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Abstract. In this paper, the Bienaymé-Galton-Watson process is used to model in a stochastic sense
the spreading of a disease over time. This is a type of stochastic process, which belongs to the class of
branching processes. They can also be employed in other propagation phenomena, such as spam, fake
news, innovation adoption and market value. Uncertainty is introduced in the way a single individual
interacts with others. This is modeled as discrete random variable. Specifically for this work, it is treated
as a Binomial distribution and named contagion. As a consequence, the number of subsequent people
infected at a specific time is also a discrete random variable, named generation’s size. A fundamental
aspect to understand the evolution of the disease in this perspective is to find the mass function of such
generations’ size. A classical technique to do this is manipulating probability generating functions. This
technique works well for early generations. However, it turns very time consuming as the generation
number increases, becoming non-feasible for higher generations. The reason is that higher-order deriva-
tives of more complex functions are tackled as the generation number increases. Therefore, a novelty
in here is introducing a polynomial identity based on the chain rule approach to relieve the computa-
tional costs to perform the necessary derivatives. These two techniques are in here compared in terms of
runtime and mathematical implications to find the mass functions for higher generations’ size. Results
show that the runtime spent for the probability generating function’s technique in the absence of polyno-
mial identities is smaller for the early generations. Moreover, analytical expressions relating the random
variables of the contagion and the generation’s size for different generations are preserved. On the other
hand, as the generation number increases, the use of polynomial identities becomes advantageous to
decrease the runtime spent and to cover a larger interval from the support of the mass functions.
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1 INTRODUCTION

Many are the phenomena that propagate over time, such as epidemics, cell division, spam,
malwares, fake news, innovation adoption and market value. Despite their heterogeneous sub-
ject, they follow some similar underlying principles, which are well discussed in Kucharski
(2020). All of them have in general spark, growth, peak and decline. More specifically for the
perspective of epidemic’s spreading, modeling its temporal evolution dynamic is a challenging
task, because a lot of different variables are presented and most of them are hardly traceable,
e.g., human behavior facing epidemics, healthy conditions from exposed people and environ-
mental aspects.

Verelst et al. (2016) provide a systematic review of models used to model the spread of a
infectious. One of the most traditional and well-studied group of models are the compartmen-
tal ones, which are for instance explored in Martcheva (2015); Li (2018); Brauer et al. (2019).
They belong to the population-level classification. The main idea behind them is to organize
the population studied into different groups, as known as compartments, and an initial value
problem characterizes the evolution of the number of individuals between them. A fundamen-
tal parameter related to the group transitions is the basic reproduction number. It represents
an important property from epidemiology defined by Leung (2021) as transmissibility, which
describes how easy or not an infected person spreads the disease to others.

However, a questionable assumption is made in these sort of models. The basic reproduction
number is considered a discrete parameter despite the variability and uncertainty inherent in its
physical representation. This is the reason why nowadays individual-level models are getting
more attention. Stochastic outbreaks are instead captured on them for example through demo-
graphic stochasticity, which according to Haccou et al. (2005) is when the population’s size
randomness is a consequence of the uncertainty inherent in the individual.

A reasonable way to incorporate the demographic stochasticity is to model the number of
new people infected per infector as a discrete random variable, which in this work is modeled
as a Binomial family. Then, the evolution of the disease over time is considered a stochastic
process and in this paper the Bienaymé-Galton-Watson (BGW) process is chosen to model it just
like Borges et al. (2021a,b). It is a discrete time and state branching process, which its history
is found in Bacaér (2011) and was initially proposed to explain why population of countries
were growing exponentially, whilst family names were disappearing. But its use has extended
this purpose and besides the propagation phenomena showed at the beginning, it is also used
in the context of biochemical processes, genetics and actuarial sciences as cited in Gonzalez
et al. (2021). Each random variable attached to the BGW process represent in the proposed
epidemiological context a generation’s size of infected members.

When dealing with stochastic models, the most complete information comes from the proba-
bility mass function (pmf) or its continuous counterpart probability density function (pdf) of the
random variables presented. Lima and Sampaio (2018) discuss how these entities remain the
best option in uncertainty quantification. Therefore, finding the mass function of generations’
size is valuable to understand the stochastic evolution of the disease over time. Moreover, it
allows us to evaluate statistics, check the influence of the contagion’s random variable, obtain
the extinction probability of the disease and it also provides useful mechanisms to work with
bayesian approaches.

A classical analytical technique to achieve this goal is to manipulate probability generating
functions (pgfs). However, the computational costs associated to the extensive use of symbolic
computation turn it into a non-feasible technique as the generation number increases. Then,
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a novelty introduced in here is the implementation and discussion of polynomial identities for
the chain rule to relieve the higher-order derivatives involved in the pgf technique. The com-
parison between these two techniques in this paper takes into account runtimes, mathematical
implications and the capacity to cover the support from the mass function for generations’ size.

2 DISEASE PROPAGATION MODELED AS A BGW PROCESS

We assume that initially there is only an individual somehow sick, who belongs to the so-
called Oth generation of infected members. Fig. 1 shows one possible evolution of how the
disease could have spread. The first infector is represented in the ramification tree of Fig. 1
as individual number 1. Only another person was infected by infector number 1 according
to this digraph, which is the individual number 2. This time, individual number 2 spread the
disease to two people. They are indicated as individuals number 3 and 4 and form the 2nd
generation. Therefore, the size of this generation is two. The remain network displays the
relation of infections up to the Sth generation.
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Figure 1: Realization of the BGW process up to the fifth generation of infected members

The directed graph in Fig. 1 is a realization of the BGW process. Each random variable from
the family of random variables of this stochastic process X = {X;} models the generation’s
size of infected members attached to the index ¢. Attt = 0, it is always assumed that there is
Jjust a single initial infector, 1.e., Xy = 1. Since it is dealt with population sizes per generation,
the state space S of this branching process is also discrete. The generation’s size can take any
non-negative value, then S = N°, where N represents the set of the natural numbers including
Zero.

The key factor that rules the branching process is the number of successful infections per
infector. This aspect is modeled in here also as a discrete random variable that assumes non-
negative values. It is named as the contagion random variable C'. For instance, in the example
of Fig. 1, for the individual number 6 and number 7 from the 3rd generation, each realization
of the contagion resulted in respectively one and two members infected that belongs to the 4th
generation. It is important to highlight that in the BGW process, the contagions are independent
and identically distributed (i.i.d.) random variables. This means in the current context that the
transmissibility does not rely on the population size of the generation nor on the evolution of
the disease over time and reflects the demographic stochasticity.

Copyright © 2023 Asociacion Argentina de Mecanica Computacional http://www.amcaonline.org.ar



356 J.P. FREITAS R. LIMA, R. SAMPAIO

To sum up, the epidemic always begins only with a single infector from the Oth generation. A
subsequent size generation X, ,; depends on a quantity of realizations of the contagion random
variable. This quantity is the population size of the most previous generation X;. Notice that
there is no way to ensure this value at first, unless a realization of X; is done. Except for the
first generation, in which X; = C, since the previous generation’s size is unitary from the
deterministic statement. Generally speaking, the size X, is determined according to Schinazi
(2014) as

Xy
Xt+l = ZO, t € NO. (1)
k=0

This stochastic process ends when the size of any generation X,k € N is zero. In this
situation, for any further value ¢t > k, X, is also zero, which means the extinction of the disease
in the epidemiological context. Next, probability generating function itself and in the presence
of polynomial identities are presented to find the mass function for any further generation X; ;.

3 PROBABILITY GENERATING FUNCTIONS

The probabilities p, = P (X = k), k € S, for a non-negative integers-valued random vari-
able X can be rewritten uniquely in a power series configuration of increasing values of k:
po + p1s + p2s® + .... One way to generate this sequence is with the help of its probability
generating function (pgf). The pgf of a random variable X is the function G x (s) defined by

Gx(s)=> s"P(X=x)=po+ps+ps’+.... 2)
=0
The pgf can be related to an expectation value using the law of subconscious statistician,
which is enunciated in Theorem 2.29 of Grimmett and Welsh (2014),

GX(S):stIP(sz):E(SX). 3)
=0
A really common pgf is the one related to the Binomial (m, p). This distribution models in
this context an infector who contacts with m infectees at most and the probability of infection
is p for each of them. Its pgf is given as

Gx ()= (?)px(l—p)mxsxz [(L—p)+ps]™. (4)
=0
A useful property coming from the pgfs is the possibility to build a pgf for the sum of a
random quantity of i.i.d. random variables, such as the case in Eq. (1). As a consequence,
it enables to rewrite the probabilities related to X, ,; in a sequential way. The key aspect is
to describe the pgf G'x,., (s) as a function of G- (s), which is known, once the contagion’s
probabilistic model is completely previously defined. This relation is represented in Eq. (5).
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Gxoy () =) "P (X =2) =E (s) =Y E (s | X, = i) P(X, = i)
=0

z=0
. [CH+CH.. . +C -

— ZE s X;ti,mes ]P) (Xt — Z) — Z GC (S)Z IP) (Xt = Z) (5)
=0 =0

argument

= Gx, (G¢ (s)), asresult of the definition in Eq. (2).
=Gc(Ge (... (Ge(s)))), recurrence happens ¢ times.

Once the pgf of X, is described in terms of the pgf of C, it is possible to evaluate the
probabilities P (X;,; = k), k € S. In order to do that, it is necessary to take the k-th derivative
of Gx,,, (s), divide it for the factorial of k£ and then evaluate the analytical expression in s = 0.
These operations are summed up in Eq. (6)

1 d®[Ge (Co (... (Ce(s)

Pl =k) =5 ds(®)

(6)
s=0
This approach provides a piecewise function with analytical expressions per generation and
state. They map the contagion random variable, through its pgf, with any generation’s size
probability. There is no need in this technique to find probabilities of previous generations to
get values of the mass function for further ones. This property is so-called time-independency.
Moreover, the probabilities of states of the same generation are evaluated individually, which
means this methodology is a local one. In terms of computational aspects, an extensive use of
symbolic computation is required to find the analytical multicomposition function of the pgfs
and take their derivatives.

4 POLYNOMIAL IDENTITIES FOR THE CHAIN RULE

The task of evaluating directly the derivative in Eq. (6) may not be feasible. As the generation
number increases, the corresponding function of the pgf gets more complex, since the number
of recurrences in the multicomposition function increases. Another crucial aspect is that the
order of the derivative also increases accordingly to the number of infectors desired. Instead of
taking this straight approach, the chain rule could be applied and then the derivatives are done
individually for each function that composes the multicomposition pgf. For instance, suppose
the 1st and 2nd derivatives of the composition function ® (b) = f (g (b)) are sought. From the
chain rule,

dV [0 ()] _ dV[f (a)] dW g (b))
b da® | _ g dbO
d?[@ ()] _ dV[f (a)] d?g ()] , d?[f (a)] {d(” lg (b)]}2
ab®  da® gy ADP da® ® db) '

Notice that the chain rule gives an identity in which derivatives are done individually for the
functions f (a) and g (b). In order to explain how these identities are generated, some definitions
are introduced.

o, :=D®®(b), f:=D®f (a)‘ w Ik = D®g (b).

a=g
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The derivatives above are then rewritten in a polynomial structure,

dV e )] dV[f(a)] d" [g (b)]
d®  da® | db®)
—_— a=9(b) e —

®q h }: g1
O = fig

d? 12 )] _ dY[f (a)] d? g (b)] , d®[f (a)]

) o)

2 - 1 2 2 1
db® . da®@) a:g(b)J adb®) \ da® a:g(bl ab@)
(i3] }: g2 }; g1

Dy = f190 +f29%-

The k-th derivative of a composition, @, is then related to a k-th polynomial B, composed
by the monomials f17 f27 s 7fk7 91,925 - - - Gk-

O = Bi (f1. 91, f2: 92, - -5 Joo 9k) = B ({ e}, {9x}) - (7)

The Faa di Bruno’s formula presented in Riordan (1958) gives an explicit expression to find
the polynomial identities B;. However, a faster methodology in terms of runtime is the recur-
sive fashion technique that replaces monomials’ indexes from previous polynomials generated
according to Natalini and Ricci (2004),

k
k
BkJrl (f17g17f2>g27"'7fk7gk) = E (])Bkj <f27.gl7f37927-"7 (8)
Jj=0

fr—jr1, Gr—5) gj1-

in which By = f;.

It is important to highlight that the polynomial identities found are associated to derivatives of
a function composition ¢ (b) = f (g (b)). This is the case specifically for the 2nd generation, in
which @ (s) = G¢ (G (s)). For any other multicomposition function, the polynomial identities
for a composition function can be applied recurrently. For instance, suppose the 1st derivative
of the multicomposition function ® (¢) = f (g (h(c))) is sought. Firstly, g (h (c)) is rewritten
as j (c). Then, from the polynomial identities

¢, =B{fi},{i})
¢, = fij1-

But j; itself is the first derivative of a composition function g (h (¢)). Applying again the first
polynomial identity,

1= fiB{{g},{h})

Py = f1g1 M,
in which
= dW [f (a)] o= d" [g (b)] B — dM [h ()]
da® | o_gino) db o et
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Eq. (6) can be then rewritten in terms of the polynomial identities for derivatives of compo-
sition functions when k& > 0,

P(Xea = K) = 5 B [ {Go ) { GeGe (o Ge @t ]| - ©

Vv
t-1 recurrences s=0

Next, an example showing the use of polynomial identities with the pgfs is presented to
discuss some mathematical considerations of the approach taken in this work for its implemen-
tation. Suppose that C' ~ Binomial (3,0.50) and the probability of two members infected from
the third generation P (X3 = 2) is sought.

1
P(X3=2) =5 B [ {Ge (s)y), {Go (G (5)),)
(2} {2) 520

1

1 . .
=3 f1]2+f2j1 s=0 — 91 (f1|s:0 Jolsmo + fols=o -71’5202)

il B[ (G (8),). {Ge () ||+ folis

{92} {ha} 0

{hl} s=0

filszo 91 hy + g2 hi)| _, + falso (o h)l g

(X2 2) 1”P’(X2:1)

B ({Gc 1} {Gc( s)1}

2' 0520><0475+0884><01782)—0138

Notice that in order to calculate P (X3 = 2), the probabilities P (X, = 2) and P (X, = 1)
could have been used if their values are beforehand known. Instead of working with this tech-
nique with time-independency, it is chosen to embrace this time-dependency to avoid extra
operations. It means that if P (X;,; = k),¢ > 1 and k& > 1 is desired to be calculated, the prob-
abilities P (X; = k), k > 1 will be calculated before. It seems at first hand not a beneficial idea.
However, when the aim is to find the whole mass function for subsequent further generations to
see how the process develops in a stochastic sense, this option provides advantages in terms of
runtime. On the other hand, the analytical expression relating the probability of any state from
a further generation and the contagion random variable is partially suppressed and hence it does
not provide likelihood functions to do bayesian inference studies.

S COMPARISON BETWEEN THE METHODOLOGIES

The results presented in this text comes from codes that were written in MATLAB and they
were run on a MacBook Air M2, 16 GB of RAM and 512 GB of storage. Before showing the
comparsion in terms of runtime between the probability generating function technique itself and
with the presence of the polynomial identities, it is necessary to get them. Fig. 2 displays the
runtime spent to generate each polynomial identity according to Eq. (8).
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Figure 2: Runtime spent to find the polynomial identities.

There are only 60 polynomial identities generated, which means that it is only possible to
calculate probabilities up to 60 members infected regardless the generation. The main reason
for it is that the approach proposed by Eq. (8) requires that all previous polynomial identities
are located in the current memory in order to find the next one and all RAM is consumed.
For example, if we want to find the 61th polynomial identity, all the previous 60 ones are
manipulated to build it. The polynomial identities are made by symbolic computation, which
RAM’s usage is heavy. The last identity found used 11.15 GB of RAM and it took in total
11559.943 s. Once the identities are generated, they are saved as a MATLAB data file. The
stage of loading these polynomials in order to evaluate the find mass functions according to
Eq. (9) happens once and it took 2060.814 s.

Contagion is modeled in this paper as a random variable from the Binomial family. The
following analysis are done with three different probabilistic models coming from this family.
They are C' ~ Binomial(3,0.16), C' ~ Binomial(3,0.33) and C' ~ Binomial(3,0.50).
These three cases mentioned have its expectation of given as E(C) < 1, E(C) = 1 and
E (C) > 1 respectively. Fig. 5 displays the mass functions for the 2nd up to the Sth generation’s
size for each one of the three cases of probabilistic model proposed to the contagion.

Probability mass function for X5
1 1 1

0.75% C ~ Binomial (3,0.16) 0.75 C ~ Binomial (3,0.33) 0.75 C ~ Binomial (3,0.50)
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0.25 0.25 0.25
0 T ® o o o o o o T T ? o o o o o 0” T T T ? e . .
012345672829 0123456728279 012345672829
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0.5 05% 0.5
0.25 0.25 0.25¢
% 0 TT,.-- 0 ,?ﬁ??,.---— 00000000000

0
0 3 6 9121518212427
k-th members infected

0 3 6 9121518212427
k-th members infected

0 3 6 9121518212427
k-th members infected

Probability mass function for X,
1 1 1

0.75 C ~ Binomial (3,0.16) 0.75 C ~ Binomial (3,0.33) 0.75 C ~ Binomial (3,0.50)
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Figure 3: Probability mass functions for the 2nd up to the 5th generation.

Both the techniques in here proposed were able to find the complete mass function for the
2nd and 3rd generation’s size. However, there are only 60 polynomial identities generated and
it is not enough to cover the entire for support for the 3rd generation and the further ones. But,
none of the techniques could cover all the support from the 5th generation. In this situation, it is
not feasible anymore to do it with the pgf itself technique, because the runtime spent increases
a lot. Next, it is presented in Fig. 5, the runtime spent for both the techniques to find the mass
functions presented.

2nd generation 3rd generation

100 7 2
—_— © —
o Z 100 o 10° E
® R=
E g g Z 10°
E 2 5 2
= ; .
g e :
=] -2 z&d\&f&& =] 2
&) 10 O 10
2 4 6 8 2 4 6 8 5 10 15 20 25 5 10 15 20 25
k-th members infected k-th members infected k-th members infected k-th members infected
4th generation 5th generation
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Figure 4: Runtimes to find probability mass functions for the 2nd up to the Sth generation. The solid blue, black and
pink lines represent the cases of C' ~ Binomial(3,0.16), C ~ Binomial(3,0.33) and C ~ Binomial(3,0.50)
respectively. The solid red lines are related to the pfg with presence of polynomial identities and the dashed red
line indicates no more polynomial identities available.

The runtime spent with polynomial identity remains the same regardless the contagion’s
law. Moreover, this technique is a time-dependent method and that’s why the first infected
member always started with a notable peak on runtime. Only from the Sth generation on, it
presented lower values of runtime per number of members infected, reflecting ins a benefit in
the cumulative runtime around 30 infectors. The times presented in here do not include the
generation and loading time.

6 CONCLUSIONS

Despite the limited number of polynomial identities due RAM issues, it shows lower run-
times in further generations, where the pgf approach turns not feasible and cannot also cover
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the entire supports. Runtimes in this technique do not change according to the parameters of the
probabilistic model from the contagion. On the other hand, the decision of making this tech-
nique a time-dependent to improve runtime does not provide likelihood functions to do bayesian
inference studies.
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