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Preface

This book is about the most intensively studied model in ruin theory, usually referred
to as the Cramér-Lundberg model, and several of its variants. In its most basic form,
the Cramér-Lundberg model was introduced in the early 1900s, in order to assess an
insurance company’s vulnerability to ruin. While the model should be considered as
a stylized description of reality, it nicely captures the essentials of the dynamics of
the insurance firm’s surplus level, which explains why it has become the undisputed
benchmark model in ruin theory.

Over the past century many techniques have been developed to analyze the
Cramér-Lundberg model, predominantly focusing on quantifying the probability
of ruin. The objective of this book is to provide an account of the main results and
underlying probabilistic techniques. Wherever this is useful, we exploit connections
with associated models from queueing theory, a related discipline within the area of
applied probability. The ambition has been to present the material in a maximally
compact, systematic, transparent and consistent manner.

The target audience of the book are master students, and (starting) PhD students,
in (applied) mathematics, operations research and actuarial science. Regarding prior
knowledge, we have tried to make the material as accessible and self-contained as
possible. This concretely means that in principle only a relatively basic background
in probability theory is needed — an introductory probability course and a Markov
chains course should suffice. This being said, some familiarity with working with
transforms is of great help. In addition, in a few places more sophisticated proba-
bilistic concepts play a role, in particular martingales, but only basic knowledge of
those notions is required. We finally mention that there are a few proofs in which
results from complex analysis play a role.

The book is particularly suited for a semester-long course. A collection of slides
can be found on Michel Mandjes’ personal website, where in addition a list of
errors and typos will be kept updated. The material is accompanied by a carefully
selected set of exercises. These are intended to deepen the students’ knowledge and
understanding of the course material. There is some diversity in terms of the level
of difficulty — the exercises marked with the symbol (x) can be considered as
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rather challenging. As the first chapter is of a more methodological nature, laying
the foundations for many of the derivations later in the book, it is advised to allocate
considerably more time to it than to the other chapters. Also, some specific sections
are relatively advanced: this in particular applies to Sections[7.5] [8.4] [10.3] and[10.4]
which may be left out when teaching from the book. We included two appendices
to provide the reader with some additional background on concepts that play a role
throughout the book: the first appendix concerns Laplace transforms and Laplace-
Stieltjes transforms, while the second appendix covers a collection of basic results
from queueing theory.

While we have tried to be as consistent as possible in terms of notation, in a
textbook of this size it is inevitable that sometimes the same symbol is used for
different quantities. Within chapters such conflicts of notation have largely been
avoided, but between the chapters there are a few such inconsistencies. We do
believe, though, that the local meaning of all symbols is clear from the context.

While writing the book we reviewed a substantial body of existing work on
Cramér-Lundberg-type models. A happy consequence was that along the way we
managed to derive various new results. Most notably, novel results contained in the
book are: (1) the full analysis of the two-level Cramér-Lundberg model of Chapter[5]
(2) the analysis of the transient behavior in the finite-workload M/G/1 queue, as
covered by Exercise [5.5] (3) the results on a specific level-dependent model of
Section[6.4] (4) the derivation of the Gerber-Shiu metrics for the multivariate ruin
problem, presented in Section (5) the results on Poisson inspection schemes of
Section[I0.2] in particular the decomposition of Theorem[10.2] and (6) the analysis
of various more involved bankruptcy concepts, as addressed in Sections[T0.3H10.4]

Compared to the related textbook [1]] our monograph has a somewhat stronger
focus on a broad range of relevant non-standard variants of the Cramér-Lundberg
model, explicitly exploiting the relation with queueing theory; compared to the
comprehensive textbooks [2}3}15}16]], our monograph provides a very detailed account
of ruin, and our analysis is often using elements from queueing theory. The book [7]
considers the setting of claims arriving according to a renewal process, while in our
book we predominantly focus on the case of Poisson claim arrivals (as is the case in
the Cramér-Lundberg model). In [4] a set of specific topics on advanced actuarial
models is discussed. Another distinguishing element is that throughout our book
there is a strong focus on ruin before an exponentially distributed time, uniquely
characterizing the time-dependent ruin probability. In general, also with our target
audience in mind, our focus has been on explaining the main ideas behind model
variants and techniques, rather than on providing a complete account of the existing
literature. Each chapter is concluded with a discussion and bibliographical notes,
putting the results of the chapter into perspective and providing a (non-exhaustive)
set of relevant references. Our book also contains a number of short biographies of
influential probabilists and actuarial scientists, at the end of Chapter|I]

The book consists of ten chapters, each of them focusing on a specific aspect
or model variant. Chapter [I] provides a detailed introduction of the conventional
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Cramér-Lundberg model, including its relation to the M/G/1 queue. Four techniques
are discussed that provide us with an explicit expression for the transform of the ruin
probability over an exponentially distributed time horizon. In Chapter [2] again the
Cramér-Lundberg model is considered in its most basic form, but now with a focus
on the asymptotics of the ruin probability in the regime that the insurance firm’s
initial reserve level grows large.

The other eight chapters focus on the analysis of the ruin probability for a set of
natural variants of the classical Cramér-Lundberg model. In Chapter [3| an analysis
is provided for the Cramér-Lundberg model under regime switching, entailing that
the specifics of the reserve-level process are affected by an autonomously evolving
Markovian background process. Chapter ] considers a model that also includes the
interest received by the insurance firm and in addition allows positive jumps in the
reserve-level process. Chapter [5] considers a setting where the reserve-level process
behaves differently above resp. below a certain threshold. This idea is then further
developed in Chapter [6] where the model parameters depend on the reserve level
in a continuous manner. Chapter [7] considers ruin in a multivariate context, under a
specific ordering condition that is imposed on the marginal reserve-level processes.
While in the rest of the monograph claim arrival processes are assumed to be of
the Poisson-type, Chapter[§|considers the effect of various types of clustering in the
claim arrival process on the ruin probability. Then, in Chapter[0] we analyze several
models in which there is dependence between claim sizes and claim interarrival
times. Finally, Chapter [I0] provides an analysis of various sophisticated bankruptcy
concepts.

We recommend to start by reading Chapter [I] as it describes various objects
and concepts that are prerequisites for the analysis presented in the other chapters.
Chapters 2HIO0| can in principle be read independently of each other and essentially
in any order. A few exceptions are: (i) in order to understand the change-of-measure
based analysis in Section [5.2]and Chapter [§] it helps to first read Section (ii) it
is helpful to read Chapter [6] with the results of Chapter 3|in mind.

We wish to thank everybody who has helped improving the quality of the book.
In this respect it is important to mention that the book has been used in a ‘test run’ in
the master program Stochastics & Financial Mathematics at the University of Ams-
terdam in the spring semesters of 2022 and 2023. The presentation of the book has
benefited substantially from the students’ feedback. We would like to thank (then)
master students Riccardo Alberti, Saaly Alsaadi, Wouter Andringa, Rens Blaauwen-
draad, Konstantinos Chatziandreou, Nefeli Groenheijde-Rousta, Teyssir Hilmi, Petar
Jeroncié, Florine Kuipers, Sara Morcy, Tygo Nijsten, Pieter Out, Livitsanos Vasil-
lios, and Chris Vermeulen, but in particular Fabian Hinze, Cecille Hossainkhan, and
Valerii Zoller, for their careful reading of the manuscript, their willingness to ‘test’
exercises, and their helpful comments in general.

In addition, the book has been read by our colleagues Esther Frostig, Zbigniew
Palmowski, and Jacques Resing, whose valuable feedback is greatly appreciated.
Our interest in this class of models was triggered through inspiring joint research
projects with various colleagues — in this context we would like to explicitly mention
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Hansjorg Albrecher, Krzysztof Debicki, Peter Glynn, Offer Kella, and Josh Reed.
Hansjorg Albrecher in addition kindly gave us valuable feedback on the manuscript,
while also providing useful advice regarding publishing this book in the Springer
Actuarial Series.

Amsterdam, Eindhoven, Michel Mandjes
June 13, 2023 Onno Boxma
References

1. S. AsmMUsSeEN and H. ALBRECHER (2010). Ruin Probabilities. World Scientific, Singapore.

D. DicksoN (2016). Insurance Risk and Ruin, 2nd ed. Cambridge University Press, Cambridge.

. R. KaAs, M. GOOVAERTS, J. DHAENE, and M. DENUIT (2008). Modern Actuarial Risk Theory.

Springer, New York.

4. S. KLuGgMAN, H. PANJER, and G. WiLLMOT (2013). Loss Models: Further Topics. Wiley,
Chichester.

5. T. Rovrski, H. ScamipLi, V. ScHMIDT, and J. TEUGELS (1999). Stochastic Processes for Insur-
ance and Finance. Wiley, Chichester.

6. H. ScuMmibLI (2017). Risk Theory. Springer, New York.

7. G. WiLLmor and J.-K. Woo (2017). Surplus Analysis of Sparre Andersen Insurance Risk
Processes. Springer, New York.

w



Contents

[Referencesl . .. ... viii

1 Cramér-Lundbergmodel| .............. .. .. .. .. ... ... ... ..... 1
LI Introduction] . . . .. vvve e 1

[1.2 Ruin model, and dual queueing model| ...................... ... 2

T3 Mothod 1: condiioning on the AISLEVEnt . .. ... vovveneenen. .. 6

|1.4 Method 2: ladder heights, busy periods| ........................ 13

|I1.5  Method 3: Kella-Whitt martingale. . ........................ ... 17

[1.6 Method 4: Kolmogorov forward equations|...................... 19

. 1scussion and bibliographical notes| . ......................... 22

T8 Biographical SKEWORES| . . -~ - e oveeeeene e 25
REFErENCES] . . . . oottt 38

R ASymptotics| ... ... ... 41
21 Introductionl ... .......c.coueiiuunine 41

2.2 Light-tailedcase] ......... ... i 42

2.3 Subexponential case| ........... ... . i 49

[2.4 Time-dependent ruin probability|.................. ... ... ... 53

B Heavy Walic .- oo oo 54
[2.6_Discussion and bibliographical notes| . ......................... 56
[References . .. ..o o 61

3 Regimeswitching| ........ ... ... ... 63
B Introduction] . .. .....uei it 63

13.2 System of linear equations for transforms|. ...................... 65
3.3 Identification of the unknown constants| . ....................... 68

[3.4  Crameér-Lundberg model over a phase-type horizon|.............. 71

|§§ Eesamghng] ............................................... 74
[3.6Discussion and bibliographical notes| . ......................... 75
[References . .. ..o oo 79



X Contents

|4 Interest and two-sided jumps|........... ... ... ... ... oL 81
BT T0troduction] . . . ..o vvveeee e e e 81
4.2 Modeland notation] . . . ......ooiiiiii 82
4.3 Exponential upward jumps|. . ........ ... o i 84
4.4 Relaxation of the exponentiality assumptions| ................... 91
[4.5  Discussion and bibliographicalnotes| .......................... 93
References] . . . ..o vt 95

[ Threshold-based net cumulative claim process|. .................... 97

1 Intr 10 1] 97
B2 Scale funcions]: - -+« v vveee e 98
[5.3  Decomposition|. . .......... . ..o 102
B4 Computation of AUXiTary OBECH] - -« -« e v v e eeeeeeeeee e 106
5.5 Discussion and bibliographical notes| . ............. ... ... . ... 107
REfErEnCES] . . . . oottt 111

|6 Level-dependent dynamics| ...................................... 113
6.1 Introductionl ... .......coeiiiuin i 113
6.2 Level-dependent premiumrate|. . .............. ... ... ....... 114
|6.3 Level-dependent premium rate and claim arrival ratef............. 120

§§ 5 sﬁemﬁc !eve!—geﬁengent mo§e!| ............................. 121
[65 Ataxidentity]. . .........ooiiii 124

[6.6 Discussion and bibliographical notes| .......................... 127
S S 128
[7__Multivariate ruin| . ..............o it e 131
L1 _Introduction| . ....... ..o 131
1.2 _Iwo-dimensionalcasel............ ... .. i, 132
[7.3 _Higher-dimensional case| .......................... ... ... ... 138
.................................. 141

18




Contents xi

|9 Dependence between claim sizes and interarrival times|............. 173
9.1 Introductionl . ..........coiiiiii e 173

[9.2  Claim size being correlated with previous interarrival timef. .. ... .. 174
[03 Tnterarrival time being correlated with previous claim size] ... ... .. 178

9.4 A more general Markov-dependent risk model| .................. 181

9.5 Discussion and bibliographicalnotes| ....................... ... 185
RETErENCES] . . . . o\ v ettt 186

110 Advanced bankruptcy concepts|............... ... ... .. ... 189
10.1_Intr 0D o vttt e e e 189

[10.2 Poisson inspection times|. . ............ooiuiiiiiii 190

0. ength of firstexcursion|. .. ........ ..ot 198

[T0.4 Total fithe With NEZATIVE SUIBTUS] - -+« o v e e 201
|10.5 Discussion and bibliographicalnotes| .......................... 206
References| . ... ..o 209

IA° Laplace transforms|................ ... ... .. ... ... i 211
AT DERNIHONS - - -+« v evve e et et et e 211

|A.2° Some convenient properties]. . .........ooeuiverneinneennaan.. 213

|A.3 Some useful concepts and results| ............. ... ... 216
[A"4 Discussion and bibliographical notes| . ......................... 219
[References . . . ..o oo 222

B~ Some queueing theory| .....................o i, 223
[B.1 _Single-server queue M/G/1| ............ ...l 223
B2 TORNTE-SCrVer QUeue MIGTOD] . .+« v v e eene oo 229

IB.3  Discussion and bibliographicalnotes| .......................... 229







Chapter 1
Cramér-Lundberg model

Abstract — In this chapter we discuss the conventional Cramér-Lundberg ruin
model. The focus lies on evaluating transforms related to the all-time and time-
dependent ruin probabilities (where the latter, in our setting, concerns ruin before an
exponentially distributed amount of time). An important role is played by a duality
with the M/G/1 queueing model. We present four independent analysis techniques;
they differ in the sense whether the ruin model or the corresponding queueing model
(or a mixture of both) has been used.

1.1 Introduction

Arguably the most frequently used model in ruin theory is the Cramér-Lundberg
model. In this model independent and identically distributed (i.i.d.) claims are gener-
ated according to a Poisson process, whereas the insurance firm receives premiums
at a constant rate. The key object of study is the ruin probability, i.e., the probability
that for a given initial reserve, the reserve level drops below zero. Ruin probabilities
in this book come in two flavors: the all-time and time-dependent ruin probabil-
ity. The former concerns ruin over an infinite time horizon, and the latter aims at
characterizing the probability of ruin before a given time.

In the analysis one often works with the net cumulative claim process. This process
records the cumulative amount of claimed money, decreased by the premiums earned.
The insurance firm is ruined when this net cumulative claim process exceeds the
initial reserve. A consequence of this observation is that the insurance firm’s ruin
can be written in terms of the running maximum process (corresponding to the net
cumulative claim process, that is) exceeding a given threshold (the initial reserve,
that is).

In this monograph, we intensively use a duality relation between the event of
ruin in the Cramér-Lundberg model, and the event of a workload threshold being
exceeded in a related queueing model. This related queueing model, which is called
the M/G/1 model in the queueing literature, has been widely studied, sometimes
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using methods which are less common in insurance mathematics, thus opening up
the possibility of using methods and results for the M/G/1 queue when analyzing
ruin probabilities. We refer to Appendix [B]for a brief account of the M/G/1 queue.

In Section [I.2] we start by formally defining the Cramér-Lundberg model and
establishing the duality relation with the M/G/1 queue. Then, in Sections [T.3HI.6]
we detail four methods by which we can analyze the transform of the ruin probability.
These methods differ in the extent to which in the argumentation the ruin model and
the queueing model have been used. In more detail, the following approaches will
be presented:

o In the first approach we exclusively use the ruin model. We translate the quan-
tities of our interest in terms of the Laplace-Stieltjes transform of the running
maximum of the net cumulative claim process. Explicit expressions are found by
conditioning on the first event, which corresponds to either a claim arrival or to
having reached the time horizon.

o The second approach uses both the ruin model and the queueing model. The
main underlying idea is to write the running maximum as the sum of a geometric
number of i.i.d. random quantities, which are interpreted as so-called ladder
heights. In the derivation of the distribution of these ladder heights (in terms of
their Laplace transform), queueing-theoretic results are heavily relied upon.

o A third approach works with the queueing representation, and relies on the so-
called Kella-Whitt martingale. By applying the optional sampling machinery, the
transform of the quantity of interest allows direct evaluation.

o In the fourth approach, we again use the queueing representation. By carefully
evaluating the probabilistic dynamics of the workload, we set up a system of differ-
ential equations for the transform under study, which can be evaluated explicitly.
In the queue’s stationary regime an appealing rate-conservation interpretation is
given.

At the end of this chapter, in Section[I.8] we have included biographical sketches of
six researchers who had a crucial impact on the material covered in this book.

1.2 Ruin model, and dual queueing model

In the conventional Cramér-Lundberg framework, claims arrive according to a Pois-
son process with rate 4 > 0. The claims form a sequence of i.i.d. random variables
By, Bs, .. ., distributed as a generic non-negative random variable B whose Laplace-
Stieltjes transform is, for @ > 0, given by

b(a) =Ee @B = / e Y P(B e dr).
[0,00)

We refer to Appendix [A] for an extensive exposition of transforms, with a specific
focus on the Laplace-Stieltjes transform (LST, an abbreviation that is consistently
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used throughout the monograph). The clients pay premiums, i.e., income for the
insurance company, at a constant rate > 0. The initial surplus level is u > 0.

Let N(¢) denote the number of claims that have arrived in [0, ]. Due to the
exponentially distributed inter-claim times, N(f) has a Poisson distribution with
mean At. Until ruin, the surplus level at time 7 is given by

N (1)

X (1) =u+rt— Z B;,
i=1

following the convention that an empty sum is defined as O.

> Ruin probabilities. The first objective is to characterize the (infinite-time) ruin
probability, given that the initial reserve level is u, i.e., the probability of X,,(¢) ever
dropping below 0. It is formally defined by

p(u) :=P(3s > 0: X,(s) <0).

In specific cases, it is convenient to work with the complement of the ruin probability;
this survival probability is defined as p(u) := 1 — p(u).
In the second place, we analyze its time-dependent counterpart, i.e.,

p(u,t) :=P(3s € (0,¢] : X,,(s) <0).

Remark 1.1 Evidently, the probability p(u) is trivially 1 if the so-called net-profit
condition AEB < r is violated; here A EB can be interpreted as the expected claimed
amount per time unit, while r is the insurer’s income per time unit. The probability
p(u,t) is worth studying regardless of whether or not the condition A EB < r is in
place. O

Only in exceptional cases, the ruin probability p(u,t) allows a closed-form ex-
pression. This explains why one often works with transforms. It concretely means
that we settle for developing techniques to compute the Laplace transform (LT,
an abbreviation used throughout the monograph; again, see Appendix [A) of the
infinite-time ruin probability p(-), i.e.,

(@) := ‘/Ome’“”p(u) du,

and its time-dependent counterpart. In the latter case, for reasons of tractability we
predominantly focus on an exponentially distributed time horizon. This concretely
means that, with 7z an exponentially distributed time with mean B! (independent of
the process X, (¢)), we consider the LT of the ruin probability p(-, Tg), corresponding
to ruin before 7. In other words, we focus on evaluating the double transform

n(a, B) 1=/0 /0 Be P p(u, 1) dude
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for @ > 0 and B > 0. Relying on a standard Abelian theorem, we have that 7(a) =
limg o m(c, B), so that it suffices to focus on evaluating 7 (a, 8) only. In the sequel
the exponentially distributed ‘clock’ Tg is often referred to as the killing epoch.

> Transform of running maximum. We define the ‘net cumulative claim process’
Y(t) := u — X,,(¢) and the corresponding running maximum process Y (¢):
N (1)
Y(t) = Z Bi—rt, Y(t):= sup Y(s).
i=1 se[0.r]

In the literature, the process Y (¢) is often referred to as a compound Poisson process
with drift. Notice that, clearly,

p() =P(3s > 0:X,(s) <0) =P(F(c0) >u), pu,t)=PF(¢) > u).

This shows that the probabilities p(u) and p(u,t) can (as functions of u > 0, that
is) be interpreted as the complementary cumulative distribution functions of the
random variables ¥ (c0) and Y (¢), respectively. See Figurefor arealization of the
net cumulative claim process and the corresponding reserve-level process.

Y(l:)_ . Xu(;)_ /II /i /
NIAN ,

N \ g

Fig.1.1 Netcumulative claim process Y () (left panel) and the corresponding reserve-level process
X, (1) (right panel).

Remark 1.2 Consider the evaluation of the object

o(a,B) :=Be ¥ Tp) = / " e" M P(Y (Tp) € du).
0

By applying integration by parts, o(a, ) can be expressed in terms of n(a, B), as
follows:

o(a,p) = —/0 e~ ™ dP(Y(Ig) > u)
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(o]

=—e " "MP(Y(Ip) > u)

- a/ e "MP(Y(Tp) > u)du
0
u=0

=1 —a/ e " pu,Tg)du =1 — an(a, B), (1.1)
0

cf. Appendix [A.2] From the above we conclude that, when aiming at computing
n(a, B), we can equivalently compute o(a, ), in the sense that these two double
transforms uniquely define one another. o

Remark 1.3 The probability p(u,Tg) has the following alternative interpretation.
Define by 7(u) the first time that the process Y (¢) enters the set (u, o), i.e., 7(u)
denotes the ruin time:

7(u) :=inf{t > 0: X,,(¢) <0} =inf{r > 0:Y(¢) > u}.
Then it is easily verified (e.g. by conditioning on the value of 7(u)) that
p(u,Tg) = P(t(u) < Tg) = E(e P 1{r(u) < 0}), (1.2)

where 1{A} is the indicator function of the event A. We thus conclude that the eval-
uation of the ruin probability over an exponentially distributed horizon is equivalent
to the evaluation of the Laplace transform of the ruin time 7 (i) (on the event of this
ruin time being finite). For more background on this interpretation of the LST as a
probability, see Appendix [A.2] Noting that

p(u) =P(t(u) < o) = E%P(T(u) <Tp) = E%E(e*ﬁ““)ur(u) < o0}),

the all-time ruin probability can be evaluated as well. o

> Duality with M/G/1 queue. An M/G/1 queue models a reservoir at which i.i.d.
jobs (distributed as a generic non-negative random variable B) arrive according to a
Poisson process with rate 4 > 0, while the system is drained at a deterministic rate
r > 0. The workload in this system, denoted by Q(t) at time ¢ > 0, can be seen as
the net input process Y () truncated at zero (thus preventing the storage level from
becoming negative).

We now establish an important duality relation between the workload Q(t) in the
M/G/1 model on one hand, and the running maximum ¥ (¢) of our net cumulative
claim process Y (¢) on the other hand, where we throughout assume that Q(0) = 0.
To this end, define the running minimum process by

Y(t) := inf Y(s).

Y(1) sl (s)
Considering Figure|1.2| upon inspecting both panels, we conclude the validity of the
key identity

Q(n) =Y (1) - Y(1).
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Here the increasing process —Y (¢)/r can be interpreted as the cumulative time that
the workload process Q(¢) spends at zero, i.e., the queue’s cumulative idle time. In
addition the following distributional equality applies: relying on a time-reversibility
argument,

Y(0) Y1) =Y(1) - Sei&)ft] Y(s)= sup (Y(1) -Y(s))

s€[0,z7]

g sup Y(s) =70,
s€[0,¢]

with ‘& denoting equality in distribution. We thus conclude that ¥ (¢) has the same
distribution as Q(r). We will extensively use this duality property throughout this

monograph.

Y (1) o(1)

SIRN

\I t t

Fig. 1.2 Net cumulative claim process Y (¢) (left panel) and workload process Q () (right panel)
for a compound Poisson process. In the left panel, the corresponding running minimum process
Y (1) is depicted by the dotted lines.

1.3 Method 1: conditioning on the first event

This section contains a first way to compute our target quantity (e, 8). The main
underlying idea is that we evaluate 7 («, 8) by conditioning on the first event, which
is either a claim arrival or killing. We thus obtain an expression in terms of the
transform of interest 7(«, 8), which we can then solve from the resulting equation
(also requiring the identification of an unknown constant).

As a first step, recalling that T is exponentially distributed with mean B!, and
that hence with probability 1/(A + ) the first claim arrival occurs before killing, we
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write
A

p(u,Tp) = m(m (u, Tg) + Pz(u,Tp’)),

where, distinguishing between the scenario that there is ruin due to the first claim
and the scenario that multiple claims are needed,

p1(u,Tp) = / (1+ B)e”BP)s / P(B € dv)ds,
0 u

+rs

(o] u+rs
p2(u,Tp) = / (A + B)e~AB)s / pu+rs—v,Tg) P(B € dv) ds;
0 0

in the latter expression, the memoryless property of the exponential distribution has
been exploited. We thus obtain the decomposition n(a, 8) = 71 (a, B) + m2(a, B),
with

1 (a, B) :=/ e“”‘/ /le_(/”ﬁ)s/ P(B € dv) ds du,
0 0 u+rs

) o u+rs
m(a, B) = / e / e~ AB)s / p(u+rs—v,Tg) P(B € dv) ds du.
0 0 0

We evaluate these two triple integrals separately. Interchanging the order of the
integrals, we obtain that | (e, 8) equals

o0 v (v-u)/r
/l/ (/ e (/ e~ (BB)s ds) du) P(B € dv),
0 0 0

which, upon evaluating the inner integrals, reduces to

A R[] —e"@ e~ (HB)WV[r _ —av
/l+ﬁ'/0 ( a B a-A+p)/r )P(BEdV)~ (1.3)

This quantity can be interpreted in terms of the LST of B evaluated in specific values,
to arrive at, with s(B) := (1+ B)/r,

ﬂl(avﬁ) = 4 (

1-b(a) b(s(B) —bla)
A+B ’

@ a—s(B)
Formulas of this form appear frequently throughout the book; see the further expla-
nation of this fact in Appendix

We continue with evaluating the second integral, i.e., m2(«, 8). Performing the
change of variable w := u + rs, we have that it equals

1 © "
2 / e~ / 1 e—s(,B)(w—u) / p(w -, TB) P(B € dv) dw du.
r Jo u 0

As before, we swap the order of the integrals, so as to obtain
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/;1/000 ([)00 eSO p(w - v, Tp) (‘/OW e~ eSBu du) dw) P(B € dv)
éa—;s(ﬁ) /ODO (‘/voo (e‘s(ﬁ)w —e ) p(w —v,Tp) dw) P(B € dv).

Now observe that

/ e "pw—v,Tg)dw =e / e "pw,Ig)dw = e (e, B),
v 0

while a similar reasoning applies when replacing @ by s(8). Combining the above,
we thus conclude that

m(@. ) = £ —L— (b(@)m(. B) - b(s(B)x(s(B). ):
rs(B)—a
for @« = s(B) this expression is defined in the obvious manner. Upon adding up
the expressions that we found for 7| (e, 8) and m;(a, 8), observing that m,(«, )
contains a term involving 7 (a, B), we thus end up with an expression for 7 («, )
in terms of the same quantity. After some elementary algebraic manipulations, this
leads to

A s(B) —a 1-b(a)
A+Br(s(B)—a)—Ab(a) a
LA b@ b)) Ab(s(B) n(s(B). B)
A+Br(s(B) —a)—Ab(a) r(s(B) —a)-Ab(a)’

Observe that the right-hand side contains the unknown quantity 7 (s(3), 8), but this
can be identified by using the property that a root of the denominator is necessarily
also a root of the numerator (where it should be realized that 7 («, §) is finite for all
a > 0 and B > 0). It is easily seen that the equation r(s(8) — @) — Ab(a) = 0, or
equivalently the equation

n(a,B) =r

b(a) = t(a) =1 +§— %

has for any 8 > 0 a unique positive root, say ¢ (8); to this end, observe that b(-)
is convex with b(0) = 1 and b(c0) = 0, whereas £(-) is linear with £(0) > 1 and
£(c0) = —co. We end up with

2(s(B). ) = r (S(ﬁ) —y(B)1-bW(B) bW(p)) - b(S(ﬁ)))
’ A+B\ b(s(B) Y (B) b(s(B))
__T (S(ﬁ)(l - by (B) -y (B —b(S(ﬂ))))
1+p b(s(B) ¢ (B) '
Now define

(@) :==logEe YD = ra — A(1 - b(a)).
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In the literature on Lévy processes, the function ¢(-) is commonly referred to as the
Laplace exponent of the compound Poisson process defined by the arrival rate A, the
premium rate r, and the distribution of the i.i.d. claims B;. It is readily verified that
the function ¥ (), as defined above, is the inverse of the Laplace exponent ¢(-) —
in case ¢’(0) < 0 actually the right inverse. Plugging the expression for 7 (s(8), 8)
into 7 (a, B), after considerable calculus one arrives at the compact relation

(@, f) = —2 (1 -bW(B) 1—b(a))
T e@ -\ ) p
__ (sv(a) —ra _B—rw(ﬂ))
pl@-fl o« v (B
__ 1 pl@) B
) -B ( a ¢(ﬂ))' (1.4)

See Appendix for a proof of the fact that @ = /() is the only zero of (@) —
in the right-half @-plane. From the above expression, using an Abelian theorem, we
can derive the transform pertaining to the all-time ruin probability by letting 8 go to
0. We impose the net-profit condition, as was introduced in Remark [I.1] to rule out
that p(u) = 1 for any u. Under this condition we have that ¢’(0) > 0, so that ¢(«a)
is increasing on [0, o). As a consequence, ¥ () is the inverse of ¢(@) on [0, o)
with ¢(0) = ¥(0) = 0; see Figure[1.3] This implying that 1/¢’(0) = ¢’(0), we thus

obtain
(@) = (so(a) 1 ) _1_¢©
e\ a () a ¢l
¢(a) ¢(a)
v (B)
¥(B)
a, B a, B

Fig. 1.3 The functions ¢ (@) and ¢ (B8) with ¢’(0) > 0 (left panel) and with ¢’(0) < O (right
panel). In the former case ¢ (0) = 0, whereas in the latter case  (0) > 0.

We now use the results obtained above to derive expressions for the transforms
of Y(Tg) and Y (co). Using the relation (T.I) that translates o(a, /) in terms of
n(a, B), we eventually find the following result. It is sometimes referred to as the
time-dependent version of the Pollaczek-Khinchine formula.

Theorem 1.1 For any a > 0 and 8 > 0,
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a-y(B) B
o(a)-BU(B)

We also obtain the following result by letting 8 | 0, providing the transform of
Y (c0), known as the (classical version of the) Pollaczek-Khinchine formula. We need
to impose the net-profit condition, introduced in Remark to make sure that ¥ (co)
is finite. This formula is also one of the most prominent results in the M/G/1 context;
see also Theorem [B.2]

o(a,B) =

Corollary 1.1 For any @ > 0, under the net-profit condition,

a¢’(0)

o(a) = Ee ¥ () = o(a,0) = .
e(a)

(1.5)

We refer to Exercise [I.T] for a procedure that uses Theorem [I.1] to recursively
evaluate all moments of the running maximum Y (7).

> Geometric sum representation. The formula (I.3)) is one of the versions of the
classical Pollaczek-Khinchine formula. It can be alternatively written as

a(r — AEB) (1_@)/(1_/_11—19(@).

o = A=) ' ra

Observe that (1 — b(«@))/(aEB) is the LST of a non-negative random variable B
with density f5(t) := P(B > t)/EB; indeed, the LST of B reads (cf. Appendix|A.3):

— :/we,mP(B >0, _1-b@
0 EB aEB ’

The random variable B is called the ‘residual’ of B, owing to an interpretation from
renewal theory. We conclude that [(1 — b(@))/(a¢EB)| < 1 for @ > 0. Hence we
have the following representation of o(«) in terms of a convergent sum:

B AEB\ <~ (AEB\" (1-b(a)\"
ot = (-2 0] ()

n=0

Define ¢ := 1 -AEB/r € (0, 1), and let G be geometrically distributed with success
probability ¢, meaning that, forn =0, 1,.. .,

P(G=n)=(1-¢)"c.

In addition, let B*' be a random variable defined as the sum of i i.i.d. copies of B.
Then the above leads to an appealing representation of the all-time maximum, in
self-evident notation.

Proposition 1.1 The following distributional equality applies: under the net-profit
condition,
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G
P(co) = > Bi = B*C,
i=1
an empty sum being defined as zero.

Informally, one says that the all-time running maximum is distributed as a geometric
number of i.i.d. samples from the residual claim size distribution.

> Wiener-Hopf decomposition. We conclude this section with a number of observa-
tions concerning the running minimum Y (¢), leading to the celebrated Wiener-Hopf
decomposition. In the first place, we provide an elementary argument that reveals
the distribution of —Y(7), i.e., minus the running minimum at an exponentially
distributed epoch.

Lemma 1.1 For any B > 0, =Y (Ig) has an exponential distribution with mean

1y (B).

Proof. 1t is readily verified that the process K (1) := e #(®? ¢=¥ (1) i a mean-1
martingale. Define o-(v) as the first time Y () crosses the level —v, for some given
v > 0. Now consider, with ‘optional sampling’ [13]], the martingale K(¢) at the
stopping time o (v). Because Y () does not have jumps in the downward direction,
it follows that Y (o (v)) = —v; cf. Figure[[.2] This observation leads to the identity

1=EK(0) =EK(c(v)) =E (e * M 1{g(v) < c0}) - .

(Note that, formally, the application of ‘optional sampling’ requires a specific con-
dition to be met; see e.g. [4, Corollary III.1.4] for an argument that applies in our
specific case.) Plugging in @ = ¢ (8), we thus obtain an expression for the Laplace
transform of the first passage time o (v):

E(eP "M 1{o(v) < 00}) = e VBV, (1.6)

Then the stated exponentiality immediately follows from the (obvious) equivalence
of the events {-Y (Tg) > v} and {0 (v) < Tg}: recalling Equation (I.2),

P(~Y(Tp) > v) =P(c(v) < Tp) =E (e P71 {o(v) < 00}) = e ¥ F)V,
This proves the claim. O

With this lemma at our disposal, a remarkable independence property can be
derived. To this end we observe that the following claims apply.

o First note that

Ee—(tY(Tlg) — /mﬂe_ﬁtew(a)tdl = L
0 ﬁ - (p((l’)

o Secondly, by an elementary time-reversal argument, it can be seen that ¥ (Tg) —
Y (Tp) is distributed as —Y (Tg). This implies, by Lemma that Y (Tg) — Y (Tp)
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has an exponential distribution with mean 1/y(), so that

E —Q(Y(Tﬁ)—y(rﬁ))zﬂ.
’ Y (B) +a

o By Theorem|[I.T]and the above results, we obtain that
B e¥ (Tp) g p=a (¥ (Tp)-¥ (Tp)) _ ¥~ y(B) B ¥(B)
pla) -pY(B) v(B) -«

_ B ey
-_ P _g B).
B-gl@) ¢

As evidently Y (T3) = Y(Tg) + (Y (Tp) — Y(Tg)), combining the above observations
leads to the following result.

Proposition 1.2 The random variables Y (Tg) and Y (Tg) — Y (Tg) are independent.
The former has a Laplace-Stieltjes transform that is given by Theorem[I. 1| whereas
the latter has the same distribution as =Y (Tg), i.e., has an exponential distribution
with mean 1/y (B).

The above factorization is often referred to as the Wiener-Hopf decomposition.
It can be intuitively understood as follows. At the moment of reaching the running
maximum Y (7p), the position of this running maximum does not provide any in-
formation on the distance by which the process goes down until the killing epoch
(i.e., Y(T) =Y (Tp)). In this reasoning the memoryless property of the exponentially
distributed killing epoch plays a crucial role, next to the independent increments
property of the Y (¢) process; for any deterministic ¢ > 0 the random quantities ¥ (¢)
and Y (¢) — Y (¢) are obviously not independent.

Remark 1.4 As mentioned, in Exercise [I.1] we develop a procedure that recursively
evaluates all moments of the running maximum ¥ (Tp) exploiting the time-dependent
version of the Pollaczek-Khinchine formula, i.e., Theorem [I.1} Observe that the
Wiener-Hopf decomposition provides an efficient way to compute the first moment:

EY(Tp) =EY(Ip) ~ EY(Tp).

Due to Proposition[T.2} EY (Tg) = —1/y(B). Also, EY (Tg) = EY(1)/8 = —¢’(0)/B.
We conclude that

(), 1
B Y (B)

As can be verified, under the net-profit condition, we can find the mean of the all-time

supremum by letting 8 | 0. Indeed,

A 7(e0)  lim B OUB) 1= O (B)
s BuB) BBV B +u(p)
i =€ OWB) 0 (0)
=lim = - ,
sl o B+ B) T 200

EY(Tp) = -
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applying I’ Hopital’s rule twice. Differentiating ¢ (¢(a@)) = a twice, we obtain that
¥’ (0) = —¢”"(0)/(¢’(0))3. We conclude that

_ . ¢"(0)  AE[BY]
E¥(c0) = 2(¢'(0))2 ~ 2(r— AEB)®

In a similar way, from the identity Var Y (T3) = VarY (Tg)+VarY (Tj), an expression
for Var Y (T3) can be derived. &

1.4 Method 2: ladder heights, busy periods

In this section we re-establish our expression for o(a, §8), relying on the concept of
ladder heights of the process Y (¢), and the concept of busy periods of the associated
queueing process Q(t). We refer to Appendix for a discussion of such busy
periods.

> Definitions. We start by introducing the concept of ladder heights. Define 79 = 0,
andfori=1,2,...,

i-1 i-1 i i—-1

mo=infir>0:¥ [+ Y | =¥ D g > 0p, Hio=¥| Y 5| =¥ > 7).
j=1 j=1 j=1 j=1

The i-th ladder height H; can be interpreted as the difference between the process’
i-th and (i — 1)-st record value, while 7; represents the time elapsed between the
epochs at which these two record values are attained; see Figure [I.4] for a pictorial
illustration. It is clear that (H;, 7;);en is a sequence of i.i.d. random vectors; let
(H, 7) be the corresponding generic random vector. A first observation is that ¥ (Tp)
is distributed as the sum of a geometric number (with a specific success probability,
yet to be determined) of i.i.d. copies of H. This property we will use to re-establish
our expression for o(a, B).

The second concept we will extensively work with is that of busy periods. These
are uninterrupted intervals in which the associated queueing process is positive. It
is directly seen that in our setup these busy periods are i.i.d., say distributed as
a generic random variable o~. With B sampled independently of the process Y (¢),
the busy period o is distributed as the first time Y (¢) crosses the (stochastic) level
—B. Note that o can be defective if the net-profit condition (see Remark [T.T)) is not
fulfilled. With o-(x) as defined in Section[I.3] we thus get

B 1 (r <o) = [ E(EPT 10w < sH BB e
0

_ / " VBN B(B € dv) = by (B)),
0
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Y (1)

75
Hy T4

3

Fig. 1.4 Net cumulative claim process Y (), the ladder height process (Hp)», and the ‘inter-ladder
times’ (7, ). The dotted process is Y (¢).

relying on Equation (I.6). Using the definition of ¢(-), we find that

B=¢W(B) =ry(B) —A(1 = b(y¥(B))).

Hence, our expression for E (e A 1{o- < co}) can be rewritten as follows; cf. also
Theorem B.3]and in particular Equation (B.6).

Lemma 1.2 For any 8 > 0,

B+A4
A

B (7 1o < oo}) = 225~ Zu(B).

> An auxiliary result involving busy periods. For purposes that will become clear
later, we now focus on the evaluation of the object

&(a ) =E(e™ " T 1{Y (Tp) = Y (Tp)}) = E(e” " 1{¥ (Tp) = Y (Tp)}).
Proposition 1.3 Forany o > 0 and 8 > 0,

__B
ry(B) —ra’

Proof. Recall that —Y (7)/r can be interpreted as the associated queue’s idle time in
[0, ¢], which in this proof we denote by L(z). As a consequence, we can equivalently
look at the object

§(a,B) =

é(a.p) =E(e" MW 1{Q(Tp) = 0}).

Conditioning on the time of the first event, which can be either the killing time or the
start of a busy period, we find by exploiting the underlying regenerative structure
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B, 4
A+B—-ra A+p-ra

&a,p) = P(o <Tp) é(a,B).

Recalling that P(o- < Tj) can be rewritten as E (¢ #7 1{c" < co}), we find after a
few elementary algebraic steps, using the expression for E (¢ A 1{o < oo}) that
we identified in Lemmal|l.2]

B _ B
(1-E(eBo l{o <)) +B-ra ry(B)-ra

£ =

as desired. O

This result has a few interesting ramifications. In the first place it provides us with
an explicit formula for the probability that the queue is empty after an exponentially
distributed time. Indeed, with gz, := P(Q(Tp) = 0) = P(Y(Tp) = Y(Tp)), we find

that
B _ B
ry(B)  B+A(1-E(eF7 {o < oo}))’
In the second place, recalling that we know by Lemmathat —Y(T3) has an expo-
nential distribution with mean 1/¢(8), and slightly rewriting & (a, 8), we conclude

that

v B
Y (B) —ary(B)
From this equality we observe that the quantities Y (7) and 1{Y(Tg) = Y(Ip)},
appearing in the definition of £(a, ), are actually independent.

qTﬁ = f(o’ ﬁ) =

E(a,p) = =Ee L) p(y (1) = Y(Tp)).

> Characterization of the ladder height distribution. Our following objective is to
compute, relying on the expression for £(«, ) that we derived above,

n(a,B) :=E (e 7 1{r < oo}),

i.e., the joint transform of the ladder height and the time elapsed since the previous
record value, intersected with the event that there is a new record value.

Proposition 1.4 For any @ > 0 and 8 > 0,

_ B-¢(a)
ry(B) —ra’

Proof. The starting point is the decomposition

LB ) ()

n(a,p) =1

where

n(a,B) = E(e_“Y(Tﬁ) Hr>Tg,7< oo}),
m(a, B) :=E(e” T8 1{r < T, 7 < o0}).
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We continue by analyzing 1, («, 8). Recalling the definition of £(«, ), it is directly
seen that

(e, B) = E(e™ ™ "s) 1{¥ (Tp) = 0})
= E(e T 1{y(Tp) - Y(Tp) = 0}) = &(, ),

which we know from Proposition In addition, we express 12 (a, B) as a triple

integral:
/ ﬁe—ﬁr/ / eV B(e Y OF @) |y r =)

P(H € dy, T € ds) dt

o0 t &
/ ﬂe_ﬁ,/ / e e @) p(H e dy, T € ds) dr.
t=0 s=0 J y=0

In order to evaluate 1, («a, 8), the next step is to swap the order of the integrals, so
that we can first perform the (easy) integration over ¢:

/ / ( ﬂe_ﬁte‘pm)’dt) e e ¢ SP(H e dy, T € ds)
s=0

7]2(0/» ﬁ)

t=s
e We PSP(H e dy, 1 e ds) = b —n(a,B).
T B- so(a) / =0 / B-¢(a)
Combining the above, after some algebra we find the desired expression. O

> Transform of the running maximum. Using the geometric-sum representation
mentioned at the beginning of this section, we can now compute the transform
p(a, B) of the running maximum Y(Tﬁ). Indeed, we recover Theorem as follows.
First observe that the number of record values G has a geometric distribution with
success probability P(7 > Tg) = 1 — (0, B). Hence we can write

o)

Be ) =B e S = 3 (3(0.0)) (1~ (0.8) (B |7 < 1))
k=0

Noting that, cf. Remark [T.3]
n(a,B) =E (e" ™ P 1{r < 00}) =E (" 1{1 < Tp}),

it now follows, by combining the above and relying on the expression for n(a, 8)
that we have identified in Proposition

(e8]

o(@.p) =" (n(e.p)* (1 -1(0, )

k=0
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=i(1— B - ¢(a) )" B _a-v(p) B
L\ B —ra) B wla)-pUB)

as desired.

1.5 Method 3: Kella-Whitt martingale

Where in Section we identified the transform o(a, ) of ¥ (Tg) by conditioning
on the first event (either a claim arrival or killing), in Section [I.4] we developed an
alternative method in which we combined the representation of the running maximum
?(TB) and the representation in terms of the M/G/1 workload at an exponential time
Q(Tp). In this section we discuss a third approach to find o(a, §), again relying on
the duality presented in Section but now working with a martingale involving
the queueing process Q (7).

> Definition and martingale property. Our objective is to identify the LST of Q(7p),
which, due to the duality, coincides with the LST of Y(T/g). To this end, we define
the process

t
M(t) = go(a)/ e PO dg 41— e~ @QM) 4 a¥(1).
0

Lemma 1.3 The process M (t) is a martingale with respect to F (t), i.e., the natural
filtration pertaining to {Y (s) : s € [0,1]}.

We proceed by providing an informal (but intuitively appealing) backing of this
claim. More concretely, our objective is to verify that, as § | 0, up to o(§)-terms,
E(M(t+0) | F (1)) = M(1).

First consider the situation that the path {Y(s) : s € [0,¢]} is such that, for some
¢ > 0 (which can be made arbitrarily small), Q(¢) > rd. Then Y (¢) = Y(z + 6) and
O(s) =0(t)+Y(s) = Y(t) for s € [t,t + O) (as a consequence of the fact that the
queue will not empty between ¢ and ¢ + §; recall the interpretation of the process Y (¢)
in terms of the queue’s cumulative idle time). Supposing we have access to F (1)
(and, for conciseness, throughout the derivation below suppressing that we condition
on this F (1)),

t 5
EM(t+6) = ¢(a) (/ e~ @20 (g 4 o~ @Q() E/ e~ @Y (%) ds)
0 0
+ 1 = e~ @R R,—aY (6) +ay(n) = M(1),

as desired; here we have used that Ee~®Y (9) = ¢#(@)d gpd

/éEe—am) ds = /6e¢<a>s goo -1
0 0 (@)
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Now suppose that {Y(s) : s € [0,¢]} is such that Q(f) = 0. Observe that, up
to o(8)-terms, Q (¢ + §) is distributed as B with probability A6, and is O otherwise.
In addition Y (¢) = Y(t), as the process and its running minimum process coincide
during the queue’s idle times. Hence, again ignoring o(§)-terms, we obtain

t+6 t
o(a)E / e 26) ds = (a) / e 20 ds + () 5,
0 0
and, along the same lines,

EeQ(+0) = o=@ (1 — 2§ + A6b(a))
= ¢ 220 _ )5+ 16b(a),

and
aEBY(t+6) =a¥(t) —rasl.
From the above, we find, up to o(§)-terms,
EM(t+6) = M(t) + (p(@) + A(1 = b(a)) —ra) 6 = M(1),

as desired. Combining the findings corresponding to Q(z) > 0 and Q(r) = 0, we
complete our informal reasoning as to why the process M (¢) is a martingale. In the
literature M () is commonly referred to as the Kella-Whitt martingale.

> Transform of workload at an exponential epoch. Now that we know that M (¢) is
a martingale, we demonstrate its use by providing a highly efficient derivation of
the transform of Q(7g). Using ‘optional sampling’ with the stopping time T and
recalling that Q(0) = 0, we have that 0 = E M (0) = E M (Tg). In other words,

T
0= () E/ e ds + 1 -Ee 2T 4 ¢ BY (Tp). (1.7)
0

(A sufficient condition for the use of ‘optional sampling’ is provided in [4, Theorem
11.4.8]: the equality (1.7) holds if E sup, . [0.75] |M ()| < oo.In our case this finiteness
directly follows from the upper bound

[M(t)| < |lo(a)|Tp +2+arlp,

for any ¢ € [0,Tg].)
Then observe that, swapping the order of integration,

Tﬁ 00 t
]E/ e~ 20 gy =/ Be_'B’/ Ee 2" dsdr
0 0 0

:/‘X’ (/wﬁe_ﬁtdt)Ee_"Q(S) ds:/me_BSEe_"Q(S) ds
0 s 0
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= 1 Ee Qs

Now solving E e~ *@5) from (1.7), we readily obtain

Ee o0 - P —aBY(Tz) - 1).
play = LT~ 1)
We are left to identify the unknown quantity EY (7g). To this end, note that (fixing
B > 0) any root a > 0 of the denominator should be root of the numerator as well,
so as to render a number between 0 and 1. As a consequence, using that @ = ¥ (3)
is a root of the denominator, we should have that

—¥(B)EY(Tp) = 1,

so that BY (Tg) = —1/¢(8) (cf. also Lemmal |I.1). From the above we conclude that,
in agreement with the result stated in Theorem for the transform of ¥ (Tp),

—a0(ty) _ ¥ =Y B) B
B = @ —Bu )

1.6 Method 4: Kolmogorov forward equations

As we did in the previous section, in this section we find the transform of ¥ (7g) by
finding an expression for the transform of Q (7g) (and exploiting the duality property
that was discussed in Section [I.Z)). Where we used the Kella-Whitt martingale in
Section[I.5] we now rely on what could be called a ‘small timestep argumentation’,
but which can be interpreted in terms of the classical Kolmogorov forward equations.

> Transform of workload at an exponential epoch. We start by deriving an ex-
pression involving the density and distribution of the queue workload, which we
primarily include here for later reference; after that, we use a similar argumentation
to characterize the transform of Q(7j).

Define F;(y) as the probability that Q(z) does not exceed y, where Q(0) = 0, and
let f;(y) denote the corresponding density. An elementary At-argument gives, up to
o(Atr)-terms,

Frint(y) = Fr(y +r At)(1 — A At)

+ /lAt( yf,(z)P(B <y-2dz+ F(0)P(BLy)|;
0+

indeed, the first term on the right-hand side corresponds to the scenario of no arrival
(so that the workload had to be at most y + r Ar at time ), whereas the second
term corresponds to the scenario with an arrival (with the corresponding job being
sufficiently small to make sure the level remains below y at time 7 + Af). Subtracting
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F;(y + r At) from both sides, dividing by At and letting Ar | 0 leads to the integro-
differential equation, for y > 0,

0
EFz()’) =rfi(y) — AF:(y)

+/l(/yf,(z)IP’(B<y—z)dz+Ft(0)P(B<y) . (1.8)
0+

A similar reasoning can be followed to analyze the LST of Q(¢). To this end, we
define the transforms

k(@) :=Ee W, k() =Ee "W HQ(1) > 0} = (@) - 1,
where g, := P(Q(¢) = 0) = F,(0). Then, up to o(Ar)-terms,

Keaat (@) + Grear = Keear (@)
=ik (@) (1 — AAr + AAt b(@) + ralt) + q, (1 — AAt + 1At b())
=k (@) (1 + @(a@)At) + (1 — 1At + AAt b(@)) g

We have thus obtained the following differential equation.

Lemma 1.4 For any a,t > 0,

R0+ i = pl@) K@)~ g, A (1 - (@),

We proceed by considering the differential equation of Lemma|T.4]at an exponen-
tially distributed time with mean 1/8 > 0 (rather than at the deterministic time 7, that
is), sampled independently of the compound Poisson process under consideration.
Using the standard identity (cf. Appendix [A.2))

(o] d (o]
-Bt | - _ -Bt
[ e (G a=-prores [Tperrma. as
we obtain that
o) +p [ PR dt=pao+p [ peia
— Bt ¢ _ _ -Bt
go(a)/o Be Py (a)dt — A (1 b(a'))‘/O Be Py, dt.

Observe that, due to Q(0) = 0, we have that £y(@) = 0 and gy = 1. Rearranging the
above equation this yields, in self-evident notation, using the definition of ¢(«),

(B = ¢(@) Ry (@) + (B = ¢(a) +ra) g7, = B. (1.10)

The next step is to observe that g7, can be identified by inserting @ = y(8) in (L.10).
We thus obtain
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__hB
ry(B)

q1s
Upon combining the above findings,

B B-gla)+ra
B - () B - ()
_B-raqn a-y(pB) B
" B-e(@)  la)-BY(p)’

thus (again using duality) recovering Theorem I.1]

Ee Q) = kg (@) + qr, = q1s + 4715

> Transform of stationary workload, rate conservation. Suppose that the net-profit
condition AEB < r is in place, implying stability of the dual queue. Then, as before,
the transform of Q(0) (and hence also of ¥ (o)) can be found from that of Q(7g)
by letting 8 | 0. The above derivation, however, slightly simplifies in this stationary
regime. In the first place, the integro-differential equation becomes, for any
y >0,

y
O=rf(y)—/lF(y)+/l(/O f(z)P(B<y—z)dz+F(O)IP’(B<y)),

with f(-) the density of the stationary workload (and hence also of ¥ (o)) and F(-)
the corresponding cumulative distribution function. This equation can alternatively
be written as

rf(y) =/l(‘/0yf(Z)P(B >y—z)dz+ F(0)P(B >y)). (1.11)

This identity has an appealing level-crossing interpretation (cf. Appendix [B.1),
known as ‘rate conservation’: the left-hand side can be considered as the probability
flux through the level y > 0 from above, whereas the right-hand side represents the
probability flux through the same level from below.

Define

k(@) =Ee %™ k(@) :=Ee 2™ 1{Q(x) > 0} = k(a) — g,

where ¢ := F(0) = P(Q(o0) = 0). By taking Laplace transforms in (T.IT)), we can
prove that (@) = g (1 — b(a))/¢(a); see Exercise[1.4] Alternatively, by using the
differential equation stated in Lemma|T.4] and equating the derivatives (with respect
to time) to 0, we find the equation

0=yp(a)i(a) - q/l(l - b(a')),

also leading to k(@) = g A(1 — b(a@))/¢(a@). Then it takes a few elementary calcu-
lations to verify that, indeed, k(@) = a¢’(0)/¢(a), in line with what was stated in
Corollary [I.T} in passing, we have also shown that
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_ | _AEB
ro r’

equalling the constant ¢ that was defined in Section[I.3]

In Proposition we stated that the all-time maximum ¥ (co) is distributed
as a geometric number of residual service times. This we can reprove using the
fact that ¥(co0) and Q(o0) are equally distributed, in combination with the rate
conservation equation that we stated above, as follows. With g; () the density of the
sum of 7 i.i.d. copies of the residual service time B, and recalling that B has density
f5(t) :=P(B > t)/EB, it is easily seen that we can rewrite the rate conservation

equation (I.11]) to

FO) = (1-¢) (/Oyﬂz)gl(y—z)dz+F<0>g1(y>),

which is a Volterra integral equation of the second kind. Iterating this relation once,
it is immediately verified that

y
f)=(1=c)F(0)gi(y) + (1 -c)*F(0) g2(y) + (1 - 0)2/0 f(2) g2(y — 2) dz.

Continuing along these lines, and verifying that this so-called Picard iteration con-
verges if ¢ € (0, 1], we find that

FO) =D (=) egily),
i=1

where we have used that F(0) = ¢ due to the fact that the density f(-) should
integrate to 1 — F(0). We conclude that, as desired, the stationary workload Q (o) is
distributed as the sum of a geometric number (with success probability c) of residual
claim sizes, confirming the result stated in Proposition [I.1]

1.7 Discussion and bibliographical notes

In this concluding section we briefly discuss the relation between the material pre-
sented in this chapter and various branches of the literature. In addition, we provide
a compact account of the relevant references.

> Related branches of literature. In the first place, the connection between the
Cramér-Lundberg model and the corresponding M/G/1 queue has been observed
(and exploited) before. We specifically refer to [4, Sections III1.2 and VI.4] for a
detailed account, or [22]] for a more extensive treatment.

Secondly, in this monograph we consider the situation that the net cumulative
claim process is a compound Poisson process minus a deterministic drift. Many of
the results presented carry over to the more general setting of the net cumulative
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claim process being a spectrally positive Lévy process; Lévy processes are processes
with stationary independent increments, and these are called spectrally positive in
case they do not have any negative jumps. The compound Poisson process minus
a linear drift is such a spectrally positive Lévy process. Another example of such
a spectrally positive Lévy process is Brownian motion, which has no jumps (and
hence no negative jumps). Yet another example is the Gamma process (minus a
deterministic drift), which is a process with the remarkable feature that it exhibits
almost surely infinitely many jumps in any finite time interval, therefore not clas-
sifying as a compound Poisson process (minus a deterministic drift). Textbooks on
Lévy processes are e.g. [S} 24]. In [9} [18]] there is a strong focus on the analysis of
the extreme values attained by the Lévy process; see also [3, Ch. IX]. Treatments
specifically covering Lévy applications in insurance risk are e.g. [4, (10} 19} 23]].

In the third place, it is observed that 7(«, 8)/8 can be interpreted as the double
Laplace transform of the time-dependent ruin probability p(u,?). So as to numer-
ically assess p(u,t), a double numerical inversion is needed. Numerical Laplace
inversion is a mature area of research, with [1} [16] being examples of relevant con-
tributions in this context. In e.g. [2, [14] it is demonstrated that these computational
methods have the potential to generate reliable output also when multidimensional
inversion needs to be performed. In Section 3.4 we will point out how we can extend
the analysis of this chapter so as to cover the ruin probability over a phase-type
horizon; notably, phase-type distributions form a convenient class of distributions
by which one can approximate any distribution on (0, co) arbitrarily closely.

> Literature on the conventional Cramér-Lundberg model. We finish this chapter by
providing selected pointers to relevant literature. Needless to say that one cannot be
complete given the vast literature in this area. This motivates why we have restricted
ourselves to

o mentioning (in our opinion) accessible introductions to the concepts discussed in
this chapter;

o providing a few historic notes (acknowledging that our selection is by no means
exhaustive);

o pointing out which elements of our exposition have not appeared earlier in the
literature.

The Cramér-Lundberg model, introduced in Section[I.2] probabilistically describ-
ing the evolution of the surplus level, dates back about a century; see the seminal
contributions [8l 20, 21]. As mentioned above, the duality between the Cramér-
Lundberg model and the M/G/1 queue has been worked with before. We refer to
Appendix [B.T]and [4, Section X.5] for a compact account of the M/G/1 queue, and
to [7]] for an in-depth treatment.

Method 1 (Section @]), is, to the best of our knowledge, in principle novel.
It evidently combines a variety of well-known ideas though, such as exponential
killing, the memoryless property of the exponential distribution, some convenient
properties of transforms, and conditioning on the first event.

Method 2 (Section [T.4) combines known and new elements. Lemma [I.2] could
also have been derived using the classical fixed-point relation (sometimes referred to
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as the Kendall functional equation) that characterizes the busy-period transform, as
was demonstrated in [9) Section VI.1]. Proposition@]is essentially [22| Lemma 4,
Section IV.10], but our proof is novel and does not require the Wiener-Hopf decom-
position, while Proposition@]is a slight modification of [22, Theorem 14, Section
IV.10].

Method 3 (Section [I.5) relies on the Kella-Whitt martingale that was introduced
in [17]; see also [18, Section IV.4] and [3, Section IX.3] for textbook treatments,
including a formal proof of the process M () being a martingale.

Method 4 (Section[I.6) is based on the combination of various standard elements.
It effectively relies on the Kolmogorov forward equations; see e.g. [25] for an early
derivation along these lines. Level-crossing arguments have appeared broadly in the
queueing and ruin literature. We refer to e.g. [4, Chapter VIII] and [6]], also covering
the case in which the stochastic dynamics depend on the current workload or reserve
level; we get back to this class of models in great detail in Chapter[6] It is noted that,
formally, in (T.8)) one should prove the differentiability of F; (y) with respect to ¢; we
refer to [[15] for a detailed discussion of such continuity and differentiability issues.

In practical contexts, one is typically not interested in just the ruin probability,
but in various related measures as well. A relevant quantity in this context is the
ruin time 7(u#) (on the event that ruin occurs). In addition, for obvious reasons
the insurance firm wants to have insight into the loss, or ‘overshoot’, X, (7(u)) as
well as the corresponding ‘undershoot’ X, (7(«)—). As it turns out, relying on the
techniques presented in the present chapter, the joint transform of these quantities
can be derived with a modest amount of additional work. Pioneering papers in this
area are by Gerber and Shiu [[L1} [12], but see also the compact exposition in [19].
In Exercise [[.2]it is pointed out how the above-mentioned joint transform can be
evaluated. We get back to the evaluation of such detailed ruin-related metrics in
Chapter [4] but then for a more general class of models than those covered by the
present chapter.
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1.8 Biographical sketches

> HARALD CRAMER (% Stockholm, Sweden, 1893 — § Stockholm, Sweden, 1985)
was a Swedish mathematician, mainly known for his contributions to probability
theory, mathematical statistics, and actuarial science. While being involved in
chemical research in his early career, his PhD thesis was of a mathematical
nature, with a focus on number theory. He then combined a job as an assistant
professor at the University of Stockholm, in which he continued his research
in number theory, with an appointment at the Svenska Life Assurance Company.
Gradually his interest shifted into the direction of probability theory and its formal
underpinnings. At the age of 36 he was appointed full professor of actuarial
mathematics and mathematical statistics at the University of Stockholm.

Within probability theory Cramér is known for the introduction of various impor-
tant, and original, concepts and results. He has been one of the pioneers of large
deviations theory, a domain that focuses on quantifying rare-event probabilities.
He proved an early version of what was later called Cramér’s theorem, arguably the
most fundamental large deviations result. It states that, under suitable conditions,
the probability of the sample mean of a sequence of independent and identically
distributed random variables exceeding some value (larger than the mean) decays
exponentially. In risk theory, a subdomain within applied probability, he helped
developing the Cramér-Lundberg model, which became a key concept within ac-
tuarial science. He succeeded to embed the model, which was originally proposed
by Filip Lundberg, into the theory of stochastic processes. Cramér also gave his
name to the Cramér-Wold device, a useful theorem that states that a sequence of
random vectors converges in distribution to a limiting random vector if and only
if this holds for any linear combination of the entries of the random vectors.
Cramér is generally regarded as one of the most influential probabilists and statis-
ticians of the twentieth century, and one of the founding fathers of mathematical
risk theory. Besides being a great scientist, he is also known as the PhD supervisor
and mentor of a sequence of highly successful scholars, including Kai Lai Chung
and Herman Wold. In addition, as a service to the community, he took on various
management positions, including the presidency of the University of Stockholm.
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> FILIP LUNDBERG (* Uppsala, Sweden, 1876 — § Stockholm, Sweden, 1965)
was a Swedish actuary and probabilist, known for his pioneering contributions to
mathematical risk theory. Lundberg combined a business career with an academic
career. In his appointments at various Swedish insurance firms he was inspired to
set up a mathematical theory to evaluate and control collective risk. In a time in
which the available probabilistic tools were still relatively poorly developed, he
managed to set up the rudimentary versions of various actuarial concepts that are
still used nowadays.

After having studied mathematics at the University of Uppsala, Lundberg wrote
a PhD thesis at the interface of probability theory and collective risk, that was
motivated by problems that he had encountered in his work in the insurance
industry. He received his PhD degree in 1903, again from the University of
Uppsala. Until the 1930s he contributed to actuarial science by a sequence of
foundational papers.

Lundberg is probably best known for proposing the Cramér-Lundberg model.
In this model, independent and identically distributed claims arrive according
to a Poisson process, while the insurance firm’s clients pay premiums at a con-
stant rate. As a result, the firm’s surplus level evolves as a compound Poisson
model with positive drift (starting at some given initial capital). Although the
Cramér-Lundberg model evidently oversimplifies various aspects of the surplus
level dynamics, it has become a frequently used benchmark model. Later various
generalizations were proposed that made the model more realistic. Lundberg in
addition gave his name to the Lundberg inequality, a uniform upper bound on the
probability of ultimate ruin, i.e., the probability of the reserve level ever dropping
below zero. Only when Cramér and coworkers started to refer to Lundberg’s con-
tributions, and further developed them, his findings were brought to the attention
of the international research community.

Besides having been an internationally renowned scientist, Lundberg played an
important role in the insurance industry. Due to his strong opinions on policies
to be used in the insurance business, he became an important spokesman and
debater. In addition, he served as the chairman of the Association of Swedish Life
Insurance Companies.




1.8 Biographical sketches 27

> FELIX POLLACZEK (% Vienna, Austria-Hungary, 1892 — + Boulogne-
Billancourt, France, 1981) was an (Austrian-born) French engineer and math-
ematician, known for his many contributions to various fields of mathematics.
Pollaczek studied mathematics at the Technical University of Vienna, received
the MSc degree in electrical engineering from the Technical University of Brno
in 1920, and then his PhD in mathematics from the University of Berlin in 1922.
During World War I his education was interrupted to serve in the Austrian army.
In his early career Pollaczek, whose PhD thesis was supervised by Issai Schur,
focused on problems deriving from number theory. During the next decades, how-
ever, he primarily worked in industry. After having spent two years as an engineer
at AEG, he took on a position at the German Postal, Telephone, and Telegraph
Services, both being located in Berlin. After the nazis seized power in Germany,
all Jewish civil servants were forced out of government jobs, so that Pollaczek
lost his appointment. He decided to flee to France, where he became a consultant
for the Société d’Etudes pour Liaisons Téléphoniques et Télégraphiques. Later he
moved to the Centre National de la Recherche Scientifique (CNRS).

Pollaczek’s scientific work covered a broad range of mathematical subdisciplines,
including number theory, mathematical analysis, mathematical physics, probabil-
ity theory, and operations research. Pollaczek polynomials, a class of frequently
used orthogonal polynomials, were named after him. He is perhaps most known,
however, for his contributions to queueing theory. In particular, the celebrated
Pollaczek-Khinchine formula, first published by Pollaczek in 1930, gives an ex-
plicit expression for the mean waiting time in the single-server queue fed by a
Poisson stream of customers with an arbitrary service-time distribution. Later this
result was extended so as to provide the full Laplace-Stieltjes transform of the
waiting time. Through a duality relation between such queueing processes and the
Cramér-Lundberg model, these results can also be used to evaluate the probability
of ultimate ruin in the insurance context.

Importantly, during most of Pollaczek’s career stochastic-process theory was still
in its infancy, so that he could hardly rely on existing sophisticated machinery,
which makes his achievements even more remarkable. In 1977 he was awarded the
John von Neumann Theory Prize, for his fundamental and sustained contribution
to theory in operations research and management science.
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> ALEKSANDR YAKOVLEVICH KHINCHINE (x Kondrovo, Russian Empire, 1894 —
1 Moscow, Soviet Union, 1959) was a Russian mathematician, primarily known for
his contributions to probability theory and information theory. Khinchine studied
mathematics at the Moscow State University, where he became a full professor
already at the age of 28.

In his early career he made several fundamental contributions to probability theory.
In the first place, he established Khinchine’s weak law of large numbers, providing
conditions under which the sample mean of a sequence of random variables
converges (in probability) to the mean. A second major result is the law of the
iterated logarithm, which describes the behavior of sample means in the region
between the law of large numbers and the central limit theorem. Thirdly, extending
results by Norbert Wiener, Khinchine derived the Wiener-Khinchine theorem,
which states that the autocorrelation function of a specific class of stationary
random processes has a spectral decomposition that is given by the process’
power spectrum. In his 1938 book Limit distributions for the sum of independent
random variables Khinchine developed the theory of infinitely divisible and stable
distributions, and their applications to the theory of limit distributions for sums
of independent random variables. In a rare joint paper, Khinchine and Lévy gave
the general formula for the characteristic function of a stable distribution.

In his exposition of Khinchine’s work in mathematical probability (Annals of
Mathematical Statistics 33 (1962), pp. 1227-1237), Harald Cramér discusses the
tremendous development of probability as an established mathematical discipline
between 1920 and 1940, expressing the expectation that ‘future historians will as-
cribe this development, as far as the mathematical side of the subject is concerned,
above all to the creative powers of three men: A.l. Khinchine, A.N. Kolmogorov,
and P. Lévy.’

Queueing theory played an important role in Khinchine’s work. Two years later
than Pollaczek, Khinchine also found the formula for the mean waiting time in the
single-server queue with Poisson arrivals and arbitrary service times. The distri-
butional version of this relation, nowadays known as the Pollaczek-Khinchine for-
mula, has found widespread use in actuarial science as well. The Palm-Khinchine
theorem entails that a superposition of a large number of renewal streams con-
verges, after an appropriate scaling, to a Poisson process, which is a result that is
also frequently used in the queueing context.

In his late career, Khinchine increasingly focused on information theory, studying
various concepts that were introduced by Claude Shannon. In 1939 Khinchine was
elected to the Soviet Union’s Academy of Sciences. He was in addition awarded
the Stalin Prize and the Order of Lenin.
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> ANDREY NIKOLAEVICH KOLMOGOROV (% Tambov, Russian Empire, 1903 —
+ Moscow, Soviet Union, 1987) was a Russian mathematician whose influence
on modern mathematics can hardly be exaggerated. He made deep and lasting
contributions to many areas of mathematics and had 82 PhD students according to
the Mathematics Genealogy project; in probability theory these include Borovkov,
Dobrushin, Dynkin, Gelfand, Gnedenko, Prohorov, Shiryaev and Sinai.

His parents were not married, and his father did not take part in his upbringing
while his mother died while giving birth to him. His mother’s sister brought him
up. His exceptional mathematical talent became clear at a very early age, and
he published his first paper at the age of 19. In 1925, still an undergraduate,
he published eight papers. In 1931 Kolmogorov became a professor at Moscow
University. While retaining that position, in 1938 he was appointed head of the
new Department of Probability and Statistics of the Steklov Institute of the USSR
Academy of Sciences.

Kolmogorov’s contributions to topics like turbulence, logic, information theory,
ergodic theory, cohomology, statistics (the Kolmogorov-Smirnov test) and dynam-
ical systems (the KAM-theory) are extensively discussed in his obituary (Bulletin
of the London Mathematical Society 22 (1990), pp. 31-100). Here we restrict our-
selves to mentioning some of his achievements in probability theory. In Hilbert’s
famous list of challenging mathematical problems of 1900, Problem 6 was ‘To treat
in the same manner, by means of axioms, those physical sciences in which math-
ematics plays an important part; in the first rank are the theory of probability and
mechanics’. In 1933, Kolmogorov published his Grundbegriffe der Wahrschein-
lichkeitsrechnung, in which he built probability theory from axioms in a rigorous
way. It had a huge impact on the development of probability theory, and turned it
into a mature mathematical discipline, building on measure-theoretic foundations.
Incidentally, Kolmogorov also completely solved Hilbert’s 13th problem.
Kolmogorov made many important contributions to the topic of limit theorems,
starting in 1925 with a joint paper with Khinchine that contains the three-series
theorem and culminating in the Gnedenko-Kolmogorov book Limit distributions
for sums of independent random variables. He extended Khinchine’s law of the
iterated logarithm from Bernoulli trials to general distributions, not necessarily
identical. Kolmogorov was strongly interested in biological problems, and with
Dmitriev he introduced the term branching process (in the same year as T.E.
Harris). He also introduced the concept of fractional Brownian motion. Kol-
mogorov devoted much time to studying the smoothing and prediction of stochas-
tic processes with stationary increments. This work had considerable military
significance; in World War 2 he and Norbert Wiener independently developed
similar approaches to the problem of predicting the position of moving objects.
Finally we should mention Kolmogorov’s contributions to Markov processes, and
in particular his development of the Chapman-Kolmogorov equations that appear
throughout this book.
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> PAUL LEVY (x Paris, France, 1886 — T Paris, France, 1971) was a French
mathematician who has had a profound impact on the modern theory of stochastic
processes. He showed his mathematical talent at an early age, publishing his first
paper, on semi-convergent series, in 1905 as an undergraduate student of the
Ecole Polytechnique. He completed his PhD thesis in 1911 under supervision of
Hadamard and Volterra, on the topic of integro-differential equations. In 1913 he
was appointed Professor at the Ecole Nationale des Mines, and from 1920 until
1959 he was Professor of Analysis at the Ecole Polytechnique.

Mathematics was a natural choice for Lévy, as his grandfather and father also were
mathematicians. His father wrote several textbooks, including two with Rouché
(Rouché’s theorem is used a few times in this book). One of the three children of
Paul and his wife Suzanne also became a prominent mathematician; furthermore,
she married the renowned mathematician Laurent Schwartz.

Lévy was advisor of five PhD students, including Michel Loeve (who wrote a
beautiful obituary of Lévy; Annals of Probability 1 (1973), pp. 1-18), Benoit
Mandelbrot and Wolfgang Doeblin.

Throughout Lévy’s long career, that was only interrupted by the two World Wars
(he fought in the first and, being Jewish, he had to be in hiding for a while in
the second), he wrote ten books and over 270 papers. The fact that he hardly
attended conferences and that his publications were in French most likely delayed
international recognition for his achievements, while in Bourbaki France he was
initially hardly seen as a mathematician. However, in more recent years his amazing
legacy has become clear.

In 1919 Lévy had been asked to give three lectures on the calculus of probabilities
at the Ecole Polytechnique — a request that would shape his future and that of
probability theory. The realization that a mathematical probability theory was
essentially nonexistent led to an amazing research effort on the topic of limit
laws, which in the period 1919-1934 resulted in major contributions to the central
limit theorem, stable laws (triggered by a question at one of the above-mentioned
lectures), infinitely-divisible distributions, the zero-one law, and distance metrics
in the space of probability distributions. He also turned characteristic functions
into a powerful tool for proving limit laws, via his continuity theorem.

The period 1934-1940 was even more fruitful. In his annus mirabilis 1934 he
developed the theory of what is now called Lévy processes, and in that same
year he also introduced the concept of what has become known as martingales.
He also made important contributions to Brownian motion, one of his major
accomplishments being the introduction of the concept of local time.

Lévy was an individualist, working alone and hardly reading work of others. As a
consequence, he sometimes rediscovered known results. However, it also led him
to profoundly original work. Lévy himself once said, with characteristic modesty:
‘I am asking myself a not too difficult problem, so as not to break my teeth in
front of an excess of difficulties, but all the same to have to make a big effort
which occupies me and gives me the satisfaction of finding something.” Well, he
definitely did find something!
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Exercises

1.1 In this exercise we devise a recursive procedure to compute the moments of
Y(Tp), i.e., the running maximum of ¥ (¢) over an exponentially distributed horizon.
To this end, define

k

o= BTN, @) = < g(@) - 1{k = 0}8.

(i) Prove, using Theorem [I.1] that

B

kL (k) (8¢
Z( )(—Q(a’ﬁ)) oi-c(@) = (1{k = 1}+(a—w(ﬁ))1{k=0})'w(ﬁ).

¢
v )\ da

(i1) Show that (i) implies that
k
B

k
D pe or-e(0) = ({k = 1} = y(B)1{k = 0}) - ——.
;(5)< Y he pree(0) = (k= 1} = w(B1k = 0}) - o5

(iii) Show that this leads to the following recursion: po = 1, while for k € N,

(=D*
v(p)

153 (k
M= g > (€)<—1>"+kuf r-c(0) = 1{k =1}
=0

(iv) Compute p1 and p5.
1.2 Recall that we define the ruin time by
7(u) :=inf{t > 0: X,,(¢) < 0},

so that p(u,t) = P(7(u) < t). In this exercise we focus on evaluating the (transform
of the) ruin probability, jointly with the time of ruin 7(u), the value of the reserve
process immediately before ruin X, (7(u)—), and the value of the reserve process at
ruin X, (7(u)). The quantity X, (7(u)—) > 0 is often referred to as the undershoot,
whereas —X,, (t(u)) > O represents the corresponding overshoot. To analyze the
joint transform, we define, with y := (y1,y2, v3),

p(u,t,y) = E(e—ylT(u)—nXu(T(u)—)—yqu(T(u))1{.,.(“) < t}),

and let Tg be an exponentially distributed time with parameter 8 sampled inde-
pendently from everything else; as 7(u) and X, (7(«#)—) are non-negative whereas
X, (7(u)) is non-positive, we let y;,y2 > 0 and y3 < 0. Our objective is to step-by-
step evaluate the transform with respect to u and ¢:

(@, B,y) :=/ / e_“”ﬂe_ﬁtp(u,t,y)dtdu=/ e "p(u,Tg,y) du.
0 0 0
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For conciseness, below we write
p(u) = p(u’ TB’ y) = E(efyl'r(u)772xu(T(u>7)’73xu(T(M)) 1{T(M) < Tﬁ})
(i) Prove that, as At | 0, up to a o(At)-term,
u
p(u) =e™ A’(/lAt/ P(Bedv)p(u—-v)+
0

/lAt/ P(B € dv) e 72" 6_73(“_")+(l—/lAt—ﬁAt)p(u+rAt)).
u

(i1) The next step is to convert the equation found under (i) into an integro-differential
equation. Show that, with w 1=y + 1+ 3,

u
—rp'(u) = /l/ P(Bedv)p(u-v)+
0
/l/ P(B € dv) e " W) _ 4y p(u).
u

(iii) We now multiply the entire equation by ae™** and integrate over u. To this end,
first show that, with 7(a) = 7(a, 8,7) := an(a,B,y),

—'/0 p'(u) ee” ™ du = a(p(0) - 7(a)).

(iv) Prove the relation

b(-y3) —b(a+y2)
atyrt7y3

ra(p(0) — A(a)) = Wb(a)7(a) + da w(a).

(v) Solve this equation to obtain, with 7(a) = n(a, B,7),

b(-y3) — b(a +72))
a+yr+y3 '

m(a) = (rp(()) -1

pl@)-y1-B

(vi) The only unknown constant leftis p(0). First find this constant, and then conclude
that

(@)

_ 1 (b(—)’s) —b(y(y1+B)+y2) b(-y3) —b(a+ 72))
(@) —y1-B Y(y1+B)+y2+73 a+yr+y3 ’

(vii) Explain why in the expression for n(a, 8,7) the parameters 8 and y; only
appear as their sum (i.e., as y1 + ).

1.3 Consider the workload process Q(¢) (with Q(0) = 0). Assume that the net-profit
condition A EB < r is in place. Recall the regenerative formula, for a function f(-)
and a stochastic process Z(t),
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1 1 T
Bf(Z(eo) = lim 1B [ fzo)as =B [ pzioas,

with T a time between two successive regenerations of the process Z(t); see e.g.
[3, Ch. VI]. Let the stopping time T correspond to the end of the first busy period,
where Q(t) regenerates. As a consequence,

1 g ,
E_TEA e ds = B Q™)

(i) Prove that EY (T) = —r/A.

(i) Show that
1/

T 1-AEB/r
(Hint: argue that ET = 1/41 + (AEBET)/r, with AEBET to be interpreted as the

amount of work arriving in a busy period.)
(iii) Use the Kella-Whitt martingale of Section [I.5]to prove that

ET

B o-@Q(w) _ 090'(0).
p(a)

1.4 Take Laplace transforms in Equation (1.11) to show that

1-b(a)

o) =q =)

1.5 (%) In Section|1.7]it was mentioned that the results of the present chapter carry
over to Y () being a spectrally positive Lévy process. In this exercise we consider a
special case of such processes, namely the one in which Y (¢) is a compound Poisson
process with drift (characterized by the usual A, b(«), and r) perturbed by a Brownian
motion (or: Wiener process). Concretely, the net cumulative claim process is

N ()

Y():=Yw(n)+ ) Bi,
i=1

where Yy (¢) = —rt + oW (¢), with W(z) a standard Brownian motion, and r and o
being two positive parameters. The focus is on all-time ruin, i.e., we wish to evaluate
the transform of Y (c0). We assume the net-profit condition A EB < r holds.

(i) Prove that, for a > 0,

2

2
—arw () _ 9 ¥

ow (@) :=logEe +ra.

(ii) Prove, using the same technique as used in the proof of Lemma that Yy ()
has an exponential distribution with parameter
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. T+w
X5 = ———,
B o2
and that —Y,, (T) has an exponential distribution with parameter

_ —r4w
Xg 1= ,
B 2

where w := /r2 + 280°2. Verify that XpXg = 28/0>.

(iii) Recall from Section that a time-reversibility argument yields that Yy (T) —
Yw (Tg) and -Y, (Tg) are identically distributed (where it is left to the reader to
verify that this argument still applies in the case of Brownian motion). Compute
the transform of Yw () in terms of ¢w («), and use this transform to prove that
Yw (Tg) and Yw (T) — Yw (Tp) are independent.

(iv) In order to compute Ee~*Y(*) we define an alternative compound Poisson
process Y°(¢). It is characterized by the claim arrival rate A° := x7, claim sizes
having the LST

X
b(@) = <2 b(a),
a

and the premium rate being given by r° := 1; let the corresponding Laplace exponent
be denoted by ¢° (@) :=r°a — 2°(1 — b°(@)). Argue that

¥ (c0) Xy
—aY () _ o
Be ) = g (@)
where o
or _ a(¢?)(0)
o’ (a) = ———.
¢°(@)

(Hint: see Figure[I.5])
(v) Show that, with (@) := ow (@) — A(1 — b(a)),

E e—a/Y(oo) — a 90/(0)
e(a)

i.e., Corollary [I.T| carries over to the case that Brownian motion has been added to
the Cramér-Lundberg model.

1.6 (x) In this exercise we analyze p(u) = p(u,Tg,y), as defined in Exercise for
the model defined in Exercise[[.3] i.e., the model in which the net cumulative claim
process Y (¢) contains, besides a compound Poisson component, also a Brownian
component Yy (7). Observe that the level u can be first exceeded either at a claim
arrival, thus leading to positive undershoot and overshoot, or between claim arrivals
(i.e., due to the Brownian component), thus leading to the undershoot and overshoot
both being equal to zero; as a consequence, the approach of Exercise [I.2] cannot
be (directly) applied here. We refer to Figure [I.6] for a pictorial illustration of both
cases. In this exercise we do not impose the requirement r > 0.
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Y (1)

, ”
Il /

AL " Y 1

Fig. 1.5 Net cumulative claim process Y (¢) for the sum of a compound Poisson process and a
Brownian motion, as studied in Exercise E], with the vertical dotted lines corresponding to claim
arrivals. Here Z* is distributed as Yy (71), which is exponential with parameter x7. Also, Z~ is
distributed as ~Y y;, (Ta), which is exponential with parameter x7, and independent of Z*.

Y (1) Y (1)

} — V f

AT AT

Fig. 1.6 Net cumulative claim process Y (¢) for the sum of a compound Poisson process and a
Brownian motion, as studied in Exercise [[.6] with a claim arrival at the vertical dotted line. Left
panel: level u is exceeded due to a jump of the compound Poisson component. Right panel: level u
is exceeded due to the Brownian component, i.e., with zero undershoot and overshoot.

Define p_(u) as the counterpart of p(u), but with a claim arriving at time 0. In
addition,
Tw (1) = inf{t > 0 : Yw (¢) > u}.

(i) Argue, by conditioning on the maximum of the Brownian component until the
first claim arrival, that

p(u) = ‘/OOOP(TW(u) €dV)P(Thug > v)e Y +

(e (o) u
/ / / Ae~ MBI P(Yy (1) € dv)
=0 Jw=0 Jv=0

P(-Yy (1) €dw) e ™ p_(u—v+w)dt,

and
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(o)

u
p-(u) = / P(Bedv)p(u-v) +/ P(B € dv) e 72" 73 (u=v), (1.12)
0 u
(i) Define 7_ (@) analogously to (@), but with p(u) replaced by p_(u). Use (I.12)
to verify that

b(—y3) — b(a+7y2) .

n-(a@) = b(a) n(a) +1(a), Ia):= a+y2+y3

(iii) Show that, with 8 := 1+ 8+ ¥y,
/ P(TW (u) € dV) P(T,l+ﬁ > V) e YV =P (YW (Tg) > M) s
0

so that, with xg as defined in Exercise

1
a+x

/ e“”‘/ Plrw (u) € dv) P(Taup > v) e "V du = —
0 0 [

(iv) Prove that
/ / / Ae™HBIP(Tyy (1) € dv) P(=Yy, (1) € dw) e p_(u — v +w) dt
t=0 Jw=0 Jv=0

1 e
-2 /W ) / B (Ty) € 00 B(-Yyy (Ty) € dw) p-(u=v +w).

and that in addition

/—l/me_‘”‘/oo /uP(YW(Tg) edv)P(=Y, (Ty) € dw) p_(u—v+w)du

0 Ju=o -0

—-n_(a)

/_l xg E e~ @Yw (To) - (xp) _
a-x,

A _

=———(7-(x,) —7_()).

ow (a) iy ( ( 9) ( ))
(The latter computation is a tedious one!).

(v) Upon combining the above, show that

(a—xy) 0?2 + 2 (r-(xy) = b(@) n(a) - (a))
n(a) = ,
ow (@) —0

and express (@) in terms of the model primitives and 7 (x).
(vi) The last step is to identify the constant 7_(x ). Show that, with ¢ (-) denoting
the right inverse of ¢(-), m_(x}) satisfies

(W (y1+B) —xp) 0%/2 + A (n_(xy) = H(y1 +B)) = 0.
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(vii) Conclude that

(@ -y (y1 +5)o?/2 + ALY (y1 +B)) - I(a))

n(a) = pl@)-y1 -8
and verify that
« —au v _ 1 0-2 (p(cy) B N
[ > wans g e -ve) T+ 52 - 5 )

cf. (T.4).

(viii) The remainder of this exercise considers the overshoot X (7(u)). We focus on
the case that ¢’(0) = r — AEB < 0 so that ruin eventually happens. Verify that, for
a > 0andys <0,

" et B e Xt @) gy = % ({0 - o’ _ )
/0 ae ™“Ee du 2@ ((a/ ¥ (0)) 5 + A (I(y(0)) - () | .

(ix) Observe that X, (7(u)) has an atom in zero, due to the fact that ruin can possibly
be reached ‘due to the Brownian component’ (i.e., between two subsequent claims).
Show that

0 a o?
/ ae” ™ P(Xy(t(u) =0)du = — ((a - 111(0))—) :
0 ¢(a) 2
(x) Verify that
Y (0) o
2¢7(0) -
In addition, argue that the expression in the right-hand side of (I.13) is indeed
between 0 and 1. (Hint: consider ¢(a) for @ = ¢ (0) and use b(a) > 1 — a EB.)

Jim P(X, (7(u)) =0) = - (1.13)

1.7 When considering the workload process, so far we have always assumed that
the system starts empty, i.e., Q(0) = 0. In this exercise we show how to extend our
results to the case that Q(0) = x for arbitrary x > 0.

(i) Prove that, for any ¢ > 0,

Q(t) =Y (1) + max{x, =Y (1)}.

(i1) Use the Wiener-Hopf factorization, and the expression presented in part (i), to
establish that

E(e="205) | 0(0) = x) = Be~ ¥ ) /w U (B)e VBV pav gmamix(xv) gy,
0
(iii) Show that

(") | 0(0) = x) = ﬁ (ﬁ eV B _ gmax) (1.14)
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1.8 In this exercise we develop an alternative proof for (I.14).
(i) Argue that, with o-(x) as defined in the proof of Lemma

E(e= ™28 | 0(0) =x) = e ™ E(e” " "B 1{Ty < o (x)}) +
P(o(x) < Tg) E(e" 27 | 0(0) = 0).

(i) Use
Ee Y Tp) = ]E(e_“Y(Tﬁ)l{Tﬁ <o(x)}) +E(e“’Y(Tﬁ)1{Tﬁ > a'(x)})

to prove that

B

E(e® T 1{Ty < o (x)}) = (1 - e(a-ww))x)ﬁ__M.

(iii) Use the above findings to derive (1.14).

1.9 Consider the case that B is exponentially distributed with parameter p.

(i) Invert the r(a, 8) expression in (1.4) with respect to @ to show that p(u, Tg) has,
for coefficients Ki(f), ..., K4(B) and exponents a(8) and a;(B), the following
form:

p(u,Tp) = K, (ﬁ)ea’l(ﬁ)” +K2(ﬁ)e”2(ﬁ)“ _ L(}Q(ﬁ)em(ﬁ)u +K4(ﬁ)e"2('8)“).

¥ (B)

Determine a(8), @2(B) and K;(B),i =1,...,4.

(ii) Assume from now on that 1/(ru) < 1, so that ¥ (co) is finite almost surely. Recall
the definition of the ruin time 7(u) from Remark [I.3] Use the above expression for
p(u,Tg) to obtain E (7(u) 1{7(u) < co}).

(iii) Letting 8 | 0, show that

A
p(u) = L e (p=afrju
i

(Hint: recall that 1/¢7(0) = ¢’(0).)
(iv) Prove the result of (iii) also by determining p(«) and inverting it.
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Chapter 2
Asymptotics

Abstract — This chapter provides asymptotic expressions for the ruin probability
in the regime that the initial reserve level u grows large. One needs to distinguish
between the case that the claim sizes are light-tailed, in which the ruin probability
decays essentially exponentially, and the case that the claim sizes are heavy-tailed,
in which the ruin probability decays as the complementary distribution function of
a residual claim size. While the focus in this chapter is on the asymptotics of the
all-time ruin probability p(u), we also briefly discuss the asymptotics of its finite-
time counterpart p(u,t). We conclude this chapter by some comments on another
limiting regime, corresponding to the heavy-traffic scaling in queueing theory.

2.1 Introduction

A disadvantage of the results presented in Chapter || is that they are in terms of
transforms. As mentioned, these can be numerically inverted, but one lacks generic
insight into the behavior of the ruin probability as a function of the initial reserve
level u. However, if one settles for just its zail (which makes sense, given that ruin
should occur rarely), rather explicit asymptotic results can be derived. This chapter
analyzes the ruin probability in the regime that u grows large.

We throughout assume that EY(1) < 0, to make sure that the net cumulative
claim process Y (¢) does not drift to co as t — oo, and that consequently p(u«) — 0
as u — oo. This is equivalent to assuming that the net-profit condition A EB < r, as
was introduced in Remark[I.T] holds.

When considering tail asymptotics, it turns out that one needs to distinguish be-
tween the claim-size distribution having a light or heavy tail, displaying intrinsically
different behavior; cf. Figure @

o Inthe light-tailed case, p(u) decays exponentially, with (for large u) the net cumu-
lative claim process moving ‘roughly gradually’ towards level u. Put differently,
when ‘zooming out’, the path to a high level u increasingly looks like a straight
line.

41
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o Inthe heavy-tailed (‘subexponential’) case, however, exceeding level u is (for large
u) with overwhelming probability due to a single large claim, and as a consequence
p(u) behaves as the tail of the residual claim size distribution function.

The light-tailed and heavy-tailed cases are dealt with in Sections[2.2and[2.3] respec-
tively.

Y (1) Y (t)

u u N

Fig. 2.1 A typical trajectory of the net cumulative claim process Y (7) exceeding a high level u in
the light-tailed case (left panel), and in the heavy-tailed case (right panel).

We conclude this chapter by briefly touching upon a few related topics. In the first
place, in Section [2.4] we comment on the asymptotics of the time-dependent ruin
probability p(u,t). In addition, in Section we discuss asymptotics in another
limiting regime, in the queueing literature usually referred to as the heavy-traffic
regime, in which ¢ = 1 — AEB/r is sent to 0 (from above, that is).

2.2 Light-tailed case

In this section we assume that there is a strictly positive solution 6* to the equation
©(—6*) = 0, where we recall that ¢(a) := logEe= Y () = ra — A(1 - b(a)). As the
existence of this solution means that Ee~?Y (1) is finite for some negative value of
a, we observe that in this setting all moments of Y (1) should be finite (and hence
also all moments of Y (¢) for any ¢ > 0). This explains why we refer to this setting
as the light-tailed case. It implicitly means that the claim size B is light-tailed as
well; we write B € <. The primary objective of this section is to identify the exact
asymptotics of p(u) in the situation that B € Z: we find an explicit function f(u)
such that p(u)/f(u) — 1 asu — co.
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> Change-of-measure. In our analysis an important role is played by the concept of
change-of-measure. In this construction, we work with a compound Poisson process
with drift that does not have Laplace exponent ¢(a) but rather pg (@) := ¢(a — 6%);
we consistently use the symbol Q to denote the probability measure that goes with
this alternative Laplace exponent. To see that ¢g(a) is indeed a Laplace exponent
of a compound Poisson process with drift, first observe that, due to the fact that 6*
solves the equation —r6* — A(1 — b(—6*)) = 0, we can write

ola—0")=r(a-6%)—A(1 = b(a - 6%))

. b(a — 6%)
=ra—Ab( 6)(1 (0% )
Now note that P(B € dx) e?"*/b(—6%) is a density (i.e., non-negative and integrat-
ing to 1), corresponding to a random variable with the Laplace-Stieltjes transform
b(a — 6*)/b(—0*); we say that this density is an exponentially twisted version of the
original density. Combining the above, we conclude that ¢g (@) = ¢(a@ — 6%) is the
Laplace exponent of acompound Poisson process where the claim arrival rateis Ag =
Ab(—0%), the claims have Laplace-Stieltjes transform bg () := b(a — 0*)/b(-0%),
while the negative drift remains r.

Recall that the process Y (¢) drifts to —co under the original measure P, due to
the assumption EY (1) < 0. We now investigate whether this property has changed
under Q. To this end, first note that the mean of the claim sizes under Q is

b (—*
BB = —b}y(0) = —%,

with Eq () denoting expectation under Q. As a consequence,

b'(-6%)
 b(-0%)

_ e — T_0*Y — v — — (0% — 5
]EQY(I)_/IQ( ) r=-Ab"(=0") —r =—¢'(-07) = —¢5(0), (2.1)
which is positive due to the convexity of ¢(-) and the definition of 8*. Conclude that
under Q the process Y (-) drifts to co. We refer to Figure[2.2]for a pictorial illustration.

> Expression for ruin probability using Q. In this section, we denote by 7(u) the
first time that Y'(-) enters the set (u, o). As a consequence, the probability of our
interest, p(u) can be written as P(7(u) < o0); obviously, due to EY; < 0, this
probability vanishes as u — co. The main idea behind our derivation is to perform
the experiment of verifying whether or not 7(u) < oo applies under Q rather than
under P. Under Q the event {7(u) < co} has probability 1, due to EgY (1) > 0, buta
‘compensation’ is applied to correct for the difference between the two probability
measures.

More concretely, let N be the index of the claim at which, in our experiment, the
set [u, o) has been reached. This means that at that point the interarrival times (say)
E = (Ey,...,Ey) and claim sizes B = (By,..., By) have been sampled (under
Q, that is). With L = L(E, B) denoting the likelihood ratio of the sampled (E, B)
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¢(a) ¥o(a@)

\ /) /.

-0 0*

Fig. 2.2 The functions ¢(a) (left panel) and ¢q (@) (right panel). Observe that ¢’(0) > 0 but
<p’Q(0) <0.

(under P, relative to Q), we have the identity
p(u) =P(t(u) < ) =El{r(u) < oo} = Eg(1{r(u) < o} L(E,B)). (2.2)

Here L(E, B), which can alternatively be interpreted as a Radon-Nikodym derivative
and is therefore often denoted by

dp  dP
L=—=—(E,B),
a0 dQ( )
can be evaluated as follows. The likelihood ratio equals the ratio of the densities
of all sampled quantities, where in the numerator these correspond to P and in the
denominator to Q. Concretely, with fp(-) and fg(-) the densities of B under P and
Q, respectively,

Ae B fo(By) - de BN fo(By)

L(E,B) = .
(E.5) Ag e~ fo(By) - Ag e BN fo(By)

Applying
% 1 fe(x)

1o b(=0%)  fox)

our expression for L(E, B) simplifies to

N N N N
exp | (Ag — A) Z E, - 6* Z B, | =exp (—4(1 — b(=6%)) Z E,-6* Z B,,)
n=1 n=1

n=1 n=1
N N
= exp (re* > E,-0* ) B,
n=1 n=1

_ OV (T

e—@*xb(_e*)’

From the above, recalling Equation (2.2)) as well as the fact that 7(u) < oo with
probability 1 (under Q, that is), we find the following identity.
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Proposition 2.1 Assume B € &. For any u > 0,

p(u) = EQe*H*Y(T(u)).

Importantly, to obtain Proposition 2.1/ no ‘asymptotic argumentation’ has been ap-
plied yet; the identity holds for any u# > 0. In addition, realizing that (by definition)
Y(7(u)) > u, we have derived an upper bound on p(u), uniform in u > 0, known as
the Lundberg inequality.

Proposition 2.2 Assume B € £. For any u > 0,
plu) < e 0,

> Ladder heights, Cramér-Lundberg approximation. Observe that we can write
Y(r(u)) = u + R(u), with R(u) > 0 denoting the overshoot over level u. Our next
objective is to prove that EQe‘B*R ) tends to a (positive, finite) limit, say y, as
u — oo, which then implies that

lim p(u) e’ ™" = y.
Uu—00

Let (H,), be the ladder height process corresponding to the net cumulative claim
process Y (), a concept we encountered before in Section [I.4] We refer to Figure[2.3|
for an illustration. The individual ladder heights are i.i.d., so that (H},), is a renewal
process (which is, under Q, non-defective); let H denote a generic ladder height. A
crucial observation is that R(u) coincides with the overshoot of (H,), over u. It is
a well-known result from renewal theory that, as u — oo, this overshoot converges
(in distribution) to a limiting variable, say H, with distribution function

“Q(H > )

H<x)= —2dy; 2.3
Q(H <x) o EoH y (2.3)
see Exercise[A.3l We conclude that
v =Eq e H

We use the theory developed in Section[I.4]to evaluate this object. In particular, the
expression that we found for the transform of a ladder height can be applied here.

In order to find an expression for y, we first determine Eq e~ " To this end, we
can use Proposition[I.4] so as to obtain

_aH_l_O—gaQ(a) _/_11—b(a—9*).
r* —ra r a-60

Ege 2.4)
here it is observed that, in self-evident notation, 1//Q(O) = 6* (as can be concluded
from the right panel of Figure[2.2]in combination with the right panel of Figure[.3).
Then,
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Y (1)

Fig. 2.3 Net cumulative claim process Y (¢), the ladder height process (H,,)», and the overshoot
R (u) over level u (dashed line); the corresponding running maximum process Y () is depicted by
the dotted lines.

1= _p* _a*\b (A%

EQH:—lim—dEQe_“Hz/—llim bla - 67) + (@ = 67)b'(a - 7)
al0 da r al0 (a,_g*)z

A1 =b(=6%)—0*b'(-6%) 1

- = —EgY(1

r (6*)? el (-

where in the last equality it has been used that 6* solves ¢ (—6*) = 0, in combination

with (2.I). By Equation (2:3)),

Eg e_aH = !

1
Ll (1 o),
QEQH
so that
Ege = lim lL(l _E e—“H)
Q alo* (l’EQH Q
1 1

1 11
——— [1+%p0)] = —— ——BY(1
O*EQH( +rb(0)) 1),

ro* EqH

where in the second equality Equation (2.4) has been used. We conclude that
v = —EY(1)/EgY (1) (which is a positive, finite number). We have thus found
the following result.

Theorem 2.1 Assume B € L. As u — oo,

_EY()

6*u
pu)e — Er ()"
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We call p(u) ~ f(u) := ye~?"" the Cramér-Lundberg approximation. It is asymp-
totically exact, in that p(u)/f(u) — 1 as u — oo. Note that we can alternatively
write

EY(1)  ¢’(0)  r-AEB

EQY(]) 90@(0) /IQ EQB -r

’y:

> Large deviations, logarithmic asymptotics. In case one settles for determining just
the exponential decay rate 8*, a considerably more elementary derivation can be
given, using tools from large deviation theory. An additional motivation to include
it, is that the same line of reasoning is extensively used in Chapter|§]

A first relevant large deviations result, proven in Exercise 2.4 concerns the
probability that the sample mean of a sequence of i.i.d. random variables attains a
rare value.

Theorem 2.2 (Cramér) With Y1,Y>, ... i.i.d. random variables distributed as Y (1),
fora > EY(1),

n—oo n

1 n
lim — logP (Z Y > na) =-I(a),
i=1

where [(a) = supy. (6a — ¢(—0)) denotes the Legendre transform of the cumulant
generating function ¢(—0).

The Legendre transform /(a) featuring in Cramér’s theorem is known to be non-
negative and convex, and attains its minimal value 0 in a = EY (1) = —¢’(0). A
second key result from large deviations theory is the following uniform upper bound,
which is also proven in Exercise [2.4]

Theorem 2.3 (Chernoff) Uniformly in n,

P (ZY, > na) e ™M@,

i=1

A lower bound on the decay rate of p(u) now follows directly. To this end,
observe that, for any 7 > 0, we have that p(u) = P(Y(c0) > u) > P(Y(Tu) > u). As
a consequence, for all T, u > 0,

Y(Tu) 1
Tu T)

1 T
—logp(u) > — logP (
u Tu
Applying Cramér’s theorem, we thus find
|
liminf —log p(u) > -T I(1/T).
u—oo Y
But recall that this lower bound applies to any 7 > 0. Selecting the sharpest

among these lower bounds, we arrive at, denoting I* := T*I(1/T*) with T* :=
arginfr-oTI(1/T),

liminf — log p(u) > —I*.
u—0 Y
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Below we show that I* = 6*, but we first prove that the corresponding upper
bound, too, equals —I*. The derivation of this upper bound is somewhat more
involved. First realize that due to the fact that the process Y () can go down at a rate
of maximally » per time unit, we have

EInEN:iY,->u—r)<i]P’(iYi>u—r),
i=1 n=1 i=1

the second inequality being a consequence of the union bound. For a given £ > 0
(which we will pick later), we can split the expression in the previous display into
two sums:

p(u) <P

T*(1+&)u n S n
Z P( Yi>u—r)+ Z P(Zﬂ>u—r); 2.5)
i=1 i

n=1 n=T*(1+&)u+l i=1

here we let for ease 7* (1 + £)u be integer (remarking that it is straightforward but
somewhat annoying to adapt the argument to non-integer values). We consider both
sums separately, starting with the second one. This sum is dominated by (letting
u>r)

o0 n o —(T*(1+&)u+1)I (0)
Z P(ZK?O) < Z e‘"“o):e—_,(o),
n=T*(l+&)u+l  \i=1 n=T* (1+£)u+1 l-e

where in the first step the Chernoff bound has been used. Now focus on the first sum,
which is obviously majorized by

=1,..., T*(1+&)u

n
T*(1+&)u max P(ZY,-?u—r)
" i=1

<KT*(1+&)u max exp (—nl(u_r)),
n

n=1,....,T*(1+&)u

where in the last step we again appeal to the Chernoff bound. Notice that, by the very
definition of T*, for any § > 0 and u large enough

exp (—nl(u;r)) =exp (—(u -r) n I(M_r)) < e~ (I*=9)

u-—r n

foralln € {1,...,T*(1 +&)u}. The next step is to pick & sufficiently large to ensure
that 7*(1 + £)I(0) > I* — 6, entailing that the decay rate of the first sum will
dominate. We thus conclude that

1 1 *
lim sup — log p(u) < limsup — log (T*(l +e)ue WU *5)) =-I*+6.
u

Uu—00 u Uu—00

Letting § | 0 we have established the desired upper bound. Together with the lower
bound we have thus derived the following result: the logarithmic asymptotics of p(u)
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are given by
1
lim —log p(u) = -I*.
u—oo |y

It is left to prove that I* = 6*. To this end, let 8(a) be the optimizing argument
in the definition of I(a), i.e., 8(a) solves a = —¢’(—0). Define A := 1/T so that
I* = infa~ I(A)/A. To find the optimizing A, we compute the derivative of I(A)/A
and equate it to 0, to obtain the first order condition Al’(A) — I(A) = 0, and hence

A0 (M)A +6(A) + 9" (-0(A))0'(A)) — 1(A) = 0.

But, as we know that A+¢’(—6(A)) = 0, this condition reduces to AG(A) = I(A),i.e.,

@(—0(A*)) = 0 for the optimizing A*. As a consequence, we have that §(A*) = 9*.

We thus conclude that . .o

I*:I(A ) :A 0 _ o
A* A*

The minimization infp-( 7(A)/A has an appealing interpretation. We can view A
as the slope at which the process Y (¢) moves from level O to level u, which ‘costs’
I(A) per unit of time. In addition, the time needed to reach level u is proportional to
1/A. Combining both effects we end up with cost /(A)/A. When optimizing 1(A)/A
over A, we thus identify the ‘cheapest’ slope. There is a trade-off: a low value of
A corresponds to a low cost per unit of time but then the unusual behavior has to
persist for a relatively long time, and vice versa for a high value of A.

The timescale 7* := 1/A* has a similar interpretation: 7*u is the typical time it
takes to exceed level u. This is also reflected by the fact that the first sum in 2.3),
containing timescales around T*u, dominates the second sum.

2.3 Subexponential case

We start this section by recalling a result from Chapter [I] We have observed in
Proposition[I.T| that we can rewrite

p(u) =P (i B > u) -P (B*G > u) , (2.6)
i=1

where the random variable B is called the ‘residual’ of B, and G is geometric
with success probability ¢ := 1 — AEB/r. The density of B is given by fz(u) :=
P(B > u)/EB.

In the previous section we assumed that the claim-size distribution was light-
tailed, which implied that all moments of the claim-size distribution exist. In this
section we consider the case that this condition is violated. Instead we assume that
B is such that, as u — oo,

P(B*? > u)
—_
P(B > u)

2.
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Informally this means that if the sum of two i.i.d. copies of B is large, this is most likely
due to one of them being large, rather than both of them significantly contributing.
We write B € &; the set & is usually referred to as the set of subexponential
distributions. It is noted that in general neither B € & implies B € &, nor B € &
implies B € &, in that one can construct counterexamples. These counterexamples
are rather intricate, though: as it turns out, for a broad set of relevant distributions,
the claims B € & and B € & are equivalent. We get back to this below for three
important classes of distributions.

Theorem 2.4 Assume B € . As u — oo,

p(u) . 1-¢
P(B > u) c

Before proving this theorem, we first discuss a number of auxiliary results. These
cover a number of useful properties of subexponential distributions. The following
lemma is covered by [3| Proposition X.1.7] and [3, Lemma X.1.8]. We do not include
the proofs here, but mention that part (i) follows from an inductive argument (noting
that the claim is true for i = 2 by definition).

Lemma 2.1 (i) IfY € &, then, as u — oo,

P(Y* > u)
P(Y > u)

(ii) If Y € &, then for all € > 0 there exists a constant K . such that, for all i and u,
P(Y* > u) < Ko (1+8) PY > u).

The following lemma is essentially [3, Lemma X.2.2]. It can be considered as the
stochastic counterpart of part (i) of Lemma 2.1} with a random number of terms /
rather than a deterministic number i.

Lemma 2.2 Let Y1, Y>, ... be i.i.d., distributed as a generic random variable Y. Let
I € Ny be independent of Y1,Ys, . .. with EZ < oo for some 7 > 1. Then, as u — oo,

P(Y* > u)

EI.
PY >u)

Proof. As u — oo, by Lemma @ki) and dominated convergence,

P(I=i) — ZiP(l =) = EI.
i=0

POY* > u) i P(Y* > u)
P(Y >u) £ P(Y > u)

Here dominated convergence is justified by relying on the following upper bound,
that is a consequence of Lemma [2.1{ii):

P(Y* > u) . o i |
;WPU:O <Ksi§(1+g) P(I=i)=K,E(l+8),
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which is by assumption summable for sufficiently small &. O
The proof of Theorem[2.4]is now straightforward.

Proof (of Theorem[2.4). Combine the geometric sum representation of Equation (2.6)
with Lemma[2.2] In addition, observe that

1-c¢

c

EG:Zi(l —¢)ic=
i=0

and Ez¢ < wifz € (1,1/(1 - ¢)). O

> Examples. A few distributions that are known to be subexponential are the Pareto,
lognormal, and Weibull distributions. These are characterized by, respectively, for
u >0,

l - 1,
P(B>u) = , 1P’(13>ld)=1—‘1>(w), P(B >u)=e ",
o

(A+u)n

with @(-) denoting the distribution function of the standard normal random variable.
The following assumptions are imposed on the parameters.

o In the Pareto case: A > 0 and 1 > 1 (to ensure that EB < o).
o In the lognormal case: ¢ € R and o > 0.
o In the Weibull case: u > Oand 5 € (0, 1).

It is now a direct consequence of Pitman’s criterion that each of these random
variables B has a subexponential distribution; in Exercise @] Pitman’s criterion is
formulated and proven. We proceed by arguing that their residuals B have subexpo-
nential distributions as well, and we in addition identify their tail behavior.

For the Pareto distribution it is directly verified that EB = A" /(5 — 1), so that as
u — 0o,

_ o 1 1
BB >u)=n- Dﬁ (A+v)n dv= (A+uyr 1~ ur 2.7

Observe that B has the same type of tail as B, but with the tail index -1 being
replaced by —7 + 1, which also implies that B has a subexponential distribution as
well.

For the lognormal case, where EB = exp(u + 0%/2), more delicate asymptotics
are needed. The following lemma is useful in this context. It can be proven by an
elementary application of L’Hopital’s rule.

Lemma 2.3 If for some differentiable function h(x) it holds that

lim L (@), =0,

X—00 h(x) X

then
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[ e ay ~ Mo

The first step is to describe the tail behavior of B itself. From its definition, and using
the above lemma,

°° ) 1 o logu — u\2
P(B>u)=/ —e "/zdv~——exp(—l(—) )
(logu-p)/o N2m V2 logu — u 2 a

Now note, in the second equality recalling the expression for EB, that

P(B > 1 ® ] 1 — y\2
M:_/ A e L Y
EB EB J, 2xlogv—u o

= L N L le_WZ/ZO' W T dy
EB (logu-p)/ o 2n W
O' e 2
Ze~w=0)7/24,,
V2 (logu-p) /o W
o © 1

2
e Pdw.
V (logu-p)/o—o W+ O

Applying Lemma once more, we find the following tail for B:

_ o o o logu — u 2
P(B > u) ~ e _;(_ _ )
( “) V2 logu — plogu — pu — o2 XP( 2 o 7

0_3 e—p—02/2

u logu —
Van <1ogu>2exp(_%( 7 ))'

It is again a consequence of Pitman’s criterion that the distribution of the residual B
is subexponential.

We finally consider the Weibull case. A direct calculation shows, with I'(x)
denoting the gamma function, that

1 1/n 1
EB = (—) “1(1/p).
u) n

Rewriting, with the substitution uv?7 = w?/2,

/oo e dy = z/w ((2/1)’1/'7 w21 eiWZ/Z) dw,
u n \2uu

a next application of Lemma 23] yields

—_ —_ 1 1
BB > ) ~ (u170) e
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Again, Pitman’s criterion can be used to show that the distribution of B is subexpo-
nential.

> Principle of single big claim. It can be argued that in the subexponential regime,
the event of ¥ (c0) exceeding u, for u large, is essentially due to a single big claim.
We now present an informal computation to support this claim.

Suppose u is to be exceeded at time 7. Then the process Y (¢) is roughly at level
—rct = —(r — AEB)t, so that the big claim arriving at time ¢ should have size at least
u + rct. It leads to the approximation, for A | 0,

p(u) ~ /l/ P(B > u +rcs)ds.
0

Performing the change of variable v := u + rcs, we thus obtain

A ® AEB _ - 1-c¢
p(u)z—/ P(B>v)dv=——P(B>u) = CP(B?u),
u re c

rc

in line with what was stated in Theorem 2.4]

The above informal procedure can be made rigorous, as pointed out in e.g. [26,
pp- 36-39]. The rigorous approach works with a lower bound and an upper bound.
In the lower bound, it is used that the ruin probability majorizes the probability of
a specific scenario that leads to ruin. Thus, to make the lower bound as tight as
possible, one analyzes the probability of the most likely scenario discussed above.
In this context, a crucial step concerns the use of the law of large numbers to support
the claim that with overwhelming probability Y (¢) is roughly at level —rct at time ¢,
for ¢ sufficiently large. The upper bound is in this type of proofs typically harder to
deal with, as one should argue that all other scenarios (e.g. no big claim, multiple
big claims) can be asymptotically neglected.

2.4 Time-dependent ruin probability

Thus far, in this chapter we have focused on the asymptotics of the all-time ruin
probability p(u). The analysis of the finite-horizon ruin probability p(u,t) is in
general more involved. In this section we provide the main intuition behind the
asymptotics of the finite-horizon ruin probability in the regime that the horizon ¢ is
scaled by u, i.e., for a given value of ¢ we characterize the behavior of p(u,tu) as
u — oo. Again we need to distinguish between the claim sizes being light and heavy
tailed.

> Light-tailed case. Relying on the large deviations based argumentation introduced
in Section@], it directly follows that, for a given value of r > 0,

1 1
lim —1 stu)y=— _inf TI|=].
Jim o ptes == g 71 {7
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Calling, for a given 7, the corresponding decay rate I* (), and recalling the definitions
of T* and I* from Section2.2] it is immediately seen that /*(¢) = [* incase t > T*,
whereas I*(¢) > I'* if t < T*. The intuition behind this dichotomy is the following.
As argued in Section[2.2] 7*u can informally be seen as the most likely timescale it
takes to reach level u. If ¢ > T*, then the likelihood of reaching level u before time
tu is essentially the same as the likelihood of reaching level u at all, thus explaining
that the corresponding decay rates match. If on the contrary ¢ < T*, then it takes
additional ‘costs’ to make sure level u is reached by time 7u, so that the likelihood of
reaching level u before time 7u is significantly lower than the likelihood of reaching
level u at all.

> Subexponential case. Using the principle of the single big claim, it is straightfor-
ward to determine the tail asymptotics of p(u, tu). Indeed, following the reasoning
presented in Section [2.3]

tu/A tu
p(u,tu) =~ Z/lAP(B>u+rckA)—>/l/ P(B > u +rcs)ds,
k=0 0

which, again using the change of variable v := u + rcs, leads to

1 u(l+rct)
p(u,tu) ~ —/ P(B > v)dv
r u

=— (P(E > u) —P(B > u(l +rct))).

This result can be rigorized, e.g., by applying the procedure detailed in [26, pp.
36-39]. For instance in the Pareto case, we thus obtain

—C

1
p(u,tu) ~ M_T]"'l( 1= (1 +rct)—7]+1 )

2.5 Heavy traffic

In this section we consider a second asymptotic regime in which expressions simplify,
viz. the regime in which the drift of the net cumulative claim process approaches 0
from above. In other words, we focus on the behavior of ¥ (c0) as¢ = 1 —=AEB/r | 0.
In the queueing literature this regime is, for obvious reasons, referred to as the
heavy-traffic regime. In the insurance risk literature, this is the regime where the
safety loading r /(1 EB) — 1 is positive but small.

The starting point of our analysis is the Pollaczek-Khinchine formula, as presented
in Corollary [I.T}

B oa¥ () _ rea

T ra—-A(1-b(a)’



2.5 Heavy traffic 55

As it turns out, we again have to distinguish between light tails and heavy tails, but,
importantly, these notions have a different meaning than in the previous sections: in
the light-tailed setting we have that Var B < oo, whereas in the heavy-tailed setting
of this section Var B = co (where in both cases we assume, as before, that EB < o).
To emphasize its dependence on ¢, we write ¥, (co) rather than ¥ (o).

> Light-tailed case. If ¢ | 0, then clearly Y, (c0) explodes. We will show, however,
that when multiplying this random variable by ¢, we have convergence to a non-
degenerate limiting random variable. Indeed, using a Taylor series expansion of
b(ca),

B g-caTe(e) _ rca
rca —A(1 = b(ca))
~ rcta
rca — A(EB ca — 3E[B?] c2a? + O(c?))
~ rcta
rea —r(l = c)ca + 3AE[B?] c2a? + O(c?)
-—
r+ Q/IE[BZ] a
as ¢ | 0. Note that
AE[B?] E[B*]
m = f = .
cl0 2r 2EB

Hence, by Lévy’s convergence theorem (Theorem[A.2)), and recognizing the Laplace-
Stieltjes transform of the exponential random variable, we thus conclude that ¢ Y. (o)
converges (as ¢ |, 0) in distribution to an exponentially distributed random variable
with mean &.

> Heavy-tailed case. The above reasoning clearly does not apply if Var B = oo, or,
equivalently, E[B2] = co. Here we consider the case, for some ¢ € (1,2) and A > 0,

A -5

P(B?M)N—mu

as u — oo. According to a special case of [/, Theorem 8.1.6], it means that
b(a) - 1+aEB~Aa’

as @ | 0 (for a bit more background on such Tauberian theorems, we refer to
Exercise [2.7). Now, with £ := 1/(6 — 1), the claim is that ¢¢¥,(co) converges to
a non-degenerate random variable. This follows by observing that, by expansions
similar to those used in the light-tailed setting,

re*éa r
%
reSa—A(1-b(cfa)) r+dAadV’

Becfahe() 28)
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as ¢ | 0. We recognize the Laplace-Stieltjes transform of a random variable with a
Mittag-Leffler distribution.

2.6 Discussion and bibliographical notes

The light-tailed asymptotics, as presented in Section[2.2] have a long history, starting
in the 1920s. Lundberg’s inequality was given first in [18], whereas the Cramér-
Lundberg approximation dates back to [[10]]. Later efficient proofs relying on change-
of-measure have been developed; see e.g. [22]. Our approach also includes some
renewal-theoretic elements; see e.g. [2, Chapter 5] for more background. It is also
possible to derive the tail asymptotics directly from the Laplace transform of ¥ (o)
through the (not entirely rigorous) Heaviside approach; see e.g. [L1, Section 8.1]
for a description of this recipe. Arguably the most general version of the Cramér-
Lundberg approximation, viz., for spectrally two-sided Lévy processes, can be found
in [6]. In the last part of Section [2.2] some elementary results from large deviations
theory are relied upon. In the area of large deviations, it is the textbook [12] that
perhaps best strikes the balance between completeness, rigor, and accessibility; this
book also covers the concepts of change-of-measure and exponential twisting. Our
line of reasoning borrows various elements from the argumentation developed in
[14].

The tail asymptotics in the heavy-tailed, subexponential case, as presented in
Section @ date back to the 1970s. Early references include [5} 18, (19, 24]. In our
presentation we essentially followed the line of reasoning of [3l Section X.2]. A
general approach has been presented in [[13, Section 5], covering besides the light-
tailed and heavy-tailed cases also an intermediate case, where ¢(—«) is finite for
some positive @ but there is no * > 0 solving ¢(—6*) = 0. For the special case
of regularly varying claim sizes an alternative (transform-based) approach can be
followed [7]]; see also Exercise Pitman’s criterion can be found in [20]; the
line of reasoning in Exercise[2.6]follows that of the proof of [3| Proposition X.1.13].
Asymptotics of p(u)—p(u,t),forfixedz > Oand u — oo, assuming regularly varying
claim sizes, have been provided in [4]]. A textbook treatment of the heavy-tailed case
is [17].

In Section [2.4] we presented a brief overview of the results on finite-time ruin
probabilities. A very detailed account, including various types of approximations
and expansions, is provided in [3, Chapter V]. We in particular mention the classical
contributions [1} 21} 23]].

Regarding heavy traffic, as discussed in Section[2.5] in the queueing literature the
first results on the finite-variance case have appeared in the early 1960s [16], but in
the risk setting the first paper goes back to as early as 1940 [15]. A reference on the
case with infinite variance is [9]]. In both the setting with finite and infinite variance,
also process limit versions have been developed. Concretely, after scaling time in an
appropriate manner, in the finite-variance case convergence to reflected Brownian
motion has been established (of which the exponential distribution is the stationary
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distribution), whereas in the infinite-variance case there is convergence to a reflected
alpha-stable Lévy motion (of which the Mittag-Leffler distribution is the stationary
distribution). For a broad overview of such stochastic-process limit results, we refer
to the textbook [25]].

Exercises

2.1 Consider the case that B is exponentially distributed with parameter y, and
assume A/(ru) < 1, so that ¥ (co) is finite almost surely. Denote ¢ = 1 — A/(ru).
Recall from part (iv) of Exercise[I.9]that

Ee @Y (™) = (r—i)/(r— A )
p p+a

(i) Show that ¥ (o) is 0 with probability ¢ and exponentially distributed with param-
eter u — A/r = puc with probability 1 — c¢. Show that this entails that, as u — oo,

p(u) et —1-c.

(ii) Verify that the asymptotics of p(u) (as u — o), as identified in (i), match with
Theorem[2.1} (Hint: start by showing that 6* = uc.)

2.2 We again consider the case that B is exponentially distributed with parameter u,
under the assumption A/(ru) < 1. Denote ¢ = 1 — A/ (ru).

(i) Show that
I(a) = (Vu(a+r) - V)~

(ii) Use this to verify that 7* = (1 — ¢)/(rc), and to provide the logarithmic asymp-
totics of p(u, tu) for u — oo and any 7 > 0.

2.3 In this exercise we prove Theorem [2.T]using (vi) of Exercise[T.2]
(i) Argue that

* A bo(6*) - b 0 bo(6%) — b
lim Ege "R = [im Q@ (ba(6%) — ba(¥q(0))  bg(6%) — bg(a) _
o 10 pg(a) Yq(0) - o* a@—0*

(ii) Verify Theorem[2.1] by showing that

hm EQe_g*R(M) __ §0’(0) _ r —/lEB )
u—oo tp@(O) /lQ EQB —-r

2.4 (%) In this exercise we prove the Chernoff bound and Cramér’s theorem. Let
(Y,)n be a sequence of random variables with the cumulant generating function
log E ¢?Y' being finite in an open neighborhood of the origin. Define the Legendre
transform of Y; by, fora > EY,
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I(a) = sup(fa — logE ¢?1).

>0

(i) Argue that, for any 6 > 0,

n n
EefN
P(ZY, > na) < ( o0a )

i=1

(i1) Show that the result obtained in (i) implies the Chernoff bound
P (ZY’ > na) <e @,
i=1

(iii) Now that we have verified the Chernoff bound, in order to establish Cramér’s
theorem, it suffices to prove the lower bound

lim 1nf logP (Z Y > ) > —I(a). 2.9)

n—oo n

With 6 = 6(a) denoting the optimizing argument in the definition of /(a), define
the probability measure Q via

ety

Q(Y1 e dy) :=P(Y; € dy)E T

and denote expectations under Q in the usual way. Prove that

EeQYl n
(ZY na) / / } (e an) Q(Yy e dy1) - - QY € dyp).
Py 1y1>na i
(iv) Show that, for all £ > 0,
n
P(ZY[ZHQ)Z(EEQYI)nEQ(E_BZiIY[I{ Yl>na})
i=1

> (e g=0nall+e) Q(na <) Yi<na(l+ 8)).

i=1

N

(v) Show that EqY; = a, and verify that VargY; < co. Then use these results to
conclude, by applying the central limit theorem, that, for any & > 0,

rngIgOQ(na SZYi <na(1+5)) ==

i=1

(vi) Prove 2.9).
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2.5 (x) This exercise further builds on Exercise focusing on the model in
which Y (¢) is the sum of a compound Poisson process with drift (characterized by
the usual A, b(a), and r) and a Brownian motion. The net cumulative claim process
is given by

N(1)

Y(l) =Yw (l) + Z B;,
i=1

where Yy (t) = —rt + cW(t), with W(z) a standard Brownian motion, and r and
o being two positive parameters. In this exercise our objective is to determine
the asymptotics (as u — o0) of p(u) = P(Y(0) > u) for B € Z. As we have
consistently done in this chapter, we impose the requirement EY (1) < 0. Let, as
before,

o?a?

o(a) :=logEe YV = ro 4 - A1 - b(a).

(i) As in Exercise|1.5| we work with an auxiliary compound Poisson process Y° (7).
Let x7 and x| be as in Exercise Then Y°(¢) is defined by the claim arrival rate
A° := x7, claim sizes having the LST

N
XA

b°(a) = b(a),

xi+a
and the premium rate being given by r° := 1; let the corresponding Laplace exponent
be denoted by ¢°(a) := r°a — 2°(1 — b°(a)). Let 6* be the solution for 6 of
¢°(—0) = 0. Show that ¢(—6) = 0 and ¢°(—6) = 0 have the same positive solution
(which is 6%).

(ii) Let E be an exponentially distributed random variable with parameter y with
u > 0*, independent of Y°(r). Prove that, in self-evident notation,

P(E +Y°(00) > u) e? " — _EBr Q) L

EqY°(1) u—6*
as u — oo. (Hint: first recall the asymptotics of ¥°(co), then condition on the value
of E, and use dominated convergence, where a suitable majorant can be found by
applying Lundberg’s inequality.)
(iii) Recall from Exercise [1.5] that Y (-) is distributed as E + ¥°(-). Show that this
implies that, as u — oo,

P(Y(c0) > u) R Q
P(Y°(c0) >u) x4 —6*

Use this result to show that P(¥ (c0) > u) e u converges to a constant as u — oo.

2.6 (%) Let B be a non-negative random variable with density fz(-). Define the
corresponding hazard rate by
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_ J(u)

Our goal is to prove Pitman’s criterion: B is subexponential if

/ "M fp(u) du < oo. (2.10)
0
We do this by showing that, as u — oo,
P(B*? > u)
H = 1 1.
W=3Esn '~

(i) Show that

H (u)

*2 > ) - > u >u-
_RBT>u P(B>u):/0 P(B>> )V)fB(V)dV.

P(B > u) P(B

(ii) Argue that in order to prove Pitman’s criterion we can assume, without any loss
of generality, that /1 (u) is decreasing on [0, co).
(iii) With A*(u) = /Ou h(v) dv, verify that H(u) := H|(u) + H>(u), where

u/2
Hi(u) := / R =)= ) )y gy,
0
u/2 + + +
H;(u) ::/ el (W)= (u=v)=h*(v) h(u —v)dv.
0

(iv) Use the fact that 4*(u) is concave to show that, for 0 < v < u/2,
h*(u) = (u—v) < vh(u—v) <vhQ).

(v) Apply dominated convergence and the inequalities found in (iv) to prove that,
under the proviso that condition (2.10) holds, H; («) — 1 and H(u) — Oasu — .
Conclude that, under (2.10), H(u) — 1 as u — oo, as desired.

(vi) Verify for B having a lognormal distribution that B has a subexponential distri-
bution. The same for B having a Weibull distribution (with 7 € (0, 1)).

2.7 Consider the situation of subexponential claims, as treated in Section For
B in special subclasses of & there are alternative proofs of Theorem this
exercise, we make use of the concept of a so-called Tauberian theorem to reprove
Theorem [2.4] for the case that the claim sizes have a Pareto distribution. Tauberian
results provide a one-to-one relation between the behavior of the Laplace-Stieltjes
transform of a non-negative random variable Z near the origin and its tail behavior,
for the case that the tail distribution of Z is effectively of power-law type (formally:
when the tail is regularly varying); see e.g. [/, Theorem 1.7.1].

The particular result that we will be using in this exercise states that, for a non-
negative random variable Z and some § € (1, 2), the following equivalence holds:
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Ee ®” —1+aEZ
lim —< @22y = ImPZ>uwu’=-—1 .
al0 ad u—00 I'(1-9)

here n > 0 and I'(1 — §) < 0. Likewise, for a non-negative random variable Z and
some § € (0, 1),

. Ee 2% — 1 . S n
E’Il% o n uh_rgoIP(Z u)u -0

heren > O0and I'(1 - §) > 0.
(i) Suppose that B has a Pareto distribution: for some A > 0 and y € (1, 2), the tail
distribution of B is given by

AY
P(B > u) = m,

with # > 0. Note that B has a finite mean but an infinite variance. Prove, using the
equivalence that was stated above, that

b -1 EB
hmu =-A"T(1-y)>0.
al0 024

(i) Show, by combining Corollary [I.T| with Part (i), that

Ee®¥(® _1 2
lim—————— = Z AT (1 - y).
oﬂ% ar! re (1=

(Hint: as a first step show that (¢(a) —rca) @™ — —AAYT'(1 —y)asa | 0.)
(iii) Reprove Theorem [24] for this specific class of claim sizes. (Hint: use Equa-

tion (2.7).)
2.8 Provide the full derivation of (2.8).
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Chapter 3
Regime switching

Abstract — This chapter focuses on the evaluation of the transform of the ruin
probability in a regime-switching (or Markov modulated) version of the standard
Cramér-Lundberg model. In the derivation various elements from Chapter [I] are
relied upon, in particular the idea of conditioning on the first event and the Wiener-
Hopf decomposition. The results established in this chapter also facilitate the analysis
of the conventional (non-modulated, that is) Cramér-Lundberg model over a phase-
type horizon (rather than an exponentially distributed horizon). Finally, we comment
on a setup in which the model parameters are periodically resampled, and argue that
it fits in the modelling framework discussed in the chapter.

3.1 Introduction

In this chapter we analyze the ruin probability in a model that can be considered as the
regime-switching (or Markov modulated) version of the standard Cramér-Lundberg
model. Before formally introducing it, we first provide a verbal description. We
define a modulating process, in our case a continuous-time Markov chain J(¢) on
{1,...,d}, also often referred to as the regime process or the background process.
In addition, there are d net cumulative claim processes Y;(¢),i = 1,...,d, all of
them corresponding to a compound Poisson process with drift. Then the idea is that
the net cumulative claim process Y (¢) evolves as the process Y;(¢) when J(¢) = i.

We proceed by presenting our model in full detail. We start by describing the
modulating process. We let J(t) be a Markov process with transition rate matrix Q,
that evolves independently of the net cumulative claim processes that we introduce
below. Let the jump epochs of this process be (U,),. The transition rate matrix
0 = (q; f)gjzl has non-positive entries on the diagonal whereas the other entries are
non-negative. Importantly, we do not a priori assume the modulating process to be
irreducible; hence, it could correspond to multiple classes. In addition,
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64 3 Regime switching

9i=-qi= ), >0 (3.1)

Jj=

d
1,j#i
for all non-absorbing states i, whereas g; := —¢q;; = 0 for absorbing states i.

The second ingredient of our model are d independent compound Poisson pro-
cesses with drift, i.e., Y{(¢),...,Y4(¢), evolving independently of the modulating
process J(1). In self-evident notation, the Laplace exponent of the i-th process is
given by

pi(@) =ria - A; (1 - ]Ee_‘YB(i)) =ria —A;(1 - b;(@)).

Then, in case J(t) = i for t € [U,, Uy41), the net cumulative claim process Y (7)
locally behaves as Y;(7), in the sense that

Y(t) - Y(Un) = Yz(t) - Yt(Un)

for all t € [U,,Uys1). With Y;(0) = 0 (for all i = 1,...,d) this mechanism fully
defines the net cumulative claim process Y (¢). Note that we do not impose the
condition that the premium rates r; are necessarily positive. We let S be the set of
indices i for which r; < 0; this is the set of subordinator states, i.e., the states i for
which Y; () is non-decreasing with probability 1.

Y (1) U, U, Us Us

\ N I\N\’\
NN N
Fig. 3.1 Net cumulative claim process Y (¢) for a regime-switching compound Poisson process

with d = 2. In this example, J(z) = 1 forr € [0,U;) and ¢ € [U,, Us), whereas J (¢) = 2 for
t € [U,Uy) and t € [Us, Uy).

As before, Y (¢) is denoting the running maximum process of Y (¢); likewise, ¥; (¢)
is denoting the running maximum process of Y;(¢), fori € {1,...,d}. The primary
goal of this section is to evaluate the ruin probability

pilu, 1) :=P(V(t) > u| J(0) = i) = P(Z;(t) > u),
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where Z;(t) equals Y (¢) conditional on J(0) = i. In line with the approach followed
in Chapter[I} we settle for a characterization in terms of transforms. More concretely,
we will investigate the Laplace transform of p;(u, 1), fori = 1,...,d, with respect
to the initial reserve level u, evaluated at a ‘killing epoch’ rather than a deterministic
epoch. Whereas in Chapter [T]the (exponential) killing rate was constantly 3, we now
work with a slight generalization: we let the (exponential) killing rate be 5; when
the background process is i € {1,...,d}. We denote the killing epoch by Tﬁ, where
the componentwise positive vector 8 € R4 equals (B1,...,B4)"; as before, Tg, with
a scalar subscript g3, still denotes an exponentially distributed random variable with
parameter . In this section we aim to evaluate

mi(a, B) = / e ™ pi(u,T[;) du.
0

This chapter is organized as follows. In Section[3.2we set up a system of linear equa-
tions for the (double) transforms of the probabilities p;(u, t). This system contains
a number of unknown constants, which are identified in Section This chapter is
concluded, in Section @ by the analysis of the conventional (non-modulated, that
is) Cramér-Lundberg model over a phase-type horizon (rather than an exponentially
distributed horizon), thus substantially extending the results presented in Chapter [T}

3.2 System of linear equations for transforms

The method we will rely upon is closest to Method 1, as presented in Section[I.3] i.e.,
conditioning on the first event. Note that there are now three types of events, rather
than two: as in the conventional Cramér-Lundberg model we have claim arrivals and
killing, but now in addition also transitions of the background process J(t). As we
will demonstrate below, however, we can conveniently get around the claim arrivals
by relying on the Wiener-Hopf decomposition that we discussed in Section [I.3] so
that we are left with only killing and the transitions of the background process.

> Non-subordinator case. The key decomposition that we exploit in our derivations is
the following. Suppose i € {1,...,d}\ S, i.e., ¥;(?) is not a non-decreasing process.
Given that J(0) = i, the time till either killing or a transition of the background
process is exponentially distributed with parameter 0; := 8; + g;. To exceed level u,
this can either happen before this epoch, or (in case the event does not correspond
to killing) after the background process has jumped to another state. In other words,
we can write

qij

pi(u’ Tﬁ) =P (Yi(T(Ji) > u) +Z 9_

J#i

6,']'(14), (32)

with "
51 () = / P (¥ (Tg,) € dv.Yi(Tq) + Z;(Tg) > u).
0
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where Z;(Tp) is independent of (Y;(Ty,), Y;(Ts,)).

We deal with both terms in the decomposition (3.2)) separately, by evaluating their
transforms with respect to u. Let us start by considering the first term. The results
that were derived in Chapter|[I] in particular Equation (T.4), immediately yield that,
in self-evident notation,

/0' e ™ P (Yi(Tq) > u)du = é (1 —Ee’“?"(THi))
_ 1 (‘Pi(a’) b )
i) -6\ «a wi(6:))

We continue with the second term in (3.2). To this end, first recall that ¥;(T,) and
Y;(Tq,) — Yi(Ty,) are independent by the Wiener-Hopf decomposition that we estab-
lished in Section[I.3] with the latter random quantity being exponentially distributed
with parameter y; (6;). Locally writing y; := ;(6;), it thus follows that

/ e 6 (u)du
0

= / / P (Yi(Ty,) € dv) xie ¥p;(u—v+z, Tﬂ) dzdu
u=0 =0 Jz=0

/ _“”/ / P (Y;(To,) € dv) xie X7V b (w, Tp) dw du,
v w=u-v

where in the last step an elementary change of variables has been performed. Now,
interchange the order of the integrals, such that the (easy) integration over u becomes
the inner one:

w+v
/ / (/ ("_Xi)”du) P (Y;(To,) € dv) xie X p i (w, Tp) dw.
v=0

Evaluating the inner integral and rearranging terms, the expression of the previous
display can be rewritten as

Xi / e P (Yi(Ty,) € dv) / (e — e ™) pi(w,Tg) dw.
@ = Xi Jo 0

Upon combining the above, we have arrived at

—(lYi(Tt)i) ﬂ](wl(el)uB) - nj(a’ﬁ)
a—yi(6;)

)

/oo e 5,']'(1/{) du = l!/i(‘gi) Ee
0

which, using the expression derived for the Laplace transform of ¥;(Ty,), as stated
in Theorem [I.} reduces to

7 (Yi(6:), B) — ﬂj(a ﬂ)
pi(a) -

0;
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We have established the following result.
Proposition 3.1 Forany a > 0and B > 0, andi € {1,...,d} \ S,

1 goi(oz) 0; ﬂj(‘!/i(gi)’ﬂ) _ﬂj(a’ﬁ)
pi(@) - 0; ( a lﬂi(Gi)) +Z v pi(a) —0; ’

”i(a’9ﬂ) =

J#i

> Subordinator case. Now suppose that i € S: ¥;(¢) is a non-decreasing process, i.e.,
ri < 0. Then obviously ¥;(¢) = Y;(¢) for any ¢ > 0. Instead of the decomposition
displayed in Equality (3.2), we now have

@iy

pi(u,Tﬁ) =P (Yi(To,) > u) + Z 9.

J#i

nij(u), (3.3)

with "
nij(u) 1=/0' P (Yi(Ty) € dv) P(Z;(Tg) > u—v).

Concerning the first term in (3.3)), we find

« 1 1 i
/ e_a”]P’(Yi(Tgi) >M) du = _(1 _Ee—a/Yi(Tei)) — 2 (Q)
0 @ pi(a) -0, «
We continue by computing the Laplace transform of the second term in (3:3). To this
end, routine calculations (or the observation that 7;; (i) is a convolution) yield that

e nii(u)du = ————7i(a, B).
./ol Y 0; — pi(a) "’
We arrive at the following result, which aligns with Proposition[3.Tjunder the choice

Wi(6;) = 0.

Proposition 3.2 Forany @ > 0and > 0, and i € S,
1 gi(a) nj(a, B)
mi(a, B) = - a—

e TS = ) i
gi@)=0; o S pi(a) -0

> Equations in matrix notation. Above we found a system of linear equations that
defines, for given a, B, the vector of transforms

n(a, p) = (m(a. p), ..., ma(a. B))".

We now demonstrate that our system of equations can be written in a convenient
form using matrix notation. We write

i) = D i85+ ) i (040, P11 # 5).
A J#i
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with k(a, B) the corresponding column vector. In addition, let the (i, j)-th entry of
the matrix M («, B) be given by, recalling that 8; = 8; + g,

mij(a, B) = (¢i(@) — 0;)1{i = j} +qij. (3.4)
We end up with the following compact result.

Proposition 3.3 Forany « > 0 and > 0,

M(a, B) n(a, B) = k(a, B).

For any given @ > 0 and 8 > 0 we can thus write 7(a, 8) = M(«a, B)~! k(a, B),
given the matrix inverse is well-defined. With d° denoting the number of states
in {1,...,d} \ S, we observe that, for a given vector B of the killing rates, the
characterization of Proposition [3.3|still contains the d° unknowns

0;
w;(B) = RTN) + ]Z; qij (Wi (0:), B)

fori € {1,...,d}\ S.In Section[3.3| we point out how these constants w; () can be
identified.

We remark that in the usual manner we can convert the vector of transforms of
the ruin probabilities 7; (a, B) into the vector of the Laplace transforms E e~ % ()
of the running maxima Z; (7).

3.3 Identification of the unknown constants

The main goal of this section is to identify the unknowns w; (). We do this in three
stages: first we consider the case that the state space of J(¢) is one recurrent class,
then we extend our analysis to the case of one transient class and one recurrent class,
and finally we point how to deal with the case of multiple transient classes and one
recurrent class.

The following result, which we present without proof, is an immediate conse-
quence of [[15| Theorem 1 & Remark 2.1]. It plays a key role in our argumentation.

Proposition 3.4 Suppose the background process J(t) consists of a single (hence
recurrent) class. Let Y| (t), ..., Y4(t) be compound Poisson processes with (not nec-
essarily negative) drift. Then, for any componentwise positive vector B, the equation
det M(a, B) =0 has d° solutions for a« € C that have a positive real part.

> No transient classes. We first discuss the case that {1, . .., d} is a single recurrent
class. Define the matrix M, ;(«, B) as the matrix M (e, B8) but with the i-th column
replaced by k(a, B). Then, by Proposition [3.3]and Cramer’s rule,
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det MK’i(CL’, ﬂ)

mi(@, B) = detM(a, B)

As 7;(a, B) is finite, any zero of the denominator should be a zero of the numerator
(in the right half of the complex @-plane, that is). Because in this case the Markov
process J(t) is irreducible, we can apply Proposition so as to conclude that
det M (a, B) = 0 has d° zeroes in the right half of the complex plane. In the sequel
we assume that these zeroes have multiplicity 1; we call them a4, . .., @4, Where it
should be kept in mind that each of these @;s depends on the vector of killing rates
B. In case our multiplicity assumption does not apply, a reasoning similar to the one
below still can be used: relying on the concept of Jordan chains, the constants w;
can be identified. We do not provide a detailed discussion of this procedure here, but
instead refer to the in-depth treatment in [[11]].

From the above, we conclude that foragiven fandi =1,...,dandj =1,...,d°,

det My i(e;, B) = 0. 3.5)

This seemingly yields d x d° equations that we can use to determine the d° unknowns
wi(P) (for i ¢ S). It can be seen, however, that all equations that correspond to a
specific index j € {1,...,d°} effectively provide the same information. Indeed,
with m;(a, B) the i-th column of M(«, B), suppose that det M (a, B) = 0 and that,
for a fixed 7, det My ; (@, B) = 0 for some @ € C with a positive real part. This means
that both M («a, B) and My ;(«, B) are singular, and hence there are vectors u and v
that are not equal to 0 such that

d
ij(a/,ﬂ)vj=0, ij(a/,ﬂ)uj+l<(a,ﬂ)ui=0.
j=1

J#i

Therefore, for any i’ # i,

d
0=—u; ij(a,ﬁ) Vi+vp ij(a/,ﬁ) uj+vy k(a, B)u;
j=1 J#i
=—upvim;(a, B) + Z (viuj—upv;)m(a, B) +viu; k(a, B),

JELY

implying that we have identified a linear combination of the columns of M, ;/(a, B8)
that equals 0. This means that M, ;- («, ) is singular, and hence det M, ; (e, 8) =0
as well. We thus conclude that, for any given j, varying i in Equation (3.3) does not
provide any additional constraints.

Based on the above, for any given index j = 1,...,d° we can thus focus on
det My 1 (e, B) = 0 only (we take i = 1, that is). With M;;(«, B) representing the
(d —1) x (d — 1) matrix which results after deleting the i-th row and the j-th column
from M («a, B), and recalling that
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pi(a)
a

Ki(a,’ ﬂ) =

+w;(B)1{i ¢ S},

the equation det M, 1 (a;, 8) = O can be rewritten as

) )it it oy )

ieS J
2 (gaia(—o.[j) +w,-<ﬂ>) (=1)"'det Mir (e B) = 0.
i€S J

Through this procedure we obtain d° equations (i.e., one for each «;) that are linear
in the equally many unknowns wi(f), . .., wg-(B). This system of equations can be
dealt with in the standard manner.

> A single transient class. We now consider the case that there is a single transient
class, say T C {1,...,d}, besides the recurrent states; these recurrent states could
correspond to a single class or multiple classes.

It is directly seen that, using the procedure we devised for a single recurrent class,
we can compute 7; («, B) for any recurrent state i, i.e., i ¢ T. We therefore focus on
i € T. For these i we write

> mij(a. ), B) = ki@, B) = ) mij(@. By xj(@.B).  (3.6)

JeT JjeT

Observe that we already determined the right-hand side. Define by d = |T| the
number of states in 7', and by d° := |T'\ S| the number of these states that do not
correspond to nondecreasing subordinators. In addition, we define the d X d matrix

M(a, B) := (mj(a, B))i jer,

and we let the d-dimensional vector 7 (a, ) represent the entries of (e, 8) that
correspond to the states in 7. As a result, we have found the equation, with the vector
k(a, B) corresponding to the right-hand side of (3.6),

M(a,p) 7(a, B) = &(a, ).

If we would know that, for any componentwise positive vector 8, det M(a, §) = 0
has d° zeroes in the right half of the complex plane, then we could follow the same
approach as the one we developed above for the case with only recurrent states. To
this end, in light of Proposition we have to verify that the entries of M (a, B8) can
be written in the form (3.4), with transition rates corresponding to a single recurrent
class of communicating states. By rewriting the diagonal elements of M (a, B) as

mii(a, B) = ¢i(@) = Bi + qii = pi(@) — Bi + Giis (3.7

with
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gii = — Z qgij, Bi= (,31' +Z‘1ij)’ (3.8)

JeT\{i} JeT

we conclude that M (a, B) has the desired form.

From the above we conclude, by applying Proposition that M(a,8) = 0
indeed has d° zeroes in the right half of the complex plane. We can therefore identify
the w;(B) fori € T\ S (modulo the adaptation that needs to be done in case of roots
with multiplicity larger than 1, in line with the remark made above in relation to the
case with recurrent states only).

> Multiple transient classes. We now consider the case that there are K transient
classes, say 71, . . . , Tk (not to be confused with the exponentially distributed random
variable Tg that we have been using elsewhere in this monograph). Let R denote the
union of all recurrent states. We write T, ~» Ty, with k, k” € {1, ..., K}, if there is
a direct transition from a state in T}, to a state in Ty (i.e., if there is a state i € Ty and a
state j € Ty such that g;; > 0). Using this notion, we can order the transient classes
in ‘layers’. To this end, we use the following recursive definition. Let Cy := R, and

n—1
C, = {Tk : for all k¥’ such that T}, ~» T} it holds that kK’ € U Cm} .

m=0

Observe that the number of layer sets Cj, is (including Cp) at most K.

Above we explained how to compute 7; (@, 8) fori € R and i € C;. We now focus
on the evaluation of 7;(a, B) for i € C,, having n;(a,B) fori € R,Cy,...,Cy1
at our disposal; evidently, with this evaluation at our disposal we can evaluate all
the 7;(a, B). Suppose Ty C C,. As states in C,, have no direct transitions to classes
outside C,,_;, we have for i € T} that

D mije, By mi(e, B) = ki@, B) = Y mij(a, Byx;(e.p),

JETk JE€Cn-1

with the right-hand side containing known quantities only. Now the analysis is as
in the case with a single transient class. More specifically, the number of zeroes
(in the right half of the complex plane, that is) of the determinant of the matrix
(m;j(a, B))i,jer, equals the number of states in 7 that do not correspond to non-
decreasing subordinators, using the same argument as in the case of a single transient
class.

3.4 Cramér-Lundberg model over a phase-type horizon

In Chapter[I]we evaluated, for the conventional Cramér-Lundberg model, the double
transform of p(u, t), where the transform over time was interpreted in terms of ruin
over an exponentially distributed interval. Interestingly, using the material presented
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in this chapter, we can immediately extend our findings to ruin over phase-type
intervals.

> Phase-type distributions. The practical relevance of the use of the class & of
phase-type distributions lies in the fact that any distribution on the positive half-line
can be approximated arbitrarily closely by a distribution in & [4, Theorem II1.4.2].
It is noted that the proof of this theorem reveals that actually any distribution on
the positive half-line can be approximated arbitrarily closely by elements from a
class 2° ¢ P, namely the class of mixtures of Erlang distributions, each of them
having the same scale parameter. In this section we show how to evaluate transforms
corresponding to a phase-type time interval, thus facilitating the approximation of
their counterparts corresponding to a generally distributed time interval.

We proceed by introducing the concept of a phase-type distribution. Such a
distribution is characterized by the absorption time of a continuous-time Markov
chain. That is, each element in the class of phase-type distributions & is characterized
by (i) a finite state space {1, ..., d}, (ii) an initial probability vector 6 € R, (iii) a d xd
transition rate matrix F' = (f; J-)l?szl (i.e., it has non-positive diagonal elements, non-
negative non-diagonal elements, and row sums equal to zero) and (iv) a non-negative
exit vector f; for reasons that will become clear below, we use the same symbol d
as for the dimension of the background process J(z) in the earlier sections of this
chapter. We define the additional transition rate matrix, with diag(f) a diagonal
matrix with f on its diagonal,

5. (F—diag(f) f
)

The dimension of F is (d + 1) x (d + 1), where state d + 1 is usually referred to
as the absorbing state. Note that Fisa genuine transition rate matrix, in that its
row sums equal 0. The corresponding phase-type random variable records the time
it takes to reach the absorbing state, if the initial state has been drawn according to
the distribution 6. We rule out matrices F in which, starting from any state i with
0; > 0, state d + 1 is not eventually reached (with probability 1, that is).

> Ruin probabilities over a phase-type horizon. Now consider a compound Poisson
process with negative drift, say Y (¢). Let P have a phase-type distribution character-
ized by the parameters (d, 8, F, f). The objective is to evaluate

/OO /00 e “p(u,t)P(P € dr)du. (3.9)
o Jo

We now point out how the evaluation of this transform falls in the framework of
the previous sections. To this end, let Y| (?), ..., Y4 (¢) be independent copies of Y (¢),
such that the compound Poisson process with drift is the same for any state of the
background process (say with Laplace exponent ¢(«)). To represent the killed state,
let Y441 (¢) = 0. Furthermore, we choose Q = F and B = f such that absorption in
state d + 1 corresponds to killing. It is immediate that the transform in (3.9) equals
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d
> imi(. B,
i=1

with the 7; (@, B) that we identified in the earlier sections of this chapter.

> Ruin probabilities over an Erlang horizon. Above we mentioned that any distribu-
tion on the positive half-line can be approximated arbitrarily closely by a distribution
in &°, i.e., the class of mixtures of Erlang distributions with the same scale param-
eter. This class is defined as follows. Let = (1, ...,84) be a probability vector,
i.e., componentwise non-negative with entries that sum to 1. Let Ey (8) be an Erlang
distributed random variable with parameters k € Nand 8 > 0, i.e., arandom variable
whose probability density function is given by

. Bk

P(Er(B) edt) =e = 1)!dt.

Then a P € 9°, distributed as a mixture of Erlang random variables with the same
scale parameter, is characterized by the vector ¢ as introduced above, 8 > 0, and
k € N9 _Tts probability density function is given by

d
P(P edt) = Z 5 P(Ex, (B) € dr).
i=1

Hence, in order to evaluate Expression (3.9) for P € 9°, it suffices to be able to
evaluate it for an E} (B)-distributed horizon. Indeed, if we can compute

[k] Y R
7" Na,B) : /0 /0 e "p(u,t) P(Er(B) € dr)du

:/w/me_"“p(u,t) B B (3.10)
o Jo (k—=1)!
then (3.9) can be expressed as

d

Zéiﬂ[k"](a,ﬁ).

i=1

As we point out now, ¥l (@, ) can be computed in a straightforward manner from
n(e, B) = nl'l(a, B), which is the transform corresponding to the ruin probability
over an exponentially distributed horizon. To this end we define

dt’

H(l’) ((l,ﬁ) = dﬁ[

n(a,B).

Proposition 3.5 For k € N,
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~

= (-B)f

i 9 (a, B). (3.11)

(@, p) =

~
Il

0

Proof. We use that (3.10)) implies that

k k-1
(k] __(B" (47 n(e.p)
TR =G, (dﬁ"‘ 5 )

Observing that, by the binomium,

& ona, B S (k - 1) (k—1-=0)!

= - ' (a, ) ——=—> (3.12)

BT B ;] t (B

the stated follows immediately. O

3.5 Resampling

In the models that are typically considered in the ruin theory literature the underlying
model primitives are fixed. In the context of the conventional Cramér-Lundberg
model that was introduced in Chapter|[T] this concretely means that the claim arrival
rate, the premium rate, and the claim-size distribution are held constant, in the sense
that they do not change over time. In reality, however, such a setup is typically not
valid: as a consequence of various ‘external circumstances’ the model primitives may
fluctuate. One could think of exogenous factors affecting the claim arrival process,
such as the state of the economy, the political situation, weather conditions, and
policy regulations. Neglecting the parameter uncertainty (by using the conventional
Cramér-Lundberg model with time-averaged parameters) could evidently lead to a
substantial underestimation of the ruin probability.

To remedy the above shortcoming, in the present section the following model is
considered. Let Y;(¢), fori = 1,.. ., d be independent compound Poisson processes
(with drift, that is), characterized by their respective Laplace exponents ¢ (-) up to
w4 (+). As before, we have

pi(@) =ria = 2;(1 = b;(a)),

i.e., Y;(¢) corresponds to a claim arrival rate A;, a premium rate r;, and the claim-size
distribution having Laplace-Stieltjes transform b; (). Let (Uy,),, be the jump epochs
of a Poisson process with rate v > 0; we set Uy := 0. At these Poisson instants with
probability p; € [0, 1] the process Y;(z) is picked (independently of anything that
happened in the past), with the p; summing to 1; this ¥;(¢) is ‘active’ until the next
Poisson instant. It means that we can recursively define the net cumulative claim
process in the following manner. Considering t € [U,,, U,+1), and supposing that for
these ¢ the process Y;(#) was picked, the net cumulative claim process satisfies
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Y(1) =Y (Un) = Yi(1) = Yi(Up).

Observe that this construction is such that in the resulting model the parameters
of the driving compound Poisson process are periodically (i.e., at Poisson instants)
resampled according to the probabilities p;. As a consequence, with probability p;
the net cumulative claim process Y (¢) locally behaves as Y; () (being parameterized
by A;, ri, and b;(@)).

We proceed by arguing that the model proposed above actually fits in the frame-
work of the model introduced in Section [3.I] To this end, let us construct the
associated transition rate matrix Q, that should be such that the resulting modulating
process J(t) corresponds to the resampling mechanism described above. Consider-
ing the transition rates from state i, we observe that the process J(f) stays for an
exponentially distributed amount of time (with rate, say, v;) in #; after this time, it
jumps to state j # i with probability p ;/(1—p;). The parameter v; can be determined
by computing the Laplace-Stieltjes transform of the time spent in state 7, say ¢;. It
readily follows that

R NS ko (1-p)vy
Bens = 3750 (1 py () = =)y
¢ kzz;p’ (=pr v+a a+(1-p)v

which reveals that the sojourn time ¢; has an exponential distribution with parameter
v; = (1 — p;) v. We observe that we should pick

ViDj
qdij = 1 =VvVpj
— Vi
fori # j, whereas g;; = —v;. We thus arrive at
Q=vlp" vl (3.13)

with 1 an all-ones vector and /; the d-dimensional identity matrix. The conclusion
is that our process Y (¢) fits in the model introduced in Section and hence all
results from Sections [3.2]and 3.3 apply.

3.6 Discussion and bibliographical notes

We end this chapter by briefly discussing relevant references. An early source on
processes under Markov modulation is [9], covering the broader class of Markov
additive processes; see also the textbook account in [4, Chapter XI].

There is a broad array of papers that characterize the ruin probability under
regime switching, or, essentially equivalently, the queue’s workload distribution
under Markov modulation. In this context we start by remarking that ruin-theoretic
results under regime switching allow a direct translation in terms of their queueing-
theoretic counterparts; for an in-depth treatment of this issue we refer to [14]. We
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now provide a series of key references on the evaluation of the ruin probability under
regime switching. The case in which all processes Y (t), . .., Y4 (t) are deterministic
drifts is covered, in the queueing context, by e.g. [3,[17,[18]); these systems are often
referred to as Markov fluids. The case of Lévy processes with one-sided jumps is
addressed in e.g. [6, (11, [14]. Whereas the above references impose the assumption
that the background process is irreducible, the approach followed in the present
chapter, which is based on [19], applies to any chain structure; see also the precursor
paper [13]], which works with a specific non-irreducible background process.

Proposition 3.4 has been established in [15]. Results on maxima over phase-type
and Erlang horizons, related to those presented in Section [32[], can be found in [1]],
but also in [12} Section IV.1], [19} Section 5], and [21]]. Proposition @] was taken
from [8 Section 5].

The resampling model discussed in Section [3.5] has been proposed in [10]. As
pointed out in detail in [[10]], the fact that the matrix M (@) (for the Q matrix con-
structed in Section@ is the sum of a diagonal matrix and a rank-one matrix, as we
have seen in (3.13)), implies that the corresponding eigenvalues can be characterized
relatively explicitly (and, in particular, all of them are real). We refer to [2, [L6]
for related papers, the crucial difference with [[10]] being that in [2| [16]] the arrival
rate is random but sampled just once, whereas in [10] in principle the full Laplace
exponent of the cumulative claim process is random and resampled on a periodic
basis. Related resampling mechanisms are studied in [[7, 20]; in some of them the
resampling takes place from a distribution with uncountable support.

Exercises

3.1 Consider the case d = 2, with none of the two driving compound Poisson
processes with drift (i.e., the processes Y;(#) and Y,(¢)) being a non-decreasing
subordinator, and the chain structure of the modulating process being defined by

_|794
Q - ( O O) s
for some g > 0. The goal of this exercise is to compute the transforms 7| («, 8) and

7r2(a’ﬁ)'

(i) Show that (a, B) can be written as

pi(@/a+wi(B)  q(p(a)/a+wr(B)) pa()/a+wr(B)\"
pr(@)=pr—q  (g1(a) =1 =q)(p2(a) =B2)"  ¢a2(a) -2 '

for constants w; (B) and w,(B).
(i) Show that

B2
U2(B2)

w2(B) = -
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and, with & := ¢ (81 + q),

wi(B) =

Pita g (%(6)_ B2 )
Yi1(01)  @(é) =P\ & Ya(B2) ]

(iii) Conclude that

(e, B) = 1 (‘Pz(a)_ B2 )

o) =P\ a  Y2(B)
which is in line with (T.4), and

1 (901(0)_Bl+6])+ m (¢, B) — ma(a, B)
pr(@) -pr—q\ «a 3 pi(@)-Pri—q

3.2 (x) Again consider the case d = 2, but now Y»(¢), one of the two driving
compound Poisson processes with drift, is a non-decreasing subordinator. Let

_[~491 91
Q_(Ch —612)’

ﬂ](a,ﬂ) =

for some g1, g> > 0, so that the modulating process consists of a single class. We
focus on the analysis of the probability of eventual ruin, in that we take the killing
rate equal to O (i.e., 81 = B2 = 0). In this exercise, we develop two ways to evaluate
7; (@), the transforms of the all-time ruin probabilities p;(u), for i = 1,2. The first
approach relies on the techniques developed in the present chapter, whereas the
second approach directly exploits ideas from Chapter [T} We throughout assume

q2

——¢1(0) +
6]1+612‘p1 q1

q1 ’
0) >0, (3.14)
+q2‘P2( )

to make sure that EY (1) < 0, and hence that Y (¢) does not grow to co almost surely
as t — oo. We also define the matrix

_[e1(@) —q q1
Ma) = ( 92 ¢a2(a) - 612) '

Observe that necessarily ¢ () > 0 and ¢2(@) < Oforalla > 0.
(i) Define @(a) :=det M (@) = ¢ (@) p2(@)—q1 p2(@)—q2 @1 (@). Using the results
from the present chapter, verify that &t (@) equals

;(902(0)—42 —q1 )(901(0)/C¥+w1)
®(a) -2 ¢i1(@)—q e(a)/a )’

for a constant w;.

(ii) By virtue of [[15, Theorem 2], under the condition @]) there is a single o with
a non-negative real part such that ®(a) = 0, which we call ag. Show that this ag
equals 0 and
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_ g1 cp2(a0) _gi(a0) _ g1 &4(0) - ¢}(0).
2(a0) —q2 o @ 92

w1

Evaluate 71 (@) and 75 ().
(iii) We now proceed with the alternative approach. Our first focus is on evaluating
the objects, fori = 1,2,

0i(@) = E(e™ V) [ J(0) = ).

To compute the o; (@), we define an alternative compound Poisson process Y°(¢). It
is characterized by the claim arrival rate 1° := 1 (g), claim sizes having the LST

b°(a) = RN (Ty) | pmaa(Tyy) — a-yi1(q1) qi _ q2
e1(@) —q1 ¥1(q1) q2 - ¢ga2(a)

and the premium rate being given by r° := 1; let the corresponding Laplace exponent
be denoted by ¢° (@) :=r°a — 2°(1 — b°(a@)). Show that

o1(@) =Ee M) o°(a),
02(a) =Be 1) Bem ) o°(a) = b*(a) 0°(a),
where o
a (¢°)'(0)
¢°(a)
(Hint: for i = 2 use Figure[3.2] while for i = 1 a similar argument can be used.)

(iv) Translate the formulas for the p;(«@) into their counterparts for the r; (), for
i = 1,2. Check that these agree with the answers found under (ii).

o°(a) =

Y (1) U U, Us U,

Z{V\l\‘\\}_Z,_r A\

t

Fig. 3.2 Net cumulative claim process Y (z) for the regime-switching compound Poisson process of
Exercise@ In this example, J (0) = 2; more precisely, J (t) =2fort € [0,U;) andt € [U,, Us),
whereas J (t) = 1 forz € [Uy,Us) and ¢ € [Us, Us). Observe that Z* is distributed as Y; (Ty, ).
Also, Z~ is distributed as ~Y | (T, ), which is exponential with parameter ¢ (¢;), and independent
of Z*.
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3.3 In Section [3:4] we have presented a method to compute the transform of the
ruin probability over an Erlang horizon. In this exercise we develop an alternative
approach. Recall that E (8) is an Erlang distributed random variable with parameters
k € Nand B > 0, and that 7y (@, B8) is the transform of the ruin probability over an
E(B) horizon, as defined through (3:10). As before, ¢(-) is the Laplace exponent
of the process Y (¢), while  (+) is its right inverse.

(i) Argue that

[e9)

p(LER(B)) = / B(P(Tp) € dv) +

v=u

[ [ B a@m e anu@ e pu- v @)

(ii) Prove that

'/u:; e au [:4 P(Y(Tﬁ) edv)du = I_QTW = n(a, ),

with o(e, ) as introduced in Section[I.2] and 7 (e, B) = 71 (@, B).
(iii) Prove that
[em [0 2@ canu@) e @ pe-vezBa@)a:
u=0 v=0 Jz=0

3 k-1 (Y (B), B) — mi-1(a, B)
=y (B) o(a.B) P—T

1 (Y (B),B) — mp-1(a, B)
p(a) - B '

=B

so that
k-1 (l//(ﬂ)’ﬁ) - k-1 (Q’,ﬁ) )

p(a) - B
(iv) Now the 7y («, B) can be determined recursively. We demonstrate this procedure
by computing > (e, B). Verify that

(@, B) = n(a, B) + 8

LB (B)

n(y(B).B) = m(¥(B).B) = B2

Use this to evaluate m;(a, 8).
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Chapter 4
Interest and two-sided jumps

Abstract — In this chapter we present an in-depth analysis of a generalization
of the Cramér-Lundberg model. Three distinguishing additional elements have been
incorporated: (i) the insurance firm receives interest over its surplus level, (ii) besides
claims, leading to negative jumps of the surplus level process, we also allow positive
jumps, and (iii) as before we obtain the probability of ruin (transformed with respect
to the initial capital surplus level) before an exponentially distributed time, but now
jointly with three other quantities: the corresponding time of ruin, the undershoot,
and the overshoot.

4.1 Introduction

One could argue that the conventional Cramér-Lundberg model (discussed in detail in
Chapter(T]) lacks realism, in that it ignores various relevant features. A second obvious
shortcoming is that Cramér-Lundberg theory primarily focuses on the analysis of
ruin probabilities, while in a practical context various other metrics are of crucial
interest as well, such as the (negative) value of the surplus level process immediately
after ruin (sometimes referred to as the loss, or ruin deficit).

This chapter intends to remedy the above issues by substantially generalizing
the results of Chapter [T} More concretely, compared to the conventional Cramér-
Lundberg analysis, three additional elements have been incorporated:

o The insurance firm receives interest over its surplus level. We apply an interest
rate r° > 0.

o Besides claims, leading to negative jumps of the surplus level process, we also
allow positive jumps (which could be thought of as capital injections).

o As before we aim at characterizing the probability of ruin (transformed with
respect to the initial capital surplus level) before an exponentially distributed
time, but now jointly with three other quantities [[7, 8]]: the corresponding time of
ruin, the undershoot, and the overshoot.

81
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This chapter is organized as follows. In Section[d.2]we formally introduce our model,
and present some preliminaries. Then, in Section[4.3|we consider the case in which
the upward jumps are exponentially distributed. Section|d.4]explains how the model’s
underlying exponentiality assumptions can be relaxed, which in particular allows the
upward jumps to be substantially more general than exponentially distributed.

4.2 Model and notation

As in Chapter|[I] our surplus process is denoted by X, (¢), with X,,(0) = u being the
initial surplus level. Define the ruin time by

7(u) :=inf{r > 0: X, (¢) < 0},

so that the probability of loss before or at time ¢ equals P(7(u) < t). Whereas in
Chapter [T]it was our objective to analyze the double transform

x(@.p) = /0 ) /0 " Bem B () du dr,

we now focus on a more general object, also including the time of ruin 7(u), the
undershoot X, (7(«#)-), and the overshoot X, (7(u)). As mentioned, the overshoot
can be seen as the insurance company’s loss (i.e., the amount of capital lost upon
ruin).

Concretely, we wish to compute, for a given initial capital surplus level u,

p(u,t,y) = E(e*%T(u)szXu(T(u)f)wqu(T(u))1{T(M) < t}),

where ¥ = (y1,7%2,%3)". As the computation of this object is not within reach, we
resort to evaluating its transform. With 7z as before an exponentially distributed time
with parameter 8 sampled independently from everything else, and again taking the
transform with respect to u, we consider

m(a,B,y) ::/ / e"’“ﬁe’ﬁ’p(u,t,‘}/)dtduz'/ e "p(u,Tp,y)du.
o Jo 0

For conciseness, in the sequel we consistently write, for given 8 > 0 and ¥ such that
v1,Y2 2 0 and y3 < 0 (where we recall that 7(«) and X,,(t(u)—) are non-negative,
and X, (7(u)) is non-positive),

p(u) = p(u,Tﬁ,'y) — E(e—71T(u)—yzxu(T(u)—)—wXu(T(M))1{T(u) < Tﬁ)}).

The model we consider in this chapter is more realistic than the conventional
Cramér-Lundberg model, because of the following elements that have been incorpo-
rated:
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o As before we have claims arriving according to a Poisson process. These corre-
spond to downward jumps in the surplus level process X,, (7). We let A_ > 0 be
the corresponding arrival rate, and b_(«a) the LST of the generic (non-negative)
claim size B_ (where it is assumed that the claim sizes constitute a sequence of
i.i.d. random variables, which is independent of the arrival epochs). In addition,
however, we allow independent upward jumps in X,,(t), which could for instance
represent capital injections. These arrive, independently of the claim arrival pro-
cess, according to a Poisson process with rate 4, > 0. We let b, (@) be the LST
of the generic upward jump B, where it is assumed that the upward jumps form
a sequence of i.i.d. random variables (independent of the corresponding arrival
process).

o Inthe second place, we let the insurance company receive interest (at rate r° > 0)
over its current surplus level. With S; denoting the i-th jump epoch of the surplus
level process X, (1), this means that, between two consecutive jump epochs S; and
Si+1, the surplus process evolves according to the ordinary differential equation

dX,(t) = rdr +r°X,(¢) dr.
It is readily verified that, for ¢ € (S;, Si+1),
X (1) = X, (S) €™ 750 4 L (7050 _ 1), (4.1)
r

where the obvious limit is taken in the case of zero interest (i.e., r° = 0), so that
then X, (¢) equals X,,(S;) + r(t — S;). Figure presents a sample path of the
surplus level process until ruin.

We recover the results dealt with in Chapter[Tjwhen plugging iny = Ointo 7 (a, 8, 7),
and in addition assuming (i) that there are no upward jumps (i.e., 1, = 0), and (ii)
that no interest is earned over the insurance firm’s surplus level (i.e., r° = 0).

Xu (1)

) X (7 (10)-)

T

} X, (7 (1))

Fig. 4.1 Sample path of X,, (¢) until 7 (). Upward jumps are distributed as the generic random
variable B, downward jumps are distributed as the generic random variable B_.
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4.3 Exponential upward jumps

In this section we focus on the case that the upward jumps By are exponentially
distributed with parameter ¢ > 0. Later in this chapter we consider the extension to a
setup in which the upward jumps stem from a broad class of phase-type distributions.
The approach that we follow resembles the one used in Exercise [I.2} an integro-
differential equation for p(u) is first derived, then this is transformed with respect to
u, and finally the resulting ordinary differential equation is solved.

> Setting up an integro-differential equation for p(u). The first step in our analysis
concerns the characterization of p(u) through an integro-differential equation. We
do so relying on classical ‘Markovian reasoning’, borrowing elements from both
Method 1 (see Section[I.3)) and Method 4 (see Section[I.6) — a similar approach has
been followed in Exercise[I.2] With the total arrival rate being given by A := A_+4,,
and using that the surplus level behaves according to between consecutive
jumps, as At | 0,

pu) = e N4 (/l_ At/u P(B_ e dv) p(u—v)
0

+ A At/ P(B_ € dv) e 7" e~ V3 (u=v)
u

+/l+At/ ue ™™ p(u+v)dv
0
+(1—/lAt—,BAt)p(u+rAt+r°uAt))+0(At). 4.2)

This relation can be understood as follows. In the first place, observe that in the
considered time interval of length At the time till ruin 7 () grows by Ar. In the second
place, the undershoot X, (7(u)—) and the overshoot X,,(7(u)) can be assigned their
values when the surplus level drops below 0, which can only happen due to a negative
jump of size at least u.
By linearizing e~ 4!

@.2) to

as well as p(u + r At + r°u At), we can rewrite the relation

u
pu) :p(”+rAt+r°uAf)+/LAt/ P(B_ € dv) p(u—v)
0
+A_ At/ P(B_ c dV) e U e*ys(ufv)
+ A, At/ ue ™ pu+v)dv — (y1 + A4+ B) At p(u) + o(At),
0

as Ar | 0. As we wish to derive an integro-differential equation, we subtract the term
p(u +r At + r°u At) from both sides. Subsequently dividing by A¢, we thus obtain
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pu+rAt+r°ult) — p(u)
r At +ro°u At

(r+r°u)=A4_ /u P(B_ €dv) p(u—v)
0

+ /L/ P(B_ € dv) e 7 e~ V3 (u=v)
u

+/l+/ooﬂ€_”vp(u+V)dv—(71 +2+8) p(u) +o(L),
0

as At | 0. As a last step we take the limit Ar | 0, so as to arrive at the following
integro-differential equation.

Lemma 4.1 For any u > 0,

=p'(u) (r+r°u) = A /0“ P(B- e dv)p(u —v)

+A_ / P(B_ € dv) e 7 7347V
u

+/1+/0wﬂ6‘“vp(u+V)dv—(71+ﬁ+ﬁ)p(u)-

> Setting up a differential equation for (). With Lemma 4.1|at our disposal, the
next goal is to evaluate 7 (@) = 7(a, B,y) = an(a, B,y), which can be interpreted
as p(u) in which the initial surplus level u is exponentially distributed with parameter
a. This concretely means that we transform the full integro-differential equation of
Lemmad.T|with respect to u. To this end, multiply both sides by ae™®*, and integrate
over u € (0, c0), with the objective to obtain an equation that is fully expressed in
terms of the (yet unknown) function 7(«). We do so by considering each of the
individual terms separately.

o We start by computing the transforms of the terms on the left-hand side of the
equation. By applying integration by parts it is seen that

- /°° p'(u)yrae”® du =ra(p(0) - 7(a));
0

cf. Appendix[A.2]
o Similarly,

—/ p'(u) r'uae ™ du = roa/ p(u)(e” ™ —uae ) du = r°ar’(a),
0 0
where we have made use of the standard identity
- / uae “p(u)du.
0

o We continue by considering the terms on the right-hand side of the equation. The
first term yields, upon interchanging the order of the integrals,
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A_L (./0 P(B- €dv) p(u—v) dv) ae” ™ du

=A_ /000 e ¥ (/Voo p(u—v) ae‘“(“_")du) P(B_ € dv) = A_b_(a)7(a).

o The second term gives (cf. a discussion in Appendix [A.3):

/l_/ (/ P(B_ € dv)e 72" 773 (u=v) ) ae” ™ du
0 u

“la / Tert - ety b_(=y3) —b_(a+72)
0

P(B-edv)=A_a
a+y2+7y3 a+y2+7y3

Here it is noticed that @ = —y, — 3 is a removable singularity.
o Applying the transformation w := u + v (and adapting the integration area in the
standard way), the third term in the right-hand side reads

A+ / (/ e p(u+v) dv) ae” ™ du
0 0

= 4, ——7(a) - A——7(p). (4.3)
p—a M=

a

Notice that here @ = u corresponds to a removable singularity. The above ex-
pression is defined for all @ > 0, but @ = u will require some extra care in the
calculations that follow.

o And finally, by the definition of 7(«),

—/0 (71 414 B) p(u) ae™™ du = —(y1 + 1+ B) 7 (a).

The next step is to write the resulting identity in a compact form. To this end we
introduce some notation: we let A := —(y; + 8)/r° and

F(a) = F(a) + 2, Fla)= L - A1zb(@) A ]

r re 104 re /,t—a/’
A_b_(-y3) —=b_(a+7y2) r A 1
G(a) = — -—p0)-= ().
r a+vyy+y3 r reu-—a

Then itis readily checked that we have derived the following inhomogeneous ordinary
differential equation for 77(-).

Proposition 4.1 For any a > 0, 7(-) fulfils the differential equation
7' (a) = F(a) 7(a) + G(a). 4.4)

Remark 4.1 Above we tacitly assumed a positive interest rate: r° > 0. For r® = 0
the differential equation ([.4) turns into an algebraic equation. It is directly seen that
then (@) = (a)/a equals N(@)/D(«), with
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N(a) :=-21

b_(— - b_
) (—y3) (@ +7y2) +rp(0) + A,
a+y2+7v3 H—-a
D(a) =ra-A_-(1-b_(a))+ A, il -y - B.
a

a(p),

This expression is a true extension of (I.4), in that plugging in y; = y2 = y3 =
A+ = 0 indeed yields (T.4); the constant p(0) follows from the usual argument that
nonnegative zeroes of the denominator should be zeroes of the numerator as well.
Clearly, we get more detailed information now: besides the probability of ruin, in
addition the time to ruin, the undershoot, and the overshoot (cf. Exercise @]) O

> Solving the differential equation for 7(a). We continue by examining the first-
order inhomogeneous differential equation (#.4), assuming that r > 0 (the case r = 0
is discussed in Remark [4.4). It is routinely solved using the method of variation of
constants; however, as we shall see below, the behavior of 7 (@) at @ = u requires
some attention. We find, with F, (@) the primitive of F(a):

w0 = ([T omen (- R K|en (R@). @)

As a consequence of the fact that F (@) — o0 as @ — oo (where one should bear in
mind that F (@) — r/r° as @ — o), we have that 7(c0) = p(0) € (0, 1) necessarily
implies that

K= —/ G(n) exp (= Fx(n)) dn. (4.6)
0

This implies that

m(a) =~ (/ G (1) exp (= Fx(n)) dn | exp (Fx(a)). (4.7)

Observe that we are done, up to the determination of the two unknown constants
p(0) and 7(u). The next step is to identify constraints by which these constants can
be determined. To this end, we write G (@) = p(0) Gi(@) + 7(u) G2 (a) + G3 (@),
where the functions G (@) (with k = 1,2, 3) are given by

A 1 A-b_(-y3) —b_(a+y)

-
Gi(a) =-—, Gya):=-— . Gi(a) = —
r r-u—a r CK+'y2+'y3

Analogously, we define I(«) as p(0) I (@) + @ (u) (@) + I3(a), where

Ii(a) = / G exp ( - Fu(m))dn.

for k = 1, 2, 3. To obtain constraints that can be used to determine p(0) and 7(u), we
consider the singularities around 0 and g in greater detail. Here the main underlying
idea is that, obviously, if for some @ we have that F, (@) = oo, then necessarily
I(a) = 0, as a consequence of and the finiteness of 7(a).
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o The shape of F(-) reveals that, for some constant Dy < 0,

i Fi(a@)
im =
al0 loga

0>

which implies that F, (@) — oo as @ | 0. This means that to make sure
holds, we must have that 7(0) = 0 (so that K = 0). Using this relation, we can
now express the constants p(0) and 7(u) in one another. As G(«) is linear in
these two constants, we find

p(0)11(0) + () 2(0) = ~15(0). (4.8)
o Analogously, for some constants D, € Rand D, < 0,

Fy(a) —D_#

im —— =D,
atu log(y — @) g

entailing that F, (@) — oo as @ T u. Relation (4.7) thus gives that I(u) = 0,
which in turn leads to the relation

pO) () + () I (p) = —13(). 4.9)

We have thus found the two linear equations (4.8) and [@.9), in equally many un-
knowns. It takes an elementary calculation to verify that

_B0) L () - (1) 12(0) L(0) () — 1 (1) 13(0)
L0V (u) = I () 12(0)° L(0) () = I (u) 12(0)

We have thus arrived at the following result, providing a full characterization of
().

Theorem 4.1 If r > 0, then 7i(a) equals (4.7), with p(0) and 7w (w) given by ([4.10).

Remark 4.2 Consider the integrals appearing in and (§.9), which are the coeffi-
cients and right-hand side of the derived two-dimensional system of linear equations.
In the above argumentation, we tacitly assumed that these integrals are well-defined.
This remark serves to provide a justification for this claim. Importantly, this property
is not evident, because of the @ and u — a appearing in the denominators of the
functions involved.

First note that F, (@) behaves as ar/r° for large . Recalling that, for any f € R,
g>0and h >0,

p(0) =

a(u) =

(4.10)

(o]
/ e dx < oo,
g

we observe that to establish finiteness of the numerator and denominator, we only
have to deal with their singularities at « = 0 and @ = .

We proceed by studying the integrals appearing in 7(0). Recall that @ = —y, — 3
is a removable singularity (appearing in G3(«)). Forn | O and k = 1,2,3, Gy (n)



4.3 Exponential upward jumps 89

is a bounded function (in that it is finite on the interval (0, ) for some small &).
Observe that we can write Fy (17) = —xo log n+ xo(1n) for some ¥o(#n) that is bounded
on (0, &) and yq > 0. It thus follows from

£
/ Trmdn < 0
0
that, for k = 1,2, 3,

A(hwﬂM—RWWKw-

Having settled the ‘well-definedness’ around O, we continue by pointing out how
to deal with the singularity of Go(«@) at @ = u. For n T p we can write G,(n) =
Eu/(u—1n) + E,(n) for a bounded function &,(n) (i.e., on the interval (u — &, )
and some £, also, Fiu(n7) = —xu log(u — 1) + ju (1) for ju(17) bounded on (0, &)
and y, > 0. Because

u
/ (u—n)Mdy < oo
u—&

it follows that u
/ Ga(n) exp (— Fy(n))dn < co.
H—&

Clearly, the integral involving G,(7) between y and u + € can be dealt with anal-
ogously. Also, by the boundedness of G(«) and G3(«@) around u, the integrals
involving G| («) and G3(@) do not lead to any complications at . Combining the
above, this proves the finiteness of the integrals in (&.8). The three integrals appearing
in (4.9) can be dealt with in an analogous way. O

Remark 4.3 1t is noted that 7(0) can be found using I’ Hopital’s rule:

. ) I(@) . G(a)
7(0) al0 o—Fel(a) alo F(a) 0

This could also be concluded via another argumentation:
7(0) = lim p(u) < lim P(r(u) < Tg|X,(0) =u) =0.
Uu—0o0 u—00

In addition, along similar lines one can verify that one indeed obtains () when
taking the limit @ — . o

> Alternative description of 7 (a). We continue by developing an alternative way to
describe 77(+), namely through a power series expansion. Writing, for coefficients f;
and g,

Fl@)= ) fra', G(a)=) g,
¢=0 =0

we have found the differential equation
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7' (a) = (Z frat + g) a(a) + Zgga[.
£=0 £=0

Writing ¢, := 7(©) (0), this differential equation can be rewritten to

c ~ Al -

£+1 3 14

T(I[ = (Z f[a’€+ — Ea/+2gga/.
’ =0 @ =0 =0

Notice that this relation implies that cq = 7(0) = 0, in line with what we concluded
in Remark [4.3] It is further observed that, by collecting the terms corresponding to
the same power in both sides of the equation, the coefficients ¢ can be determined.
After some algebra, we find that the c; obey the following recursion.

00

=0

Proposition 4.2 The power series expansion of () is Y77 Ce al /e, where co =0
and, for £ € N,

1 A VG
Ceyl = (f—'—m) (r;)fmcf—m+g€)~

Remark 4.4 In case r = 0, the argumentation has to be set up slightly differently,
as we do not have F(a) — oo as @ — oo, which means that we cannot conclude
that K equals the right-hand side of ([#.6). At the same time, note that in this case
no constant p(0) plays a role (as follows directly from the definition of G («)). The
singularities at O and u, however, still exist. In this remark we explain how linear
equations can be found that determine the unknown constants K and 7 (u).

Write, for k = 2, 3,

Ji(a) = /O Gi(n) exp (— Fa(m))dn,

and J(a) = a(u)Jo(u) + J3(@). Using the same argumentation as before, and
recalling (4.5)), for any value of @ such that F, (@) = oo, we necessarily have that
J(a) + K = 0. This means that we have thus found two linear equations, namely

m(p) J2(0) +J3(0) + K = 7(p) Jo(p) + J3(u) + K = 0.
Using J5(0) = J3(0) = 0, we conclude

_J3(p)
Jo(u)’

Mimicking the line of reasoning of Remark {.2] it can be shown that all integrals
involved are well-defined. &

a(u) = K=0.
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4.4 Relaxation of the exponentiality assumptions

One of the seeming drawbacks of the results presented so far concerns the exponen-
tiality assumptions that we imposed. Concretely, 7(a) corresponds to the situation
in which the initial surplus level, the killing, and the upward jumps stem from expo-
nential distributions. In this section we discuss how the exponentiality assumptions
can be greatly relaxed.

> Initial level and time horizon. As pointed out in Section[3.4] we can approximate
any distribution on the positive half-line by a distribution in the class of phase-
type distributions . Actually a smaller class of distributions suffices, viz. 9°, the
class of mixtures of Erlang distributions. In this context it is important to notice
that also any deterministic number can be approximated arbitrarily closely by an
element from this class; indeed, as can be verified using the law of large numbers, an
Erlang distribution with shape parameter k£ and scale parameter k/z (for k € N and
z > 0) converges to the deterministic number z as k — co. Below we explain how to
compute p(U,T,y) with a random initial level U and a random time horizon 7', both
in the class 9°°. This clearly extends the results of Section.3|considerably, as there
the focus was on the evaluation of 7(«) = p(Uq, T, y), with U, an exponentially
distributed random variable with parameter « (and T an exponentially distributed
random variable with parameter 8, as before).

As argued in Section so as to be able to deal with distributions in &°, it
suffices to deal with U and T being Erlang distributed. This means that we can once
more rely on Proposition [3.5] to translate results for U or T being exponentially
distributed to their Erlang counterpart. The following example presents an explicit
procedure for doing so, dealing with an Erlang distributed initial surplus level U.

Example 4.1 Consider the context of Theorem[d.1] but now we want the initial level
to be sampled from an Erlang distribution with parameters k£ and @ (i.e., with mean
k/a@), rather than from the exponential distribution. Proposition requires the
evaluation of the derivatives 7() (-). We know 7(a), so provides us with

(@) = F(@)7i(a) + G ().
But then also
72(a) = FV(@)7(e) + F(&)7V (a) + GV (@)

= (F (@) + (F(@))?) #(@) + F(@)G(a) + GV ().

Continuing along these lines, we can compute 7(¢) (@) recursively in terms of 77 (a).
More precisely, it can be checked that 79 (@) = Ay (@) 7(a) + By (), where A, (+)
and B¢ (+) can be computed by the recursions

Apn(@) = Ap(@) + Ac(@) F(@),  Bea(@) = Ac(@) G(a) + By (),
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where the recursion is initialized by A|(a) = F(«@) and B(@) = G(«). Proposi-
tion[3.3]thus yields the following counterpart of (), but now with an Erlang initial
storage level:

»
L

k—

gv _(f) (@) = Z

=0

l

I
(=)

As argued above, inserting @ = k/z for k large leads to an approximation of the trans-
form conditional on the initial surplus level X,,(0) being equal to the deterministic
quantity z. &

> Upward jumps. We subsequently point out how we can deal with upward jumps
that are distributed as (i) a mixture of exponentials, and (ii) as an Erlang random
variable; the case of a mixture of Erlangs (i.e., distributions from the class &°)
follows upon combining these two procedures.

When the upward jumps are distributed as a mixture of exponentials, the corre-
sponding density can be written as Z[’.‘:] gi e #V for some k € N, positive constants
g1, - - -, &k, positive parameters i, .. .,y (such that g1 /py +- - - + gx /i equals 1),
and v > 0. It is straightforward to adapt the analysis presented in Section .3]to this
case. As is readily checked, we have to replace the right-hand side of (#.3)) by

Z/h“ () - th S ).

i=1

Mimicking the analysis conducted in Section[4.3] it turns out that one has to slightly
adapt the functions F(-) and G(-). Concretely, (i) these functions now have poles
at i, ..., U, and (ii) the function G (-) contains the unknowns (), ..., 7(ux).
The resulting k + 1 unknowns (i.e., the constants 7(uy),...,7(ux) and p(0)) can
be determined in the precise same manner as was done in the case of exponentially
distributed upward jumps, Indeed, by equating 7(0) as well as I(y;) to O (for all
i = 1,...,k), we have found k + 1 (linear) constraints, from which the k + 1
unknowns can be solved in the standard manner.

We conclude this section by discussing the case of the upward jumps being Erlang
distributed, say with shape parameter k and scale parameter u. It turns out that we
have to replace the left-hand side of by

0 oo #kvk—l
/l+/ (/ (& 1)'e_‘“’p(u+v) dv) ae ™ du. 4.11)
0 0 = 1)

Applying [4, Lemma A1], we can evaluate (4 in terms of 7 () and its derivatives;
it simplifies to

n () wo - ﬂ+Z( o -“Mm(( )H—l)_
u—a u—a
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Observe that this expression involves 79 (u) = 7(u) up to 75~V (u), and that
at @ = u there are poles of multiplicity up to k. As before, we eventually find the
differential equation 7’(a) = F(a)7(a) + G(«a), but with adapted functions F(«a)
and G (). These are now defined by

r _/l__l—b_(a)_71+/3’+/l_+((L)k_l)

F(Q)ZF(CZ)Zz—O 5 5 5
r r a r-a r-a

and, using the notation b, := 79 (u),

_Ab(=y)=b(a+y) r

G : —p(0
(@) re a+yr+v3 r°p( )+
k-1 ¢ k-€
Pl _
o+ Z( ) 1_( H ) by.
rea {! u—-a

As in Section again denoting by F,(«) the primitive of F(«), the differential
equation 7’ (@) = F(a)7(a) + G(a) is solved by

m(a) = - (/ G(n) exp (= Fu(n)) d’l) exp (Fi(a))

@if r > 0). In [4, Appendix B] it is explained in detail how the unknowns p(0)
and b = (bg,...,br_1)" can be identified. For k = 2,3, ... this is a rather delicate
procedure, due to issues related to the non-analyticity of certain functions.

4.5 Discussion and bibliographical notes

This chapter is based on our paper [4]. In addition to the material we presented in
this chapter, that paper also includes the analysis of two related queueing models [4,
Sections 3—4], where one of them is the dual of our ruin model, as well as a detailed
account of the related literature [4) Section 4.6].

As discussed in the bibliographical notes of Chapter [I] there is an extensive
literature on the joint distribution of the ruin time and the corresponding overshoot
and undershoot. Key contributions in this area are due to Gerber and Shiu [7, |8]],
which are put into a broad Lévy-based context in [12]. We also refer to the account
in [3 Chapter XII] and to [[1], the latter reference also allowing positive jumps.

Although several papers have appeared on the Cramér-Lundberg model with
interest, as well as on the Cramér-Lundberg model with additional positive jumps, the
combination of both elements is understood considerably less well. For an overview
of the main results for ruin models with interest (but without upward jumps, i.e.,
A+ = 0), we refer to [3, Section VIII.2], including an explicit result for p(u, oo, 0)
for the case of exponentially distributed claims. Examples of seminal papers in this
area are [3 [10], also covering corresponding diffusion approximations; see also the
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approximations and bounds in [16]]. The characterization of p(u) of Lemma [4.1]is
in line with [14}, Equation (2.1)]; various versions of this result can be found in e.g.
[6L 19, [15 117].

In the literature some attention has been paid to models with jumps in both
directions (but without interest, i.e., assuming r° = 0). The case of a net cumulative
claim process Y (¢) but now with generally distributed downward jumps and phase-
type distributed upward jumps (or, alternatively, upward jumps with a distribution
that has a rational Laplace transform) has been successfully studied; see e.g. the
analysis presented in [13]]. This is a useful extension of the traditional Cramér-
Lundberg model, recalling that any positive random variable can be approximated
arbitrarily closely by a phase-type distributed random variable [2, Thm. I11.4.2]. In
view of the Wiener-Hopf decomposition (Proposition[I.2), which actually holds for
general Lévy processes [[11, Chapter VI], this also provides us with results on the
case of Y (¢) having phase-type downward jumps and generally distributed upward
jumps. Indeed, by flipping the sign of the net cumulative claim process Y (f) the
results of [13] now provide us with the transform of —-Y(7g), and as Y (Tg) can
be evaluated in a straightforward way, the Wiener-Hopf decomposition yields the
transform of ¥ (7).

Exercises

4.1 Argue that D(«@) in Remark has one positive root. Point out how p(0) can
be expressed in terms of this root, say a*. Compute 7(«), again in terms of a*.

4.2 (%) Let the negative jumps be exponentially distributed with parameter v > 0,
sothat b_(a) = v/(v + ).

(i) Evaluate F (@) and G ().

(i1) In the remainder of this exercise we consider the special instance A =1, =r =
r° = 1. We in addition take ¥ = 0 and 8 = 0, i.e., T () corresponds to the transform
of the infinite-time ruin probability in the sense that

7(a) = a /0Do e~ ™ p(u) du.

Compute F, () to show that, with TI(@) := e®(a +v)~' - |u — o',

_ © 1 1 1 _
”(CL’)Z_H(@)‘/Q W(’?"‘V_p(())_,u—nn(ﬂ) dn.

(iii) Define

Qo(x,y) ==—p+vpx+vy, Qi(x,y):=1+@E-v)x+y, Qxy):=-x,

and, forn=0,1,...,
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oo nook
W, (a) :/ n"e‘"dn:n!e_az%.
@ k=0

Show that for @ > u

2
(@) = ~TI(@) ) Q2 (p(0), 7(1)) Wn(@).
n=0

(iv) Argue that the unknowns p(0) and () satisfy the (linear) system of equations
given by

2 2
D 2u(p(0), 7(1) Wa(0) = D Qu(p(0), 7(1)) n! = 0
n=0 n=0
and
2
> Qu(p(0), 7(1)) Wa(p) = 0.

n=0
(v) Verify that

Lty 7

Vieuv+2v+pu’

p(0) = () =

Vieuv+2v+pu’
4.3 In Remark [4.3]it is stated that when taking the limit @ — u one indeed obtains
(). Verify this.

4.4 Take y; = y2 = y3 = 0. In addition, let 2, = 0 and » = 0. This is a setting that
directly relates to the model that will be discussed in Chapter 6]
(i) First consider 8 = 0. Use the differential equation (¢.4) to show that

ﬁ(a)=l—exp(—i—;/a—l_b_(x)dx).
0

X

(ii) Now let B > 0. Use Remark [4.4]to show that
@ BIr" A_1-b_ TA_1-b_
ﬁ(a) = / (2) _O—(n) exp (_/ _O—(x)dx) dn.
0 \«a r n w T X

(iii) Simplify the latter integral further in the case that b_(a) = v/(v + @), i.e., the
case of exponentially distributed negative jumps.
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Chapter 5
Threshold-based net cumulative claim process

Abstract — This chapter discusses a variant of the Cramér-Lundberg model in which
the net cumulative claim process obeys different stochastic dynamics (in terms of
the claim arrival rate, premium rate, and claim-size distribution) above and below a
threshold v. For this setting of a threshold-based net cumulative claim process we
evaluate the ruin probability over an exponentially distributed interval. An important
role is played by the concept of scale functions.

5.1 Introduction

In this chapter we consider the setting in which the net cumulative claim process
displays different behavior above and below the threshold v € (—oo, u), with u > 0
denoting the initial reserve level. We denote the resulting net cumulative claim
process by Y,,(¢) and its running maximum process by ¥, (¢), with the objective to
evaluate the time-dependent ruin probability, i.e., p(u, v, t) := P(Y, (¢) > u).

In more concrete terms, the model with such a threshold-based net cumulative
claim process can be described as follows. Below v the claim arrival rate is A_,
the premium rate is r_ and the claims have Laplace-Stieltjes transform b_(«) (also
when the claim under consideration is such that due to the corresponding jump the
process Y, (1) exceeds v), whereas above v the claim arrival rate is A, the premium
rate is ry and the claims have Laplace-Stieltjes transform b, (a). We focus on the
(somewhat more complicated) variant that v € (0, u), where it is noted that the case
that v € (—o0, 0] can be dealt with analogously. It is remarked that the meaning of
the rates A_ and A, differs from the one that has been used in Chapter@

In our analysis, we (as before) focus on the probability p(u, v, Tg) of ruin before
an exponentially distributed epoch T (sampled independently of the threshold-based
net cumulative claim process). An important role is played by the concept of scale
functions, discussed in Section [3;2} Then, in Section @ these scale functions are
used to evaluate a decomposition of p(u, v, Tg). Finally, in Sectionwe determine
various additional auxiliary quantities.

97
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5.2 Scale functions

Consider the net cumulative claim process Y (¢) in the non-threshold setting, i.e., with
claim arrival rate A, premium rate r, and the claim-size distribution having Laplace-
Stieltjes transform b (). In this section the focus is on computing the objects, for
u->0,uy >0and S > 0,

0 (u—,uy,B) :=P(o(u-) < min{r(uy),Tg}),
04 (u—uy, B) :=P(1(uy) < minfo(u-), Tg});

here 7(u,) is defined (as before) as the first epoch that Y (¢) enters (u,, o), whereas
o (u-) is the first epoch that Y (r) enters (—co, —u_] (where it is observed that
Y(o(u-)) = —u_, as in the downward direction every level is crossed with equality).
The Laplace exponent ¢(a) of the process Y (¢) is defined in the usual manner:
¢(a@) =ra —A(1 — b(a)). In the next sections we use the identified expressions for
0_(u—,uy, ) and 8, (u—, u,, B) to evaluate the probability p(u, v, Tg) in the model
with a threshold-based net cumulative claim process.

> Definition of the scale function, and some properties. Now define the scale function
W) (u), with u > 0, as the function whose Laplace transform is a given function:

for B < (),

o0 1
—ouw B (y)ydy = ——. 5.1
/o ¢ 0 du= B G-D

We do not comment on the existence of such a function W) (u); an extensive
analysis is presented (for the larger class of spectrally one-sided Lévy processes) in
e.g. [10, Section 8.2]. There is in addition a second scale function, defined as

ZP () =1 +,8/u W (x) dx,
0

so that, swapping the order of the integrals, for 8 < ¢(a),

(e8] 1 (e8] (o)
/ e ZPB) (u)du = = +ﬁ/ / e WP (x) dudx
0 0 X

= 1 + A ; (5.2)
a apla)-p
In Chapter [1| we characterized the distribution of ¥ (Tg) in terms of the Laplace
exponent ¢(«@) and its right-inverse i (8). The next lemma, that will play a crucial
role in determining & (u—, us, B), shows that using the concept of scale functions,
we can develop an alternative representation.

Lemma 5.1 Foranyu > 0 and 8 > 0,

P(Y(Tp) > u) = 2P (u) - %W@(u).
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Proof. Proving this claim amounts to verifying that the transform (with respect
to u, that is) coincides with (I.4); here we use the fact that there is a one-to-one
correspondence between a function and its Laplace transform, cf. Appendix [A.3]
The fact that two transforms are equal follows immediately, using Equations (5.1))

and (5.2)); see Exercise[5.2} m]

The following lemma presents useful alternative expressions for the target quan-
tities 6_(u—_, uy, B) and 64 (u—_, uy, B).

Lemma 5.2 Foranyu_ >0, u;, >0, and 8 > 0,
S-(u_,uy, B) =E(e P70 1o (u-) < T(uy)}),
84t ttr. ) = B(e P70 1{r(u) < o (u-)}).

Proof. We establish the claim for §_ (u_, u,, 8); the other claim follows analogously.
Applying integration by parts,

6_(u_,uy,B) = ‘/Oooﬁe_'gt P(o(u) <t,o(u-) < t(uy))de

= /00 e P P(o(u) e dt,o(u) < 1(uy))

0
=E(eP7) o (uo) < t(uy)}).

Alternatively, one could replace the first line in the above formula by

O_(u—,uy,B) = AwP(Tﬁ >HP(o(u) edt,o(u-) < T(u+)),

with no need for integration by parts. O

> Evaluation of 6_(u-,u,,B). Our next objective is to find an expression for
6_(u—,uy, B) in terms of the scale functions. We do so by first finding, in Lemma
an expression for §_ (u—, u,, 0) in the case that the net cumulative claim process
has a negative expectation. This result is then ‘bootstrapped’ to an expression for
6_(u_,uy, B) in Theorem|5.1

Lemma 5.3 Assume EY (1) < 0, or equivalently ¢’(0) > 0. Then, for any u_ > 0,
uy =0,

W(O)(u+)
WO (uy +u)’

Proof. The key element in this proof is the identity

6*(“*7 Uy, 0) =

P(Y(c0) < us) = P(Y(20) < uy +u-) P(o(u-) < 7(uy)),

where it is used that Y (o (u-)) = —u_ in combination with the strong Markov
property; in addition, it is noted that because of EY(1) < 0 both probabilities
P(Y(o0) < uy) and P(Y(o0) < uy + u_) are strictly positive. We conclude that
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P(Y(o0) < u.)

6-(u-, 1, 0) = P(Y(c0) S up+u_)

Hence it is left to prove that, for u > 0, P(¥(c0) < u) is proportional to W (u).
This we show by establishing that the transforms of both objects are proportional.
Indeed, exploiting the results of Chapter|[I](and in particular Corollary [T.T)),

© - 1_ 1 © -
/ e "™MP(Y(o0) <u)du = —P(Y(c0) =0) + — / e” ™ P(Y(c0) € du)
0+ @ @ Jo+
1 re _ (0
= —/ B (o) € du) = £,
a Jo e(a)
which is proportional to 1/¢(a), i.e., the transform of W(® (u). O

Theorem 5.1 Foranyu_ > 0, uy > Oand g > 0,

W (u,)

O_(u_,us,B) = m

Proof. The main idea is to study the process Y (¢), for 8 > 0, under an exponential
change-of-measure with ‘twist’ —¢(8) < 0. More concretely, calling this alternative
probability model Q, the Laplace exponent under Q is

po(@) = pla+¢(B) — ¢ (B) = p(a+¢(B)) - B. (53)

It is clear that we have constructed a process with negative mean: the fact that
¢’(Y(0)) > 0, in combination with the facts that (i) the right inverse ¥ (8) is
increasing in 8 and (ii) ¢(«) is increasing for @ > y(B), yields, in self-evident
notation,

EqY (1) = —¢5(0) = —¢"(¥(B)) < 0;

see Figure[5.1|for a pictorial illustration.

(@) e(a)

¥ (B) ¥ (0) ¥(B)

Fig. 5.1 The functions ¢ (@) with ¢’ (0) > 0 (left panel) and ¢ (@) with ¢’(0) < 0 (right panel).
In the former case ¢ (B) > ¥ (0) = 0, whereas in the latter case ¥ () > ¥ (0) > 0. Observe that
in both cases ¢’ (¢ (B8)) > 0.
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As is readily verified, the likelihood ratio connecting P and Q is such that,

PI(1) ed) _ s uip .
QY (n) edr) ’

to see this, observe that due to (5.3),

5.4)

/°° QY (1) € dv) = Eg e ) = B o~ (@rv ()Y (0-p1

00

_ P / e+ (B))x P(Y(¢) € dx).

o0

We conclude from Lemrna which we can apply because EqY (1) < 0, that

Q(Y (o) < uy)
Q(Y(e0) S uy+u-)

Qo (u-) < 7(uy)) =

On the other hand, by applying the expression for the likelihood ratio that was given
in (5.4) in combination with Lemma[5.2] we obtain that

Qo (u-) < 7)) = E(e PTe PN o) < 7))
= eV (Bu- 6_(u_,uy,B).

Upon combining the above findings, we derive the following expression for the
quantity of our interest:

Q(Y (e0) < uy)
Q(Y(c0) < uy+u)
P g(w) <)

T eV B) () Q(F(c0) < Uy +u_)

6—(u—’ Uy, B) = e_lp(ﬁ) -

We thus conclude that we have proven the stated once we have established that
e? B u (Y (c0) < u) is proportional to W#) (). This we show by proving that their
respective transforms match up to a multiplicative constant. A computation similar
to the one featuring in Lemma [5.3]reveals that

20 yw®)
pal@—y(B) ¢la)-p

which is proportional to 1/(¢(@) — B). The proof is concluded by recalling from
Equation (5.1) that 1/(¢(a) — B) is the transform of W#) (). m]

/ e eV P QY (o) < ) du =
0+

> Evaluation of 6+ (u—, u., 8). We now focus on the evaluation of the second quantity,
ie., 04+(u_,us, B). As it turns out, here Lemmaplays a crucial role.

Theorem 5.2 Foranyu_ > 0, uy > Oand 8 > 0,
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W('B)(u+)

O (u_,u,, =7ZB () -Z2P (uy +u ) ————
st ) = 20 ) = 27 ) e

(5.5)

Proof. We first decompose
64 (u_yuy, B) = E(e P 1{1(uy) < 00}) —E(e AT 1{or(u-) < 7(uy)}).

The first term in the right-hand side reads, using (I.2) and the equivalence of the
events {t(u) <t} and {¥(¢) > u},

E(g_'BT(“*) Hr(uy) < o0}) =P(1(uy) < Ip) = P(Y(Tﬁ) > Uy),

which we can evaluate in terms of scale functions relying on Lemma/[5.1] In addition,
using the strong Markov property,

E(eP™) {0 (u-) < 7(us)})
=P(o(u-) < 7(uy) <Tp)
=P(o(u-) <Tg,0(u-) < 7(uy)) P(r(us +u_) < Tp).

Upon combining the above findings, we obtain
Ss(u_yuy, B) =P(Y(Tg) > uy) — 06— (u—,us, ) P(Y (Tg) > us +u_).

It is directly verified, using Theorem[5.1]and Lemma5.1] that this yields the desired
expression. Here we use that

P(Y(Tg) > uy) — 6—(u—us, ) P(Y (Tp) > us +u_)
B

=ZP (uy) - —wB (u,) -
©wB) '
W(B)(u+) B
" [z® +u) - —L_w® +u)l,
W) | T Ty e
which equals the right-hand side of (5.3). ]

In Exercise [5.5] we demonstrate the power of scale functions, by evaluating the
transform of the workload distribution in the finite-capacity M/G/1 queue.

5.3 Decomposition

As pointed out earlier, our interest lies in evaluating p(u,v,Tg), the probability
of Y, (¢) exceeding level u before time Tz (which is, as before, an exponentially
distributed random variable with parameter 3, independent of everything else), with
Y, (0) = 0 and v denoting the threshold. This section presents a decomposition by
which p(u,v,Tg) can be calculated.
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> Introduction of required objects. In our analysis a key quantity is the first passage
time
7(w) :=inf{t 2 0:Y,(¢t) > w|Y,(0) =0}.

In addition, for y € (v, u),

Ty(u) :=inf{t > 0:Y,(¢) > u|Y,(0) = y},
oy(v) =inf{t > 0:Y, (1) <v|Y,(0) =y}

(where it is observed that in the definition of the ruin probability p(u, v,t) it was
evidently assumed that ¥,,(0) = 0). It is noted that in the definition of o (v) we
could have replaced ‘< v’ by ‘=v’.

o In the analysis a crucial role is played by the overshoot over level v, jointly with
the indicator function of the event of ¥, (¢) actually exceeding v before time 7g.
To this end, we introduce the object

k(v,t,y) :=E(e™” T 1(r() < 1}),

where Y, (7(v))—v is to be interpreted as the overshoot over level v. In Section[5.4]
we point out how to evaluate the double transform of k(v, ¢, y), or, equivalently,

k(a,B,y) ::/ ek, Tg,y)dv.
0

This, applying Laplace inversion, allows us to evaluate
P(Y,(t(v)) —v edy, (v) < Tp);

in the sequel we call the corresponding density i(v, y, 8).

o We proceed by introducing two probabilities, ¢ (u, v, ) and g(u, v, t), with v < u.
Here g(u, v, 1) is to be interpreted as the probability that starting in v, first a level
above v is attained (before ¢), and then v is reached again (before t), before u is
exceeded (also before t). Formally, g(u, v, t) := P(&(u,v,t) | Y, (0) = v), with

s1:=inf{s > 0:Y,(s) > v} <1,
E(u,v,t) ;=4 sp :=inf{s > s : ¥, (s) = v} < 1,
Vs € (s1,5) : Yy (s) <u

Likewise, ¢ (u, v, t) represents the probability that starting in v, first a level above v
is attained (before t), and then level u is exceeded (also before 1), before v is reached
from above (also before ¢). Formally, g (u, v,t) := P(F (u,v,t) | ¥, (0) = 0), with

sy :=inf{s > 0:Y,(s) > v} <1,
F(u,v,t) ;=19 sp:=inf{s > 51 : ¥, (s) > u} <1,
Vs € [s1,52] : Yy (s) > v
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Notice that this scenario also includes the case in which at the first time level v is
exceeded, level u is exceeded as well. The probabilities g (u, v, Tg) and g (u, v, Tg)
are evaluated in Section[3.4]

> Evaluation of the ruin probability. We now evaluate our target probability
p(u,v,Tg). To this end, realize that there are essentially three (disjoint) ways to
exceed u, starting with Y, (0) = 0; we refer to Figure[5.2)for a pictorial illustration.

1. In the first place, the level v can be exceeded (before Tg) with an overshoot that
is larger than u — v. This leads to the contribution

(o)

pi(u,v,Tp) :=/ h(v,y,B)dy.
u-—-v
2. In the second place, there is the scenario that the level v is exceeded with an
overshoot that lies between 0 and u — v, but that from that point on u is exceeded
before v is reached (and all these events before Tg). This corresponds to the
contribution

u—v
P2y, Ty) = /0 h(v, 3. B) Sy (1, v, B) dy,

with the probability ¢, y(u, v, 8) := P(7y(u) < min{o,(v),Tg}) to be evaluated
in Section 5.4l

3. In the third place, the level v can be exceeded with an overshoot that lies between
0 and u# — v, but from that point on v is reached before u is exceeded (and all
these events occur before 7g). From that point on there is a geometric number of
attempts of exceeding u starting at level v; in each of these attempts, the process
first has to exceed level v again, and after that u should be exceeded before
returning to v (all these events occurring before Tg); cf. the black dots in the
bottom panel of Figure This leads to the contribution

p3(u,V,Tﬁ)
= ‘/0‘ ) h(V,y,B) 6_’},(14, V’ﬁ) dy X Z CI(M’ V’Tﬁ) (Q(u’ Vs TB))k
k=0

CI(M’ v, Tﬁ) u-v
= — h(v,y,B)0-y(u,v,B)dy,
1-g(u,v,Tg) Jo Y

with the probability 6_ , (u, v, 8) := P(oy(v) < min{r,(u), Tg}) being evaluated
in Section 3.4l

Combining the above, we have found the following decomposition result.

Theorem 5.3 For any u > 0, v € (0,u), and B > 0,

p(u,v,Tg) = p1(u,v,Tg) + p2(u,v,Tg) + p3(u, v, Tp).



5.3 Decomposition 105

Y, (1)

7 |

Y, (1)

Y, (1)

Fig. 5.2 Net cumulative claim process Y,, (¢). The top panel corresponds to Scenario 1, the middle
panel to Scenario 2, and the bottom panel to Scenario 3 (with the black dots indicating the start
of a new attempt to exceed level u, starting at level v, each of them succeeding with probability
q(u,v,Tg)).
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5.4 Computation of auxiliary objects

In this section we point out how to evaluate the objects featuring in the decomposition
presented in Theorem [5.3} the density A(y, v, B) (through the associated transform
k(a, B,7y)), the probabilities d_ ,(u, v, ) and d, ,(u,v,S), and the probabilities
q(u,v,Tg) and g(u, v, Tp).

> Evaluation of k(«, 8,y). We follow a procedure that is similar to the one used in
Exercise For conciseness, we write k(v) to denote k (v, T, v). Indeed, as At | 0,
with B_ denoting a generic claim level when the net cumulative claim process is
below v,

k(v) = A_ At‘/ovIP’(B_ edw) k(v —w)+ - At/va(B_ € dw)e Y )
+ (1= A= A1 = BAt) k(v + 7 At) + o(Ar).

Subtracting k(v + r_ Ar) from both sides, dividing by At, and sending Af to 0, we
obtain the integro-differential equation

-k'(v)r_=Aa_ / ' P(B_ edw) k(v —w) +
0
A /mP(B_ edw) e ™) — (A + B)k(v).

The next step is to write this equation in terms of the transform «(a, 8, y). To this
end, we multiply the entire equation by e~*" and integrate over v, so as to obtain

r_k(0) — rea k(@) = A_ k(@) b_(a) + LW — (- + B)k(a),

where we locally write k(@) to denote x(a,B,v). Solving «x(a) from the above
equation, and writing ¢_(a@) :=r_a — A_(1 - b_(a@)),

b-(a) - b(y)) _

Y —a

k(@) =

PRT (”‘“” -

With _(B) the right inverse of ¢_(a), we observe that the denominator is zero for
a = _(B), and hence the numerator as well. We conclude that

A (b—(w-(ﬁ)) =b-(y) b-(a)- b—(w))
o ()-8 Yy =¥ (B) y-a )

k(a,B,y) =

> Evaluation of 6_ ,(u, v, B) and 6, y(u, v, §). Here we use the theory developed in
Section[5.2] We obtain from Theorem [5.1] that



5.5 Discussion and bibliographical notes 107

B)
W (u—y)
o_y(u,v,B) = —:,3) ,
W (u - v)

with W (1) such that

. —auyy(B) 1
e "W (u)du = ——,
-/0‘ " (@) - B

where ¢, (@) = rya — A:.(1 — by(@)). Also, with Ziﬁ )(u) defined in the evident
manner, from Theorem[5.2}

WP - y)

Suy (v, B) = Z (= y) = 2P (u = v) ==
W (u—v)

> Evaluation of q(u,v,Tg) and G(u,v,Tg). With 6_ ,(u,v, ) and 6, (u,v, B) as
given above, it is easily verified that

(e8]

u—-v
q(u,v,Tg) = '/0 h(0+,y,Tg) 64,y (u,v, B) dy+/ h(0+,y,Tg) dy

and -
G(u,v,Tg) =/0 h(0+,y,Tg) 6— y(u, v, B) dy.

The density #(0+, y,Tg) can be determined as pointed out above.

5.5 Discussion and bibliographical notes

The most basic model with a threshold-based net cumulative claim process is the
one in which only the premium rate r depends on being below or above the level v,
the so-called refracted process, the resulting process often being referred to as the
threshold dividend model. An analysis of this model, focusing on the all-time ruin
probability, can be found in [2, Section VIII.1a]; see also for instance [9, 12} [14].
An extension to a general Lévy setup is presented in [[L1]. The extension to multiple
thresholds is treated in detail in [[1]] and [2, Section VIII.1b]; cf. also [[13]].

A model that slightly differs from the one of the present chapter is analyzed in
[5, 16]]. In the model of [S] the decision to adapt the premium rate only takes place
at claim arrival instants, while in [6] the premium rate can be adapted at Poisson
observer instants. The ruin probability is expressed through a system of integro-
differential equations, which can be solved in the case of exponentially distributed
claim sizes.

In the queueing literature various related models have been studied, most notably
M/G/1-type queues with different dynamics below and above a threshold. References
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that are relevant in this context include [3} 4]. The M/G/1 queue with service speed
adaptations is covered by e.g. 7, 18].

In this chapter the concept of scale function plays a key role. More background
on these scale functions in the context of the class of spectrally one-sided Lévy
processes, and their role in Lévy fluctuation theory, is given in [10, Chapter VIII].

Exercises

5.1 In this exercise we focus on the scale function in the case that the claim sizes are
exponentially distributed with parameter u. More precisely, we consider the scale
function W (1), implicitly defined by (5.1).

(i) Show that

© +a
W)= [ e ™WE (u)du=—+—"
(@) ,A ¢ (1) du ra? +sa — Bu

with s :=ru—A4 - .
(ii) With

1
Qg = — (—si\/s2+4rﬂ,u),
2r
1 pu+a 1 +lu+a_ 1

W (a) = -

Fay—a_-@—@y Fa-—Q.Q—a_

prove that

(iii) Determine W) (u).
(iv) Use this to determine §_(u—, u, B) and 84 (u—, us, B).

5.2 Give a detailed proof of Lemmal[5.1]

5.3 Consider the case that below the threshold v the claim sizes have an exponential
distribution, i.e., b_(a@) = u/(u + @).
(i) Argue that h(v,y, ) = ue > P(7(v) < Tg), and that

k(a,B,y) = uiy /Ome‘“”P(r(v) < Tp) dv.

(ii) Use the duality between the events {7(v) < T3} and {¥, (T3) > v} to prove that

u 1 (so—(a)_ B )
pu+y ¢-(a) =g\ «a y-(B))’

t,o_(a/):a(r_— = ),

U+a

«(a,B,y) =

with

and _ () its right-inverse.
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5.4 This exercise is about the M/G/1 workload process reaching the value u > 0
before the exponentially distributed time 7g. We consider the model discussed in
Chapter [I] i.e., we are not in the setting of a threshold-based net cumulative claim
process. This concretely means that the workload’s driving process Y (¢) corresponds
to an arrival rate A, job sizes distributed as the random variable B with LST b(«)
and service rate r. As in Exercise[I.7] we assume that the workload process starts at
an arbitrary level x.
The main object of interest is

ax(u, B) :=P(3s € [0,Tp] : Q(s) > u|Q(0) =x),

for x € [0, u). The underlying idea of this exercise is to show that this quantity can be
expressed using the concept of scale functions. We do this through the probabilities
of the type 6_(u—_, uy, 8) and 8, (u—, u,, B) introduced in Sectionthat were given
in terms of scale functions in Theorems[5.1]and 5.2

(i) Prove that

qx(u’ﬁ) = 6+(.X,M —X,B) +

6_(x,u—x,ﬁ)ﬁ(/m}?(3 edv)+

/MP(B edv)d,(v,u—-v,B)+
0
/0 P(B € dv)6_(v,u - v, B) qo(u,ﬁ)).

(ii) Observe that the only unknown left is qo(u, B), i.e., the probability of the work-
load exceeding u before Tg, given that the system started empty. Argue, using that
6-(0,u,B) =1and 6,.(0,u, B) =0, that

A/MP(B € dv)+ﬁ/uP(B edv)di(v,u—v,B)
_ u 0
qo(u, B) = .

,1+,3—A/MIP(B€dv)é_(v,u—V,,B)
0

(iii) Show that qo(u,8) — 1 as 8 | 0, and hence that q,(«,8) — 1 as 8 | O for all
x € [0, u). Interpret this finding.

5.5 () In this exercise we consider the workload in an M/G/1 system in which this
workload is truncated at K > 0. We focus on partial rejection: if due to a certain
arriving job the level K would be exceeded, the part that still fits in the buffer is
allowed into the system. We focus on, for x € [0, K],

X0, ) = x(x) 1= Bre™ @) =B (70| 0(0) = x).

(i) Argue that, for x € (0, K],
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X(x) = 64(x) x(K) +6-(x) x(0) + 64 (x),
where 6, (x) =0+ (x, K —x,8), 6-(x) :==6_(x,K — x, 8), and
5y (x) := e ™ E(e" YT 1{T < min{o(x), (K — x)}}).
(i) Show that

_B
B-¢(a)

where, for7 > 0,x > 0and y > 0,

Ox(x) = e — E(min{c(x),7(K-x)}|,

B(r) = E(e" YT 1{T5 > 1}).

(Hint: cf. the approach followed in Exercise [I.8])
(iii) Prove that

= _paxuBx B
E(o(x)) =e* e R
sr(k-x)= | Ak - B et K gy P
(e(K - ) /0 (K=x,y,B)e y g
and
E(max{c(x), 7(K — x)}) = ¥ ¥ B) ¥ /00 h(K,y,B) e K gy _B +
0 B—¢(a)
ax . h _ -y (B) (K+y) —ﬂ .
e ) mE e Y- e@

(iv) Use the identity ZE(min{a, b}) = E(a) + E(b) — E(max{a, b}) to conclude, for
x € (0,K],

5*()6) = L e ¥ — e—‘/’(ﬁ)x _/ ]’Z(K - x, y,ﬂ) e—a(K+y) dy +
B—¢(a) 0

ew(;f)x/ h(K. y. ) e~ K+ dy+/ h(K = x, y, ) e~V () (K+) dy)‘
0 0

(v) Show by conditioning on the first event (which could correspond to either a claim
arrival or to killing) that

A +

X(O):ﬂ+/l B+

K
(/0 P(B € dx) y(x) +P(B > K)X(K)) .

(vi) Argue that we can write y(K) = a y(0) + a°, with
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6-(K) o o4 (K)

TSk T TSak)
and y(0) = b xy(K) + b°, with
/l/KP(Bedx)6+(x)+/lIP’(B>K) ﬁ+/1/KIP(Bedx)6*(x)
o 0

b:= 0 I , b7 =
,8+/1—/l/ P(B € dx) 6_(x)
0

e .

,8+/1—/1/ P(B € dx) 6_(x)
0

(vii) Conclude that for any x € (0, K],

X (%) = 64(x) x (K) +6-(x) x(0) + 6 (x),

ith Ob bO bO o
a'b+ ab” +a

O = - K)= —.

x(0) 1— ab x(K) 1— ab
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Chapter 6
Level-dependent dynamics

Abstract — This chapter considers a variant of the Cramér-Lundberg model which
has the special feature that the claim arrival rate A(x) and the premium rate r(x) are
functions of the current surplus level x. If only the premium rate depends on that
surplus level, then duality holds with a so-called shot-noise M/G/I queue, which can
be used to derive the ruin probability from a known queueing result. When both
rates are level-dependent, we exploit the fact that the integro-differential equation
for the survival probability only involves those two rates as a fraction r(x)/A(x).
This reduces the determination of the ruin probability to that for the case in which
only the premium rate is level-dependent. Then we consider a model in which the
claim interarrival times depend on the current surplus level in a specific way: they
equal an exponentially distributed quantity minus a fraction of the current surplus
level, truncated at 0. The chapter is concluded by the analysis of a model in which
tax payments are deducted from the premium income whenever the surplus process
is at a running maximum, leading to the so-called tax identity.

6.1 Introduction

In this chapter we consider the Cramér-Lundberg model, but now with the distin-
guishing feature that the claim arrival rate and the premium rate are not constant, but
rather functions of the current surplus level, say A(x) and r(x), respectively, when
the surplus level is x. We throughout assume that (0) = 0 and that (x) > 0 for
all x > 0. This model variant has evident applications: it can for instance be used
in situations when the insurance firm adapts its premium rate to the current surplus
level, but it also allows one to model the effect of receiving interest (cf. Chapter [4)).

The above dynamics entail that the reserve level process obeys the integral equa-

tion
N (1)

X (1) =u+/0tr(Xu(s))ds— > B,
i=1

113
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where the claim arrival process N(¢) is such that the Poisson arrival rate at time ¢ is
A(X, (t)). More precisely, as Az | 0,

P(N(t+At) = N(t) = 1| X, (s),s € [0,2]) = A(X,(?)) At + 0(At),
and
P(N(t+ A1) = N(t) =0]| X, (s),s € [0,7]) = 1 — A(X,,(t)) At + o(At),

with the probability of two or more claim arrivals in an interval of length Ar being
o(Ar).

The objective of this chapter is to analyze the ruin probability p(u), i.e., the
probability of X, () ever dropping below 0. As it turns out, for general functions
A(x) and r(x) the evaluation of the time-dependent ruin probability p (u, t) is beyond
reach, even when considering ruin before an exponentially distributed epoch. A
special case of this level-dependent model has already been dealt with in Chapter [5]
where the claim arrival rate and the premium rate (and actually also the claim-size
distribution) depend on whether or not the current level of the surplus is above or
below a given threshold v. Another special case was treated in Chapter fi] where
r(x) = rx and A(x) = A, but where two-sided jumps are allowed.

In Section [6.2] restricting ourselves to the case that only the premium rate is
level-dependent (i.e., there is a constant claim arrival rate), we manage to derive an
integral equation characterizing p (u) by exploiting a duality relation with the model’s
M/G/1-type counterpart (cf. Section[I.2). The case in which both the premium rate
and the claim arrival rate are level-dependent is considered in Section [6.3} we in
particular point out how this case can be reduced to the one in which only the
premium rate is level-dependent. In Section[6.4] we analyze a model that does not fit
in the framework sketched above: the claim interarrival times equal an exponentially
distributed quantity minus a fraction of the current surplus level, truncated at O.
Section [6.5] considers another specific level-dependent risk model, leading to the
so-called tax identity.

6.2 Level-dependent premium rate

In this section we restrict ourselves to the case of a level-dependent premium rate
r(x), keeping the claim arrival rate A1(x) = A fixed. We relate the risk process to
a dual queueing process, and determine the steady-state workload density f(y) of
that queueing process. By duality, f(u) (with u > 0 denoting the insurance firm’s
initial surplus) equals the derivative of the survival probability p(u) = 1 — p(u),
and hence minus the derivative of the ruin probability p(u).

> Duality. Where in Section [I.2] we introduced the dual queueing model of the
conventional Cramér-Lundberg model, we now follow a similar reasoning for the
Cramér-Lundberg variant with a level-dependent premium rate. To this end, consider
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the surplus process X, (s) for s € [0, ¢] as defined above, for a given horizon ¢ > 0. To
construct its dual queueing process, define the associated queue Q(s), for s € [0, ],
as follows:

o Apply time reversal on the interval [0, 7]. This concretely means that the process’
jumps are now positive.

o Apply reflection at zero (provided that r(-) is such that zero can be reached) to
prevent the process from attaining negative values.

o Start the queue with a zero workload: Q(0) = 0.

In this case the workload dynamics are governed by the following relation:

N (1)

0w =Y, 8- [ rwnas 6.1)
i=1

The claim is that the finite-time ruin probability p(u, t) coincides with the prob-
ability of the workload level Q(t) exceeding u, where it is a crucial element that we
have that Q(0) = 0; likewise, the all-time ruin probability p(u) matches the prob-
ability of the stationary workload level Q (o) exceeding u, again under Q(0) = 0.
This claim is formalized in the following theorem. Here 7(u) denotes the first time
that the reserve level process X, (¢) attains a negative value, i.e., the ruin time.

Theorem 6.1 For any t > 0, the events {t(u) < t} and {Q(t) > u} coincide. In
particular, the events {t(u) < oo} and {Q(o0) > u} coincide.

()

 -=—=— === ===~
N

N

t

Fig. 6.1 Left panel: reserve level process X, (¢) for initial surplus u; (solid lines) and for initial
level u, (dashed lines). Right panel: the constructed workload process Q (¢), with the time-reversed
arrival process.

Proof. The proof of this result relies on a sample-path comparison technique. Let
there be N claims in the reserve level process X, (¢) between times 0 and 7 (N is
Poisson distributed with parameter A¢); call these times #; up to #). Because of
the time reversal, the jumps in the dual queueing process Q(t) happen at times
Vy =t —tN_nst, for n = 1,...,N. The claims Bjy,..., By in the reserve level
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process X, (t) correspond to upward jumps in the queueing process Q(t) of size
B N-n+l1-

Let the deterministic function x,(s) solve x/,(s) = r(x,(s)) under x,(0) = u.
Evidently, there is a monotonicity as a function of the initial surplus level: if #; < u»,
then x,, (s) < x,,(s). The proof of the equivalence of the events {r(x) < ¢} and
{Q(t) > u} amounts to establishing two inclusions.

o We first consider the scenario that Q(¢) > u, corresponding to the path of X,,, (¢)
in the left panel of Figure[6.1](i.e., the solid graph). Then, due to the monotonicity
that we observed above,

Q(vn—) =x0()(t1) = By > x,(t1) — By = X, (t1).

If Q(vy—) = 0, then we find that X,,(z;) < 0, so that indeed 7(u) < t. If
on the contrary Q(vy—) > 0, we iterate the above argument to conclude that

O(vn-1) > X, (12):

Q(vN-1—) = xg(wy-) (2 —11) — B2
> xx, () (12 —11) — B2 = X, (12).

Again we can consider separately the cases Q(vy-1—) = 0 and Q(vy-1—) > O,
where in the former case we can conclude that X,,(#;) < 0 and hence 7(u) < t.
Continuing along these lines, due to the fact that Q(v;—) = 0, this procedure
will eventually yield a v;, with j € {1,..., N}, such that Q(v;—) = 0. As a
consequence, for this j we have that X, (1y_;4+1) < 0, which implies that 7(u) < ¢,
as desired.

o Conversely, now suppose that Q(¢) < u, corresponding to the path of X, (¢) in
the left panel of Figure[6.1](i.e., the dashed graph). Then, using the monotonicity
once more,

O(vn—) =x0@) (11) = By < xu(t1) — By = X, (11).

This relation can be iterated in the same way as was done above, so as to obtain
O(vj-) < Xu(tn—js1), forall j € {1,...,N}. Together with Q(s) > 0 for all
s € [0,1], this implies that at all claim arrivals the reserve level process is non-
negative. As ruin can only occur at claim arrivals, this means that no ruin occurs
in [0, 7), i.e., that T(u) > t.

This completes the proof. O

> The queueing workload process. Justified by the duality result of Theorem|[6.T} our
objective is to describe the distribution of the stationary workload Q(c0). We use a
level-crossing argument to characterize the distribution of Q(o0); cf. the approach
presented in Section Let f(y) be the density of the stationary workload as a
function of y > 0 (assumed to exist), which equals —p’(y) by virtue of the above
duality result. In addition, let F'(0) denote the probability that the stationary workload
is 0.
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For any level y > 0 we have the following integral equation characterizing the
density f(y).

Theorem 6.2 Fory > 0,

y

r(»)f(y) = /l/ P(B>y—-2)f(z)dz+AF(0)P(B > y). (6.2)
0+

The validity of this integral equation can be argued in the same way as we arrived at

its counterpart (I.TT)) for the conventional M/G/1 queue; the left-hand side of (6.2))

can be interpreted as the probability flux through the level y from above, and the

right-hand side as the probability flux through y from below.

Remark 6.1 Whether F(0) > 0, i.e., whether the workload can become zero, depends
on r(+). Introduce, for 0 < y < x < oo,

R(x,y) ::/ ﬁdw
y

It represents the time to go from level x to level y < x in the absence of arrivals. In
case R(x,0) < oo, the level O can be reached from level x in a finite amount of time.
Recalling that r(x) > 0 for all x > 0, it follows that if R(x,0) < co for some x > 0,
then R(x,0) < oo for all x > 0. The case r(x) = rx provides an example where the
level O cannot be reached (once having deviated from it). O

The challenge is to compute the density f(yy) from the above integral equation (6.2)),
which is known in the literature as a Volterra integral equation of the second kind.
We restrict ourselves to the case that F(0) > 0, i.e., level 0 can be reached. It is
well-known that the solution of such an integral equation can be expressed in terms
of an infinite sum. To this end, introduce the function g(y) := AP(B > y) fory > 0
as well as the kernel K(y,z) := g(y —z)/r(y) for 0 < z < y < oo. Using these
objects, we arrive at the alternative representation

y
0 =KGOFO+ [ K297 dz (63)
+
Define the kernels K, (x, y) iteratively by K (x,y) := K(x,y) and
X
Kn(x,y) := / Kn1(x,2) K(z,y)dz
y

for0 <y <x <ooandn € {2,3,...}. The well-known Picard iteration applied to

(6.3) gives
F)

y z
K(y,O)F(0)+/ K(y,z) (K(Z,O)F(0)+/ K(z,w)f(w)dw|dz

0+ 0+

o= F(0) ) Ka(3,0). (6.4)

n=1
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The convergence of the sum featuring in (6.4)) is an immediate consequence of the
following lemma, implying that K* (x, y) := >.7" K, (x, y) is well-defined.

Lemma 6.1 ForO < y<x <ooandn € {1,2,...},

/l"R(x, y)n—l
B < e

Proof. We prove this by induction. For n = 1 the stated follows from g(x — y) < A:
we thus have that K(x,y) < A/r(x). Now suppose the claim holds for n — 1. Then,
using the induction hypothesis,

X /ln_lR(x, Z)n—2 P

Ku(xy) = / Kot (v,2) K (2, ) dz < /
y y

Observing that
1

r(2)’
we have that the right-hand side of (6.5) equals

d
—R(x,7) = -
dz (x.2)

[ /lnR(x,Z)n_l]x _/lnR(x’y)n—l
r@e-D _ rm- D

as desired. ]

We end up with the following result, describing the stationary workload density
(and hence also minus the derivative of the ruin probability in the associated ruin
model, as pointed out above). It uses the object

&=1 +/OOK*(y,O)dy.
0

+

Theorem 6.3 If ¢ < oo, then F(0) = 1/£ and, fory > 0,

> Exponentially distributed claim sizes. The integral equation that we derived gen-
erally does not allow an explicit solution. In the case that the claim sizes are expo-
nentially distributed (with some parameter p > 0), however, the density f(y) can be
evaluated in closed form, as shown below.

Our starting point is the integral equation (6.2), which in this specific case takes
the form

FO)F(3) = 4 /0 T MO () dz 4+ AF(0) e, ©6.6)

Multiplying the full equation by e*Y and writing h(y) = r(y) f(y) e*”, we readily
obtain, for y > 0,
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h(y)z/l/ " 44 A F0),

r(z)
Differentiation of this equality with respect to y yields
, h(y)
h(y)=24 .
r(y)

This elementary differential equation can be solved in the standard manner. Indeed,
for some constant C and € > 0, we obtain

Y1
h(y) = C¢ exp (/l/ — dz) = C, RO,
s 1(2)

We now distinguish two cases.

o First consider the case that R(y,0) = co. From the normalization equation we

then find that
ARO[ [T e, 1)d) 6.7
f0) = () /(/0 @ ¢ D

o If R(y,0) < oo, then level O can be reached in finite time and there is an atom at
0 (i.e., F(0) > 0). It follows that

fy = ﬁCo eRO0), (6.8)

The constants Cy and F(0) can be identified as follows. In the first place we have
that

Ly

F(0)+C0/ RGOy =,
0+ r( )

which follows from the normalization. In the second place,

AR(y,0 Y 1 Rz
Co ™0 = Cg/ —— @0 4z 4 F(0)],
o+ 7(2)
which follows by (6.6), implies (by inserting y | 0) that Cy = AF(0). We thus

conclude that
o -y -1
F(0) = (1 +A/ —eAR(y’O)dy) .
o+ ()

Incidentally, a special case is r(y) = r. Now R(y,0) = y/r < co and
A
JO) = —eXp ((— - u)y)

leading to the familiar result for the Cramér-Lundberg model with exponential
claim sizes (as well as the M/M/1 queue).
In the case of exponentially distributed claim sizes and R(y,0) < oo, there is an
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alternative approach to compute the density f(y) and the atom F(0): the iterated
kernels K, (x, y) can be explicitly evaluated, in a way that borrows elements from
the proof of Lemma [6.1] We leave these computations as Exercise [6.1] to the
reader.

6.3 Level-dependent premium rate and claim arrival rate

In this section we allow both the premium rate and the claim arrival rate to be
level-dependent. We derive an integro-differential equation for the survival proba-
bility p(#) = 1 — p(u) corresponding to the initial surplus u. In this context the
duality correspondence does not apply (see Remark [6.2] below). Instead we use the
Kolmogorov forward equation method, i.e., Method 4 of Chapter/[I] see also Section
@ Concretely, looking ahead an infinitesimal amount of time At, we can write

p(u) = (1-A(u)At) ﬁ(u+r(u)At)+/l(u)At/uiﬁ(u—z) P(B € dz)+o(Ar). (6.9)
0

Bringing p(u + r(u)At) to the left-hand side and dividing by Af, we obtain after
letting At | O that, in self-evident notation,

r(u)p’(u) = A(u) p(u) - /1(”)/0 _ﬁ(u -2)P(B e dz)
= A(w) p(u) + Au) ‘/uiﬁ(u _2)dP(B > 7). 6.10)
0

Integration by parts, denoting the derivative of the survival probability p(u) by f(u)
(which hence equals minus the derivative of the ruin probability p(u)) yields the
following result.

Theorem 6.4 For u > 0,
r(u) f(u) = A(u) /'4 P(B>u-2z) f(z)dz+ A(u) p(0) P(B > u). (6.11)
0+

Remark 6.2 As mentioned above, when the arrival rate is not a constant, duality no
longer holds. In the queueing setting, one can still apply a level crossing argument
to arrive at the following balance equation for the steady-state queueing workload
density v(y), with V(0) the steady-state probability of zero workload:

) v(y) = / A BB > y—2) v(z) dz+ A(0) V(O)B(B > y).

0+

This equation is different from Equation (6.11) for f(y) derived above, unless
A(y) = A o
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Let us now turn to the solution of (6.11). Introducing ¢ (u) := Ar(u)/A(u), assuming
that A(u) > O for all u > 0, (6.11) becomes:

) F(u) =2 /0 P(B>u~—z) f(z)dz+Ap(0)P(B > u). 6.12)

This equation has the exact same structure as (6.2)), and hence Theorem|[6.3|provides
an expression for f(u).

Remark 6.3 The implication of the fact that Equation can be rewritten such
that r(u) and A(u) appear only as a ratio, is that one can easily translate results for
one set of (r(u), A(u)) into those for another, perhaps more convenient, set. Such a
translation basically amounts to simultaneously scaling space and time in the same
way. <

6.4 A specific level-dependent model

In this section we consider a variant of the standard Cramér-Lundberg model, where
a high surplus level leads to an increase in the rate at which new claims arrive.

> Model and motivation. The claim arrival process has been adapted in the following
manner. Let Ay, A, ... be a sequence of independently sampled random variables,
each having an exponential distribution with parameter A, independent of everything
else. When the surplus level right after the i-th claim arrival takes some value
y, then the next inter-claim time equals max{0, A; — cy}, where ¢ is a positive
constant. Observe that when the current surplus level is high, with high likelihood
the inter-claim time equals 0, thus leading to an immediate new claim arrival. This
mechanism is such that when the surplus level is large, there is a cascade of claims, so
that the reserve level is pulled down, whereas if the surplus level is small, the model
effectively behaves as the conventional Cramér-Lundberg model. This suggests that
the all-time ruin probability will be 1, as the surplus process will not drift to co. This
property will be corroborated by the analysis below. Note that, while ruin in this
model eventually occurs with probability one, the time-dependent ruin probability
is strictly smaller than one.

> Decomposition. As before, our objective is to evaluate the time-dependent ruin
probability over an exponentially distributed horizon, i.e., p(u,Tg). Following the
procedure of Chapter [I| we do so by evaluating the Laplace transform 7 (a, 8) of
p(-,Tg), defined by

n(a, B) ::/0 e "p(u,Tp)du.

The main idea is that, by conditioning on the first claim arrival, we can express
the transform 7 (e, B8) in itself, but evaluated in different arguments. To this end,
considering the evaluation of the probability p(u,Tg), observe that two scenarios
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are relevant. In the first place, if the exponentially distributed random variable with
parameter A, say A, is smaller than cu, then a next claim arrives instantly. This could
lead to instantaneous ruin if its size is larger than u, and alternatively can bring the
surplus process down to a level that lies strictly between 0 and . In the second place,
A can be larger than cu. According to the mechanism that we introduced, then the
claim arrives after A — cu time units and, again, this can lead to either immediate
ruin, or to a surplus level between 0 and u, at least if the time horizon T has not
been exceeded.

The reasoning of the preceding paragraph can be expressed in formulas, as follows:

p(u,Tg) = p1(u, Tg) + p2(u, Ip).
Here p1(u,Tg) corresponds to the first scenario, i.e.,
u (o)
p1(u,Tg) = (1 - e—ﬂ““)(/ p(u—v,Tg) P(B € dv) +/ P(B e dv)),
0 u
and p,(u, Tg) to the second scenario, i.e.,
p2(u,Tg) = / Ae™ Y P(Tg > s — cu)
C

u

[

(,/Mr(s_cu) pu+r(s—cu)—v,Tg) P(B € dv) + ./ e dV)) "
i u

+r(s—cu)

Note that the probability P(Tg > s — cu) = e (s=e1) in the previous display reflects
the requirement that the exponential killing time should not have been exceeded at
the next claim arrival time. Also, note that u + r(s — cu) is the surplus level at the
next claim arrival in case A = s > cu.

> Evaluation of transforms. In the sequel, we let ; («, 8) be the Laplace transform
of p;i(-,Tg), for i = 1,2. Focusing on m1(a, 8), we first evaluate the integral

00 u
/ e~ (] — e—/lcu)/ p(u— V,T,B) P(B € dv) du.
0 0

Swapping the order of the integrals and recognizing the Laplace transform of a
convolution, this is seen to equal

b(a)n(a,B) — b(a+Ac)n(a + Ac, B). (6.13)

Along similar lines,

/e‘““(l—e_’k”)/ P(B € dv)du = L2 0@ _1=bla+dd) 0
0 u a a+Adc

We conclude that 7y (@, B) is the sum of (6.13) and (6.14).
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Now consider the evaluation of 75 (a, 8). We are to calculate two triple integrals,
the first one being

S ) u+r(s—cu)
/ e / e~ g Bls=euw) / p(u+r(s—cu)—v,Tg) P(B € dv) ds du,
0 cu 0

which, by substituting t = u + r(s — cu), reads

oo ey t
il / e au / o~ At=1) [r+cu) ,—B(t-u) [r / p(t —v.Tg) P(B € dv) dt du.
rJo u 0

By first swapping the outer integral and the middle integral, and subsequently the
inner integral and (what has become) the middle integral, we obtain

[e] t t
4 / / / e M emAIm) [rreu) g=BU=/r (1 —y Tg) duP(B € dv) dr.
rJo 0o Jo

Evaluating the inner integral, and swapping the order of the two remaining integrals,
we thus obtain

1 00 00 e—(/l+ﬁ)t/r _ e—(a+/lc)t
- / / p(t—v,Tg) dt P(B € dv),
rJo Jv a+dc—(1+B)/r

which equals

/_l b((A+B)/r)n((A+B)/r,B) —b(a+Ac) n(a + Ac, B)
r a+dc—(A+B)/r ’

(6.15)
The second triple integral is

/ efau/ /le*/ls e*ﬁ(sfc“) / P(B € dv) ds du.
0 cu u+r(s—cu)

It can be evaluated as follows. After swapping the inner and the middle integral, we
rewrite it as

s 0 cu+(v-u)/r
/l/ e—(m+ﬁcu / (/ g_(’H"B)S ds) P(B € dv) du,
0 u cu

which, after swapping the outer and (what has become) the middle integral, becomes

o0 v cu+(v-u)/r
/l/ / e~ autpeu (/ e~ (WB)s ds) duP(B € dv).
0 0 cu

After straightforward calculations, this expression can be rewritten as

2 (1 —b(a+dc) b((A+p)/r) —b(a”c)) (6.16)

A+ a+Ac a+Adc—(1+pB)/r
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We conclude that 7 (a, ) is the sum of the expressions in (6.19) and (6.16).

> Determination of the transform of the ruin probability. We have found that 7(«, )
can be written as the sum of the expressions in (6.13)), (6.14), (6.13)) and (6.16)). In the
right-hand side of this equation, 7 (a, 8), n(a + Ac, B) and 7 ((A + B)/r, B) appear.
We thus obtain, for easily determined functions F(a, ), G(a, ) and H(a, B), a
relation of the form

n(a, B) = F(a, B) n(a + Ac, B) + G(a, B) + H(a, B) n((1+ B) /1. B).

One can subsequently express m(a + Ac, 8) in terms of n(a + 24c, B), etc. By
repeatedly iterating this relation, and observing that 7(a + jAc, 8) — 0 for j — oo,
we can obtain an expression for 7 (a, 8). In this expression k(r) := n((2 + B)/r, B)
(with 8 kept fixed) appears. An expression for «(r) is derived by inserting & =
a(r) := (1+B)/r, and solving the resulting linear equation in k(7). When performing
these calculations, we establish the theorem below. We denote «; := @ + jdc and
a;(r) :==a(r)+ jlc.

Theorem 6.5 For any a > 0 and 8 > 0,
m(a, ) = G(a,B) + H(a, B) x(r)

(e8]

j-1
+ 2 (Glay, B+ H(a;, B) k() [ | FlerB),
i=0

J=1
where, defining the empty product as 1,

550 Glaj (). B) T2, F(ai(r). )

= . (6.17)
1= 320 H(a;(r), B) [T, F(ai(r),B)

k(r) =

Remark 6.4 Convergence of the infinite sum of products that occurs in the above
expression for 7(«, 8) can be readily verified. First observe that

b(a+1Ac) a+Adc-pB/r
T 1-b(a) a+dc— (A+B)/r

F(a,p) =

so that F'(a;, B) tends to zero as —b(a + jdc) for j — oo. Secondly, notice that
G(a;,B) and H(a;, B) tend to zero like 1/ . Finally, use the alternating series test,
also called Leibniz criterion. <o

6.5 A tax identity

In this section we consider a specific level-dependent risk model: the Cramér-
Lundberg model with the additional assumption that tax payments are deducted
from the premium income, at a constant proportion y < 1, whenever the surplus is
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at a running maximum. The original Cramér-Lundberg surplus process

N (1)

X, (t)=u+rt- Z B;,

i=1

with all-time ruin probability p(«) and survival probability p(«) = 1 — p(u), is thus
modified to a process X,, (¢ | y) (cf. Figure , with all-time ruin probability p,, (u)
and survival probability j, («). Consideration of a tax scheme of the above form is
motivated by its realistic feature of carried forward losses: occurred losses can be
deducted from later income and hence they reduce the taxable profit of the business.
The main result of this section is the following, remarkably simple, fax identity.

Theorem 6.6 For any u > 0,

By(u) = (p(u) /1=, (6.18)

The proof of the tax identity will exploit, once more, the close relationship between
the Cramér-Lundberg model and the M/G/1 queue. Before proving the theorem, we
first establish an auxiliary result that relates p(u) and the probability P(Qmax > u),
where Qnax denotes the maximum workload in a busy period of the M/G/1 queue
with arrival rate A and generic service time B.

Lemma 6.2 Under the net profit condition r > AEB we have for every u > 0:

rd
P(Qmax > u) = - —logp(u). (6.19)
A du
X (t]y) claims
—— premia
) /
, 21 L L 22 L

Fig. 6.2 Sample path of the Cramér-Lundberg process with tax payments.

Proof. It will be convenient to rescale the process X, (t) to a process
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N*(2)

X5(t):=u+t- Z B,

i=1

where N*(¢) is a homogeneous Poisson process with rate A/r. Clearly, the survival
probabilities for X, (r) and X} (7) coincide. X} () can only survive if after each claim
that occurs at some running maximum s > u, the level s will be reached again before
ruin occurs. By turning Figure[6.2Jupside down and focusing on the intervals between
running maxima (i.e., z; and z; in the figure), this is readily seen to be equivalent to
the statement that Q .x does not exceed s (note that the net profit condition r > A EB
in the risk model corresponds to the stability condition A EB/r < 1 in the associated
M/G/1 queue). In determining the survival probability, such ‘surviving’ excursions
can be removed. The only claims that eventually lead to ruin are those in which ruin
occurs before the process gets back to level s. Such claims occur at level s with rate

A(s) = /;P(Qmax > 5).

Hence we can interpret p(u) as the probability of zero events during (u, o) of a
nonhomogeneous Poisson process with rate A(s); this constitutes a thinning of the
original Poisson process with rate 4/r. We thus conclude that

p(u) = exp (—/oo/l(s) ds) = exp (—/;1‘/D<)11>’(Qmax > s)ds|.

The lemma follows by taking logarithms. m]

Remark 6.5 A well-known identity for the M/G/1 queue (cf. [12] p. 618]) is

d
B(Qmax > 1) = 73 log P(Q(e0) <),

where Q(co) denotes the steady-state workload in the M/G/1 queue. The duality
result p(u) = P(Q(o) < u) (cf. Theorem [6.1), in combination with Lemma [6.2]
immediately proves that identity. &

Proof (of Theorem [6.6). We can repeat the arguments from the proof of Lemma[6.2]
for the process X, (t]|vy), with as only difference that the rate of increase in the
running maximum is (1 — ) instead of r, which means that the rescaling of time
leads to a Poisson intensity 4/(r(1 — vy)) instead of A/r. The excursions from the
maximum, that are cut out, are identical to those without tax. We thus may conclude
that the survival probability /., (u) is the probability of zero events during (u, o) of
an inhomogeneous Poisson process with rate

/17(5) = r(l/l—_’y)]P)(Qmax > S)~

Hence
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py(w) = exp (—(%7) [ > 5] = (a1

for any u > 0. O

Remark 6.6 The reasoning in the above proof of Theorem [6.6] reveals that the tax
identity (6.I8) can be generalized to the case of an arbitrary surplus-dependent
tax rate y(s), with 0 < y(s) < 1, where s denotes the current surplus level. The
corresponding survival probability pr(u) is now the probability of having zero events
during (u, o0) of the inhomogeneous Poisson process with rate

/IF(S) = -

A
U_—)/(S))P(Qmax > 5),

and hence, by Lemma 6.2}

pr(u) = exp (—;/ %ds)

“d 1
= eXp (—‘/’; alogﬁ(s) md&‘)

for any u > 0. &

6.6 Discussion and bibliographical notes

Our proof of the duality result of Theorem [6.1| was based on the one of [3| Theorem
II1.2.1], but see also [6, Theorem 3]. A first proof of duality in the case of a level-
dependent premium rate (in the insurance model) and service rate (in its queuing
counterpart) was provided in [16] for the infinite-horizon case and in [4] for the
finite-horizon case.

A detailed literature review on queueing models with level-dependent arrival and
service rates can be found in [/, Section 3]; we restrict ourselves here to a few of the
most relevant references. An influential early paper on this type of storage systems
with content-dependent release rate is [14], constructing the Kolmogorov forward
equations for several model variants. One of these variants concerns the model in
which r(x) is r_ for x below some threshold, and r, else; cf. the model discussed
in Chapter [5| A second variant was the shot-noise case r(x) = rx, which was
treated in e.g. [18]]. The papers [[11} 120} 21]] are early references on storage processes
satisfying (6.I), e.g. focusing on proving the existence of solutions. The results
presented in our Section [6.2] directly relate to those in [15]; see also the extensions
and variants in [10} (17, [19]. An overview of level-dependent risk processes, also
including some guidelines related to the numerical evaluation, can be found in [3|
Ch. VIII]. A specific model that is covered by the results presented in the first three
sections of this chapter, is that of ‘level-dependent premium’, i.e., a surplus process
with liquid reserves [13]].
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The results presented in Section[6.4] which have appeared in [8], have a structure
that resembles the one found in e.g. [5, 9]]. In these papers, models are studied in
which the workload process at arrival times is an autoregressive process reflected at
0, which can be seen as dual of the Cramér-Lundberg variant that we analyzed.

The tax identity in Section @] was first discovered in [2]. The short proof ex-
ploiting a relation to the M/G/1 queue has been developed in [[1].

Exercises

6.1 Derive the density f(y) as obtained in by explicitly determining K*(x, y).
(Hint: Prove by induction that

B AnR(x,y)n—l
Cr(x)(n-1)!

K (x,y) —#(x—y)7

forn e {1,2,...}.)

6.2 Consider the integral equation (6.6) for the case of exponentially distributed
claim sizes, and assume that r(y) = ry. Check that, in this case, F(0) = 0 and show
that f(y) is a Gamma density. Try to use each of the following two approaches: (i)
rewrite (6.6) into a first-order differential equation; (ii) take Laplace transforms in

©-6).

6.3 Consider two queueing or risk systems as considered in Section[6.3] with arrival
rate A;(-) and premium rate r;(-) in system i, i = 1, 2. Assume that, for all x > 0,

A(x) _ ()
ri(x)  ra(x)’

Prove that the ratio of the two workload densities (or minus the derivatives of the
ruin probabilities) satisfies, for all u > 0,

fiw _ oraw
R~ rw)

with C some constant.

6.4 Prove that (r) is given by (6.17).
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Chapter 7
Multivariate ruin

Abstract — In this chapter we focus on a multivariate variant of the conventional
Cramér-Lundberg model. Imposing an ordering condition on the individual net
cumulative claim processes, it turns out that the distribution of the joint running
maximum can be derived, which can be used to evaluate ruin probabilities in a
multivariate context. We start by analyzing the bivariate case, to then extend the
reasoning to the higher-dimensional setting. The method relies upon the Kolmogorov
forward equations underlying the associated queueing process. The solution reveals
a so-called quasi-product form structure. We also point out how the results from this
section can be translated into corresponding results for tandem queueing networks.
We conclude the chapter by deriving the corresponding multivariate Gerber-Shiu
metrics (including ruin times, undershoots, and overshoots).

7.1 Introduction

While the existing ruin theory literature primarily considers the univariate setting
featuring a single reserve process, in practice the position of an insurance firm is
often described by multiple, typically correlated, reserve processes. This chapter
therefore focuses on the evaluation of ruin probabilities in a setting with multiple
correlated reserve processes.

Multivariate ruin turns out to be a challenging topic that can be dealt with explicitly
only under additional assumptions. Most notably, a certain ordering between the
individual net cumulative claim processes, say Y (¢) = (Y;(¢),...,Y4(¢)) for some
d € N, needs to be imposed. In Section[7.2]we start by dealing with the case of two net
cumulative claim processes, extending this in Section[7.3]to the higher-dimensional
setting. We in addition point out, in Section how these results relate to the
workload distribution in corresponding tandem queueing networks. Multivariate
Gerber-Shiu metrics (including ruin times, undershoots, and overshoots) are derived
in Section

131
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Yi(2)

Y2 ()

Fig. 7.1 Net cumulative claim processes Y; (#) and Y, (¢). Observe that the processes are ordered;
all jumps in Y) (¢) correspond to simultaneous jumps of at most that size (possibly zero) in ¥ (¢).

7.2 Two-dimensional case

Consider the situation of two net cumulative claim processes, say Y (¢) and Y»(¢),
in which claims arrive simultaneously, according to a Poisson process with rate
A. These claims By, B», ... are 2-dimensional, componentwise non-negative i.i.d.
random vectors, distributed as the generic random vector B. Their entries are ordered
in the sense that

P(BY" > B?) =1, (7.1)

where B is a generic claim size corresponding to the i-th net cumulative claim
process. The premium rate is r for both individual net cumulative claim processes.
The bivariate Laplace exponent is therefore given by

¢(a) =logEe® YD =17 - A(1 - b(a)), (7.2)

with b () the bivariate LST corresponding to the random vector B. In the setting
presented in this section, we assume the per-component claim size distributions to
be ordered almost surely (by the condition displayed in (7.1)), whereas the premium
rates of the components are assumed to coincide. We can slightly deviate from this,
as will be discussed in Remark [7.1| below. We refer to Figure [7.1] for an illustration;
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observe that jumps in the process Y;(¢) can correspond to jumps of size O in the
process Y, (7).

> Introduction of the key objects. Our approach will rely on Method 4, as was dis-
cussed in Section[I.6] This means that we set up the Kolmogorov forward equations
for the bivariate queueing process Q(¢) (with Q(0) = 0) that is the dual of the risk
model that we defined above. The following lemma is very useful, in that it shows
that ruin in the bivariate risk model (with initial capitals #; and u;) can be expressed
in terms of exceedance probabilities (over levels u#; and u;) in the bivariate dual
queueing model; cf. Theorem @ The lemma, that can be extended to dimensions
higher than 2 in a straightforward fashion, justifies that in the sequel we focus on the
queueing model only. It describes four events: ruin for both firms, ruin only for the
first firm, ruin only for the second firm, and no ruin. Define, foru > O andi = 1,2,

T;(u) :=inf{t > 0:Y;(t) > u}.

Lemma 7.1 For anyt > 0,

the events {t1(uy) < t,m(up) <t} and {Q(t) > uy, Q2(t) > usz} coincide.
the events {t1(u1) > t,m2(uz) >t} and {Q1(t) < uy, Q2(t) < usr} coincide.
the events {t1(uy) < t,m(up) >t} and {Q(t) > uy, Q>(t) < us} coincide.
the events {ti(uy) > t, 2 (up) <t} and {Q1(t) < uy, Q2(t) > us} coincide.

O O O O

Proof. First observe that, based on Theorem|6.1] it follows that the events {t; () < ¢}
and {Q;(#) > u} coincide, for i = 1,2. This directly implies the first and second
claim. The third claim follows from

{t1(u1) <t,m2(u2) >t} = {1 (u1) <t} \ {ri(u1) <t,m2(u2) < t},

in combination with the first claim and the fact that the events {r;(x) < ¢} and
{Q1(t) > u} coincide. The fourth claim follows in exactly the same way as the third
claim. O

We define a few auxiliary functions. In the first place, our objective is to charac-
terize the transform
.
k(@) :=Ee @ 20,

As before, we settle for this object evaluated at an exponentially distributed time 7},
for some killing rate 5. Observe that both individual queues are of the M/G/1 type,
and can therefore be analyzed relying on the techniques explained in Chapter I} but
that the challenge lies in revealing their joint workload distribution.

As the queueing dynamics in the interior of the positive quadrant differ from
those at the boundaries, we have to introduce a few more quantities. For this reason,
the object

% (@) :=Ee ' 20 1{0(1) > 0}

plays a pivotal role in the analysis; here the (strict) inequality Q(¢) > 0 is to be
understood in the componentwise manner, in that both Q;(z) and Q,(¢) should be
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strictly positive. It is immediate that O (z) > Q»(¢) almost surely, by virtue of (7.1),
so that we cannot have that Q,(f) > 0 while Q;(f) = 0. As a consequence, the
following two quantities are relevant:

#V (1) :=Ee™ " CO {0, (1) > 0,0:(r) = 0}
= Ee 2D 1{0,(1) > 0,01(1) = 0} (7.3)

and

qr =Ee ™ W 1{Q, (1) = 0x(r) = 0}
= P(Q1(1) = Q2(1) = 0) = P(Q1 (1) = 0). (7.4)

Note that we already have identified an expression for g7 in Section with 1 (B)
the right-inverse of ¢ (a1, 0), we have that, for 8 > 0,

B
T = By 75

The above transforms can be translated into transforms related to ruin probabili-
ties, as follows. Define the bivariate time-dependent ruin probability by

p(u,t) =P(ti(u1) <t,m2(u2) < 1),

if the initial reserve levels of the two firms are u; and u,, respectively. In addition,
we denote by p; (u, t) the time-dependent ruin probability of firm i given an initial
surplus u, fori = 1,2. We also introduce

n(a,pB) = / / e“’T“p(u, Tg) dui duz, mi(e,B) = / e "pi(u,Tg) du.
0o Jo 0
Following the line of reasoning of Remark [T.2]

k15 (@) =1 —aymi(ar, B) — ax ma(@2, B) + a1z (@, B); (7.6)

see Exercise[7.1] As we know from Chapter [I|how to compute 7; (e, B) fori = 1,2,
it follows that in order to determine 7 (e, 8) it suffices to find k7, (@).

> Setting up the Kolmogorov forward equations. We mimic the argumentation that
has been used in Section [I.6 to analyze the single-dimensional setting, in that we
relate the relevant quantities at time 7 + Az to their counterparts at time ¢. Concretely,
we obtain, up to o(Ar)-terms,

- —(1
Keene (@) + K,(+)A,(C¥1) + qrear = Kesar (@)

=k (a)(1 - AAt + AAt b(@) +r 1T aAr) +
&) (1) (1 =AM+ AA1 b(@) + rai Ar) +
q: (1 = AA1 + AAt b(@)).
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Recalling the definition of ¢ (), we thus obtain, in the standard manner, the following
differential equation.

Lemma 7.2 Forany @ > 0 and t > 0,

d d d
E’Q(“’)"‘E"z (a/l)"‘ECIt
= p(@) & (@) + (p(@) —raz) &7 (a)) + (p(@) - r17a) g;.

> Derivation of the transform. The next step is to multiply the full differential
equation appearing in Lemma by the density Se !, and then integrate over
t > 0, so as to obtain insight into the transforms at the exponentially distributed time
Tp. Indeed, by a direct application of the identity (I.9), and realizing that

Ro(e) =&\ (1) =0,
we find
Bk (@) + &) (1) + gz, - 1)
= ¢(@) ki (@) + (p(@) = ra) Ry () + (¢(@) = r17a) 1,

After some elementary rearranging we arrive at the following expression for the
transform iz (@):

(¢(@) = raz = B) &) (@) + (p(@) = r1Ta - B) qz, + B
p(a@)-p ’

ETB ((Y) ==
so that we end up with
=(1) 1T _
ra Ky, (a)) +rl'a gy, - B

p(a)-pB

Inspecting the quantities appearing in the right-hand side of the previous display,
recall that we have (by Equation (7.5))) an expression for g, for t = T, but note that
we lack an expression for

k7 (@) = (17

Ry (1) = Ee~ 9 1{0,(Tp) > 0,02(Tp) = 0}.

We now point out how to identify the latter quantity, for any a; > 0 and 8 > 0.

Our strategy is to exploit that any zero of the denominator of for which
k7 (@) should be finite is necessarily also a zero of the numerator. Observe that we
can rewrite p(@) — 8 =0 as

Ab(@) =c(a) =1-r1"Ta+p. (7.8)
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Fixing a; with Re a; > 0 and 3, due to the lemma below we can identify a unique
@ such that ¢(@) — B = 0 while k7, (@) should be finite; we denote this a, by

wy(ay, B).

Lemma 7.3 For every a; with Rea; > 0 and B > 0, there exists a unique ay =
wa(ay, B) withRe wy (a1, B) > Re (—a)) that satisfies Equation {T.8). Forany B > 0,
the function a; — wy(ay, B) is analytic in Rea; > 0.

Proof. We prove this by applying Rouché’s theorem (see Theorem[AT)). To this end,
consider the contour € consisting of (i) the line segment

e ={—a; +iw|w € [-R,R]},
with R > (24 + 8)/r, and (ii) to its right the semicircle
Gy = {—a1 +Re'? | ¢ € [-n/2,7/2]}.
The next step is to show that on this contour €
[1b(a)| < |c(a)]; (7.9)

cf. Equation (7.8)). First observe that we can write

Ab(@) = ABexp (a1 (B - BP) = (1 + 02)B?). (7.10)
For all & such that Re @, > Re (—a1) we have that

|Ab(@)| < ABexp (-Rear (B - B?) ~ Re(ar +a2)B? ) < 4,

recalling that we have assumed in (7)) that B(' > B(® almost surely. To prove (7.9)
it therefore suffices to show that |c(a@)| > A. This is done as follows.

o Observe that on the line segment €, we have that c(a) = A + 8 — riw. This
implies that |c(@) | > A on G,.

o Observe that on the semicircle ¥, we have that c(@) = 1+ 8 — r Re'?. As a
consequence, R > (24 + 8)/r implies that |c(a)| > A on G.

Now that we know that |Ab(@)| < |c(a@)| on €, it follows by Rouché’s theorem
that the equation Ab(a) = c(a) has, for a given @; with Rea; > 0and 8 > 0, a
unique solution a; = wy(ay, B) with Re wy (a1, B) > Re (—a1); here use that the
linear function ¢(a) has a unique zero inside €. The first claim of the lemma now
follows by sending R to oo, and observing that Ab(), as given by (7.10), and c(«)
are analytic on and inside €. The fact that w; (a1, 8) is analytic in Re @; > 0 follows
by using the implicit function theorem; cf. [11} p. 101]. O

With Lemma at our disposal and recalling Equation (7.5)), by equating the
numerator of (7.7) to 0, we conclude that
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ros(ar, B) iy (@) + (1 + w2 (1. B) =0,

m (ﬁ)_

or equivalently

g, (a1) =

vl ek P
rwx(a, B)  \rwz(ai,B) Y1(B)

This can now be inserted into Equation (7.7), so as to establish an expression for the
quantity of our interest, k7, (@):

-B]|.

KTﬁ (O’) =

1 ( Baa _( @@ +a2) B, (a+ta)B
o) =B \wr(ar,B) \wa(ar,p) v1(B) Y1(B)

After rearranging these terms we find the following result.

Theorem 7.1 For any @ > 0 and 8 > 0,

ar-yi1(B) B wiar,p) -
ol@) =B v1(B)  wr(a1,p)

We once more emphasize that the two-dimensional Laplace transform of the
probability that both firms get ruined before 7 follows from this result for k7, (@);

cf. (7.6).

Remark 7.1 In the above setup, we have assumed that the two premium rates, corre-
sponding to the individual net cumulative claim processes, are identical. This we can
deviate from, however, when adapting the condition given in Equation (7.I). This
can be seen as follows.

Suppose that the premium rate for the i-th net cumulative claim process is r;, for
i = 1,2. In this case, the object we would like to evaluate is

KT[; (a) =

N (1) N(1)

Eexp|—a; sup ( Z B;l) — rlt) —a sup ( Z B(z) - rzt)
tE[O,TB] i=1 tel0 Tﬂ]

which can be rewritten as

N (1)
n_ .\ _ ®n I p@ _
E ex p( sup (Z rlB ) " sup (EUB[ rt)),

te OT'[;]

which we can evaluate relying on the material presented in this section, under the
proviso that the assumption displayed in Equation (7.1)) is replaced by

P(BY /ry > BP [ry) =1

This observation will be used when discussing tandem systems in Section o

Remark 7.2 Consider the s tem in stationarity, under the net-profit condition
AEBW < r (cf. Remark [1.1). Then the joint LST of the two queue workloads
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can be found by letting 8 | 0. This requires the evaluation of the zero w; (a1, 0),
which [6, Section 3] has an interpretation in terms of the LST U(a;) of the extra
workload accumulated in the first queue at the end of a busy period of the second
queue:
a1+ wy (a' 1> 0)

;) .

In [6] this observation was used to conclude that the following decomposition holds:

U((x]):l—

(01.02) £ (01.02) + (01.0), (7.11)

where the two vectors in the right-hand side are independent. Here O denotes the
stationary workload in the first queue when the extra workload in this queue is
removed at the end of each busy period of the second queue, and Q; denotes the
stationary workload in an M/G/1 queue with arrival rate A and service requirements
having LST U (ay). o

7.3 Higher-dimensional case

We proceed by recursively solving the case of d € {3,4, ...} net cumulative claim
processes. Claims arrive simultaneously in all d dimensions, again according to a
Poisson process with rate A. These multivariate claims By, B, . . . are d-dimensional,
componentwise non-negative i.i.d. random vectors, distributed as the generic random
vector B. We impose the following counterpart of Equation (7.1I): in self-evident
notation, the following almost-sure ordering applies:

P(B(l) >BD > ...> B(d)) =1. (7.12)

The premium rate is, for all net cumulative claim processes, equal to ». We define
¢(a) analogously to (7.2)), with b(«@) the d-dimensional LST of B. Just like in the
previous section, we focus on the Laplace transform of the joint workload vector.
We leave the translation to the Laplace transform of the probability that all firms get
ruined before T3 to the reader; cf. (7.6).

> Derivation of multivariate transform. The goal of this section is to analyze the
transform of the random vector Q(¢), with @ (0) = 0:

k(@) = Ee® 20

where, as before, we will settle for its evaluation at the exponentially distributed time
T. Central objects in our analysis are, with x ;] == (x1,...,x;) fori € {1,...,d},
the transform

£ (@) =Ee 2O 1HQ (1) > 0,01 (1) = ... = Qu(t) = 0}
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= Ee 00 1{Q (1) > 0,0m(1) = ... = Qu(1) = 0}
= B¢ 020101 (1) > 0,041 (1) = 0},

where the last equality is a consequence of the ordering Q(¢) > ... > Q4(¢). Recall
that in Section[7.2] we already developed a procedure by which we can identify

Ee "M 1{Q()(T) > 0,02(Tp) = 0}
Ee—le(Tﬁ)l{Ql(Tﬁ) > 0,02(Tp) = 0}.

—(1
K(TB) (ar))

In addition, we know how to compute
Ry (o) = g1, = P(Q1(Tp) = -+ = Qu(Tp) = 0) = P(Q1(Tp) = 0).

We essentially follow the approach developed in Section[7.2] so as to find an expres-
sion for k7, (@); as this procedure is to a large extent analogous, we leave out some
details. We thus find, with each all-ones vector 1 used in the following expression
having the appropriate dimension,

r Z;j:_ol (lTa - IT(l’[,']) I?;Z (a[i]) -B
p(a)-p

The idea is now that we recursively identify the unknown functions in the numerator
of (7.13). More concretely, supposing that expressions for

K, (@) = (7.13)

0 _(1 _(d-2
K(TB)(U[O]),K;B)(GU]),-.-,K;ﬂ ) (@[a-2))

are available, we point out how to determine E(T;H) (@[a-11)-

Fixing @[4-1) and 3, using the same argumentation as in Section we can find
a unique a4 (in a certain region) such that ¢(@) — 8 = 0, which we in the sequel
denote by wq(@[4-1], B). As any such root of the denominator should be a root of the
numerator as well, inserting g = wa(@[4-1], B) in the numerator of (7.13)) should
yield 0; the existence of this root can be proven as in Lemma([7.3] By some algebra
we obtain the recursive relation

+1 I?;;) (a[,-]).

_(d-1
K(Tﬁ )(a[d—l]) =

B _‘f(lw[d—l] — ey
rwa(@ig-1),8)  —\ wal@a-1,h)
It requires tedious calculations to solve this recursion, eventually yielding the fol-
lowing result. Here we define by w;(a;-1], ) the solution for ¢ in the equation
¢(ar;1,0) — B = 0 (with here the vector 0 being of dimension d — ), for given values
of a;_1] and .

Theorem 7.2 For any @ > 0 and 8 > 0,
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ar—-y1(B) B I—[“’J("[Jl 1.8 —a;
(@) =B ¢¥1(B) wilag-1,8)

k1, (@) =

> Alternative derivation; quasi-product form. The multiplicative structure appearing
in Theorem [7.2] could have been concluded in an easier way though. To this end,
observe that (7.13) entails for the system that consists of just the first d — 1 net
cumulative claim processes, in self-evident notation,

r2EG (Uagam - Ueg) &) (@) - B
p(@g-11,0) - B

where we recall that @ = @[4;. Combining this equality with Equation (7.13), one
directly obtains that

@y 1Qa-11Tp) _

krz(@(g-11,0) =Ee

)

(¢(e(a)) = B) k1 (@1 )—mdz W (@)

(‘P(ﬂ’[d—u,o) - B) k1 (@[4-11,0). (7.14)

Now plug in a[4] = (@[4-1], Wa(@[4-1], B)) so that the left-hand side vanishes, and
as a consequence the right-hand side as well. This entails that

d-1
rwg(@g-11,B) Z l?;;)(a’m) = —(¢(a[4-11,0) = B) k1 (@[a-1,0),
i=0
and hence

(7.15)

g e () = - (e(@(a-11,0) = B) k1 (@[a-1,0)
i il rwq(@a-1, p) '
Inserting this back into Equation (7.14), and dividing by ¢(@4]) — B, we find the
relation

o(@[q-11,0) = B wa(@(a-11, B) — aa
p(apa)) - B wa(@[g-11, B)

The next step is to iterate this relation d — 1 times, and to use that, as a consequence
of Theorem[L.1]

krg(@(a)) = krg(@(a-11,0).

—del(Tﬁ) _ a _l//l(ﬂ) B
QO(al,O,...,O)—ﬂ 'J’l(ﬁ)

We have thus recovered Theorem(7.2] Using Theorem[7.2|with d = i and (7-13)) with
d =i+ 1, we also obtain the following relation:

k1 (@(1),0,...,0) =
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S G) N__ a-¢B) B Twi@.8) - -
%KTB (@) rwin (@, B) ¥1(B) H wj(agj-11,B) S B

This leads to the following result.

Corollary 7.1 For any ;) > 0 and 8 > 0,
7y (@) = Ei(@, ) - Ei-i (@ ).

Given the structure of the result in Theorem it is often said that Q(¢) is of
quasi-product form.

7.4 Tandem queueing networks

In this section, we focus on a tandem queueing network fed by a compound Poisson
process Y (¢) with arrival rate A > 0. The i.i.d. service requirements By, By, . .. are
distributed as a generic non-negative random variable B with LST b(«); observe
that the argument of b(«) is single-dimensional. We consider a network that consists
of d queues in series, with (constant) service rates cy, . . ., ¢4 that are non-increasing
(i.e., c; = c2 = -+ = cg). The output of the i-th queue is continuously fed into the
(i + 1)-st queue, fori = 1,...,d — 1; no external input arrives at queues 2,...,d.
Although this framework is seemingly different from the one discussed in Section
we argue below that there is a close relationship with the model of Section|[/.3]
so that the joint workload distribution in the tandem queueing network immediately
follows from Theorem[7.2]

> Fitting tandem system in framework of Section In the previous section we have
analyzed a multivariate risk system and its dual multivariate queueing system. To fit
the above tandem network into this setup, the following observation is crucial. Let
Q; (1) be the workload in the i-th queue, withi = 1,...,d, at time ¢ > 0, where we
assume that the system starts empty at time 0. Recall that the workload in the first
queue obeys

01(t) =Y () —c1t) - seiﬂ)ft](Y(S) - c15).

Now consider the fotal workload of the first and second queue, i.e., Q1(t) + Q2 (¢).
It takes some thought to realize that this quantity is only affected by the service rate
¢2, and not by c;. Indeed, ¢ just influences how much of the total workload resides
in each of the two queues, whereas c; effectively acts as the service rate of the sum
of the first and second queue. This means that

01(1) +Q2(0) = (Y1) = 2r) = inf (Y(s) ~c2s).

This principle is pictorially illustrated in Figure Extending this argument, we
obtain foranyi =1,...,d,
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(i) .zi (1) = o) — i e
OK ;Q](t) (V) = cin) = inf (Y(5) = cis).

Qi (1)
N
0(1) !
02 (1) !
™~

t

Fig. 7.2 Tandem queueing processes Q; (¢) and Q- (¢), and the sum Q) (¢). Q; (¢) is an M/G/1
queue with drain rate ¢; and Q® (1) is an M/G/1 queue with drain rate c,. While not empty, Q> (7)
increases at rate ¢; — ¢, and decreases at rate c;.

Now recall Remark (and in particular its evident extension to the case that d
is larger than 2), and observe that Q?) (1) /c; can be seen as the workload in a queue
fed by a compound Poisson process with arrival rate A and i.i.d. service requirements
distributed as B/c;, emptied at a unit rate. But because

P(B/Cd >B/cg_1 =22 B/Cl) =1,

we can apply the theory developed in Section to describe the joint distribution
of these d workloads (with, compared to Section the indices 1,...,d being
swapped), and hence also of the original d workloads Q(?), ..., Q4(?).

> Derivation of multidimensional transform. With @; := 17a[q) — 1T @ [;_1], for
i=1,...,d, the object of interest is
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d
—ngmy

i=1

d
k(@) :=Eexp (— Z ;0" (t)) =Eexp
i=1

As pointed out above, to make sure that the theory of Section applies, we work
with Q9 (1) /c; rather than Q¥ (7). To this end, we rewrite

i Qwﬂ
— Q;Ci .
i=1 Ci

4

K (@) = Eexp

We define by ¢ () the Laplace exponent of the net input process of the d-dimensional
queueing process (QV () /c1,...,0 @ (1)/cq):

@) =1"Tae-A(1 -b(17a")),

where @~ is the d-dimensional vector whose i-th entry is a;/c;.

As noted above, we have that Q49 () /c4 > --- > QW () /cy, so that when apply-
ing Theorem(7.2]we have to swap the indices. We let /4 (3) be the inverse of ¢ (0, a4).
Also, w;(aj+1, ..., aq, B) is the unique solution for o in ¢(0, @}, ..., aq) =8 =0,
for given /.1, ..., @y in a specific region and . We find the following result that
provides an expression for &, (@) at the exponentially distributed time T, again re-
vealing a quasi-product form structure. Here a™ is the d-dimensional vector whose
i-th entry is a;c;.

Theorem 7.3 For any @ > 0 and 8 > 0,

%Tﬂ (a’) =

ab—yaB) B ‘ﬁwj(a/;rl,...,w;,ﬂ)—a;
pla) =B ya(B) } | wj(ay,,....a}.h)

7.5 Multivariate Gerber-Shiu metrics

Whereas in previous sections we have primarily focused on the joint ruin probability,
in this section we aim at obtaining more detailed insight into the ruin behavior. This
we do by studying the joint distribution of ruin times of both insurance firms (so
taking d = 2), together with the corresponding undershoots and overshoots, i.e.,
the so-called (multivariate) Gerber-Shiu metrics. As it turns out, the corresponding
joint transforms can be evaluated in closed form, albeit at the expense of performing
a rather intricate analysis. In this section, we consider the bivariate case, but the
analysis can be extended to higher dimensions, as long as the claim sizes are almost
surely ordered (i.e., fulfil relation (7.12)).

> Notation. We abbreviate u = (uy,us)T € [0, 00)2, Y (1) = (Y1(1),Y2(1))7, and

=) = ) = ()
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here 7; (u;) is the ruin time corresponding to the net cumulative claim process Y;(¢),
i.e., the smallest ¢ > 0 such that Y;(¢) > u;, fori = 1,2.

In this section the primary object of study is, foru > O and |, 7, > 0,73 <0
(where y; = (yi1,yi2) " fori=1,2,3),

pw)=pW,B,71.72.73)
= B(e T @Y @) @Y @) | (r(y) < Ty 1}).

In the sequel we frequently suppress the parameters 8, ¥, ¥, ¥3, as these are held
constant throughout the analysis. Observe that u — Y (7(u)—) is inherently non-
negative, and can be interpreted as the vector of the undershoots; also, u — Y (7(u))
is inherently non-positive, and can be seen as the vector of (the negatives of) the
overshoots. By {7(u) < Tg 1} we mean that both ruin times (i.e., 71 (1) and 72 (u2))
should be smaller than the independently sampled exponentially distributed random
variable Tg.
We analyze p(u) through its (nine-fold) transform

(o] (o] ot
JT(()’) = ﬂ(a’ﬁ’71’72’73) :=‘/0' ‘/0' e ¢ up(uvﬂ"}/l"},b‘}/:‘a) dul duz,

where @ > 0 and 8 > 0.

> Derivation of integro-differential equation. Denote by

pi(u) = p(u, B, y1i, v2i, ¥3i)
= E(e—71i‘ri(u)—)’Zi(u—Yi(‘ri(u)—))—)’si(u—Y,t(Ti(u))) () < Tﬁ}),

for i = 1,2, the univariate counterparts of p(u); these describe the ruin times,
undershoots and overshoots of the individual firms. Recall that we know the transform
(with respect to u) of these objects p;(u), which in the sequel we denote by 7;(a@);
see Exercise[I.2] To keep our computations somewhat compact, in the sequel we use
the shorthand notation

P(B € dv) :=P(B"Y € dv, B? € dv,).

The main equation that our analysis is based on relates p(u) to the same object,
but then evaluated in different arguments. Concretely, as At | 0, by considering the
scenarios of a claim arrival and killing, we obtain

uj

T u
p(u)=e 7114 (/l At / p(u—v)P(B e dv) +
w=0

Vi =0

uj o
A At / / p1(u; —vy) e YRR (V) P(B € dv) +
V1=0 V2=up

) up
A At / / p2(uz —va) e Y2t =y (i =vi) P(B € dv) +
vi=u; J vy=0

2
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A At / / e VTV DB e dy) +
VIi=uUu) V2=Up

(1-(a +ﬁ)m)p(u+rlm)) +o(AD), (7.16)

for u > 0; cf. the procedure followed in Exercise (Note that in the four double
integrals appearing in we could have restricted ourselves to vi > vj, but
for notational convenience we leave this out; this means that the bivariate density
P(B € dv) is assumed O for v| < v;.)

From this point on, we follow the standard procedure. By subtracting p (u +r 1At)
from both sides, dividing by At, letting Ar | 0, and performing some algebraic
manipulations, we readily arrive at the following integro-differential equation: for
uz0,

a a up us
—r(—p(u) + —P(u)) =1 / / p(u—v)P(B e dv) +
ouy ouy 0 0
u o)
z / / piluy —vy) e 72127y (B € dy) +
0 u
o s
z / / p2(uy — va) e V) P(B € dy) +
uj 0
A / / VU@ PR edv) - (1Ty, + 1+ B) p(u).
ujp up

This is the bivariate counterpart of what was found in part (ii) of Exercise[I.2] Note
that we have not yet used the ordering assumption (7.12)).

> Identification of double transform. With the above integro-differential equation at
our disposal, we proceed by performing the (double) transform with respect to u;
cf. parts (iii) and (iv) of Exercise[I.2] To this end, we multiply the full equation by
e™®'* (with @ > 0) and integrate over the non-negative u; and u,. It requires some
standard calculus to verify that the sum of the five terms on the right-hand side can
be rewritten as

(1b(@) ~ 17y, = 1 - B) n(@) + AL (@),

where

{(a) =
() b(ay, —y32) — b(ay, @2 +y22) + 7o) b(—y31,a2) — b(ai +y21, @2) .
ax+yntyn @y +7y21 t7y31
b(=vy31,—y32) = b(—y31, @2 + y22) — b(ay +y21, —y32) + b(a; + y21, a2 + ¥22)

(a1 +7y21 +y31) (@2 +y22 +¥32)

The left-hand side can be evaluated relying on integration by parts. A direct compu-
tation yields
—-r1Ten(@) +rnaf (@) +ras(a),
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where

0o

ﬂ(l)(a’) 22‘/0‘ p(O, u) e du’ n;(a) = /0 P(M,O) e~ dy.

Upon combining the above, recalling that ¢(a@) =717 — A(1 — b(a)), we find the
following result.

Proposition 7.1 Foranya > 0, 8> 0, 1,7, > 0, y3 <0,

r(ni(a2) + n5(1)) — A (@)
pla)-1Ty, - '

We have, however, not yet identified the functions 77} (@). The key idea is that the

almost sure ordering (7.12)), which effectively entails that ¥; () > Y»(¢), can be used

to evaluate 7§ (), where a crucial role is played by the (easily verified) fact that
71(0) < 72(u) for all u > 0. Then, by Lemma[7.3] we obtain that

(@) =

(7.17)

n3(a) = —ni’(wz(a, 17y, +8)) + /; (o, wa(a, 1Ty, +p)). (7.18)

> Derivation of auxiliary transform. We proceed by pointing out how the auxiliary
transform 77 (@) can be evaluated. Throughout we will extensively work with the
random vector

Z(u) = (Z1(uw), Zo(w) " = (Ya (71 (w)), B3 (u))7,

where BS(u) is the size of the claim in the net cumulative claim process Y>(7) at
the ruin time 7| («) of the net cumulative claim process Y (7). In our analysis, an
important role is played by the transform of the ruin time, undershoot and overshoot
related to the process Y (¢), jointly with this random vector Z (u):

pi1(u,dz) = E(e_lTyl 71 (u)=y21 (u=Y1 (71 () =) =31 (u=Y1 (1 (“)))]I(u, dz)),

with I(u, dz) := 1{71(u) < T, Z(u) € dz}.
The key identity that we will be working with is

p(0,u) = /oo /oo 71(0,dz) e Y2 u-zitz)~yn(u-z1)
z1=u J25=0

/7 /7051(0,dZ)P2(u—11); (7.19)

here the first term on the right-hand side corresponds to the scenario that Y>(¢)
exceeds u for the first time at 71 (0) (i.e., 71(0) = 72(u)), and the second term to the
scenario that u is not yet exceeded by Y>(z) at time 71(0) (i.e., 71(0) < 12(u)); here
we use the property that 7 (0) < 12(u) for all u > 0, so that 7;(0) > 7,(u) cannot
occur. See Figure for an illustration of both possible scenarios. To understand
the decomposition (7.19), the following observations are useful. In the first place, in
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case 11(0) = 1> (u), the undershoot is

u-Y2(n2(u)-) =u-Y2(71(0)-)
=u—Y2(71(0)) + B3(0) = u — Z1(0) + Z2(0),

and the corresponding overshoot is
u=Yr(r2(u)) = u—=Y2(71(0)) = u - Z;(0).

Secondly, in case 7, (0) < 1 (u), at 71 (0) the second component still needs to bridge
a residual distance of u — Y»(71(0)) = u — Z,(0).

Y () Y1 (2)

N\

™\

Y (1) Y (1)

7 S SN -

Fig. 7.3 Net cumulative claim processes Y; (7) and Y» () such that Y1 (z) > Y>(¢) forall¢ > 0. The
left panels display a scenario of (Y;(z), Y>(¢)) in which 7;(0) = 72 (u), whereas the right panels
display a scenario of (Y7 (), Y2(#)) in which 71(0) < m2(u).

By appealing to (7.19), we thus find that the object of our interest equals

n‘f(a) = / e‘“”/ / p1(0,dz) e Y2 =z1+z)~ynW-21) 4, 4
0 z1=u J z25=0
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[ee] u (e8]
/ e~ / / p1(0,dz) pa(u — z1) du. (7.20)
0 z1=—00 J 20=0

Define, for § = (61,6,2)7 € R2, the transform
£(6) :=E(e_1T7‘T‘(0)+721Y'(T‘ 0)-)+y31Y1(7(0))-81Ya (7 (0))—5232(0)1{7-1(0) < Tﬁ})
- E(e—lT%Tl (0)+y21Y1 (71(0)-)+y31 Y1 (7(0)) -6 Z (0) 1{11(0) < Tﬁ})

= / / 71(0,dz) e®'%
z1=—00 J 75=0

Conclude that if we are able to compute £(6) for § > 0, we have (albeit implicitly)
identified p; (0, dz), enabling us to compute 77 (a); recall that we know pa(u — z1),
appearing in (7.20) (via its transform, that is).

In order to evaluate the quantity £(4d), we proceed by first studying a related
object, from which later £(6) can be found. To this end, we define

Pi(u) = pi(u, )
= E(e—1T71Tl W)=y (u-Y1 (7, (u)—))—73|(M—Yl(T(u)))—5TZ(M)1{T] (u) < Tﬁ}).

Due to the evident identity £(&) = p1(0, §), we observe that it suffices to have access
to p1(0,9).

The required quantity p; (0, §) can be identified as follows. Relying on the precise
same procedure as in Exercise we can determine the transform of p;(u). As a
first step, observe that, as At | 0,

u (o]
P1(u) :6—1771At+r51At(/lAt‘/ / P(B Edv)ﬁl(u_vl)e—61v2+
V1=0 V2=0

/lAt/w /w P(B € dv) e7r2t ¢ 1) o710
vi=u J =0
(1 —/lAt—BAt)ﬁl(LHrAt)), (7.21)

up to o(Ar)-terms. Here, the first double integral corresponds to the scenario that
there is a claim arrival but that, despite this claim, Y| (#) remains below u, whereas
the second double integral corresponds to the scenario that there is a claim arrival by
which Y; (7) exceeds u; see also Exercise[7.6] Then, as usual, we subtract jj; (u+r Ar)
from both sides of , divide by At, and let Az | 0, so as to obtain an integro-
differential equation. By multiplying this equation by e~ ** and integrating over u,
we obtain after considerable calculus that

#1(a@) :=/ e ™ pi(u)du
0

equals
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1 b(-y31,178) - b 176
= rpi(0) - 221 0 Zhlaryn 1)) ;o
ola,01) -1y, -p @+ Y21 + Y31

Expression can be used to determine p;(0) = p1(0,d), as follows. Recall
the principle that for any value of @ (with non-negative real part, that is) for which
¢(a, 1) — 1Ty, — B equals zero, the term between brackets in should be equal
to zero as well. Using the compact notation a°® = a°(B,y,,61) := Y1 (17y, + B),
with 8 — 1 (B) denoting the right-inverse of @ — ¢(a, d1), this implies that

Ab(=y31,176) — b(a® +y21,176)

51(0,6) =&(6) =
P1(0.6) =£(8) = .

(7.23)
The conclusion is that we have found all ingredients that allow the evaluation of
i (a).

Proposition 7.2 For any a > 0, 8 > 0, 1,7, > 0, y3 < 0, we have that n{(«) is
given by Equation ([7.20), where the transform £(6) is given by Equation (7.23).

> Main result. We have thus arrived at the main result, describing the Gerber-Shiu
metrics in the coupled risk system. It uniquely characterizes the joint distribution of
the ruin times, undershoots and overshoots pertaining to the two net cumulative claim
processes Y| (¢) and Y, (¢). The idea is that (in principle) the transform & (&) uniquely
defines p1(0, dz), through which we can evaluate 7} () via Equation (7.20), which
enables the calculation of transform 75 () via Equation (7.18), after which 7(a)
follows from (7.17).

Theorem 7.4 Forany @ > 0, 8> 0, y,7, 2 0, y3 <0, we have that n(a) is given
by (1.I7). The transform n}(«a) follows from Proposition and the transform
5 (@) from Equation (T.18).

7.6 Discussion and bibliographical notes

The results covered by this chapter to a large extent align with those presented in [6]],
where it is noted that [6] only considers the infinite-horizon case (i.e., no exponential
killing). Specifically, the duality result of Lemmal|/.1|is taken from [6]]. For analyses
of the two-dimensional case, in the spirit of the one presented in Section [7.2] we
refer to e.g. [2L 13} [10]]. For papers on so-called stochastic fluid networks, covering the
results of Section[7.4] see a paper by Kella and Whitt [17] and a sequence of papers
by Kella [[13} [14} 15} [16], as well as the more extensive analysis of [9]]. It is noted
that the latter stream of papers considers more general Lévy-driven models (where
all Lévy processes involved are spectrally one-sided). The approach and results of
Section [Z.3] are novel.

A crucial role in all papers mentioned above is played by an ordering of the
processes involved, similar to the almost sure ordering we have imposed on our
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processes Y| (?),...,Y;(t). The most notable example of an instance in which the
ordering naturally arises is that of reinsurance [2} 13} 5]].

Without imposing the ordering condition, the analysis is considerably more com-
plicated. For an account of results concerning this more general case, we refer to
[6, Section 6]; in particular, the approaches developed (in increasing generality) in
[4} 8, [7] are there being discussed. In the recent contribution [1]] for the bivariate
case, an approached based on Laguerre expansions has been followed. It is noted
that results on tandem queues can be translated in a straightforward manner into
results on related priority queues; see e.g. the explanation of this property in [18].
A recursive procedure for determining Gerber-Shiu metrics in the bivariate context
can be found in e.g. [12], where it is not assumed that the ordering condition is in
place.

Exercises

7.1 Prove Equation (7.6).

7.2 Verify that a, = 0 (respectively ; = 0) in Theorem([7.1]yields the Laplace trans-
form of the ruin probability for insurance company 1 (respectively 2). In particular,
observe that (with an obvious notation) w;(0, 8) = ¥2(B).

7.3 Verify the statement in Remark[7.2]that U () = 1 — (a1 + w2 (1, 0)) /4, as well
as the decomposition ((7.11)).

7.4 Verify Equation (7.13).

7.5 Consider the case that B(!) is exponentially distributed with parameter y, and
B® = ¢BW for 0 < ¢ < 1. Determine w5 (a;, 8) and kg (@).

7.6 (x) Verify Equation (7.21).

(Hint: note that the components of W(u) can be assigned their values when Y (¢)
exceeds u, which can only happen due to a claim such that the size of the first
component is at least u.)
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Chapter 8
Arrival processes with clustering

Abstract — In this chapter we focus on the Cramér-Lundberg model driven by
a claim arrival process with randomly fluctuating rate. We consecutively discuss
models in which the arrival rate evolves as an M/G/co queue (to do justice to a
fluctuating number of customers), as a shot-noise process (to model the impact
of catastrophic events) and as a Hawkes process (to model the effect of claims
triggering additional claims). The main objective is to determine, in the light-tailed
context, the decay rate of the ruin probability. The proofs rely either on applying a
change-of-measure, or on a large deviations based argumentation.

8.1 Introduction

In this chapter we consider a variant of the Cramér-Lundberg model in which the
Poisson claim arrival process is replaced by an arrival process that exhibits some
‘random clustering’. We consecutively discuss three specific, relevant arrival pro-
cesses. In all of them, the Poisson arrival rate is itself a stochastic process; such an
arrival process is often referred to as a Cox process.

o Inthe first place we focus on a model where the number of customers is fluctuating
over time according to a so-called M/G/co queue (a queue with Poisson arrivals,
i.i.d. service times with a general distribution and infinitely many servers; see
Appendix [B.2] for a brief exposition of this queue).

o Then we let the Poisson arrival rate be described by a shot-noise process.

o Finally we consider the case in which the Poisson arrival rate follows a Hawkes
process, a process that induces what is called ‘self excitation’.

An exact analysis of p(u) or p(u, Tg) seems prohibitively difficult. Hence, in this
chapter, we focus on deriving — quite powerful — asymptotic results regarding the
decay rate of the ruin probability. In our analysis, an important role is played by
what could be referred to as the ‘limiting Laplace exponent’: with Y (¢), as before,
denoting the net cumulative claim process,

153
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. —aY (1)
®d(@) := lim —logEe .
t—oo f

We throughout assume that the net-profit condition (see Remark holds, which

means that By
1
lim (*) =-®’(0) < 0.

t—00 t

In addition, we will work with the corresponding Legendre transform: for a > 0,

I(a) = sup (fa — ®(-0)). (8.1
0eR
This function can be proven to be non-negative and convex, and attains its minimal
value 0 at a = —®’(0). In addition, it can be shown that for a > —®’(0), we
can restrict ourselves to optimizing over 6 > 0. These properties are established in
Exercise[8.1]
For all three arrival processes under consideration, we shall prove that

1
lim —log p(u) = —6*,
u—co Y

where 6* > 0 is such that ®(—6*) = 0. This will be done by first observing that
—6* is a lower bound on the logarithmic decay rate of p(u) — a result that follows
rather easily — and then proving the considerably harder result that —6* is an upper
bound.

Remark 8.1 The fact that —6* is a lower bound on the decay rate of p(u) can
be derived employing essentially the same reasoning as the one used in the large
deviations based approach at the end of Section 2.2} importantly, as the increments
are now not i.i.d., instead of Cramér’s theorem the Girtner-Ellis theorem [6, Section
2.3] needs to be used. Formally, application of the Gértner-Ellis theorem requires the
verification of a specific technical condition, the so-called steepness condition; in this
chapter we assume that this condition is met (but see Exercise [8.5] for a verification
for a special instance of the model with Hawkes driven arrivals). Then, as in Section
[2.2] it can be argued that

. *

%Ilf(')TI(l/T) =07

With T* denoting the optimizing T, A* := 1/T* can be interpreted as the ‘cheapest’
slope to reach a high level, and T*u is a proxy for the typical time it takes to
exceed level u. It is substantially harder to establish the corresponding upper bounds,
though. In this chapter we derive such upper bounds for each of the three arrival
processes. The proofs rely on the techniques developed in Section[2.2} for the model
with M/G/co driven arrivals we use a proof that is based on a change-of-measure,
whereas for the shot-noise and Hawkes driven arrivals we rely on a large-deviations
based argumentation.
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8.2 M/G/oo driven arrivals

We here consider the case of an M/G/co driven net cumulative claim process. New
customers arrive according to a Poisson process with rate v > 0, and stay i.i.d.
times in the system, with d(a) the LST of a generic sojourn time D. The number
of customers simultaneously present thus has the dynamics of a so-called M/G/co
system, whose stationary distribution is Poisson with parameter v ED; see Theorem
[B.4] While in the system, each customer behaves as follows: she generates i.i.d.
claims with LST b(«) according to a Poisson process with rate A, and the claim
processes of individual customers are assumed independent of each other and of
everything else. The claim arrival rate is thus following a stochastic process A(t)
that is proportional to the number of customers in an M/G/co queue; see Figure 8.1}

In the analysis below we let premiums be generated at a constant rate » (by the
full population, being of fluctuating size, that is); in Remark [§.2]below we consider
the simpler case of each customer generating a premium rate » while being in the
system.

A(r)

Fig. 8.1 Arrival rate process A(t) in M/G/oo case.

> Limiting Laplace exponent. In this case, the function ® (@) can be found by an
elementary calculation. As before, Y (¢) is the net cumulative claim process. We
impose the condition

A(VED)-EB <,

so that the process Y (¢) eventually drifts to —co.

Proposition 8.1 As r — oo,
1
" logEe YW — ®(a) = ra —v+vd(A(1 - b(a))).
Proof. The number of customer arrivals in [0, ¢) is Poisson with mean vt; it is a

well-known property that, given the number of arrivals, each of them enters at a
position that is uniformly distributed on (0, 7). We can therefore write
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1 1< vi)! -
- logEe Y@ = ra + - log E e*‘”g(zt(a))l =ra-v+vZ(a),
1!
i=0

where

— l tre N -As (/ls)j J
Z(a) = t(/) /0 P(D € ds) j:EOe I (b)) du+
! S —Au (/lu)j J
/(; P(D > u) jzgo M (b(a)) du),

which simplifies to

t u t
l(/ / P(D € ds)e~B1-b(@) gy +/ P(D > u)e1-b(a) du);
t 0o Jo 0

here the first term corresponds to customers who have left by time ¢, whereas the
second term corresponds to customers who are still present at time ¢. We are left
with computing the limit of Z;(a) as t — co. Regarding the first term, it takes a
minor computation to verify that, interchanging the integrals,

1 t u t f—s
?/ / P(D € ds)e =P gy = / TP(D € ds)ets(1-b(a@)
0 Jo 0

—d(A(1-b(a))),
while the second term vanishes. O

> Change of measure. Let 6* > 0 solve ®(—0*) = 0, which implicitly requires
both the customers’ sojourn times and claim sizes to have light-tailed distributions
(see the argumentation in Section [2.2). We will prove the upper bound relying on a
change-of-measure argument, similar to the one used in Section[2.2] Now the change
of measure is such that ®g(a) = ®(a — 0%). It is immediately checked that we can
rewrite, with Ag := Ab(—6*) and dg = d(4 — Ag),

D(a-0%)=r(e-0%)—v+vdA(l -b(a-0)))
AR

dg

=ra—-vdg+vdg

In other words, under the new measure Q the resulting exponentially twisted process
is still an M/G/oco driven net cumulative claim process, but now with customer arrival
rate vg := v dq, customer sojourn times with LST

—aD _ d(a+21-2g)

E _ - =
Q¢ d(A-1g)
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claim arrival rate Ag, and claim sizes with LST

EQe_"B = —b(a — ) i
b(—6%)

Informally, the above means that the process Y () reaching a high level u is the
combined effect of: (i) a higher customer arrival rate, (ii) longer customer sojourn
times, (iii) a higher claim arrival rate, and (iv) larger claims.

> Uniform upper bound. Our objective is to derive the upper bound p(u) < e~¢™".
We mimic the change-of-measure based approach of Section [2.2] At the moment
7(u) that [u, co0) has been reached, we have sampled the customer interarrival times
F = (F,...,Fy) and their sojourn times D = (Dy,...,Dy). For each of the
customers, we sample the number of claims during their sojourn time, i.e., M =
(My,...,Mp), where the corresponding arrival epochs are uniformly distributed
over the sojourn time under consideration. The claim sizes are

B=(Bi,....Bim.Bat.....Bortys -, BN1 N My )-

The way we sample the path of the net cumulative claim process Y () (until exceeding
level u, that is) is the following.

1. We first generate the first customer arrival time, its sojourn time, the number of
claims during its sojourn time, and the corresponding claim arrival times and
claim sizes.

2. Then we sample whether the next customer arrival occurs before or after the first
scheduled event (which is either a claim arrival or the departure of a customer).
In the former case, we record the value of the net cumulative claim process at the
first scheduled event. In the latter case, we sample this customer’s arrival time (as
well as its sojourn time, the number of claims during its sojourn time, and the
claim arrival times and claim sizes).

3. We continue performing Step 2, until the current value of the net cumulative claim
process exceeds u. Then we stop, which necessarily happens at a claim arrival.

Throughout this procedure, each time a random object is sampled, we update the
likelihood ratio. We let 7(u), as before, be the stopping time. We are to evaluate,
adopting the approach that we have developed in Section [2.2] the expected (under
Q, that is) likelihood ratio

EQL(F,D,M,B),

which, bearing in mind that (Db(O) < 0, equals p(u).

We let fp(+) and f(-) be the densities of B under P and Q, respectively; likewise,
gr(+) and gq(-) are the densities of D under P and Q, respectively. The likelihood
ratio can be decomposed into four factors, as follows.

o The first, which we will call Lp, corresponds to the customer arrivals. Suppose
the first arrival is at time s, it leads to the evident contribution
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% e—VS 1 e—VS

vg e  dge s

For this customer we sample its specifics (sojourn time, claim arrival times, claim
sizes). Regarding the next customer arrival, it is first checked whether this takes
place before the next already scheduled event (which could be a claim arrival or a
customer departure). More precisely, supposing that this next event is scheduled
at (say) t time units from the current time, if this leads to a customer arrival
at s € (0,¢] time units from the current time, then we get a contribution to the
likelihood ratio of

1—e vt Ve—vs/(l _ e—vt) v e Vs _ 1 e

1 — e Vot Vo e—VQS/(l _ e—VQI) - Vo e~ vas - d_Q e~ vas’

whereas if it does not lead to a customer arrival before the next scheduled event,
then the contribution to the likelihood ratio is

Combining the above, we find that, with N the number of customers that have
arrived by time 7(u),

Lp = (™) 7@ (L

N
| =etenmag) ™.
YQ

o The second contribution, Lp, corresponds to the sojourn time durations. It is
immediately verified that

N
8L _ a0 5 D g )N
i=1 ga(Di)

o The third contribution concerns the claim arrival times. Observe that both under
P and Q, conditional on the number of arrivals, the arrival epochs are uniformly
distributed over the interval, independently of each other (thus not contributing
to the likelihood ratio). We therefore have the contribution, with M* := f\:’ | M;,

N =i (AD;)Mi | M 2
Ly = l_] ee ( 1) / i+ e—(/l—/lQ) Zi’\il D; (_
i=1

= o

Z,{Z] M;
~eli(AgDi)Mi [ M;! )

— e—(/l—/lQ) Zf\il D; (b(—g*))_M+.

o The fourth and last contribution is due to the claim sizes. It is directly seen that
this equals

N MR (By) e e N M
Lo=| [[| 502 =8 (-0t wit 5= By,

i=1 j=1
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Since B* is the sum of the claims generated by time 7(u), we have
BY —rt(u) =2 Y(r(u)) > u.

Using that inequality and recalling that r6* = vg — v, we find an upper bound for
p(u):

p(u) = EQL(F,D, M, B) = EQ [LFLDLMLB]
— e(VQ—v)T(Lt)e—G*B+ < E—H*Lt.

It can be seen as a Lundberg inequality for this M/G/co driven counterpart of the
classical Cramér-Lundberg model; observe that we have shown that the bound p (1) <
e~ 0"u applies uniformly for all # > 0. In combination with the lower bound (see
Remark [8.T)), the following result is an immediate consequence.

Theorem 8.1 In the model with M/G/ driven arrivals,
.1 "
lim —log p(u) = —6*.
u—oo Y

Remark 8.2 We here consider the variant in which each customer generates a pre-
mium at rate » while being in the system. This case turns out to be simpler than the
one discussed above. An elementary calculation reveals that now

O(a) =-v+vd(-ra+A(1-b(a))) =-v+vd(-¢(a)).

In other words, equating this expression to 0 yields that 8* should fulfil the familiar
equation ¢(—6*) = 0 pertaining to the system with a constant number of customers.
This is not surprising: when n customers are present the (local) Laplace exponent is
nra —nA(1 — b(a@)), as both the claim arrival rate and the premium rate are propor-
tional with n. Equating to 0 yields the —6* that satisfies ¢(—68*) = 0, irrespective
of the value of n. In this model the process Y (¢) reaching a high level u is therefore
essentially the combined effect of: (i) a higher claim arrival rate, and (ii) larger
claims, i.e., the customer population dynamics do not play a role. &

8.3 Shot-noise driven arrivals

In this section we consider the Cramér-Lundberg model in the situation that the
arrival rate is a shot-noise process rather than a (constant-rate) Poisson process.
Concretely, the (stochastic) arrival rate process A(f) can be constructed as follows
(cf. Figure [8.2). Let D; be a sequence of i.i.d. non-negative random variables,
distributed as the generic random variable D with LST d(a) (where we remark that
the random objects D; and D have a different meaning than in the previous section).
Let M(t) be a Poisson process with intensity v > 0, and let 7; be the i-th arrival time
that it generates. The parameter s > 0 describes how fast the ‘shots’ decay in time,
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in that we can write
M (1)

A(t) = Z Dje~s=T),
i=1

The main idea behind using a shot-noise arrival rate in the insurance context, is that
the process is well suited to model the impact of (randomly arriving) catastrophic
events. Indeed, events such as floods, windstorms, and earthquakes can be thought of
as causing a ‘pulse’ in the claim arrival rate, which eventually fades away. Throughout

we assume that
ED
— -vEB <,

so as to ensure that Y (¢) eventually drifts to —co.

> Limiting Laplace exponent. The number of claim arrivals in [0, ¢] is mixed Poisson,
i.e., Poisson with a random parameter A(z), which is given by

A(t) :=‘/0t/\(u) du.

As before a crucial role is played by the solution —8* of the equation ®(«@) = 0. So
as to evaluate ®(a), observe that the above properties lead to

1 1
- logEe™ Y™ = ra + A log E[b(a)N V]

Z oA (Al(!t))’ (b(@))'

1
=ra+ —logE

t °
i=0

=ra+ % log E ¢~ M0 (1=b (@)

Hence to find an expression for ®(«), we are to compute the LST of A(t). To this
end, observe that we can write
M (1) M (1) —\(t T;)

Ar) = Z / e du ZD

Recall that M (z) has a Poisson distribution with parameter v¢, and that, conditional
on the number of shot arrivals, each of them arrives at a uniformly distributed epoch,
independently of each other. Hence,

k t —su k
A t 1 1-
Ee @M = g e (V) / ;Eexp (— Di—— )du)
0 N

1 — e—5u
—exp(—vt+v d( ¢ )du)
0
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A(t)

Fig. 8.2 Arrival rate process A(t) in shot-noise case.

Upon combining the above, and sending ¢ to co, we have proved the following
result.

Proposition 8.2 As t — oo,

1 1-b
" logEe ™" & ®(a) =ra—v (l -d (—(a/))) )
s
> Upper bound. To prove that the decay rate of p(u) is upper bounded by —6*, we
use an adapted version of the large deviations based approach that was presented at
the end of Section[2.2] The starting point is, for u > r, the upper bound

p(u) <P(EneN:Y(n)2u-r), (8.2)

where it has been used that the net cumulative claim process decreases with at most
r per unit of time. We have thus found an upper bound on p(u) that corresponds to
a countable number of events.

Recall the definition of 7* from Section and the interpretation of 7*u being
the typical time it takes the net cumulative claim process to exceed u. The intuition
behind our proof is that we work with an upper bound on p(u) that corresponds to
a term that contains the contribution of epochs n in the order of T*u (and that is
therefore ‘dominant’), and a term that contains the other contributions (and that is
therefore ‘negligible’). Indeed, applying (8.2) in combination with the union bound,

T*(1+&)u 0
p(u) < PY(n)>u-r)+ Z P(Y(n)zu-r)
n=1 n=T*(1+&)u+l
T*(1+&)u 0
< P(Y(n)>u—r)+ Z P(Y(n) >0),

—_

n= n=T*(1+&)u+l

where € > 0 will be picked below. We treat the two sums separately, starting with
the second one.

o As mentioned, the second sum does not contain contributions due to epochs 7 in
the order of T*u, and should therefore be negligible relative to the first sum. Due
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to the Chernoff bound, for any 6 > 0 we have

> RPxmz0< Y Ee™™
n=T*(1+&)u+l n=T*(1+&)u+l

Let 8° > 0 be such that ®’(—6°) = 0. Due to the fact that we are in the regime that
there is a 8* such that ®(—6*) = 0, this 6° exists (and is smaller than 8*); from
®’(0) > 0 and ®(«@) being convex, we conclude that ®(—6°) < 0. It is readily
seen that —®(—6°) = 1(0) > 0; see Exercise Let n be sufficiently large to
ensure that

1 .
—logEe? Y™ < ®(-6°) +6 = —1(0) + 6,
n

for some 6 € (0, (0)); this is possible as a consequence of Proposition
Recognizing a geometric sum, we thus end up with the upper bound, with z :=
exp(—1(0) +6) < 1,

© ZT *(1+&)u+l
Z P(Y(n)>0) < ——
n=T*(l+&)u+l
Hence the decay rate of the first sum is at most (7(0) — §)T*(1 + &).

o We now consider the first sum. This sum contains the most significant contribu-
tions, and will therefore turn out to be dominant. Again appealing to the Chernoft
bound, and bounding a sum of non-negative terms by the product of the number
of terms and the maximum summand,

T*(1+&)u T*(1+&)u
P(Y(n)>u—-r) < Z e~ 0" (=) | o 07Y (1)
n=1 n=1
< (T*(1 + &)u) e @) max BV,
n=1,..., T*(1+&)u

Then observe that, using that the LST d(«) is decreasing and 1 — b(-6*) < 0,
forany ¢ > 0,

. t 1_ —su
logEe? Y™ =—r9*t—vt+v/ d((l —b(—H*))—e)du
0 N

< (—r@* —v+vd(%(_9*)))t=<b(—9*)t=0. (8.3)

Upon combining the above, and using that u~' logu — 0 as u — oo, the decay
rate of the first sum is at most —0*:

l * *
lim — log ((T*(l +e)u) e ) max Ee? Y(")) < —6*.
u

U—00 n=1,....,T*(1+&)u

We have thus obtained the upper bound, with the constant ¢ still to be chosen,
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1
lim —log p(u) < —min {6*, (1(0) - 6)T*(1 +¢&)} .
u—oo Y

We pick
0 1 I1(1)T*
&> — -1= (/T)—l,
T 1(0) -6 1(0) -6

where the equality follows from 6* = T* I(1/T*); note that the number on the
right-hand side is positive because /(a) is increasing for ¢ > 0. Under this choice
0* < (I(0) — 6)T*(1 + &), so that the second sum asymptotically vanishes relative
to the first sum. Combining this upper bound with the familiar lower bound, we have
proven the following result.

Theorem 8.2 In the model with shot-noise driven arrivals,
.1 "
lim —log p(u) = —6*.
u—oo Y

Remark 8.3 At the expense of settling a few technical details, various extensions can
be dealt with. In the first place, using the principles detailed in Section[2.4] the decay
rate of p(u,ut) (for given ¢t and u — oo, that is) can be identified. In the second
place, following a change-of-measure type of reasoning similar to the one used in
Section [8.2] a uniform upper bound on p(u) can be derived. Thirdly, where we now
assumed the shots to decay exponentially, we can work with general decay functions:
if the stochastic arrival rate has the form

M (1)

A() = )" Dih(t =T,

i=1

for some non-negative function /(u), then the logarithmic asymptotics carry over,
but now with the asymptotic Laplace exponent being

®(a)=ra-v(1-d((1-b(a)H)), H::./o h(u) du,

under the condition HED - vEB < r. o

8.4 Hawkes driven arrivals

In this section the counting process M (¢), corresponding to the epochs 71,75, . ..
(meaning that the process M (¢) increases by 1 at 71,75, ...), is defined as follows.
Denote by D; a sequence of i.i.d. non-negative random variables, distributed as the
generic random variable D with LST d(«) (where we remark that the random objects
D; and D have a different meaning than in the previous two sections). Let, as Az | 0,

P(M (1 +At) - M(1) = 1| A(s), s € [0,1]) = A1) At + o(A1),



164 8 Arrival processes with clustering

and
P(M(t+At) — M(t) = 0| A(s), s € [0,7]) = 1 = A(1) At + o(Ar),

where, for a given parameter v > 0,

M (1)

A(t) = v + Z Dih(t=T) =v+ Z Dih(t —T)), (8.4)
i=1

i:Ti<t

with 4(-) a non-negative function. We call the process A(t) a Hawkes process. See
Figure for a sample path of A(z). The process, in which the current arrival rate
depends on the observed sequence of past arrival times, is often referred to as being
‘self-exciting’. In the insurance context a Hawkes arrival rate is used in case one
wishes to model the effect of claims triggering additional claims.

In this section we consider the Cramér-Lundberg model with the time-varying,
random arrival rate A(f). We impose the condition H ED < 1, with

H = ‘/Omh(u) du,

under which the arrival rate process A(f) does not explode as ¢t — oo. In addition,

we require that
1

1-HED
under which Y (¢) eventually drifts to —co.

-vEB <,

A(t)

Fig. 8.3 Arrival rate process A(#) in Hawkes case.

> Limiting Laplace exponent, branching representation. Under the above conditions,
the next result provides us with an implicit characterization of the limiting Laplace
exponent.

Proposition 8.3 As t — oo,
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1
" logBe YW - ®(a) = ra - v(1-n(b(a))),

where 1(z) is the unique root in [0, 1) of

n(z) =zd((1 -n(z))H). (8.5)

The derivation of this result relies heavily on the representation of a Hawkes
process as a branching process. To this end, observe that Equation (8.4) reveals that
the Hawkes arrival process can be split into (i) a Poisson process with constant rate
v, in the sequel referred to as immigrants, and (ii) arrivals that are induced by the
immigrants. Concretely, each of the immigrants increases the future arrival rate. The
arrivals that occur due to this increase, are called the children of the immigrant. In
turn, those children are potentially the parents of a next generation, and so forth. It
is this recursive structure that we will exploit.

Proof (of Proposition[8.3)). Recall that N(¢) denotes the number of claim arrivals in
[0, 7). Our first objective is to analyze the transform of N(z). Let S(u) represent the
number of children of an immigrant, # time units after its own birth, including the
immigrant itself. Define the probability generating function n(u,z) = Ez5®, for
z € [0,1]. Then

[ k t k t
EN® = Z e“”% (% / n(u, z) du) = exp (—vt + V/ n(u,z) du) .
! 0 0

k=0

We are thus left with the identification of n(u, z), which we do by studying each
cluster separately. The key element of our argumentation is the distributional equality,
for a fixedr > O and u € [0, 1],

K (u)

Su) 1+ D Siu-Ty=1+ > Si(u-Tp), (8.6)

i:Ti<u i=1

where the S;(u) are i.i.d. copies of S(u); here T}, 75, ... are the birth times of the
corresponding children, and K (u) is an inhomogeneous Poisson counting process
with rate Dh(u) (conditional on the sampled value of D that corresponds to the
immigrant under consideration, that is). Here S; (#) can be interpreted as the number
of children of child i (including the child itself).

Now denote by P;(s) the probability that, conditional on the fact that a child was
born before time ¢, it was actually already born before time s, for s < 7. Then it holds
that P(K(s) = K(1) = 1) _ B(K(s) = 1.K(r) - K(s) = 0)

P(K()=1) P(K(1) = 1)

Conditional on D, we thus find, with

Pi(s) =

r(s,t) = D/th(u) du, H(t):= /th(u) du,
s 0
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that
r(o7 S)e—r(O,s) . e—r(s,t) B H(S)

r(0,ner @0 H()’

note that D cancels. Now define p,(s) = P;(s) = h(s)/H(t). Appealing to the
distributional equality (8.6) and conditioning on D,

Pi(s) =

n(u,z) = /0 ZE[ZS(M) |K(u) =k,D =x|P(K(u) = k| D =x)B(D € dx)
k=0

= OOOOE

oo u k
-z Z(l U(M—S,Z)PM(S)dS) et SHO g ¢ g
k=0

x k
l—[ ZS(u—T,-)] e—xﬂM)% P(D € dx)
i=1 ’

k!
u
= z/ exp (—x/ (1 =n(u—-s,2)) h(s) ds) P(D € dx),
0 0
which leads to the fixed-point equation
n(u,z) =zd (/ (1 =n(u-s,2)) h(s) ds) . 8.7)
0

Now we focus on identifying ®(«). To this end, we first consider E e~ Y () which
we express in terms of n(u, b(«)). Observe that

1 1
- logEe™ ™ =y — - log E[b(a) ],

so that
1 t
®(a)=ra-v (1 - tlim " / n(u, b(a)) du)
—00 0
=ra—v(l-n(e,b(a))),
where, by virtue of (8.7), 17(c0, z) = 17(z) solves (8:3). ]

> Upper bound. Using Proposition[8.3] we can now derive the upper bound on the
decay rate of p(u), leading to the following theorem.

Theorem 8.3 In the model with Hawkes driven arrivals,
.1 "
lim —log p(u) = —6™.
u—oo I
Proof. The proof is completely analogous to that of Theorem([8.2] with the only issue

being that we have to find the counterpart of Inequality (8.3). Recall that, from the
very definition of S(u), it follows that S(c0) > S(u) forall u > 0, so that forall z > 1
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we have that n(u, z) < r7(o0, z). Using that b(—6*) > 1, we consequently find that

/ n(u, b(~6%)) du < / 10, b(=6*)) du = 17(b(~6%).
0 0
Hence,

t
logEe? Y™ = —rg*t — vt + v/ n(u, b(-6%)) du
0
< (-r0* =v(1=n(b(-6%))))t = ®(-6*) 1t =0,

which completes the proof. O

8.5 Discussion and bibliographical notes

This chapter has concentrated on variants of the Cramér-Lundberg model in which
arrivals tend to cluster, unlike in the conventional Poisson-driven Cramér-Lundberg
model. Three natural models have been discussed, in each of which the arrival rate
is described by a stochastic process: an M/G/co queue, a shot-noise process, and a
Hawkes process. Needless to say that various alternative arrival rate processes could
be thought of.

It can be seen that neglecting the variability of the arrival rate leads to an un-
derestimation of the ruin probability. Consider for instance the model in which the
claim arrival rate is described by an M/G/co queue; similar considerations apply to
the models with shot-noise and Hawkes claim arrival rates. Using that the convexity
of LST s entails that d(a) > 1 — @ ED, we find that, for any «,

®(a) =ra—v+vd(A(1-b(a)))>ra—-v+v(l—A(1 - b(a))ED)
=ra—-vED A(1 - b(a)),

where the last expression can be interpreted as the Laplace exponent @pyis(a) of
the conventional Cramér-Lundberg model with claim arrival rate v ED A (where the
premium rate is r, and claims have LST b(«)). One indeed obtains that the decay rate
6* is smaller than its counterpart, say 65 ., in the corresponding Cramér-Lundberg
model, as illustrated by Figure[8.4]

The model considered in Section [8.2] with a fluctuating number of customers,
resembles multiple timescale models analyzed in the queueing context. We refer to
e.g. the large deviations analysis presented in [[16]] (albeit focusing on an other scaling
regime than the one we considered in Section[8.2). The Lundberg-type upper bound,
based on a change-of-measure, is novel (but strongly mimics the line of reasoning
used in Section [2.2).

Shot-noise [3]] as such has been covered in Chapter@; shot-noise as the mechanism
underlying the arrival rate in a ruin model, being the topic of Section [8.3] has been
explored substantially less, however. An account of shot-noise driven ruin models,
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@ (a)
Dpois ( a’)

N\
a

_p*
Pois

Fig. 8.4 The functions ®( @) (top curve) and ®Ppyis (@) (bottom curve). The ordering of the decay
rates is indicative of the fact that ruin is more likely in the model with a variable arrival rate.

with early references in this area being [[13} 4], is presented in [2} Section XIII.4],
which is partly based on [1]]. Our proof of the decay rate of the ruin probability
was inspired by the approach developed in [7]. Where we focused on the decay rate,
uniform upper bounds can be derived as well; see e.g. [17]. The analysis of Section[8.3]
covers the asymptotics in the light-tailed regime; results for the heavy-tailed case
can be found in e.g. [1,[19].

The Hawkes process, which in Section @] serves as the claim arrival process,
has been developed in the early 1970s [8l |9, [10]; for more background on Hawkes
processes at large we refer to [15]]. The proof of Proposition [8.3] is based on the
argumentation used in [14, Theorem 4.1]; the proof of [14, Theorem 4.1] also covers
the uniqueness of a solution 77(z) € [0, 1) in (8.5). We refer to e.g. [11]] for a detailed
account of the cluster representation and connections with branching processes,
underlying the proof of Proposition[8.3] Early studies on (infinite-server) queues fed
by a Hawkes driven arrival process are [} [14], where their multivariate counterpart
is covered by [12]. A proof of Theorem|[8.3] for the special case that the shots D are
deterministic, has been provided in [18]]; results for the heavy-tailed case are given
in [19].

While this chapter focuses on the setting of the claim size distribution being light-
tailed, one could consider the subexponential counterpart as well. In this context it
is anticipated, in accordance with the ‘principle of a single big claim’ discussed
in Section [2.3] that, for large u, ruin is with overwhelming probability due to one
exceptionally large claim.

Exercises

8.1 Let the Legendre transform /(a) be as defined in (8:I).
(i) Prove that I(a) is convex.
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(ii) Prove that I(a) > O for all a, and that I(—®’(0)) = 0. Prove that for a > —®’(0),
we can restrict ourselves to optimizing over 6 > 0. Use this to show that if —-®’(0) <
0, then (a) is increasing on [0, o).

(iii) Let 6° be such that ®’(—6°) = 0. Prove that 1(0) = —®(-6°).

8.2 Consider the model with M/G/co driven arrivals. Let the sojourn time D be expo-
nentially distributed with parameter & > 0 and let the claim size B be exponentially
distributed with parameter .

(i) Prove that the net-profit condition, which is

—0'(0) = fim =X @

t—o0 t

<0

in this context, is equivalent with v < répu.
(i) Determine ®(«). Prove that the net cumulative claim process is of Cramér-
Lundberg type, with premium rate », claim arrival rate v, and claim sizes with

LST
& N 1 ¢
E+A E+Al+a’

with ¢ := &u/(€ + A). Interpret the distribution corresponding to b°(a).
(iii) Show that

b (a) =

(iv) We now consider the model under Q. Show that

ur
’ VQ:
v+ ur E+A

Adg=(£+) (v+pur).

Show that under Q both B and D are exponentially distributed, with parameters

A v+ur v

, éo=(£+A) .

:§+/l r v+ ur

Hq

(v) Show that under Q the process has a positive drift:

Eol(® _ (rf—” - 1) >0
v ’

lim

t—oo t

8.3 Consider the model with shot-noise driven arrivals. Prove that ®(a) > ®pis (@),
where ®pyis (@) denotes the Laplace exponent of the conventional Cramér-Lundberg
model with claim arrival rate v ED /s (where the premium rate is r, and claims have
LST b(a)).

8.4 Consider the model with Hawkes driven arrivals.

(i) Use to prove that
1

B3 = D

Also determine Var S(c0).
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(i1) Argue that, for z > 0, and a random variable X € N,
EZX > 1+(z-1)EX.

(iii) Use (i) and (ii) to prove that ®(a) > ®peis(@), where Ppgyis(@) denotes the
Laplace exponent of the conventional Cramér-Lundberg model with claim arrival

rate
v

1-HED
(where the premium rate is r, and claims have LST b(«)).

8.5 In this exercise we formally verify the steepness condition, needed to legitimately
apply the Girtner-Ellis theorem, for a special instance of the model with Hawkes
driven arrivals. Define by © the set of 8 for which ®(—-60) < oo, and 90O its boundary.
Then steepness means that

lim ®'(-0) = co.

6190
We consider the Hawkes driven arrival model with D = 1. Assume H < 1 and
vEB < r(1 — H) to make sure that the Hawkes process does not explode and that
Y (t) eventually drifts to —co.
(i) Use (8.3) to prove that

n'(z) = %Z) +n(z2)n'(z) H.
(ii) Prove that there is a zg > 1 for which n(z9) = 1/H, that n’(zp) = oo (the
derivative to be understood as the left derivative), and r(z) = oo for z > zo. (Hint:
use that 7(z) is increasing and convex for z > 1, with (1) = 1 and n’(1) > 1.)
(iii) Conclude that ®(—8) is steep in the 6 for which b(—0) = z¢ (assumed to exist),
in that
lim @'(-0) = .
61-b7"(z0)
8.6 (%) Consider the model with Hawkes arrivals. Let, as before, Q be such that
the limiting Laplace exponent equals ®g(a) = ®(a — 6*), with 6* > 0 such that
®(—0*) = 0. In this exercise we will show that ®g (@) corresponds to a model with
Hawkes arrivals, too, but with different parameters and distributions.
(i) Recall that @ (@) = ra — v( 1 —n(b(a))). In this part of the exercise we focus on
determining v, b(«) and 77(z) = E z° under Q, which we denote by v, bg(@), and
ng(z). Show that

_ % _ b(a—-6%) _ n(zb(-6%))
vg =vn(b(=0")), bo(a)= o) no(z) = (=)
Argue that this means that
Q(B € dx) =P(B € dx)eg—x Q(S = n) = B(s = m) LEIN"

b(=6%)’ n(b(=6%))
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(ii) Recall that n(z) is the unique root in [0,1) of the fixed point equation
n(z) = zd((1 = n(z))H). In this part we determine d(«) and A(t) under Q (i.e.,
corresponding to 11g(z), as determined in part (i)), which we denote by dg(a) and
hg(t). Show that

d(a+ (1 -n(b(=0%)))H)
d((1 =n(b(-6*)))H)

Argue that this means that

do(a) =

. ho(t) = h(t) n(b(=6%)).

e (1(b(=6%) =D H x

d((1=n(b(=6*))H)

Q(D e dx) =P(D € dv)
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Chapter 9

Dependence between claim sizes and interarrival
times

Abstract — Where in the conventional Cramér-Lundberg model claim sizes and
claim interarrival times are independent, this chapter studies the case in which this
independence assumption is lifted. We first consider two models in which the claim
size is correlated with the previous claim interarrival time, and subsequently two
models in which the claim interarrival time is correlated with the previous claim size.
In all models the double transform pertaining to the time-dependent ruin probability
is computed.

9.1 Introduction

In the classical Cramér-Lundberg model, claim sizes and claim interarrival times
are assumed to be independent. In recent years there has been a growing interest
in the, often realistic, case in which claim sizes and claim interarrival times exhibit
some form of correlation. The present chapter discusses various model variants that
incorporate such dependence.

In Section [9.2] we analyze two models in which a claim size, through a specific
mechanism, is correlated with the previous interclaim time. In the first model, every
claim size B, provides the parameter of the exponential distribution that defines the
preceding interarrival time. In the second model, every claim size B, together with
an independently sampled random variable V,,, determines that arrival rate.

In Section[0.3]we consider a model in which a claim interarrival time is correlated
with the previous claim size. In this case, the arrival rate is allowed to attain only a
finite set of possible values. In Section [9.4] we discuss a model in which again the
interarrival times depend on previous claim sizes, but we allow additional flexibility
compared to the model of Section 0.3] For each of these models, we compute
the double transform of the time-dependent ruin probability. We use techniques
resembling those used earlier in this monograph: we analyze the time-dependent
ruin probability at an exponentially distributed time horizon Tg, and in addition
transform with respect to the initial reserve level u. At a high level, the approach

173
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followed in Section[0.4]is the same as the one relied upon in Section[9.3] but a more
delicate analysis is required (in particular when proving that a certain equation has
precisely d zeroes, which is needed to determine the d unknowns).

9.2 Claim size being correlated with previous interarrival time

In this section we analyze two models with correlation between claim size and the
previous interclaim time. Model 1 will be analyzed by applying Method 1 presented
in Section [I.3] while for Model 2 we (essentially) rely on Method 4 of Section [T.6]
Remarkably, while Model 2 is more general than Model 1, the analysis for Model 2
is more explicit. This illustrates that the methods introduced in Chapter [I] are not
equivalent: for specific variants of the Cramér-Lundberg model one method can be
better suited than another one.

> Model 1: mechanism and dependence structure. In this model, the claim size
directly determines the parameter of the exponential distribution of the preceding
interclaim time. Model 2 (that is subsequently treated) is slightly more involved,
considering a less direct relation between claim size and rate of the preceding
interclaim time; it can be seen as a counterpart of the model that will be discussed
in Section[9.3] where we consider correlation between the interclaim time and the
previous claim size.

We proceed by describing the underlying dependence mechanism of Model 1.
After a claim arrival, the next interarrival time and corresponding claim size are
chosen as follows: if the claim size has value v > 0, then the length of the interval
between the previous claim’s arrival time and this claim’s arrival time has an expo-
nential distribution with parameter A(v) > 0. The time-dependent ruin probability
p(u,t) and the double transform 7 (a, 8) are defined in the usual manner.

> Model 1: transform of the ruin probability. It is readily checked that the approach
set up in Section[I.3|carries over. This means that (e, B) can be written as the sum
of 7 (a, B) and mp(a, B), where the former reflects the contribution corresponding
to ruin due to the first arriving claim, and the latter to ruin occurring later. Regarding
the first contribution, we thus obtain

R I e e L
m(a,ﬂ)_/o /l(v)+/3’( a - a- (A +B)/r )P(Bedv),

as justified by Equation (T.3). With s(v, 8) defined as (1(v) + ) /r, this quantity can
be interpreted as

/l(B) (1 _ e—aB e—s(B,[)’) B _ e—aB))

A(B)+8 -

n1<a,ﬁ>=E( d T
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which is an object that we can in principle calculate (as we know the distribution of
the generic claim size B). Regarding the second contribution, we obtain by following
the line of reasoning of Section|[I.3]

© o —s(v.,p)w _ ,—aw
m(a, B) =‘/0 (rv) (‘/v e a_s(v’;) p(w—v,Tp) dw) P(B € dv).

It is directly seen that this 7, (@, 8) can be written as the difference of

oyl o _—s(v,f)w
ng(a,ﬂ) = ‘/0 (rv) (/v ;_ S0 B) p(w—v,Tp) dw) P(B € dv)

:/Om%eﬂ(m)v (/Ome-m,ﬁ)w p(W,Tﬁ)dw)P(BEdv)
:E( A(B)

r(a—s(B.B))

which is an expression that we cannot further evaluate (yet), and

© 00 —aw
7, (a,B) = ‘/0 ) (/v ¢ p(w—v,Tp) dw) P(B € dv)

—s(B,ﬁ)Bﬂ(s(B,,B)aIB))’

r a—s(v,p)
- /Om %e“’@w e dv) /Ow e p(w,Tg) dw
=E (%e-ﬂ*) n(a, B).

Observe that

which we can evaluate, as we know the distribution of B.

> Model 1: solving the double transform. Upon combining the above, we can isolate
the quantity of our interest, i.e., 7(a, ). Indeed, we obtain that

m(a,B) + 3 (a, B)
l+7°(a,8)

n(a,B) = 9.1

Importantly, it should be realized that 77 (e, 8) is not known yet. In the sequel we
restrict ourselves to the case that the claim size distribution is given by

d
P(B<v)= ) piU(v=bh),
i=1

with U(-) the unit step function and pi,...,pg > 0, Zidzl pi = 1. We then have
d possible claim arrival rates A(by), ..., A(by), where we assume (without loss of
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generality) that 1(b;) < A(by) < ... < A(by). Then

. S Ab) e _ fl@) —g(@)
e N Ry
where
4 d A(b;) b
fla) = 1—[(/1(191‘) +B—-ra), gla):= Zpime “fla).
i=1 i=1 !

Application of Rouché’s theorem (Theorem to the numerator of the last term
in (9.2)) reveals that it has exactly d zeroes in the right-half a-plane. Indeed, (i) f(«@)
and g(«) are analytic in that half-plane; (ii) | f(«@)| > |g(@)| on the imaginary axis
and on the large semi-circle from +iR to —iR with center at the origin and radius R
in that half-plane (and letting R — o0); and (iii) f(a) has K zeroes in the right-half
a-plane. Inspection of the behavior of 1 + 7°(«a, B) at the asymptotes @ = s(b;, 8),
i=1,...,d, reveals that these d zeroes of 1 + n°(a, f3), viz., a} (B), ..., a};(B), are
all real, exactly one being located in (0, s(b1, 8)), one in (s(b1, B8), s(b2, B)), etc.

Since 7(a, B) is an analytic function of « in the right-half @-plane, the numerator
in the right-hand side of |i must be zero for @ = a}‘(ﬁ), j=1,...,d. This
results in d linear equations in the d remaining unknowns 7 (s(b;, 8), B) featuring
in 73 (@, B). Thus, 7 (a, B) is completely determined.

Remark 9.1 The above can be generalized to the following case: If B=v € [b;_1, b;)
then A(v) = A(b;), j = 1,...,d (with by = 0 and b4 = o). In (9.2)) one should now

replace p;e~ % by
b;
/ e Y P(B € dv),
b1

which does not complicate matters; and one still has d unknown functions
n(s(bj,B), 5) which follow via an application of Rouché’s theorem (Theorem .
However, claim size distributions which give rise to a continuum of different A(-)
values seem to make the problem of determining the unknown function 73 (@, 8)
much less tractable.

> Model 2: mechanism and dependence structure. We now introduce and analyze a
very similar model in which the structure of the dependence between claim size and
preceding interclaim time is slightly more involved and less direct. In this model,
an exact analysis of the ruin probability is possible even for a continuum of possible
interclaim arrival rates.

The sequence By, By, ... represents the i.i.d. claim sizes. Vi, V,, ... is a second
sequence of i.i.d. random variables, independent of the claim sizes. After the n-th
claim arrival, a new claim interarrival time A,,,1, threshold value V,,;; and claim size
B+1 are drawn. If B,,; = v and V41 = v/z, then A, is exponentially distributed
with parameter A(z) > 0.
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> Model 2: transform of the ruin probability. Again our objective is to characterize the
time-dependent ruin probability, with a time window that is exponentially distributed
with parameter 8. Denoting this probability by p(u, Tg), we thus obtain, as Az | 0,

p(u,Tp)
= (1—/0 /l(z)At/O P(B € dv) P(v/V € d2) = B At) plu + 1 At, Ty)

+ /w/l(z) At/wP(B e dv)P(v/V € dz)
0 u

+ /Do/l(z) At/uP(B edv)P(v/V e dz) p(u—v,Tp), (9.3)
0 0

up to o(At) terms. Define

x(a) = ‘/000 e *P(B € dv) ./Ooo/l(z) P(v/V € dz)

(assuming that the claim arrival rate function A(+) is such that y (@) is well-defined).
We proceed by following the standard procedure in Equation (9.3) (i.e., subtracting
p(u+r At, Tg) from both sides, dividing by At, and then taking the limit A | 0). We
thus arrive at the differential equation

9
—r 5P Tp) = =(x(0) + B)p(u, Tp) +

/wﬂ(z)/mP(B edv)P(v/V edz) +
) u

(

/Do A(z) /u P(Bedv)P(v/Vedz) p(u—-v,Tg). (9.4)
0 0

As before, the next step is to transform this identity with respect to u, i.e., we multiply
both sides of Equation (9.4) by e~®* and integrate over u. With 7(e, B) defined in
the usual manner, and with G(8) := p(0+,Tg), we end up with the following result.

Proposition 9.1 For any a, 8 > 0,

YOO |y nap).

—ran(a,f) +rG(B) = —(x(0) +B) n(a. ) +

> Model 2: identification of G (8). Our next goal is to identify (e, 8), which requires
us to find G(B). To this end, observe that, for any @, 8 > 0,

rG(B) - (x(0) — x(@))/a

(@B = () + x(a) - B

Notice that y (@) is the Laplace transform of a nonnegative function, and hence a
convex decreasing function. It is easily seen that the denominator has exactly one
positive real zero a*(B) for every positive real B, and this allows one to determine
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the one unknown quantity G(3). We call, for a given value of 8 > 0, the unique
positive root of the denominator a* (). As this should be a root of the numerator as
well, we obtain

1 x(0) = x(a*(B)

r a*(B) '

We have proven the following result.

GB) =

Theorem 9.1 For any a, 8 > 0,

(x(0) — x(a*(B)) [a* (B) = (x(0) — x(a))/a
ra—x(0)+ x(a) - B ’

n(a, B) =

9.3 Interarrival time being correlated with previous claim size

This section defines a model in which a claim interarrival time is correlated with the
previous claim size, and presents the analysis of the corresponding ruin probability,
as usual through its transform. We use a formalism similar to the one introduced in
Model 2 of Section [0.2} for technical reasons, however, the arrival rate can attain
only finitely many values, as will become clear from the analysis.

> Model and dependence structure. We start by detailing the intended dependence
structure. Consider a vector z = (zp,...,2q) suchthat 0 = zg < z; < --+ < z4 = co.
As before, let the claim sizes B1, B, . . . be a sequence of i.i.d. random variables; they
are distributed as a generic, non-negative, random variable B. In addition, V1, V5, ...
is a second sequence of i.i.d. non-negative random variables, independent of the
claim sizes; these are distributed as the generic random variable V. Regarding the
claim interarrival times, the following mechanism applies. If a claim B, is in the
interval [z;—1Vy, 2; V), then the time until the next claim is exponentially distributed
withrate 4; > 0. As before, X,, (¢) denotes the surplus process, with the initial reserve
level being u.

The key object of our interest is the time-dependent ruin probability, which is in
this context given by, fori = 1,...,d,

pi(u,t) :=P(3s € (0,¢] : X,,(s) <0]J(0) =1i);

here the event {J(0) = i} corresponds to the scenario that the arrival rate at time
0 is 4;. The objective of this section is to characterize p;(u,t) through its double
transform

m@p= [ [ pem s duar
o Jo
fora >0and 8 >0andi=1,...,d.

> Transform of the ruin probability. We analyze the quantity n; (@, 8) by applying a
hybrid method, combining elements from Method 1 (see Section[I.3)) and Method 4
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(see Section[I.6). Consider the possible events in the first Az time units: this can be a
claim arrival (only leading to ruin when the claim size exceeds u), killing, or none of
these. We thus obtain, up to o(Ar) terms, with 7 as usual exponentially distributed
with parameter 3, that

d
pi(u.Tg) = A; AtZ/ P(B edv)P(V € [, ——)) p;(u—v.T5) +
= 0 Zj Zj-1

A AtP(B > u) + (1= 2; At — BAL) pi(u +r A1, Tp),

as At | 0. Subtracting p;(u + r At,Tg) from both sides and subsequently dividing
the full equation by A¢, and then sending Az to 0 leads to the following system of d
integro-differential equations:

0 d u Y
—rﬁpi(u,Tﬁ) =A; ]Z:;‘/(; P(B € dv)P(V € [Z’ Z]—_l))pj(u -v,Tg)+
AL P(B > u)— (4; + B) pi(u, T/g). 9.5)

This system can be further analyzed by transforming it with respect to u. To this end
we define, for j = 1,...,d,

xj(@) ::/ e P(Bedv)P(V e [L, Y
0 Zj Zj-1

The next step is to multiply Equation (9.5) by e~** and integrate over u. Applying
the identity (T.9) to the left-hand side, and recognizing a convolution in the right-

hand side, we obtain that Equation (9.3) can be rewritten in the following form, with
Gi(B) := pi(0+,Tp).

Proposition 9.2 Forany o > 0and > 0,andi=1,...,d,

d
—rami(, B) +rGi(B) = 4 ) xj(@) (e, )+
Jj=1

32D s py i)

> Solving the linear equations. For a given value of @ > 0 and 8 > 0, Proposition[9.7]
provides a linear system of equations, containing the d unknowns G (B), ..., G4(B).
To identify these, we first observe that the equations immediately yield that, for any
pairi, j € {1,...,d},

(ra =i = p)mi(a, ) —rGi(B) _ (ra—2A; = B)m;(a,B) —rG;(B)
A Aj ’

or, equivalently,
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ﬂj(Q/?ﬁ) =Aij(a7ﬂ) ﬂ-i(a’ﬁ)-'-Bij(a’ﬁ)? (96)
where

/]-j ra/—/li—ﬁ

gre-4i—p A4 _rGi(B) rG;(B)
ﬂi ra —/lj —IB’

+ .
Adira—A;—=B ra—-1;-p

Aij(a’ﬁ) = Bij(a’nB) =

Inserting (9.6) in the system of equations of Proposition[0.2] one readily obtains that,
foralli=1,...,d,
(-ra+4;+pB) 7Ti(0/ B) +rGi(B)
b(a)
= 4 Zx, (@) (Aij(a, ) 7@, B) + Bij(a, ) + 4

Jj=

From this equation, the transform 7; (@, 8) can be solved, in terms of the unknowns
G;(B). Indeed, for any a > 0 and 8 > O,

rGi(B) — A Z;l:l xj(@) Bij(a,B) — 4;(1-b(a))/a
ra—A; +4; Z;j:l xj(@)Aij(a,B) - B

mi(a, B) = .7

Any zero of the denominator should be a zero of the numerator as well. Therefore
equate, for 8 > 0 given and fori = 1,. .., d, the denominator to 0, or, equivalently,
H(a) =1, with

d

_ A .
H(a) = ; m)(j(a)'

Observe that H(0) < 1, whereas H(«@) approaches O from below as @ — co. Let
the A; be distinct (where we note that our analysis below immediately extends to
the situation that some of the A; are equal), so that we can assume without loss of
generality that A; < --- < Ag. With g = 0 and @; := (4, + 8)/r, we have that

lim H(a) = o, lim H(a) = -
alaj

(IT(lj
for j = 1,...,d. We thus conclude that, for all 8 > 0, there is a solution to
H(a) = 1 in each of the intervals (a;-1,a;), for j = 1,...,d. We call these zeroes
ay(B),...,a};(B), which are then necessarily zeroes of the numerator as well. It

therefore follows that, for @ = a7 (), .. .,a}(B),

d 1-b(a)
Ci(a.B) =rGi(B) = Ai Y xj(a) Bij(@, B) = li———
j=1

4 xi(a)

1-b(a)
= A+~ @GP -t

=rG,-(ﬂ)(1 —H(a))+/l,-r
J
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should equal 0. Using that H (a}‘ (B)) =1forj=1,...,d, we obtain the following
linear system, after dividing by 4;:

X (@} (B) 1-b(a}(B)
—G; = 9.8
rZ Aj+B—rai(B) i(B) a*(B) ©-8)
Jj=1 J J
for j = 1,...,d; observe that these equations do not depend on i anymore. From the

linear equations displayed in (9.8)) the probabilities G ; () can be solved in the usual
manner. We have thus found the following result.

Theorem 9.2 Forany @ > Oand 8> 0, andi = 1,...,d, n;(a, B) is given by (0.7),
where the G ;(B), for j = 1,...,d, follow from the d linear equations (9.8).

Remark 9.2 Notice that above we did not prove that the equation H(@) = 1 has
exactly d real solutions, and that it has no non-real zeroes for Re @ > 0. If there
were more than d zeroes, then the numerator of would have to be zero for more
a-values, leading to more than d linear equations in the d unknown G (). This
should result in superfluous equations. We discuss related issues in Remark[0.4 ¢

Remark 9.3 If the arrival rates are equal, i.e., 4} = --- = 1y = A, then we recover
the known formula for 7(a,8), as was given in Equation (I.4). Indeed, with as
before ¢(a) = ra — A(1 — b(a@)) and denoting by ¢ (8) its inverse, we find that
A;j(a,B) = 1, so that the denominator of becomes ra — A(1 — b(a)) — B and
hence a*(B) = y(B). We also have that G;(8) = G;(B) foralli,j € {1,...,d},
and therefore B;;(a, 8) = 0. An elementary computation yields that ; («, 8) equals
the expression displayed in Equation (T.4). o

9.4 A more general Markov-dependent risk model

In this section we consider a specific semi-Markovian dependence structure between
claim interarrival times and claim sizes. The underlying model is, in line with the
setup of the previous section, such that any interarrival time depends on the previous
claim size.

> Model and dependence structure. Let A; denote the time between the arrival of
the (i — 1)-st and the i-th claim and Ayg = By = 0. Then

P(An+1 < X, B}’H—l < Y, Zn+l = ,] | Zn = i? (Ams Bms Zm),m € {O’ 19 R n})
=P(A <x,Bi<y.Z1=j|Zy=0) = (1= )pi; Fi(y),  (99)
where (Z,),en is an irreducible discrete-time Markov chain with finite state space
{1,...,d} and transition matrix P consisting of the transition probabilities p;; :=

P(Zn+1 = j|Z, = i). Thus at each instant of a claim, the Markov chain jumps to
a state j, and the distribution function F;(-) of the claim size depends on the new
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state j. Then the next interarrival time is exponentially distributed with parameter
A;. Observe that given the states Z,,_1 and Z,,, the random quantities A, and B,, are
independent, but there is autocorrelation among consecutive claim sizes and among
consecutive interclaim times as well as cross-correlation between A,, and B,,.

Our aim is to analyze the probability of ruin before 7 in this risk model. Notice
that the model introduced above covers the models with causal dependence structures
of the type that was considered in Section To see this, choose a generic claim
size Bandforalli = 1,...,d, p;j = P(B € G;) for some (possibly random) interval
G; C R and choose the distribution function F;(-) to correspond to the conditional
distribution of B given that B € G ;. But the new setup is actually richer than the
one of Section@ if the state-dependent transition probability p;; is defined as the
probability that B € G; conditional on the current state being 7, then we arrive at a
more general model that also allows the claim size itself to depend on the state of
the Markov chain.

> Transform of the ruin probability. Let p;(u, Tg) denote the ruin probability given
that Zy = i. We shall derive a set of d integro-differential equations for these
pi(u,Tg), relying on Method 4 of Chapter Considering all possible transitions in
an interval of length At, as At | 0, we derive in the standard manner

d " d
pl-(u,TB) =A; AtzpijA p](u - V,TB) F](dV) +4; Atzpij (1 - F](u)) +
=1 =1
(1—2; At = BAt) pi(u+r A1, Tg) +o(At),

fori =1,...,d. Rearranging and sending Af to O yields
8 d u
—Vapi(u,Tﬁ) =4 ]Z_;PU /o pjlu—v,Tg)Fj(dv) +

d
A Y pij (1= Fy(w) = (4 +B) pi(w,Tg),  (9.10)
j=1

fori =1,...,d; cf. Equation (0.5). As in Section [0.3] our objective is to evaluate,
fora > 0and 8 > 0,

m@p)= [ empiwtpan= [ [ g i dur,
0 o Jo
expressed in terms of quantities y; (@) which are now defined by
xi(@) ::/ e~ Fi(dv).
0

This is done following the procedure that has become standard by now, i.e., mul-
tiplying Equation (9.10) by e¢~®* and integrating over u. After a straightforward
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calculation, we obtain the following result, which can be considered as the counter-
part of Proposition[9.3] As in Section[9.3] we use the notation G;(B) := p;(0+,Tp).

Proposition 9.3 Forany o > 0and > 0,andi=1,...,d,

d
—rami(, B) +rGi(B) = 4 ) pij xj(@) (e, f) +
=1

Jj=

d
1—yv,
A Zpij +@l) — (i + B) mi(a, B).
=

> Solving the linear equations. We start by writing the system of equations of
Proposition[9.3]in a convenient matrix form: in self-evident notation,

((ra—ﬂ)I—A+APX(a/))7r(a/,ﬁ) =rf(B) —APé(l—X(a)), 9.11)

where A := diag(4d) and X (@) := diag(x(@)). When solving this system of lin-
ear equations in the d functions n;(a, ), it remains to determine the d unknown
constants G; (). This is done by studying the zeroes of

Ag(a) = (ra-B)1-A+APX(a).
The following lemma is useful in this context.

Lemma 9.1 For any 8 > 0, the equation det Ag(a) = 0 has d zeroes ay, ..., aq
with positive real part.

Proof: Let € denote a circle with its center at

) B+max;eq,.. aydi
co = s

and radius cq. Also define for v € [0, 1] the matrix
Ag(a,v) = (ra - B) - A+VvAP X(a);
observe that Ag(a, 1) = Ag(a). Our first goal is to prove, for v € [0, 1], that
detAg(a,v) # Ofora € 6. (9.12)

Itis readily verified that the matrix Ag (e, v) is diagonally dominant for any v € [0, 1].
Indeed,

lra — B = Ai +vA; pii xi(@)| > |B+A; —ra| = |vA; pii xi(@)]
> B+ —va;pii xi(0)
> vA; (1 = pi; xi(0))
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=vﬂi231%jxy(0)>‘vﬂizzlhjxﬁ(aﬂ-

J# J#i

It is a standard matrix-theoretic result that this diagonal dominance [10, pp. 146-147]
directly implies (9:12).

Now let n(v) denote the number of zeroes of det Ag(e, v) in €°, the interior of
€. Then, cf. [8, p. 97],

n(v) = 1 H' (a,v) N
" 2ni Jg H(a,v)

where P
H(a,v) :=detAg(a,v), H'(a,v):= a—H(a/, V).
a

Observe that n(v) is a continuous function on [0, 1], integer-valued, and therefore
constant. Then note that n(0) = d, because det Ag(c,0) = det((ra — )/ —A) =0
fora=(B+4;)/r,withi=1,...,d. Conclude that also n(1) = d. O

Remark 9.4 Tt follows from the above proof that the zeroes are located in the interior
€°. It should be observed that, formally, we have only shown that det Ag(«) has d
zeroes in €°, leaving open the possibility that there are additional zeroes outside €°
in the right-half a-plane. However, we only need d linear equations to determine the
d unknown constants G; (), and we also know that those constants exist. So if there
were more zeroes in the right-half a-plane, then this should result in superfluous
equations; see also Remark@ &

Remark 9.5 From [1, Theorem 3.2] it directly follows that for 5 = O the equation
det Ag(@) = 0 has one zero a; = 0 as well as d — 1 zeroes a3, . . ., @g With positive
real part. If the claim size distributions have a rational LST, then the ruin probability
can be obtained explicitly by inversion of the Laplace transform of the solution of

©.11). o

With Lemma [9.1] at our disposal, we can proceed along the following lines.
Observe that 7;(a, B) are analytic in @ with positive real part, so that for each of

the d zeroes ay, . .., @z we can apply the following procedure. Determine, for each
i=1,...,d, anon-trivial solution g; of the linear system
Ag(a) g =0.

Since we then have
T 4T 1 T
O0=mn(a;.B) Ag(ai) g =(rf(B)—AP ;(1 - X(@)) g (9.13)

this provides us with d linear equations for fi(8),..., fa(B). The following result
summarizes our findings.

Theorem 9.3 For any a > 0 and 8 > 0,
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w(a.8) = (Ag(@) ™ (rf(B) = AP (1 = X(a),

where the G j(B), for j = 1,...,d, follow from the d linear equations (9.13).

9.5 Discussion and bibliographical notes

An early study of an insurance risk model in which, as in Section[9.2] a claim size
depends on the preceding interclaim time, is [4]; they consider dependence according
to an arbitrary copula structure.

The model discussed in Section @] is based on, but generalizes, the results
presented in [2]]. Notably, [2]] does not consider the finite (exponentially distributed)
horizon, and focuses on the case d = 2 only. We refer to [6] for the analysis of a
related queueing model. A discussion of existence/uniqueness issues is given in [7]],
in line with the observations that we made in Remarks [9.2] and [0.4] but then in a
related queueing setting.

Section [E featuring a semi-Markovian dependence structure, is based on [3].
The proof of Lemma@] follows an idea in [11]] (see also [[1]); we have repeated the
line of reasoning of [[11] essentially verbatim, as it has the potential to be applied
more broadly in the context of insurance risk. Adan and Kulkarni [1] consider a
similar semi-Markov dependence as in Section but for a queueing model and
with A; replaced by 4; in (9.9). The model in Section[9.4]belongs to a more general
class of risk models where claims arrive according to a Markovian Arrival Process
(MAP). MAP risk models can be studied via a connection to fluid queues when the
claim amounts are of phase-type; see, e.g., the survey [3].

Another generalization concerning the arrival process, is the extension to re-
newal claim arrivals: where in the conventional Cramér-Lundberg model the claim
interarrival times are i.i.d. exponentially distributed random variables, in the Sparre
Andersen model the claim interarrival times are i.i.d. samples from some general
distribution on the positive halfline. In [12] an extensive account of ruin theory for
renewal claim arrivals is provided.

Exercises

9.1 As pointed out in Section[I.7} one is often not interested in just the ruin prob-
ability, but in various related measures as well, such as the ruin time 7(«) (on the
event that ruin occurs), the undershoot X,, (7(u)—), and the overshoot X, (7(u)). In
this exercise we determine these ‘Gerber-Shiu metrics’ [9] for the model of Section
[0.4] thus reproving results from [3]]. In this exercise we adapt Proposition [0.3] so
as to cover the case that ;(a, B) is replaced by 7;(«, 8, ¥), defined analogously to
the transform 7 (a, B8, y) that was introduced in Exercise for the conventional
Cramér-Lundberg model. Define
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pilu,t,y) = E(e—%T(M)—Yqu(T(u)—)—73Xu(T(M))I{T(u) <t} J(0) = i).

In the sequel we abbreviate p;(u, Tg, y) to just p;(u).
(i) Show that, as At | 0,

d u
pi(u) =™ (Ai At Y pij /0 Py =v) Fi(dv) +

J=1

d )
Ai At Z Dij / einuiw(uiv)Fj (dV) +
Jj=1 u

(1-2; At = BAt) pi(u +rAt)),

fori=1,...,d, upto o(Ar)-terms.
(ii) By following the same procedure as in Exercise [.2] derive the counterpart of

Equation (9.10).

(iii) By transforming the result of (ii) with respect to u, derive the counterpart of
Proposition[9.3]

9.2 Consider the following two variants of the model of Section(9.3] with d = 2 and
with T; = z;V; the ‘threshold’.

(i) In the first variant, the claim arrival rate only changes when B; < T;. Investigate
the question how Proposition[9.2)and Theorem[9.2]can be adapted.

(i) Same question for the second variant, in which we have the following two
scenarios. If B; < T;, then the next claim arrival rate is A1 and the claim size is B;.
If B; > T; then the next claim arrival rate is A, and the real claim size is T;; so the
real claim size always is min{B;, T;}. The threshold 7; can thus be interpreted as
the retention level of an XL-type reinsurance of the claim size, i.e., the amount an
insurer assumes for its own account in the case of excess-of-loss reinsurance.
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Chapter 10
Advanced bankruptcy concepts

Abstract — So far we focused on the event of ruin, corresponding to the reserve
process dropping below 0. This chapter studies various bankruptcy concepts, in
which, besides the reserve level becoming negative, an additional condition has to
be fulfilled. In the first variant, the net reserve process is inspected at Poisson instants,
and bankruptcy occurs if the reserve level is below zero at such an inspection time.
For this setting an adapted version of the Pollaczek-Khinchine theorem is derived,
as well as an appealing decomposition. In the second variant there is bankruptcy if
the reserve process is uninterruptedly below 0 for a sufficiently long time, whereas
in the third variant the bankruptcy criterion is based on the total time with a negative
surplus.

10.1 Introduction

The focus of the previous chapters was on the evaluation of ruin probabilities, assess-
ing the likelihood of the event that the insurance firm’s surplus level drops below 0
(typically before an exponentially distributed clock expires). This chapter considers
various more sophisticated bankruptcy concepts, in which, besides a negative surplus
level, a second criterion needs to be fulfilled.

Three variants are considered in this chapter, each of them with an own definition
of bankruptcy.

o In the first variant, the insurance firm’s reserve process cannot be continuously
monitored, but is rather only inspected at Poisson times. Bankruptcy occurs when
at such an inspection time the surplus level is below 0. We evaluate the LST of the
running maximum of the net cumulative claim process (at inspection times, that
is), which uniquely defines the corresponding bankruptcy probability. This LST
is a generalization of (the time-dependent version of) the Pollaczek-Khinchine
formula; indeed, as the inspection rate increases, the expression converges to the
known formula (corresponding to continuous inspection). Our second main con-
tribution is an appealing decomposition that relates the running maximum of the

189
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net cumulative claim process at inspection moments to its continuously inspected
counterpart. In the proofs, a connection with the M/G/1 queue is exploited.

o In the second variant, the criterion is that when the surplus level (first) drops
below level 0, bankruptcy occurs when the time spent below 0 is sufficiently long.
To be able to assess the probability of bankruptcy, we derive the transform of
the length of the first excursion of the surplus process below level O (up to an
exponentially distributed killing time, that is), relying on various results that were
obtained in previous chapters.

o In the third variant bankruptcy occurs when the aggregate time the surplus process
spends below level 0 is larger than some threshold. To quantify the bankruptcy
probability, we analyze the transform of the total time that the insurance firm
faces a negative surplus, up to an exponentially distributed killing time.

This chapter is organized as follows. In Section [I0.2] we consider the case of
Poisson inspection times, leading to the LST of the running maximum as well as the
decomposition result. In addition, corresponding tail asymptotics are given, shedding
light on the difference between the ruin probability and the bankruptcy probability.
Section|[10.3]analyzes the length of the reserve process’ first excursion below level 0,
and Section [I0.4] considers the total time spent below 0.

10.2 Poisson inspection times

As before, we consider the probability of the insurance firm’s surplus level dropping
below 0, but now with the complication that the surplus level is only observed
at the Poissonian inspection epochs S, S», ..., i.e., not continuously in time. The
Poisson inspection times entail that the times between two subsequent inspections
(i.e., Sp — Sp-1 for n € N, with Sy = 0) are i.i.d. exponentially distributed random
variables, say with parameter w > 0. The quantity we wish to analyze is

plut) =P(3n e N : S, < 1, X, (Sy) < 0),

which we will refer to as the (time-dependent) bankruptcy probability given that the
initial reserve level is u. It is clear that p(u,t) < p(u,t), as in case no bankruptcy
occurs the reserve level could still attain non-positive values in between inspection
epochs; see Figure[I0.1]

To analyze the bankruptcy probability p(u,t) we consider the net cumulative
claim process Y (t) at the Poisson inspection epochs Si, S, .... In addition, we
impose ‘killing’, in the sense that we focus on bankruptcy taking place within a
horizon that is exponentially distributed with parameter 8 > 0. Concretely, we work
with the increments of Y (#) between two consecutive inspections, i.e.,

Zy =Y (Sp) = Y(Sn-1),
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Y (1) Y (1)

DO N

N Tzt N Tzt

Fig. 10.1 A scenario with ruin and bankruptcy before the killing time Tz (left panel), and a
scenario with ruin but no bankruptcy before T (right panel). The black dots indicate the Poisson
inspection epochs.

which form a sequence of i.i.d. random variables, distributed as the generic random
variable Z. The killing time T is, as before, an exponentially distributed random
variable with parameter 8, independent of the surplus process. It is easily seen that
the number of inspections before killing, denoted by N = Ng ., has a geometric
distribution with success probability B/(8 + w):

) B , n=0,1,....

B+w

P(N=n)= (ﬁ+a)

Now define the following running maximum process:

Y0 = sup Y (S,) = sup Z Zm: (10.1)
n=0,1 ..... N/g‘w n:O,l ..... N'ng m=1

here and in the sequel a maximum over an empty set is defined to be zero. Notice
that we can rewrite our bankruptcy probability as

ﬁ(l/l,T’g) = P(Yﬁ’w > 14)

In the remainder of this section we analyze p(u, Tg) by evaluating P(Yg,,, > u). In
our analysis an important role is played by a characterization of the transient waiting
time of the M/G/1 queue. As an intermezzo, we now derive the transform of this
transient waiting time, a result that we need in our analysis.

> Transient waiting time in the M/G/1 queue. We point out how to compute the
transform of the waiting time Wy of the N-th customer, with N being geometrically
distributed with success probability g € [0, 1]. As mentioned, this will be used
in our analysis of the transform of the bankruptcy probability p(u,Tg). Let in our
M/G/1 system, which we assume to start empty, the arrival rate be v > 0, and let the
non-negative jobs be given by the sequence of i.i.d. random variables (D), en that
are distributed as a generic random variable D with LST §(a) := Ee~?P.
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The starting point of the derivation of the transform of Wy is the so-called Lindley
recursion: it is readily verified that W,,;; can be expressed in terms of W,, through
the relation

Wiy = maX{Wn + Dy — Epy1, 0},

where (E;),en is a sequence of independent exponentially distributed random vari-
ables with parameter v, and where we assumed Wy = 0. This leads to the identity,
with w, (@) := Ee=Wn,

Wit (@) = / / e~ amax{x=y.0} o=y 4y P(W,, + D, € dx).
0 0

Distinguishing between the cases x < y and x > y, we find, after having evaluated
the integral over y, that the expression in the previous display equals

v

” / (e = e ™)YP(W, + D, € dx) +/ e " P(W, + D, € dx),
—vJo 0

a

which, using the independence of W,, and D,,, eventually leads to

aw, (v)6(v) —vwy(a)d(a)
a—-v ’

Wt (@) =

We proceed by finding an expression for the LST of the waiting time of the N-
th customer. To this end, multiplying both sides by (1 — ¢)"¢g and summing over
n=0,1,...,yields

—aWn _ q(a’ - V) +(I(1 — q) 6(V)E6_VWN
He B a—-v+v(l-q)d(a) ’ (10.2)

We now determine the constant E e "~ . Using Rouché’s theorem (see Theorem
@ and for this case in particular [[13} p. 250]) it follows that the denominator in the
righthand side of (I0.2)) has exactly one zero, e, with a positive real part. This root
o is actually real and can be written in a convenient form, as we now show. With

q)(a) = Ee_a(Dn_EnH) — v

6(0')7

vV—a

we are to solve ®(a) = 1/(1 — g). Defining W(-) as the (right-)inverse of ®(-), we

have |
=¥|—1.
0 (I—Q)

Observing that ®(0) = 1, that ®(v—) = oo, and that the function ®(+) is convex on
the interval (—oo, v), in combination with the fact that 1/(1 — ¢) > 1, we conclude
that the unique root g lies between 0 and v. Since Ee~*WV is analytic for & = ay,
the numerator of the right-hand side of (10.2)) should be zero for @ = ag. We thus
find that, with ag = ¥((1 - ¢)7"),
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qg v—ay 1

Ee "N = -
¢ I-q ao o)

We have thus arrived at the following result, which can be seen as a counterpart of
Theorem [L1]

Lemma 10.1 For @ > O and q € [0, 1],

Eo-aWn — a/—v+(v—ao)a/ao_(oz ) qv

a-v+v(l-q)s(a) \ay | a-v+v(l-gq)d(a)

The next lemma relates the customers’ waiting times to an associated running
maximum process. For convenience, denote F,, := D,_| — E,,.

Lemma 10.2 Foranyn =0,1,...,

m
d
W, = max E F;, = G,.
m=0,1,...,n £ 7
i=

Proof. By iterating the Lindley recursion,

W, = max{W,,_| + F,,, 0} = max{max{W,,_» + F,,_1,0} + F,,, 0}
= max{W,,_z +F,_1+F,, F,, 0}.

Proceeding along these lines, after n iterations we arrive at the following represen-
tation of W, in terms of partial sums of the F},:

n
W, = max {m1_111ax . Z F;, 0} .

~~~~~ .
=m

The stated follows by reversing time and recalling the maximum over an empty set
was defined as 0. O

By combining the above two lemmas, we find an expression for the transform
of the running maximum process (G, )nen, With the number of terms having a
geometric distribution: we conclude that

Be-oGn -, 2=V T (v—ao) /g _ ( @ ) qv (103)

a-v+v(l-—q)é(a) a_o_ a-v+v(l-q)é(a)’

> Evaluation of transform of running maximum at inspection epochs. We use the
above M/G/1 results to analyze the bankruptcy probability p(u, Tg) by considering
its associated double transform. Concretely, for @ > 0 and 8 > 0, we evaluate the
transform ]

dw(@,p) =Ee e,

Recall that, by (T0-I)), Y5, is the running maximum of the partial sums of the process
(Zn)nen, over maximally Ng ,, terms.
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Appealing to the Wiener-Hopf decomposition of Proposition[I.Z} a key observa-
tion is that we can decompose the increments as

Z=7"-7",

with Z* and Z~ both non-negative and independent; see Figure We proceed by
considering the random variables Z~ and Z™ in greater detail.

Y (¢)

Z+ I\\|l\\'\ T

Fig. 10.2 The (Wiener-Hopf based) decomposition Z = Z* — Z~, with Z* and Z~ non-negative
and independent.

o In the first place, observe that Z~ is distributed, again by Proposition as
the running minimum of Y (z) over a period that is exponentially distributed
with parameter 8 + w (to see this, recall that, conditional on T > T, T,, is
exponentially distributed with parameter 3+ w). We have seen in Section[I.3]that
this running minimum has an exponential distribution with parameter ¥ (8 + w);
here ¢ () is the right inverse of ¢(@) = ra — A(1 — b(a)).

o The results of Section[I.3]also entail that

—aZt _ a—-yY(B+w) B+w
p(a)-B-wy(B+w)

The consequence of the above observations is that ¥ ., can be interpreted as the
waiting time of the Ng ,-th customer in an M/G/1 queue (with service speed 1),
where Ng , is geometrically distributed with success probability g := 8/(8 + w),
the arrival rate is v := (8 + w), and the jump sizes D are distributed as the Z,, i.e.,

5(a) = a—-yY(B+w) B+w
T () -B-wy(Brw)

Upon combining the above, we obtain from (T0.3)) that the transform of our interest
can be written as

Ee
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5 =y (B+w)+W(B+w) —ag)—
dw(a,B) = 20

ﬁ+w. w a—yYp+w) B+w
a—lp(ﬁ+w)+w(ﬁ+w)ﬂ+w¢(a)_ﬁ_ww(ﬂ+(u)

It takes some elementary calculus to verify that this expression can be simplified to

B Y(B+w) (1_1)90(04)—/3—60
B+tw a-y(B+w) \a pl@)-B

The next step is to identify ag, which is a zero of the denominator of the expression
in the previous display. Observe that one root of the denominator, viz. @ = ¥ (S + w),
is an obvious root of the numerator as well, so that we end up with the other root
of the numerator, viz. @y = ¢ (8) (which can readily be verified to be in agreement
with our earlier statement that ag = ¥((1 — ¢)~!)). After rearranging the factors in
the numerators and denominators, we arrive at the following result.

Theorem 10.1 Forany a > O and 8 > 0,

a—yB) B ¢la)-B-wy(B+w)
@) -BYB)a-y(B+w) B+w

Observe that Theorem|[I0.1]is a true generalization of the time-dependent version
of the Pollaczek-Khinchine formula, as was presented in Theorem E} Indeed, as
w — oo, which corresponds to the limiting regime of ‘continuous inspection’ of
the process Y (), we find that the transform &, (@, 8) coincides with the one ap-
pearing in the time-dependent Pollaczek-Khinchine formula. With o(«, 8) denoting
the transform of ¥ (Tg), as given in Theorem |1.1} we in addition find the appealing

relation
o(a,B)
o(a, B+ w)
We also observe that g, (a,8) = 1 as w | 0, as expected. The above equality,

obviously being equivalent to o(a, 8) = 0, (@, B) o(a, B + w), reveals the following
remarkable distributional equality.

owla,pB) =

éw(a”ﬁ) =

Theorem 10.2 For any 8, w > 0,

- d = -
Y(Tp) =Y (Tp+w) + Yp, 0,
with the two random variables on the right-hand side being independently sampled.

Observe that ¥ (Tj+,) is decreasing in w (as a supremum over an increasingly small
interval is taken), whereas Y ,, is increasing in w (as the inspection process takes
place at an increasingly high frequency, with the length of the interval held fixed),
but apparently these effects are equally strong, as evidenced by the fact that the
left-hand side does not depend on w.

The above decomposition has various applications. It can, for instance, be used
to develop a recursive scheme to identify the moments of ¥z ,, from the moments
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of )_’(Tﬁ) and )_’(Tﬁ+w); here it is noted that a recursive procedure to evaluate the
moments of Y (7g) and Y (T4,) can be set up in a straightforward manner, relying
on the generalized Pollaczek-Khinchine formula of Theorem I.1] (see Exercise[L.T).
Indeed, as a straightforward application of the binomium, exploiting the fact that
the two terms in the right-hand side of the decomposition in Theorem [T0.2] are
independent, the following recursion can be derived. Informally, it quantifies the
amount by which the Poisson-inspected system underestimates the continuously
inspected system.

Proposition 10.1 For any k € N,

k

Emkmﬂ=m&mmﬂ—§jﬁmwmmmﬂm@wﬁﬂ.

=1

As an example, we compute the first moment of ¥z ,,. This can be done relying on
Proposition[10.1] but it is more straightforward to use Theorem

EYg W =EY(Tp) —EY (Tgse)-
In Remark , an expression for EY (Tg) was given. We thus find

1 1
YU Bt

When comparing this to EY (7g), we obtain insight into the underestimation due
to Poisson inspections. We refer to Exercise [I0.2] where it must be shown that
EY(T3) — EYp, ., behaves as AEB/w as w — o, i.e., the underestimation vanishes
as w~! in the regime that the inspection rate grows large.

"(0)

_ 1,
EYﬁ,w = _E‘P (0) +ﬁ+w‘ﬁ

> Assessment of information loss due to Poisson inspection. In Chapter 2] we have
derived an approximation for p(u) in the regime that u grows large. In particular,
in the case of light-tailed input, we found positive constants y and 6* such that
p(u) e?" " — . Note that we have tacitly assumed that Y (7) does not tend to oo,
enforced by AEB < r, thus ruling out p(u) = 1 for all u > 0.

One could wonder how much lower p(u) := p(u, o) is than p(u); this would
quantify the information loss due to the Poisson inspection mechanism (relative to
continuous inspection, that is). As w — oo, we should have that p(u) tends to p(u),
but one may wonder whether we can quantify the speed of this convergence.

To study this effect, we recall a property that we have found earlier in this section:
p(u) can be interpreted as the probability that an alternative net cumulative claim
process Y°(t) (i.e., different from our actual net cumulative claim process Y (¢))
exceeds u. As we saw, this process Y°(-) is defined by an arrival rate 1° := ¥ (w),
claim sizes that are characterized by the LST

a—yw) w

P - e
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and premium rate »° = 1. The theory of Section thus entails that there are
constants ¥ and §* such that p(u) LA 7. Our goal is to compare the resulting
asymptotics to those pertaining to p(u).

Let us first consider y and 6*. As we discussed in Section 6* is the unique
solution of the equation ¢(—0*) = —r6* — A(1 — b(—6*)) = 0. In addition, using the
measure Q that was introduced in Section it was shown that

__¥0
¢5(0)

We now focus on determining 6* > 0, which, according to the results that were
presented in Section[2.2] is the unique positive solution of

% = 2° (1- b°(=0)).

Inserting the expressions for 2° and b° (@), it is seen, after some elementary algebra,
that the equation in the previous display can be alternatively written as

0* + ¥ (w)

T -

which is solved for * = 6* (i.e., 6* is such that ¢(—6*) = 0). Notice that this means
that both p(u) and p(u) have the same exponential decay rate, namely —0*. We thus
conclude that, as u — oo, p(u)/p(u) converges to a constant y/y = y% (which is
necessarily at most 1).

So as to determine y,, we need to evaluate ¥. To this end, we first notice that the
Laplace exponent of Y°(¢) is

¢°(a) =r'a - 2°(1 - b°()) = @ - Y(w)(1 - b°(a)).
Using the results of Section[2.2}
__1+y(w) - (69)'(0)
L+y(w) - (b°)(=6%)
Using the definition of b°(«), it follows after a bit of standard calculus that

w1 g(0)
b)) =~ gos+ 5

Along the same lines, again by recalling results from Section 2.2] and using that
¢o(@) = ¢(a@ — 6*) and hence cp@(O) = ¢’(—6%), we find that

y = (10.4)

L, 0+ ¢5(0)

GG e e
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The final step is to insert the expressions that we found for (£°)’(0) and (5°)’(—6%*)
into (T0.4). We thus find that

bW
W(w)+0~

In summary, we have established the following result.

Proposition 10.2 Assume B € £. As u — oo,

p(u) x.__ Y)

—

pa) VT yw)+ o

The above result shows that, indeed, y%, T 1 as the inspection rate w grows large.
In addition, using that ¢(a) —ra+A4 — Q0asa — oo implies that y (6) — (0+1)/r — 0
as 6 — oo, it can be verified that

lim w(1—vy}) =ré*,
W—0

which means that, for w large, y}, behaves as 1 — r6* /w. This relation can be used
to determine a ‘rule of thumb’ by which one can determine the minimally required
inspection rate w such that the information loss due to Poisson inspection is below
a given threshold.

10.3 Length of first excursion

In this section we consider the setting in which the insurance firm goes bankrupt if
the surplus’ process first excursion below 0 lasts longer than a given threshold. To
this end, we study the distribution of the time spent at a negative surplus (up to an
exponentially distributed epoch with parameter §, that is), before the surplus turns
positive again, which we denote by Vg (u).

> Quantity of interest. As before we denote by 7(u) the ruin time, i.e., the first epoch
X, () attains a negative value (or: the first epoch the net cumulative claim process
attains a value larger than u). In addition, we define U° () as the length of the interval
after 7(u) at which the surplus level X, (¢) uninterruptedly attains a negative value
(or: the net cumulative claim process Y (¢) uninterruptedly attains a value above u).
We formally define Vg (u) by the random variable

Vp(u) := min{U° (u), Tg — 7(u)} 1{r(u) < Tg}.

This object is of interest in settings in which bankruptcy occurs when the length
of the first excursion of Y () above u exceeds some threshold. The objective of
this section is to describe the distribution of Vg(u). We refer to Figure for an
illustration.
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> Definitions, preliminaries. A crucial role is played by the overshoot over level u, in
the scenario that Y (¢) exceeds u before the killing epoch Tg. We know from Section
[5.4/how to compute (through its transform)

P (t(u)) —u € dy, 7(u) <Tp);

we refer to the corresponding density by A(u, y, 8). This means that, applying the
memoryless property of the exponential distribution,

) =f h(u, v, B) B e mn{o ). Ts} g
0

with o (y), as in the proof of Lemma|[I.T|and Chapter[5] the time it takes for Y (¢) to
decrease by at least y. As we have seen in the proof of Lemma([I.T] for any y > 0,

Ee-@o0) = ~¥(a)y.

In addition, the following (elementary) result is useful.

u NN
7(u) U°(u) \#\
AN

Y (1)

Fig. 10.3 Net cumulative claim process Y (¢), and the quantities 7 (u) and U° (u).

Lemma 10.3 For any a > 0 and B > 0, and for any non-negative random variable
X that is independent of Tg,

Ee @ min{X,Tg} — 18 + @ Ee—(a+ﬁ)x_

a+fB a+p

Proof. There are various ways to prove this; we provide an analytical proof and a prob-
abilistic one. In the analytical proof, the main idea is that we rewrite E ¢~ ™n{X.T3}
by conditioning on the value of 7g:

/ ﬁe—ﬁl E e—(l min{X,t} dt
0
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(o] t 00 (o]
=/ ﬁe—ﬁf/ P(X € dx) e™®* dt+/ ﬁe—ﬁf/ P(X € dx) e~ dr.
0 0 0 t

The stated follows by first swapping (in both terms) the order of the integrals, then
evaluating the (easy) integrals over 7, and finally interpreting the obtained expressions
in terms of the LST of X.

The probabilistic proof relies on the identity P(Y < T) = Ee™#¥ for any non-
negative random variable Y independent of 7. Hence, for T,, independent of X and
Tg,

Ee™@ MMXT5) - p(min{X, T3} < Ta)
=P(Tp <To) +P(Ty < T)P(X < Ty | Ty <Tp)
=P(Tg < To) +P(Ty < Tg) Ee~(@AX,

where we have used that known fact that 7, conditional on 7, < T is distributed as
Ta+,8- m]

> Derivation of transform of Vg(u). Upon combining the above (including the use
of Lemma[T0.3)), we obtain

a+p a+p
a
a+p

Ee—a"ﬁ(u)zf h(u,y,,B)( B + -2 me(atBoy) dy
0

p(u,Tp) + / h(u,y, ) e¥(@*F)Y dy.
0

B
a+p
Recalling the definition of i(u,y, 8), we can interpret the integral in the previous
display as the transform of the overshoot Y (7(u)) — u on the event {7(u) < Tg}, so
that we end up with the following result. We define

x(u,a, ) = E(e V(@B V(T 1 (r(y) < Tp}).
Proposition 10.3 For any a > 0 and 8 > 0,

[

Be s = P14
e p(u,Tp) P

a+pf

Observe that the expressions appearing in the right-hand side of (10.5) can be
assessed; more precisely, the transform (with respect to u) of both objects in the
right-hand side can be computed in closed form. Indeed,

1 (so(w)_ ﬁ)

x(u,a,B). (10.5)

/°° e " p(u,Tg)du = n(w, B) = (10.6)
0

pw) =B\ w  ¥(p)

as computed in Section[I.3] whereas the transform of y (u, e, 8) follows from

k(w,B,y) = / et B(e Y YW= 112 (y) < Tg}) du
0
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(b b))
e =B\ v-yv(p) Y- w
using the analysis of Sections[5.3H5.4] leading to
/0 e " x(u,a,B)du = k(w, B, ¥ (a+ B)). (10.8)

By combining (10.3)), (10.6), and (10.8), we conclude that

/ e~ wu Ee—(yVﬁ(u) du
0

_ B 1 (so(w)_ B )
a+B o -B\ o ¥pB

+

a+

“ﬂ k(w, B, y(a + B)).

10.4 Total time with negative surplus

In this section we consider a setup in which the insurance firm goes bankrupt when
the total time the surplus level is negative exceeds a certain threshold.

> Definitions, preliminaries. The metric that we consider here is the total time (until
exponential killing) that the net cumulative claim process is larger than u:

T T;
W (u) :=/0 g 1{X,(¢) <0} dr =/0 g 1{Y (¢) > u}ds.

This quantity is of importance when bankruptcy depends on the time the insurance
firm’s surplus level has been below zero.

We analyze Wg(u) by evaluating its transform (with respect to u). Our argu-
mentation follows the line of reasoning of the proof of Lemma [I0.3] Observe
that the following three disjoint events can occur: (i) {r(u) + U°(u) < Tg}, (ii)
{t(u) < Tg < v(u) +U°(u)} and (iii) {Tp < 7(u)}.

o Case (i) gives the contribution
E(e= V" 1 {r(u) + U°(u) < Tg})Ee W60,

which is readily seen to equal y (1, @, 8) E =250 (the reader is invited to verify
this in Exercise[10.3).

o Calling Ty the remaining part of T given that 75 > 7(u), and using the memo-
ryless property of the exponential distribution, the contribution due to Case (ii)
can be seen to equal

E(e™ T 1{r (1) < Tp, U°(u) > Tp})
= B(e T 1{r(u) < Tg}) - (e~ T8 1{z(u) < Ty, U° () < Tj})
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P, Ts) - [%X(u,a,ﬂ)-

o Case (iii) finally contributes P(Tg < 7(u)) = 1 — p(u, Tg).

- B+a

Adding the three contributions results in

Ee s = y(u,, ) Ee W6 41

p(u,Tg) - x(u,a, B). (10.9)

@ B
a+p a+f
Recalling that we can evaluate the transform (to u) of p(u,Tg) and x (u, @, B), we
conclude that we are left with analyzing E e~ *Ws(0)

> Analysis of Wg(0): a decomposition. To compute E e~ W59 we have to work
with two auxiliary random sequences. Let D; be the length of the i-th uninterrupted
period that Y () is negative (‘down’); likewise, we let U; be the length of the i-th
uninterrupted period that Y (¢) is non-negative (‘up’). Observe that (D;, U;);en 18
a sequence of i.i.d. two-dimensional random vectors; let (D, U) denote the corre-
sponding generic random vector. A pictorial illustration of these objects is provided
in Figure [10.4] Then, exploiting the regenerative structure,

Ee "1 = B(e™ Y I{D + U < Tg}) Ee~ W5 4
E(e~ D) 1{D < Ty < D+ U}) +P(I < D). (10.10)

Y (1)

Fig. 10.4 Net cumulative claim process Y (¢), and the quantities (D;, U; )ien-

> Evaluation of objects in decomposition. We proceed by pointing out how the three
unknown quantities can be evaluated.

o We start with the analysis of the easiest object: Q;(8) = P(Tg < D). We
obviously have P(Tg < D) = 1 —P(Tg > D), where P(Tg > D) can be rewritten
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as
(o] rt o0
/ Qe— (B (/ P(B € dv) P(Tg > 7(rt = v)) +/ P(B € dv)) dr
0 0 rt

by conditioning on the first claim arrival time. Recalling that P(7(u) < Tg) =
p(u,Tg), performing the change of variable s = r¢, and splitting the exponent,
the expression in the previous display equals

i/m/ly P(B € dv) e_(’”ﬁ)"/rp(s—v,Tﬁ) e~ (MR s/ g 4
rJo Jo

A () o0
—/ / P(B € dv) e~ B s/ .
rJo s

Evaluating these integrals in the standard way, and recognizing the underlying
convolution structure, we conclude that

B A (A+B\ A (A+p\ (148
Ql(ﬁ)"ﬂw*mﬂb( r ) rb( r )”( r ’ﬁ)’

with 7(a, 8) as given in Section After some straightforward calculus this
turns out to simplify to

Qu(p) = —b— (10.11)

ry(B)
As an aside we remark that this final result could have been found directly as well,
by applying Proposition [I.3| (plugging in @ = 0).

o We now focus on the evaluation of Q;(a,B) := E(e™®V1{D + U < Ts}). For
conciseness, define by Y;' the overshoot over level u, i.e., Y(7(u)) — u. Then
Q;(a, B) can be rewritten, again by conditioning on the first claim arrival time,
as

(e8] rt (e8]
‘/0. /le_(’“ﬁ)’(/ol P(B € dv) / P(Y;,_, edy,7(rt —v) < Tp)
rt—v
E(e™ " o (y) < Tp})

+ / P(B € dv) E(e "D 1{a (v - r1) < Tg}) | dr; (10.12)
rt

here we distinguish between (i) the scenario in which after the first claim arrival
(to happen before Tg) the net cumulative claim process is below level 0 (first
term between the brackets), and (ii) the scenario in which at the first claim arrival
the net cumulative claim process has exceeded level O (second term between the
brackets); for an illustration, see Figure[I0.5] The expression has been set up such
that at the first claim arrival, at the end of D, and at the end of U the killing time
T has not expired.

Then observe that, for any @ > 0 and § > 0, and y > O,
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Y (1) Y (1)
y v -—rt
t
TN Y |
N
—rt

Fig. 10.5 Net cumulative claim process Y (¢) in a scenario that multiple claims are needed to
exceed O (left panel), and in a scenario that one claim suffices (right panel). In the left panel the
first jump (of size v < rt) happens at time ¢, eventually leading to an overshoot of y over level 0.
In the right panel the first jump (of size v > rt) happens at time ¢, directly leading to an overshoot
of v — rt over level 0.

B e <= [ f e B (y) € de)

- / T @B B (y) € dv)
0

—Ee (@) o) _ ~v(a+B)y

Using this relation, and substituting s for rz, (I0.12)) can be written as the sum of
two terms:

o] A
& / e~ WP sl / P(B € dv) E(e V(@AY 1{r(s —v) < Tg)) ds,
rJo 0

and . -
i/ e—(/l+B)S/r/ P(B € dv) e~V (a+6) (v=5) 4
0

r S
Recognizing the convolution structure, the first of these two terms can equivalently

be written as
/—lb(ﬂ) K(/“-B B y(a+pB)].

>
r r r

where the function (-, -,-) is defined in (I0.7). The second term is easier to
handle: after swapping the order of the integrals and some elementary calculus
we readily obtain

1 b(y(a+p)) —b((1+p)]r)
A+B—ry(a+p)
We conclude that
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A+p A+p
Qz(aﬁ)_—b( . ) ( Bola+p)

L bWl +p)) - b((A+B)/r)
A+B-ryla+p)

Inserting the expression for k(«, B,7y) that was given in (I0.7), this expression
greatly simplifies; we end up with

A b(Y(B) —bW(a+p)
Yl(a+p) - (B)

o We conclude by computing Q3(, 8) = E(e =PI 1{D < Ts < D + U}).
Again by conditioning on the first claim arrival time,

Qs (a, B) = /0 oo/le_(’“ﬁ)’( /0 rtP(B e dv)

/“’ P(Y},_, € dy,7(rt —v) < Tp) E(e™ T 1{o(y) > Ts})

Q(a,p) = (10.13)

+ / P(B € dv)E(e " 1{o(v —rt) > TB})) dr. (10.14)
rt
Forany @ > 0and 8 > 0,and y > 0,

E(e " {o(y) > Tp}) = /0"" e Be P P(o(y) > 1) dt

a/+,8)

= a’%ﬂ (1 — e Vah)yy, (10.15)

Using the same techniques as before, it can be verified that (T0.14) can be written
as

Q(a.p) = 2P b(ﬂ) ( (/H'Bﬂo) (“ﬂM(mﬁ)))

b
AB_ (1=b((A+PB)[r) by(a+p)-b((1+p)/r)
a+p A+B A+B-ry(a+p) '

After considerable calculus, we can show that this expression can be simplified
to

93(a,ﬁ)=§ B (1—b(l//(/3)) bW (B) bW (a+p))

B\ U V(@B —v(B) ) (1010
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Remark 10.1 Formula (T0.13)) very well illustrates how careful one should be when
performing ‘sanity checks’ corresponding to plugging in @ and/or  equal to O.
Indeed, first sending a to O and then 8 gives 1 — e ¥y whereas if one does it the
other way around, then one gets 0. These outcomes are not necessarily the same.
When the net-profit condition EY (1) < 0 is fulfilled (and also when EY (1) = 0),
one has ¢ (0) = 0, so that both limits match. When EY (1) > 0, however, one has that
¥ (0) > 0, so that they do not match. When one thinks about this, this actually makes
perfect sense: the first order should give P(o(y) = o0), whereas for the second order
realize that the quantity of interest is smaller than E e~?7# which goes to 0 (for any
a > 0) when sending 5 to 0. &

> Transform of Wg(0). Upon collecting the above results, and applying the decom-
position (10.10), we have identified the transform of Wz (0).

Theorem 10.3 For any @ > 0 and > 0, Ee~ Y™ s given by (10.9), where
p(u,Tg) has transform (10.6), x (u, @, B) has transform (10.8), and

o~ @Ws(0) _ Q(B) +Q3(a, B)
1- QZ(a"ﬁ)

with Q1 (B) given by (10.11), Q(a, B) by (10.13), and Q3(a, B) by (10.16).

E

10.5 Discussion and bibliographical notes

In Section[T0.2]the situation is studied in which there is bankruptcy when the surplus
level is below zero at a Poisson inspection epoch. The use of this bankruptcy concept
was advocated in [S], acknowledging the fact that insurance firms sometimes can
continue doing business even when they are technically ruined. In [8]] the bankruptcy
probability was determined for the Cramér-Lundberg setting with exponentially
distributed claim sizes; in [9] this was extended to the case of generally distributed
claim sizes. In both papers, the inspection rate was allowed to depend on the current
surplus level. In [9], and also in [2], a related queueing (or inventory) model was
also studied, where a server works even when there are no customers (or orders),
building up storage that is removed at the Poisson inspection epochs.

Most of the material discussed in Section [I0.2] was covered by [10]. That paper,
however, considers the substantially broader framework of general Lévy processes.
It for instance shows that the decomposition of Theorem holds for any Lévy
process, i.e., not just for processes Y (¢) that are of compound Poisson type. Various
related topics are addressed in [[LO] as well, such as the tail asymptotics in the heavy-
tailed case. In addition, an account of the relation with [7], in which related identities
for Lévy processes at Poisson times are given, is provided. For other work on risk
processes under a Poisson inspection mechanism, see e.g. [3, 4, |6]. The results of
[10] have been further extended in [[11].

The bankruptcy concept studied in Section[T0.3]is based on the duration of the first
excursion of the surplus process below 0. It mainly contains non-published material.
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There is a direct relation with Parisian ruin |6l [17, [18]], defined as the first time
when an excursion of the surplus process below 0 is longer than some specified time
(which is, for reasons of tractability, often assumed to be exponentially distributed);
see also Exercise [I0.5] Pioneering papers on Parisian ruin are [14}[15]].

The bankruptcy concept of Section[T0.4]is based on the total time that the surplus
process spends below 0, in the literature sometimes referred to as cumulative Parisian
ruin [16} [12], and this section also contains mainly new results. An alternative
technique to identify expressions for the quantities that feature in Theorem [10.3]
could be based on results for the G/M/1 queue that were derived in [1].

Exercises

10.1 (%) Consider the bankruptcy model with Poisson inspection times, as intro-
duced in Section [I0.2] Define the two non-negative random quantities

Z"Bw)=Z" =Y (Tpsw), Z (Bow)=Z ==Y Tpiew)-

In addition we write &(a, ) := Ee %" (which can be evaluated by applying
Theorem|L.1)). Recall that Z™~ is exponentially distributed with parameter 6 := /(8 +
w), and that Z~ and Z* are, by virtue of the Wiener-Hopf decomposition (i.e.,
Proposition[I.2)), independent.

In line with earlier definitions, we write

7(a, B) ::/0 e~ p(u,Tg) du.

The objective of this exercise is to develop an alternative, more intuitive derivation
of Theorem [I0.1] based on “first principles’.
(i) Argue that

u

P(Z* -7 e dv) plu—v,Tp) )

i} w o
p(u,Tﬁ)zm(P(z _z >u)+/
(ii) Prove that

a£(0.0) - 06(@.p) | 1

a6 — ) a

/ e ™MP(Z"-Z >u)du=
0

(Hint: condition on the value of Z~ and swap the order of the two integrals.)
We proceed by splitting

/ e / " B2 - 77 € ) plu v T) du = 7 () + (. ).
u=0 =—0
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where 7 (a, 8) corresponds to the (triangular) integration area {0 < v < u} and
72 (a, B) to the (rectangular) integration area {u > 0,v < 0}.
(iii) Show, again by conditioning on the value of Z~, that

f(a7 ﬂ) B 5(9, B)
—a .

ﬁl(a7ﬁ):9ﬁ(a’7ﬁ) 0—

(iv) Argue why for v < 0
P(Zt-Z <v|Z >Z")=¢%;

in addition, recall that P(Z~ > Z*) = £(6, B).
(v) Use (iv) to show that

ﬁ-(a’ﬂ) - ﬁ(97ﬂ)

7?2((1’:8) :0._{::(9,[3) -

so that

ﬁ(a’ﬁ)é‘:(a’7ﬁ) - 77'(9, ﬂ)é‘:(e’ﬁ) )

0—-a

ﬁl((Y?B) +7?2(Q’,ﬁ) =0

(vi) Compute 7(a,B) in terms of the unknown constant 7(6, 8). Determine this
constant.

(vi) Use the expression for (e, 8) to verify the claim of Theorem|[10.1]

(Hint: it is noted that 7(a, B) and g, (@, B8) can be expressed in one another using
the translation formula (T.1)).)

10.2 Show that
Iim w (EY(TB) - EYB,Q,) = AEB.
wW—00

10.3 Provide the details of the derivation of Formula (10.9)).

10.4 Verify Equations (T0.I1)), (T0.13), and (10.16).

10.5 (%) In this exercise we focus on Parisian ruin. This means that the insurance
company goes bankrupt as soon as the net cumulative claim process has an excursion
above level u that is longer than an independently sampled exponentially distributed
time T, for some parameter § > 0. For an initial level u, we denote by p(u, 8, 5)
the probability of Parisian ruin before T, where Tg is sampled independently of
anything else. The random variables U and D are as defined in Section [10.4]

(i) Argue that the probability of bankruptcy in the first excursion, and in addition
before the exponential clock Tg rings, is

po(u, B,6) :=P(Vg(u) > Ts) =1 —Ee VW,

(ii) Argue that the probability of bankruptcy during the second excursion, again also
before the exponential clock Tg rings, is

P1 (Lt,ﬁ, 6) = ‘30(”5ﬁ5 6) q(ﬂ’ 6)7
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where

po(u,B,06) =P(U°(u) < Ts,7(u) +U°(u) < Ip),
q(B,6) :=P(min{U, Ip - D} >Ts,D < Tﬁ).

(iii) Show that

q(B,90)

p(u’ﬂ9 6) = po(u,,B,(S) + ﬁO(u’ﬁ’ 6)1 — E[(,B 5),

where

6(B,0) =P(U <Ts,D +U < Tp).

(iv) Determine

/ e p(u, B, 6) du.
0
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Appendix A
Laplace transforms

In this appendix we discuss the Laplace transform (LT) and Laplace-Stieltjes trans-
form (LST). They are important tools in insurance risk, queueing theory and several
other domains within probability theory, and indeed they play an important role
throughout this book. The appendix can be viewed as background material. We refer
to it at several places in the manuscript.

A.1 Definitions

Let g(+) be a continuous, real-valued function in x > 0, such that |g(x)| < a e?*, for
x > 0, with a and b given constants.

Definition A.1 The Laplace transform (LT) of g(-) is

y(@) = /0 g (x) dx, (A1)

with @ complex-valued and Re a > b.

Observe that y(«) is a convex decreasing function for a real.

We are particularly interested in cases in which g(-) is the density of a non-
negative random variable G. For instance, if G is exponentially distributed with
parameter u, then

7/(a,) :/ e X /,te_“xdx — H
0 Ht+a

for @ such that Re @ > 0. As in the above definition, we can extend the region to
Rea > —pu.

In the case that the function g(-) has discontinuities, one should replace the
Riemann integral in (A1) by a Riemann-Stieltjes integral, and accordingly speak
of a Laplace-Stieltjes transform. This occurs for example when one considers the

211
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probability distribution of a random variable G with one or more atoms, or if one
does not know whether the density of G exists everywhere.

Definition A.2 The Laplace-Stieltjes transform (LST) of P(G € -) is

v(a) = ‘/Ooe_‘” P(G € dx), (A.2)
0

with Re @ > 0.

The use of an LST is required, for example, when G is the waiting time in a queueing
model; its distribution typically has an atom at zero, representing the probability that
a customer has zero waiting time. One sometimes writes

y(a) = ‘/0_00 e P(G € dx),

to make explicit that this atom is included.

In probability theory, with a slight abuse of terminology, one often calls y(«)
as defined in (A:I) not just the LT of density g(-), but also the LT of the random
variable G; analogously, y(«) as defined in (A.2) is often referred to as the LST of
the random variable G. If y(«) is the LT (or LST) of a non-negative random variable
G, then one can interpret y(«@) as an expectation, which offers many advantages, in
terms of probabilistic manipulations and insights:

y() =Ee ¢,
It is readily seen that the LT (or LST) of a non-negative non-defective random

variable satisfies y(0) = 1 and, for all @ with Re a > 0,

o)

|7(a)|<‘/0m|e_“x|P(Gedx)<‘/0 P(G e dx) =1.

Remark A.1 Generating functions are the discrete counterparts of Laplace trans-
forms, and there is a very similar theory about them. Specifically, the probability
generating function corresponding to the non-negative integer-valued random vari-
able N is given by

EZN = ZP(N =n) 7",
n=0

where |z| < 1. As we hardly use generating functions in this book, we do not treat
them here.
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A.2 Some convenient properties

In probability theory, LTs and LST s have several convenient properties. In this
section we discuss four such features.

> Moments. It is easy to obtain the moments of G from its LT or LST. In particular,

d

EG=-—y@)| ,
da a=0
and more generally,
dl’l
EG" = (-1)"
S

For example, if G is exponentially distributed with parameter u then repeated differ-
entiation of u/(u + a) yields

n!

a=0

&

T
do" u+«a

EG" = (—1)” = W

-
a=0

> Sums of independent non-negative random variables. The LT (LST) of the sum of
a fixed number of independent non-negative random variables is the product of the

individual LT s (LST s, respectively). Indeed, if Gy, . .., G are independent, then
k
Ee @(Gi+-4Gk) — | o~aG1 .. ,~aGr 1_[ Ee 0, (A.3)
i=1

The E e~ representation of y(a) allows this fast proof.

More generally, if g(-) is the convolution of two non-negative functions A () and
h>(-) (like in the case of the density of a sum of two independent random variables),
i.e.,

g(x) = /O B (y) ha(x = y) dy,

then, interchanging integrations, it easily follows that the LT of g(-) is the product
of the LT’s of /1 (+) and h;,(+):

[e'e] (o) X
/ cgdr= [ e / hi(y) ha(x - y) dy dx
x=0 x=0 y=0

=/ e“’yhl(y)(/ e hy(x - y) dx| dy
y x=y
e“’yhl(y)dy/ e " hy(z)dz.

z=0

y=0
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Example A.1 Suppose that Y1, ...,Y; are i.i.d., all being exponentially distributed
with parameter y. Then the LT of V(¥ := Z{le Y; is given by

k k
—(tV(") l_] —QYL _
_ Hta

Let Ey(u) correspond to an Erlang distribution with shape parameter k& and scale
parameter u. Noticing that

® ax , k xk_l X
_ “px gy
/0 N e ST

)

M kope (u+a) g X! M k
— —(pu+a)x
(,u+oz)/0 ¢ (p+a) = 1)'dx (,u+a/) ’

where the last step follows from the fact that the integrand of the second integral is
an Ey (u + @) density (or by repeatedly using integration by parts), we conclude that
V) has an Ey () density. This last observation, or differentiation of the LT of V(¥)
with respect to @, immediately yields that the first and second moment are given by

v Z K gy k("_;fl)
H p
and hence Var V) = k/u2. o

> Random sums of independent non-negative random variables. Now assume that
Z =G +...+Gpn, with G1,G»,... ii.d. with LST y(@), and N a non-negative
integer-valued random variable that is independent of all G;. Then

Ee %% = Z P(N =n) E[e_azt}'\il Gi|N =n]
n=0
= n N
= > P(N =n) (y(@)" =E[(y(@)"]. (A4)
n=0
Differentiation with respect to @ thus yields that, with G denoting a generic random
variable distributed as each of the random variables G, G», . . .,

EZ = ENEG, VarZ = Var N (EG)?> + EN VarG.

Example A.2 Once more take all Y; distributed exponentially with parameter u;
furthermore, take N (shifted) geometrically distributed with parameter o € (0, 1):
P(N=n)=(1-p)0" ' forn=1,2,.... Then, with y(a) = u/(u + @),

ge-oz . (1-0y(@ (-0
l-oy(@) (l-ou+a’
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We conclude that Z is distributed exponentially with parameter u(1 — o). It does
make sense that Z is memoryless, as not only are the ¥; memoryless, but also N is
memoryless:

P(N>m+n|N >m)=P(N >n)

form,n € {0,1,2,...}. &

Example A.3 In this example we consider the compound Poisson process. Define, for
i.i.d. non-negative random variables By, By, . . . with LT (or LST) b(«), the stochastic

process
N ()

X(1) = Z B;,
i=1

with N(¢) a Poisson process with rate A. This process is called a compound Poisson
process. The quantity X () may, e.g., represent the cumulative claimed amount in
[0, ¢], in the Cramér-Lundberg model of insurance risk, or the total amount of offered
work in [0, ¢] in the M/G/1 queueing model. It follows from (A.4) that

Be-aX() _ Z o (ﬂt‘)" (b(@))" = e A1-bl@),
n

n=0 :
fort > 0. &

> Interpreting an LST as a probability. At this stage we would like to point out an
interesting and often useful interpretation of the LST y(a) = Ee~?“. Denoting by
T, an exponentially distributed random variable with parameter ., which is assumed
to be independent of everything else, one can interpret the LST as a probability:

y(@) =P(G <T,).

An immediate application of this observation provides us with an even faster proof

of ()
k k
E e~ ®(Gi+..+Gr) — P(Gi+...+Gr <T,) = HP(Gi <T,) = l_l]EeiaGi,
i=1 i=1

where the second equality follows from the memoryless property of the exponential
distribution.

> Solving differential, integral and integro-differential equations. Another reason
that LTs (and LSTs) are frequently used in many studies in insurance risk and
queueing is that they are effective in solving certain classes of integral, linear dif-
ferential and (convolution-type) integro-differential equations that naturally arise in
these fields; to some extent this is indeed related to the convolution property men-
tioned above, dealing with convolution integrals that reflect sums of independent
random variables. We will not provide a detailed account here, but in various chap-
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ters examples can be found. In this respect three useful properties are the following
(cf. Exercise|A.4)). Let y (@) denote the LT of g(x).

o The LT of x"g(x):

dl’l
da™

/O T () dx = (—1)" 2y (). (AS)

o Also, the LT of g’(x):
/O % g/(x) dx = ary(a) - (0). (A6)

o Finally, the LT of [ g(y)dy:

/0 et (/O g(y)dy)dx=%- (A7)

A.3 Some useful concepts and results

In this section we discuss some concepts and results that are related to Laplace
transforms, and some specific forms of Laplace transforms, that we often come
across in insurance risk and queueing, in particular in the context of this book.

> The Laplace exponent. Let us return to the above-mentioned compound Poisson
process X (), but now we subtract the deterministic drift r¢ (for some r > 0). In
insurance risk, this r# component could represent the insurance firm’s premium
income in [0,?], and in queueing theory the amount of work that the server can
process in ¢ time units. Then B; typically represents a claim size (in the insurance
context), or service requirement (in the queueing context), and throughout the book
we denote the corresponding LST by b(«). Hence, with Y (¢) := X (¢)—rt representing
a compound Poisson process minus drift, we have

E efaY(t) — e(rarf/l(lfb(a/)))t'

The function
¢(a) :=logEe YV = ra — A(1 - b(a)), (A.8)

is called the Laplace exponent of the Y (¢) process. It plays a pivotal role in both the
Cramér-Lundberg model and the M/G/1 queue.

At many places in the book we come across the expression ¢(a) — 3, with 8 > 0
some parameter. Using the convexity of ¢(a) for @ > 0, it is immediately clear that
(@) — B has a unique zero for @ € [0, ).

> Number of zeroes of expressions involving LT s. There may be cases in which one
would like to prove that some function of @, for example ¢(«) — B, has a particular
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number of zeroes in the whole, complex, right-half @-plane. Then Rouché’s theorem,
which we state now, is a useful tool.

Theorem A.1 (Rouché) If fi(a) and f>(«) are analytic functions inside and on a
closed contour €, and | f>(a)| < |fi(@)| on €, then fi(a) + fo(«@) has exactly as
many zeroes inside € as fi(a).

Example A.4 We demonstrate the application of Rouché’s theorem by proving that
¢(a@) — B has exactly one zero in the right-half a-plane, for every 8 > 0. To this end,
take fi(a) == ra — A1 -, fo(a) := Ab(«), and take € to be a semi-circle in the
right-half plane with center at the origin and radius R, closed by the line segment
(—iR,iR) on the imaginary axis; and let R — oo. Then f(«@) and f,(«a) are clearly
analytic inside and on @. It is also clear that | fi(@)| > |f2(@)| on the semi-circle.
On the imaginary axis, |f2(@)| < A while |fj(a)| > A + B. Hence the conditions
of Rouché’s theorem are fulfilled. Now observe that fi(«) has exactly one zero
a = (4 + B)/r in the right-half a-plane. Hence also fi(@) + f>(@) = ¢(a) — B has
exactly one zero in that half-plane. &

> Two frequently recurring LT s. At many places in the book, we encounter the
following LT expressions:

1-vy(a) and y(a) - y(B) ‘

-

Below we point out how such expressions typically arise. Consider the two-
dimensional Laplace transform

y(a,p) = / e_””/ e P'P(G > u+1)dude.
0 0
Substituting z = u + ¢ and interchanging integrations quickly yields

y(a) —y(B)
B-a

In insurance risk, one encounters this two-dimensional transform for example in the
following setting. Starting with initial capital u, and earning premiums at rate one,
and assuming that the first claim arrives at time ¢, ruin occurs via this first claim if
the claim size By > u+t. Taking transforms gives the above formula (with, evidently,
v(-) replaced by b(+), i.e., the LST of B;).

Closely related to this is the following observation from renewal theory. Consider
the i.i.d. non-negative random variables G, G», . . ., each of them distributed as the
generic random variable G with LST y(a). With

y(a,B) = (A.9)

n
Sy = Z Gi, 16(u):=inf{n e N:S, > u} (A.10)
i=1



218 A Laplace transforms

denoting the associated partial sum process and the first-entrance time of [u, o), we
define the overshoot and undershoot (with respect to level u > 0) by

R+(u) = STG(u) —u and R_(M) =u-—- STG(u)—l’

respectively. Also, let the random variables R™ and R~ be the limiting counterparts
of R*(u) and R~ (u), respectively, as u — oo. A well-known result from renewal
theory, proven in Exercise[A.5] is that, for u,v > 0,

“ P(G
P(R* > u,R™ >v)=/ ﬂdy.

(A.11)
urv  BG

Hence, using the above integrations, the joint LST of R* and R~ is given by

—ar-pr _ 1 7(@) —y(B)
Ee 86 p-a

In particular,
1 -y(a)
aEG
Taking u = 0 or v = 0 in (A:TT), we observe that the density of R* and of R~ is given
by P(G > 1)/EG.

Ee @R —Ee R =

> Asymptotic results. Without providing details, we briefly discuss two classes of
results.

o Tauberian theorems translate behavior of a LT near zero to the tail behavior of a
random variable. Analogously, Heaviside results translate behavior of a LT at a
pole in the left-half a-plane to the tail behavior of a (light-tailed) random variable
(cf. the exp(—ux) behavior corresponding to the @ = —u pole of u/(u + a)).

o Feller’s (or Lévy’s) convergence theorem allows one to obtain results regarding
the limit F'(x) of a sequence of distribution functions F, (x) from the convergence
of their LST's v, (a) to an LST y(a).

Theorem A.2 (Feller) If, for all @ > 0, v,,(a) — y(@) as n — oo, then y(a) is
the LST of a possibly improper random variable with distribution function F(-),
and F, (x) — F(x) at every continuity point of F(x).

> Transform inversion. An important property of LT s and LST s is that the original
function is uniquely determined by the transform; in particular, the LT (or LST)
of a non-negative random variable uniquely characterizes its distribution. While
knowledge of the LT or LST therefore already provides valuable information, it is
evident that ideally one would like to be able to invert the transform so as to obtain
more explicit insight into the function or distribution one is interested in.

In some cases such explicit inversion is straightforward. Examples are the trans-
forms of the types

k
H P +(1—P),U2.
U+a m+a uta
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recognize in the former transform the Ey (u) distribution, and in the latter a mixture
of two exponential distributions (with parameters p; and u», that is). More generally,
transforms that are (sums of) rational functions of «, i.e., quotients of polynomials
in @, can be reduced to known LT expressions by partial fraction expansion. Another
useful insight is that, as we have seen above, the inverse of (1 -7y (a))/aisP(G > x).
However, in most cases explicit inversion is challenging. Fortunately, in the last
thirty years much progress has been made regarding the numerical inversion of
LT s of non-negative random variables, which has led to easily-implementable, fast
and accurate algorithms. Such numerical inversions are based on the numerical
evaluation of an integral that features in a formal inversion formula which has been
known for a long time. In particular, the inversion of y(«) from (A:) is given by

1 b+iR
g(t) = lim — e y(a)da, (A.12)
R—o0 271 b—iR

where b is chosen such that all singularities of y(«) lie (in the complexe plane) left
of the integration line. In the case of the Laplace transform of a probability density,
one can choose b = 0. By closing the integration line on its left side via a semi-circle
with center at b and radius R, letting R — oo, one obtains a closed contour €. A
procedure for the explicit evaluation of this contour integral, that is being traversed
counterclockwise, is to use Cauchy’s residue theorem. If the integrand of is
analytic inside contour € except for a number of poles, then the contour integral
equals the sum of the residues of these poles. Finally one needs to evaluate the
integral along the semi-circle; it typically can be shown to be zero for R — oo (cf.

Exercise[A.12).

A.4 Discussion and bibliographical notes

Classic texts on LT s are the books of Doetsch [3] and Widder [6]. Feller’s Volume
II [4] contains accessible discussions of the use of LT s in probability theory, and in
particular of the use of Tauberian theorems. A short account, in terms of concrete
recipes, of Tauberian and Heaviside results is given in [2, Chapter VIII]. Pioneering
work regarding the numerical inversion of transforms of random variables is done by
Abate and Whitt (see, e.g., [1]]). More recent refinements of this inversion approach
were made by Den Iseger [3].

Exercises

A.1 Suppose that, for py, up > 0,

S S

o) = .
v(@) Hmta upta
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(i) Invert this LT.

(ii) Show that the inverse is the density of a non-negative random variable.

(iii) Determine the variance of this random variable, both via the LT and via the
inversion.

A.2 Suppose that, for pj, uy > 0and p € (0, 1),

() = F1H2 + (pur + (1 - p)u)a
(u1 + @) (2 + @)

(i) Invert this LT.

(ii) Show that the inverse is the density of a non-negative random variable.

(iii) Determine the variance of this random variable, both via the LT and via the
inversion.

A.3 Let N be Bin(m, p) distributed, and let Yy, Y>,... be i.i.d. exponentially dis-
tributed with parameter . Let Z := YN V;.

(i) Determine the LST of Z.

(i1) Use this expression to obtain the mean and variance of Z.

A.4 Verify relations (A.3)), (A-6), and (A7).

A5 LetGy,Go,...beasequence of non-negative i.i.d. random variables, distributed
as the generic random variable G, and let y(@) := Ee~®C the corresponding LST.
In addition, we denote by S, and 7 (u) the partial sum process and the first-entrance
time of that partial sum process in (u, ), respectively; see (A.10). We define the
overshoot over level u by

R+(u) = STG(M) —u.

The objective of this exercise is to find the limiting distribution of R*(«) as u — oo.
We consider the corresponding undershoots as well.
(i) Show that, for any u > 0,

Ee @R =/ P(G € dy) Ee @R" (=) +/ P(G € dy) e @0,
0

u

(i1) Define
s(6,@) :=/ eTOUB TR gy,
0
Prove that @) )
) —
§(6.0) = y(8) (5. )+ BT,
(iii) Argue that, with R* the limit of R* (1) as u — oo,
—aR* _ 1 1 1-y(a)
Ee ™ =limd¢(6,a) = — ———=.
¢ imos.@ =557

(iv) Conclude that, for x > 0,
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“P(G > y)
Mm<n=/-———wy
0 EG

(v) Define the undershoot by R™(u) := u — S+ (u)-1. Show that, with R~ the limit
of R™(u) as u — oo, forx > 0,

P(R™ <x) =P(R" < x).

(Hint: Use a similar approach as in proving the overshoot result.)
(vi) Show that
per—pr _ _L ¥(@) =v(B)

E
EG f-a

and

xtx” P G >
P(R* >x*,R™>x7) =1 —/ PG 2y) dy.

0 EG

(vii) Finally prove that
E e @(R¥+R7) _ _7/(0‘)

EG
and * V(G € dy)
_ yP(G € dy
P(R*+R <x)= | 2=
( x) A -~

A.6 Let G be exponentially distributed with parameter u.
(i) Verify that

H H
pta p+p

y(a@,B) =

with y(a, B) as given in (A.9).
(ii) Conclude that R* and R~ are in this case independent and both exponentially
distributed with parameter u.

A.7 Let G be E>(2u) distributed.
(i) Determine the LST of the residual lifetime R*.
(ii) Use (i) to determine the density of R*.

A.8 Consider the sequence of random variables G, that are E,, (nu) distrbuted. Use
Feller’s convergence theorem to show that this sequence converges to the degenerate
(i.e., deterministic) random variable at 1/pu.
(Hint: The LST corresponding to G, equals

n
nu
(nu+cx)

A.9 Consider the integral equation, for x > 0,

fora > 0.)

rx v(x) =/l‘/0xIP’(B >x—y)v(y)dy.
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Here B is a non-negative random variable with LST b(«), and v(-) is the density of
a non-negative random variable.

(i) Determine the LT of v(-).

(ii) Show that v(-) is a Gamma density if P(B > x) = e #*.

(iii) Let r = A and P(B > x) = e #*. Verify that (ii) in this case yields the density
of an exponentially distributed random variable with parameter y; also verify this
result by substitution in the above integral equation.

A.10 Consider the following integral equation (due to Takécs, for the steady-state
workload V in the M/G/1 queue):

v(x)=/1‘/0_XP(B>x—y)P(V€dy), x> 0.

Here v(-) is the density of the non-negative random variable V that has an atom at
zero. The non-negative random variable B has LST b(«); the first moment of B is
less than 1/4 and the second moment of B is finite.

(i) Determine the LST of V.

(ii) Use this LST to determine EV.

(Hint: while 1’Hopital’s rule works, it is easier to exploit the fact that

2
b(a)=1-aEB+ %EBZ +o(a?)

asa | 0.)

A.11 Solve the following first-order linear differential equation by using LT s:

f'(x) =—af(x)+b,

with f(0) = c.
(Hint: Handle the derivative by using partial integration.)

A.12 (%) Invert y(a) = u/(u + @) by using Cauchy’s residue theorem.
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Appendix B
Some queueing theory

In this appendix we discuss a few main results concerning queues with Poisson
arrivals. We distinguish between the single-server queue of the type M/G/1 and the
infinite-server queue of the type M/G/co. The content of this appendix primarily
serves as background, in the sense that knowledge of the presented results is strictly
speaking not necessary when reading the book.

B.1 Single-server queue M/G/1

The M/G/1 queue is a single-server queue. Customers arrive at the service facility
according to a Poisson process N(f) with rate 2 > 0, each of them requiring a
particular amount of service. The service requirements form a sequence of i.i.d.
random variables By, By, . .. (also independent of the arrival process), distributed as
a generic random variable B whose LST is given by b(a) = Ee~*Z_ If an arriving
customer finds the server busy, then it joins the queue. The size of the waiting
room is assumed to be infinite. We consider the variant in which the server serves
customers in order of arrival (usually referred to as FCFS, which stands for First
Come First Served), working at speed r > 0 units of work per time unit. Throughout
this appendix it is assumed that ¢ := 1 — AEB/r > 0. This condition, which states
that the mean offered amount of work per time unit (i.e., AEB) is less than what
can be served per time unit (i.e., ), is necessary and sufficient for the existence of
the stationary distribution of the key performance measures. We discuss three of
them: the stationary number of customers, the stationary workload, and the busy
period. See Figure [B.T]for an example of the evolution of the amount of work in the
system Q(#) and (for the same arrival times and service requirements) the number
of customers M (t).

> Stationary number of customers. The objective is to characterize the stationary
number of customers. The idea is to embed a (discrete-time) Markov chain M,,,
viz. the number of customers in the system immediately after departures. It can

223
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be argued that the equilibrium distribution of M,, coincides with the equilibrium
distribution of M (¢). Indeed, a simple up-and-downcrossing argument says that, in
steady state, an arriving customer sees k customers in the system just as often as a
departing customer leaves k customers behind, for any k = 0, 1, ... (cf. the bottom
panel of Figure [B.1); and pasTA (Poisson Arrivals See Time Averages) implies that
the stationary distribution of the number of customers seen by an arriving customer
equals the stationary distribution of the number of customers at an arbitrary time.

o(r)

M (t)

Fig. B.1 Workload Q(t) (top panel) in the M/G/1 queue, and corresponding number of customers
M (t) (bottom panel).

We let ; denote the probability of i =0, 1, ... arrivals during a service time:

® ® Atfr)t
8; = / P(N(t/r) =i)P(B € dr) = / e-*’/rﬁ P(B € dr).
0 0 A
It can be checked that, with p;; := P(M,41 = j | M, = i), the transition probabilities
of the embedded Markov chain are given by

5, ifi=0,
pij =10 ifi=1,2,. andj=i—-1,ii+1..,
0  ifi=23,...andj=0,1,...,i-2.

Let the random variable M represent the stationary number of customers in the
system. Define 7; := P(M = i), fori = 0,1,2,..., i.e., the stationary distribution
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that we wish to determine, and

I(z) := Z T Z
i=0

the corresponding probability generating function (see Remark [A.T)). In the sequel
we also use the probability generating function

A(z) = ; Si7 = /Om e Ir (Z{; (Ml#z) P(B € dr)

= /m e~ 1=D/rp(B e dr) = b(A(1 - 2)/r).
0

With P := (p,-j);"’jzo, we have that & = P, so that, for a givenstatei =0, 1,2.. .,

7= ) Tipji (B.1)
=0

where the left-most expression can be interpreted as the stationary probability flux
out of state i and the right-most expression as the stationary probability flux into
state i. Hence

(o)

8

) i
I(z) = Zﬂjpji ZiZZ Zﬂi_j+15j + mpo; Z
i=0 \ j=0 i=0 \ j=0
1 SIS o ]
=- Zzﬂi—j+lzl_]+15jzj + 19 A(2)
A==
lwe . [ 1
= - Z 5jZ] (Z ﬂiZl - ﬂo) + o A(Z) = —A(Z) (H(Z) - 71'0) + o A(Z),
Vo : Z
Jj=0 i=0
so that
A 1- b(A(1-2)/r) (1 -2
M(2) = 7o (2)(1-2) _ ba1-2)/r)( ).

A -z b(A(1-2)/r) -z

The constant 7y can be determined using the fact that I1(1) = 1: by applying
I’Hopital’s rule we obtain 7y = c. We thus end up with the following result, which is
often referred to as the Pollaczek-Khinchine formula for the number of customers.

Theorem B.1 In the M/G/1 queue, for any |z| < 1,

b(A(1 = 2)/r) (1 -2)
b(A(1-2)/r) -z

EZM =
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> Stationary workload. We now concentrate on evaluating the stationary workload
by applying a procedure that conceptually by and large coincides with the one used
for the stationary number of customers. Clearly, we cannot work with identities of
the type (B.I), focusing on the probability flux out of and into a single state, due to
the uncountable state space of the workload. We therefore equate the probability flux
out of and into the set [x, o0), for x > 0. More concretely, with ¢ (x) the density of
the stationary workload Q evaluated in the argument x > 0, we thus find the identity

rq(x) = /1‘/07 P(B > x—y)P(Q € dy). (B.2)

Note that, with ¢ := P(Q = 0),

P(Q<x)=q+/0x]P(Qedy).

Then taking LT s on both sides of (B.Z)), and exploiting the fact that the LST (or LT)
of a convolution is the product of the LST s (or LT's, respectively) of the individual
terms, we readily obtain

1-b(a)

rEe @ —gr = AEe "¢ — (B.3)

It follows directly from that

qra

—aQ _
B = L T — b))

(B.4)
In the denominator we recognize the Laplace exponent ¢(), as defined in (A-S).
As inserting & = 0 into the expression for E e~ should yield 1, the constant g can
be determined, and turns out to be ¢ (in line with what we found in our analysis for
the stationary number of customers). We thus obtain the following result, another
version of the Pollaczek-Khinchine formula.

Theorem B.2 In the M/G/1 queue, for any @ > 0,

a¢'(0)

Ee %2 = .
p(a)

Remark B.1 The number of customers and the waiting time are the most studied
performance measures in queueing theory. Workload is an ‘easier’ performance
measure, because — unlike those other performance measures — it is insensitive to
the service discipline, as long as the server works at a fixed speed whenever there
is work. For the M/G/1 FCFS queue, there is an elegant argument to obtain the
workload LST from the probability generating function of the queue length just after
departures, derived in Theorem Firstly, observe that the M,, customers in the
system just after the departure of the n-th customer are exactly those customers who
have arrived during her time 7}, in the system. Hence we have the following relation
between the stationary queue length right after departures and stationary time in
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system: Ez™ = B e~11-9T Secondly, T is the sum of the waiting time and time in
service of a customer. It now follows from Theorem [B.1] that

a
“a—@/n-(-bla)

E e—a/rW —

Finally, pAsTA implies that W has the same distribution as Q; and indeed, the above
formula agrees with (B.4). o

> Busy period. In queueing systems, a busy period is defined as an uninterrupted
time interval in which customers are served; busy periods alternate with idle periods,
in which the system is empty (and which are, in the M/G/1 context, exponentially
distributed with parameter 1). We present an elegant argument for deriving the
distribution of the length of such a busy period, o .

Consider the service time Bj /r of the customer who starts a busy period by enter-
ing an empty system. Recall that N (7) is a Poisson process with rate A, representing
the number of arrivals in an interval of length 7. The idea is (i) to condition on
the number of arrivals N(B;/r) during this first service time, and (ii) to interrupt
that service, first serving all the work arriving during this service time B, /r (i.e., to
resume serving the first job when all other work that has arrived to the system has
been served). Note that the duration of each interruption has the same distribution as
the busy period itself (so that we can refer to the interruption as a ‘sub busy period’),
and that the number of interruptions is N (B /r). Thus, the busy period o can be
written as the service time B /r, increased by N(B;/r) ‘sub busy periods’:

B
g = T+0'1 t- -+ ON(B/r)>
see Figure for a pictorial illustration. Since the order in which customers are
served is irrelevant for the length of the busy period (as long as the server serves
when there is work in the system), and since the distribution of the length of any sub
busy period is the same as the distribution of the actual busy period (and those are
in addition independent), we can write by conditioning on N(B;/r):

%) (o)
o :/ oo Z
t=0

k=0

e s Ak
_ / ey e"”%(E e~ \E (B, /1 € di)
1=0 k=0 :

)k
e " k‘) nEe’“‘T" P(B;/r € dt)
©isl

A
=b (g +2a —]Ee‘w)) .
ror
It can be shown that, under the stability condition ¢ > 0, there is a unique solution
in (0, 1] to this fixed-point equation.

Theorem B.3 In the M/G/1 queue, for any @ > 0, Ee~*7 is the unique solution in

(0,1] of
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Q(r)

B A

Fig. B.2 Busy period in the M/G/1 queue. In this case N (B;/r) = 4; the dotted segments
correspond to the sub busy periods o, . . ., 04, all of them distributed as 0. The solid segments
on the horizontal axis add up to By /r.

1
Ee @7 = %+;(1—Ee*‘“f) . (B.5)

We can express E e~ more explicitly in terms of the inverse ¢ (6) of ¢(«), as

follows. Recall that, immediately from the definition of the Laplace exponent ¢(a),

ola) —ra+A1

b(a) = )

Hence,

A 1 A
Ny +—(1 —]Ee““’)) —Be @7 = _¢(g + (1 —Ee““’)) —
r o r A r o r

~|R

Multiplying this equation by A, we thus obtain
A
a=¢ (g +—(1 —Ee‘“(’)) .
r r
Applying ¥ (-) to both sides, we obtain after elementary calculus the following

expression for the LST of the busy period, in terms of i (+):

Ee @7 = “;’l - %w(a). (B.6)

It is in addition noted that inversion of (B.3)) turns out to be possible:

t X 1 k-1 B ...+ B
P(cr<t)=/ Ze‘*“( “) P( L TP gy (B.7)
0 =

k! r
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B.2 Infinite-server queue M/G/co

Also in the M/G/eco queue customers arrive according to a Poisson process and bring
alongi.i.d. service requirements that are distributed as a generic non-negative random
variable B with LST b(«). The distinguishing feature, however, is that all customers
can be served in parallel: as there are infinitely many servers, the sojourn time of each
customer coincides with her service requirement (where we for convenience assume
a unit service rate). One could say that, in the literal sense, the M/G/co system is not
a queue, as customers do not interfere: they do not have to wait before being served.

As it turns out, the stationary distribution of the number of customers can be
computed using elementary properties of the Poisson process. As before, let M(t)
denote the number of customers present at time 7, where we assume that the system is
empty at time 0. Then the number of customer arrivals in [0, 7] is Poisson distributed
with parameter A¢. A well-known property of the Poisson process implies that each of
them arrives at a uniformly distributed time in the interval [0, ¢]. As a consequence,
the probability of an arbitrary arrived customer still being present at time ¢ is, with
U uniformly distributed on [0, 7],

ry = AIP(UEdu)P(B>t—u)

1 ! 1 /!
=—/ ]P’(B>t—u)du=—/ P(B > u) du.
t Jo tJo

It thus follows, by virtue of the ‘independent thinning property’ of the Poisson
process, that M (¢) has a Poisson distribution with parameter

t
Uy = Atr, =/l/ P(B > u) du.
0

Note that -
lim,u,:ﬂ/ P(B > u)du = AEB.
0

t—oo
We thus have found the following result, which can be formally backed by the use of
Theorem[A2]

Theorem B.4 In the M/G/co queue, M is Poisson distributed with parameter AEB.

B.3 Discussion and bibliographical notes

Comprehensive textbooks on queueing theory are e.g. 24,5, 6], but there are many
others; see also the accessible lecture notes [1l]. Specifically for the M/G/1 queue,
see also the compact account [3]. A textbook that strongly focuses on computational
aspects is [8].
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Most results presented in this chapter are standard, and have been around for a
long time. A textbook treatment of the infinite-server queue can be found in [7]. The
inversion formula appears in [4] p. 250].

Exercises

B.1 Derive the Pollaczek-Khinchine formula for the mean workload in the M/G/1
queue from the LST E e~ @€:
AEB?

2rc

EQ =

B.2 Determine the mean busy period Eo in two different ways:
(i) By differentiation of with respect to a.
(ii) By arguing probabilistically that

EB EB

Eo = —+A4—Eo.
r r

B.3 It can be concluded from the previous two exercises that the mean waiting time
EQ/r can be larger than Eo for some service requirement distributions. Give a
probabilistic explanation for this seeming paradox.

B.4 Let the service requirements be exponentially distributed with parameter u.

(i) Rewrite (B.2) into
X
rq(x) = /1/ e g(y)dy + e g, (B.8)
0

with x > 0, and solve this integral equation.

(Hint: introduce g(x) := e**q(x), multiply both sides of by e#* and differen-
tiate.)

(ii) Determine g.

B.5 Assume that the service requirements are exponentially distributed with param-
eter u. Solve the functional equation (B.3)) under this assumption.

B.6 Consider the M/G/co queue, and assume that M (0) = 0.
(i) Prove that, for A > 0,
M(t)Zé\/I(HA) - (

logEz) reat(l—z1) +re0t(1 — z2122) + 7 3A(1 — Zz)),

where

1 t
e ::;/ P(u < B <u+A)du,
0

1 t
—;/ P(B>u+A)du,

0

‘:
~
o

|
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1 A
Fe3 = —/ P(B > u) du.
A Jo

(i) Show that, for A > 0, the limiting correlation coefficient between M (¢) and
M (t + A) satisfies

i _COVM@D), Mt +4) L/""P(B > 1) du.
1> [VarM(r) VarM(t +A)  EB Ja
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