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Abstract

This paper is devoted to the study of the number of customers in infinite-server sys-
tems driven by Hawkes processes. In these systems, the self-exciting arrival process
is assumed to be represented by a Hawkes process and the self-exciting service pro-
cess by a state-dependent Hawkes process (sdHawkes process). Under some suitable
conditions, for the Hawkes/sdHawkes/oo system, the Markov property of the sys-
tem is derived. The joint time-dependent distribution of the number of customers in
the system, the arrival intensity and the server intensity is characterized by a system
of differential equations. Then, the time-dependent results are also deduced for the
M/sdHawkes/oo system.

Keywords Infinite-server systems - Hawkes processes - State-dependent - Markov
property - Self-exciting
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1 Introduction

In fields like probability, operations research, management science and industrial engi-
neering, there are phenomena that are well described by infinite-server systems. Many
authors, in literature, assume that in most queueing systems the arrival process of cus-
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tomers is a Poisson process and the service times have an exponential distribution. This
implies that the future evolution of the system only depends on the present situation.

However, in real-word problems, the future evolution of the arrival process and/or
the service process is often influenced by the past events. This is essentially observed,
during periods of suffering, for instance, earthquakes, crime and riots and social media
trend (Daw and Pender [8] and Rizoiu et al. [20]) and in the financial market, incor-
porating some kind of contagion effect (Ait-Sahalia et al. [1]). Recently, the same
phenomenon is observed to describe the temporal growth and migration of COVID-
19 (see Chiang et al. [6], Escobar [12], Garetto et al. [13]). The work by FEick et al.
[9], and recent works by Daw and Pender [8] and Koops et al. [16], motivated us to
consider the service process as a state-dependent Hawkes (sdHawkes) process.

This article studies an infinite-server system wherein the dynamics of the arrival
process and the service process are governed by Hawkes processes. The self-exciting
property of Hawkes process is well known for its efficiency in reproducing jump
clusters due to the dependence of the conditional event arrival rate, or intensity, on the
counting process itself. It can be considered that this type of infinite-server system has
the potential to represent, for instance, the evolution of the number of people visiting
a shopping centre or the number of clients visiting a website. In both these cases, the
intensity function for the arrival process cannot be considered as a constant, and the
rate of new arrival events increases with the occurrence of each event. Similarly, it is
observed that the intensity function for the service process may be state-dependent
and every new service completion excites further service process.

Errais et al. [11] derived the Markov property for the two-dimensional process con-
sisting of a Hawkes process and its intensity having exponential kernel. We generalize
their approach investigating the Markov property for the three-dimensional process
consisting of the number of customers in the system, the arrival intensity and the
service intensity.

To achieve this, we have a problem that must be solved. On a filtered probabil-
ity space, (2, .%,{-%:}t>0, P), we consider the filtrations generated by the arrival
process, {ﬁtM }t>0, the filtrations generated by the service process {ﬁ,s} >0, and the
filtrations generated by the number of the customers in the system {ﬁtN }t>0. Then,
we note that N € FM v Z5, which implies that every #M v .#-martingale is
a 7N -martingale. But, the vice versa is not always true, namely, a .%," -martingale is
not always a ﬁ,M \Y yts -martingale, in general. This is the classical problem of the
enlargement of filtrations. An assumption in this framework is the Immersion property,
which allows us to get that any .%¥ -martingale is also a #M v .Z5-martingale (see
Bielecki et al. [4], Jeanblanc et al. [15], and Tardelli [21]). Consequently, following
the existing literature, the Immersion property is assumed in the present paper.

Generalizing some results of Daw and Pender [8] and Koops et al. [16], we derive
the transient or time-dependent behaviour of the infinite-server system with Hawkes
arrivals and sdHawkes services. This is the main contribution of the present paper.

The paper is organized as follows. In Sect. 2, we introduce Hawkes processes and
their properties. In Sect. 3, we describe an infinite-server system with Hawkes arrivals
and sdHawkes services. We discuss the moments of the arrival process and its intensity.
We derive the Markov property of the process describing the number of customers
in the system using the Immersion property. In Sect. 4, we obtain the joint transient
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or time-dependent distribution of the system size, the arrival and the service intensity
processes for the Hawkes/sdHawkes/oco system. Afterwards, we deduce the above
time-dependent results for a M/sdHawkes/oco system. Finally, in Sect. 5, we present
concluding remarks.

2 Hawkes processes

Hawkes processes constitute a particular class of multivariate point processes hav-
ing numerous applications throughout science and engineering. These are processes
characterized by a particular form of stochastic intensity vector, that is, the intensity
depends on the sample path of the point process.

Let (2, .#, {%:}:>0, P) be a filtered probability space, where {.%#;},;>¢ is a given
filtration satisfying the usual conditions. On this space, a counting process M =
{M;,t > 0} is defined, and {ﬁtM}tzo, where ﬁtM = o{M,,u < t}, is its associated
filtration, and stands for the information available up to time ¢.

Definition 1 The conditional law of M is defined, for At — 0, as

M AL 4+ o(At) m=1
P[M;ia; — M, =m|.ZM) = { o(Ar) m> 1
1 —AAt+o(At) m=0.

For a Hawkes process, the intensity A; is a function of the past jumps of the process
itself, and, in general, assumes the representation

t
A= Ao+ / ot — u)dM,. (1)
0

The function ¢(-), called excitation function, is such that ¢(¢) > 0, for r > 0. It
represents the size of the impact of jumps and belongs to the space of L!-integrable
functions.

When ¢(¢) = 0, M is a counting process with constant intensity. This means that
a Poisson process is obtained as a special case of a Hawkes process.

Following the existing literature (see Daw and Pender [8]), we restrict our attention
to a function ¢(-) defined by an exponential decay kernel. To this end, let the arrival
intensity be governed by the dynamics

dir; = rOF = 1,)dt + B, dM,, ()

where A* represents an underlying stationary arrival rate, called baseline intensity.
The constant r > 0 describes the decay of the intensity as time passes after an arrival,
and By, for each t > 0, is a positive random variable representing the size of the jump
in the intensity upon an arrival. The solution to Eq. (2), given Ag, which is the initial

@ Springer



332 Queueing Systems (2022) 101:329-351

value of A;, is obtained as

t
A=A e (g — 1) + / Bse "9 d M. (3)
0

Taking {#;};~0 as the sequence of the jump times of M, and if the self-exciting term is
such that ¢(t — t;) = B,,e"~') then Eq. (1) coincides with Eq. (3).

Remark 1 Note that, the Hawkes process M itself does not have the Markov property.
However, assuming that the excitation function ¢(-) has an exponential decay kernel,
it is possible to prove that the bi-dimensional process (A, M) is a Markov process
(Errais et al. [11]). Furthermore, the explosion is avoided by ensuring the condition
given by E[B;] < r, (Daw and Pender [8]).

3 The model: Hawkes/sdHawkes/oo system

The arrival process of the system is the Hawkes process M acting as an input process
to an infinite-server system, having arrival intensity given by Eq. (3), and {#;};>0 as
the sequence of the arrival times.

For the service requirement, we consider S = {S;, t > 0}, another Hawkes process
having serving intensity p;, with initial intensity no > 0, baseline intensity p* and,
exponential excitation function. Taking N, as the number of customers in the system
at r, for a constant s > 0, and for ¢ > 0,

t
e = Ny (M* + e (o — u*) + / Cue‘s("”)d5u> . “)
0

For i > 0, 7; denotes the time epoch of ith customer departure after the service
completion, and C, is a positive random variable representing the size of that jump.
The number of customers in the system whose service is completed on, or before, time
t is given by S; and N, = M, — ;.

This form of the serving intensity u; allows us to take into account the crowding
of the system, which is the number of customers in the system at time ¢, and about
the experience gained by the server process, which is given by the Hawkes structure.
This is called as a state-dependent Hawkes process, sdHawkes process (Li and Cui
[17] and Morario-Patrichi and Pakkanen [18]).

To the best of our knowledge, this is the first time in literature that Hawkes processes
are introduced to model the experience in arrivals and services of an infinite-server
system. Furthermore, we note that, at time ¢, the sdHawkes process for service will
start as new, whenever the number of customers in the system become one, i.e. N; = 1.
Therefore, we call this queueing model as Hawkes/sdHawkes/oo in Kendall’s notation.

Since the service process is state-dependent, for the stability of the infinite-server
system (Daw and Pender [8]), only the stability for the arrival process is needed, which
means that E[B;] < r, for all 7.
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3.1 Moments of M; and A;

This subsection is devoted to derive the results regarding the moments of the process
M and its intensity A. These results can be proved taking into account the results of
Dassios and Zhao [7] and generalizing those obtained in Daw and Pender [8], Section 2.

Proposition 1 Given a Hawkes process (M;, A;), with dynamics given by Eq. (3) and
E[B:] <r, forallt > 0,

_ ™ —t(—E[B,)
Bl ==y T (ko r— E[B,]) ¢ ; ©)
2 r *
Var[A;] = (ELB:1) rh — 20 o2 (r—E[B])
r —E[B] |\2( —E[B])
(o —t(—E[B,]) rat
(r — E[B] AO) ¢ + 2(r —E[B/]) |’ ©)
__ L [ " N ( _ te—EBD
BIMd = g ('\0 - IE)[B,]) (1-e )| )
_ b a2 M (| o2 EIBD)
VM = g )3 {r P <A° 2(r —E[B,])) (1 ¢ )

*

—2rE[B1(r — E[B,]) (ko - %{BJ to—1—EIB])
- t

2 2
2 _ 2\, .xr" — (BB +2rE[B]
! (<r N - ] )

x (1 - e*fv*E[BrD)} : (8)

Remark 2 In general, for the moments of M; and for the moments of A, of order n, we
have to recursively solve the following system of differential equations

n—1

dE[M!]
[— = Z < >IE[A Mi],
dE[)‘;Z] * n—1 n — n n—i i+1
= nr B — nr BV + Z (E[B,])" B[],
dr =
dE[A" MK k
[d,t ¢ = nr A BT ME] — nr B MF] + Z (?)()
(i.))es J
x(E[B )" E[x+ M),
for positive integer values of n and k and with .%¥ := {(i,j) : i = 0,...,n,j =

Sk, (@) # (k)

@ Springer



334 Queueing Systems (2022) 101:329-351

Corollary 1 IfE[B;] = r, the differential equations given in Daw and Pender [8] imply
that

* 2
E[A,] = Ao+ rA*t,  Var[A,] = r? (kot + %ﬁ) . E[M,]= ot + r2 12

)\’* ”2 r2)\’>k
Var[M,] = kot +r <x0 + 7) 1+ 5 (o +27) £+ o (r+32) tt

Note that by taking the limit as E[B;] — r in Egs. (5), (6), (7) and (8), the same results

of Corollary 1 are achieved.

Proposition 2 Assuming that E[B;] < r, and taking [lim E[B;] = él and
—00

lim (E[B;])*> = B», we have

11— 00

. ra* . rk*éz
lim E[A;] = — = Aoos lim Var[\ ;] = ———
—0o0 11— 00

A~ \2’
r_Bl 2(7—31)

and E[M;] — oo ast — o0.

3.2 Markov property of the Hawkes/sdHawkes/oo system

Recall that, if the excitation function of a Hawkes process is exponential, then
the process jointly with its intensity is a Markov process. In order to character-
ize £ (N, A, ug), the law of N;, the Hawkes arrival intensity A; and the state
dependent Hawkes server intensity u;, we have to prove the Markov property
of the Hawkes/sdHawkes/oo system. To this end, we need some preliminaries.
Let the processes M, S and N be defined on the same filtered probability space
(82, #,{F+}t>0, P). Given the sub o-algebras of .%;

ﬁtM =o{M,,u <t} ﬁ}s =0o{S,,u <t} and ﬁMS = ﬁM vﬁs

we observe that 9,M’S contains, also, all the information related to the process N =
{N;, t > 0} until time ¢.
a*M gM.S TS aM,S
Note that, c 7, and that &> C 7, Consequently, every &
martingale is a 9’ M _martingale and, at the same time, every ﬁ —martmgale is
a .Zj-martingale. But, in general, it is not true that a % -martingale is a 53 5.

g~MS

martingale and that a ., -martingale is a ﬁtM’S-martingale. This is a classical topic
in this context, the so-called problem of the enlargement of filtrations. An exciting
example is Azema’s martingale, see Subsection 4.3.8 in Jeanblanc et al. [15]. Hence,
to overcome this difficulty, we assume a property for the class of martingales, that is
the Immersion property as given below.

Definition 2 When the filtration .ZM .= {f }i=0 1s immersed in the filtration
FMS .= {ftM’S}eo, it means that any .# -martingale is a J, martmgale In
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this case, we say that .# M satisfies the Immersion property with respect to the filtration

FM-S_ Also, let the filtration F5 := {Z5},50 satisfy the Immersion property with
respect to .Z M-S,

Remark 3 Given the arrival process M and the service process S, we have that the
sub o -algebras ﬁtM and ﬁts generated by these processes, respectively, are such that
FM c FM5 and 75 C FMS

By Eq. (4), we are able to deduce that the service process S can be represented in
terms of a function of M driven by another Hawkes process R, which is independent of
M. Since the processes M and R are independent, any %M -martingale is a FM v .7 K-
martingale and any .%;-martingale is a %M v .ZR-martingale. Taking into account

that ﬁ,M’S C QIM Vv ﬁ,R, we get that

FgM c gMS c gM v R and 75 < FMS < gM v FR,

t

which implies that any ZM v . R -martingale is a ftM 5 -martingales. As a conclusion,
all the .#M -martingales and all the .%5-martingales are 9,M’S—martingales. Greater
details on this topic can be found in Aksamit and Jeanblanc [2], Jeanblanc et al. [15]
and, more recently, in Calzolari and Torti [5].

Lemma 1 By Eq. (3), for any positive value of At, we get that
t
Maar — A= (@2 = De (g — AF) + (A = 1) f Bge "9 d M
0
1+At
+ / Bsefr(I+Alfs)dMS
t
t+At
= (M — 1) — A7) + / Bye "UTAITI
t
By Eq. (4), if N; remains constant between t and t + At, we have that
1
erar = 1 = (€4 = DN, (e—”mo —u+ / cue—“f—”dsu)
0
t+At
+Nt / Cue—s(l‘"rAt—u)dSu
t
t+At
— @Y =N N [ e s,
t

Moreover, for a negligible value of At and between t and t + At, if there are no new
arrivals and there are no service completions, we get that

Aiyar — e AL — X)), Mevar — e X SAL(W* Ny — puy).

Recalling that the self-exciting terms of the intensities A; and u, are defined by
exponential decay kernels, even though the processes M and S does not have the
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Markov property themselves, we are able to show that (M, S, A, ) is a Markov
process (Errais et al. [11]). To get the Markov property of (M, S, A, i), we derive
its Dynkin formula, in the next Proposition, taking into account that this formula is
a direct consequence of the strong Markov property and, hence, it builds a bridge
between differential equations and Markov processes, (see, for instance, @ksendal
[19], Sect. 7.4).

Proposition 3 Let o7 be an operator acting on a suitable function f, with continuous
partial derivatives with respect to A and [, such that

af(M,S, X, . df(M, S, A,
» f( = M)Jrs(u — f( - )

+A (M, S, hy 1) + pa™ f(M, S, &, ), ©)

A fF(M, S, \, 1) :i=r(A*—

where

%Af(M,S,A,M)zf [f(M+1,S,A+x,u)— f(M, S, r, n)]dP[B < x],
0

M“f(M,S,A,M:/ [(f(M, S+ 1, pn+y)— f(M,S, 4, )]dP[C < y],
0

and B and C are random variables such that P(B > 0) = 1 and P(C > 0) = 1. If,

fojl_<])
| t
/
0

—s(u* — py)

)af(Muv Sus Ay M)

ﬂf(Mu,Su, )"ua Mu)_r()\*_)\,u a)\’

Of(My, Sus Auy )
ou

du} < 00,

the following Dynkin formula holds
B[ fMr, St o, u)| #° ]

T
Zf(Mt,S[,)\.[,,u[)‘i‘E[/ JZ{f(MmSu,)\ua/J/u) du‘cgth’S} (10)
t

Proof For the sake of completeness, we prove this result along similar line as in Errais
et al. [11]. For a fixed time ¢, (M;, S, A¢, 4¢) has right-continuous paths of finite
variation. Hence,

! 0f (My, Sus Au, Hu)
f(M[s Sta)\'hl‘Ll)_f(MO?SO’)‘OaI’LO)2/ r()\*_)\u) f “ a; “ u du
0

! of(My, Su, Ay,
+/ S(M* — ) My, Su, Ay foy) du
0 o
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+ Z Lf(My, Su, Aus tu)

O<u<t

—f(My—, Su—, dy—, Mu—)] (11)

Note thatm} = M, — [, Aydvisa.ZM-martingale, and by the Immersion property, m*

. . t . .
isalso a JdﬂM ’S-martmgale, and, moreover, mf =5 — fo uydvisa Q,M ’S-martlngale.

Hence, we are able to rewrite the summation in Eq. (11) as

t
/ A" f(My, Sy, b, 1) (dmy; + hpdv)
0
t
+'/0 ’Q{'uf(Mvavs)\vs MU) (dml;'i_/lydv)

The integrability condition on the predictable integrand guarantees that

t t
/0 DQ{)\f(Mv, Sv, Ays Uy) dmi;"“/o ﬂﬂf(Mvs Svs Ays ty) dm;;

is a martingale (Theorem 8, Chapter II of Bremaud [3]). As a conclusion, we get that
f(M, S, A, ) is a semi-martingale having a unique decomposition given by a sum of
a predictable process with finite variation and a martingale, and we are able to write
that

t
f(Mt,S,,A,,m)—f(Mo,So,Ao,uo»—/O A F(My, Sy, hos o) dv
t t
=/0 JZ{Af(MU»Sva)\v’ Mv)dmﬁ'i‘/o A" f(My, Sv»)hv»,uv)dml;-

Since the right-hand side is a martingale, so is the process defined by the left-hand
side, which results to the formula given by Eq. (10). O

Under all the assumptions made so far, the infinitesimal generator of the process
(M, S, 1, ) acting on a function f (M, S, A, u) is given by Eq. (9).

Remark 4 Since (M, S, A, u) is a Markov process, and taking into account that the
process N = M — S, we are able to deduce that (N, A, ) is also a Markov process.

4 Characterization of the law of the infinite-server systems
The joint transient distribution of (N, A, w) is uniquely defined by the transformation
((l, zu, U) - F [ZNrefuktefv/u] , (12)

wheret > 0,0 <z < 1,u > 0and v > 0. In this section, we characterize ¢ in terms
of the solution of a system of ordinary differential equations (ODEs).
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Theorem 1 Let the arrival process be a Hawkes process and let the service process be
a sdHawkes process. Given the random variables B and C as defined in Proposition 3,
let B(u) :=E[e™"B] and let y (v) := E[e"C].

If (Nt, Aty ) li=0 = (0, Xo, 0), then the couple (u(-), v(-)) solves the system of
ODEs

W (1) 4 rut) — 1+ 28 (u(t)) e=sW fo v dx — o

.t 13
V() 4 sv(r) — 1 + Mew v dx — o (13)
z

with boundary conditions u(0) = u and v(0) = v. Furthermore,

t
oty z,u, v) = e 4 O% exp{—k*r/ u(x) dx}, (14)
0

where ¢ depends on v through the coupling with u given by system of ODEs (13).

In order to prove Theorem 1, we make use of Propositions 4 and 5 given below, whose
proofs are in “Appendix”.

Proposition 4 The joint distribution of (N, A, i), fort > 0,
F(tvka)"al’L):P[Nl :ks)\t S)"al’Lt S/-’L]

is such that

PF(t, kA, ) 2F(t,k, A, 1)
- by -
oponar AT
Y] _ 2
2/ JOF@k=1,x, ) dP[BS%_X]_i[r(A*_)\)a F(t,k,k,u)]
0 OOA oA OIA
32t k+ 1,4, ) 9 2F(t,k, A, 1)
IR M ap S B *_ )M R
+/ ¥ dPIC <p == 5 [s (kp* = n) R }
(15)
Proposition 5 Taking
00 o0 2F(t,k, A,
E(t, k,u,v) =/ / e TV FEGK X 1) di du,
o Jo orop
we have that
0E(t, k,u, v 0E(t, k,u,v 06, k—1,u,v
M + (ur — 1)M +‘3(M)M + (s —1)
at ou u
0E(t, k, u, &t k+1,u,
BOLID) ) BOEELD i uski®) k). (16
v v
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Proof of Theorem 1 Recalling the definition of ¢ givenin Eq. (12), whichin turnimplies
that

t,zu,0) =y ek u,v),

k=0

and taking into account that F (¢, —1, A, u) = 0, note that

o0 o0
AE(t, k — 1u,v A&(t, —1,u,v 0t k—1,u,v
sz &( )= &( )+zsz 1 06( )
u

k=0 du k=1
) — 4 Ac(t, z,u, v)
=z— tku,v)=z—-——.
zaukg(:)z &( u,v) =z o

Moreover,

o0 o0
0E(t, k+1,u,v 10
S APEAF LD 10 S
v z v Pt

10 9 A
Sz [Zkzk_lg(”k’ u, v)} 4z = 1%z 0)

Z av

and

a¢(t, z,u,v)
—.

oo
> ket kouv) =
0z

k=0

Substituting all these in Eq. (16), we obtain the partial differential equation (PDE)
satisfied by ¢ as

a¢(t, z,u,v) n vs,u*zag(t’ Z,U, V) b wr+ 2B — 1) a¢(t, z,u, v)
at 9z ou
+ <vs 1+ ly(u)> w —urd*e(t, z, u, v). (17)
z

As usual, applying the method of the characteristics, we reduce the PDE to a system
of ODEs, along which the solutions are integrated from some initial data given on a
suitable hypersurface.

To this end, let z, u and v be parameterized by w, 0 < w < ¢, and with the boundary
conditions z(t) = z, u(t) = u, v(t) = v. A comparison with Eq. (17), taking into
account the chain rule, gives us
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dg (1, 2(w), u(w), v@w)) _ 9% dr 9¢ dz 9 du | 9¢ dv
dw T 9r dw dzdw dudw  dvdw
= —u(w)ri*¢ (t, z(w), u(w), v(w)). (18)

This in turn implies that, for a real constant ¢, we are able to deduce that
w
¢ (1, z(w), u(w), v(w)) = cexp {—rk*f u(x) dx},
0
where ¢ = ¢ (0, z(0), u(0), v(0)) = ¢ (0, z, u, v) = e “P* and

t
C(t,z(2), u(®), v(t)) = cexp {—rk* / u(x) dx},
0

which implies Eq. (14).
Furthermore, by Eq. (17) and the chain rule written in Eq. (18), we deduce that

dz(w)

o - sprv(w)z(w).

Recalling that 0 < w < ¢, and that z(¢) = z,
w
z(w) = Cexp {su*/ v(x) dx},
0

for a real constant C = z exp [—s w* fot v(x) dx}, which allows us to write that
t
z(w) = zexp {—s,u*/ v(x) dx}.
w

Similarly, by Eq. (17) and the chain rule written in Eq. (18), and substituting z(w),
we get that

du(w)
=ru(w) — 1+ z(w)Bu(w))
dw
t
=ru(w) — 1 + zBu(w)) exp {—su*/ v(x) dx},
and
dv(w)

1
o sv(w) — 1+ my(v(w))

t
=sv(w)—1+ l7/(1)(u)))exp {s,u*/ v(x) dx}.
z

w
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By substituting ¢ for + — w, and by taking into account that we have a change of sign

in the LHS of both % and %, we have Eq. (13), with boundary conditions
u(0) = u and v(0) = v. O

Proposition 6 Ler v(t) = w'(t) = y2(t) and w(t) = yi(t), then the system of ODEs
as given in Eq. (13) turns out to be a dynamical system such that

W) = —ru(t) + 1 —zB8 (u(t)) e SHNO, (19)
Y1) =y (1), (20)

V(1) =1 — syp(t) — ”yTQ(”)eW*”(”. 1)

Proof In Theorem 1, for the Hawkes/sdHawkes/oo system, we derive ¢ (¢, z, u, v) by
Eq. (14) where the couple (u(-), v(-)) solves the system of ODEs as given in Eq. (13).
Now, let

1
/ v(x)dx = w(r).
0

Differentiating both sides, we have v(t) = w’(¢), which implies that v’ () = w”(¢).
Putting these values in Eq. (13), we get

' (1) + ru(t) — 14 zB (u(r) e *H O =0, (22)

/
t *
W (6) + sw' (1) — 1 + Y (0'O) srwi _ g, 23)
Z
To convert Eq. (23) into a dynamical system, let
o =w), ynO=w, YO =wE) =0, ¥ =w)

which implies Egs. (19), (20) and (21). O

Proposition 7 If the random variables B and C follow exponential distributions with
parameter a and b, respectively, then Egs. (19), (20) and (21) become such that

W(t) = —ru(t) +1— —azfue—s“*yl(’), (24)
V(6 = (1), (25)
b .

J(t) = 1 — sy (1) — —————H 00, 26
y2 (1) sy2(t) Z(b-l-yz)e (26)

Furthermore, let
u(t) =yi(1), v@)=yn@), z20)=y3(), @) =ys), 27
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then we are able to write the dynamical system

’ a)’3(l)
=1— _ G
yi(0) ryi(t) a—}—yl(t)’
() =1 st - ——2
P = TN O G+ ) (28)

y3(t) = sp*y2 (1) y3(1),

ya(t) = (=X"ry1 () ya(@).

Proof Taking into account the assumptions made on the random variables B and C,
we get that

b

b+ y (1)
(29)

Bu(t)) :=E[e 8] = and y(v(r)) := E[e™2W¢] =

a+u(t)’
Substituting these values in Egs. (19), (20) and (21), we get Egs. (24), (25) and (26).
Moreover, taking

2(t) = _ZE—SM*Yl(t)
the system given by Egs. (24), (25) and (26) turns out to be
(1) = spv(0)z(),

z(ha
a—+u(t) B

W@ +rut) —1+ ,

b

U(l)+SU(l)—]+m=0

¢ = (=A"ru())e,
with boundary conditions
z(0) =z, u0) =u, and v(0) =v. (30)

Finally, by Eq. (27), we are able to write the dynamical system as given in Eq. (28). O
Next, we are going to deduce the results for the M/sdHawkes/oo system.

Theorem 2 For an M/sdHawkes/co system, let
C(t, Z v) . o) I:ZNte—v,ut] (31)

@ Springer



Queueing Systems (2022) 101:329-351 343

wheret > 0,0 < z < 1, v > 0. Given the constant intensity .; = X\, and the initial
values, (N¢, tt)|r=0 = (0, 0), we get that

t
¢ (t,z(t), v(t)) = exp {—)L/ zx)+ 1) dx}, (32)
0
where

t
z(w) = zexp {—su*/ v(x) dx},

w

and, given the boundary condition v(0) = v, v(-) solves the ODE

Y (U(t))esy,* f(; v(x) dx
Z

V() +sv@) — 1+ =0. (33)

The proof of Theorem 2 is obtained in three steps: Propositions 8 and 9 given
below, whose proofs are in “Appendix”, and then the main part which is also proved
in “Appendix”.

Proposition 8 The joint distribution of (N, ), fort > 0, and A; = A, positive con-
stant,

F(t, ko pn) =F(@t, k, i)l,=n = PNy =k, uy < ]I, =x

is such that

3%F (1, k, u) 9 aF(t AF (1, k, 1)
8,uat 3 8/1,
ank 1, oF(t,k, “o9F(t, k+1,
_ ( ) O+ ( 2] / y ( y)dP[C
o 0 o
=pu- y]- (34)
Proposition 9 Taking
o oF (1, k,
£t k. ) =/ AL,
0 o
we have that
0&(t, k, 0&(t, k, 06(t, k+1,
&( v)+(vs_1) &( v)+y(v) §(t, k+1,v)
ot ov ov
= _)“é(t’ k — 1’ U) - ()" + USk:u‘*)é(tv ka U). (35)

@ Springer



344 Queueing Systems (2022) 101:329-351

Remark 5 Note that, in queueing systems, the situation in which a service time follows
a general distribution is more general than the situation in which a service time fol-
lows a state-dependent Hawkes process. This observation suggests to study the results
obtained in Theorem 2 for the M/sdHawkes/oo system to try to find the relations with
the analogous results for an M/G/oo system (see Eick et al. [9]). This is an interesting
open research problem which could be studied in detail.

Remark 6 Koops et al. [16] have studied a Hawkes/M /oo system. More precisely,
they obtained that

¢t z,u) =E I:ZN,efuk,:I _ efu(t)koef?»or fé u(w) dw,

where u(-) solves the ODE  u/(w) = —ru(w) — (1 + (z — l)e’“*w)ﬂ(u(w)) + 1.
In Theorem 1, these known results have been extended taking into account the state-
dependent Hawkes service times.

Remark7 In Theorem 1, if r = s = 0 and E[B;] = E[C;] = 0, Egs. (3) and (4)
are simplified and A; = Ag and u; = N;up. This means that the arrival process, M;,
turns out to be a Poisson process with parameter Ao and, if there are N; customers in
the system at time ¢, the service time has an exponential distribution with parameter
N; o, i.e. this is an M /M /oo system. Therefore, as usual, the joint distribution is

F(t, k, A, ) = P[Ny =k, At = Ao, s = Nijnol = PNy = k1T, =0T, =N, o »
and taking F (¢, k, A, u) = F(t,k) = P[N; = k]

dF@,0) .. F@+At,0)—F(,0)
—a Altlfo Al =M F(@,0)+poF,1),

while, fork =1,2, ...

dF(t, k)

= = M0F (k= 1) = (o + ko) F (. k) + (k4 Do F(t. k4 1).

Solving the above system of difference-differential equations, we obtain the distribu-
tion of NV, as

1 /A k A
F(t, k) = — _0(1 — e_MO[) exp ——0(1 _ e—;,L()t) ,
kY \ o o

and by noting that

o
¢t z,u,v) = e "ME [(167””0)1\/’] =70 (2 ) PIN, = kI,
k=0
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we have that
—uh Ao — ot —v
c(t,z,u,v) =e "expl —— (1 — e M) (1 — ze V1) ¢ .
o
Furthermore, note that F (¢, k), for t — o0, turns out to be

1 /Ao k 2
P[Neo =kl = — [ =) 7?0/ for k=0,1,2,....
k! \ o

These results of distribution of N; and of limiting distribution coincide with the results
presented in Gross et al. [14].

5 Concluding remarks and open problems

Main contribution of this paper is to derive the joint time-dependent distribution of the
vector process (N, A, 1), given by system size, arrival and service intensity processes
for the Hawkes/sdHawkes/oo and M/sdHawkes/oo systems. To get this task, we proved
the Markov property for the vector process (N, A, i). Then, the idea is to characterize
the law of the infinite server system in terms of the solution of a corresponding system
of ODEs. The methodology used is inspired by Koops et al. [16], where the authors
achieved the same results for a Hawkes/M/oo system. For a M/M/oo system, the above
results are deduced directly following a classical procedure.

However, we have to take into account that, in a queueing system, if the service time
follows a general distribution, then this is a more general situation than that in which
the service time follows a state-dependent Hawkes process. Hence, an interesting
research problem, which could be studied in detail, is to connect the results obtained
for the M/sdHawkes/oco system with the analogous results for the M/G/oo system.
More precisely, the idea is to investigate the relations between the transient behaviour
of M/G/oo system and that of M/sdHawkes/oco system.

Taking into account that Koops et al. [16] obtained the time-dependent results for
Hawkes/M/oo system, an open problem is to study if these results could be extended
for a Hawkes/G/oo system. Instead of obtaining a solution by solving ODEs (as in
Theorem 1), several methods are possible, for instance, methods such as fixed point
equation in the transform domain and concepts using branching processes. Others
future works could be to investigate the asymptotic behaviour of the distributions and
the moments for the Hawkes/sdHawkes/oco system.
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Appendix
Proof of Proposition 4
Taking into account the observations made in Remark 4, and the results of Lemma 1,

since in (¢, t + At), we can have a service completed with probability yA¢, or we can
have still customers in service with probability 1 — yAt,

F(t+ At kA —rAr (A —21%), n—sAr (u — k™))
B [A AF (t,k —1,x, 1)
0

P[B < XA —x]xAt dx

I
HOF(t, k+1,A,
+/ ( y)P[CSM—y]yAtdy
0 o
HAF(t, k, X, »AF(t, k, x,
+/ IFCEAY) (| yap) dy+/ IFW KX 1) Apy dr.
0 o 0 oA

After elementary manipulations, we get

1 [F(t+ Atk d—rAt (b= 2")  w—sAt (1 — k™)) — F(t, k, &, )]

At
MOF(t k-1, x, *F(t, k, x,
=/ @, X M)P[Bfk—x]xdx—/ —(’ x'u)xdx
0 oA 0 oA
RAF(t,k+1,X,y) HAF(t,k, A, )
+/ P P[Cfu—y]ydy—/ —F——ydy.
0 M 0 o
Then, letting At | 0, we have
oF(t,k, A, 1) oF(t,k, A, ) oF (t,k, A, )
IR gy LB gy S B2
ot oA on
A AF (t,k —1,x, *» AF(t, k, x,
:/xP[BSA—x] ( xM)dx—/ x(—xﬂ)dx
0 aA 0 ar
H AF(t,k+1,A,) B OOF(t, kA, y)
+/ yPIC < u—y] - dy—/ yE et P gy,
0 ou 0 ou
(36)

Taking the left-hand side, LHS, of Eq. (36) and differentiating, successively, with
respect to A and u, we get

92LHS  03F(t,k, 1, 1) a[w )82F(t,k,k,u)]
_ B I i L N

Audr  dudrdr BN PN
3 azF(I7k3)"s l‘(/)
— s (kp* — p) ———— . 37
toa [S( W — ) DA (37)
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Recalling that P[B < 0] = 0, P[C < 0] = 0, then taking the right-hand side, RHS,
of Eq. (36), and, again, differentiating, successively, with respect to A and to u, we
get

92RHS A 92F(tk—1, x, 2F(t, k, A,
:/x ( xu)dP[Bf)L—x]—(k+,u)M
oA 0 oA OULOA
mo2FE@t, k+ 1, A,
+f ( D 4pic < p -yl (38)
0 3)\3/1

]

Proof of Proposition 5

In order to transform Eq. (15) with respect to the intensities A and p, note that

f / o oo LT M ) 33F(l‘ k&, ) drdp = 08(t, k,u, v)
Aot ot ’

0 poo 9 2F(t, k, A,
[7 [T oo Lo Pk RD] 4,
0 0 dA Buak

o (oo 2F(t,k, X,
= / / ure e VM (A* — A) FFa kAL di du
0 0 8M8)\

0&(t, k,u,v)

=urA*E(t, k, u, v) +ur
ou

and, analogously,

oo oo 9 ?F(t, k, A,
/ / e WV | g (k,u* - M) FEGK A 1) drdu
0 0 al,L 3/1,3)\

0&(t, k, u,v)

= vskp*E(t, k,u, v) + vs
v

Moreover, recalling that S(u) := E[e 8] and y (v) := E[e~C], successively we
have that

%0 oo PF(tk—1,x,
/ / e TV / X ( X 1) dP[B <A —x]drdu
0 3”3)\

f/ *Wx)ag(tk luv)dP[B<A—x]dA

b )as(r k—1,u,v) / / g /()“yazF(t,k+l,A,y)

oAl
x dP[C < u — y] drdu
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0E(t, k+ 1, u,v)

=—y(v) ™

and

’F A,
/ [ eV (4 8 (8t /;A ") i dp = 3§(t,;€,u,v) N BE(t,gc,u,v).
u v

After all the transformations we have made and rearranging, we get the claim. O

Proof of Proposition 8

Recalling the results achieved in Lemma 1, since in a small time interval, (¢, t + At),
we can have a service with probability yAt, or we can have still customers in service
with probability 1 — yA¢,

F(t+ At k, pu—sAt (n — kp*))

WOF(t, k+1,
:AAtF(t,k—I,M)—AAIF(t,k,p,)—i-/ uF[CSu—y] yAt dy
0

o
HOF(t,k,
+/ (t, k,y)
0

(1 —yAr) dy
au

After elementary manipulations, we get

F(t+ Atk —sAt (uw—kp*)) — Ft k, )]

RAF(t k+1,y)
o

vl
=AF(t,k—1,M)—AF(t,k,pL)+/
0

/“ AF(t,k,y)
0 ou

P[C < p—ylydy

ydy.

Then, letting At | 0, we have
OF(t, k, )

- — ku*
s =t
_ HAF(t,k+1,y)
=AF(t,k—1,0) —AF(t,k, u) + ———F—P[C<u—ylydy
0

au
/” AF (1, k, y)
0 o

AF (t,k, h, 1)
e

ydy. (39)

Taking LHS of Eq. (39) and differentiating with respect to u yields

OLHS 0°F(,k, ) AF(, k, )
- s (k= ) LB R 40
o TR [s( =) o (40)

@ Springer



Queueing Systems (2022) 101:329-351 349

Recalling that P[C < 0] = 0, then taking RHS of Eq. (39), and, again, differentiating
with respect to u, we get

dRHS oF(t,k—1, aF(t,k,
=2 S LARLAL
op o o
K F(t, k+1,
+ [ Dapie < - @1)
0 ou
Rearranging Eqgs. (40) and (41), we get the claim. O

Proof of Proposition 9

Note that

2
foo o PF@ at IE(t, k, v)’
0 ot at

o d oF(t,k, 0&(t, k,
/ e — s (k' — ) 9FC k. w) du = vsku*E(t, k, v) + vsu.
0 ou o v
Therefore, by the LHS of Eq. (34),
AE(1, k, 08(t, k,
d v) + vs 5 v) + vskpu*E(t, k, v). (42)

dt ov

Recalling that y (v) := E[e—"€], by the RHS of Eq. (34), we have

o wO9F(t, k+1, &(t, k+ 1,
[ e [y apie < - yan = -y BEEERY,
0 0 I v

and

o0F (1, k,
IFWk )y,

_ 0E(t, k,v)
o = —AE(t, k,v) + BT

—f et (4w
0

After all the transformations we made on Eq. (34), and by Eq. (42), we get the claim.
O

Proof of Theorem 2

Recalling the definition of ¢ given in Eq. (31), which in turn implies that
o0
((t.z.0) =Y et kv)=E [ZNfe—vu,] ,
k=0
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note that
N L 0E( k,v) ALt 7, v)
ZZ ar o
k=0
ZZ (vs 8§(t k,v) (vs_l)E){(l,Z’v)’
dav
and

Z “y )—ag(t LY e >——sz+1 (tk+1,0) = y( )1_3;@ oY),
Jv Jv

k=0

Moreover, taking into account that F (¢, —1, u) =0
o0 o0
DA k=10 =2 (EU’ —Lo)+ ) e k-1, v)) = Az¢(t, 2. v),
k=0 k=1

and

ac(t, z,v)

oo
D0+ sk E( K, V) = 28 (12, 0) F vspt =

k=0

Applying all these transformations on Eq. (35), we find for ¢ (¢, z, v) the PDE

0¢(t.2.0) vw*zai(f’z’ v) | (vs —1+ yw)) gtz v
dt 9z ¢ gv
= —Az+ D¢, z,v).

Applying the method of the characteristics, as in Theorem 1, we reduce a PDE to
a system of ODEs. Again, let z and v be parameterized by w, with the boundary
conditions z(#) = z, v(t) = vand 0 < w < t. Taking into account that for the chain
rule, and by a comparison with Eq. (43) we get

de¢ (¢, z(w), v(w)) . 8_{3 n a_cd_z 3{ dv
dw T 9 dw dz dw v dw
—A(z(w) + )¢ (¢, z(w), v(w)) .

Again, following the same steps of Theorem 1, we get the claim. O
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