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Abstract

Neyman-Scott processes (NSPs) are a class of Cox processes constructed by stacking layers
of Poisson processes into a deep structure. While a lot of research has been conducted
regarding the posterior sampling and inference for NSPs, most of the existing methods only
work for shallow NSPs (i.e., NSPs with one layer of latent Poisson processes). In this paper,
we present virtual-event-based posterior sampling and inference algorithms for NSPs. The
algorithms work for both deep NSPs and shallow NSPs. Moreover, we show that deep NSPs
can be viewed as branching processes or a limiting case of probabilistic graphical models.
We conduct a theoretical analysis of the convergence of our algorithms and provide the
condition for the convergence to hold. In doing so, we also prove the convergence of virtual-
event-based sampling inference algorithms for other point process models with missing
information (Markov jump processes, piecewise-constant intensity models, and Hawkes
processes). Like NSPs, the latent variables of these models with missing information are
also point processes. Our experimental results demonstrate that the prediction based on
our sampling and inference algorithms for NSPs can achieve good prediction performance
compared with state-of-the-art methods.

Keywords: Markov chain Monte Carlo, variational inference, point processes, hierarchical
model, Neyman-Scott processes

1. Introduction

There has been a long history of developing hierarchical models (e.g., deep neural networks
(LeCun et al., 2015), graph neural networks (Scarselli et al., 2008), and probabilistic graphi-
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cal models (Koller and Friedman, 2009)) to solve real-world problems, and they have achieved
great success in various fields, such as computer vision (He et al., 2016), natural language
processing (Gales et al., 2008), and biology (Fout et al., 2017). However, little attention has
been given to inventing hierarchical models built solely with point processes, though point
processes without such kind of hierarchical structures have been used in different fields like
finance (Bauwens and Hautsch, 2009), cosmology (Stoica et al., 2014), and crime modeling
(Shelton et al., 2018). Amidst all point process models, Neyman-Scott processes (NSPs)
(Neyman and Scott, 1958), a class of networks with each node representing a point process,
have shown a promising future of working as a backbone model to capture the hierarchy.

NSPs were first proposed as a class of stochastic point processes to model the cluster-
ing behavior of galaxies. Since the appearance of NSPs, they have been widely used in
different areas, such as ecology (Waagepetersen and Guan, 2009), neuroscience (Williams
et al., 2020), and pandemics (Park et al., 2022). The central assumption of NSPs is that
the observed events are triggered by hidden events, and the hidden events themselves are
modeled as random events triggered by other hidden events. Each event is a point. Then,
this hierarchical triggering behavior allows us to stack multiple point processes to form a
deep structure and constitute the primary generative mechanism of NSPs. The points that
can induce another set of points are called parent points, while the points induced by the
parent points are called child points of these parent points. The child points themselves can
serve as parent points to generate another generation of child points. If the parent points
of an NSP are not child points of any other points, then this NSP is called a shallow NSP
(SNSP), otherwise it is called a deep NSP (DNSP). In the original paper proposing NSPs,
Neyman and Scott (1958) only describe the hierarchical clustering behavior of the model
without giving specific formulas. We first use DNSPs to name these kinds of deep structures
and give specific formulas for the intensity functions of each Poisson process in NSPs. We
present that DNSPs can be constructed as branching processes by treating each layer of
DNSPs as a generation of branching processes. We also show that DNSPs are a limiting
case of probabilistic graphical models when the number of random variables of probabilistic
graphical models approaches infinity.

Various posterior sampling and inference techniques (e.g., Mgller and Waagepetersen,
2003; Waagepetersen and Guan, 2009; Andersen et al., 2018; Williams et al., 2020; Wang
et al., 2023) have been developed for NSPs though most of them are only applied to SNSPs.
To the best of our knowledge, Andersen et al. (2018) present the only work that infers the
parameters for a DNSP, but their method is not able to estimate the posterior distribution
of the points in the hidden space (i.e., parent points). The difficulty of designing efficient
posterior sampling and inference algorithms for NSPs lies in the fact that the hidden space
of NSPs contains an unbounded number of points and it is hard to find an analytical ex-
pression for the posterior distribution of these hidden points. Moreover, as we stack more
point processes into a deep NSP, the dependencies between different point processes become
increasingly complex and the search space of the posterior distribution of the hidden points
becomes increasingly large. Thus, we need to design a novel algorithm to help trim the
search space such that we can spend more time searching at the places where more points
would occur in the posterior distribution.

We propose virtual-event-based posterior sampling and inference algorithms for NSPs in
this paper. The proposed algorithms work for both shallow and deep NSPs. Virtual-event-
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based posterior sampling algorithms are based on reversible jump Markov chain Monte Carlo
(RJIMCMC) (Green, 1995) and have been applied to various kinds of models, such as Markov
jump processes (MJPs) (Rao and Teh, 2011, 2013), piecewise-constant conditional intensity
models (PCIMs) (Gunawardana et al., 2011; Qin and Shelton, 2015), and Hawkes processes
(Hawkes, 1971; Shelton et al., 2018). Virtual events are auxiliary variables that can help
suggest possible locations of the events in the posterior distribution. The virtual-event-based
posterior sampling for NSPs differs significantly from the existing virtual-event-based sam-
pling algorithms in that the virtual events in our sampler can form a hierarchical structure
themselves. Moreover, we show that the hierarchical structures formed by the virtual events
in our algorithm can work as an approximation for the true posterior distribution of the hid-
den events. The distribution of the virtual events is learned through the optimization of the
inclusive Kullback-Leibler (KL) divergence, which is the key element of our virtual-event-
based inference algorithm. Different from the variational inference algorithm in Naesseth
et al. (2020), which minimizes inclusive KL, divergence w.r.t. the variational parameters of
the Markov kernels, our inference algorithm optimizes the inclusive KL divergence for the
variational parameters of the auxiliary variables. Besides, our MCMC has an unbounded
number of dimensions, while the MCMC algorithm in Naesseth et al. (2020) has a fixed
number of dimensions. Although the virtual-event-based inference algorithm is only applied
to NSPs currently, we expect it can be generalized to other models (e.g., MJPs, PCIMs, and
Hawkes processes) as well if an approximate variational expression for the virtual events can

be found.

Though virtual-event-based posterior sampling algorithms have been applied to multiple
models, including ours, the analysis of the convergence is typically insufficient. The previous
work (Rao and Teh, 2011, 2013; Qin and Shelton, 2015; Shelton et al., 2018; Hong and
Shelton, 2022, 2023) did not exclude a null set from which convergence may fail. By studying
W-irreducibility, aperiodicity, and Harris recurrence, we provide a sufficient condition for the
convergence of the RIMCMC to hold. With the convergence of the posterior sampling and
appropriate assumptions, the convergence of the optimization for inclusive KL divergence
can be proved to hold as well.

The paper is organized as follows. We introduce DNSPs in section 2. Then we describe
the posterior sampling in section 3 and the variational inference in section 4. The analysis
of the convergence of MCMC is performed in section 5 and the analysis of the convergence
of variational inference is discussed in section 6. With our novel algorithm, we are able to
make predictions for sequences and the prediction procedure is described in section 7. The
experimental results for earthquakes, homicides, and retweets are presented in section 8.
Finally, we conclude in section 9. Part of this paper builds on conference proceedings in
Hong and Shelton (2022, 2023) and we greatly extend the analysis of virtual-event-based
posterior sampling and inference algorithms to provide rigorous convergence guarantees for
both NSPs and other similar samplers (i.e., the samplers for MJPs, PCIMs, and Hawkes
processes).

2. Deep Neyman-Scott Processes

The formal introduction of the hierarchical structure and the generative mechanism for
DNSPs is given in this section. We should notice that SNSPs are DNSPs with the number
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of layers equaling 1. The main focus of this paper is on temporal point processes, but most
of the results can be generalized to spatio-temporal point processes easily.
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Figure 1: Structure of a DNSP

As depicted in Figure 1, the generative procedure for DNSPs can be described in a top-
down manner. Poisson processes are stacked together to form a network, with each node
of this network as a sample from a Poisson process. We usually use intensity functions to
describe Poisson processes:

Definition 1 (intensity function) The intensity function A(t) for a Poisson process in
an Euclidean space R™ is defined as

E[the number of points inside ts]

Alt) =1

where ts is a ball centered at t with radius 9.

Different from the presentation of NSPs in Neyman and Scott (1958), we depict DNSPs
with specific intensity functions of each node similar to deep neural networks or probabilistic
graphical models. The Poisson processes at the top are homogeneous Poisson processes and
the intensities are constant numbers, while the intensities of the other Poisson processes
are fully determined by the samples from the Poisson processes stacked above. There are
L + 1 layers of Poisson processes (L hidden layers and 1 observed layer) in Figure 1, with
the Poisson processes at layer ¢ denoted as Z, = {Z&k}kK:é 1 (the realizations are denoted as
Zp = {z&k}f:e 1)» where K is the number of Poisson processes at layer £ and Zy, is the k-th
hidden Poisson process (k-th type for multivariate point processes or k-th mark in marked
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point processes) at layer £. When ¢ = 0, zg; = X}, is observed. The intensity Ay of Zy, is
fully determined by the samples of Zyy; through kernel functions

_ Koq
¢0(£+1,4)~>(l,k) = {¢9(2+1,i)~>(l,k)}i:1

for £ < L, while the intensity for Zr j is a constant number p, > 0. A SNSP is a DNSP
with L = 1.

The Poisson processes at the bottom generate samples that can be observed, while the
samples generated by inner-layer Poisson processes cannot be directly detected. Thus, the
processes that are not at the bottom are hidden processes.

Generative Mechanism The generative mechanism of DNSPs is an iterative procedure.
We first draw a sample from each of the homogeneous Poisson processes at the top layer,
and the intensity functions for these Poisson processes are denoted as

ALk = p > 0.

Then we sample from the nonhomogeneous Poisson processes conditioned on the Poisson
processes stacked on the layer above. Given the samples from Zy, 1, the intensity function
for Zy . is

K1 met,i
Ak =D D oo = tertig), (1)
i=1 j=1
where myy1 ; is the number of points for the sample drawn from Zy 1 ;, ;41 ;j represents the
location of the j-th point of the sample drawn from Z;; ;, and ¢9(£+1,i)_>(z,k) (+) is a bounded
function in a bounded space.

We let the time interval (denoted as [0, T]) for each point process be the same and ignore
the edge effect to simplify our model.

Figure 2 is an example of the distribution of the events for a temporal DNSP with two
hidden layers. Every Poisson process resides in the same time interval. The sampled events
in Figure 2(a) are from forward sampling, and the sampled events in Figure 2(b) are from
posterior sampling.

During the forward sampling process in Figure 2(a), the realization z,; has 3 events
sampled from the homogeneous Poisson process at the top. The dashed lines at the top
represent the positions of these 3 events. Then, conditioned on the events at the top, we
can draw the realizations z1; and zq 2. Similarly, x; is drawn conditional on z;; and x» is
drawn conditional on z 2. The intensity for Zs; is given and is a constant number, drawn
as a red line at the top. The other pink plots show the intensity functions generated using
the samples from the layer above. The short black lines sticking to the horizontal axes at
the bottom indicate the positions of the events from the realizations.

For posterior sampling (one of the main focuses of this paper), demonstrated in Fig-
ure 2(b), x; and xy are observations and they are fixed. The samples for the observations
are collected from forward sampling. The samples for the hidden point processes (z1,1, 21,2,
and zg 1) are drawn by performing the posterior sampling conditional on x; and x3. The
dashed lines indicate the positions of the 3 events generated by the homogeneous Poisson
process in Figure 2(a). The pink plots are generated by kernel density estimation using
Gaussian kernels.
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Figure 2: Distribution of events: (a) demonstration of the samples generated by forward
sampling; (b) demonstration of the samples generated by posterior sampling.

The Kernel Function Kernel functions are used to propagate the information from the
top layer to the lower layers. The desirable kernel functions should be as flexible as possible
with a small number of parameters. Moreover, it is advantageous to have an analytical
inverse of the integral of the kernel functions, to allow efficient sampling of the Poisson
processes using inversion sampling. Here we give two examples of temporal point processes.

Example 1 (Gamma kernel for temporal point processes)

B ..a—1,—Bx
p- e forx >0, p,a, 5 >0,

0 for z <0,
where 8 = {p, a, B} and I'(a) is the Gamma function.

Example 2 (Weibull kernel for temporal point processes)

po(z) =

p-& (%)kil e~ @V for x>0, kA >0,
0 for x <0,

where @ = {p, k, \}.

Both the Gamma and Weibull kernels decrease monotonically or behave like a Gaussian
function. They approach 0 when x — oo. The Weibull kernel has analytical forms of
the gradients for the kernel function itself and the integral of the kernel function, while
the gradient of the integral of the Gamma kernel is numerically unstable and expensive to
calculate because it involves the Meijer G-function.

Remark 2 Although we only discuss the kernel functions for temporal point processes, we
can extend the kernel in this paper to the kernel for spatio-temporal point processes, simply
by defining the functional forms of the kernel over the whole space, and not forcing the values
to be 0 for x < 0.
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Connections to Branching Processes Similar to the branching structure of Hawkes
processes in Mgller and Rasmussen (2006), DNSPs can also be defined as branching pro-
cesses. Layer ¢ can be viewed as generation L — ¢ and each event with time #,; ; can be
viewed as an individual of generation L — £. Each event of generation L — ¢ can generate
offspring for generation L — ¢+ 1. The offspring of the event with time #,; ; are distributed
as Poisson processes with the intensity function

Ky

Puyig (t) = Z ¢0(£,i)4>([—1,7') (t— tfﬂ',j)'
r=1

Connections to Probabilistic Graphical Models DNSPs can be viewed as a limiting
case of probabilistic graphical models (more specifically, deep exponential families (DEFs)
(Ranganath et al., 2015)) when the number of random variables of DEFs approaches infinity.

Following the conventions of DEFs, we consider a DEF with L hidden layers. The data is
at layer 0 (the bottom layer) and the hidden layer directly connected to layer 0 is layer 1 (the
bottom hidden layer). The top hidden layer is layer L. The random variables at layer ¢ are

denoted as Gy = {{Gg,i’j}iK:fl };n:ef (corresponding to the hidden variables z, in Ranganath
et al. (2015)) and they are distributed as Bernoulli distributions, where 71,; is the number
of random variables corresponding to the i-th Poisson process at layer ¢ of DEFs. For each
i, we can divide the interval [0, 7] into equally sized subintervals

{[Tigs Teajr) Yo U [Ty 1> Teang,) = [0, T,

where Ty ;0 =0 and Ty pm,, =T

Gy, j corresponds to the number of events at subinterval Tgm = [Tyij-1,Ty;) for
j < ey — 1 and Togj = [Tossmg,—1,Toigm,.) for j = 1g; in DNSPs. The size of each
subinterval at layer ¢ is denoted as dp. The kernel ¢g(t) satisfies 0 < ¢g(t) < ¢ for a positive
number ¢ > 1 and ¢t € [T, T]. The probability of G¢;; =11is p(Gei; = 1) = A,i(&eij) - O
and p(Gy;j; = 0) = 1 —p(Gesj = 1), where & ; ; is from a uniform distribution with the
support as Ty j, Aey(t) = ngl S Gy - DPOrsr.iy oy (E— &et1,5) for £ < L —1,
and Ar, 5 (t) = p. The size of subinterval ¢, satisfies 0, < 1/(Kp4; - (T/(S”l)-qg) for/ < L—-1
and 67, < 1/ maxy{puy}, such that p(Ge;; =1) = Mi(§pij)-6e < 1for £=0,1,2,--- , L and
Oy < 5g+1.

Following the same notations of the hidden Vé}riables z and the weights W in DEFs (Ran-

K, 1w K, 1M
ganath et al., 2015), we let g 1 = [[Gul,i,j]i:ﬂ] ) and wo i, = |[00(Eepr — Eer1,ig)]iy L
Notice that we only use z for hidden variables in DEFs here. For the rest of this papér,
z refers to the hidden points processes in DNSPs. Like convolutional DEFs (Hong and
Shelton, 2021), the construction of the weights here also enjoys a convolutional paradigm

with the filter size equal to infinity since the weights wy ;. , only depend on the distances

{{&rr — §g+1’i7j}fi"1 };n:ef between different hidden variables in adjacent layers. For the top

layer, the distribution of 27, = G i is

p(zL,k,r) :Bernoulli(zL’k’T; Uk 6L)
:ZL,k,r - g 5L + (]. — ZL,k,'r‘) . (]_ — [ - 6L)
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The distribution of the random variable 2y, = Gy, for £ <L —1is

p(zekr | Zer1, Wog,r) = Bernoulli(zg 4., 9(27 1 We k)

= zopr 90(Zis Werr) + (1= 2000) - (1= g(2 Weks)),

where the link function g,(-) is given as g¢(x) = x - dp.

With the above construction, it is easy to find that the joint density, the conditional
density, and the marginal density of DEFs converge to the joint density, conditional den-
sity, and the marginal density of DNSPs when 67 — 0. The definition and more rigorous
discussions of the density of DNSPs can be found in Section 3.2 and Theorem 7.

3. Posterior Sampling

By contrast to straightforward forward sampling, posterior sampling is generally considered
computationally intense, as it involves an unbounded number of events and there is no
analytical expression for the posterior distribution of the hidden Poisson processes. A lot of
research (e.g., Mgller and Waagepetersen (2003); Kopecky and Mrkvicka (2016); Williams
et al. (2020); Wang et al. (2023)) has been conducted on the posterior sampling for those
NSPs with one single hidden layer. However, little work has been done to perform Bayesian
posterior sampling for NSPs with more than one hidden layer. In this paper, we provide
a posterior sampling algorithm, which can be applied to NSPs with any finite number of
hidden layers. Moreover, this posterior sampling algorithm serves as the foundation for both
the likelihood-based inference in section 4.1 and the variational inference in section 4.2.

The posterior sampling is based on RIMCMC equipped with auxiliary variables (or
auxiliary point processes), which we call virtual point processes (VPPs). In contrast to the
VPPs, we call the point processes belonging to our model (i.e., the point processes that are
not auxiliary variables) the real point processes (RPPs). The events belonging to VPPs are
called virtual events, and the events belonging to RPPs are called real events.

The intentions of the introduction of virtual events are (1) to use the virtual events,
instead of the real events, to explore the space of the real events more easily, as the sampling
of the virtual events is very efficient by inversion; (2) to serve as variational approximations of
the posterior point processes; (3) to help put more computational resources into searching
where there are more events; and (4) to propagate the information from the observation
to every hidden point process. Although virtual-event-based posterior sampling has been
applied to MJPs, PCIMs, and Hawkes processes, the virtual-event-based posterior sampling
for NSPs requires a new design of the sampler moves and the distribution of the virtual
events, as our virtual events form a hierarchical structure which propagates the information
from the data to the latent space.

3.1 Virtual Events

The VPPs are generative models as well. In correspondence with the D~NSPS depicted in
Figure 1, there are L layers of VPPs Zq.;, = {Z1,--- ,Z1}, where Zy = {Zg’k}fil.
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3.1.1 GENERATIVE MECHANISM

The VPPs are generated from bottom to top. We generate Z first and Z; is assumed to be
a class of Poisson processes. The functional form of the intensity function for Z; ;, is

Mi(t) = qui(t; 2o = x, 01 5(1)),

where ¢ 1 (t; %, él,k (t)) is a function of ¢ with some parameters characterized by the events
from the observation x, and the other parameters HNM (t) that can evolve with time .

Next, the samples z; for Zy are drawn conditionally on the samples z,_1, and the intensity
function for Zg,k is

Aek(t) = qoi(t; 71, 00k(t)),

where qg  (t; Z¢—1, ég,k(t)) is a function of ¢ with some parameters characterized by the events
from the sample z,_1, and the other parameters 8y ;(t) that can evolve with time ¢.

3.1.2 EXAMPLES FOR VIRTUAL POINT PROCESSES

The generative mechanism guarantees that the information can be transported from the
observation to the top. Additionally, we need to design functional forms for g such that
the inversion method for sampling can be efficiently applied and the VPPs are close enough
to the posterior point processes. For this purpose, we give two examples of the functional
forms for gy 1 upward Neyman-Scott processes (UNSPs) and upward self-attention processes

(USAPs).

Example 3 (Upward Neyman-Scott Processes) The VPPs are NSPs evolving in an
upward direction. In this case, the intensity function is

Koy

Ae(t) = qe (t;ie—lv ée,k) = ek D0 D0 Pa e Fetia — ) 2)

i=1 tr-1,i,5

Ko 1

where Oy = {ﬂz,k, {é(é—l,i)—)(é,k)} } and figr > 0.

i=1

Example 4 (Upward Self-Attention Processes) To leverage the power of neural net-
works to construct more flexible approximate point processes, we adopt self-attention to en-
code the event information like other work (e.g., Zuo et al., 2020; Zhang et al., 2020; Chen
et al., 2021). Each eventty_y ; ; is mapped to a hidden vector hy_1; j = faun(te—1,i 5, zé_l =
{{tg,l’m};n:g{l”'}gl_l}) through self-attention. The intensity function for ty_1;;1 < t <
to—1,4; becomes

Aeg(t) = qen (t; Z-1, ém) = fie + P, |, (Fe-1ij— 1), (3)

Ky

=1

Me—_1 N
} }, fie); > 0, and Oy, is the output of a neural

where O, = {[w,k, {{5z—1,i,j}
j=1

network applied to the hidden vector hy_q; ;.
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Comparison To establish an intuitive understanding of how close our examples of vari-
ational point processes can approximate the posterior point processes, we demonstrate two
clean and typical examples for UNSPs and USAPs respectively in Figure 3. The intensity
functions obtained from variational inference for UNSPs and USAPs are compared with the
approximate intensity functions obtained from MCMC. The details of how to do variational
inference and MCMC will be discussed in the following sections.

For simplicity, we consider a DNSP with 2 hidden layers, each with one Poisson process.
3 events (times at 6, 10, 20) are picked manually and fixed at the observation. The model
parameters (i.e., @ and ) are fixed, and we only change the parameters for the VPPs (i.e.,
0 and ft). The yellow lines represent the approximate intensity functions and we estimate
these lines with the samples from MCMC. The whole interval is split into many subintervals,
and the intensity for a subinterval is the number of events at that subinterval divided by
its volume. The blue lines are the approximate intensity functions estimated by using the
samples from VPPs. The approximate intensity functions for layer 1 are just g1,(-) and we
can simply draw this function. For layer 2, we do not have a direct way to represent the
approximate intensity functions. Thus, we first generate samples for the VPPs at layer 1.
Then, conditioned on the samples for layer 1, we can get some intensity functions for layer
2. The approximate intensity functions for layer 2 are just the mean of all these intensity
functions depending on the samples drawn from the VPPs at layer 1. It is easy to see from
Figure 3 that the USAP fits more closely to the approximate intensity functions for MCMC
than UNSP.

Layer 2 Layer 2
1.0
2 210
2 2
g” __’/\/\_—//\ £ _/\/\—__/\
= c
0.0 0.0
0.0 25 5.0 7.5 10.0 12.5 15.0 17.5 20.0 0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Time Time
Layer 1 Layer 1
2 3
oy 2z,
w (%)
c1 j
(9% [J]
= = 1
= JJ—__J =
0 0
0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0 0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Time Time
(a) UNSP vs. MCMC (b) USAP vs. MCMC

Figure 3: Comparison between UNSP and USAP

USAPs approximate better because (1) self-attention enables the adaptation of the pa-
rameters for the kernels independently for each interval, while the parameters for the kernels
of UNSPs are tied for the same pair of connected Poisson processes; (2) USAPs can take
account of the events happening both before time ¢ and after time ¢ when producing the
intensity function at time ¢, while UNSPs can only use the information of the events with
the times greater than ¢.

10
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3.2 Density

We focus on realizations of point processes that have finite cardinality in this paper, as it is
not realistic to have an infinite number of events in the observation. Each realization x is
a countable subset of a space S and S is chosen to be a subset of a Euclidean space with d
dimensions R?. These realizations are called locally finite point configurations (Mgller and
Waagepetersen, 2003), which is defined in the following as

Definition 3 (Locally Finite Point Configurations) Suppose S C R?, then Ny is de-
fined as
Ny ={xC S :n(xp) < oo for all bounded B C S},

where xp = xN B and n(x) denotes the cardinality of x. Elements of Niy are called locally
finite point configurations.

Unlike random variables, which usually have probability density functions defined w.r.t. the
Lebesgue measure, we can only define the density for a finite point process w.r.t. a Poisson
process. (Following the standard approach (Mgller and Waagepetersen, 2003), we choose the
reference Poisson process as the homogeneous Poisson process with the intensity function as
1 in this paper. The choice of the reference does not affect the correctness of our derivation.)
The density can be defined as follows by using the Radon-Nikodym theorem

Definition 4 (Density (Mgller and Waagepetersen, 2003)) By the Radon-Nikodym the-
orem, there exists a function f : Ny — [0,00] such that

P(X1 S F) = ]E[:”.[XQ S F]f(XQ)L F C le.
We call f a density for X1 with respect to Xo.

Complete Density of NSPs For NSPs equipped with virtual events, the complete den-
sity w.r.t. Poisson(S,1) is

L1
F6,Zrr =210, 2o = Za:p) = f(z) [ [ £z | 2042) f(Zes1 | 20), (4)
=0

where

Zl:L = {217227 T 7ZL}7

z1.L ={21,22, - ,2L},
Zl:L = {Z17Z2a e aZL}7
Z1:L = {217227 to azL}7

Ky,
fz) =[] flzew),
k=1
K,
flze | 2ey1) = [ flzen | 2e11),
k=1

Ky
f@aeze1) = ] F@en | 2ea) -
k=1

11
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The density of zp, j, is
f(arg) = exp (T — prpT) py " (5)

where mp, ;. is the number of events drawn from Z7, ;.
The density of zy; for 0 </ < L —1is

T
f(Zng | Zg41) = exp ( Z log AZ,k(tf,kz,j) +T /0 )‘Z,k(t) dt) . (6)

Lok, <T

The density of zy, for 1 </ < L is

T
f(Zeg | 2e1) = exp ( Z log A (o) + T — /0 Ao (t) dt) : (7)

tor,; <T

Remark 5 Although we only derive equations for point processes in one-dimensional space,
most of the results can be generalized to higher-dimensional spaces. We often omit T in
densities since T is a constant and it does not affect the derivation.

Marginal Density The marginal density f(x) w.r.t. Poisson(S = [O,T]zglef, 1) of the
observation is

f(X) = EZLL [f(X | Zl:L)} = IEzl:LNPoisson(S,l) [f(X, ZI:L)] . (8)
The marginal density f(x) is well-defined as explained in the following proposition:
Proposition 6 The marginal density f(x) is finite.

The proof of Proposition 6 can be found in Appendix A.

Density of DNSPs as a Limiting Case of Density of DEFs As we discussed earlier
in Section 2, the joint density, the conditional density, and the marginal density of DNSPs
can also be derived as the limiting value of the joint density, the conditional density, and
the marginal density of DEFs when §;, — 0.

Theorem 7 For a realization (x,z1.1,), the joint density of DEFs p(x,z1.1,) converges to
the joint density of DNSPs f(x,z1.1,), the conditional density of DEFs p(x | z1.1,) converges
to the conditional density of DNSPs f(x | z1.1), and the marginal density of DEFs p(x)
converges to the marginal density of DEFs f(x) when 6, — 0.

The proof of Theorem 7 can be found in Appendix B.

3.3 Sampler Moves

There are 3 kinds of moves for our RIMCMC sampler, namely, re-sample, flip, and swap, as
illustrated in Figure 4 and detailed below. For each MCMC step, we first uniformly select a
hidden Poisson process. Then, with some pre-determined probabilities, we randomly select
a move from the 3 types of moves and propose to apply this move to our randomly picked

12
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metiin |, wimen | wdrn o ufndo
Y 4 4 * +* A/_*\A
vt ird o, mimin o unfr | ufmd

(a) Re-sample (b) Flip: real to vir- (c) Flip: virtual to (d) Swap
tual real

Figure 4: Examples for sampler moves. T represents a real event.T represents a virtual event.

hidden Poisson process. According to the Hastings ratio, we accept this move randomly. We
repeat the process until the sampler reaches a stable distribution of the hidden events.

Mowve 1: Re-sample. We re-sample the virtual events when this move is selected. It is
worth noting that the determinant of the Jacobian matrix, which is the correction for the
changes of variables, is 1, since the newly sampled virtual events only depend on the real
events. Thus, the probability of accepting this move is always 1.

Remark 8 During re-sampling, the intensity functions for VPPs depend on the real events
on the layer immediately below, instead of the virtual events as described in the generative
mechanism for VPPs. We do this because the generated virtual events depending on the real
events are closer to the true posterior distribution, and this will not invalidate our posterior
sampling or inference algorithms.

Mowe 2: Flip. We first uniformly select an event from all of the real and virtual events.
Then, we propose to flip the type of the selected event. If the selected event is a real event,
then we propose to change the type to virtual, and vice versa.

Mowe 3: Swap. For this move, we choose two events uniformly from the set of real events
and the set of virtual events respectively. For these two events, we propose to swap the types
such that the type of the real event is proposed to become virtual, and vice versa.

We denote the proposals for z, j, and zg;, as z'& i and 2’47 i respectively. Then the likelihood
ratio is

_ f(zyy | ZZ+1)f;(22,k | 2e-1)  f(ze | ZZ)Ji(iHl | Z))
F(zog | 2e01) F(Zen | Ze-1)  f(Zeot | 20) f(Zesn | 20)

Ko_ 5 Koi1 7/~
where f(z¢—1 | ze) = [[,27" f(ze-1k | 20), and f(Zes1 | 20) = [[27 f(Zeran | 20)-
The ratio for the proposal probability

f(Zeg | 2e—1)
f(Zy, | Ze—1)

is 1 for both Move 2 and Move 3, as the proposed change would not change the number
of all events and the probability of choosing an event remains the same. According to the

Q:

13
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detailed balance, the acceptance probability for Move 2 and Move 8 is
a =min(1,P-1).

4. Inference

Instead of updating the parameters of Markov kernels as in the inference algorithm proposed
by Naesseth et al. (2020), our algorithm gradually updates the parameters of VPPs to
minimize the KL divergence. As we mentioned in Section 3.1, VPPs serve as our variational
approximation. We briefly outline our algorithm in Algorithm 1. Our inference algorithm
approximately maximizes the marginal likelihood of our model (line 13 in Algorithm 1),
w.r.t. the model parameters ®, and minimizes the inclusive KL divergence (line 14 in
Algorithm 1) between the posterior distribution and variational distribution, w.r.t. the
variational parameters ©, at the same time. The maximization of the marginal likelihood is
performed by stochastic gradient ascent, and the gradient is an unbiased estimation of the
gradient of the marginal likelihood (see Theorem 9). The minimization of the inclusive KL
divergence is also implemented by stochastic gradient ascent, with the gradient estimated by
using Theorem 10. The function for re-sample, flip, and swap can be found in Algorithm 2,

3, and 4 respectively. To make the notations more concise, we let O = [@, (:3} .

Algorithm 1 Inference for NSPs
Input: data x and model M. .
Initialization: parameters for the model @, parameters for the VPPs ©®g, number of

samples for each iteration S, initial sample for RPPs z(0S) = {zgo’s), e ,ZS;O’S)}, initial
sample for VPPs z(05) = {Zgo’s), e ,Zg)’s)}, and iterations N.

Output: Oy ~ ©*, Oy ~ O*
1: forn=1to N do
2 7(m.0) — Z(n—l,S)
3 for s=1to S do
4: draw R ~ Uniform([0, 1])
5: if R < p(re-sample) then
6 z("%) 7(%)  Re-sample(z™*—1), z2(*s—1) @,_)
7 else if R < p(re-sample) + p(flip) then
g 219 509)  Flip(zms—D), 50050 @, 1 &, 1)
9

: else
10: Z(n,s)’i(n,s) — SW&p(Z(n’Sfl), i(n’sfl), O, 1, (:)n—l)
11: end if
12: end for

131 Op ¢ On_1 +0,5 35 Velog f(x,2");0,_1)
14: (:)n < (:3”4 + ﬁné Ele Vg log f(z("’s); én,l)
15: end for

14
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Algorithm 2 Re-sample

Input: current sample z and z, parameters ©.
Output: updated sample z’ and Z’.

1: function RE-SAMPLE(z, Z, ©)

2: draw (¢, k) ~ Uniform ({{(w, s)}ﬁj:l}ﬁ{:wl)

3: draw & ~ S\M(-) > The parameters for S‘Z,k are determined by ©
%kzé

4: Ty = 2y 40 for (0 K') # (€, k)
Zlgn k= Lyr g for all (5", k”)

5: return z’, 7/

6: end function

Algorithm 3 Flip

Input: current sample z and z, parameters © and ©.
Output: updated sample z’ and Z’.

1: function FLIP(z,%, ©, o)

2. draw (£, k) ~ Uniform ({{(w, s)}gzl}f:wl)

3: draw § ~ Uniform({z&k = {tgvk,i}:-gik, if,k = {ngm}?lﬁk )
4: Calculate the acceptance probability o

5. draw R’ ~ Uniform([0,1])

6: if R’ < « then

7 if £ = tok,; then

8 2y 5, = {tesitici \eg

5 7 My g
Zyp = {tekitizi Utek
9: else if { =1, ; then

my, ~
{Z;z,k = {togitici Ut

10: - m -
~ L,k
Zy g, = {tositici \tok,j
11: end if
12: else
!
Z = Zy I
13: bk TS
Zyy = Lok

14: end if

Zé/,k’ = Zg/7k/ fOI‘ (l/, k/) 7& (l,k‘)
iz’,k’ = 2417){/ for (l/, k/) 7é (l,k)
16: return z’, 7/

17: end function

15:

15
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Algorithm 4 Swap

Input: current sample z and z, parameters © and ©.
Output: updated sample z’ and Z’.

1: function FLIP(z,z, ©, C:))

2: draw (¢, k) ~ Uniform ({{(w, s)}ﬁj:l}ﬁ{:wl)

3: draw £ ~ Uniform({z&k = {té,k,i}zik)
4: draw & ~ Uniform({z, ) = {tgvk,i}:.rgik )
5: Calculate the acceptance probability o
6:  draw R’ ~ Uniform([0,1])
7: if R < a then
/o mek &

8 Zy) = {tf7k7i}i;1 U

2y = {lenitisi \EUE
9: else

z,, =z
10: e "k

Zp = Lok
11: end if
12 Zzl k= Ly K for (l,, k:/) 75 (l,k)

22/ k= izgkl for (l,, ]{:/) 75 (l,k)
13: return z’, 7’
14: end function

4.1 Likelihood-based Inference for the Model Parameters

Similar to Ou and Song (2020); Naesseth et al. (2020), we notice that the numerical approx-
imation %ijl Ve log f(x,2(™%):;©,_1) at line 13 in Algorithm 1 is an unbiased estimate
of the gradient of the marginal likelihood, as stated in the following theorem:

Theorem 9 Suppose ‘(:)‘ <r for some r >0, then

E,vrzix)[Velog f(x,2)] = Ve log f(x).

We leave the proof of Theorem 9 to Section C.1. Theorem 9 implies that the update of the
parameters based on stochastic gradient ascent at line 13 in Algorithm 1 is equivalent to
approximately maximizing the marginal likelihood.

4.2 Variational Inference for the Variational Parameters

Notice that the inclusive KL divergence between the true posterior Z | x and the approximate
posterior (VPPs) Z can be written as

KL(f(Z] %) || f(2:0)) = Eyepzin) [log f(2| ,©) ~log f(z:©)],  (9)

where f(z; ©) is the density of the VPPs, and
~ ~ L ~ ~
f(z:0) =] f(ze | 2-1;©),
=1
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where zg is equal to x.

We also find that the gradient of the inclusive KL divergence in Equation 9 can be
represented as an expectation of the gradient of the densities of the samples from posterior
distributions, formally described in the following theorem:

Theorem 10 Suppose ‘(:)‘ <r for some r >0, then

E,~t(zx;0) {V@ log f(2;0)| = VgE,wrzx0) [108; F(z; C:))} -

We leave the proof of Theorem 10 to Section C.2.

As described in this section, Algorithm 1 performs maximum likelihood estimation for the
model parameters and variational inference for the variational parameters simultaneously.
Moreover, as we will show in section 6, the convergence of the optimization for the marginal
likelihood and the inclusive KL divergence depends on the convergence of RIMCMC. Thus,
we first prove the convergence of RIMCMC in the following section.

5. Convergence of RIMCMC

We analyze the aperiodicity, W-irreducibility, and Harris recurrence for RJIMCMC. A suffi-
cient condition for the convergence is given in this section and we demonstrate how to verify
the convergence by applying the analysis to NSPs, Markov jump processes (MJPs) (Rao
and Teh, 2013), piecewise-constant conditional intensity models (PCIMs) (Qin and Shelton,
2015), and Hawkes processes (Shelton et al., 2018).

The analysis of previous work (Rao and Teh, 2013; Qin and Shelton, 2015; Shelton et al.,
2018; Hong and Shelton, 2022) implies that the posterior distribution exists and there is a
positive probability density moving from any point configuration to any other. However,
these results cannot guarantee the algorithm can move from any point configuration to any
other set with a probability measure greater than 0 and it may get stuck within a null
set with a measure of 0. Harris recurrence provides additional conditions such that the
algorithm will not always stay within a null set.

5.1 Virtual-Event-Based RIMCMC

We first describe a virtual-event-based RJIMCMC. We denote the trans-dimensional Markov
chain as C = (Cp,C1,Ca, - - - ) with the state space as 2. The real events represent the events
in our desired posterior distribution, and the virtual events are auxiliary events that only
serve as the candidates for the real events. Given that the chain is in state C,, it proposes
to move to a state C;,; with proposal probability g(Cy,C;, ;). We accept this move with
probability «(C,,C;,, ;) and reject this move with probability 1 —a(Cy,C,, ;). The proposal
of Markov chain C can be categorized into two types: (1) re-sampling virtual events from
some Poisson processes, which involves the dimension changing; (2) changing the states of
the events (virtualness, marks or the parent-child relationships in Hawkes processes), which
does not involve the changing of the number of dimensions.

Remark 11 According to the design of the virtual-event-based RJMCMC, the real events
can only appear where the virtual events occur.
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Suppose we have an unnormalized target density function for real and virtual point
processes fri, @ (QF QV) — (0,00) with f(ﬂf‘:ﬂz‘f) fraw < 00, where r,v € N and (QF, QY)
is of dimension r + v. We combine different spaces with different dimensions into a single
state space

Q= U2, U2y {(({r} > ), ({0} x )},

where r represents the number of points for a realization of RPPs, Qf represents the space
of dimension r where RPPs reside, x, is a realization of RPPs, v represents the number of
points for a realization of virtual point processes, 2} represents the space of dimension v
where virtual point processes reside, and x, is a realization of virtual point processes.

The Markov chain C is reversible if the detailed balance is satisfied, which also implies
that the invariant distribution IT exists. Following Mgller and Waagepetersen (2003), we let

Q™(F) = EP™(Cy,F) = P(Cn € F), F CQ,

denote the marginal distribution of C,,, where P™(Cy,F) = P(C,, € F | Cp) is the m-
step transition probability. Then, we use the total variation norm to measure the distance
between Q™ and the invariant distribution II, and the total variation norm is defined as

Definition 12 (total variation norm (Mgller and Waagepetersen, 2003)) The total
variation norm for any two probability distributions p and v defined on € is

|1 = vy = sup [u(F) — v(F)|.
FCQ

We first define drift combination in Definition 13. Then, we use drift combination to help
describe the main result of the convergence analysis in this section in Theorem 14.

Definition 13 (drift combination) A drift combination is the combination of moves that
change a real event to a virtual event followed by a re-sampling of virtual events.

Theorem 14 For a V-irreducile and aperiodic Markov chain described in virtual-event-
based RIMCMC, if the re-sampling of virtual events and the acceptance of the drift combi-
nation for each real event happen eventually, then

. m _
i [Q" — gy =0
holds for this Markov chain, where 11 is the invariant distribution.

We provide a sketch of proof for Theorem 14 in Section 5.2 and more details can be found
in Appendix D.

Now it becomes much easier to see whether a Markov chain can converge, since we only
need to check aperiodicity, W-irreducibility, and whether the re-sampling of virtual events
and a drift combination for each real event will be accepted eventually with probability 1.

18
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5.2 Markov Chains and Harris Recurrence

Definition 15 (VU-irreducible (Mgller and Waagepetersen, 2003)) For any © € 2
and F C Q, if there exists a nonzero measure ¥ on Q such that V(F) > 0, P"™(z,F) > 0
for some m € N, then this Markov chain is V-irreducible.

Definition 16 (aperiodicity (Mgller and Waagepetersen, 2003)) For a V-irreducible
chain, if Q can be partitioned into d disjoint subsets Dy, -, Dg_1 with W(D;) > 0, such
that P(x,Dijt1) =1 for allz € D; (1 <i< D —1) and P(z,Dp) =1 for allx € Dg_;. If
there exists a partition such that d > 1, the chain is periodic, else it is aperiodic.

If a Markov chain is W-irreducible and aperiodic, then this Markov chain converges to the
invariant distribution II from almost every starting point. However, this kind of convergence
is not good enough for our RIMCMC algorithm, since there may exist a null set of point
configurations where the Markov chain cannot converge with any point configuration as a
starting point. To exclude the null set, we consider Harris recurrence:

Definition 17 (Harris recurrence (Mgller and Waagepetersen, 2003))
A VY-irreducible Markov chain is Harris recurrent if for some probability measure ¥, and

that for all x € Q and all F C Q with ¥(F) > 0,
P(Y,, € F for somem |Yy=1z) = 1.

With Harris recurrence, we can use the following proposition to prove our RJIMCMC algo-
rithm converges to II without any null sets involved:

Proposition 18 (Mgller and Waagepetersen (2003, Proposition 7.7 (iii)))
The Markov chain C is Harris recurrent and aperiodic if and only if

. m_ _
Jim {|Q™ — Ty =0
regardless of the initial distribution.

From Proposition 18, we know that the only remaining tasks for the proof of convergence
are the verifications of aperiodicity and Harris recurrence.

The verification of aperiodicity is pretty easy and will be discussed in Section 5.3. The
verification of Harris recurrence, however, is not straightforward and we would like to use the
following theorem to find a criterion that can be used to check Harris recurrence practically:

Theorem 19 (Roberts and Rosenthal (2006, Theorem 6(vi))) For a Markov chain
which is W-irreducible with invariant probability distribution 11 and period d > 1, the chain
is Harris recurrent if and only if for all x € Q and all F C Q with II(F) = 0,

P(VnC, e F|Cy=x)=0.

Theorem 19 provides us a weak condition under which a U-irreducible Markov chain with
invariant distribution is Harris recurrent. Following this condition, we only need to show
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that there exists x € Q, FF C Q with II(F) = 0, and a number ng € N such that P( C,, €
F | Cy = x) =0, then it follows immediately that

P(¥NnCpeF|Ch=2)<P(Ch € F|Cy=1z)=0.

We use II(r, ,, v, z,) to denote the invariant probability distribution for the posterior point
processes, and it can be set as

f(ArvAv) fTJFU (‘r)u?“+v (dl')
f(QT.7QU) f’/‘-{—'u (w)l/{r_w (da;) ’

where p : (N,N) — (0,1) with Y~ > p(r,v) = 1, Ur4,(-) is the Lebesgue measure on
R4 +dv  TI(-) could be 0 for impossible point configurations. For example, if the intensity
for an interval is 0, then there would never be any event in this interval.

To find under which condition the Harris recurrence can be established, we introduce
drift here:

II(r, Ar,v, Ay) = p(r,v) (10)

Definition 20 (drift) A drift for an event is the behavior in which not only the state of
the event is changed, but the location is also changed, including completely removed from the
realization.

Proposition 21 Let M;(x,-) be the i-th transition kernel that proposes to move a point
configuration x € ) to another point configuration ' € Q, and (iy,i2, -+ ,i,) be any se-
quence of transition kernels. Assume that each of the point of x accepts at least one drift in
(il, ig, te ,in), then

for all x € Q and A C Q with the Lebesque measure of A is 0.
The following corollary follows immediately from Proposition 21:

Corollary 22 If the Lebesgue measure of A is 0, then
P[Xn cA ’ XO = iL'o] < P[Dn],

where X, € Q, and D,, is the event that, by time n, the chain has not yet accepted at least
one drift for each event of the original starting realization.

Combining Corollary 22 and Theorem 19, the following proposition follows immediately:

Proposition 23 If a V-irreducible Markov chain eventually accepts at least one drift for
each real and virtual event, then this Markov chain is Harris recurrent.

Proposition 23 gives us a condition under which Harris recurrence can hold. If the re-
sampling and the drift combination described in Theorem 14 happen eventually, then the
probability of accepting a drift for each real and virtual event eventually would be 1, which
leads to Harris recurrence and Theorem 14 follows easily from it.
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5.3 Verification of Aperiodicity

The verification of aperiodicity is simple, as we only need to check whether a Markov chain
can leave and go back to the same state, i.e., P(z,{z}) > 0 for some z € Q.

5.4 Verification of V-irreducibility

For the verification of W-irreducibility, we need to find a probability measure ¥ which meets
the requirement for W-irreducibility. Here we give one way of finding such probability mea-
sure ¥, and we need to introduce a new concept:

Definition 24 (continuous set of point configurations) Let y be the evidence, x be a
point configuration sampled from MCMC for the missing information, l(x,y) be the joint
likelihood of the evidence y and the sample x, UE C QF and UY C QY. A continuous set
of point configurations is defined as

U={({r}xUR, v} xU)) : l(x = (z, € Up,zy € Uy),y) > 0,7 > 0,0 >0},

if UR is either an empty set or has the Lebesgue measure greater than 0, and the same for
UY. Notice that UY = Ul = 0.

A U-irreducible Markov chain needs to have a positive probability of moving any point
configuration z to a set with a positive measure. From the definition of the intensity function
and density, it is easy to see that the probability of generating a single point configuration
is 0. This implies that we need a set of point configurations such that the probability of
generating this set of point configurations is greater than 0, which leads to the introduction
of the continuous set of point configurations and the following theorem follows immediately.

Theorem 25 If a Markov chain is V-irreducible, then there exists a continuous set of point
configurations U for this Markov chain.

However, the existence of a continuous set of point configurations cannot guarantee W-
irreducibility, because there is an additional requirement implied by the definition of W-
irreducibility that the probabilities of transitions with a finite number of steps from any
state = to the continuous set of point configurations U should be greater than 0.

Thus, we need to check whether a continuous set of point configurations exists and
whether any state can be moved to the continuous set of point configurations for each
specific algorithm. If both of the above conditions are satisfied, we can just let

U(F)=1[U € F], F C Q,
where 1[-] is the indicator function.

5.5 Examples of Convergence Analysis

Based on the above analysis of the convergence, we would like to demonstrate how to verify
the convergence of virtual-event-based MCMC algorithms with some examples, including
the convergence for NSPs, MJPs, PCIMs, and Hawkes processes.
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5.5.1 NEYMAN-SCOTT PROCESSES

Proposition 26 The Markov chain C generated by Algorithm 1 is W-irreducible and aperi-
odic. The continuous set of point configurations can be chosen as

((f5r) ) e)

where UE is the set of points such that zg ), = {teg,0:0 <tpro < ming j{te—1,;}}

Remark 27 We have the restriction in Proposition 26 that each hidden point process has
one real event because the intensities for RPPs are solely dependent on the real events. This
restriction can be removed if we add a constant base rate to the intensity in Fquation 1, like
the intensity functions for VPPs. In such a case, U can be set as

{({0} > Ug"), ({0} x Ug")}.

Proposition 28 The re-sampling of virtual events and the drift combination for each real
event happen eventually for the Markov chain generated by Algorithm 1.

The proofs can be found in Appendix D.1, and the convergence then follows from Proposi-
tion 26, Proposition 28, and Theorem 14.

5.5.2 MARKOV JuMP PROCESSES (MJPs) AND EXTENSIONS

Rao and Teh (2013) propose an MCMC algorithm for MJPs and their extensions. An MJP
is a stochastic process with random paths that depict jumps from one state to another
state. An MJP path can be specified by a 3-element tuple (sg, S,T") where s¢ is the initial
state, T = (t1,ta, -+ ,t,) are the ordered times where the state changes happen, and S =
(s1,82,- - ,Sn) are the corresponding states after the changing of the states.

Remark 29 In the semantics of virtual-event-based RIMCMC, each point x for MJP is
represented as x = (t, s), where t represents the time and s represents the state. We exclude
the initial state (0,s0) from our RIMCMC state space as the initial time is always set as 0
and only the initial state so can be changed.

Rao and Teh (2013) propose a uniformization-based Gibbs sampling algorithm for MJP-
based models. The Markov chain first re-samples a set of virtual jumps as auxiliary variables,
and then samples a new MJP path conditional on the times of the union of the newly sampled
virtual jumps and the jumps from the current MJP path. The algorithm repeats the above
two sampling steps alternately until convergence. The virtual jumps are jumps that do not
change the state of the MJP, which are equivalent to virtual events described in this paper.
The normal jumps, corresponding to the real events, leave the current states and move to
other states.

When implementing the uniformization-based Gibbs sampling algorithm, Rao and Teh
(2013) sample the times of the virtual jumps Jy from an inhomogeneous Poisson process
with intensity R(t) = Aq + Ag(y), where Ag( represents the transition matrix when MJP is
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at state S(t) at time ¢ and A > max, |A;| is a positive constant. The states of the virtual
jumps Js are determined by J7 and the current MJP trajectory (so,S,7). The union of
J7 and the times of the current MJP T is equivalent to the samples drawn from a Poisson
process with rate Ag, and we use W = (w1, -+ ,wjy|) to denote the times of this union.
Given W, we can sample an MJP path by assigning each w; as a virtual jump or a normal
jump by performing the forward-filtering backward-sampling algorithm with 1 + |W| steps.
The likelihood of state s at step 4 is given as

Li(s) = p(O[wi,le) | S(t) =sforte [wi,wiﬂ)]),
where Oy, w,,,) is the observations in the interval [w;, wit1).

Proposition 30 If there exists a continuous set of point configurations U, then the Markov
chain for the MCMC algorithm proposed in Rao and Teh (2013) is convergent.

From Proposition 30, we know the convergence of MCMC for an MJP depends on the
likelihood L;(s), as the joint likelihood of the MJP states and the observations depends on
L;(s) and the set U requires the joint likelihood to be positive. More details can be found
in Appendix D.2. Here is an example:

Example 5 (Markov-Modulated Poisson Processes) The likelihood at step i is given
by
Li(s) = (As) P exp(=As(wizr — wy)),

where X\ is a nonnegative constant associated with the state s, |O;| is the number of events
of the observation in the interval [w;, w;y1). If there exists a state s* such that Ag« > 0, then
the probability of staying at state s* for the MJP is greater than 0 and U can be

{(({0} x Ug"), ({0} x Uy )}

Then, the convergence is tmplied by Proposition 30.

5.5.3 PIECEWISE-CONSTANT CONDITIONAL INTENSITY MODELS (PCIMS)

A PCIM is a model that uses decision trees to determine the piecewise-constant conditional
intensity functions. Different tests are performed at each internal node to propagate the
information to the leaves. Different leaves have different constant intensity functions and
form the final piecewise-constant conditional intensity functions. Qin and Shelton (2015)
propose an MCMC for PCIM to infer the missing events in an unobserved time period.
A PCIM assumes the events can be represented as a sequence z = {(t;,[;)}]~,, where
0<ty <---<ty,and [; is from a finite label set L. The data likelihood for x is

p(z) = H H )\lcés(x)e*Alsdls(x%

lel sey;

where ), is the set of leaves corresponding to label I, ¢;5(z) is the number of times label
[ occurs in z for leaf s, djs(x) is the total duration when the decision tree maps the event
sequence x to leaf s for label .
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Similar to Rao and Teh (2013), Qin and Shelton (2015) first re-samples a set of auxiliary
variables (virtual events), and then samples a new event sequence by re-specifying the vir-
tualness for each event from the union of the newly sampled virtual events and the current
event sequence. The convergence analysis is given as Proposition 31, which is similar to
Proposition 30 and we omit the proof.

Proposition 31 If there exists a continuous set of point configurations U, then the Markov
chain for the MCMC algorithm proposed in Qin and Shelton (2015) is convergent.

5.5.4 HAWKES PROCESSES

Hawkes processes are a class of point processes whose intensity functions for label [ are
written as
No=pt Y Gt —t),
tist; <t

where £ > 0 is the base rate for events with label I and ¢, ;(-) is a kernel function that indi-
cates the sudden increase of the intensity function triggered by the events from the history.
Possible functional forms for ¢y, ;(-) include the exponential function (¢(t) = e~# with 8 >
0) and the power-law function (¢(t) = (t +~)~0*+#) with 8 > 0 and v > 0).

Shelton et al. (2018) propose an MCMC algorithm for Hawkes processes with missing
data. 3 moves are designed for the MCMC algorithm: virtual children, virtualness, and
parent. The virtual children move proposes to replace the current set of virtual children
with a new set of virtual children for a given index; the virtualness move proposes to switch
the type of event between real and virtual for a given event; the parent move proposes
to re-sample the parent for a chosen event. Given the observed data, we uniformly select
a move at random at each MCMC step until convergence. We choose an empty set for
the continuous set of point configurations for Hawkes processes because, in contrast to the
intensities we design for the NSPs, the Hawkes processes allow the extraneous intensity to be
0, as explained in Remark 27. Thus, we have the following propositions and the convergence
follows directly. More details of the proofs can be found in Appendix D.3.

Proposition 32 The Markov chain generated by the MCMC algorithm proposed in Shelton
et al. (2018) is W-irreducible and aperiodic. The continuous set of point configurations can
be

U = {(({0} x Ug"), ({0} x Ug"))}-

Proposition 33 The re-sampling of virtual events and the drift combination for each real
event happen eventually for the Markov chain in Shelton et al. (2018).
6. Convergence of Optimization
The general algorithm for the optimization in Algorithm1 is of the form
©,11=0,+ 7n+1H(®na Xn—i—l)a (11)

and

en—l—l = én + 7n+1-[~{(c:)na Xn-‘,—l)a (12)
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where ©,, and ©,, are in R? and X, represents the point configurations in the whole space,
H(®,,X,1) and H(®,, X, +1) are approximations of

Ezwf(Z\x;Gn) [v@n log f(Xa z; @n)]

and ) ]
Ezvfzixion) Ve, log f(2:x, 0,)]

respectively. We get S samples from the MCMC with target distribution as f(z | x; ©,,).
The samples are denoted as z',22,--- ,2°. Then

S
1 )
H(®,, X,1) = S ;v@n log f(x,2%©,)
and
- - 18 - -
H(®p, Xpt+1) = S ;vén log f(z';x, ®p).

The proof of convergence of this optimization that follows is largely modified from Ben-
veniste et al. (2012, Chapter 5).

Assumption 34 Given the history F,, = {X;, ©;, (:)i}?zl until the n-th step, we assume
the approximations approach the true posterior distribution, i.e.,

E[H(®n7 Xn—i-l) ’ Fn] - IEzwf(Z|x;(9n) [V@n log f(X, z; ®n)] (13)
E[H(®n, Xpt1) | Fo] = By p(zix0.) Ve, 108 f(2: %, 0y)] (14)

Remark 35 Theoretically, when the number of samples S goes to infinity, the approrima-
tion approaches the true posterior, i.e.,

SIIHH;O H(®p, Xpni1) = By pzix0.) Ve, log f(x,2;0,)]

and
Jim H(®n, Xni1) = By pizix0,)[Ve, 08 f(2:%, )]

In practice, we choose the number of samples large enough to make our algorithm stable.

Let ©, = [9*,(:)*} and H(©,X) = [H(@,X),ﬁ(@,X)}, then we have the following

proposition and theorem.

Proposition 36

V>0, sup By pze) |1H(©, X)) < o, (15)
|©|<r
vr >0, sup h(©) = E,pzixe) ||H(O, X)|] < o, (16)
|©|<r
where | - | represents the length of a vector.
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Proof When the sample size S goes to infinity, H converges to the expectation, and we can
choose S such that for any € > 0,

H(Qna Xn+1) = IEZNf(Z\x;@n) [v(')n log f(X, z; ®n)] te

and
H(©,,X 1) = Esvrzix.0.)[Ve, log f(z; X,0,)] + €.

Thus, we only need to verify the following equations are true.

Vr >0, |(s:)1‘1£ ‘EZNf(Z|X;@n)[V@n log f(x,2;0,)]| < oo (17)
Vr > 0, gu;) Esns(zie:00) Ve, l0g f(z;x, @n)]‘ < 0 (18)
|e|<r
Vr >0, sup \Ezwf(z‘x;@n)[v@n log f(x, z; @n)]‘2 < 00 (19)
le[<r
Vr > 0, sup Ezwf(z‘x;@n)[vén log f(z;x, (':)n)]’2 < 00 (20)

|®|<r

Equations 17 and 19 have been verified in Theorem 9. Equations 18 and 20 have been
verified in Theorem 10. |

Assumption 37 Let h(©) = E[H(®, X)|, then

A~ A~

30, s.t. sup  (© —0,)Th(®) <0 forall1>¢e > 0.

e<|©-O.|<!
£

Assumption 37 is a stability condition and it describes the phenomenon that © would move
towards ©,.

Assumption 38 Y 7, = oo, Y72 < co.

Following the construction of H in Benveniste et al. (2012, Sec 5.3.4), we let ¢ be a function
mapping from Ry into [0, 1]. ¢ is equal to 1 on [0, R] and 0 on (R, c0) for some R, and set

Ji(e.x)-(1-e(le-e.))(6-e.)

Theorem 39 If the Assumptions 34, 37, and 38 hold, then e, converges a.s. to ©. on the
set {sup,, |©,| < oo}.

~

EI((;),X):¢<®—(:)* 0 -0,

Proof Notice that
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then it follows easily (by Proposition 36) that
7(0) =E [|H(6,X)7| < c(1+]6])

for some constant C.

exists, and

~ ~

sup (@ —0,)Th(®) <0foralll>e>0.
e<|©-0. (<L

Following Benveniste et al. (2012, Section 5.3.4), O, converges a.s. to ©, for the algo-
rithm

~ ~

®n+1 =0, + 77n+1f{ (én,Xn+l) .

But for all n, ©,, = @,, on {r = +00}, where 7 = inf{n > 0 : |®,, —©,| > R} for arbitrarily
large R, which proves the result stated above. |

7. Prediction

As described in Hong and Shelton (2022, 2023), the prediction is performed by utilizing the
samples from the approximate posterior distribution (MCMC or virtual point processes) of
the hidden points. The procedure of the prediction is briefly described in Algorithm 5. We
adopt the Weibull kernel as in Example 2. The implementation for the inference is a little
different than Algorithm 1. We do not optimize the constant intensity function on the top
layer by stochastic gradient ascent. Instead, we directly estimate the constant intensity by
Monte Carlo expectation maximization (MCEM). In this way, the constant intensity for the
top layer is just the expectation of the number of points divided by the length of the interval
where NSPs reside. In practice, we found it efficient and stable. We should also notice that
we assume different sequences have different constant intensity functions for the top layer.
Thus, during the training process, we only learn and fix the parameters for the kernels of
the model parameters. For the prediction, we update the constant intensity function for the
top layer for each test sequence by MCEM as well.

In terms of the sampling for the next future event, we can extend the intensity function
to the future and then sample the next future event. The events for all layers at the interval
[0,t,] are fixed from the posterior sample. The events at the interval (¢,,00) for the top
layer (layer L) are sampled from the constant intensity function py for each k. Then, the
events at the interval (¢,,00) for layer L — 1 are sampled based on Equation 1 determined
by the events from the posterior sampling (at the interval [0,¢,]) and the forward sampling
(at the interval (t,,00)) at layer L. We can keep this sampling process from top to bottom
until we reach the evidence. The event at the bottom layer with the smallest time at the
interval (¢,,00) is the next future event.
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Algorithm 5 Prediction with MCMC or approximation

Input: observed data x = {ej,eq, -, ey}, where e; = (t;, k;) with ¢; representing the time
and k; representing the type, sampler G(x, ('-)G), and model M.

Initialization: the model parameters ©® (the kernel parameters @ are from the training
process, and the constant intensity functions {,uk}f:ﬁ are set as the mean of the constant
intensity functions for all training sequences), the variational parameters ©, the number of
iterations for MCEM C' (C can be set as 1 in practice), and the sample size S.

Output: time prediction #,41, type prediction ]%n+1.

> If we are predicting using MCMC,
G(x,0%) = f(z | x;©), where ©F = ©.
> If we are predicting using approximation,

G(x,0%) = f(z;x, ®), where @F = ©.

:forec=1toC do
fors=1to S do
sample z° ~ G(x, ©F)
end for
for kK =1to K; do
g = é Zle mst/T > m7 , is the number of points within s-th sample for Zp
end for
end for
fors=1to S do
10: sample z° ~ G(x, @)
11: sample the future time £5_,; based on z°

s

12: sample the future type /%Z 41 based on z
13: end for

S
~ 1 N
14: tpy1 = S Z fz-i—l
s=1

S

~ ~

15: kpy1 = argmax » Lg(k; ;)
kE{l,...,Ko} s=1

Remark 40 Notice that we do not need to sample until oo in practice. The sampling for
the intensity function ZZK:Zl“ Zt@rl,m’ DPOrsriys ey (E — ter1,i5) as a whole is equivalent to
sampling independently for each ¢9(2+1¢H<4,k> (t —tog1,i5) and combining the samples at the
end. Thus, we can first sample an event at the interval (t,,00) for the evidence with the
intensity function determined by a part of the events (the events from the posterior sampling
and some events from the forward sampling) and set the time of this sampled event as the
largest possible time for the next future event. Suppose the largest possible time is tigrgest,
then we only need to sample the events at the interval (tn, tiargest) for all layers.
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Figure 6: Results on the synthetic dataset

8. Experiments

The metrics we use to compare the performance of different models and algorithms are root
mean squared error (RMSE) for the time prediction and accuracy for the type prediction.
Experiments are performed for both synthetic and real-world datasets. We split each dataset
into training, validation, and test sets. The training sets are used to train the model pa-
rameters and the variational parameters. The validation sets are used to stop early. The
test sets are used to calculate the metrics for performance comparison. Multiple samples
are needed to calculate the prediction results in Algorithm 5. More samples typically lead
to better results, though consuming more computational time.

Our experiments demonstrate that when the time budget is limited, UNSPs and USAPs
perform better than MCMC in terms of time prediction and type prediction. NSPs-based
methods are better than non-NSPs-based methods for all the real-world datasets (retweet,
earthquake, and homicide) appearing in Section 8.2. We have also constructed NSPs with
various numbers of layers and numbers of Poisson processes per layer to compare the pre-
diction performance for the real-world datasets. More hidden layers and hidden Poisson
processes can be beneficial in some instances. However, it is not guaranteed that more
hidden Poisson processes lead to better predictions as shown in Section 8.2. Theoretically,
NSPs with more hidden Poisson processes are more expressive than NSPs with less hidden
Poisson processes, which should help improve the performance. However, many factors can
prevent the models from reaching their full potential, such as the initialization of the param-
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Figure 7: NSPs with more hidden layers and more hidden processes: (a) NSPs with 3 hidden
layers with Ko = 3; (b) NSPs with 3 hidden layers with Ky = 5; (¢) NSPs with 4 hidden
layers with Ky = K3 = 3; (d) NSPs with 4 hidden layers with Ky = K35 = 5.

eters, local optima, and the architectures of the models. Regarding how to choose suitable
architectures for specific datasets, more research is still needed.

8.1 Synthetic Data Experiments

The two synthetic datasets are generated by 1-hidden and 2-hidden models of NSPs (shown
in Figure 5) separately. The NSPs used to generate synthetic data have 2 event types.
During synthetic data generation, model parameters are fixed and the data is produced
from top to bottom like what we do in Figure 2(a).

Figure 6 summarizes the prediction results for the synthetic datasets. Different algo-
rithms are represented by different line styles with different colors, where NSP-MCMC
represents the predictions made by using MCMC for NSPs, NSP-UNSP represents the pre-
dictions made by using approximation with UNSPs for NSPs, NSP-USAP represents the
predictions made by using approximation with USAPs. The vertical axes indicate RMSE
or accuracy. The horizontal axes indicate the time for sampling with different sample sizes
for the predictions of the events from all sequences. Different computational time budgets
correspond to different numbers of samples used to predict the next future event. Amidst
UNSPs, USAPs, and MCMC, USAPs perform the best in the areas filled with light green,
and UNSPs perform the best in the areas filled with light orange. It is easy to find that
NSP-UNSP and NSP-USAP behave better than NSP-MCMC when the computational time
budget is tight.
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Figure 8: Results on the retweet dataset

31

Accuracy
o

N

(d) 2-

0.80

Accuracy
o
[=)]
o

I
>
o

o
N
=)

Accuracy
o o
[=)] o
o o

I
N
o

o
N
o

0 2x10°
Time (s)

4x10

hidden accuracy

0 4x10°
Time (s)

8x10°

(f) 3_3-hidden accuracy (g) 3_5-hidden RMSE (h) 3_5-hidden accuracy

0 4x1058x1051x10°
Time (s)

(1) 4_5-hidden accuracy



HoONG, SHELTON AND ZHU

C—O—0 dr——d——di ey

NSP-MCMC NSP-UNSP NSP-USAP
HP THP SAHP NHP MTPP
6x1010
0.70 R
1x10%? 0.60 R,
4x10%0
%5)(1011 §o 55{ mssmsnmerm s g go_eo
o 10] & o
z 30.50 g2x10 3ol - - -
£ £0.50
0.45
2x103 2x103
0401~ « « = - = == 0.401 = « « = - = |
3 3
1><1o0 2x10% 4x10* 0 2x10% 4x10* 1x10 0 1x10° 2x10° 0 1x10° 2x10°
Time (s) Time (s) Time (s) Time (s)

(a) 1-hidden RMSE  (b) 1-hidden accuracy  (c) 2-hidden RMSE  (d) 2-hidden accuracy

3x10° 3x10%°
0.70 0.70
oot [ o]
2X1010 2)(1010
>0.60 f.‘_—_-_—_- .0.60 ﬁ-_—_-_—_-
w 10 @) w @]
g1x10 AN ——— 231010 A
4 3 R - ¢ 3 - - - - J
£o0.50 So50
2x10° 2x10°
0.40]~ - = o= - 040]~ - = = -
3] 31
1x10 0 Bx105 2x10° X107 G gNi1g5ax1052x10° 0 8x1052x10°2x10°
Time (s) Time (s) Time (s) Time (s)

(e) 3_3-hidden RMSE (f) 3_3-hidden accuracy (g) 3_5-hidden RMSE (h) 3_5-hidden accuracy

3x10%° 3x10%°
0.70 & 0.70 o
2x10%° g*/ 2x1010 o——e—9
w 20601 —— w 20.60 L TIEL - S
§1x101° g - §1x101° * g B
o ) =2 —_ e - o |tk [ - —_ = =
0 0.50 - ©0.50
< <
[ 3T
2x10%) 4. 2x10
i T Skt 0.40{ = « + = « = = -« - 0.40{ = « « = « = = - . g
1x10% 3 3 3 3 1x10° 5 3 6 5 3 6
0 1x10°2x10 0 1x10°2x10 0 8x10°2x10°2x10 0 8x10°2x10°2x10
Time (s) Time (s) Time (s) Time (s)

(i) 4_3-hidden RMSE (j) 4_3-hidden accuracy (k) 4 5-hidden RMSE (1) 4 5-hidden accuracy

Figure 9: Results on the earthquake dataset
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Figure 10: Results on the homicide dataset

33



HoNG, SHELTON AND ZHU

Table 1: RMSE comparison for the retweet dataset

TIME(S)
6E4 1.285 2.4E5 4.8E5 2E6
1-HIDDEN 9.42E+03 7.05E+03 7.04+03 4.34E4+03 4.34E403
2-HIDDEN 9.42E+4-03 9.42E4+03 6.28E+03 6.29E+03 6.29+4-03
3 3-HIDDEN 6.49E4+03 6.47E4+03 6.46E+03 6.46E+03 6.46E+03
3 5-HIDDEN  5.01E+09 3.28E+-09 1.13e+09 1.10E+09 1.10E+09
4 3-HIDDEN  6.16E+09 5.02E+09 3.02E+09 1.59E4-09 1.59E4-09
4 5-HIDDEN  1.86E+10 1.39+410 4.33e+09 2.21E+09 2.18e+09

MoODEL

HP 1.60E+04
THP 1.56E+04
SAHP 1.67E+04
NHP 1.66E+04
MTPP 1.66E+04

Table 2: Accuracy comparison for the retweet dataset

TIME(S)
6E4 1.2E5 2.4E5 4.8E5 2EG6
1-HIDDEN 5.48E-01 5.65E-01 5.78E-01 5.87E-01 5.87E-01
2-HIDDEN 7.56E-01 7.81E-01 7.89E-01 7.98E-01 7.98E-01
3 3-HIDDEN 7.69E-01 7.69e-01  7.70E-01  7.70E-01  7.70E-O1
3 _5-HIDDEN  7.68E-01 7.68E-01 7.69E-01 7.69E-01 7.69E-01
4 3-HIDDEN 7.63E-01  7.65E-01  7.68E-01  7.69E-01  7.70E-O1
4 O5-HIDDEN 7.56E-01  7.61e-01  7.71E-01  7.76E-01  7.77E-01

MODEL

HP 5.34E-01
THP 6.07E-01
SAHP 4.55E-01
NHP 4.89E-01
MTPP 3.60E-01

8.2 Real-World Data Experiments

Other than 1-hidden and 2-hidden in Figure 5, we also run the experiments for NSPs with
more hidden layers and more hidden Poisson processes as in Figure 7. For the models in
Figure 7, the numbers of Poisson processes in layers 0 and 1 are both the number of event
types. The layers except for the bottom 2 layers are fully connected. Each Poisson process
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Table 3: RMSE comparison for the earthquake dataset

MODEL TIME(S)

1E4 5E4 2.5EDH 1.6E6 3.2E6

1-HIDDEN 1.73e+03 1.26e+03 1.25e4+03 1.25e+03 1.25E+03

2-HIDDEN 2.09e+03 2.08E+03 1.42E+03 1.42E+03 1.42E+03

3_ 3-HIDDEN \ 1.28E+03 1.27e4+03 1.22e+03 1.22E+03
3 5-HIDDEN \ 1.02E+10 1.69e+03 1.63e+03 1.16E4-03
4 _3-HIDDEN \ 8.13E+09 2.11E+03 1.55E+03 1.20E+03
4 _5-HIDDEN \ \ 2.2384+03  1.53e+03  1.53E+03
HP 1.55E+03
THP 1.93e+03
SAHP 1.795+03
NHP 1.95E+03
MTPP 1.935+03

Table 4: Accuracy comparison for the earthquake dataset

TIME(S)
1e4 5E4 2.5E5 1.6E6 3.2E6
1-HIDDEN 6.02e-01 6.02e-01 6.02E-01 6.02E-01 6.02E-01
2-HIDDEN 6.87E-01 6.87E-01 6.86E-01 6.86E-01 6.86E-01

MODEL

3__3-HIDDEN \ 6.82E-01 6.84E-01 6.84E-01 6.84E-01
3 5-HIDDEN \ 6.81E-01 6.83E-01 6.82E-01 6.82E-01
4 _3-HIDDEN \ 6.82E-01 6.85E-01 6.85E-01 6.85E-01
4 5-HIDDEN \ \ 6.80E-01  6.798-01  6.79e-01
HP 5.90E-01
THP 6.02E-01
SAHP 5.54E-01
NHP 4.00E-01
MTPP 5.14E-01

in layer 0 is only connected to one corresponding Poisson process in layer 1. For the models
in Figures 7(a) and 7(b), the number of Poisson processes in layer 3 is 1, the number of
Poisson processes in layer 2 is 3 for 3-hidden (K9 = 3) and 5 for 3-hidden (K9 = 5). For the
models in Figures 7(c) and Figure 7(d), the number of Poisson processes in layer 4 is 1, the
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Table 5: RMSE comparison for the homicide dataset

TIME(S)
1E4 2E4 2.4EDH 4.8E5 2E6

MoODEL

1-HIDDEN 1.12E+05 1.07e+05 1.05e+05 1.05e+05 1.05e+05

2-HIDDEN 1.58E+05 1.42E+05 1.09+05 1.09+05 1.09e+05

3 3-HIDDEN 7.30E404 7.26E4+04 7.23E+04 7.23E+04 7.23E+04

3 5-HIDDEN \ 1.23e+05  8.63E+04  8.63e+04  8.63+04

4 3-HIDDEN \ 1.238+05 1.03e+05 1.03e+05  1.03E+405

4 5-HIDDEN \ \ 7.04E+04 7.04E4+04 7.05E}-04
HP 1.44E+05
THP 1.80E+05
SAHP 1.80E+05
NHP 1.80E+05
MTPP 1.80E+05

Table 6: Accuracy comparison for the homicide dataset

TIME(S)
1e4 2E4 2.4E5 4.8E5 2E6
1-HIDDEN 2.82g-01 2.90E-01 2.90E-01 2.90E-01 2.90E-01
2-HIDDEN 7.77e-01 8.29E-01 8.67E-01 8.67E-01 8.67E-01
3 _3-HIDDEN 6.07E-01 6.75E-01 7.18E-01 7.18E-01 7.18E-01

MODEL

3 5-HIDDEN \ 6.47e-01  7.70e-01  7.70E-01  7.70E-01

4 3-HIDDEN \ 6.47E-01 8.45E-01 8.45E-01 8.45E-01

4 5-HIDDEN \ \ 7.85E-01  8.11E-01  8.22E-01
HP 1.88e-01
THP 2.96E-01
SAHP 2.10E-01
NHP 1.57E-01
MTPP 2.05E-01

number of Poisson processes in layers 2 and 3 are 3 for 4-hidden (K3 = K3 = 3) and 5 for
4-hidden (Kz = Kg = 5)

The real-world datasets we use are retweets (Zhao et al., 2015), earthquakes (NCEDC,
2014; BDSN, 2014; HRSN, 2014; BARD, 2014), and homicides (COC, 2022) as in Hong
and Shelton (2022, 2023). We compare NSPs with other state-of-the-art models represented
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Table 7: Training time for the retweet dataset

MODEL

TIME(D)

UNSP USAP

HARDWARE

1-HIDDEN

1.2

5.5

2 CORES FROM
AN INTEL®) XEON®) SILVER 4214 CPU @ 2.20GHz

1 NVIDIA®) GEFORCE®) RTX 2080 TI

2-HIDDEN

2.9

6.4

2 CORES FROM
AN INTEL®) XEON®) SILVER 4214 CPU @ 2.20GHz

1 NVIDIA®) GEFORCE®) RTX 2080 TI

3 3-HIDDEN

24.5

30.7

1 INTEL®) XEON®) GOLD 6330 CPU @ 2.00GHz
SHARED WITH OTHER PROGRAMS

1 NVIDIA®) GEFoRCE®) RTX 4090

3__5-HIDDEN

32.0

32.7

1 INTEL®) XEON®) GOLD 6330 CPU @ 2.00GHz
SHARED WITH OTHER PROGRAMS

1 NVIDIA®) GEFoRCE®) RTX 4090

4 3-HIDDEN

21.8

33.0

1 INTEL®) XEON®) GoLD 6330 CPU @ 2.00GHz
SHARED WITH OTHER PROGRAMS

1 NVIDIA® GEFORCE® RTX 4090

4 5-HIDDEN

234

25.3

1 INTEL® XEON®) GoLD 6330 CPU @ 2.00GHz
SHARED WITH OTHER PROGRAMS

1 NVIDIA®) GEFoRCE®) RTX 4090

by various line styles in Figures 8, 9 and 10, where HP is for Hawkes processes(Hawkes,
1971) with an exponential kernel (the parametric form of the kernel is ¢(t) = aexp(—a - 5t)
with the parameters @ > 0 and § > 0), THP is for transformer Hawkes processes (Zuo
et al., 2020), SAHP is for self-attentive Hawkes processes (Zhang et al., 2020), NSP is for
neural Hawkes processes (Mei and Eisner, 2017), and MTPP is for a multitask point process
Similar to the synthetic data experiments, the vertical axes
represent RMSE or accuracy. The horizontal axes represent the time for sampling. The
results demonstrate that NSPs-based methods are better than non-NSPs-based methods
for all these real-world datasets regarding RMSE and accuracy. We also find that the
approximations (UNSPs and USAPs) are clearly better than MCMC if there is a limit for
the time budget.

model (Lian et al., 2015).
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Table 8: Training time for the earthquake dataset

TIME(D)
UNSP USAP

MODEL HARDWARE

2 CORES FROM
1-HIDDEN 4.0 1.1 AN INTEL®) XEON®) SILVER 4214 CPU @ 2.20GHz

1 NVIDIA®) GEFORCE®) RTX 2080 TI

2 CORES FROM
2-HIDDEN 5.2 6.8 AN INTEL®) XEON®) SILVER 4214 CPU @ 2.20GHz

1 NVIDIA®) GEFORCE®) RTX 2080 T1

1 AMD EPYC 7763 64-CORE PROCESSOR
3__3-HIDDEN 12.9 11.8 SHARED WITH OTHER PROGRAMS

1 NVIDIA® GEForce® RTX 3090

1 AMD EPYC 7763 64-CORE PROCESSOR
3__5-HIDDEN 12.8 14.8 SHARED WITH OTHER PROGRAMS

1 NVIDIA®) GEFORCE®) RTX 3090

1 AMD EPYC 7763 64-CORE PROCESSOR
4 3-HIDDEN 16.3 17.0 SHARED WITH OTHER PROGRAMS

1 NVIDIA®) GEForRCE® RTX 3090

1 AMD EPYC 7763 64-CORE PROCESSOR
4 5-HIDDEN  20.2 25.9 SHARED WITH OTHER PROGRAMS

1 NVIDIA® GEFORCE®) RTX 3090

Tables 1, 2, 3, 4, 5, and 6 compare the performance of NSPs with different architectures
and the baseline models at some fixed time (measured in seconds) points. The experiments
are run on different machines with different computational devices. Then, we scale the
running time to the running time of the machines with the same computational devices,
making sure the running time scales linearly with the sample sizes. The results of each
NSPs-based model for each time point reported in these tables are the best predictions
among NSP-MCMC, NSP-UNSP, and NSP-USAP, where “\” means there is no result for
this entry. The best results among the NSPs with different architectures for each fixed time
point are shown in bold text. 2-hidden NSPs achieve the best type prediction results for
almost all of the fixed time points. For the time prediction, the effect of adding more hidden
Poisson processes is more complicated. For the earthquake and homicide datasets, NSPs
with more hidden Poisson processes tend to behave better when we keep increasing the
number of samples. For the retweet dataset, more hidden Poisson processes help improve
the performance when the number of samples used for prediction is small, while do not
boost the performance when we continue to increase the number of samples used for time
prediction. One possible reason is that the retweet dataset is much larger than the other
two datasets, so the time prediction for the retweet dataset may require many more samples
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Table 9: Training time for the homicide dataset

TIME(D)

MODEL HARDWARE
UNSP USAP
2 CORES FROM
1-HIDDEN 2.1 3.6 AN INTEL®) XEON®) SILVER 4214 CPU @ 2.20GHz
1 NVIDIA®) GEFORCE®) RTX 2080 T1
2 CORES FROM
2-HIDDEN 2.2 1.9 AN INTEL®) XEON®) SILVER 4214 CPU @ 2.20GHz
1 NVIDIA®) GEFORCE®) RTX 2080 T1
1 INTEL®) XEON®) SILVER 4210 CPU @ 2.20GHz
3_3-HIDDEN 7.7 9.5 SHARED WITH OTHER PROGRAMS
1 NVIDIA®) GEFORCE®) RTX 2080T1
1 INTEL®) XEON®) SILVER 4210 CPU @ 2.20GHz
3 5-HIDDEN 4.1 \ SHARED WITH OTHER PROGRAMS
1 NVIDIA®) GEFORCE®) RTX 2080T1
1 INTEL®) XEON®) SILVER 4214R CPU @ 2.40GHz
3 5-HIDDEN \ 5.9 SHARED WITH OTHER PROGRAMS
1 NVIDIA®) A40
1 INTEL®) XEON®) SILVER 4210 CPU @ 2.20GHz
4 3-HIDDEN 8.8 \ SHARED WITH OTHER PROGRAMS
1 NVIDIA®) GEFoRCE®) RTX 2080T1
1 INTEL®) XEON®) SILVER 4214R CPU @ 2.40GHz
4 3-HIDDEN \ 23.7 SHARED WITH OTHER PROGRAMS
1 NVIDIA®) A40
1 INTEL®) XEON®) SILVER 4214R CPU @ 2.40GHz
4 5-HIDDEN 5.2 13.9 SHARED WITH OTHER PROGRAMS

1 NVIDIA®) A40

to get good results. The time spent on training (measured in days) is shown in Tables 7, 8,

and 9.

9. Conclusion

We revisit the classical work of NSPs (Neyman and Scott, 1958) and introduce DNSPs
in a more modern formulation. DNSPs are formed by stacking Poisson processes into a
deep network. The inherent hierarchical structure allows DNSPs to capture the triggering
mechanism of random events. However, the deep and multivariate structure of DNSPs brings
huge challenges to the design of posterior sampling and inference algorithms and very few

work has touched this problem.
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We design virtual-event-based posterior sampling and inference algorithms for NSPs.
Our posterior sampling algorithm uses virtual events to help accelerate the mixing, and the
distribution of the virtual events is learned through variational inference. Our algorithms
combine RIMCMC, marginal likelihood maximization, and variational inference together.
The virtual events not only guide the proposal of RIMCMC but also work as approximations
for variational inference. We conduct a theoretical analysis of the convergence and provide a
sufficient condition for RIMCMC and variational inference to converge. We further extend
the analysis to other models, such as MJPs, PCIMs, and Hawkes processes. We have also run
experiments to demonstrate the efficacy of NSPs in prediction by using our algorithms. NSPs
can predict future events better than baselines and the variational approximation achieves
better performance than RJIMCMC when the computational time available is limited.

The main limitation of the algorithms proposed in this paper is that the computational
cost of the training and prediction is high. During the training process, a large number of
samples are needed to be drawn from RJMCMC for each iteration. Further investigation is
needed to develop new inference algorithms without RJIMCMC involved, such as variational
inference through the optimization of exclusive KL divergence. For the prediction algorithm,
a large number of samples need to be drawn for the prediction of each future event. To
accelerate the prediction, we may consider training a function to map the history to the
predicted value directly.

Our work has demonstrated the potential of NSPs in both theory and applications. From
the theoretical aspect, there is still much room left for the analysis of the convergence. Our
work can only be used to check whether the convergence can be reached. More research is
needed to find the convergence rate of our algorithm. With the convergence rate, we may be
able to find the bottleneck of our algorithm and accelerate it accordingly. For applications,
we can extend our algorithm to spatio-temporal point processes. This extension requires the
kernel to be non-causal (i.e., a kernel that is not only positive for ¢ > 0 like in Examples 1 and
2, but positive in the whole space like a Gaussian function) and new network architectures
may be needed to design a new variational approximation, as the self-attention network used
in USAPs cannot be directly applied to a space with 3 or more dimensions.
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Appendix A. Marginal Density

Lemma 41 Suppose the parameters for i (-) are in a bounded space, then
Aek(t) < megr - a+b,

where a > 0, b > 0 are some constant numbers, and meyy = Y, myy1,; is the number of
points at layer £ + 1.

Proof It is easy to see from the functional form of the intensity function as in Equation 1.
|

Lemma 42

(n+ B)* = 0(e*),

0 km
Zﬁ

where the O notation is w.r.t. k >0, and o« > 0,5 > 0,C > 1 are constants.

Proof Let a,, = %(n + 3)%, and we can write a, as a, = (C’n!)" ("gf)a.
Then, it follows that

Z an = Z% Rt AE (22)
i "t f) . % | (8" 0+ ) (23

JCh i nt )" n %l <C:!>" 24
SeCk(ff(”ZQ”a-+1> (25)
=o<eC’:fO (26)

where N > 0 in Equation 23 is a number s. t C” > (n+ B)* for n > N, the first inequality
follows from the fact that ¢ ! <3 0 = exp(Ck) and ("27[?“ < 1, and the last

equality follows from the fact that (Zn -0 (n+5 4 1) is a constant number w.r.t. k. |

nl

Proposition 6 The marginal density f(x) is finite.
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Proof We can write the marginal density as a sequence

f(X) :Ez~Poisson(S 1) [f(X Z)]

L
_Eszmsson S,1) H f Zp—1 | Zé
/=1

[ f[fz“mm

=Bz, [f(20)Bz,_, [f(2L—1]2L)  Ea, [f(21 | 22) f(20 | 21)]]] (27)

:EZL IEZL—1

where S = [0, T2 Ke.
Let

Q-1(20) =By, [f(ze-1 | 20)Bay_, [f(2e—2 | 2e—1) - Bay [f(2z1 | 22) f(2z0 | 21)]]],  (28)

then it follows from Equation 27 that

[e%e) K,

fo =y, R | (Hexp( - T ) G (20)dz,  (29)
mL—O mr: k=1
m;() mr, ! /qL 1 ZL dZ‘mL, (30)

where mj, = Zfil mrk, b = maxp{p}, and z),,, means z is restricted to the dimension of
my.
It also follows that

Ko

= exp(—Kpq - T
qQ—1(2z¢) = Z p(— s ,1 )/ H f(Ze—1k | 20) | - qe—2(20-1)dZ), (31)
me_1=0 me—1: k=1
2 (a-mg+Db)me
< Z 0( meﬂ) /qg2(ze1)dz|me_17 (32)
my_1=

where f(zy_1x | 20) = exp (— [ Ne—1x(t;2e)dt) [T ™" Ne—1 g (tem1 1,03 20).-
According to Lemma 41,

f(zo | z1) < (a-m1+b)", (33)
where myg is the number of points in the observation.
Then,
o QL e (a-mg, + b)"L-1 o (a-mg +b)™ .
< ce At (- pymo
f(X) B ZO mr,! Z 0 myp_1! ZO mq! (a ™+ )
my= my_1= mi1=
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Let
o
(a-myg+ b)m™e-1
he—1 = Z My
me_1=0
00 o0
e p)me—2 . b)™
Z (a-my 1+' ) ( Z W(a-ml—Fb)mO) ) (35)
me_o=0 M2 m1=0 e
and we want to prove
he—1 = O(e“™), where O is w.r.t. my, and ¢ > 0 is a constant number (36)
by induction.
When ¢ = 2,
o
(a-mg+b)™
hy = ~ 7 (a-m1+b™
1 vg::o Y
mo S (a,m2+b)M1 b mo
=™ Y D)
m1=0
:amoo(eclv(a'mz—i_b))
:O(ecl-a-mz)’

where ¢; > 0 is a constant number and the third equality follows from Lemma 42. It is easy
to see Equation 36 holds for ¢ = 2.
Suppose Equation 36 holds for £ = n, then

oo
(CL "Mpy2 + b)mn+l
hn+1 = Z mn+1! hn

mn+1:0

o
a-Mpto +b)mntt
<M - Z ( nt2 ' ) (e“™n+1) for a constant number M > 0
Tins1=0 Mnp+1-

SM Z ((amn+2+b)e> n+1

Mpt1!
Mn+1 =0 ntl

<M - elamni2tb)-e
:O(BC/'mn+2 )7 (37)

where ¢ = a - € is a constant number w.r.t. my1o.
It follows from derivation of Equation 37 that

hi 1 = O(e"™),

where the O is w.r.t. my, and ¢ > 0 is a constant number.
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Thus,
Z w e™L for a constant number M’ > 0
mp= 0
:M/ . 6 eC
which shows that the marginal density f(x) exists and is finite. [ |

Appendix B. Density of DNSPs as the Limiting Value of DEFs

Lemma 43 For a realization (X,21.1,), the joint density of DEFs p(x,z1.1,) converges to the
joint density of DNSPs f(x,z1.,) when d;, — 0.

Proof For the realization (x,z1.1,), we can build a corresponding DEF such that Grij=1

if there is an event in Tg’i,j and Gy; ; = 0 if there is no event in Tg’i,j, where Gy ; ; represents
a hidden variable in DEFs as explained in Section 2.

NG (€03,)
lim p(x z1.p) = lim H (1- )\gi(fe,i,j)Cse) H M (38)

§L L~>0 (5
Gy,i,j=0 Ge,i =1 ¢

= lim IT exp (—2Fi(&ig) - e+ o(60)) IT iy

6, —0

Gl % J_O Gl,i,jzl
(39)
T
—ep (-0 / Aea(t)dt | T Aeattes) (40)
4y 0 te,i,j
:f(xa Zl:L) (41)
|

Lemma 44 For a realization (x,2z1.1,), the conditional density of DEFs p(x | z1.1,) converges
to the conditional density of DNSPs f(x | z1.,) when 65, — 0.

Proof It can be proved similarly to Lemma 43. |

Lemma 45 For a realization (x,2z1.1,), the marginal density of DEFs p(x) converges to the
marginal density of DEFs f(x) when o7, — 0.

Proof Similar to the proof of Lemma 43, we can build a corresponding DEF such that
p(x) = Eg, [p(8r)Eg;, [P(gr-1181) Eg, [p(g1 ] 82) - p(x | &1)]]] ,
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m[b

where gy is a realization for Gy = {{Ggw}Z 1}
Let

. .

pe—1(ge) = Eg,_, [p(gi-1 | 80)Eg,_, [P(8r—2 | 8e—1) - - Eg, [p(g1 | 82)p(x | 81)]]] ,

we first prove
lim pi1(g2) = q1(22),
(SL%O

where qy—1(z¢) is defined in Equation 28 and gy is the realization of DEF corresponding to
Zo as in Lemma 43.

Notice that when ¢ = L + 1, we let gr+1 = zp+1 = 0, p(gr | gr+1) = p(gr) and
f(zr | zp+1) = f(zL)

p1(g2) =Eg, [p(g1 | 82)p(x | 81)] (42)
—ZP g1 | g82)p(g1 | g2)p(x | 81) (43)
K1 T/61
= Y. > plelg)p(e | g2)p(x| g1) (44)
n=0 g;=1|n
K1-T/8: i 12
Yoo e = Do M) o) | [ Mg | - (45)
n=0 gi;=1|n | g1,i,;=0 g1,i,;=1
exp [ = > AiGoag) +old0) | TI AilGoasn)| |, (46)
L £0,i,;=0 g0,i,j=1 ]

where, with ¢ = 1, Zgi represents the sum w.r.t. different realizations for G;, n represents
the number of random variables of G; equal to 1, and g; = 1 | n represents the different
combinations of g; with n random variables equal to 1.

It is easy to find that

K1T/6 [ 2

6lim0 Z Z exp Z )\ 5171,] + 0(01) H )\ (&) - (47)

= n=0 gi;=1|n L g1,i,;=0 g1,i,;=1
exp Z A f() 17] + 0((50) H )\ 50 i j (48)

80,i ]*0 £0,i 371

K1-T/8 2
Z Z exXp ( / )\1 z dt) H )\1 K tl ,0,] : (49)
z1=1|n 1,44

T
€xXp (_/ )\Oz tO,z,j > H )\Oz ZL/O z,] ) (5())
0

tOz]
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which implies that Ve’ > 0, 3§’ > 0, such that for all §; < ¢,

K;-T/61

2. 2

n=0 g1:1|n

K1-T/8,

2. 2

n=0 lel‘n

exp

exp

T

exp </ )\17i(t)dt>
0

exp < / )\01 tO,'L,j )

Z A%‘(fl,i,j) +0(d7)

g1,i,;=0
Z A5 i(€0,i.5) + 0(d0)

£0,i,;=0

t1ij

tOzg

[T A6

81,i ]71

II A6i(%.s)

2o 1]*1

2

H Atitiig)

H )\0 i tO,z,j < €.

We can also find that Ve’ > 0, 36” > 0, such that for all §; < 6”,

> %

n=K1-T/61 z1=1|n

e (- | ' e

T
exp <_/ )\02 tOz > H /\Oz tO,z,j
0

H Ailtiig)

11,5

tOz]

since the density of the corresponding DNSP is finite.
Hence, for all §; < min{d’, 6"},

K1-T/6
n=0 gi=1ln
o0

n=0z;=1|n

exp

exp

T

exp (—/ /\17,-(t)dt>
0
T

exp </ )\01 tO,z,j )
0

Z Agi(gl,i,j) +0(61)

g1,i,;=0

> A§i(Coig) + o)

£0,i,5=0

11,

tOZJ

46

H Ait14)
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which implies lim p1(g2) = q1(z2).
5L~>0
Next, we assume

lim pe—1(ge) = qe—1(2z¢)
6L—)0

holds for £ = 4. Then we need to prove it also holds for £ =i + 1.

When ¢ =i +1,
pe-1(8e) =Eg, [p(&i | 8it+1)pi-1(8:)] (61)
=> (g | gir1)p(gi | iv1)pi1(g:) (62)
gi
KiT/s;
= > > pei| gir)pioi(si) (63)
n=0 gin
K, T/6; 2
= > Y lexp = D MiGsk)+00) | [T Al&ish) | pici(g).
n=0 gn 8i,s,k=0 8i,s k=1

(64)
Notice that when ¢ = L, Equation 61 becomes py_1(gs) = Eg, [p(gr)pr—1(gr)] and the
following arguments still hold.
Similar to the argument of proving 5hm0p1 (g2) = q1(2z2), Ve” > 0, we can find §" > 0,
L
such that for all §; < 6",

KiT/8; 12
X e |- Y @) o000 | TT Aoean)| picaes) | -
n=0 g;=1n 8i,s, k=0 8i,s,k=1 ]
(65)
K1-T/8 T 2
Z Z exp (—/ )\i,s(t)dt> H Nis(tisk)| -qim1(zi) | | <€ (66)
n=0 zi:1|n 0 ti,s,k

It also follows that Ve”” > 0, 36”” > 0, such that for all §; < 6",

2

0 T
>N | e (— / Ai,s(t)dt> I Xostisn) | - aimilz) | <™ (67)
0 ti,s,k

n=K; T/6; z;=1|n

Thus,

lim py_1(ge) = qo—1(2¢)
6L4)0

holds for £ =i+ 1 and for all £ < L + 1, which implies that

lim p(x) = f(x).

(SL—>0
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Theorem 7 For a realization (x,z1.1,), the joint density of DEFs p(x,z1.1,) converges to
the joint density of DNSPs f(x,z1.1), the conditional density of DEFs p(x | z1.1,) converges
to the conditional density of DNSPs f(x | z1.1), and the marginal density of DEFs p(x)
converges to the marginal density of DEFs f(x) when dr, — 0.

Proof It follows directly from Lemmas 43, 44, and 45. |

Appendix C. Interchange of the Expectation and the Gradient

The following theorem tells us under which conditions a sequence of functions would uni-
formly converge.

Theorem 46 (Rudin et al. (1976, Theorem 7.10)) Suppose {fn} is a sequence of func-
tions defined on E, and suppose

|fo(@)| < My, (x € B, n=1,2,3,--).
Then > fn converges uniformly on E if > M, converges.

The uniform convergence of a sequence of functions provides a nice property for interchanging
the derivative and the limit of a sequence of functions, which can be described as follows.

Theorem 47 (Rudin et al. (1976, Theorem 7.17)) Suppose {f,} is a sequence of func-
tions, differentiable on [a,b] and such that { f,(z0)} converges for some point xy on [a,b]. If
{fl} converges uniformly on [a,b], then {f,} converges uniformly on |a,b], to a function f,
and

f(@) = lim fife) (a <z <b).
n—oo
The following corollary follows easily from Theorem 471:

Corollary 48 Suppose {fn} is a sequence of functions, differentiable on a convex set C C
X C R™ and such that {f,} converges pointwise to a function f on C. If {V f,} converges
uniformly on C, then {f,} converges uniformly on C, to a function f, and

Vf= lim Vf,.
n—0o0

C.1 Unbiased Estimate of the Gradient of the Marginal Likelihood

We can write the gradient of the marginal likelihood as

Ve f(x)
Velog f(x;0) = ———
fx)
Vo Ynro "l [ f(x.2)dz),
f(x)
1. https://math.stackexchange.com/questions/2511866/multivariable-uniform-convergence-and-d

ifferentiation
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where S = [0, 7] 2Ky z|, indicates that z is restricted in a space with dimension of n.
The expectation of the gradient of the joint log of density can be written as

Eu o (Vo lox 2] = 3~ PO [ 414 )06 og fix. 21,
n=0
exp —|S| f z,X V@f(x z)
;] fixz)
Z exp —|S| /V@f X, Z)dz‘n, (69)
n=0

where S = [0, T]2-¢ Ke.
It is easy to see that [ Ve f(x, z)dz), = Ve [ f(x, z)dz,,,, where the equality follows from
the dominated convergence theorem. Because f(x, z) is integrable w.r.t. z and differentiable

w.r.t. ©, and Ve f(x,2) is bounded.

Let
wn(@) =3 RIS [ rx.)ta.

n=0
it follows that

Vewn(®) =Ve Z W/f(x, z)dz), = Z eXp’S’/V@f (x,2)dz|,.
n=0 ’

n=0

We want to show that Veuw,,(®) converges uniformly, then we can use Theorem 47 to
demonstrate that Equation 68 is equal to Equation 69.
The gradient of the joint density is

L
Vef(x,z) =Ve (H f(ze-1 | Z£)>
/=1

L L
=Y (Vef(zii|z)| [ f(zi-1]2)
i=1 j=1,5
and,
Ve f(z| ze1) =Ve [ [ f(zer | 2e11)
3
Ky my k T
:V@ exp Z Zlog )\Z,k(té,k,j) —/ )\g’k(t)dt
k=1 \ j=1 0
T
=Y > (Vererlter)) | I Mewltewps) | | -exp =D / A (t)dt
E pk, i k70

(TDstssrom (- o)) (-5 f varscon)

)
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Since the parameters are in a compact set (‘@‘ < r for some r > 0), we can find a bound

(by Lemma 41) for Apx(t) s.t. [Agr(t)] < myy1a + b, where a > 0 and b > 0 are constant

numbers. There also exists a bound for [VeAy k()| s.t. [VeAur(t)| < mer1ag + by, where
ag > 0 and by > 0. We also notice that ’Ve)\e k)(t)’ < C, for some constant C, > 0, because

‘V®¢( )
#(-)
Thus,

is bounded.

ki

T
Ve f(ze | z2e1)| <(meCr + (mur1ag + bg) KoT) (H [T er(tens) - exp <—/0 Apo(t )dt>>
<(meCr + (myy1ag + by) KoT) (H H ek (tok,i ) : (70)

Notice that

lim Vewn(0) =E, posson(o.r= %e 1) VOl (x,2)],

m—00

we can write down the equation similar to Equation 34, when ¢ = 0,

L-1
EZNPOiSSOH([O,T]Ee Ke 1) ( H f(zi ’ Zi+1)> (Ve f(z | ze41)) Hf Zj—1 ’ ZJ

i=0+1
oo
L
<>
my,=0 mr

mL,1! TTL1!

o0 . mp_1 s . mi
Z (a mL—I-b) ( Z (a m2—|—b) (a‘m1+b)m0(C(/)'mo—l—c(/]/-ml—l—Cm)) ’

mp,_1=0 m1=0

where C{, > 0,C{/ > 0,C{" > 0 are constant numbers w.r.t. {my}, based on Equation 70.
When ¢ > 0,

L—1
Ez~Poisson([0,T]Ee Ky 1) ( H f(zi | Zi+1)> (Ve f(ze|ze+1)) Hf (zj-1 | 25)

i=0+1

umL i (a-mg +b)me-
! mr,_1!

mp_1=0 -l

qu

(a-mgy1 + b)™e o (a-may+b)™ m
TJIFM! (Cp-my+Cf - mpsr + CY) < 2 m—l!(a'ml-i-b) 0

ng ||

m1=0
where C; > 0,C}/ > 0,C}/ > 0 are constant numbers w.r.t. {my}, based on Equation 70.
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Let
- + b)mL-1 >, (a-mg+Db)
pY = (a-me . a-mi1+b" -mg |,
R WP T
- + b))t 2. (a-mg +D)
B@ (a-mg . a-my+b)™ my ||
@) 2 (a-mp+Db) 2 (a-mg +Db)
h = a-mip+0b )
Pt m;jo — W;O (@ mi )
(4) (a-mp +b)
hpzy = Z mp_1!
mL,1:0
2 (a-mpyq + D)™ 2. (a-mg+b)™ m
Z( Z;llg' ) 'W(”'Z(;l;)(a'mlM) o> 7
my=0 ’ m1=0 :

h(5) B i (a-mp + b)mE-1

L-1
" mL_1!
mL,170

o= (@ myyq + D)™ . (a-msg +b)™ m
yo @me £0) .mHl(...Z(z)(a.mﬁb) > ,

| |
my. ma-
my=0 ¢ m1=0 1

and it follows that

L-1 14
EZNPoisson([O,T]Ee Ko 1) ( H f(zi ’ zi+1)> (V@f (2 | ZZ+1 H Z]—l ’ Zj)
i=0+1 j=1
L L) 2) 3) _
<Zm—L'( hy’y + Cohy’ + Cy' L_1> for £ =10,
mp = =0
L-1 ¢
B, poisson([0,715¢ K¢ 1) < IT £z | Zi+1)> (Ve f(ze|zer1)) | [] (21 | 2))
i=0+1 j=1
< S B (e, o)+ orn,) for £ 0.
mp!
myp=0
Then we only need to show that ZmL -0 ’fn L, hg)_l is bounded for ¢ = 1,2,3,4,5. Notice
that hy is defined in Equation 35.
Lemma 49 -
mp,
Z H ]4271 1s bounded.
mr,!
mr,=0
Proof We first show that
WP = O(myy1eC e, (71)
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where C > 0 is a constant number.
For ¢ =1,

) ] my
hg2): Z (CL m2+b) (a'ml_’_b)mg.ml

m1=0 m1!
. (a-mg+ b1 m
:(am2—|—b)z( (le—l))l (am1+b) 0
mi1=1 ’
(@) . b mi
=(a-ma+b) Y W(a-(mlﬂ)w)mo
mi1=0 ’

<(a-mg+b)-a™ - e“@m2Fb) for some constant number ¢ > 1

:O(mgec'm2),

where C' = ¢ - a and the inequality follows from Lemma 42.

Suppose, hf) = O(mgﬂecl'm“l) holds for ¢ = ¢ and a constant number C’ > 0. For
C=1i+1,

B _

i~ S miq1
@ = Z (a-mip2 +b) Jxe) (72)

miq1! ’

mi+1 =0

(a-mjqg + b)Mit fo
<M - Z w2+ b) mip1eS ™+ for some constant number M > 0 (73)

——— mz—i—l
<M. i (a-miyo + b)™it (Clmig (74)
- (mi_,_l — 1)'
mi+1:1
0 . mit1+1
=M - Z (a-(mit2 +1) + )™ eC(mig1+1) (75)
S mz‘+1!
_ c — (@ (mig2+1) +b)- e )min
=M % - (a- (migo+1) +b) ZO o (76)
mit1=
M. eC/ ) (a ) (mi_t,_g + 1) + b) . e(a-(mi+2+1)+b).eC/7 (77>

where M > 0 is a constant number.

Thus, hz(j_)l = O(mj2e°™+2), where C = a - ¢“’, and we can conclude that

hf) = O(mypy1e9 ™),

holds for some constant number C > 0.
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It then follows that

00 mp,
<M. E H ‘mLeC'mL for some constant M’ > 0
mry,:
mLZO

/ = P c
=M"- —e
2=, 1)

o C\mp,
. S e
Z (mp —1)!

mp=1
:M/',uec i (/’Le

C
=M peCete .

Lemma 50

00 mr
Z H hglzl 1s bounded.

|
=y me!
Proof
i . pymL-1
p@ Z (a-mp +0) )
L—-1 — . mL—l!
mp_1=
o (o ¢]
a-mpyq +b)™ a-mo+ b)™
Z( + )™ e ...Z%(a.mﬁb)m
gt my! o myq!
o0 (o)
. bymL-1 . b)Y
-y lamet ') Ly mee t )™ g by
my_1=0 mpr—1: 1g=0 my:
[e.e] o
(a-my +b)"E (@ mgpr +b)™ ey
<M - Z — Z oy “my-e ,
my,_1=0 mye=0

where the second equality follows from Equation 35, the third inequality follows Equation 36,
and ¢ > 0, M > 0 are constant numbers.
It follows from Equation 77 that

h(L411 = O(mpe® ™) for some constant number C' > 0,

and from Lemma 49 that >~ ﬁh(fll is bounded. |

mLZO mL!
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Lemma 51
Z wr h(5)1 s bounded.

mp = 0
Proof
- |
my,_1=0 mr—i:
o (o @]
a-mppq +b)™ a-my+b)™
Z( T—;‘ ) 'mé—i-l("'z(,rn')(a'ml‘i‘b)mo
my=0 ¢ m1=0 I
o0 o0
a-myp + b)mr-1 a-myy1 +0)™
— Z ( rfz ') Z( é;;l' ) “Mpyr - ey
myp,_1=0 L-1: my=0 ¢
(a- mL+b) — (a-me +0)™
<M - Z mé—i—l'z . el
|
myp,—1=0 ML- 1 my=0 me
o
=M - Z a mp + b)mL ' .. Z (a T My42 +'b)me+1 (m@Jrl . e(a‘me+1+b)ec> ,
mr_1=0 me41=0 e+

where M > 0 and ¢ > 0 are constant numbers. It also follows from Equation 77 that

hle = O(mpe®™E) for some constant number C' > 0,

and from Lemma 49 that > >° ~, is bounded. |

myp = =0 mL
According to Equations 68 and 69, it is easy to see Theorem 9 follows from the following
lemma.

Lemma 52 Suppose ’C:)’ <r for somer >0,

V@ZW/]”(X, z)dz
n=0 ’

Proof The statement that > prL h(ngl is bounded has been proved in Equation 36, and

mL =0 myp!
it follows easily that ZmL —0 mL' h(lel is bounded since my is a constant number. Combining
Lemmas 49,50, and 51, it follows that Vew,,(®) converges uniformly.

wm (0) converges for some O follows from Proposition 6.

Thus, it follows from Corollary 48 that

Vo> I [ s =3 PCID [ o 10x sy

n=0

ZeXp’S’/V@f (x,2)dzs,.

n=0
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Theorem 9 Suppose ‘@‘ <r for some r > 0, then

B,z [Velog f(x,z)] = Ve log f(x).

Proof This theorem is an immediate result of Lemma 52, Equations 68 and 69. |

C.2 Interchange of the Expectation and the Gradient for Virtual Point
Processes

Similar to the proof of Theorem 9, we prove Theorem 10 by Theorem 46 and Corollary 47.

Lemma 53 Suppose ‘(:3‘ < r for some r > 0 and each point process is restricted in a

compact set B(e.g.,[0,T]), then the expected number of events Ayp(B) = B, p,[N], where
N represents the number of hidden points, for a point process Zyj, in a DNSP is bounded,

and
L

Ap(B) < Y Ch_e‘m?X{,uh,i'v(B)}v (78)
h=t+1

where C > 0 is a constant number, and v(B) is the volume of the compact set B.

Proof The expected intensity function j‘é,k for Zy . is

Koyp1
)‘Z,k(t) = Ezu-u Etl+1,i,jNZl+1,i ek + Z Z ¢6(Z+1,i)~>(2,k) (t - tf‘*‘lﬂ}j) ) (79)
=1 t4+1,¢7j
where g, = 0 for £ # L and A, () = pr -
By Campbell’s theorem,
— KZ+1 —
Aok (t) = pok + Z /¢9(£+1,i)_>(€7k) (T)Ae1,i(T)dT. (80)
i=1
It follows that
Avi(B) = / Ao (t)dt. (81)
B
By ‘(':)‘ < r for some r > 0,
/_\g’k(B) <(C- mlax{/_\HLi(B)} + ek U(B), (82)

where the constant number C' exists because there exists a bound for the parameters such
that the kernel function ¢(-) is also bounded, and the number of point processes per layer
is also bounded. Then it follows

L
App(B) <Y CMt. max{y; - v(B)}. (83)
h={
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Lemma 54 Suppose ‘@) < for somer >0, B, (5% [V] is finite, where N represents the

number of hidden points.

Proof We shall prove this by contradiction. Suppose E, . ¢(z/x) [N] = oo, then there exists a
posterior point process for Z;;, s.t. 3¢9 > 0,VCp > 0, Zflo:mo p(Nei =n|x)-n > eg, where
Ny ; represents the number of points for Z;.

However, we know

Y p(Nei=n|x)-n (84)
n=Cy

_ Z P(NZ,}‘;)%X) n (85)
n=Cy

<y MRS (56)
n=Cy

where f(x) is the density of x. Lemma 53 tells us that 3C; > 0, Ve; > 0, ZZO:CH p(Nei =
n)-n <e1. Let g1 = f(x)g9 and Cy = C4, we can get (by Equation 86)

o0

> p(Nei=n|x)-n<e, (87)
n=Cy
which contradicts our assumption. |

Lemma 55 Suppose ’(':)‘ < r for some r > 0, then there exists @ > 0, b > 0, ag > 0, and

by > 0 such that 3 )
el < nm-a+0,

where n,, = max {ney,n}, ne is the number of points in the observation, and n is the number
of hidden points of a realization for a real point process.

Proof Since A\ (t) = fies + 3. ¢(-) or Mgy (t) is represented as a self-attention map and the
parameters are in a compact set (‘@‘ < r for some 7 > 0), we can find a bound for A(t) s.t.

IA(t)| < nn - @+ b, where @ > 0 and b > 0. [ |

Theorem 10 Suppose ‘(':)‘ <r for some r >0, then

Esvr(zix:0) [V(:) log f(2;0)| = VgE,wjzx0) [Iog f(z; é)} :
Proof We can write the expectation as a sequence,

Ef(x0)[—log f(z:x,0)] = — lim g, (©), (88)

m—ro0
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where g,,(©) = Yo op(n flogf Z; X, @)f(z)dz|n, p(n) is the probability that the number
of points of a realization z from the posterior point processes equals n, and f(z) is the
density of the realization z given the number of points n.

Because we can interchange the gradient with the summation if the series has finite
terms, we can get

végm(é) :szbc(n)v(:) /log f(Z,X,@).]E(Z)dZ‘n
n=0
_sz|x /f © logf Z; X, @)dZm, (89>

where the second equality follows from dominated convergence theorem.
By Lemma 55, [Arx| < ny, - @ + b. Similarly, there also exists a bound for the gradient
IVAL(t)] s.t. [VAL(t)] < nm - @y + by. We also notice that there exists a constant C' s.t.

<c, (90)

because (1) if A(t) = i+ 3. ¢(-), then Vo A(t) = > Vgé(-) and ’ @¢ ‘ is bounded; (2) if

A(t) is an output from a self-attention network, then it is obvious both Ve )\( ) and A(t) ar
bounded.
We notice that

L K my g
= logf (z; %, ) ) = @ZZ //\Z,k(t)dt+ Z log )\z,k(fe,k,z‘) (91)
{=1 k=1 =1
L K, My k <
< VeAek(t)
< /v~ )\g,k(t)dt‘ + R - Mo (92)
;kzl ) © ; Aok (t)
(- g +bg) - (O Ko) - T + nynC (93)

Let g5, = pax(n) [ f(2)Vglog f(zx, é)dz‘n, and we know

1951 < Pape(n) (2 g+ Bg) - (32 K) - T+ 0 C)

where p,x(n) is the probability of the number of hidden points equal to n.
It also follows that

sz|x( * N = IE:z~f |x) + sz\x ’ )

as Ny, = N, when n < n,.

Let M}y = pyjx(n) ((nm cag+by) - (O Ky) T+ nmC'>, >, M} converges (by Lemma 54)
and 32, My = (By (ol [N] = 32720 0(0) - (6 = 0))(@g - (3 Ke) - T+ C) 4 by - (3, Ke) - T
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Then it follows (by Theorem 46) Vg gm(©) = 37 1 g%(©) converges uniformly. It is easy
to see gm (o) converges for some point xg.
The uniform convergence implies, by Corollary 48, that lim,, . g exists, and

lim Vggm(©) =Vg lim g,(0). (94)
By Equations 89 and 88, we know VgE(,«.@) |log f(z; x,0)| = Etx0) | Ve log f(z; x,0)|.
|

Appendix D. Convergence of MCMC

Proposition 21 Let M;(x,-) be the i-th transition kernel that proposes to move a point
configuration x € € to another point configuration ' € Q, and (i1,i2, -+ ,in) be any se-
quence of transition kernels. Assume that each of the point of x accepts at least one drift in
(il, i2, cee ,in), then

for all x € Q and A C Q with the Lebesque measure of A is 0.

Proof For each re-sampling, we re-sample a set of virtual events, it is easy to see, from
Equation 10, if the re-sampled events fall into a set with measure 0, then the probability of
generating these re-sampled events is 0.

The real events can only appear where the virtual events appear, so the measure of the
set of real events is also 0.

Thus, we complete the proof. |

Corollary 22 [f the Lebesgue measure of A is 0, then
P[Xn cA ’ X() = :C()] < P[Dn],

where X, € Q, and D, is the event that, by time n, the chain has not yet accepted at least
one drift for each event of the original starting realization.

Proof
PXn€A|X0:J}0]

[
P[Xn €A D, ‘ Xo :l‘o] +P[Xn € A,-D, | X :l'o]
P[X,, € A, D, | Xo = x9] +0 (by Proposition 21)
[
[

IA

P[X, € A,D,, | Xo =x0| + P[ X, € A, D, | Xo = xo]
P

D,]

58



VIRTUAL-EVENT-BASED POSTERIOR SAMPLING AND INFERENCE FOR NSPSs

Proposition 23 If a V-irreducible Markov chain eventually accepts at least one drift for
each real and virtual event, then this Markov chain is Harris recurrent.

Proof If II(r, A,,v, Ay) = 0, then U,4,(Ar, Ay) = 0 because friy(x) > 0 for any = €
(2, Q).
By Corollary 22, we have

P X,€e AVn| Xog=1z] < le PX,€eA|Xy=1x] < le P[D, | Xo =1z] =0,

where X, represents the point configuration of the real and virtual point processes at state
Cn, A = (A, Ay), the last equality follows from the fact that the Markov chain accepts at
least one drift eventually with probability 1.

Thus, the result follows from Theorem 19. |

Theorem 14 For a V-irreducile and aperiodic Markov chain described in virtual-event-
based RIMCMC, if the re-sampling of virtual events and the acceptance of the drift combi-
nation for each real event happen eventually, then

1Q™ = Hlpy =0

lim
m—o0
holds for this Markov chain, where 11 is the invariant distribution.

Proof It follows directly from Proposition 23. |

D.1 Neyman-Scott Processes

Proposition 26 The Markov chain C generated by Algorithm 1 is W-irreducible and aperi-
odic. The continuous set of point configurations can be chosen as

(e ) o-)

where U is the set of points such that Zok = {teg,o: 0 <toro <ming j{te_1,;}}.

Proof Let z = (({r} x {udt,ufl,--- [ ult}), ({v} x {u}, vy, -+ ,ul})) € Q be a point config-
uration to be moved and m = r be the number of transition steps.

If m =r =) Kj, then for each virtual point process, we draw a new set of points and this
set is an empty set, which makes sure that each virtual point process has an empty set of vir-
tual events. For this case, Y | K, is the total number of virtual point processes, and the prob-
ability of drawing an empty set of points for Zg’k is equal to ﬁ’g,k(ﬁ)) = exp (— i Xg’k(t)dt)
According to Remark 27, each real point process has one real event. The probability of
moving any z to UR is

Pm(xy Uﬁ) = H <Zlmpre—sample : ﬁﬁ,k(®)> > 07 (95)

0.k
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where is the probability of choosing the point process Zg,k, and Pre_sqmple is the
probability of resampling virtual events.

If m > > Ky, then one possible way to ensure x is transited to U,ﬁ is to do flips
(m — > Ky) times first, and draw an empty set of virtual events similar to the case m = r.

m—> K

Pm(SU’Uﬁ) > H ZK flzp M( )

-min{1, P!} (96)

H <21K re—sample * PE k(@)) > 0, (97)

where Pjy;, is the probability of choosing the flip move, M(t) is the total number of real
and virtual events when performing the ¢-th flip, and P! is the Hastings ratio for performing
the ¢-th flip, Pre—sampie is the probability of re-sampling virtual events (Hong and Shelton,
2023, Appx. B.3). The inequality comes from the fact that we can either re-sample at first
or at last.

If W(F) > 0, then P™(z,F) > P™(x,U) > 0 for any z for m > 1, which implies the
chain is W-irreducible.

If x € U, P(x,{x}) > 0, which implies the chain is aperiodic. [ |

Lemma 56 For a sequence of random variables { A}, if the probability P(Ay, = a) > 0 for
a subsequence {Ap,}, then there exists N > 0 s.t. Ax = a with probability 1.

Proof The probability of the event that A, # a for all n is equal to

lim HP(AM. #a)=0.

1—00

Definition 57 (non-empty-event region) The non-empty-event region is the region where
there must be at least one real event for a realization of NSPs of a Markov state.

Lemma 58 The probability of having a newly generated real event (i.e., the real event is
flipped from a virtual event) in a non-empty-event region infinitely often is 1.

Proof Suppose there exists a non-empty-event region B, where the number of times a real
event can appear is bounded. Then there exists some N € N such that for all Markov states
Y, (n > N), Y, does not have any real events inside B. We denote this situation as event F
and try to calculate the probability of F.

We have the following situations and calculate the probability Py, Ps, Ps for each of them
respectively:
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1. No virtual events are generated inside B for all Y,,(n > N)

If there are no virtual events ever generated inside B, then there would be no real
events. For Yj,(n > N), there exists a subsequence {Y;;}; which only consists of re-
sampling. Every Y;, does not generate any virtual event. We calculate the probability

P, for such sequences,
oo
Py < []exp (—/ ﬁdt) =0,
B

j=1

where [i is the base intensity for virtual point processes inside B, exp (— i} B ﬂdt) is the
upper bound for the probability that no virtual events can be generated inside B.

2. A bounded number of states of Y,,(n > N) have virtual events inside B

Similar to Py, the probability P, of this situation is 0.

3. Virtual events occur infinitely often inside B. However, only a bounded
number of virtual events can be changed to real events for Y,,(n > N)

A flip or swap needs to be accepted to change a virtual event to a real event, which
means that rejections for flips or swaps appear infinitely often. For a non-empty-event
region, the probability of rejecting a flip for a virtual event or a swap is less than 1,
and the probability of having infinitely often rejection is 0 (by Lemma 56). Thus, the
probability Ps of this situation is 0.

According to the analysis of the above situations, the probability of having a real event
inside B infinitely often is 1. |

Proposition 28 The re-sampling of virtual events and the drift combination for each real
event happen eventually for the Markov chain generated by Algorithm 1.

Proof It is obvious the re-sampling of each virtual point process occurs with a positive prob-
ability an infinite number of times, so the re-sampling of virtual point processes eventually
happens.

For each real event at each step, the probability of accepting a drift combination is posi-
tive or 0. If the probability of accepting a drift combination for a real event is positive, then
the drift combination is accepted eventually, because otherwise rejecting a drift combination
happens with a positive probability an infinite number of times, which is a contradiction by
Lemma 56.

The only situation that the probability of accepting a drift combination for a real event
equals 0 is that the intensity of the real events from a layer below entirely depends on this
real event.

We prove in the following that each real event accepts a drift combination eventually.

Suppose, until eventually (n — o), the probability of not accepting a drift combination
for t;; 0 is greater than 0, then there exists a N € N such that the probability of rejection
is 1 for Y,,(n > N), which implies there must be events at layer ¢ — 1 fully depend on tz; ¢
for Y,,(n > N). We denote the smallest time for the event at layer £ — 1 that fully depends

on te;oas te—1ks(te—1k6 > tei0)-
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Then [ty;0,te—1%s) at layer £ is a non-empty-event region. According to Lemma 58, the
probability of having a newly generated real event infinitely often inside [tg;0,tr—1 %) is 1,
which implies that even the event with the smallest time (t_1 4 s) does not fully depend
on ty; o infinitely often. This contradicts the above argument that there must be events at
layer ¢ — 1 fully depend on ty; o for Y,(n > N). Thus, the probability of accepting a drift
combination eventually (n — oo) for each real event is 1. |

D.2 Markov Jump Processes and Extensions

Proposition 30 If there exists a continuous set of point configurations U, then the Markov
chain for the MCMC' algorithm proposed in Rao and Teh (2015) is convergent.

Proof After every 2 steps of sampling for the virtual jumps and the new MJP path, any

state x can be moved to any other state inside U with positive probability, as the probability

of generating a point configuration inside U is greater than 0. This implies W-irreducibility.
For any x with virtual jumps dropped, we have

P"(z,{x}) >0,

where m = 2. Because we can simply generate no events from the Poisson process with
piecewise-constant rate

R(t) = (2 + Ag))

and then the states can stay at the same state with probability greater than 0 after per-
forming the forward-filtering backward-sampling algorithm. This implies aperiodicity.
Virtual jumps are re-sampled every 2 steps and each existing jump accepts a drift
combination with a positive probability when implementing the forward-filtering backward-
sampling algorithm, which implies Harris recurrence and convergence by Theorem 14. M

D.3 Hawkes Processes

Proposition 32 The Markov chain generated by the MCMC algorithm proposed in Shelton
et al. (2018) is Y-irreducible and aperiodic. The continuous set of point configurations can
be

U = {(({0} x Ug"), ({0} x Ug )}

Proof Let x = (({r} x {uff,uf, - ul'}), ({v} x {u¥,u, -~ u)})) € Q be a point con-
figuration to be moved, Neyidence be the number of events in the evidence. Different than
the setting of the real events in Shelton et al. (2018), the root event and evidence events
are not included in the real events. m represents the number of transition steps and we set
m = Z(T =+ nevidence) + 1

We first propose to resample the parents for the real events to let the parents of the
real events and the evidence events be root events, and the number of moves is 7 + Neyidence
because each of these events needs a resampling. The probability of choosing the Parent
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move at each MCMC step is %, and the probability of selecting the root event as the parent
for the real events and the evidence events is greater than 0.

Then, we propose to change the real events, which only have virtual children, to virtual
events with r moves of Virtualness, because the events in x currently only have virtual
children after the resampling of the parents. Similarly, the probability of these moves is
greater than 0.

Finally, we propose to resample the virtual children for the root events and evidence
events, with 1 + neyidence moves. The probability of generating an empty set of virtual
events is greater than 0.

Thus, m = 7 4+ Nevidence + 7 + 1 + Nevidence = 2(7 + Nevidence) + 1, and the probability of
moving z to {(({0} x UF), ({0} x UY))} is

P™ (@, {(({0} x Ugh), ({0} x Uy )}) >0,

and if U(F) > 0, then P™(x, F) > P™(s, {(({0} x U&), ({0} x UY))}) > 0.
We can also find that if z = {(({0} x UF), ({0} x UY))}, then P(z,{z}) > 0, which

demonstrates that the chain is aperiodic. |

Proposition 33 The re-sampling of virtual events and the drift combination for each real
event happen eventually for the Markov chain in Shelton et al. (2018).

Proof Similar to Proposition 28, it is obvious at least one re-sampling of virtual events will
be accepted.

A real event can only have virtual children, or have both real and virtual children. When
a real event only has virtual children, we can first propose to move this real event to a virtual
event and then perform a Virtual children move for the parent of this newly moved virtual
event. After accepting the Virtual children move, the real event accepts a drift combination.
The probability of accepting a Virtualness move followed by a Virtual Children move for
this real event is greater than 0 at any Markov chain state. Similarly, when a real event
with both real and virtual children, the probability of accepting a Parent move for each real
child, which removes the real children for this real event, then a Virtualness move followed
by a Virtual Children move is greater than 0 at any Markov chain state. Thus, a drift
combination for each real event will be accepted eventually. |
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