4+1 + §/(2k), and note that ¢;11 < r; < ¢; < p+ 9. Then,
by Lemma 3.4,

1 im . _ [logt 5/ qi+1
P (SUp MY}J; ) > 1, sup dp+6j (Fj,m’Fj)p“’Jj < 77) <K; (Og)

m>t M m>n t
for any ¢t > n, where

N

Z<P(Ci)

i=1

f{j = 3”

+2||[RD||17 < oo
T | IJ}

’ {4(771/%‘ + ||R(j)||qj)rj

by Remark 2.4(ii). It follows that (3.16) is bounded from above by

N log n ri/gi+1 log ¢ i/ 4i+1

t=n-+1
. 1 i /451 1 T3/ dj+1
< Kjn (ogn> —|—K Z / <ng> dx
n t=n+1

- 1 ri/div 1 /541
:an(og”> +Kj/ (ng> dz
n n x

for all n > 3. Since r;/g;+1 > 1 and

% /] T3 /q+1 1 75 /qj+1
/ (ng) dr = Qogm)™ 1 4 1))

: il — DT

as n — oo, we conclude that (3.12) is bounded from above by

_ ~ 1 (logn)"s/9i+1
2n—1)"" 4+ K (14 ——M— 1)) ————
(n ) + J + Tj/q]'+1 -1 +O( ) nri/t+1—1 7
which converges to zero as n — oo. This completes the proof. O

We now prove Proposition 2.13, which states the consistency of the estimators.

Proof of Proposition 2.13. The second statement of the proposition, regarding the almost
sure convergence, follows directly from Definition 6.8 and Theorem 6.9 in [33]. For the
convergence in probability we argue as follows.

Define Oy, = = 7, h(R¥*™) and 6), = E[h(R™)]. By assumption, we have that
dyp(Fyom, Fx) — 0 in L, and therefore in probability, as m — oo. Hence, for every
subsequence {m;};>1 there is a further subsequence {m;, } ;>1 such that dp(Fk,mlj , Fr) —
0 a.s. as j — oo. Definition 6.8 and Theorem 6.9 in [33] now give that

@k,mij — 0 a.s.asj — oo. (3.17)
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We conclude that for any subsequence {m;};>1 we can find a further subsequence
{my, };>1 such that (3.17) holds, and therefore,

P
®k7m — 0, asm — oo. O

The remaining two proofs in the paper correspond to Theorem 2.5 and Lemma 2.6,
which although not directly related to the population dynamics algorithm, may be of
independent interest.

Proof of Theorem 2.5. Suppose first that Assumption 2.2(A) holds. Recall that Fy(z) =
P(R™ < z). Then, for any j € IN, we have

4y (Fy. Fy) < (B[|0(QNACHAEL©)) - 2@ N AC A0 p])

_ _ »1\ 1/P
< 1 (5 [ 0 o) =
< (H}PY=td,(F1, Fy). (3.18)

Moreover,

dy(Fr, o) < (B [|8(Q. NG, (7 (U)}) — 2(Q. N.{C), {o})yPD””
+(E[®(Q, N, {C,}, {oh)[")"/”
</ (BIROP) "+ (B19(Q N, (G} (0D ) (3.19)

It follows that for any m € IN; we have

dp(Fism, F) <Zd (Fretss Fiorj SZ (Hy/P) 71, (F1, Fy)
Jj=1 Jj=1

-1

= (HY?)*d,(Fy, Fo) Y (HY?PY,

J

S

| |
=)

which converges to zero as k — oo uniformly in m whenever H, < 1 and E[|Ro|?
+]®(Q, N, {C,.}, {0})|P] < co. Therefore, the sequence {R(®) : k > 0} is Cauchy, and since
the Wasserstein space P,(R) metrized by d, (see Definition 6.4 in [33]) is complete by
Theorem 6.18 in [33], we have that there exists a random variable R having distribution
F.(z) = P(R < z) such that

hm dp(Fy, Fy) = 0.

Equation (2.3) now follows by taking m — oo to obtain:
k
dy(Fy,F.)? = lim dy(Fy, Fyim)? < d,(Fy, Fy)) ——2—
p(k ) Mo p(k k+) —p(l 0) (1—H;/p)p

and using the optimal coupling (R*), R) = (F,/ ' (U), F-1(U)).

*

We now move to the linear SFPE (1.2), for which it is known (see [22]) that R admits
the explicit representation
R=% > Qs

k=0ic Ay

as described in Section 1.1. When conditions (i) hold we have E[R(k)] =(0forallk >0
and the arguments used above remain valid.
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Suppose now that conditions (ii) hold, in which case we can take R® =
E?;& Diea, Qi + Xica, HiRi(O), where the {Ri(o) : i € U} are i.i.d. copies of R,
Therefore, Minkowski’s inequality gives

B[R9 - R < B | (35 miel+ 3 e
j=kicA; icA,
< (S @+ (2](mee)])”) .
j=k

where W; £ 37, [IL]|Qi| and Wi(R®) £ 37, ||| R”)|. Now use Lemma 4.4 in [22]
to obtain that under conditions (ii) there exist constants K, K{, < oo such that

E[|W;") < Kp(p1Vpp)  and  B[Wi(R)P] < K (p1V )",

where ps = F [Zﬁl |Ci|ﬂ}. Hence,

p

E “R(k) _ R|p} < | (K7 + (K1) 7) Z pLV pp)iP
Jj=
p

(Kp) 7 + () /7 .
< - pl/ (p1 Vpp)k L
L—(p1V pp)'/»
This completes the proof. O

Finally, we provide the proof of Lemma 2.6.
Proof of Lemma 2.6. By (3.18) we have for any j € IN,,
dy(Fy, Fj_1) < (HY?) =1, (Fy, Fy),
and by (3.19),
4 (PR < BY? (EIROP)) " 4+ (B[00 N.1C. ) (0D £ 4,

Hence,
k

k
o (F, Fy) < Z (F, Fioq) < A (Hp/P)1,
and we obtain that

(e [9P])" < (215 @) - B @) + (B [18OF])

k—1

< (A; +(E [R“””])l/p) (H,)" O
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