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Kalikow decomposition for counting processes with stochastic
intensity and application to simulation algorithms

Tien Cuong Phif Eva Locherbach! Patricia Reynaud-Bouret?

April 28, 2022

Abstract

We propose a new Kalikow decomposition for continuous time multivariate counting processes,
on potentially infinite networks. We prove the existence of such a decomposition in various cases.
This decomposition allows us to derive simulation algorithms that hold either for stationary pro-
cesses with potentially infinite network but bounded intensities, or for processes with unbounded
intensities in a finite network and with empty past before 0. The Kalikow decomposition is not
unique and we discuss the choice of the decomposition in terms of algorithmic efficiency in certain
cases. We apply these methods on several examples: linear Hawkes process, age dependent Hawkes
process, exponential Hawkes process, Galves-Locherbach process.

Keywords: Kalikow decomposition; counting process; Hawkes process; Perfect Simulation; Sim-
ulation algorithms.
MSC 2010 subject classification: 60G55, 60K35

1 Introduction

Multivariate point (or counting) processes on networks have been used to model a large variety of sit-
uations: social networks [15], financial prices [2], genomics [30], etc. One of the most complex network
models comes from neuroscience where the number of nodes can be as large as billions [27, 23, 31]. Sev-
eral counting process models have been used to model such large networks: Hawkes processes [17, 16],
Galves-Locherbach models [13] etc. The simulation of such large and potentially infinite networks is
of fundamental importance in computational neuroscience [23, 27]. From a more mathematical point
of view, the existence of such processes in stationary regime and within a potentially infinite network
draws also a lot of interest (see [13, 26, 18] in discrete or continuous time).

Kalikow decompositions [21] have been introduced and mainly used in discrete time. Such a de-
composition provides a decomposition of the transition probabilities into a mixture of more elementary
transitions. The whole idea is that even if the process is complex (infinite memory, infinite network),
the elementary transitions look only at what happens in a finite neighborhood in time and space. Once
the decomposition is proved for a given process, this can be used to write algorithms to simulate the
process. Indeed, by the Kalikow decomposition, the process can be decomposed in random elementary
transitions that do not need to access to the whole information to move forward in time. This is useful
in two ways. First one can simulate the points appearing for a given node in the network, without
needing the whole past history or even the whole network. This leads to Perfect Simulation algorithms
[13, 18, 26]. Here the word “perfect” refers to the fact that it is possible in finite time to simulate what
happens on one or on a finite number of the nodes of the potentially infinite network in a stationary
regime. Secondly, this decomposition can drastically reduce the time complexity of the simulation
algorithms, because we do not need to store and/or compute at each step what happens in the whole
network to proceed. Up to our knowledge, all existing papers referring to Kalikow decomposition are
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theoretical and focus on the first aim: indeed if one can prove that such a Perfect simulation algorithm
ends after a finite number of steps, it means at the same time that the process exists in a stationary
regime. This is of tremendous theoretical importance when dealing with infinite networks [18, 13].

In the present paper, we propose to go from discrete to continuous time. Therefore, we decompose
conditional intensities rather than transition probabilities. This leads to serious difficulties that usually
prevent a more practical application of the simulation algorithms. Indeed, up to our knowledge, the
only work dealing with continuous time counting processes is the one by Hodara and Locherbach [18].
Their decomposition is constructed under the assumption that there is a dominating Poisson process
on each of the nodes, from which the points of the processes under interest can be thinned by rejection
sampling (see also [25] for another use of thinning in simulation of counting processes). To prove the
existence of a Kalikow decomposition and go back to a more classical discrete time setting, the authors
need to freeze the dominating Poisson process, leading to a mixture, in the Kalikow decomposition,
that depends on the realization of the dominating Poisson process. Such a mixture is not accessible in
practice, and this prevents the use of their Perfect Simulation algorithm for more concrete purposes
than mere existence.

More recently, in a previous computational article [27], we have used another type of Kalikow
decomposition, which does not depend on the dominating Poisson process. This leads to a Perfect
Simulation algorithm, which can be used as a concrete way for Computational Neuroscience to simulate
neuronal networks as an open physical system, where we do not need to simulate the whole network to
simulate what happens in a small part of it [27]. However, this approach was mainly done in direction
of computer science and the definition of the Kalikow decomposition was not sufficiently broad to
encompass the classical counting process examples such as classical linear Hawkes processes.

In the present work, we want to go further, by proposing a Kalikow decomposition in a general
frame, which does not assume the existence of a dominating Poisson process at all. We also prove
(and this is not done in [27]) that such a decomposition exists for various interesting examples, even
if it is not unique. Finally we propose two algorithms. The first one is essentially the one that is
proposed in [27], except that it is now proved to work for the more general definition of the Kalikow
decomposition that we have introduced here. This is a Perfect Simulation algorithm in the sense that
it can simulate the point process of a given node in a potentially infinite network in a stationary
regime (it moves backward to create the past that is needed to obtain a stationary process). To do so,
we need to assume the existence of a dominating Poisson measure. The second algorithm only moves
forward from an empty past (meaning no points before 0) in a finite network and therefore simulates
outside the stationary regime. In this case, the intensity does not need to be bounded, as in the more
classical Ogata’s algorithm [25].

The paper is organized as follows. In Section 2, we introduce the basic notation and give the precise
definition of a Kalikow decomposition. In Section 3, we present a very general method to obtain a
Kalikow decomposition for a counting process having stochastic intensity. We decline this method on
various examples including the linear Hawkes process [17, 16], the age dependent Hawkes process [28],
more general non-linear Hawkes processes with analytic rate function and Galves-Locherbach models
[13].

Finally, in Section 4, we present the two algorithms based on the Kalikow decomposition written
in Section 3, and we discuss the efficiency of the Perfect simulation algorithm with respect to the
Kalikow decomposition.

2 Notation and Kalikow decomposition

2.1 Notation and Definition

We start this section by recalling the definition of simple locally finite counting processes and stochastic
intensities. We refer the reader to [3] and [9] for more complete statements.
Let I be a countable index set. We start by introducing a canonical path space for the sequence of



points of a counting process having interacting components indexed by 4 € 1. This space is given by

ti, € [—o0, 0]
Xoo =% {thnez)ict st. Vi#jen,meZ, li'mn—f:l:oo th = j;oo '
t, < tl ., and t!, # ¢}, if they are not infinite

Notice that we allow for the choices !, = f00 such that elements of X, may have only a finite number
of (finite) points before time 0 or only a finite number of (finite) points after time 0, or both. In the
sequel, whenever we speak of the points of a counting process, we implicitly mean finite points.

We then introduce, for any t € R, i € I and z = ({t{ }nez)icr,

n>1 n<0

and we write for short Z = (Z%);c1 for the associated collection of counting processes, indexed by
i € I. Note that Z € D(R,Z)!, where D(R,Z) is the space of non decreasing cadlag piecewise
constant functions, see [20]. We denote X; the canonical path space of points of Z before time ¢, given
by

Xy = Xoo N (=00, 1),

and we identify (Zs)s<; with the past configuration X; € &; defined by
Xi(2) = ({th }eg, <tier- (2.1)
We consider (F;)icr, the past filtration of the process Z = (Z%);c1, defined by
Fir=0(Zicls<t).

Moreover, for any = = ({tﬁl}neZ_)i o1 € & and any @ € I, we denote the point measure associated to
index ¢ by
dal = Z O (ds)
meZ~
which is an element of the space N of locally finite point measures on R_, endowed with the topology
of vague convergence, and we endow X with the metric induced by the product metric on AL, Finally,
throughout this article, without further mentioning, the integral f; stands for f[a,b) with a,b € R and

Z4([a,b)) (Z'((a,b]), respectively) stands for the number of points in the configuration with index i in
[a,b) (in (a, b], respectively).

In the present article, we are only interested by time homogeneous counting processes, that is,
informally, processes that at each time t depend in the same way on the past configuration x;. To be
more rigorous, let us define, for each z; = ({tfl}t%q)iel € X,

zi = ({th — tha),

which is the shifted configuration at time 0. The generic space for such a past configuration xj ¢ that
is rooted at time O is denoted X := Aj.

Under suitable assumptions, the evolution of the counting process Z = (Z%);c1 with respect to
(Fi)ter is fully characterized by its stochastic intensity which depends on the past configuration, see
Proposition 7.2.IV of [9]. Hence, in this paper, for any z; € X}, given that the past before time ¢ is z,
we denote by ¢i(z;) the corresponding stochastic intensity of the process Z! at time ¢ for any i € 1.
More precisely, for any z; € &}, we have

P (Zi has a jump in [¢,¢ + dt) | past before timet = z;) = B (2¢)dt.

Definition 1. For a given i € I, a counting process Z* with stochastic intensity (¢i(x¢))ier is said to
be time homogeneous if there exists a measurable function ¢* : X — R4, called the generic intensity,
such that

dp(wr) = ¢ (x")
forallt € R and xy € A;.



Note that a process that is time homogeneous is not necessarily stationary. For instance, expo-
nential Hawkes Processes [5] (see Section 3.3 for more details) starting with empty past before time 0
(that is empty past history before time 0, or in other words, no points before 0) may explode in finite
time, but they are still time homogeneous in the sense of the previous definition. One can also think
of simple linear Hawkes processes with empty past before time 0 in the supercritical regime, that is,
for which the interaction function has L'—norm larger than 1 and thus produces an exponentially
growing number of points as time increases [2]. Therefore, if the process of interest is stationary, one
can think of X as &{) the set of configurations at time 0. However if this is not the case, X has to be
thought as just a generic space whose configurations are cut at time 0 (that is no points exists after
0) and which is the set on which ¢’ is defined.

To define the Kalikow decomposition, we need to define neighborhoods and cylindrical functions
on neighborhoods. A neighborhood v is a Borel subset of I x (—o00,0). This neighborhood is said to
be finite if there exists a finite subset J C I and a finite interval [a, b] such that:

v C J X [a,bl.

Definition 2. For any neighborhood v and z,y € X, we say x = y whenever x =y in v. This means
that, for alli € In € Z, such that t', € x and (i,t!) € v, we have t!, € y and vice-versa.

A real valued function f is said cylindrical in v if f(z) = f(y) for any x =y, and we usually stress
the dependence in v by denoting f,(z).

A family of neighborhoods V is a countable collection of finite neighborhoods v. It usually includes
the empty set ). One might have a different family of neighborhood for each i, even if in several
examples, the same family works for all 3.

Definition 3. A time homogeneous counting process (Z%);c1 of generic intensity ¢* admits the Kalikow
decomposition with respect to (w.r.t.) the collection of neighborhood families (Vi)ic1 and a given
subspace Y of X if, for any i € I and any v € V1 there exists a cylindrical function ¢i(.) on v taking
values in Ry and a probability \'(.) on V* such that

VoeXny  ¢a)= > N(v)h(x). (2.2)

veVi

Remark 1. Note that the probability \'(.) in Definition 3 is a deterministic function, that is why
this decomposition is unconditional, whereas in [18], \(.) was depending on the dominating Poisson
processes (see the discussion in the introduction). Secondly, we do not restrict ourself to a bounded
intensity, and we do not force all the ¢! to be bounded with the same bound, which is a notable
improvement compared to [27].

2.2 About the subspace Y

A Kalikow decomposition does not exist for all intensities and all subspaces ), and we stress the fact
that it depends on the choice of )). The role of ) is to make the Kalikow decomposition achievable.
There are many possible choices for such a subspace, depending on the model under consideration and
the precise form of the intensity. In this paper, we will discuss two main examples. The first example
is the choice ) = X>% which is the subspace of X where the distance between any two consecutive
possible points is greater than ¢, that is,

X0 ={x = ({t\}nez-)ic1 € X such that Vn,i t , —t) > §}. (2.3)

Such a choice is convenient for counting processes with a hard exclusion role where by definition of
the intensity, any two consecutive points need to be at a distance at least equal to §, see Section 3.2
below where we discuss the example of Age dependent Hawkes processes with hard refractory period.

In the case when ¢’ is continuous for each i and we want to simulate the process starting from the
empty past before time 0, during some finite time interval [0,7] and up to some activity level K > 0,
another possible choice of a subspace ) that we consider is

Y=xTK —{zecx viel Zhx) < K}.



By continuity of ¢, it is clear that the intensities are bounded on X7 In this case, we will be able to
simulate the process, using the Kalikow decomposition, up to the first exit time of X7, see Section
4.1 below.

2.3 Representation, thinning and simulation

Locally finite simple counting processes with intensity ¢i(x;) can always be represented as thinning of
a bivariate Poisson measure. More precisely, if (7*);c1 are independent Poisson random measures on
R x R4+ with intensity 1, the point measures defined by

define points of counting processes (Z%);c1 having intensity ¢i(z;) at time ¢, given that the past before
time ¢ is x4, see e.g. Lemma 3 and 4 of [4] and Chapter 14 of [19].

This representation has been used for a long time to simulate processes forward in time, see e.g.
[25] and [22]. More precisely, consider for the moment the easy case where we have empty past before
time 0 and intensities which are bounded for any i by a fixed constant I'¥ > 0. The simulation of
the Poisson random measure 7* then consists in a homogeneous Poisson process, N?, in time, having
intensity I (that can also be built by a succession of independent exponential jumps of parameter I'?),
and then to attach to each point T of this process, independently of anything else, independent marks
Ur which are uniformly distributed on [0,T¢]. The couples (T,Ur) for T € N form the bivariate
Poisson random measure 7’ in the band of height I'.

The classical thinning algorithm — in case of intensities which are bounded by I~ then consists in
saying that the points of N* are accepted if U < qﬁiT(XT) and that these accepted points correspond
to a counting process of intensity ¢i(X;). Equivalently, one can attach independent uniform marks
Ur on [0,1] and say that we accept T if Ur < ¢%(X7)/T, or one can even just say that we accept a
point T in N with probability ¢&(Xr)/I".

The Kalikow decomposition allows to go one step further thanks to the following result.

Proposition 1. Let (Vi);cr be a collection of families of finite neighborhoods and for any i € 1,
(X(v))pevi be probabilities on Vi and ¢ be cylindrical functions on v for each v € V. Let moreover
(IT%);c1 be independent Poisson measures on R x Ry x V¥ with intensity measure dt du \(dv).

Then for every i € 1,

dZZ = / 1u<¢" (Xet)Hi (dt, du, d’U)
u>0pevi Ut
defines a time homogeneous counting process Z' having generic intensity given by

¢ = ANl (2.4)

veVI

From a more algorithmic point of view, the construction of II’ is equivalent to attaching to each
atom (T, Ur) of 7 (the bivariate Poisson random measure) a mark V7, independently of everything
else and distributed according to A*. The above theoretical result can be interpreted in the following
way. It is sufficient to draw at random the neighborhood Vi for each point 7" according to A* and to
do as if the intensity was just gb'%/T (X;7!) instead of having to compute the full sum in (2.4).

From a computational point of view, the main interest of this is to diminish drastically the number
of computations to be done, replacing the summation by a random selection. From a theoretical point
of view, the above representation enables us to define reset events at which the process forgets its past,
at least in a local way. These resets take place whenever, for instance, the empty set is picked as a
neighborhood, which happens with probability A(()), for a given i € I. Indeed, this means that at this
time ¢, the history of the i—th component is reset and becomes independent of the past. In a nutshell,
the whole theoretical interest of using the Kalikow decomposition for Perfect simulation is therefore
to prove that such resets happen often enough and for sufficiently many coordinates i, and that one
can simulate the distribution between resets, without needing to simulate outside of this zone. The



interest of this strategy is twofold. First of all, if this procedure works, this shows that the stationary
distribution exists and is unique (see Theorem 1 below). Moreover, it also allows to perfectly simulate
from this stationary distribution.

The above representation needs a tridimensional Poisson random measure. As we have seen above,
if it is easy to simulate such a measure within a band, we cannot simulate it without having an upper
bound on the intensity. That is why we distinguish two cases for the algorithms. Here is a brief
informal overview of them.

o If we seek for a stationary distribution, we need to “propose” a first point before thinning it in
a “Kalikow” way. To do so, we need a fixed upper bound, say I'?, that holds for all times, for
a given coordinate 7. Then we will be able to recursively go back in time as follows: (i) pick
the random neighborhood (ii) simulate the points in the neighborhood according to a Poisson
process of intensity I'V if the neighborhood is on node j (iii) search again for the neighborhoods of
the points that we just simulated and go on. In this backward step, we create a clan of ancestors
for the first point. Under some conditions, this recursion ends in finite time, because either
the empty neighborhood is picked or because the simulation of the Poisson process inside the
neighborhood is empty. Hence the status of the first point, even inside the stationary distribution,
only depends on a finite set of points that we have been able to create. It remains to accept
or reject, in a forward movement, all these points according to the rule Uy < gb%/T (z5T). See
Section 4.2 below.

e [f there is no bound, which is typically the case of the linear or exponential Hawkes process, one
cannot “propose” a first point in a stationary manner. However, if we start with an empty past
before 0, the intensity at time 0 is usually bounded and we can “propose” a first point. The
main strategy is now to update this upper bound as time goes by and to change the size of the
steps we are making, one point after the other. This algorithm can only move in forward time
and one needs to know all the network to make it move forward. Hence this approach does only
work for finite networks with known past (empty past before time 0, typically). See Section 4.1
below.

Note that in particular for linear (multivariate) Hawkes processes, there is another way to do Perfect
Simulation, relying on the cluster representation of these processes, see [24], [6] and [7]. However the
approach we propose here is much more general, because we do not need this cluster representation,
but rely on the Kalikow decomposition which exists for a broader class of processes (for instance
non-linear Hawkes processes with hard refractory period and Lipschitz rate function, see Section 3.2
below).

The above proposition holds of course as long as Y. A(v)¢! exists and it furnishes a way to
veVvi
simulate a process with intensity ¢'. In the sequel, we will see how we combine it with a proper
definition of ) to make the simulation algorithms work in practice.

Proof of Proposition 1. To avoid confusion, we consider two filtrations. We write (F;);cr for the
canonical filtration of (I1?);c1, containing the filtration (F7);er which corresponds to the one given
by the counting processes (Z°);ec1.

To prove that (Z%);er has the correct intensity, let us look at E (Z¢((a,b]|FZ), for any a < b. We
have that

B (Z((a, B|F7) = B ( /

The integral in v is independent from the rest, so we can integrate it and replace it by its corresponding
intensity measure, which leads to

1’u,<¢i (X(—a)HZ(dS7 du7 dv)|faZ .
e(ablu>0pevi 0

E (Z'((a,b]|F?) =E Zx\i(v)/ Ly<gi (xeom (ds, du)| FZ |
Vi s€(a,b],u>0



where 7* is the bivariate Poisson random measure of rate 1. Therefore we get

E(Z'((a,b|FZ) = Y N(v (/( ) ¢2<X§S>ds|ff>,
se(a,

veEV?E

that is
o (2 o) <6 [ donmit)
s€(a,b]

which concludes the proof. O

3 How to compute the Kalikow decomposition in various cases

To obtain the Kalikow decomposition, we try to rewrite the intensity as a convergent sum of cylindrical
functions over an adequate family of neighborhoods. To define properly such a family of neighborhoods,
let us start by introducing the minimal information that is needed to compute the intensity.

Let us consider a time homogeneous counting process Z' having intensity ¢(z;) = ¢*(z;). Let
Vi C I x (—00,0) be minimal such that ¢’ is cylindrical on V. We interpret V' as the support of
dependance for ¢'.

Definition 4. A coherent family of finite neighborhoods V* for Z' is such that

vic v (3.1)

veEV?E

Proposition 2. Let Z = (Z%);c1 be a time homogeneous counting process having intensity ¢i(x;) =
¢ (x7t) at time t, let V? be an associated coherent family of neighborhoods and Y C X a subspace of
X. If there exists a family of non-negative functions Al (x) which are cylindrical on v for each v € V!
and i € I such that

Vee XNY, Z Al (z) is convergent and ¢'(x Z Al (z (3.2)
vEVi UEV'L

then

1. whatever the choice of the probabilities X' on V', such that

N(v) =0 only if es;lfgy Al (z) =0,

then (Z%)ic1 admits the Kalikow decomposition with respect to the collection of neighborhood
families (V)1 and the subspace Y, with weights given by X'(v) and cylindrical functions ¢,
where

(@) = Ay (2) /X' (v),

with the convention 0/0 = 0.

2. if for all i € I and v € V', there exist nonnegative deterministic constants I, such that

sup Al(z) <T < oo
zeXNY

and I' = Y vevi [l # 0 is finite, then one can in particular choose

. ) T . | K
Vie LYve V' X(v)= F—f and ¢y (x) = F—ZA;(m) (3.3)

v

In this case, all functions ¢!, and ¢' are upperbounded by I'*.



Proof. The first point is obvious. Note that for the second one, since ) v I = I'!, the choice
Ai(v) =T /T defines a probability.
O

The weights A\‘(v) in the Kalikow decomposition are not unique, and this even in the bounded case.
Indeed, T can always be chosen much bigger than SUDexny Al (z). If we order the neighborhoods
from the most simple (the empty set) to the most complex (by size, or by distance to (i,0)), this means
that it is always possible to choose large weights A’(v) on complex neighborhoods, but not that easy
to choose small weights on them. However, we would like the backward steps of the Perfect simulation
algorithm to end after a small finite number of iterations. Hence we typically need larger weights on
the empty set and on the less complex neighborhoods such that less computations are done or less
memory is stored in our algorithms. This means that one can try to optimize the weights to minimize
the complexity of the algorithms that we develop (see Section 4.2.6).

Note also that the above result leads directly to a very generic statement for continuous generic
intensities.

Corollary 1. Let Z = (Z%);c1 be a time homogeneous counting process with generic intensity ¢',
let Vi = {v,i,k € IN} be an associated coherent family of neighborhoods which is increasing, that is,
vy, C vy for all k, and let Y be a subspace of X, such that for any i € I, ¢" is strongly continuous on
Y, that s,

sup sup  [¢/(x) — ¢i(y)| = 0 (3.4)

i€l vl
Y€V x =Yy

as k — oc.
Then Item 1. of Proposition 2 holds with the choice

Al (2) =inf{o'(y) 1y € Y, y L}
Az;;c(x) =inf{¢'(y) :y €V, y % r} —inf{¢'(y):y €Y, ¥y it z} for k>0.

Let us now see how this method can be implemented on various more specific examples of processes
and various examples of neighborhood families.

3.1 Linear Hawkes process.

In the following, we consider a linear Hawkes process [17, 16], for a finite number of interacting
components, that is, I finite. In this framework, for any z € X,

0
¢ (x) = pu' + Z/ h;(—s)dxg, (3.5)

jer -

where the non negative interaction functions hz() measure the local dependence of process Z% on Z7
and the non negative parameters p¢ refer to the spontaneous rate of process Z¢. The classical assump-
tion to have a stationary Hawkes process is to assume that the spectral radius of ([;° hi(s)ds)i jer is
strictly smaller than 1. We do not need to make this assumption here, we just assume that for any

1,7, h; € Llloc. In this case we have

Vi= |J {4} x Supp(n). (3.6)
JELRI #0

Cutting the support of hé» into small pieces of length €, for some fixed € > 0, we are led to consider
atomic neighborhoods of the type

Wi = {j} X [~ne, —(n — 1)e) (3.7)



which are supported by one single neuron within a small interval of length €. The most generic family
of neighborhoods that we can consider in this sense is

Vatom = {0} U{wj, : j € I,n € N*}

that we choose for all 7. For this family, one can prove the following result, as a straightforward
corollary of Proposition 2.

Corollary 2. The multivariate linear Hawkes process defined by (3.5) admits the Kalikow decompo-
sition given by Proposition 2 Item 1., with respect to the collection of neighborhood families (V%);e1
where for all i, V' = V gtom, and with respect to the subspace Y = {x € X : D iel ¢'(x) < oo}, with

hd va = wj,’l’w

) —nete )
Ay, (2) ::/ b (—s)dx

—ne

o ifv=10,

Note in particular that the linear Hawkes process has an intensity which is not bounded by a fixed
constant, so we cannot use the second part of Proposition 2. In particular we stress that we will
not be able to use the above decomposition for the purpose of Perfect Simulation of the stationary
version of the linear Hawkes process (which does not necessarily exist under our minimal assumptions).
However, we will be able to use the decomposition for an efficient Sampling Algorithm of the process
in its non-stationary regime, starting from the empty past before time 0, see Section 4.1 below.

Remark 2. The choice of Y = {x € X : },.; ¢'(x) < oo} is the minimal choice to ensure that (3.2)
holds, by monotone convergence. By classical results on linear Hawkes processes, it is well known that,
starting from the empty past at time 0, Z; = (Z})ie1 stays within Y almost surely, for any t > 0, see

e.g. [10].

3.2 Age dependent Hawkes process with hard refractory period.

In this section, we are interested in writing a Kalikow decomposition for Age dependent Hawkes
processes with hard refractory period, for the purpose of Perfect Simulation of its stationary version.
This process was first introduced in [8], and no Kalikow decomposition has been established for this
process, even not in a conditional framework. In our setting, the stochastic intensity of an Age
dependent Hawkes process with hard refractory of length § > 0 can be written as follows. For any
teland zx e X,

o) = (X [ misde] | g (39)
with the age of the process defined by
a'(z) = —sup{ti, € x such that i <0},

that is, the delay since the last point. If there is no such last point, we simply put a’(x) = +o00. The
function v is called the rate function, whereas the h;- are still the interaction functions of the Hawkes
process. In this setting we allow for an infinite number of components, that is, I might be infinite. The
set V' remains defined by (3.6) but the set ) is not the same. Indeed, by definition of the stochastic
intensity (3.8), we observe that the distance between any two consecutive jumps has to be larger than
6. This observation leads us to consider the subspace

y:/'tv>5

which has been introduced in (2.3).



We also change the family of neighborhoods. Now we envision a family of nested and increaaing
neighborhoods. More spec1ﬁcally, from a nested family of subsets of I given by (wk)ke]N* with w} =

{i},w), Cwp , and Ug>1wi = I, one can design a nested family of neighborhoods Vi __. . by

Vizested = {’Ulzg = w]ig X [_k57 0) for k € ]N*}

Note that this family does not include the empty set. This is due to the presence of the hard refractory
period. As we will see in Section 4, the backward steps in the Perfect Simulation algorithm do not end
only because of the probability of picking the empty set but also because some neighborhoods might
just be empty (in the sense that no points appear in them). This the main difference with similar
Perfect simulation algorithms that exist in discrete time, see e.g. [26] or [18].

For this family, one can prove the following result, as a corollary of Proposition 2.

Corollary 3. Assume that for all i,7 € 1, h;() is a non negative, non increasing L' function and
that for every i,

D kil < oo and > hi(0) < oco.

jel jel

Then the multivariate Age dependent Hawkes process with hard refractory period defined by (3.8)
admits o Kalikow decomposition w.r.t. Vi = Vitested and Y = X0, under the following conditions.

1. If for every i, ¥'(.) is an increasing, non negative continuous function, then the Kalikow de-
composition of Proposition 2 Item 1. applies with A}(z) = Azi (z) = ¥"(0)14i(z)>5 and for all
k>2

M) = iy @) = | 0 [ hi(eo)dad | Luyss— by / T | L
jew;; o

2. If in addition ¥'(.) is L-Lipschitz, the Kalikow decomposition of Proposition 2 Item 2. applies
for the choices Tt = Ffﬂ- > T :=9%(0) and for all k > 2
1

7 ™ . i 1 i i
=T, >Tp =1L Z (he(0) + 0 H|Ri 1) + Z BE((k — 1)) |
JEW\WE_y JEwL_4
as long as > g I < oo,

In particular, since Y oy Tt < 9%(0) + 2L [ZJGI h%(0) + 6~ 1Z]€I [l ] ¢ =T"% is a valid

choice.

Proof. For the first point of the result, by assumption, (Ai;(l'))kzl is well-defined, non negative and
cylindrical on v} = wi x [—kd,0), since the family of neighborhoods is nested. Let

- Z A}c<x) Z / hl dw] ]lai(x)>§
k=1 B

]Gwl
and let us show that 7 (z) — ¢*(z) when n — oo. Consider the inner-term of the parenthesis,
> / hi(—s)dz] = / B (=81 5)e0i daldry,
jewi —nd IXR~

where we denote dr the counting measure on the discrete set I.

We have that (h}(—s)]l(j s)evi ) ’ is a non negative and non decreasing sequence in n. In addition,
bl n ne

it converges to h;(—s)]l(ﬁs)elx(,oo’o) as n — oo. Moreover, since 1(.) is a continuous and increasing
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function, the monotone convergence theorem for Lebesgue Stieltjes measures implies that r? (z) —
¢'(x) as n — 0o. As a consequence, Proposition 2.1 applies.
For the second part, 1" is L-Lipschitz. Hence we have

(k—1)6

k i J x] ) .
Af@)y<Lx| Y /kéh d:c—i—Z/ —s)d (3.9)

JEWL\wj,_y JEWL_4

Soletus fix 0 <k <l,j €I € X and t € R and let us concentrate first on upper bounding
tt l§5 Rt 5t — s)dz} by adapting Lemma 2.4 of [28]. For any ¢ > 0, we have

Ri(t — s)dx) = / Ri(t — s)da?
/[tlé,tk&e] j( ) Z [t—(m+1)d—e,t—md—e] ]( )

k<m<l

> Bi(mé +e),

k<m<l

because h;'- is non increasing and because there is at most one jump in the interval of length §.
Therefore,

hi(t — s)dz! = lim Ri(t — s)da?
/[t 164—ks) (t=9) b0 Ji—15,—ks—e (=)

< liﬁ} > Bi(mé+e)< Y hi(md),

k<m<l k<m<l

by monotone convergence and the fact that h;() is a decreasing function.
Going back to (3.9), we have therefore that

15 -
/ Wi (—s)ded < Bi((k — 1)5))

—ké
and
0 k—1
/ Bi(—s)dal < S Hi(md) < hi(0)+ 6 / B (£)dt < hE(0) + 611
—ko 0<m<k—1
This shows that if F}; > f‘;, we are indeed upper bounding sup,c y>s A%(a:) The last upper-bound on

>, 't is done in a similar way. O

Remark 3. In particular this proves that A}C(x) — 0 when k — oo for fized x € X>%, and that this
convergence is uniform on X>°, if " is Lipschitz.

Remark 4. It is straightforward to see that

. 0 . O . .
irll_f (N Z/ hz( )dZ] Loio)>s = P Z /ké h;‘(_s)dx?g Loi@y>s>
jewt "

because of the monotonicity property of ¥ and since h; > 0. Indeed the minimizing configuration is
obtained by having no points outside of U,i. Hence, for k > 2, we observe that

A%(l’): 1nf @Z)Z Z/ hz de ]lai(a:)>6 - inf Y,ZJZ Z/ hz de ]lai(a;)>6
jel Sk jel

The above prescription corresponds to the classical method of obtaining a Kalikow decomposition in
discrete time, as discussed in [18, 13] (see also Corollary 1).

Remark 5. Notice that it is not possible to let § tend to 0 and to recover Corollary 3 for linear or
even general non-linear Hawkes processes having Lipschitz continuous rate function, since typically
the bounds in Corollary & are exploding.

11



3.3 Analytic rate function in a Hawkes process

In the previous examples, we have shown how one can easily derive the Kalikow decomposition if the
intensity is already in the shape of a sum, as it is the case for the linear Hawkes process, with an
atomic family of neighborhoods. In this case the complexity of all neighborhoods is very small. In the
case of the Age dependent Hawkes process, thanks to the refractory period and the monotonicity and
continuity properties of the underlying functions, we have been able to derive a Kalikow decomposition
as well, however with respect to a more complex family of neighborhoods which is nested. Moreover we
have shown that under Lipschitz properties, the intensities are bounded. In both cases the processes
were non exploding, that is, they only have a finite number of jumps within finite time intervals,
almost surely.

Now we want to reach much more erratic processes, that can even explode in finite time. To do so,
we cannot keep the refractory period and we consider nonlinear Hawkes processes Z = (Z%);c1 with
intensity given by

0
)=t (X [ Hes)aet (3.10)

for any x € X', where ¥ : R, — R, are measurable functions and where h;- :R — Ry belong to L',

In [4] it has been proved that if 9 is Lipschitz, then — under suitable additional assumptions
on Hh;Hl — a stationary version exists. However, in the case where v’ is only locally Lipschitz, the
existence of a non-exploding or even a stationary solution is not guaranteed. For example, when
choosing 1*(z) = €%, then the process may explode in finite time with strictly positive probability, see
[5].

We are going to use analytical properties of 9" to perform a Taylor expansion of 1*. To do so, we
are considering a family of neighborhoods which is a sort of iterated tensor products of V zom. For
a fixed €, recall that an atomic neighborhood (see (3.7)) is such that w;, = {j} x [-ne, —(n — 1)¢),
for j € I and n € IN*. A neighborhood of order k is then a union of k& atomic neighborhoods. For

Q] = (jlvnl)v"” ap = (jkvnk)a we put

n
Vayp = U Wy, rg -
k=1

The family of all possible such unions is denoted Vg, with the convention that Vgg = {0}.
The Taylor family of neighborhoods is then defined by

00
VTaylor = U V®k'
k=0

Note that if for instance, some of the a;’s are equal, then the neighborhood v,,, collapses on a
smaller union of less than k intervals and it is also possible that two neighborhoods with different
indices are in fact equal. We do not simplify the family and remove redundancies. It is important that
neighborhoods with different indices are considered different to define properly the probability A°.

We are limited by the radius of convergence of the function ¢, say K. This is why we are working
within the space

0
y—X<K—{$€X:supZ/ hi(—s)drl < K}.
el 7 —00
j€el
Corollary 4. Let us assume that for any i,j € I, the function h;() 18 non negative and that for every
i

su hi(t) < oo.
tpz (1)

Let us also assume that for every i € I, ¢(.) is an analytic function on R with radius of convergence
K > 0 around 0, such that its derivative of order k, [/!]%)(0), is non negative for all k > 0. Then
the multivariate non linear Hawkes process defined by (3.10) admits the Kalikow decomposition of
Proposition 2.1 w.r.t to V = Vayior for all i and with respect to the subspace Y = X<K with

12



o ifv=0, Al(z) =¢"(0).
[ ] if?) = Uoélzk, for a1 = (jl,nl),..., Q. = (jk,nk), then

A i1(k)
aba) = 0, @), (),

where for a = (j,n),

—ne

aq(x) = / h;(—s)dxg.
—(n+1)e

Proof. The condition ensures that the intensities are at least locally defined if, starting from an empty

past, one first point occurs. The proof of the convergence is then straightforward and consists in using

the analytic properties of . O

Note that the linear Hawkes process is a particular case of this Corollary with ¢¢(u) = p' + u
and K = co. But the above strategy can also be applied to the exponential Hawkes process, 1 (u) =
exp(u), K = oo and [1/*]®)(0) = 1 for all k, which is only locally Lipschitz. One can also use it for
other functions, for instance ¥'(u) = ch(u) = (e* + e~ %)/2 with K = oo, for which even derivatives
[/*]®%)(0) = 1 and for which the other derivatives are null.

3.4 Galves-Locherbach processes with saturation thresholds

We close this section with an example which is not directly related to Hawkes processes and for which,
using the same arguments as above, we may establish a Kalikow decomposition as well. This is the
model with saturation threshold which has already been considered in [18]. More precisely, we put

¢'(x) =o' | D (B Z((—d'(2),0))) A K] |, (3.11)

Jjel

for ¢* : R — Ry a Lipschitz continuous non-decreasing rate function, ﬂ; > 0 the weight of j on ¢,
where we choose ! = 0, and KJZ > 0 the saturation threshold. In this framework, analogously to
Corollary 3, we can prove the following

Corollary 5. Consider the Galves-Licherbach process having generic intensity ¢ given by (3.11) and
suppose that

sup ¥ K! < co.

1€l ; /
Then ¢* admits the Kalikow decomposition given by Proposition 2 Item 1., with respect to the collection
of neighborhood families (V%);c1 where for all i, Vi = szested U {vé = (0}, and with respect to the
subspace Y = X, with A§(x) = 4*(0) and for any k > 1,

0

A =sy@=v (X[ ek | S kg,

R —(kd)Aat L
JEwy, (kd)Aa'(z) JEwW;_4

where w(i) = 0.

4 Simulation algorithms

In this section we present two types of algorithms corresponding to the two items of Proposition
2. First, a simulation algorithm that simulates the time homogeneous counting process Z for finite
networks, starting from the empty past before time 0, up to some finite time, under the conditions
of Item 1. of Proposition 2. And secondly, a Perfect Simulation algorithm that simulates the process
Z in its stationary regime, within a finite space-time window, under the conditions of Item 2. of
Proposition 2.

13



4.1 Simulating forward in time, starting from a fixed past

Suppose that we are in the situation of Item 1. of Proposition 2, with I finite and that we wish to
simulate the process until a certain t,,4, > 0 starting from the empty past before time 0. We might
never reach t,,,, because the process might typically explode, so we introduce

T :=tmaz NInf{t > 0: Z, ¢ V}.

For simplicity we also suppose that in absence of further jumps, the intensities are non-increasing.
More precisely, introducing for all ¢ € I, for all £ > 0, for any x € X, the configuration where all jumps
of x are shifted to the left by ¢ and no further jumps are added within (—¢,0), which is denoted by
(1, 0), we suppose

Assumption 1. For alli € I, for all v € VI and for all t > 0,

&((¢71,0)) < ¢y (x).

This is typically the case for the linear or the exponential Hawkes processes with decreasing
interaction functions h;

Let us now describe how we simulate forward in time, starting from the empty past before time 0,
up to some maximal number of simulation steps Np,q: > 0.

Step 0. We initialize the set of points with X = 0 € &', where 0 € X designs the configuration
having no points, and T'= N = 0.

While T' < 7 and N < Ny do the following.

Step 1. For each i € I, compute I > SUpP,,cvi L (XT).

Step 2. Simulate the next jump 7" < T + Exp(}_, g .
If T > 7 stop, else choose the associated index i with probability

1K
YjalV

Step 3. Choose the associated interaction neighborhood Vi = v with probability A!(v).

P(I =)

Step 4. Accept T as a jump of index ¢ with probability %‘_T) and add (¢,7) to X in this case.

1

Put N < N + 1. If the point is rejected, do nothing. Go back to Step 1.

Remark 6. The bound T, computed in Step 1, is random since it depends on the configuration X
that has been simulated so far.

Corollary 6 (of Proposition 1). The previous algorithm simulates a time homogeneous counting
process Z of generic intensity given by Item 1. of Proposition 2.

Proof. Note that the random variable I is a bound on the generic intensity ¢ in absence of appearance
of a new point in the future after time 7'. Hence the “new” T (see also Section 2.3) computed at Step
2 can be seen as the abscissa of a point of an hidden bivariate Poisson process in a band of height
S ;eI The association of a particular index 4 is quite usual (see for instance Ogata’s algorithm [25])
and it means that if the chosen index is 7, then the point T' can also be seen as the next point of the
bivariate Poisson process 7’ that is discussed in Section 2.3 in the band of height I'". Since this is an
upper-bound on ¢’, the thinning procedure will not consider points of 7* outside this band, at least
until a new point is accepted. The association of a neighborhood in Step 3 is therefore consistent
with the tridimensional Poisson process of Proposition 1, and the points that are accepted at Step
4 are the ones accepted in Proposition 1. Therefore this algorithm indeed simulates points with the
desired intensities as long as the the process stays in ) and the Kalikow decomposition holds. O

14



Remark 7. Note that this algorithm will indeed save computational time if both the computation
of I and the verification that one stays in Y is easy. In the particular example of Linear Hawkes
process (Corollary 2), with decreasing hé s, and bounded support say on [0,€], one can take I =
h; (0)ZY([T —€,T)) and we know that the process will stay in Y with probability 1. Further algorithmic

work, beyond the scope of the present article, might include a real handcraft on the design of T to
save computational time.

4.2 Perfect simulation of the process in its stationary regime

Throughout this section we suppose that we are in the situation of Item 2. of Proposition 2, that is
the generic intensities ¢*’s are upperbounded by deterministic constants I'¥ and that the subspace Y
is invariant under the dynamics, that is, Z; € Y implies Z;ys € Y for all s > 0. This is e.g. the case
for the Age dependent Hawkes process with hard refractory period considered in Section 3.2 above.
In particular, in this case, it is possible to restrict the dynamic to ), and in what follows we will show
how to simulate from the unique stationary version of the process within this restricted state space ).

In what follows, we propose to simulate, in its stationary regime, the process Z* for a fixed i € I, on
an interval [0, t,,q,], for some fixed t,,,4, > 0. Our algorithm is a modification of the method described
in [27], which works in the case where all the I'V’s are equal. The procedure consists of backward
and forward steps. In the backward steps, thanks to the Kalikow decomposition, we create a set of
ancestors, which is a list of all the points that might influence the point under consideration. On the
other hand, in the forward steps, where we go forward in time, by using the thinning method [25] in
its refined version stated in Theorem 1, we give the decision (acceptance or rejection) to each visited
point based on its neighborhood until the state of all considered points is decided.

The idea of relying on such a two-step procedure is not new and has already been proposed in
the literature, even in a continuous time setting, see e.g. [11], [14] and [12] where such an approach
is used to simulate from infinite range Gibbs measures and/or from the steady state of interacting
particle systems, relying on a decomposition of the spin flip rates as a convex combination of local flip
rates. The main difference of our present approach with respect to these results is twofold. Firstly,
in these articles, only spatial interactions are considered — while we have to decompose both with
respect to the spatial interactions and the history in the present article. And secondly and more
importantly, in all these articles the authors manage to go back to transition probabilities — and then
establish a Kalikow decomposition for these probabilities. So somehow this means that we are back
in the framework of discrete time processes as in [21] where these ideas have been introduced. Such a
discrete time approach is still used in [18]. The idea of decomposing directly the intensities, not to go
back to probabilities, and to decompose both with respect to time, that is, history, and space, that is,
the interactions, is — at least to our knowledge — completely new.

4.2.1 Backward procedure

Recall that according to Item 2. of Proposition 2, all functions ¢' and ¢ are bounded by a fixed
deterministic constant I'%.

For the sake of understandability from a theoretical point of view, we will assume that the N¥’s are
independent homogeneous Poisson processes on the real line with intensity I'¥ and that these points
are fixed before one starts the algorithm. Indeed following what has been said in Proposition 1, we
will recover the points of Z? as a thinning of a tridimensional Poisson process. The fact that the
intensities are bounded allows us to thin only in a band of height I'?, and that is why we are going to
thin N? into Z°.

Of course in practice, the infinite knowledge of the N*’s is not possible and the Step 1’ and Step
2’ are there to explicit concretely how this is done in practice.

Step 0. Fix 4, set the initial time to be Ty = 0.

Step 1. Take T the first point of N? after 0. This is the first possible jump of Z? after Tj.
Step 1°’. Simulate this T" as '
T < To+ Exp(I").
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In particular this implies that the underlying N is empty on [Tp, T').
If T > tmaz, stop.

Step 2. Independently of anything else, pick a random neighborhood V:ﬁ of (i,T) according to
the distribution (A*(v)),cv+ given in (3.3), that is

P(Vi =v) = \i(v).
On {V/}. = v}, consider the shift of this neighborhood v by T defined by

vl = {(G,u+T): (j,u) € v}

and, for any j € I, the projection to the second coordinate of v~ by

pi(o7") = {teR: (j,1) €™}

Notice that if for some j, (j,t) ¢ v=7 for all ¢, then p;(v~7) = (. Finally, we look for the set of points
of N that might directly influence the decision of acceptation/rejection of T":

i) _ U{g, tt€pj(v7T) is a jump of N7} .
jel

Step2’. Simulate independent Poisson processes in v =7, that is for each j € I, we simulate the
points of N7 independently of anything else as a Poisson process of intensity IV on p; (v=T) to identify
clih).

It is possible that at this point in the algorithm (especially in the iteration below), v intersects
with neighborhoods that have already been picked. In this case, simulate only on the portion of the
neighborhood that has never been visited before. Note in particular that we take for already visited
region the set {i} x [Tp,T'), and that within this region there are no points by definition of 7.

as before

Step 3. Recursively, we define the n* set of ancestors of (i, T) by

= e\ (e o et

. i, T
(]75)667(7‘71)

by performing Step 2 or Step 2’ for each (j,s) € C(Z .

Note that Cff’T) exactly corresponds to the points that are really simulated as new in the iterated
Step 2’.

We denote ' ‘
NOT) = inf{n : c®T) = 9},

where inf@ := +o0. The backward scheme stops when N#1) < oo, and we give below sufficient
conditions guaranteeing this fact (see Proposition 3 below). In this case we say that the total clan of
ancestors of (i,7) is given by
N(Z’T>
c@T) — U C]iz,T)
k=1

In what follows we also consider the associated interaction support given by
(Gr)ectn

and we put ' '
TOT) .= T —inf{s:3j €1: (j,s) € VOT} (4.1)

which is the total time the backwards steps need to look back in the past.
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Remark 8. Let us emphasize that \;(()) does not need to be strictly positive in order to guarantee that
NGT) < 0o, If Xi(0) =0, at every step of the Backward scheme, we always need to simulate a Poisson
process in a non empty neighborhood. However, if there is no point simulated in such a neighborhood,
then we do not add any points to the clan of ancestors, and if this happens sufficiently often, then
the Backward step ends as well. This is one of the main advantages of our approach and a major
difference with respect to [18, 13]. We give in Proposition 3 below sufficient conditions implying that
the algorithm stops after a finite number of steps almost surely.

Remark 9. The steps Step 1’ and Step 2’ are consistent with recreating the processes N'’s in the
neighborhoods of interest, instead of taking them for granted beforehand. In particular this is the reason
why the algorithm is very careful when dealing with overlapping neighborhoods to not simulate twice
the same process on the same portion of the space.

4.2.2 Forward procedure

Supposing that NT) < 0o, we now use a Forward procedure to accept or reject recursively each point
in 1) until the status of T is decided.
We start with the point (j,s) € C (&T) which is the smallest in time, so that its associated neigh-
borhood is either empty (v = )) or non empty but without any point of the Poisson process in it.
¢] ) ( X(—s)

Step 1. Accept (j,s) with probability % where V¢ is the neighborhood of (4, s) -

Step 2. Move to the next point of C“T) in increasing time order. Repeat Steps 1 and 2 until the
status of T is determined.

Update step. To simulate on [0, te.], go back to Step 0 of the Backward procedure and replace
the starting time of the initial step Tp by 7. Repeat the Backward and Forward procedures until
T > tmas-

Remark 10. If one wants to adapt the algorithm to the simulation of a generic finite subset F of
I x R, it is sufficient to shift everything to the smallest time in F (which will be the initial Ty) and to
repeat the process on all the i’s in F'. Again in Step 2°, we need to be careful to simulate only on new
parts of I x R and not parts that have been already discovered and where one of the N' has already
been simulated.

4.2.3 Why the Backward procedure ends after a finite number of steps

Our procedure only works if NT) < 0o almost surely. In what follows we give sufficient conditions
implying this. To do so, we compare our process to a spatio-temporal branching process. Let us define
this more mathematically.

The initial directed graph of ancestors T
We start with the ancestor which is the point (i, 7) constituting generation 0. All points belonging
to CS’T) are called points of the n—th generation. For each point (j,t) belonging to generation n, all

elements of

C%j’t) = U {(k,s) :s € pp((V7)™) is a jump of Nk}
kel
define the children of the point (4, t). The choices of the children of (j,t) and (5, ) for any two distinct
elements of generation n are not necessarily independent, since the associated neighborhoods might
overlap, that is, we may have V; N Vt? / # 0.
Note that 7 is not a tree, precisely because of this potential overlapping: two different parents
might have the same child.

The dominating branching process T
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To obtain sufficient conditions implying that N&T) < oo, we therefore construct a dominating
spatio-temporal branching process starting from the same ancestor (i, T"), where the choices of children
are independent. To go from generation n to the next generation n + 1, to any point (j,¢) belonging
to generation n we associate the same children Cy ) as before whenever the chosen neighborhood th
does not overlap with parts of I x R where we have already simulated in previous steps. However,
if there are parts of the neighborhood V}; that intersect with already visited parts, we simulate —
independently of anything else — on the whole neighborhood. By doing so, we make the number of
children larger, but for each point, these choices are independent of anything else. If this dominating
branching process goes extinct in finite time, then so does the original process C,(f’T), and the backward
part of the algorithm terminates.

To formulate a sufficient criterion that implies the almost sure extinction of the dominating branch-
ing process T, let us denote the product measure P on I x R, defined on the Borel subsets of T x R,
as follows.

P(J x A):=> T u(A)
Jj€J
for any J C I, where A is a Borel subset of R and where p is the Lebesgue measure. The following
proposition is already proved in [27] in a particular case where all the I'V’s are equal.

Proposition 3. If
sup Z P(u)N'(v) =1y < 1, (4.2)
i€l ;
veEV!

then the Backward steps in the Perfect Simulation algorithm terminate almost surely in finite time.

Proof. For any neighborhood v, we have
ZE (card {t : t € p;(v) is a jump of N7}) = iju(pj(v)) = P(v).
JjEV Jj€Ev

This implies that Y, .y: P(v)A(v) is the mean number of children issued from one point of type 4.
Then the condition (4.2) implies that the mean number of children is less than one in each step, which
is the a classical sub-criticality condition for branching processes, see [1]. The result then follows from

the fact that according to the above discussion, we can dominate Lgf 1) card(Cy(Li’T)) by a classical
Galton Watson branching process having offspring mean « < 1 which goes extinct in finite time almost
surely. O

4.2.4 Why we sample from the stationary distribution

Theorem 1. Suppose we are in the situation of Item 2. of Proposition 2 and the subspace Y is
invariant under the dynamics, that is, the configuration associated to Z, X, satisfies that X7t € Y
implies Xﬁrffs € Y, for all positive s. If (4.2) holds, then the process possesses a unique stationary
distribution in restriction to ), and the accepted points of the forward procedure yield a perfect sample

of this stationary distribution within the space-time window {i} X [0, tmaz]-

Proof. In this proof we adapt the ideas of the proof of Theorem 2 in [12] to the present framework.
For any F' a finite subset of I x R the Backward and Forward procedures produce a sample of a point
process within the space-time window F, and we write ur for the law of the output. By construction,
the family of probability laws {up, FF C I X R finite} is a consistent family of finite dimensional
distributions. Hence there exists a unique probability measure p on (Xs, B(Xs)) such that pp is the
projection onto F' of u, for any fixed finite set ' C I x R.

We show that pu is the unique stationary distribution of the process Z within Y. In order to do so,
we use a slight modification of our algorithm in order to construct Z starting from some fixed past,
say x € ), before time 0. The modification is defined as follows.
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We fix t,tpmae > 0 and put F' = {i} X [t,t 4 t;maee]- Recall that the original Backward procedure
relies on the a priori realization of all the Poisson processes N on (—00,t + tmaz]. In our modified
procedure we replace, for any i € I, the points of N within (—oo,0) by those of z¢, where z = (2%);c1
is our initial condition.

Step 0. Put Ty = t.

Step 1. Perform Steps 1-3 of the Backward procedure replacing the Poisson processes N' in
restriction to (—o0,0) by the corresponding points of x, and stop this procedure at time

NG —inf{n : ¢+ C I x (—o0,0)} A NGT),

Indeed, on the set {N @T) <« N (i’T)}, at this time, only points having negative times have to be
considered, and all these points are determined by the initial condition z. In this modified version,
when we stop the algorithm, the output set C]%’<::)T) might not be empty. This set is exactly the set of
points before time 0 that have an influence on the acceptance or rejection of the point (i, 7).

Notice that the time
inf{n : 3(j,t) € 1) . (V)7 NI x (—o0,0) # 0},

if it is finite, is the first time where the modified algorithm starts to be different from the original one.
In particular, if the backward steps stop before reaching the negative sites, that is, if we are on the
event T:T) < T (recall (4.1)), then C](é’g,)T) =@, NGT) = NGT) and the two procedures produce the
same sets of points.

The forward procedure is performed as before, replacing the unknown points before time 0 by the
fixed past configuration z.

Then the law of the set {(7)} printed at the end of the modified algorithm 2 is the law of Z ﬁt’ b tmas]?
starting from the fixed past x before time 0. The output of the modified algorithm equals the output
of the unmodified perfect simulation algorithm 2 if 7G:T) < T,

We now give a formal argument proving that u is indeed a stationary distribution of the process.
Let f: X — Ry be a bounded measurable function which is cylindrical on {i} X [t,t + tmaz|. Then

E(f (Zjyssimaa)| Zim- = 2] = EIF{E)D.TED < T+ B (7)), T > 1]
= E[f({(m)}), 7D < TV + B (7)), T > 1], (4.3)

where (7!) is the output of the original Perfect simulation algorithm.
But
E[f({(7)}), 7O > T] < || flloP(T" > 1) = 0 as ¢ — oo,

n
since finiteness of the tree implies the finiteness of T7(:T) and since by shift invariance, the law of 7T

does not depend on T. Hence we obtain that

hm ]E[f(Zli[t,t+tmaz])|Z|R* = x] - ]E[f( f[tvt+tmaz])],

t—o00

since 1pa1)<p — 1 almost surely.

This implies that y is a stationary distribution of the process. Replacing the initial condition
by any stationary initial condition, chosen within ), we finally get also uniqueness of the stationary
distribution. O

4.2.5 The complexity of the algorithm

Throughout this section we suppose once more that we are in the situation of Item 2. of Proposition
2 and that the subspace ) is invariant under the dynamics, that is, Z; € ) implies Z;; € Y for all
s > 0. Our goal is to study the effect of the choice of the (A;(v)),cyvi on the number of points simulated
by our algorithm. Until the end of this section, we suppose moreover that

Assumption 2.
1. The index set I={1,...,N} is finite.
2. The sub-criticality assumption (4.2) is satisfied.

19



Let us fix several notations that will be useful in the sequel. We denote e; the i-th unit vector of
RY, 1 is the vector (1,1,..., 1)T and p still stands for the Lebesgue measure. Finally, by a positive
vector, we mean that all its components are positive.

In the sequel we rely on the multitype branching process T introduced in the beginning of Section
4.2.3 which is a space-time valued process starting from the ancestor (i,7") in generation 0. In the sequel
we refer to these points as “particles” and we say the type of a particle is its associated index value 1.
Recall that in the definition of this branching process, each particle (j,t) belonging to generation n,
independently of anything else, gives rise to offspring particles which are chosen as independent copies
of

Cy’t) = U {(k‘, s): s € pp((V7)7) is a jump of a Poisson process of intensity Fk} .
kel
For n > 1, let K'(n) be the N—dimensional vector containing the numbers of offspring particles of
different types belonging to the n'® generation of the process issued from (i, T), that is, K*(n) =
(Ki(n),...,Ki(n))T, where K} (n) is the number of particles of type k within generation n. We use
the convention that K*(0) = e; for every 1 <i < N. For every j € {1,...,N}, let

Xi=Ki(1) (4.4)

be the number of offspring particles of type j of the initial particle (i, 7). We have already seen that
X;: is the cardinal of the points that a Poisson process of intensity I'V produces on pj(Vji), where Vr}
is the random neighborhood chosen for particle (i, 7). In other words, if we denote P the Poisson
distribution, given that VTi = v, we have

LXj|VE =v) =P (I p(p;(v)) - (4.5)

Denoting X? = K'(1) € RY the associated vector, we consider for any # € R" the log-Laplace
transform of X given by

6i(0) 1= log B (7' X)

where P; denotes the law of the branching process starting from a single ancestor having type ¢ and
IE; is the corresponding expectation.
Moreover, we consider

Win) =3 K'(k)
k=0

the total number of offspring particles within the first n generations. The log Laplace transform
associated to the random vector W*(n) is given by

7

@gn)(ﬁ) :=log E; (eOTWi(”)> , and we put & (9) = (@gn)(ﬁ), . .,CIJE(;)(H))T.

Since we are working under the sub-criticality condition (4.2),

N
1 I i i _ 7
W'(o0) := JL\H;OW (n) and W* = ;Wj (00), (4.6)
are well-defined and almost surely finite. In the above formula, W;(oo) denotes the j—th coordinate
of the N—dimensional vector W*(co), that is, the total number of offspring of type j issued from one
ancestor particle of type 4.. In particular, W is the total number of offspring particles issued from
one ancestor particle of type . We introduce the associated log-Laplace transforms

®;(0) := log E; (eGTW“m)) , B(0) = (B1(0), Bo(0), ..., Dx(0))7.

We are now going to state an exponential inequality, inspired by Lemma 1 of [29]. To do so, let
||-lloo be the co— norm on R, that is, for x = (x1,...,2N),||2|/cc = max{|z;|,1 <i < N}, and denote
the open balls having center 0 € R" and radius r with respect to this norm by B(0,7). We have to
introduce an additional assumption stating that the log-Laplace transform ¢; is finite within an open
ball around 0.
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Assumption 3. There exists R > 0 such that for all positive vectors 6 belonging to B(0, R) we have

N
sup 6,(6) = sup Y log | >_ Niw)exp | (e — )Ipu(p; ()] | < oc.
! toj=1 veVi

Proposition 4. Grant Assumptions 2 and 3. Then the following holds.
1. There exists r € (0, R) such that for all 8 € B(0,r), ®;(8) < co and moreover

O(0) =0+ o(2(0)).

2. In particular, for 0 < ¥ < r, there exists a constant co that depends on M and i such that the
following deviation inequality holds for the total number of offspring particles

P; (W > E;(W') +z) < coe™" (4.7)
for all z > 0.

Remark 11. Let M be the Jacobian matriz of ¢(.) at 0. Since
¢i(0) = log IE; <€0 Xl) = log IE; H e%i%;
j=1

we deduce that, using (4.5),
My =Ei(X)) = Y T (pi(v) Mi(v), (4.8)
veVi
which is the mean number of offspring particles of type j, issued by a particle of type i. It is a well-known
fact in branching processes (see e.q. Chapter V of [1]) that
E; ((K'(n)7) = ef M,
and that

E (W n)") =E; <Z(Ki(k))T> =el (Z M’“) .

k=0 k=0
Thus by monotone convergence,

E; (W) = el (i M’“) 1, (4.9)
k=0

which is finite by (4.2). Hence (4.7) tells us that the number of points produced in the Backward
steps is well concentrated around its mean. If we think that the overall complexity of the algorithm is
governed by the number of points produced in the Backward steps, then (4.9) gives us a good way to
determine which distribution \' can lead to the less costly algorithm. We are looking basically at \'’s
that are minimizing (4.9), with M defined by (4.8).

Proof of Proposition 4.
Step 1. First, we prove that ¢;(#) is well defined for all 8 € B(0,7). Indeed, since the (X;)jzl,m,N
are independent, we have

N N

¢i(0) = log I; H exp (0,X)) | = Zlog E; (exp (6,X1)) .
Jj=1 j=1

By (4.5),
Bi (exp (0;X))|Vi = v) = exp | (¢ = DIV (p; (v) |,
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and integrating with respect to the choice of V}, we obtain
Zlog Z Ai(v) exp [ b — D)y (pj(v)] | < oo
veVi
Step 2. In the following, we prove that @5”’(0) satisfies the following recursion
o\ (0) = 6T K(0) + ¢:(2~1)(0)). (4.10)
Indeed, by definition of W¥(n) we have
o} (eOTW”‘(n)) — KO, (eeT Sy K’(k)) .

Now, let us introduce for any j and any 1 < p < X l, K gp) (n—1) which is the vector of offspring particles

within the (n — 1) generation, issued from the p-th particle of type j in the first generation. Notice
that by the branching property, for p = 1,..., X}, we have that the Kgp) (n — 1)’s are independent

copies of K7(n — 1). Therefore, conditioning on the first generation offspring particles,

B, (X 100) — ( gttt W‘”)

N XJZ T n J N XZ
—E, HHee k1 Ky (k=1) —F |E HH 0T Sop_y K, (k= 1|X’
Jj=1lp=1 j=1p=1

Since the (Kgp)(k —1))1<j<n are independent and independent of X*, we obtain

N X N Xi

E; [E HHeeng 1 Ky ’X’ =T, HﬁE( 0T Y1 K (k 1) | ij)
j=1p=1 J=1p=1
=E, H HE < 0T Yoy K, (k= 1)> — H (]E (eeTW](nfl))) j
Jj=1p=1 j=1

implying 4
2" (0) = 0TK(0) + g:(@"V(0)),

or, in vector form,

M (9) = 0+ p(d" 1 (9)). (4.11)
Step 3. Let us consider the sums of the elements of the :—th line of the matrix M,

N N
> My =Y E(X]
j=1 j=1

By definition, this is the mean number of offspring particles (of any type), issued from a particle of
type i, and by the arguments presented in the proof of Proposition 3, this mean number is given by

ZMU_Z/\Z v) <y <1,

veVi
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where the last upper bound holds by our assumptions. Hence, |[M|le = supjy . <1{l|Mz|oc} =

sup; Z;V: 1I1Mi5] < v < 1, where ||| is the induced norm for matrices on RV*N. Therefore, the
derivative of ¢ in 0 satisfies, ||[D¢(0)||cc < v < 1. Moreover, since the norm is continuous and D¢(s)
is likewise, for any v < C' < 1, there is a 7 € (0, R), such that, for ||s||oo < T,

[Dg(s)]oo < C < 1.

Hence, ¢(s) is Lipschitz continuous in the ball B(0,7) and moreover ¢(0) = 0, which implies that

[6(5)]loc < Cllsloo

for ||s]jeo < 7.
Now, take 6 such that |0;| < 7(1 — C) for any 1 <i < N. Using (4.11), we can show by induction
that for all n,
18T (0)]|oc < [|0]loc(1+C +...+C") < F < 0.

Hence by monotone convergence of ®"(6) — ®(0) and the limit in (4.11), we have
[@(0)lloc <7 and ©(0) = 0 4 ¢(2(6)),

with r = 7(1 — C). In particular, choosing § = 91 € B(0,r) with 9 € R, we have
E; (eﬂwi) < 00,
where we recall that W is the total number of offspring particles of 1.

Step 4. We use Markov’s inequality and obtain for any 9 € (0,r),
P, (W' >E (W) +z) =P, (eﬂWi > eﬂEi(Wi)Jrﬂx) < (B0 IB (W) 0z

where ®;(0) = log E; <619Wi) . Using Taylor’s formula, we have

. - 10
i(0) = ¥ (00 + 5 ¥;

7

~ ; 1 ~n, =~
(0)9? = Ey(WH9 + 5@ (9)0?,

&7 ()2

for some 9 € (0,99). Choosing ¢y = SUpy<, e2 implies the assertion. O

4.2.6 Choice of the weights on a particular example

In this section we discuss a very particular example to show how to calibrate the choice of the A\¥’s in
terms of minimizing the number of points produced int he Backward steps. Our example is the age
dependent Hawkes process with hard refractory period 6 > 0 defined by (3.8) and with non-decreasing
" which is L-Lipschitz for all i, so that Corollary 3 Item 2. applies. The following choices are merely
directed to have the simplest possible computations on a non trivial infinite case.

In what follows, to simplify the computations, we consider that I = Z and that L = 1. Moreover,
for all 7, we set

1. 44(0) = 1.

2. hi(t) = Bjexp (—t/5), where 3 =
and 3! = 1, where ﬁ;'- > 0.
Note that ||h;||1 = 53-6 and that h;'-(O) = B;

1
ﬁ for j # i, for some fixed positive parameter v > 1,
j—1

3. With the notation of Corollary 3, we use wi = {i} and wi = {i—k+1,...,4,i+1,...,i+k—1}
for all & > 2.
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With this choice, one can see that f}; defined in Corollary 3 Item 2. is given for k > 2 by
k—2
iy 2 1
i —(k—1) -
Fk_(k—1)7+e <1+Zm’7>'
m=1
Hence for some constant C, > 0 depending on +, one can always choose for all k > 1
Ty >C.k7,
as long as Y, 't < co. So let us take
=CykP
0 )

for some 1 < p < . Notice that in this case, I'* is independent on %, since
o (o]
"= ZFZ = Cycp, where ¢, = Z k7P,
k=1 k=1

By applying Proposition 2 Item 2. combined with Corollary 3 Item 2, we obtain that
N (vh) = () "k

Now let us turn to finding p such that the A\’s are minimizing (4.9), that is

E; (W) = el (Z Mk> 1
k=0
with M defined by

Mij = Ei(X}) = T (pj(vi)) X (vp).
k=1

Summing over all possible types j, we obtain the mean number of offspring particles of a particle of
type ¢, which is given by

M= Mj=Cy0) (2k—1)k'P =: C,6f(p), where f(p)=> (2k - 1)k' P,
j=1 k=1 k=1

Clearly, f(p) < oo if and only if p > 3, and thus, a fortiori, v > 3. Since f is a decreasing function of
p, the optimal choice for p is thus p = ~.
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