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Abstract

The introduction of matrix analytic methods in risk theory has marked a significant
progress in computations in risk theory. Matrix analytic methods have proven to be pow-
erful computational tools for numerically analyzing complex risk models that traditional
methods often had difficulty with. This is particularly noteworthy in the modern age of
advanced computing and big data. Moving away from the traditional view of collective
risk theory, we can now consider risk models that comprise of many stochastic processes of
which data are abundant. These models may fall under the existing class of risk models;
however, these more realistic risk models involve a large number of variables which increases
the computational complexity significantly. Matrix analytic methods can provide reliable
computing algorithms for risk models of such computational complexity, which have not

been numerically feasible to analyze with the traditional computational tools in risk theory.

This thesis is dedicated to improving the accessibility of the matrix analytic method-
ology in risk theory and developing further generalizations of the existing matrix analytic
methods in risk theory in the attempt to promote its computational use. Although the
literature of matrix analytic methods in risk theory is in its early stage, it is believed that
the advancement in computations in risk theory brought by the matrix analytic methods
will broaden the spectrum of problems in the risk theory literature in the direction of more
realistic and practical risk models and computational analyses of these models. This will
make risk theory as a whole more appealing to practitioners and those who are looking for

more advanced actuarial risk management tools.
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Notation and definitions

The list given here is not comprehensive. The intention in providing this list is to guide
the readers through the thesis by highlighting some of the notation and important defini-
tions pertaining to each chapter/section, as there are many stochastic processes introduced

and many matrices defined in this document.

Mathematical notation:

N: the set of natural numbers.

Z: the set of integers.

Z7": the set of positive integers.

Z~: the set of negative integers.

C: the set of complex numbers.

R: the set of real numbers.

R*: the set of nonnegative real numbers.
R(s): the real part of the complex number s.
|v]: the modulus of v.

Pr: the probability function.

E: the expectation function.

Z[A]: the indicator function of event A.

|]: the nearest integer less than or equal to z.

AT: the transpose of the matrix A.

xiil



A~ the inverse of the matrix A.

®: the Kronecker product operator.

vec: the vectorization operator for a matrix.
Sp(A): the spectral radius of the matrix A.

| Al|max: the max norm of the matrix A.
Stochastic processes in Chapter 2:

Uy: the surplus process of the G/M/1-type discrete-time risk model.

R;: the external process of U,.

X;: the level process of the dual G/M/1-type chain of (U, R;).

J:: the phase process of the dual G/M/1-type chain of (U, R;).

7: the time of ruin defined as inf{t € Z* : U; < 0}.

7, inf{t € Z% : X, < i}.

7o inf{t € ZT : X, = i}.

Ut(b): the surplus process of the MAP risk model with a dividend barrier b.

Jy: the phase process of the associated MAP of the MAP risk model with a dividend

barrier b.
Xt(b): the level process of the dual G/M/1-type chain of (Ut(b), Jt).

(V;(b), Ji): the bivariate phase process of the dual G/M/1-type chain of (Ut(b), Ji), where
®)
v = 5]

Cc

Dy: the dividend amount paid at time .

Xiv



DI°*(v): the total discounted dividends paid up to time 7'

Ts,: the first return time of the dual G/M/1-type chain of the MAP risk model without
a dividend barrier to levels {0,1,..., B}.

Matrices in Chapter 2:
I,,: an identity matrix of size n x n (we drop the subscript n when it is obvious).
e;j: a row vector whose j-th entry is 1 and all the others are 0.
A°P: a block component of the TPM of (X4, J¢) pertaining to levels in N.
AP: a block component of the TPM of (Xy, J;) pertaining to levels in Z~.

A;;: a block component of the TPM of (X;, J;) corresponding to levels ¢ and [ in the

general case.
A;: a block component of the TPM of (X, J;) when (X, J;) is level-independent.

"H;,: a block component of the discounted fundamental matrix “H which records the
time discounted pre-7 occupation measure of (X, J;) to level [ given that the chain

starts in level 7.

{"R;;}20,>;: the set of discounted rate matrices which record the time discounted pre-
7;,1 occupation measure of (Xy,J;) to level I given that the chain starts in level
..

{"G, }iazo: the set of discounted fundamental period matrices which record the time

discounted first passage time probabilities of (X;, J;) to level [ given that the chain

starts in level i.
“R: denotes "R, ; ; when (X;,J) is level-independent.

1"Q; .10 <+ the set of discounted ladder height distribution matrices which record the
time discounted ladder height distributions of (X, J;) to level z given that the chain

starts in level 1.
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{"Q,}2,: the set of discounted ladder height distribution matrices which record the time
discounted ladder height distributions of (X;, J;) to level z given that the chain starts

in level ¢+ when the chain is level-independent and i — z = [.
A P: ablock component of the TPM of (Xt(b), V;(b), Ji) pertaining to levels in {0, 1, ..., B}.
4P: a block component of the TPM of (Xt(b), I/;(b), J) pertaining to levels in Z~.

{b’”H“}fl:O, {b’VRi,l}iB;O,lzﬂ {b’”G“}fl:O, and {b,yQi,l}f;O,lgi: the set of discounted funda-
mental, rate, fundamental period, and ladder height distribution matrices of (Xt(b), Vt(b), Ji)

corresponding to levels ¢ and {.

SEP: a block component of the TPM of the dual G/M/1-type chain of the MAP risk

model without a dividend barrier pertaining to levels {0,1,..., B}.

S+ P: a block component of the TPM of the dual G/M/1-type chain of the MAP risk
model without a dividend barrier pertaining to levels {B + 1, B +2,...}.

S5:5p+ P a block component of the TPM of the dual G/M/1-type chain of the MAP risk
model without a dividend barrier pertaining to transitions from levels {0,1,..., B}

to levels {B+1,B+2,...}.

Sp+ S8 P a block component of the TPM of the dual G/M/1-type chain of the MAP risk
model without a dividend barrier pertaining to transitions from levels {B + 1, B +

2,...} tolevels {0,1,...,B}.

BB a matrix which records the time discounted pre-75  occupation measure of the
dual G/M/1-type chain of the MAP risk model without a dividend barrier to levels
{B+1,B+2,...} given that the chain starts in levels {0,1,..., B}.

B.p+Q: a matrix which records the time discounted first return time probabilities of the
dual G/M/1-type chain of the MAP risk model without a dividend barrier to levels
{0,1,..., B} given that the chain starts in levels {0,1,..., B}.

Xvi



ppH, ppiH, g+ pH, and 5 pH: block components of the discounted fundamental
matrix of the dual G/M/1-type chain of the MAP risk model without a dividend
barrier partitioned according to the levels {0,1,..., B} and {B+1,B+2,...}.

Stochastic processes in Chapter 3:

Uy: the surplus process of the MAP risk model with phase-dependent premium rates and

phase-type claim size distributions.
Ji: the phase process of the associated MAP of U;.
X;: the level process of the dual pre-QBD process of (Uy, J;).
W;: the phase process of the dual pre-QBD process of (U, J;).

L,: the level process of the dual QBD process of (U, J;).

(Vi, W3): the bivariate phase process of the dual QBD process (U, J;), where V; = ch;xj
7: the time of ruin defined as inf{t € Z* : U; < 0}.
ke inf{t € Z* : X; < 0} = inf{t € Z* : L; < 0}.

s1([h, k]): denotes the total number of times W, is in S in the time interval [h, k], h, k € N,
where s ([h, k]) = 0 when k£ < h (h and k may be nonnegative integer-valued random

variables as well).
n(v): inf{t € N: L, = v}.
Kk, . inf{t € Z* : L; < v}.
Matrices in Chapter 3:

1: a row vector of ones.

Q: the TPM of (X;, W3).
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{A;}ims=: block components of Q corresponding to transitions with the increase of ¢ units

n Xt'

B: a block component of @) corresponding to transitions with the decrease of 1 unit in

X;.
Q' the TPM of (L;, V;, W,).

Dy, D, and D,: block components of Q' corresponding to transitions with the change

of 1, 0, and -1 units in L;, respectively.

YG: a matrix which records the time discounted (discounted by the time (L;, Vi, W;)

spends in Sy) first passage time probabilities of (L, Vi, W;) to level i — 1 given that
(Ls, Vi, W,) starts in level i for all i € Z7.

YR: a matrix which records the time discounted (discounted by the time (L;, Vi, W;)
spends in S;) pre-;,; occupation measure of (L, Vi, W;) to level i + 1 given that

(L, Vi, Wy) starts in level i for all i € N.

YE,: a matrix which records the time discounted (discounted by the time (L;, Vi, W})

spends in §;) pre-x occupation measure of (Ly, Vi, W;) to level z given that (L, V;, W;)

starts in level z for all z € N.
Stochastic processes in Section 4.5:

N;: the number of active contracts at time t.
Ay: the age process.

N: the maximum number of active contracts the insurance firm can hold at any given

time.
K: the maximum age of the age process.

N;: the CTMC describing N; = (N, A;) when the surplus process is above level 0.
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N, : the CTMC describing N; = (N, A;) when the surplus process is below level 0.
(L, N/): the claims arrival MAP when the surplus process is above level 0.

(L, N;): the claims arrival MAP when the surplus process is below level 0.

U;: the surplus process of the dynamic individual risk model.

7: the time of ruin defined as inf{t > 0: U; < 0 and N, = 0}.

(F;7,J}): a fluid flow process whose sample paths can be connected to those of the

surplus process when it is above level 0.

(Fy,J;): a fluid flow process whose sample paths can be connected to those of the

surplus process when it is below level 0.

(F},J¢): a level-independent fluid flow process with the dynamics of (F,", J;") when it is

above level 0 and with the dynamics of (F, ,J, ) when it is below level 0.
ke inf{t >0:F, <0and J, € Wy }.
Oy: the shift process which keeps track of the time (F}, J;) spends in Wy UW;" UW; .
o: the last epoch the surplus level falls below 0 prior to the time of ruin.
7: the time at which the last descent of F} into the negative real line prior to x ends.
k(y): inf{t > 0: F, = y}.
U,: the time-reversed version of Uj.
N .. the time-reversed version of IN;.

(Ry, E;): a fluid flow process whose sample paths can be linked to those of (U, Ny)

reflected on the time axis.

H,: a shift process which keeps track of the time E, spends in W, .
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O(y): inf{t > 0: R = y}.
Matrices in Section 4.5:

T™": the infinitesimal rate matrix of J; .

T, T, T, TS, Ti, Ty, Tay, Ty, and T,: block components of T partitioned

according to Wi, Wi, and Wy'.
T : the infinitesimal rate matrix of J, .

T, Ty, Ty, Ty, Ty, Ty, Toy, Ty, and T'y,: block components of T partitioned
according to W, , Wy, and W, .

\ilJr(s): a matrix which records the LST of O, during the journey of (F}, J;) from level 0
to level 0 given that J; starts in Wi.

a+(s, y): a matrix which records the LST of O, during the journey of (F;, J;) from level

y > 0 to level 0 given that J; starts in Wy,

\ili(s): a matrix which records the LST of O, during the journey of (F}, J;) from level 0
to level O given that J,; starts in W, .

G (s,y): a matrix which records the LST of O, during the journey of (F;, J;) from level
y < 0 to level O given that J; starts in W, .

K (s,dy|z): a matrix which records the pre-x(0) and pre-x occupation measure with

respect to Oy of (Fy, J;) to (dy, W, ) given that (F3,J;) starts in (z, W), z,y < 0.

YT (s,dx): amatrix which records the pre-x(0) and pre-x occupation measure with respect

to Oy of (Fy, Jy) to (dz, Wy) given that (Fy, J;) starts in (0,V; ), x < 0.
B: the infinitesimal rate matrix of F;.

B, Bay, Bis, and Bj;: block components of B partitioned according to YW, and Wi .
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é(s): a matrix which records the LST of H; during the journey of (R, E;) from level 0
to level 0 given that F; starts in W, .

-~

Q(s,y): a matrix which records the LST of H; during the journey of (R;, E;) from level
y > 0 to level 0 given that E, starts in W, .
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Chapter 1

Introduction and preliminaries

1.1 Introduction

The general form of an insurance risk reserve process (i.e., risk process) {(U, R;),t € T},

for an arbitrary index set T (i.e., continuous or discrete), is given by
Ut:U‘f'Ct—Lt, tET,

and some external (possibly multi-dimensional) process {R;,t € T}, where u > 0 is the
initial surplus level, L, is the total claims amount up to time ¢, and C; is the total premiums
received up to time ¢. Characterizations of stochastic processes {Ry,t € T}, {L;,t € T},
and {Cy,t € T}, including their dependence structure, are the determinants of the dynam-

ics of {U;,t € T}. Herein, we write R; for R, whenever R, is univariate.

Of many problems actuarial researchers have studied in relation to the risk process
defined above is the time of ruin 7 = inf{¢t € T : U, < 0}. Hitting time random variables
such as the time of ruin have long been the subjects of interest in applied probability, many
times purely motivated by the mathematical complexity inherent in them. The time of

ruin analysis in actuarial science is no exception. Its complexity and probabilistic nature



have intrigued many researchers from various areas of applied probability.

On the other hand, ruin-related problems are also of practical importance for the time-
dependent analysis of the risk process it enables. By taking into account the dynamic
nature of the cash flow affecting the risk process, the time of ruin analysis measures the
impact of the timing of claims on the risk process and hence provides a more refined picture

of the financial stability of an insurance entity.

Since the problem was first mathematically formulated by Lundberg (1903), the analy-
sis of the time of ruin has been considered to be a difficult problem. Only in a few simple
models are the explicit formulas for the infinite-time ruin probabilities available, and in
the case of the finite-time ruin probabilities, explicit formulas are even rarer. Nonetheless,
actuarial researchers have ventured into numerous different paths at analyzing the time
of ruin from various numerical methods such as the transform inversion method, matrix
analytic methods, and differential and integral equation methods to approximations and
simulations. As a result, the literature has now matured enough to include a discussion of
vast scope on more realistic and sophisticated risk models than the earlier simple risk mod-
els such as the Cramér-Lundberg model (see e.g., Lundberg (1903, 1926), Cramér (1930),
Seal (1969, 1972), and Prabhu (1961) for earlier works in risk theory, and Albrecher and

Asmussen (2010) for a recent survey on the literature).

While much of the earlier works in risk theory focused on the time of ruin distribution,
Gerber and Shiu (1998) introduced a functional that would become known as the Gerber-
Shiu function. The Gerber-Shiu function collectively analyzes the time of ruin, surplus
prior to ruin, and deficit at ruin, where the surplus prior to ruin and deficit at ruin random
variables are defined as U,- and |U,|, respectively. The introduction of the Gerber-Shiu
function initiated substantial advances in risk theory. Actuarial researchers began to ana-

lyze other ruin-related quantities than just the time of ruin, and the mathematical analysis



in risk theory also took a great leap forward.

Since the introduction of the Gerber-Shiu function, Gerber-Shiu functions in more com-
plex risk models other than the compound Poisson risk model have been studied and even
some generalizations of the Gerber-Shiu function have also been introduced where ruin-
related quantities other than the surplus prior to ruin and deficit at ruin are considered
(see e.g., Albrecher and Asmussen (2010), Cheung et al. (2010), and Woo (2012)). This
aggregate effort of researchers in risk theory has resulted in forming a strong literature on

the mathematical analysis of the stochastic evolution of insurance risk processes today.

In comparison to the maturity of analytical solutions in risk theory however, the compu-
tational aspect in risk theory seems to have room for more discussion. For continuous-time
risk models, the most prevalent method of choice is the integro differential equation (IDE)
method. This method is used for computing the Laplace-Stieltjes transform (LST) of some
risk process related functionals with respect to the time variable. One can then numer-
ically invert the computed transform values to evaluate the functionals of interest. The
method involves the derivation of an IDE, and in solving this IDE, finding the roots of
what is known as the generalized Lundberg fundamental equation (or generalized Lundberg
equation, for short) plays a key role, as the computable expressions of the transforms under
consideration are expressed in terms of the roots of the generalized Lundberg equation.
However, this root finding process can be numerically unstable for some complex models,

thus hindering the computational tractability of the IDE method.

For discrete-time risk models, there are several computational methods that have been
widely implemented in the literature. The first is the difference equation method which
is the discrete-time counterpart of the IDE method for the continuous-time risk models.
As it is the case in the continuous-time risk models, this difference equation method also

involves solving for the roots of the generalized Lundberg equation, leading to the same



numerical issues the IDE method has (see e.g., Willmot (1993) and Landriault (2008a,b)).
For evaluating some transient solutions (e.g., finite-time ruin probabilities), a well-known
method is the recursive method introduced by De Vylder and Goovaerts (1988), which is
obtained essentially by conditioning on the one-step transition of the risk process. It is a
simple yet a powerful computational algorithm for computing the transient distributions
of the discrete-time risk processes. The core idea of conditioning on the one-step transition
behind this recursive method have since then been widely adopted by many researchers for
the numerical analyses of more complex risk models and used for producing meaningful
numerical results (see e.g., Dickson and Waters (1991, 1992), Dickson et al. (1995), Cos-
sette et al. (2004a,b), Drekic and Mera (2011), and Kim and Drekic (2016)). In addition,
Alfa and Drekic (2007) introduced a discrete-time Markov chain (DTMC) representation
of a discrete-time risk process (a Sparre Andersen risk model to be specific) and derived
a matrix representation for the joint probability mass function (pmf) of the time of ruin,
surplus prior to ruin and deficit at ruin (see e.g., Alfa and Drekic (2007) and Drekic and
Mera (2011) for more details).

Despite their simple computational implementations however, the computational times
of both the recursive method and the DTMC method by Alfa and Drekic (2007) grow
nearly quadratically in the time unit of interest, and the memory consumption rates of
both methods grow linearly in the time unit of interest. Therefore, these methods may not

be suitable for large scale problems where large time units are of interest.

Meanwhile, in other areas of applied probability, matrix analytic methods have been
extensively employed in evaluating the transforms (with respect to the time variable) of
functionals that are similar in their probabilistic interpretations to the transforms of some
transient distributions of risk processes. In contrast to the IDE and difference equation
methods, matrix analytic methods do not rely on the roots of the generalized Lundberg

equation, and instead, involves numerically more stable matrix equation solving problems.



Recently in risk theory, a series of papers have applied matrix analytic methods in the
computation of the transforms of some risk process related functionals with respect to the
time variable (see e.g., Badescu et al. (2005a,b), Ramaswami (2006), Ahn and Badescu
(2007), and Kim et al. (2008)). In the continuous-time case, the enhanced numerical sta-
bility of the matrix analytic methods compared to the traditional IDE method have made
the computational analysis of more complex risk models more feasible. In the discrete-time
case, the difference between the algorithmic procedures of the matrix analytic approach
compared to the recursive method and DTMC method by Alfa and Drekic (2007), offers us
hope in achieving superior computational times and memory consumption rates. Further-
more, the probabilistic interpretations of underlying matrix analytic methods have opened
up the doors to different perspectives than the more analytic approaches taken in the IDE

method at approaching problems in risk process analyses.

The introduction of matrix analytic methods in risk theory has marked a significant
progress in computations in risk theory. Matrix analytic methods have proven to be pow-
erful computational tools for numerically analyzing complex risk models that traditional
methods often had difficulty with. This is particularly noteworthy in the modern age of
advanced computing and big data. Moving away from the traditional view of collective
risk theory, we can now consider risk models that comprise of many stochastic processes of
which data are abundant. These models may fall under the existing class of risk models;
however, these more realistic risk models involve a large number of variables which increases
the computational complexity significantly. Matrix analytic methods can provide reliable
computing algorithms for risk models of such computational complexity, which have not

been numerically feasible to analyze with the traditional computational tools in risk theory.

This thesis is dedicated to improving the accessibility of the matrix analytic method-

ology in risk theory and developing further generalizations of the existing matrix analytic



methods in the attempt to promote its computational use in risk theory. Although the
literature of matrix analytic methods in risk theory is in its early stage, it is believed that
the advancement in computations in risk theory brought by the matrix analytic methods
will broaden the spectrum of problems in the risk theory literature in the direction of more
realistic and practical risk models and computational analyses of these models. This will
make risk theory as a whole more appealing to practitioners and those who are looking for

more advanced actuarial risk management tools.

1.2 Mathematical preliminaries

In this section, we give a brief discussion on the basic mathematical tools to be used

throughout the thesis.

1.2.1 DTMC

Let {Ji, k € N} be a discrete-time stochastic process defined on the countable state space

S. {Jg, k € N} is said to be a (homogeneous) DTMC if
Pr{Jy = ig| Joo1 = in1s Joo = ig_2, .+ s Jo = i0} = Pr{Jy = in|Joot = ir_1}
and
Pr{Jy = ig|Joos = ir1} = @5 i VE € ZT, ip_y,ip € S.

Let a be the initial probability row vector of {Ji, k € N} (i.e., the i-th entry of a is equal
to Pr{Jy = i}, i € §). Assuming S is expressable as S = {0,1,2,...}, the transition



probability matrix (TPM) of {Ji, k € N} is given by

0 1 2

0 Go,0 40,1 4qo2

P= Ilqao @¢1p @12
2 q20 421 G272

Due to the Markov and homegeneity properties of DTMCs, the quantity Pr{J, = j|.Jo =i},
k € N, is given by the (i, j)-th entry of P*,

The state space S can be decomposed into disjoint communicating classes, of which
there are two types: open and closed. An open class consists of a set of states the proba-
bility of returning to which, once left, is zero. A closed class consists of a set of states in
which the probability of leaving, given that the chain starts in that class, is zero. If the
chain has both open and closed classes, we sometimes refer to the open classes as transient
classes and the closed classes as absorbing (or recurrent) classes. If the chain consists of

one class, it is said to be irreducible.

Another important quantity is the stationary vector. A stationary (row) vector 0 is a
vector that satisfies the equation 8P = 6. If 0 is a probability vector (i.e., the entries of 8
are nonnegative and sum to 1), we refer to 8 as the stationary probability vector. Further
details on Markov chains can be found in various stochastic processes reference texts (see

e.g., Resnick (2002)).



1.2.2 G/M/1-type Markov chain

Let {(Xk, Jk),k € N} be a multivariate DTMC on the state space S = Z x G for some
finite set G, where X € Z denotes the level of the process and J; € G the phase of the

process. We will write J, for J, whenever J is univariate. Suppose that the TPM of

{(Xk, Jk), k € N} is expressable as

—1 0 1 2
1 AL AL
P—
0+ A1 Ao Ao ’
Ll A Ay A A

where the empty blocks are zero-block matrices and {A; ;} are block matrices of appropri-
ate size corresponding to the number of phases at levels 7 and j of the chain. Markov chains
having TPMs with the same structure as that of P are known as the G/M/1-type Markov
chains (usually defined on levels in N, but for our purposes, the above representation is

more suitable).

1.2.3 Discrete QBD process

Let {(Xk, Jk),k € N} be a multivariate DTMC on the state space S = Z x G for some
finite set G, where X, € Z denotes the level of the process and J; € G the phase of the

process. Again, we will write .J for J; whenever Jy is univariate. Suppose that the TPM



of {(Xx, Jr), k € N} is expressable as

-9 -1 0 1 2
—1 A_L_Q A_l,—l A—l,O
P = ’
0 Ay Ay Aps
1 Ay Ay A

where the empty blocks are zero-block matrices and {A;;} are block matrices of appro-

priate size corresponding to the number of phases at levels ¢ and j of the chain. Then, we

call {(Xg,Jx), k € N} a discrete QBD process.

In the literature, the definition of the discrete QBD process is usually restricted to the
level-independent QBD process with its levels defined on the natural number set. However,
in this work, we consider the above more general definition as it is more suitable for the

context of risk theory.

1.2.4 Discrete phase-type distribution

A random variable X is said to follow a discrete phase-type distribution of order m if and

only if its pmf takes the form

-1
aU" AT, zxeZt,

fla) =
Qo, T = 07
where ap > 0, @ = (ay, g, ..., vy, 18 & Tow vector of size m with o; > 0,7 =1,2,...,m,
and ap + >0 a; = 1, U = (Ui)ijeq1,2,.m} 1S an m X m substochastic matrix, and



YT = (71,92, -+, Ym)T = 1T — U17. Here, T denotes the transpose operator and 17 is an

m x 1 column vector of ones.

Another interpretation of X is to consider X as the time until absorption of a DTMC
defined on the state space S = {0,1,2,...,m} with state 0 being the absorbing state of
the chain and the rest being transient states. The initial probability vector of the chain is
given by (ap, ) and the portion of the TPM governing the transient states of the chain is
given by U.

We note that the class of phase-type distributions is large and includes many different

families of discrete distributions defined on the natural number set.

1.2.5 Discrete-time M AP

Let {(Ng, Ji), k € N} be a bivariate DTMC on the state space S = Nx {0,1,2,...,m—1}
where m € Z*. Here, N, represents the number of arrivals up to and including time & and

Ji represents the so-called phase of the process at time t. Let

Poiij = Pr{(Nk+17 Jk+1) = (n7j)|(Nk7 Jk) = (n,z)}

and

Prij = Pr{(Niy1, Je1) = (n + 1, 5)|[(Ni, Jr) = (n,4)}

denote the one-step transition probabilities without arrivals and with arrivals, respectively.
Furthermore, let Py be an m x m matrix whose (i, j)-th entry is po,; ; and Py an m x m

matrix whose (7, j)-th entry is py,; ;. As aresult, the TPM associated with {(NVy, Ji), k € N}

10



is given by

0[P, P,
1 P, P,

P=y P, P, )
3 P, P,

where the empty spots in P are m X m zero matrices. Whenever N; increases, we say

there is an arrival.

The counting process {(Ng, Ji),t € N} is called the discrete-time Markovian arrival
process (MAP). As can be seen from the phase-dependent structure, a MAP can be used
to model non identical and independently distributed (i.i.d.) inter-arrival times. Although
the dependence structure that can be incorporated is restricted to the underlying Markov
chain {Ji, k € N}, a risk model operating under a MAP is undoubtedly a step forward
from a Sparre Andersen risk process in modelling for correlation. For further details on

MAPs, we refer the reader to He (2014).

1.2.6 CTMC

Let {J;,t € RT} be a continuous-time stochastic process defined on the countable state
space J, and let \;, ¢ € J, be a strictly positive real number which we refer to as the rate
parameter. Furthermore, let {&, k € N} with £ = 0 be the jump epochs of {J;,t € Rt}
and let {0,k € Z*} be the inter-arrival times of {&,k € N} (e, op = & — &1 V
k € Z7) which is exponentially distributed with rate A Je, - Now, let the embedded
discrete-time stochastic process {Jg,,k € N} form a DTMC, where for i # j € J, we
let qij = Pr{Jg, = jlJg_, =i} Vk € Z* such that >, .c,qi; =1 Vi€ J. Lastly,

11



set Jp = Jg,_, for t € [§-1,&) and Jy is determined by the initial probability vector
a = (a;)ies. Then, {J;,t € RT} is a continuous-time Markov chain (CTMC).

If J is expressable as J = {0, 1,2,...}, then the so-called infinitesimal rate matrix of

{Ji,t € Rt} is given by

0 1 2
0 [ —Ao )\OCIO,l )\OQO,Q
L{A A A
R = (Tz‘,j)i,jej = 11,0 1 141,2
21 Aagao Aagen — Ao

Decomposition of the state space for DTMCs applies to CTMCs as well, and thus, we
do not discuss it further here. However, analyses of some other aspects of CTMCs are
different from those of DTMCs. In particular, Pr{.J; = j|Jo = i}, ¢ > 0, is given by the

(7, 7)-th entry of the matrix exponential E(t), where

E(t) = = Z M

n!
n=0

Moreover, the stationary probability (row) vector @ = (6;);c7 now satisfies the equation
O R = 0 (subject to the entries of 8 being nonnegative and summing to 1), where 0 denotes

a row vector of zeros.

1.2.7 Time-reversed CTMC

If the CTMC {J;,t € R*} is initialized with @ = 8, we can consider its time-reversed
version. In what follows, we denote the stationary version of {J;,t € Rt} by {J;,t € R"}

and the time-reversed version of {J;,t € R*} by {Jr,t € R*}.

12



The time-reversed version of {.J*,s € [0,t]} is defined as {J*,s € [0,t]} = {J; ,,s €
0,]}. Then, {J;,t € Rt} is also a CTMC defined on the same state space J as that of

{J;,t € R} with infinitesimal rate matrix given by

0 1 2
0 =X AoGo1  AoGo2
R=(7i))ijeq = Il Mo —M Mqie - ’
2| AaGop Ao@an  — A2

~ 0. .o
where ¢; ; = 7% 4,7 €T

1.2.8 Continuous phase-type distribution

A random variable X is said to follow a continuous phase-type distribution of order m if

and only if its probability density function (pdf) takes the form

aeV"yT x>0,
flz) =

ag, T =0,

where ap > 0, & = (a1, s, ..., qy,) is a row vector of size m with a; > 0,71 =1,2,...,m,
and ap+ > 0 a; = 1, U = (Wi )i jef1,2,...m} 1S an m X m substochastic generator matrix,

and y7 = (71,92, - -, Ym)T = —U1T.

Another interpretation of X is to consider X as the time until absorption of a CTMC
defined on the state space S = {0,1,2,...,m} with state 0 being the absorbing state of

the chain and the rest being transient states. The initial probability vector of the chain is

13



given by (ap, @) and the portion of the generator matrix restricted to the transient states

of the chain is given by U.

Similar to its discrete counterpart, the class of continuous phase-type distributions is
large and shows versatility in modelling, including many families of continuous distribu-

tions defined on the set [0, 00) as special cases.

1.2.9 Continuous-time M AP

Let {(Ny, J;),t € RT} be a bivariate CTMC on the state space 7 = Nx {0,1,2,...,m—1}
where m € Z*. In an analogous fashion to its discrete counterpart, N; represents the
number of arrivals up to and including time ¢ and J; represents the so-called phase of the
process at time t. Let dp,; and d;;; denote the transition rates into state j from state ¢
without arrivals and with arrivals, respectively. Furthermore, let Dy be an m X m matrix
whose (7, j)-th entry is dy; ; and Dy an m x m matrix whose (7, j)-th entry is dy; ;. Then,

the infinitesimal matrix of {(Ny, J;),t € R*} is given by

w [\ — (@)
>
o
>
iy

where the empty spots in D are m x m zero matrices. The counting process {(V;, J;),t €

R*} is called the continuous-time MAP.
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1.2.10 Continuous-time M AP risk model with phase-type claim

size distributions

A continuous-time MAP risk model {U;,t € Rt} is comprised of a continuous-time MAP
{(Ny, J;),t € Rt} defined on Nx 7, J ={1,2,...,m}, m € Z*, rate matrices (Dy, D) =
((doij)ijes, (diij)ijer), and the conditionally i.i.d. claim amount sequence {Yj, k € Z*}
(conditional on the phase process {J;,t € RT} of the MAP). In particular, Y} denotes the
amount of the k-th claim to be made and the distribution of Y}, depends only on the type of
the phase transition that the claim is accompanied by. In other words, let f(9)(y), i,j € J,
y > 0, denote the pdf of V() = Yk,|(J£; =1,Jg, = j), where {&;, k € ZT} denotes the
arrival epochs of the associated MAP. We further assume that Y9 follows a continuous-
time phase-type distribution of order n() € Z* with pdf f7)(y) = a)e@ "y (4ED)T,
y>0,1,7 € J, and that the premium rate is constant at C; = ct, ¢ > 0. Then, we can

write

N
Ut:u+ct—ZYk, t € RT, u e RY.
k=1

1.2.11 Fluid flow process

Consider a bivariate continuous-time process {(Fi, W;),t € RT}, where {W;,t € Rt} is a
finite-state CTMC whose state space is given by W. Let r; € R, i € W, denote the flow
rates of the process {F;,t € RT} where F; evolves at the flow rates ry,. Then, we refer to
{(F,,W;),t € R"} as the fluid flow process and {W;,¢ € R} as the phase process. Unless

otherwise specified, we assume Fy = 0.

Usually, fluid flow processes have boundaries at level 0, meaning that the processes do

not fall below level 0. However, for the contents of this thesis, we leave the definition of
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a fluid flow process to be that of the unbounded fluid flow process, where the fluid flow

process can fall below level 0.

1.3 Matrix analytic methods

In applied probability, the constitution of the definition of solutions to mathematical prob-
lems has been predominantly analytical. In spite of the mathematical beauty associated
with the analytical solutions however, often these solutions are not easily computable. In
the spirit of developing more easily computable forms of solutions, Dr. Marcel F. Neuts
initiated the building of the theory of matrix analytic methods. This movement led to
the emergence of both mathematically beautiful and computationally superior probability
theories such as the theory of matrix-geometric distributions, phase-type distributions, and
MAPs (see e.g., Neuts (1981, 1989), Latouche and Ramaswami (1999), and He (2014) for
comprehensive textbooks on matrix analytic methods). In this section, we briefly discuss
matrix analytic methods for discrete QBD processes and some of the key matrices appear-

ing therein as we will reference them in this thesis.

Consider a discrete QBD process {(Xy, J;),t € N} defined on N x {0,1,...,m — 1},
m € Z*, with the TPM

0 1 2 3

0(B A,
p_ 1[4 A A4
2 A, A A,
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Let G and R be m x m square matrices whose (i, j)-th entries are given by
(G)i,; =Pr{n(l —1) < oo, Jyu-1) = j|(Xo,Jo) = ([,i)} V1€ {1,2,...},
and
(R);; = f:Pr{nl_ >k —1,(Xg-1, Jk—1) = (1, 7)[(Xo, Jo) = (1 —1,0)} VIe{l,2,...},
k=1

where n(l) = inf{k € N: X}, =1} and k; = inf{k € Z* : X}, =1 — 1}. (Note that both
the definitions of G and R do not depend on the value of [ due to the level independence
of P.) Furthermore, assuming that the QBD process is irreducible and positive recurrent,
let 7 denote the stationary probability vector of the QBD process and 7r; the section of 7

corresponding to level [. Then,

Lemma 6.3.2, Latouche and Ramaswami (1999)
m =b(I-R)R'VIcN,

where I is an identity matrix of appropriate size and b is the unique solution of the system

b=bA, blT =1, with A = Ay + A, + A,.

The matrix G and R are referred to as the fundamental period and rate matrices,
respectively. As can be seen from the above lemma, the rate matrix is of primary interest in
identifying the steady-state distribution of the QBD process under consideration. However,
often the computational algorithms for computing the matrix G' are more stable, and by
exploiting the connection between G and R, one first computes the matrix G and then R

via the following relation (see Eq. (8.2) in Latouche and Ramaswami (1999)):

R - AO(I - A1 - A()G)il.
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Of several algorithms available in the literature for computing G, one that is quadrati-
cally convergent (given the QBD process is positive recurrent) was given by Latouche and

Ramaswami (1993), namely the Logarithmic-Reduction (L-R) algorithm. First of all, let

HOY = (I-A))"A,,

L©

(I —A) A,

and for k € Z*, recursively define

where

U® =HWNL®  LTEH® | eN. (1.3.1)
Then, we have
[e'9) k—1
G— (HH(i))L(k)’ (1.3.2)
k=0  i=0

and if the QBD process is positive recurrent, the sequence {G*® = ZfZO(Hé;(l) H (i))L(l)}zozo

quadratically converges to G'.

The proof of the L-R algorithm is purely probabilistic and quite elegant. To keep the
discussion short, we refer the reader to Latouche and Ramaswami (1999), pp. 187-197, for

a complete proof.
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On a short note, one may directly compute R by setting R(0) = 0 and
R(k+1)= Ay + R(k)A, + (R(k))*A,, k€ N.

Then, the sequence { R(k),k € N} converges to R (see e.g., Eq. (3.36) in He (2014)).

1.4 Matrix analytic methods in risk theory

Most of the papers in the literature of matrix analytic methods in risk theory seem to
focus on continuous-time risk models. There is one paper by Kim et al. (2008) on matrix
analytic methods applied to a discrete-time risk model, but the development there seems
premature compared to the literature on matrix analytic methods for continuous-time risk
models, as some of the important quantities such as the surplus prior to ruin and the
transient distribution of the surplus process are not studied. Therefore, in this section, we

focus on the matrix analytic methods for continuous-time risk models.

The matrix analytic methods for continuous-time risk models stem from matrix analytic
methods for fluid flow processes. For a continuous-time MAP risk model, one can draw
a sample paths connection between the risk process and a fluid flow process. From this
sample paths connection, matrix analytic methods for fluid flow processes can be applied
to MAP risk processes. The very first paper in risk theory (to our knowledge) to exploit
such a sample paths connection and employ matrix analytic methods in analyzing a MAP
risk model was Badescu et al. (2005a), where the authors derived an elegant, computable
matrix exponential expression for the LST of the time of ruin. Following this first paper
in 2005, another paper Badescu et al. (2005b) was published, where the authors derived
a computable matrix exponential expression for the joint pdf of the surplus prior to ruin
and deficit at ruin. However, what these two papers did not include was the joint pdf of
the time of ruin, surplus prior to ruin, and deficit at ruin, and studying the three random

variables simultaneously seemed to be a nontrivial work.
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In 2004, Ahn and Ramaswami published a paper on the transient distribution of fluid
flow processes, where they derived a computable matrix exponential representation of the
LST of the transient distribution of a fluid flow process with respect to the time variable
based on the novel idea of coupled queues and stochastic limits. (The original work in
Ahn and Ramaswami (2004) is highly nontrivial, and as a result, they published another
paper in 2006 which presents the materials in their original work via a more elementary
level-crossing argument while hiding the complex mathematical ideas of coupled queues
and stochastic limits originally shown in their 2004 paper.) Ramaswami (2006) then first
applied the matrix analytic methods developed in Ahn and Ramaswami (2004) to MAP
risk processes by exploiting a sample paths connection between a MAP risk process and a
fluid flow process, where they derived a computable matrix exponential expression for the
LST of the joint pdf of the time of ruin, surplus prior to ruin, and deficit at ruin with re-
spect to the time variable. Initiated by Ramaswami (2006), fluid flow process based matrix
analytic methods have since then been applied to many other problems in risk theory (see
e.g., Ahn and Badescu (2007), Badescu et al. (2007a,b, 2009), and Badescu and Landriault
(2009)).

In what follows, we present some of the key results in Ramaswami (2006) to demon-
strate how the fluid flow based matrix analytic methods can be applied to analyzing MAP
risk models. The discussion here will focus only on the key ideas. More interested readers

are referred to Ramaswami (2006).

Consider a continuous-time MAP risk model {U;,t € R*} comprised of the MAP
{(Ny, Jy),t € Rt} defined on Nx 7, J ={1,2,...,m}, m € Z*, rate matrices (Dy, D) =
((doij)ijess (diij)ijes), and the phase-type claim size distributions of order n(»/) € Z*
with pdf £ (y) = a@)e@" (@D 4 >0, 4 j € J. Here, without loss of generality

(w.l.o.g.), we assume that the premium rate ¢ = 1.
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Figure 1.1: Sample path of {U;,t € R*}

By stretching the downward jumps of claim amounts into linear downward journeys, we
can manipulate the sample paths of the MAP risk process such that the sample paths of the
risk process resemble those of a fluid flow process. A formal mathematical construction of
such a fluid flow process is a standard exercise and well detailed in Ramaswami (2006). As
our intention in this section is to give the reader a snapshot of how the fluid flow based ma-
trix analytic methods are applied to risk models, we assume that such a fluid flow process
{(F,W;),t € RT} has been well defined and give a pictorial description of the connection
between the risk process {U;,t € RT} and the fluid flow process {(F;, W;),t € R} below.

First of all, in Figure 1.1, 7 denotes the time of ruin of the risk process, and in Figure
1.2, k denotes the time that the fluid flow process first reaches level 0, n denotes the
last descent before k initiates, and p denotes the time that the last descent initiated at n
ends. Now, let o(0,¢,x,y), t,z,y > 0, denote the amount of time the fluid flow process
{(F,W;),t € RT} is in its upward journeys in the time interval (0,t) given that Fy = x

and F; = y. Then, since both the upward journeys and downward journeys of the fluid
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Figure 1.2: Sample path of {F;,t € RT}

flow process are at unit rates, one can easily deduce that

2 y L > Y,
0-(07 t? I? y) -
—t_(g_gc) +(y—x) = —t+(y2_$), y > x.

(1.4.1)

Next, consider the joint conditional pdf of (7,U,-, J,-,|U,|) given that (Uy, Jy) = (u,1),

which is denoted by h(t, z, 7, y|u,i),4,j € T, t,u,z,y > 0. Then, noting that (7,U,-, J,-, |U,|) =

(0(0,7, Fo, Fy-), F)-, W, |F,|) with probability (w.p.) 1, one may rewrite the LST of

h(t,z,j,y|u,i) with respect to the time variable as

h(s,z,7,y|u,i) = / e *h(t, x, j,y|u,i)dt = / e*s”(o’t’“’m)g(t,x,j,y\u, i)d
0 0

e fooo e"ztg(t,z, §, ylu,i)dt, u>x,

€w fooo efgtg(t,%]’a y|u7 Z)dt’ T >,

by (1.4.1), where g¢(¢,x,j,ylu,?) is the joint conditional pdf of (n, F,-, W, -, |F,|) given

(Fo,Wo) = (u,i), and s € C, R(s) > 0. Finally, the evaluation of the integral term

I e~ 3tg(t,x, j,y|u,i)dt can be established by applying the matrix analytic procedure for

fluid flow processes developed in Ahn and Ramaswami (2004), and therefore, also does the
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evaluation of h(s,x,J,y|u,1).

Note that when the premium rates depend on the phase process {J;,t € R}, the
simple sample paths relation (1.4.1) no longer exists. Hence, the matrix analytic methods
in Ahn and Ramaswami (2004) cannot be directly applied to computing h(s, z, j, y|u, 7).
To remedy this, Ahn (2009) proposed matrix analytic methods for computing the first
passage time LSTs of the processes obtained by observing a fluid flow process only when
it is either increasing or staying at level, or when it is either decreasing or staying at level.
However, the resulting processes lose the skip-free sample paths of their original fluid flow
process and thus the analyses become even more complex than in the original analysis
in Ahn and Ramaswami (2004). Therefore, applying the matrix analytic methods in Ahn
(2009) to evaluate h(s, z, j,y|u, i) for the MAP risk models with phase-dependent premium
rates would require more complex probabilistic analysis. Ahn (2009) does not discuss this

problem.

1.5 Organization of the thesis

Much of the existing literature on matrix analytic methods in risk theory is based on the
extension of Ahn and Ramaswami’s matrix analytic methodology (Ahn and Ramaswami
(2004)) for fluid flow processes to continuous-time risk models. However, the mathematics
behind Ahn and Ramaswami’s methodology is highly nontrivial, and this mathematical
barrier hinders the accessibility of the methodology by practitioners and also makes it dif-
ficult to extend the methodology to problems that are not yet treated in the literature of
matrix analytic methods in risk theory. As a way to circumvent this problem, in Chapter 2,
we propose a matrix analytic methodology for a certain class of discrete-time risk models.
The exposition of the methodology in Chapter 2 is more elementary than that of Ahn and

Ramaswami’s methodology, and hence, more accessible in many respects. Moreover, the
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model class that we consider in Chapter 2 is a fairly general class of risk models. Thus, we
hope that the accessibility and the generality of the model classes that our methodology
treats together will serve well in promoting the use of matrix analytic techniques to handle

computational concerns in risk theory.

In Chapter 3, we introduce the discrete-time version of a generalization of Ahn and
Ramaswami’s methodology. The original adaptation of Ahn and Ramaswami’s method-
ology in risk theory does not allow for the analysis of risk models with phase-dependent
premium rates. Ahn (2009) later gave another matrix analytic formulation to remedy
this issue through the analysis of the fluid flow process with downward jumps, but at
the expense of losing the simple level-crossing structure of the skip-free sample paths of
the fluid flow process without jumps, which often simplifies the relevant analysis greatly.
Our methodology is the discrete-time version of a generalization of Ahn and Ramaswami’s
methodology in the sense that it is built directly on a sample paths connection between the
risk process and a QBD process without downward jumps, even with the phase-dependent
premium rates. Hence, our methodology can exploit the skip-free nature of the QBD pro-
cess even with the phase-dependent premium rates, unlike the alternative methodology

introduced by Ahn (2009) involving fluid flow processes with downward jumps.

In Chapter 4, we discuss an adaptation of the matrix analytic methodology for fluid
flow processes developed by Bean and O’Reilly (2013) in risk theory. In contrast to Ahn
and Ramaswami’s methodology, the adaptation of Bean and O’Reilly’s matrix analytic
methodology in risk theory enables the analysis of continuous-time risk models with phase-
dependent premium rates based on sample paths connections between the risk processes
and fluid flow processes without jumps. In the first part of Chapter 4, we demonstrate
how Bean and O’Reilly’s methodology can be extended to continuous-time MAP risk mod-
els with phase-dependent premium rates. In the second part of Chapter 4, we apply the
adaptation of Bean and O’Reilly’s methodology in risk theory developed in the first part
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of Chapter 4 to a new risk model which takes into account the stochastic dynamics of the
customers’ arrivals and departures. This new risk model takes a more microscopic perspec-
tive on the evolution of an insurance risk process than the view of traditional collective
risk theory. In this particular risk model, premium rates depend on certain variables and
level-crossings at level 0 must be considered. Thus, the adaptation of Bean and O’Reilly’s

procedures is a suitable choice of methodology to employ.
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Chapter 2

A matrix analytic methodology for a

class of discrete-time risk models

2.1 Introduction

The general form of an insurance risk reserve process (i.e., risk process) {(Us, Ry),t € T},

for an arbitrary index set T (i.e., continuous or discrete), is given by
Ui=u+Cy— Ly, teT,

and some external (possibly multi-dimensional) process {R;,t € T}, where u > 0 is the
initial surplus level, L, is the total claims amount up to time ¢, and C; is the total premiums
received up to time t. Characterizations of stochastic processes {R;,t € T}, {L;,t € T},
and {Cy,t € T}, including their dependence structure, are the determinants of the dynam-

ics of {Uy,t € T}. Herein, we write R; for R; whenever R; is univariate.

Recently in risk theory, a series of papers have applied a fluid flow process based ma-
trix analytic methodology introduced by Ahn and Ramaswami (2004) in the computation

of some transient distributions in continuous-time risk models by exploiting the duality
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between the risk processes and fluid flow processes (see, e.g., Badescu et al. (2005a,b), Ra-
maswami (2006), and Ahn and Badescu (2007)). The enhanced numerical stability of the
matrix analytic methodology compared to the traditional IDE method have made the com-
putational analysis of more complex risk models more feasible. Moreover, the probabilistic
interpretation of the matrix analytic methodology has opened up the doors to different
perspectives than the more analytic approaches taken in the IDE method at approaching

problems in risk process analyses.

Despite the advantages of the methodology however, the mathematics behind the fluid
flow process based matrix analytic methodology is highly nontrivial, and this mathematical
barrier makes it difficult to extend the methodology to problems that are not yet treated
in the literature of matrix analytic methods in risk theory. As a way to circumvent this
problem, and in the hopes of highlighting its computational effectiveness in risk theory,
we propose in this work a matrix analytic methodology for a class of discrete-time risk
models. The computational analysis of discrete-time risk models in general relies on more
elementary mathematics than that of continuous-time risk models, and discrete-time risk
models can also be used as approximations to continuous-time risk models via the process
of discretization (see, e.g., Cossette et al. (2004b)). In actual fact, the exposition of the
methodology in this work is more elementary than that of the fluid flow process based
methodology by Ahn and Ramaswami (2004) for continuous-time risk models, and hence,
more accessible. Moreover, the model class that we consider in this work is a fairly general
class of risk models. Thus, we hope that the accessibility of our methodology and the gen-
erality of the model class that our methodology treats together will serve well in promoting

its computational use in risk theory.

While much of the attention is paid to continuous-time risk models, there is only one
(to our knowledge) relevant paper on matrix analytic methods in discrete-time risk models.

Kim et al. (2008) develop a QBD process based matrix analytic methodology for comput-
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ing the infinite-time ruin probabilities and deficit at ruin distribution of a discrete-time
risk model with a randomized dividend paying strategy. However, the QBD process based
methodology developed by Kim et al. (2008) does not include the analysis of the surplus
prior to ruin. Besides the importance of the surplus prior to ruin itself, the analysis of
the surplus prior to ruin is equivalent to the analysis of what is known as the occupation
measure. The occupation measure plays an important role in the development of a ma-
trix analytic methodology for risk models in that it provides the means to analyze other
quantities of interest such as the expected total discounted dividends paid prior to ruin.
Furthermore, the QBD process based matrix analytic methodology by Kim et al. (2008)
assumes that the claim size distributions are of phase-type, which is a family of light-tailed

distributions.

In this work, we develop a matrix analytic methodology for computing the joint con-
ditional pmf of the time of ruin, surplus prior to ruin, and deficit at ruin of a risk process
belonging to a model class that we refer to as the G/M/1-type discrete-time risk model
(G/M/1 DTRM) class. As we show later in this work, the G/M/1 DTRM class is a fairly
large class of risk models and is not restricted to risk models with phase-type claim size
distributions, rendering a matrix analytic methodology for risk models with general claim
size distributions including heavy-tailed distributions. We first develop a matrix analytic
methodology for the general risk models belonging to the G/M/1 DTRM class and for cer-
tain special cases of the G/M/1 DTRM class, we will be able to substantially reduce the
computational complexity of the methodology, compared to the general case, by exploiting

the special structures in these risk models.

The rest of Section 2.1 discusses some known discrete-time risk models, and introduces
the Gerber-Shiu function and so-called discounted joint pmfs. In Section 2.2, we develop a
matrix analytic methodology for the G/M/1 DTRM class. In Section 2.3, we consider the
MAP risk model, which is a subclass of the G/M/1 DTRM class. In Section 2.4, we con-
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sider the MAP risk model with a dividend barrier, which is also a subclass of the G/M/1

DTRM class. In Section 2.5, numerical examples are provided.

2.1.1 Discrete-time risk models

In discrete-time risk models, T = N, U; € Z, and the aggregate claims amount process
{L;,t € N} can be expressed in two ways. Firstly, we can write L, = > ;_, Y}, where
{Yi,k € Z"} is a sequence of nonnegative integer-valued random variables denoting the
claim amount at time k. Secondly, L; can be written in terms of a random sum—namely,
L, = fo;l Vi, where {N;,t € N} is a counting process corresponding to the inter-arrival
time sequence of claims {7, k € Z} and {)Vk, k € Z*} denotes the (positive) amount of
the k-th claim. Below, we give some of the examples of discrete-time risk models in the

literature.

Compound binomial risk model: One of the very first discrete-time risk models to be
introduced was the compound binomial risk model. In the compound binomial risk model,
{R:,t € N} is simply a constant (i.e., nonstochastic) process independent of {Uy,t € N},
and hence, irrelevant. {Yj,k € Z"} forms an i.i.d. sequence of random variables with
Pr{Y, =0} =1—pand Pr{Y, =1} =pf(l),l € Z", where 0 < p < 1 and f(I) is a proper
pmf on Z*. Furthermore, it is assumed that C; = ct, t € N, ¢ € ZT (see e.g., Gerber
(1988), Shiu (1989), and Willmot (1993)).

Compound binomial model in a Markovian environment: Cossette et al. (2004b)
introduced the compound binomial risk model situated in a Markovian environment as
an extension of the above compound binomial model. Let {R;,¢ € N} be a DTMC on

a finite state space S. In this risk model, {Y;,¢ € Z*} forms an i.i.d. sequence of non-
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negative integer-valued random variables, conditional on {R;,t € N}. More precisely,
Pr{V;=0|R;1=i}=1—and Pr{Y, =y|R 1 =i} =a;fi(y) VL €L, yeZT, i €S,
where 0 < a; < 1 and f;(y) is a proper pmf on Z*. It is also assumed that C; = ct, t € N,

ceZr.

Sparre Andersen risk model: Another extension to the compound binomial risk model
is to relax the distributional assumption imposed on the inter-arrival time sequence of
claims {ng, k € Z*}. In the discrete-time Sparre Andersen risk model, {n;, k € Z*} forms
an i.i.d. sequence of random variables but is assumed to follow a (general) positive integer-
valued distribution unlike the geometric distribution of the compound binomial risk model.
Here, C; is usually assumed to take the form C; = ct, t € N, ¢ € ZT (see e.g., Pavlova and
Willmot (2004), Li (2005a, 2005b), Wu and Li (2009), and Woo (2012)).

Some variations of these models have been proposed as well, which include, for exam-
ple, incorporating level-dependency and random premium processes (see e.g., Landriault
(2008), Drekic and Mera (2011), and Kim and Drekic (2016)). Although we cannot list all
of the discrete-time risk models in the literature here, the above models do provide a good

summary of the types of discrete-time risk models that are generally studied in the field.

2.1.2 Gerber-Shiu function and discounted pmfs

Here, we specify the definitions of the Gerber-Shiu function and the so-called discounted
pmfs. For a discrete-time risk process {(U;, R;),t € N} defined on Z x ‘H for some finite

set H and a nonnegative (well-behaved) function w(z,rq,y, r2), the Gerber-Shiu function
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is defined as

Qb( ) E{V w( T—1) 7-_1,|UT|,RT)I[T<OO]|(U0,R0):’U,},

veNxH,veClC, |y <1, (2.1.1)

where Z[A] is the indicator function of A (i.e., Z|A] = 1 if A is true and Z[A] = 0 if A is
false). The so-called discounted pmfs can be regarded as special cases of the Gerber-Shiu
function, and they are essentially the generating functions of the joint distributions of the
time of ruin, surplus prior to ruin, and deficit at ruin. Hence, these can be numerically
inverted to obtain transient solutions or with the time variable taking values on (0, 1], to
obtain discounted nontransient solutions on the time of ruin, surplus prior to ruin, and

deficit at ruin.

The discounted joint conditional pmf of {(U,_1, R;_1), (U,, R;)} is defined as

(z,y|lu) = Zy Pr{r =n, (Up-1, Ry-1) = @, (Up, R,) = y|(Uo, Ro) = u},

ux e NxH yeZ xH,veC, |v|<]1,

(2.1.2)
the discounted joint conditional pmf of (U,_;, R,_1) is defined as
a:|u ZV PI‘{T—n n— 17 n— 1):$|(U0,R0):’U/},
u,x e NxH,veC, |v <1, (2.1.3)

31



and the discounted joint conditional pmf of (U,, R,) is defined as

hv<y|u) - Z 8 PI‘{T =n, (Um Rn) = y|(U07 RO) - u’}7
n=1

wueNxH yeZ xH,veClC, |v| <1 (2.1.4)

Our primary quantity of interest in this work is the functional h,(z, y|u).

2.2 G/M/1-type discrete-time risk model

2.2.1 Model class definition

Here, we introduce a model class named the G/M/1 DTRM class. A discrete-time risk
process { (U, Rt),t € N} defined on Z x H, for some finite set H, belongs to the G/M/1
DTRM class if {(U;, R;),t € N} has a dual G/M/1-type chain {(X;, J;),t € N}. In par-
ticular, for a G/M/1-type Markov chain {(X, J;),t € N} to be a dual G/M/1-type chain
of {(Ut, R:),t € N} in the G/M/1 DTRM context, {(U, Ry),t € N} and {(X, J:),t € N}
must possess a one-to-one relationship (i.e., there exists a one-to-one mapping W : ZxH —
S = Z x G such that {W(U, R;) = (X3, J:),t € N} forms a G/M/1-type Markov chain).
Since the two processes have a one-to-one relationship, we can analyze the dual G/M/1-

type chain and subsequently convert the results in terms of {(U;, R;),t € N}.

The model class definition of the G/M/1 DTRM class allows us to analyze the risk
models under consideration in the context of G/M/1-type Markov chains. This change in
perspective gives us an opportunity to leverage the matrix analytic methods developed for
G/M/1-type Markov chains in analyzing a fairly large class of risk models. The G/M/1
DTRM class includes all the models discussed in Section 2.1.1 and more. For example, we

describe below the G/M/1 DTRM representation of the compound binomial risk model
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introduced in Section 2.1.1.

As before, let Pr{¥, =0} =1—p,0<p <1, and Pr{Yy =y} =pf(y), y € Z*, where
f(y) is a proper pmf on Z*. Let ¢ € Z" denote the per-period constant premium rate in

the compound binomial risk model setting. Consider the risk process {U;,t € N} given by

t
Ut:u+Ct_ZYk
k=1

We remark that {R;,t € N} is an independent constant process and hence we focus on
{U;,t € N} only. Now, define W(U;) = (|2 ],U; mod ¢) = (Xy, J;), where |2 denotes
the nearest integer less than or equal to x. Clearly, WW is a one-to-one mapping and
WYXy, J;) = ¢X; + J; = U;. Furthermore, note that Pr{U; = j|U;_1 = i} = pf(i + ¢ —
J)+ (1 —p)Z[i+c—j =0]. Writing the same equation in terms of X; and J;, we have

Pr{(Xy, Ji) =(I, m)[(Xi—1, Ji-1) = (a,b)} =

pflca+b+c—(cl+m))+ (1 —p)Zlca+b+c—(cl+m)=0], (2.2.1)

where ca+b = i and cl+m = j. Note that (2.2.1) gives the one-step transition probabilities
of the bivariate Markov chain {(X, J;),t € N}. In particular, let A,; be a ¢ X ¢ matrix

whose (b, m)-th entry is given by (2.2.1). In other words,
(Aavl)b,m = Pr{(Xt7 Jt) = (la m)|(Xt—1a Jt—l) = (CL, b)}
Clearly, {(Xy, J;),t € N} is a G/M/1-type Markov chain with state space S = Z X

{0,1,...,¢—1}. Hence, {(Xt, J:),t € N} is a dual G/M/1-type chain of {U;,t € N} and
the compound binomial risk model belongs to the G/M/1 DTRM class.
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2.2.2 Time of ruin, surplus prior to ruin, and deficit at ruin

Alfa and Drekic (2007) first introduced a DTMC representation for the risk process of
a discrete-time Sparre Andersen risk model. Although they did not identify the G/M/1
structure in their analysis, the core idea in deriving the joint pmf of the time of ruin, sur-
plus prior to ruin, and deficit at ruin is identical to what we present here. Also, we remark
that the G/M/1 DTRM class includes the risk model considered by Alfa and Drekic (2007)

as a special case.

Consider a risk process {(U;, R;),t € N} and its dual G/M/1-type chain {(Xy, J;),t €
N}. Then, the time of ruin can be defined alternatively as 7 = inf{t € Z* : (X,,J;) € A}
for some A C S due to the one-to-one relationship between the risk process and its dual
G/M/1-type chain. Thus, we derive the joint distribution of {7, (X;_1,J,-1), (X, J;)}
instead of {7, (U,_1, R._1), (U,, R;)}. Usually, A =7~ x G and we will assume this is the
case unless specified otherwise. We furthermore assume that the level process {X;,t € N}

of the dual G/M/1-type chain is irreducible.

We proceed to decompose the state space S into A and A°, where A° =N x G. Let

0 1 2 3
0 (Ao Ao
Ap_ 1 Ao Ain Ao
21 Ay Ay Asy Ayg
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denote the TPM corresponding to state transitions from A€ to A¢ and let

-3 -2 —1
Of--- Ap—3 Ap_2 Ao
Ap — Il A3 Ao A

21+ Ay 3 Ay o Ay,

denote the TPM corresponding to state transitions from A€ to A. Furthermore, let ACPZZ

be a block portion of A“P™ whose (j, x)-th entry is given by
(YPL), o = Pr{(Xa, J0) = (2,2)[(Xo, Jo) = (i, 4)}, n € N.
Similarly, let AP;‘J be a block portion of “P™ whose (4, m)-th entry is given by

(“P7) ;1 = Pr{(Xa, J0) = (L m)|(Xo, Jo) = (i,5)}, n€ N,

jm
Then, using straightforward DTMC theory, we obtain

Pr {7‘ =n,(X;_1,J,21) = (z,2), (X, J,) = (I, m)|(Xo, Jo) = (z',j)} =

(ACPZZ_I)J-@ (APZJ)%m, ne’rZr, (i,7),(z,x) € A%, (Ilm) e A, (2.2.2)

Note that our methodology does not target to compute (2.2.2) directly. Instead, our
methodology sets out computational algorithms for computing the discounted joint pmf
which can be numerically inverted to retrieve (2.2.2). For interested readers, direct com-
putation of (2.2.2) can be carried out in a similar fashion as how the joint conditional pmf

of the time of ruin, surplus prior to ruin, and deficit at ruin in Alfa and Drekic (2007) is
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computed.

2.2.3 Fundamental matrix in risk theory

In this subsection, we show that the discounted joint conditional pmf of {(U,_1, R;_1), (U;, R;)}
can be written in terms of a matrix which we refer to as the discounted fundamental matriz.
Consider the dual G/M/1-type chain {(X}, J;),t € N} defined on Z x G, as before. Let "H
denote the discounted fundamental matrix corresponding to the dual G/M/1-type chain
and "H;; a block component of “H whose (j, m)-th entry is given by

ZV"pET oy (1:9), (1,m) € A°, (2.2.3)

where pEZ;),(l,m) = Pr{(X,,J,) = (I, m)|(Xo,Jo) = (i,7)}. Observe that the series in

(2.2.3) converges for v € C, |v| < 1, since every state in A is transient.

To see how the discounted fundamental matrix appears in the discounted joint condi-
tional pmf of {(U,_1, R,_1), (U-, R;)}, let us write the (defective) discounted joint condi-
tional pmf of {(X;_1,J-1), (X,,J;)} as

=> (P, (P, .
n=1
:V(VHi,z)j,m(APz,l)w,mﬂ (1,7),(z,x) € A%, (Ilm) € A, v € C, |v| < 1.

(2.2.4)

Using the duality between the risk process and its dual G/M/1-type chain, we can write

hy(z,ylu) = f, W(x), W(y)Wu)), u,e e Nx H,y e Z™ xH. (2.2.5)
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Summing over all € € N x H and y € Z~ x H in (2.2.5), we can also obtain h,(x|u) and

h,(y|u), respectively.

2.2.4 Computational procedure for discounted fundamental ma-

trix

We next outline two computational procedures for calculating the discounted fundamental

matrix “H .

Method I: Let 7,7 =inf{t € Z* : X; <i}. Then, we can write
("Hi) ;s m
— (n)
ZV P(ig),m)
- Zyn Pr{(X,,J,) = (I, m)|(Xo, Jo) = (i,7)}

n=0

= > v Pr{r, >0, (Xo, Jy) = (IL,m)|(Xo, Jo) = (i,5)}

+ ZV” Pr {7, <n,(Xn,J,) = (I,m)|(Xo, Jo) = (i,5)}
= Zu" Pr{7, >n, (X, Jn) = (I, m)|(Xo, o) = (4,5)}

+ZZV Pr {7y =k, (X, Ju) = (I, m)|(Xo, Jo) = (i.4)}

n=0 k=1

—ZV Pr{7 ;> n,(Xn, Ju) = (I, m)|(Xo, Jo) = (4,5)}

+ZZZZV Pr{ri =k, (Xn, J0) = (I,m), (X, J3) = (z,2)|(Xo, Jo) = (i, 5)}

n=0 k=1 z=0 xzeg
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_Zy Pr{r ;> n, (Xy, Jn) = (I, m)|(Xo, Jo) = (i, 5)}
+) ZZV Pr{r i, =k (Xu,Jn) = (I, m), (Xy, Jy) = (z,2)|(Xo,Jo) = (i,5)}
—ZV Pr {7, >n, (X, Jn) = (,m)|(Xo, o) = (i,5)}

DN

k=1 n=k 2=0 x€g
Pr{ry =k (X Ji) = (2.2)[(Xo, Jo) = (1,5) } Pr{(Xa, J0) = (1 m)|(Xy, Jy) = (z,2)}
_ZV Pr {7y > 1, (X, Ju) = (1,m)|(Xo, Jo) = (i.5) }

o0 o0 i

222 0.

k=1 n=k z=0 g

Pr{r, =k (X, Ji) = (2,2)|(Xo, Jo) = (1, 4) } Pr{(Xn—p, Ju-r) = (1, m)|(Xo, o) = (2, @)}

—ZV Pr{ T > n, (X, Jy) = (l,m)|(X0,J0):(i,j)}

—|—ZZZV Pr{ 1 =k (Xi, Ji) = (,az)|(Xo,Jo):(i,j)}

k=1 2=0 xzeg

: Zyn_k Pr{(Xnp, Jnei) = (I, m)|(Xo, Jo) = (z,2)}
—Zu Pr{7, >n, (X, Jn) = (I, m)|(Xo, o) = (4,5)}
+ZZZV Pr {7y, =k, (X, i) = (2, 2)|(Xo, Jo) = (i, )}

k=1 2=0 xcG

D v Pr{(X,, Jn) = (1,m)|(Xo, Jo) = (z,2) }, (2.2.6)

n=0
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where the seventh and eighth equalities follow from the Markov and stationarity properties,

respectively. Now, let

v, (m Zy Pr{7 > n,(Xn, Jn) = (I, m)|(Xo,Jo) = (i,5)} (2.2.7)

and

“qs ZV Pr{r, =k, (Xi, Jx) = (2,2)|(Xo, Jo) = (4,5) }. (2.2.8)

Then, from (2.2.6), we ultimately have

vplm) Y "H, , it >,
("H,y), 0= Lo Loty (Hotdo 1121 (2.2.9)

Zz 0 Emeg yq(;,;;; (V Hz,z)w’m, if | <.

The computational procedure for calculating V?"g.’;.';) essentially follows that of Ra-

maswami (1982), where similar quantities to rél )) were discussed in relation to a queueing

system. Although the computational procedure for our problem and the proofs are very
much similar to those of Ramaswami (1982), the quantities discussed in Ramaswami (1982)

are not exactly the same as Vrg’;.’;). Therefore, we provide for the sake of completeness the

procedure for computing Vrg’?;) and the proofs here.

Let

9 wmy = Pr iy >k, (X, Jy) = (L, m)|(Xo, Jo) = (i,4)}, k€N, (2.2.10)
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Then, we can write

(k)
9(i.5),(i+1,m)
(
0, if k=0,
(Ai,'i-‘rl)j’m? if k= ]-7

Ziim Zweg Pr {Tijrl >k —1,(Xp-1, Ji-1) = (2,2)[(Xo, Jo) = (ivj)}

PI‘{ +1>1 (Xl,Jl) (z+1,m)|(X0,J0) (Z IB)} if k> 1,

07 lf kf = 0’
=9 (Ai,z'—&-l)j’m, if k=1, (2.2.11)

(k-1 )
\ZZ i+1 ergg )2 )(Az’i+1)sc,m’ if k> 1.

z+1 m)

Noting that “ r => V" g ”) (i+1,m) Multiplying (2.2.11) by v*, and summing over

k gives

Vrg,—;)Lm) = ( 1Z+1 + Z ZZV g( ZH_l)a:,m

z=i+1 xeG k=2

=v(Aiin),, + Z S v (Anin) o (2.2.12)

z=i+1 x€g

Let “R,;; be a matrix whose (j,m)-th entry is given by ” 7’( . Then, (2.2.12) reduces to

o0

"R, = Z "R, VA, i1, (2.2.13)

z=1

where "R, ; = I for all i € N from the definition of r(i ;’;) Herein, we will refer to
{"R; }720,5; as the set of discounted rate matrices. Now, by conditioning on the last time

the chain visits level ¢ + 1 without having fallen below level ¢ + 1 and the phase at that
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instance, we can also write

(k)
9(i,4),(i+nm)

k
=N P {r > LX) = i+ 1) |(Xo, Jo) = (i.5) )

=0 g
Pr{r i, > k=1 ( X4, Jpt) = (i +n,m)|(Xo, Jo) = (i + 1,) }
_ (k1)
Z Zg(la (i+1 m)g i+1,2),(i+n,m)’ n=2. (2214)
=0 z€g

Once again, multiplying (2.2.14) by v* and summing over k yields

(z+n m) k
Z v g(w (i+n,m)

= Z Z > G it )

k=0 1=0 =g

_ k(D) (k=0)

=D 0> 00 1T ()
xeG 1=0 k=l

k—1 (k=)

o Z Z v g ,(i4+1,x) v g(i+1,w),(i+n,m)
zeG 1=0 k=1

o z+1 :c)u (i+n,m)
= S e > 2, (2.2.15)
xeg

Writing (2.2.15) in matrix form, we obtain

Recursively expanding (2.2.16) immediately leads to
i+n—1

"Riiyn = H "Ry 1, nELT. (2.2.17)
k=i
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Depending on the specific structure of the dual G/M/1-type chain, one may be able to
solve for the set of discounted rate matrices {"R,;}7%,>; from (2.2.13) and (2.2.17). How-
ever, in the general case given here, (2.2.13) and (2.2.17) are not enough to solve for the
set of discounted rate matrices. Hence, we defer the discussion to the subsequent sections
which discuss specific risk models in which (2.2.13) and (2.2.17) give a way of solving for
the set of discounted rate matrices. In the remaining part of this subsection, we assume

that the set of discounted rate matrices have been computed and proceed to compute ngfﬁ).

Let

ngmf:m{qh:kxmeg:(mmmxwm):ujﬂ,ag@beg

Then,
(k)
9 5), (=)
(
0, if k=0
(Aiz). ifk=1
’ J,:B

Z(C;o:i—i-l Zbeg Pr {Tiji—l >k — 17 (Xk—h Jk—l) = (CL, b)‘(X(Jv JO) = (’L,])}

x Pr {Tijrl =1,(X1,J1) = (z,2)|(Xo, Jo) = (a,b)}, if k>1,

\
(

0, if k=0
=19 (A:.) if k=1 (2.2.18)

j?w’

(k—1) .
| ettt Zveg i) (Aas)pgr  1HE> 1.
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Multiplying (2.2.18) by v* and summing over k yields

v (z®) = k (k)
Uig) — Z” Uig). (=)

_ k

SCEIES 35 3D 3
k=1 a=i+1 beg

k-1 (kr 1)
A+ 3 DYl (An),.

a=i+1 begG k=1

Y (A 2219

a=1 beg

CL Z)b,:l‘:

Let “Q, , be a matrix whose (j, x)-th entry is given by Vq((ff)), and let us refer to {"Q; . 172 .<;
as the set of discounted ladder height distribution matrices. Then, writing (2.2.19) in matrix

form yields

o0

VQi,z = Z VRi,aVAa,z- (2220)

a=1

Returning to the fundamental matrix "H , from (2.2.9), we obtain

VRivl —I— ZZZO UQ’i,Z VHZ,Z’ if l Z /1:7

'H,, = (2.2.21)
ZZZ:O VQi,ZVHz,b if [ <.
Solving for YH ;; in (2.2.21), we have
-1
(I - VQi,i) (VR'Ll + ZZ . Vsz 2,1 )a if { Z ia
: (2.2.22)

il = -
(1-0.) (srecm) i

Thus, by way of probabilistic reasoning, (2.2.22) affords us with a way to compute the
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discounted fundamental matrix.

Method II: To begin, we shall define a quantity which in the queueing theoretic liter-
ature is referred to as the G matrix (see e.g., He (2014)). Before we formally apply the
concept of the G matrix to our problem, we should first tailor the definition of the G

matrix to suit our problem.

Let 7, = inf{t € Z* : X; = i},

wéi;)v(l,m) = Pr {T > k77—l = k? (Xka Jk) = (l7m>|(X07 JO) = <Z7J)}7 Z7l > 07 k€ Z+7
(2.2.23)
and
Yw Zu Wk gy 81 =0,V €C, V] < 1. (2.2.24)

Let "G, be a matrix whose (j, m)-th entry is given by ” w We refer to {"G};}iio

ZJ)
as the set of discounted fundamental period matrices, and next, show how the discounted

fundamental period matrices can be used to solve for the discounted fundamental matrices.

We first make the following observation. Since the dual G/M/1-type chain can move

up at most by one level, conditioning on 7,41 and the phase at 7,1, we obtain

(k—=z
(i+n,m) Z Z Wi g),(i+1,2) z+1,)m),(i+n,m)7 n ezt (2.2.25)

z=1 x€g
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Multiplying (2.2.25) by v* and summing over k leads to

v (i+n,m) v (i+l,x) v (i+n,m) +
wip ™ = iy ey ezt
zeg

which, in matrix form, becomes

i,04n

Proceeding inductively, we can ultimately conclude that

i+n—1
Giin = H "G pi1s N ELT. (2.2.27)
k=1

To solve for "G n € Z%, we condition on the one-step transition of the dual

1,04+n)

G/M/1-type chain. In particular, we have

p

0, k=0,
Wig)(i+im) =\ (Aiit1) j o k=1, (2.2.28)

i (k—1)
\ZZZO Zweg (Aivz)jvmw(z,w),(i—&-l,m)’ k > 2.

Again, by multiplying (2.2.28) by v* and summing over k, we have

win ™ = (i) T 20D (Aiie v ™

2=0 xeg
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In matrix form, this gives rise to

i
14 14
Gz‘,7;+1 =vAiin+ E VA, Gz,iJrl

z=0
= VA + Z VA, . H "Gt (2.2.29)
z=0 k=z

where the second equality follows from (2.2.27). Solving for "G ;,, from (2.2.29) yields

i—1 i—1 -1
VGi,iJrl = (I - Z VAi,z VGZ72+1> VAM+1- (2230)
z=0 k=z

Hence, by initially solving for "G, one can recursively obtain "G, ,, i € Z7", using

(2.2.30).

For 0 <[ <4, by conditioning on 7, ; and the phase of the chain at 7;,,, we obtain

0, k=0,

® 2.2.31
Wig)(t:m) (o) (2.2.31)

(*)
S ZOZmegq(m o)) tm) T ig.amy K >0

Multiplying (2.2.31) by v* and summing over k leads to

Wi ZZ Uiy Wiem) + Ui

z;éO xzeG
which in matrix form, reduces to
i
‘G =) "Qi."G. + Q. (2.2.32)
o
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Solving for "G, ; from (2.2.32) and combining it with (2.2.27), we ultimately have

(

Zzz_:t ) i,zVGz,l + VQi,i? iti = l,
-1
‘G, - (I - ”Q“-) (zi;z 'Q."G., + ”QH), 1< (2.2.33)
’ Z?él ) ) k]
-1 v . .
\Hk:i Gk,kJrla if I > 1.

Thus, we can compute {"G, }>0 recursively via (2.2.33).

Returning to the discounted fundamental matrix, by conditioning on 7; and the phase

of the chain at 7;, we can write

I+VGllVHll, lfl:Z,
"H,;, = 7 7 (2.2.34)
"G, 'H,, i1 4.

Solving for YH ;, in the first line of (2.2.34), we ultimately have

I1-'G,) ", if | =i,
YH,, = ( ) e (2.2.35)

"G (I —"Gy,) ", ifl#i.

Remark 2.2.1: Typically, Method I will be a more preferable choice to Method II for
computing the discounted fundamental matrix, since the computation of the discounted
fundamental period matrices is generally more computationally intense. However, note
that Method II provides a rather straightforward way to compute the discounted funda-
mental period matrices with (2.2.35) once the discounted fundamental matrix is already

available.
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Remark 2.2.2: The discounted fundamental period matrices can be used to study var-
ious hitting times of the risk process prior to ruin, and hence, are useful quantities in

analyzing the risk process.

Remark 2.2.3: Although we laid out the computational procedures for the discounted
fundamental matrices for general G/M/1 DTRMs above, the actual implementation of
these computational procedures will vary depending on the specific models that are con-

sidered.

2.3 MAP risk model

A MAP risk model is comprised of a discrete-time MAP {(Ny, J;),t € N} with m phases,
TPMs (Py, P;), and the conditionally i.i.d. claim amount per period sequence {Y;,t € Z*}
(conditional on the phase process {J;, t € N} of the MAP). In particular, let f; ;(y),y € Z™,
denote the pmf of Y9 = Yi|(I, = 1,J; = j, J,_1 = i) V t € Z*, where {I,,t € Z*} is a
sequence of Bernoulli random variables which are equal to 1 when there is an arrival at
time ¢ in the underlying MAP. (Note that Y;|([; = 0,J; = j,JJ;_1 = i) is equal to 0 w.p.
1V i,jand t € Z.) Furthermore, we assume that premiums are received at a constant
(deterministic) rate ¢ € Z* per unit time. Then, for u € N, we can express the surplus

process as

t
Uy=u+ct—» Y, teN.

k=1

We now show that {(Uy, J;),t € N} belongs to the G/M/1 DTRM class.

Let X, = L%J and V; = U; mod c. Letting X, be the level of the process, {(X, Vi, J;),t €
N} is clearly a dual G/M/1-type chain on the state space S = Z x {0,1,2,...,¢c— 1} X
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{0,1,2,...,m — 1} with (one-step) transition probabilities given by

(Ait) ) @y = Pr{(X1, Vi, 1) = (1,0, b)[(Xo, Vo, Jo) = (i,.j,0)}
= Pr{(Uy, 1) = (cl + a,b)|(Uy, Jo) = (ci + j,v)}
=Pr{(V1, 1) = (ci + j + ¢ — (cl + a),b)|Jy = v}
= powpIlci +j+c—(cl+a) = 0]

+p1w,bfv,b(ci +j +c— (Cl + CL)) (231)

Furthermore, observing the structure of these transition probabilities, we notice that
A;; is not dependent on specific values of < and [, but rather on the difference i —I. We refer
to such a model as the level-independent G/M/1 DTRM. Thus, w.l.o.g., we will henceforth

write A;_;4; for A; ;.

2.3.1 Time of ruin, surplus prior to ruin, and deficit at ruin

Due to the definition of (X, V;, J;), the time of ruin can be written as 7 = inf{t € Z* :
X; < 0}. Therefore, the absorbing classis A = Z~ x{0,1,2,...,¢—1}x{0,1,2,...,m—1}.

Let
0 1 2 3

0[A A
.ACP — 1 A2 Al AO
214A; A, A, A
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denote the TPM of the open class of {(X;, V;, J;),t € N}, and let

-3 -2 -1

0f--- Ay Az A,

AP _ 1]--- A5 A4 A3
21--- Ag As Ay

denote the TPM corresponding to state transitions from A° to A. Then, from the G/M/1
DTRM theory, the conditional joint pmf of the time of ruin, surplus prior to ruin, and

deficit at ruin is given by

Pelr = b, (Us 1, Jo 1) = (a,0), (Un, 1) = (1) (U, Jo) = (. 1)} =
Pr{T:t,(XT_l,VT 1, I (L% |,a mod ¢, v)

<XT,VT,JT>=<Z J. 2 mod ¢,)| (X, Vo, Jo) = (121, mod ¢,7)} =

( Pt 1 (.AP

Lelle J)(u mod ¢,j),(a mod ¢,v) (232)

L%J,Léj)(a mod ¢,v),(! mod ¢,b)"

Again, note that our methodology does not target to compute (2.3.2) directly. Instead,
our methodology sets out computational algorithms for computing the discounted joint

pmf which can be numerically inverted to retrieve (2.3.2).
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2.3.2 Fundamental matrix via Method I: General claim size dis-

tribution

We first describe the procedure for computing the discounted rate matrices. Due to the
level independence of the dual G/M/1-type chain of the MAP risk model, the discounted
rate matrices do not have level dependency either. In other words, "R,;; can be written
as "R, ,, i < 1. Moreover, by (2.2.13) and (2.2.17), we can conclude that "R, , = "R"™,

where the matrix "R is the coefficient-matrix-wise minimal nonnegative solution to

X =) X"vA,. (2.3.3)
n=0

We omit the proof as it is very similar to the proof shown in Neuts (1981). Of many
existing algorithms for finding "R, a method for which convergence is guaranteed comes

by setting “R(0) = 0, and recursively computing “R(k + 1) via the following iteration:
"R(k+1) =) "R(k)"vA,, keN. (2.3.4)

n=0

Note that [|["R(k)"VAu|max < [|'R"Ap|lmax for all k,n € N, v € C, |v| < 1, where
|| Al|max = max; j|a; ;| denotes the max norm of a matrix A = (a,;). Hence, the series on
the right hand side of (2.3.4) converges for all £ € N. In practice, one needs to truncate
the summation by truncating {A;,7 € N} to {A;,7 € {0,1,...,N}} where Ay = > 7~ v A;.

Once we have computed "R, the discounted ladder height distribution matrices can be

computed via (2.2.20), namely
Q.= "R"WA, .. (2.3.5)

a=1

Similar to the case of the discounted rate matrices, the discounted ladder height distribution

matrices are also level-independent in the sense that we can write “@Q,_, instead of "Q), .
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To see this from (2.3.5), we write
VQi,z = Z Z/-Raiiyl4a,—z+1 = Z VRaVAi—z+a+1' (236)

a=1 a=0

Clearly, "Q; , does not depend on the specific pair of values of i and z, but rather on the

difference ¢ — z. Hence, from (2.3.6), we can recursively compute {"Q,}22, as

VRVQZ = Z VRa+1VAz+a+1 - Z VRaVAZ-I—a - VAZ = VQZ—l - VAz’

a=0 a=0

which implies that
"Q._., ="R"Q,+VA.. (2.3.7)

If one truncates {A;,i € N} to {A;,7 € {0,1,...,N}} as in (2.3.4), then one can set

“Qy_, = VA and perform the recursion given by (2.3.7).

We can also compute {"H;, };>0 quite efficiently with a different recursion than (2.2.22).

We first rewrite (2.2.22) with the level independence incorporated in as

-1
(I — ”Q0> <”R” +307% ”QH”HZJ), if 1>,

YH,, = . (2.3.8)
(I - ”Qo> (Z’;B QHZ) if 1 < i.
By observing (2.3.8) carefully, we find that the following relation holds:
"H, ="H,;"R'™", | >i. (2.3.9)

We can prove (2.3.9) using mathematical induction. From (2.3.8), we clearly have

VHQJ — (I . VQO)_IVRZ — VH070VRZ’ l 2 0’
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and (2.3.9) holds true for i = 0 and [ > 0. Next, assume that (2.3.9) holds true for levels

k=0,1,2,...,7 and for all [ > k. Then, for some n > 0, we have

A= (1-0)
(1)
:( ) (Iﬁi Qo VH VR )R
(

(-

_ v
="H, "R".

i+1—1
vn E :
R + Qz—l—l z z z+1+n>

+1-—-1
I/R’n+ Z Qz+1 ZI/H Z/Rz+1+n z>

i+1—1
) I + VQH—l—zHZ,H-l) "R"

zZ=

Thus, we have proven that (2.3.7) holds true for all i > 0.

With (2.3.9), we can derive another recursive formula for "H ,,, [ < i, which is given

by

a0

'H, ="H, ,+"H;; ,"R. (2.3.10)

To prove (2.3.10), we first have from (2.3.8) and (2.3.9)

-1 i—1
VHi,i = <I - VQO) <I + Z VQi—zVHz,i)
-1 - -1 ,i-1

= (I - VQO) + (I - VQ()) <Z VQi—zsz,i—1> ‘R

z=0

="H,,+"H,, \"R,i>0. (2.3.11)

2,0—1

Now, suppose that for fixed [, (2.3.10) holds true for levels k = [,1+1,...,i—1. Then, we
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VHz',z = (I - VQO) ( VQz—zVHz,z)
z=0
—1 i—1 - -1
() (S m) (10 (5o )
z=l z=0
-1 ,i—1 -1 ,i—1
= (I - VQO) (Z VQZ'ZVHZLO) + (I - VQO) (Z VQizVHz,ll) "R
z=l z=0
—1 ,i—l-1 -1 ,i-1
= (I — VQO) ( VQi_l_ZVHzp) + (I - VQO) <Z VQi—zVHz,l—l> ‘R
2=0 2=0
="H, ,,+"H;; \"R, (2.3.12)

where the first equality follows from (2.3.8), and the second equality from the induction
hypothesis and (2.3.9). Therefore, with (2.3.11) and (2.3.12), we have proven that (2.3.10)
holds true for all ¢ > 0.

In most cases, we are interested in computing "H ,,, V [ > 0, for a given value of ¢ > 0.

3,09
To do this in a computationally more efficient way than (2.3.8), one can compute "R,
{"Q. 12, and {"H, (}i°, (with truncation), and subsequently apply (2.3.9) and (2.3.10).
This results in a greatly improved computational procedure compared to directly applying

(2.3.8) for all values of [ > 0.

2.3.3 Fundamental matrix via Method I: Matrix-geometric claim
size distribution

Assume that Y9)|(I, = 1,.J, = j, J,_; = 1) is independent of j and let YO|(I, = 1,J,_; =

i) denote the claim size random variable at time ¢ which follow a matrix-geometric distri-

bution. In particular, f;(y) = a,TY " '~7, i € {0,1,2,...,m — 1}, where a; is a 1 x m; row

vector, I'; is a m; X m; square matrix, =, is a 1 X m; row vector, T denotes the transpose
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operator, and m; € Z*. We remark that o,V '47 is a valid and proper pmf for y € Z*.

We still leave the premium rate as general, i.e., c € Z*.

Then, we have

0 1 2 |
A= 9 | diag2)P,  diag(1)P; P, o |
¢ — 1 \diag(c —1)Py diag(c —2)P, diag(c—-3)P, --- Po

where diag(k) denotes an m x m diagonal matrix whose (i,7)-th element is given by

;T 14T i€ {0,1,2,...,m — 1}. Similarly,

0 1 2 s c—1
0 diag(cen) Py diag(en — 1)P diag(en — 2) P cee diag(en +1 — ¢) Py
1 diag(cn + 1)Py diag(cn)P1 diag(cn — 1)P; e diag(cn + 2 — ¢) Py
An — 2 diag(cn + 2) Py diag(cn + 1) Py diag(cn) P e diag(cn + 3 — ¢) Py  nezt.

c—1 diag(cn + ¢ — 1)Py diag(cn + ¢ — 2)Py diag(cn + ¢ — 3)Py diag(cn) Py

It is possible to rewrite A, in such a way that the infinite series in (2.3.3) can be avoided.

To this end, we introduce a number of matrices. Let

0 1 2 m—1

0 [as 0 O 0

1 o a o 0

A= 9 1o 0 a 0
m—1\0 0 0 Q1
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and

0 1 2 c—1
0 £CP1 Scflpl ch2P1 e €1P1
L | &P &P &P - &Py
== 2 €c+2P1 £c+1P1 EcPI T €3P1 ’
c—1\&e1P1 &eoP1 & gP1 - E.P
where
0 1 2 m—1
0 [TF 14T 0 0 0
1 0 Tyl 0 0
= _ keZ".
3 2 0 0 TElal .. 0 ke
m— 1 0 0 0 | AN
Finally, let
0 1 2 m—1
0 (I, 0 0O 0
1 0 I, 0 0
diagT)= 5 | o o T, 0
m—1\0 0 0 r,

Note that the size of A is m x m*, &, is m* x m, B is cm* X em, and diag(T") is m* x m*,

where m* = Z?i_ol m;. Letting I, denote the identity matrix of size k, we can rewrite A,,
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as
A, =(I.® A)(I.® diag(T)* "=, nezt, (2.3.13)

where ® denotes the well-known matrix Kronecker product operator (see e.g., Bernstein

(2005)).

Revisiting (2.3.3), we can rewrite the matrix equation as

vec(X) = vec(Ag)v + Zvec(X"An)u, (2.3.14)
n=1
where vec(X) denotes the vectorization operator (see e.g., Bernstein (2005)). Applying
(2.3.13) to (2.3.14) ultimately yields, following some matrix algebra:

vec(X)

= vec(Ap)v + Z vee(X"(I. ® A)(I, ® diag(T)“""E)v
n=1

= vec(Ap)v + Z (((IC ® diag(T))“" V=) ® X”—1>Uec(X(IC ® A))v

n=1

= vec(Ap)v + Z ( =27( ®d1ag(]_"'|'))c(n—1)> ® anl)vec(X(Ic ® A))l/

= vec(Ag)v + Z (B"®Iom) ((Ie® diag(TT))“" "V @ X" Novee(X (I, @ A))v

n=1
= vee(Ag)v + (BT @ Iom) Y (I ® diag(IM))° ® X)" vec(X (I ® A))v,  (2.3.15)
n=1

where the second equality follows from a property of the vectorization operator, the third
from the transposition property of matrix products and Kronecker products, and the fourth
and fifth from the mixed-product property of Kronecker products (see e.g., Bernstein

(2005)). Therefore, as in (2.3.4), the iterative scheme to solve for the discounted rate
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matrix follows as

vec("R(k + 1))
=vec(Ag)v + (BT ® I,) Z @ diag(TT))* ® ”R(k))nilvec(”R(k:)(Ic ® A))v

= vee(Ag)v + (BT @ L) (Lzmm- — (I @ diag(TT))* @ "R (k)) " vee("R(k)(I. ® A))v,
(2.3.16)

where we set “R(0) = 0. Once again, noting that [|"R" (k) |lmax < ||"R"|lmax for all n, k € N,
the infinite series on the first line of (2.3.16) converges for all £ € N, and hence, the inverse

matrix on the second line of (2.3.16) is valid.

Now, recalling (2.3.6) and proceeding similarly as in (2.3.15), we obtain

vee("Q,)

=y Z vec(”R“An+1+a)

a=0

=v Y vec("R(I. ® A)(I. ® diag(T")" ")) =)

=v Y vec(*R*(I.® A)(I. ® diag(T")"")(I. ® diag(T")**)Z)

Mz iMe 1

I, ® diag(T"))“2)" @ ”R“) vee((I, ® A)(I, ® diag(T)™))

14
14

2 (0
(

(
ET(I. ® diag(TT))“) @ ”R“) vee((I. ® A)(I. @ diag(T')™))

Il
=)

a

W

V(ET® L) Y ((I.® diag(TT))° ® "R)“vec((I. ® A)(I. ® diag(T')™))

NE

[en]

= V(BT ® L) (L2mm — (I @ diag(T'T))* ® ”R)_lvec((Ic ® A)(I. ® diag(T')™)), n € N.
(2.3.17)

Hence, one has explicit expressions for {"Q,, }nen. Finally, for computing the discounted
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fundamental matrices, one can follow the same procedure as outlined in Subection 2.3.2.

Remark 2.3.1: An explicit expression for the discounted fundamental matrix in terms
of {"Q,}nen and "R is also available by recursively solving (2.3.8). However, this explicit
solution is not computationally more advantageous, but rather, it adds complexity to the
implementation of the computational procedure. Further simplification of the explicit ex-
pression for the discounted fundamental matrix is perhaps possible, but we have not found

one yet.

2.4 MAP risk model with dividend barrier

The so-called dividend problem in insurance risk theory was first introduced by de Finetti
(1957), where de Finetti introduced a barrier-based dividend payment strategy. In this
section, we study the MAP risk model with the same barrier strategy introduced by de
Finetti, and show that the MAP risk model with the constant dividend barrier belongs to
the G/M/1 DTRM class.

A MAP risk model with a constant dividend barrier b € N is comprised of a discrete-time
MAP {(Ny, J;),t € N} with m phases, TPMs (Py, P), and the conditionally i.i.d. claim
amount per period sequence {Y;,t € Z*} (conditional on the phase process {J;,t € N} of
the MAP). In particular, let f;;(y), y € Z*, denote the pmf of YY) = Vi|([; = 1, J; =
gy Ji1 =1i) Vit € ZT, where {I;,t € Z"} is a sequence of Bernoulli random variables which
are equal to 1 when there is an arrival at time ¢ in the underlying MAP. Furthermore,

we assume that premiums are received at a constant (deterministic) rate ¢ € Z™ per unit
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time. Then, for u € {0,1,2,...,b}, we can recursively define the surplus process as
Ut(b) = min(Ut@1 +c—-Y;, b), teZr,

where Uéb) = U.

®)
Let Xt(b) = LUtTJ and V;(b) = Ut(b) mod c. Letting Xt(b) represent the level of the chain,
{(Xt(b),‘/;(b),l]t),t € N} is clearly a dual G/M/1-type chain of {(Ut(b),Jt),t € N} with

(one-step) transition probabilities given by

(Ait) o). (a2)
_ (b) 1,(b) _ (b) 1) T .
- Pr{(Xl 7‘/1 ?‘]1) - (laaax)‘(XO 7‘/0 7J0) - (Z,j,’l))}z[o S CZ+] S b,O S Cl—i—@ S b]
= Pr{(U", 1)) = (c + a,2)|(U", Jo) = (ci+ j,0)}T[0 < ci+j < b,0 < cl +a < b
=Pr{(Y1,h)=(ci+j+c—(cd+a),z)|Jo=v}ZT[0<ci+j<b0<cl+a<b

ci+j+c—b
+ > Pr{(Vi, 1) = (k,2)|Jo=v}Z[0 < ci+j < b,cl+a=1]
k=0

= P L0<ci+j<b0<cl+a<bcit+j+c—(cd+a)=0]

+prvafos(ci+j+c—(cl+a)I0<ci+j<b0<cl+a<b
ci+j+c—b
e Y. foalR)I0 < citj<bel+a=10]. (2.4.1)
k=1

Unlike the MAP risk model without the dividend barrier, the one-step transition prob-
abilities of the dual G/M/1-type chain of the MAP risk model with the dividend barrier
are level-independent through levels 0 up to B — 2 and becomes level-dependent at level
B — 1, where we set B = [2]. More specifically, we can write A;; = A;_;4; (due to the
level independence) for ¢ = 0,1,2,..., B and j such that |i — j| > 0, A;;;1 = A, for
1 =0,1,2,...,B -2, and Ap_; p and Ap p are not necessarily the same substochastic

matrices as Ay and A;.
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2.4.1 Time of ruin, surplus prior to ruin, and deficit at ruin

As in the MAP risk model without the dividend barrier, the time of ruin can be written
as T = inf{t € ZT : Xt(b) < 0}. Therefore, the absorbing class is again A = Z~ x
{0,1,2,...,c—1} x {0,1,2,...,m — 1}. Let

0 1 2 3 B
0 A, Ay
1| oA, A, A,
AZP — 2 A3 A2 A1 AO
B—1 AB ABfl ABfl,B
B AB+1 AB AB,B

-3 —2 —1

0 Ay Aj A,

1 As Ay Az

WP = 2 Ag As Ay

B\--- Apyy Apis App

denote the TPM corresponding to state transitions from A€ to A. Then, employing the

same derivation used in (2.3.2), the conditional joint pmf of the time of ruin, surplus prior

61



to ruin, and deficit at ruin is given by

Pr{r =t,(UY), J.1) = (a,0), (U, J;) = L, )IUP, o) = (u,4)} =

-
(AZPt—l .

L2)12] ) (u mod ¢,j),(a mod c,v) ( . (242)

A
bPI_%j,I_éj ) (a mod ¢,v),(I mod c,b)

2.4.2 Total discounted dividends paid

One of the key quantities of interest in this subsection is the total discounted dividends
paid prior to a deterministic time point or the time of ruin. First of all, we assume that
the insurance company no longer operates once it enters into the ruined state, and hence,

no further dividend payments are made after the company is ruined.

We first consider the expected total discounted dividends paid prior to either a fixed
(finite) time point or ruin, whichever happens first, and let this fixed finite time point be

denoted by T' € Z*. Let
D, = max(UY, + ¢ — Y, — b,0), t € Z*,
and
T
DI (v) =Y V'DI[r > 1]
t=1

denote the total discounted dividends paid up to 7" for a discount factor v € (0,1). Writing
D, in terms of the dual G/M/1-type chain, we have

D; = max(cX + V) + ¢~ Y, —b,0), t € Z*.
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Following this, we have

E{DTot ‘(Uob)ajo) (u,i } ZytE{'Dt T > tH(UOb)’JO) (u, Z)}

t=1

T
=N VE{DI[r > (X V", ) = (L%J,u mod ¢, j)}.
t=1

From (2.3.1) and (2.4.1), and by also conditioning on (Xt(f)l, Vt 1» Ji—1), we obtain

u .
E{DIZ[r > ]|(x", vo(l’), Jo) = (L—J,u mod ¢, 5)}

B c—1 m—1 c—1

3

A pt—1 A°
max(cB + 1 —b, O)( PL | Z)(u . CJ)}@J})( bPZ’B)(w,v),(l,w).

z=B—1 z=0 v=0 [=0 w=0
(2.4.3)
Therefore, we ultimately arrive at
e} b
E{DF*W)|(U", Jo) = (u.1)}
T B c—1 m—1 c—1 m—1
= vt max(cB +1—0,0 <“4CPtZ1 > (ACPZ ) .
; 221 2=0 v=0 =0 w=0 o Leb2) wmod e @) \ 77 P/ (@ ()
(2.4.4)

Secondly, consider
D (v Z VDT < od] Z VDT > 1],
t=1 =

which actually represents the total discounted dividends paid prior to ruin. (Note that the
event of ruin is certain (w.p. 1) to occur with the dividend barrier b in place.) By the

dominated convergence theorem (DCT) (see e.g., Resnick (2005)), we have

E{D™(v |(U(§b ,Jo) = (u,i)} = ZVtE{DtIT > tH(Uéb ,Jo) = (u, i)}
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Then, from (2.4.3), it follows that

0 B
_ t _ A° pt—1 Ae
= Zu Z Z max(cB + 1 —b, 0)( PL u, >(u o C’j)’(x’v)( bPz,B>(x,U)’(l7w)
B oo
. _ t( Ac A°
=V Z Z Z max(cB +1—b,0) ZV( bP )(umodcj)(m)< bPZ’B>(a:v)(lw)
—B t=0 bt o

b,y A€
max(cB + 1 — b, 0)( HL%J,z) (o mod e (o) < bPZ,B> o)t

(2.4.5)

where

ZVM;PL L)

and " H is the discounted fundamental matrix of the dual G/M/1-type chain of the MAP
risk model with the dividend barrier b.

As can be seen from (2.4.5), the discounted fundamental matrix plays, yet again, a crit-
ical role in calculating the expected total discounted dividends paid prior to ruin. Com-
puting the discounted fundamental matrix for the dual G/M/1-type chain of the MAP
risk model with the dividend barrier, however, is not as straightforward as in the MAP
risk model without the dividend barrier. As a result of level dependency in the one-step
transition probabilities of the dual G/M/1-type chain of the MAP risk model with the
dividend barrier, the discounted rate and ladder height matrices are also level dependent,
unlike the MAP risk model without the dividend barrier. This presence of level depen-
dency really adds on the computational cost. As such, Methods I and II discussed earlier
do not necessarily produce the most efficient algorithms to use. Therefore, we introduce

a computationally more superior (in most cases) algorithm later on in this section. Nev-
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ertheless, we first provide brief discussions on Methods I and II to demonstrate how the
algorithms developed for the general G/M/1-type discrete-time risk model can be applied
to the MAP risk model with a dividend barrier.

2.4.3 Fundamental matrix via Method 1

Let {bVVRi,l}iB;O,lzb {b’”Q“}f;O’lgi, and {b’”G“}fl:O denote the discounted rate, ladder
height distribution, and fundamental period matrices of the dual G/M/1-type chain of the
MAP risk model with a constant dividend barrier b € N. From Section 2.2,

o0
b,y . b,y
R\, = E VR, VA
n=0

=Y "R, WA, 0<i<B-1 (2.4.6)

S}

.

3
Il
=)

Solving for "R, ,,, in (2.4.6) yields

1,it

—1
B—ib, .
VA, <I — Dt VRi+1,i+nVAi+n,i+1> , 0<:i:<B-1,

0, i > B.

. b,v . i+n—1 b,v
Noting that "R, ;,, = [],Z; R, .., we have

7

. . -1

VA, 1<I — Zf: HZJ;T;_I "R VAiin, 1> , 0<i<B-1,

b,uRi7i+1 _ + 1 Hk=it+1 k k41 +n,it+ (2.47)
0, i> B.

Thus, we can recursively compute the discounted rate matrices by first computing "R B_1B"
Note that unlike the MAP risk model without the dividend barrier, we can compute the

discounted rate matrices exactly and without having to truncate the matrices {A;;}i<it1-
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Once we have computed the discounted rate matrices, we can compute the discounted

ladder height distribution matrices { b7VQi,l}5:0,l§i via

B—i
bJ/Qz’,l = b’VRi,HnVAiJrn,l

n=0
B—ii4+n—1

=> I "RipprvAipns, 0<i<B-1, (2.4.8)
n=0 k=t

and
"Qp, =vAp,. (2.4.9)

Once again, we exploit a recursive relationship that holds for b”’Qi,l. From (2.4.8), we have

B—ii+n—1

by _ b,y b,y
Q; =vAiu+ "Ry, E : H Ry 1V Aign
n=1 k=i+1
B—ii+1l+n—1

b,v b,v
=VvA; + Rm’+1 E H Rk7k+1VAi+l+n,l

n=0 k=i+1

=vAi + "R " Qy ) 0<i<B-1. (2.4.10)

As a result, one can compute b’”Q B, Using (2.4.9) and then apply the recursive rule of

(2.4.10) to compute the remaining discounted ladder height distribution matrices.

Finally, the block components of the discounted fundamental matrix are given by

-1
b,v -1 bv i—1 by b,v . .
(I - Q”) (Hk:z Rk:,k:-i—l + Zz:() Qi,z Hz,l> , if 1 >,

bJ/HZ"l — 1 '
(I - bJ/Qi,i) (Z,Zz_:t bWQz‘,z b7VHz,l) ) if l <1

(2.4.11)

Similarly, as in the case of the MAP risk model without the dividend barrier, we can re-

. b . . . .
cursively compute bYH ., from " H ;. Using the same mathematical inductive arguments
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employed in proving (2.3.9) and (2.3.10), we can show that

-1

b’sz‘,l = b’VHz',z' H b’VRk,kH, [ >4, (2.4.12)
k=i
and
b,v b,v b,v b,v .
H,, =" "N, +"H, "R_,, <1, (2.4.13)
where

—1 i—1
b,l/Nijl = (I _ b’yQi,Z) (Z b’yQi,zb’VNz’l)’ [ <1, (2.4.14)
z=l

with b’”Nm- = (I - b’”Qi,i)*l. Once again, note that (2.4.12) and (2.4.13) yield a more
computationally efficient algorithm than (2.4.11) when computing b i, for more than

one value of {.

2.4.4 Fundamental matrix via Method 11

A close inspection of (2.4.5) reveals that one only needs to compute “YH 1%].B-1 and
“YH 1%],B to compute the expected total discounted dividends paid out prior to ruin. In
this case, Method II can deliver a more efficient algorithm in comparison to Method I.
Hence, for brevity in this subsection, we only discuss Method II for computing the ex-

pected total discounted dividends paid out prior to ruin.

First of all, from (2.2.30) and (2.2.33), we recursively compute {b’”GiyiH}f:Ol according

to
i—1 i—1 —1
"Gy = <1 =Y vAL]] b,qul) VA, 0<i< B—1, (2.4.15)
2z=0 k=z
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b,v .
and compute "Gp p ;| via

-1 ,B-2 B-2
b’VGBB_l = <I — VAB,B> (Z VAB,Z H b’kaJg-i-l + VAB,B—1)7 (2416)
k=z

z=0

where we note that b’”Qsz =vAp., 2=0,1,2,..., B. We next compute b’”GB_LB_l and

b’”GBB. For b’VGB,B, from (2.2.33) and (2.4.9), we have

B-1
b,v o b,v b,v b,v
GB,B - E : QB,Z Gz,B + QB,B

B-1 B-1
ZVABZHbV kk+1+VABB (2417)
z=0 k=z

For b’VGB—l,B—p we first compute b’”RB_l,B via (2.4.7), which in this particular case re-

duces to

b’VRBiLB = VABfl,B (I — VABfl,B)_l (2418)
Now, from (2.4.10) and (2.4.18), we can easily compute {"'Q_, LI using
"Qp 1, =vAp_1.+ "Ry | yvAg., (2.4.19)
and from (2.2.33), compute bJ/GBfl,Bfl via
b,v b,v b,v
Gpip1= Z Qp- lz G.p1t " Qpip (2.4.20)
Finally, we have
I-""G, 5. " if |“] =B -1,
VH g = ( o-t2-1) (2.4.21)
e’ b,y bv -1 u
GL%J,B—I(I B GB—l,B—l) ) L‘J #B—1,
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and

I-"G,.) ", if |4 = B,
"H |y = ( 5.5) 1 Le! (2.4.22)
b’”GL% (I =""Gg ), i #B

With Method I, we had to compute {b’”Rm +1}f:01, which is comparable to comput-
ing {b’VG’m- 125 in terms of the computation time. The computational procedures for
G B.B-1> G p.p> and e 5151 are straightforward without involving recursions as
Method I does. Therefore, it is clear at this point that Method II is computationally su-
perior in comparison to Method I for computing the expected total discounted dividends

paid out prior to ruin.

2.4.5 Fundamental matrix via Method III

One advantage of Methods I and II for the MAP risk model with the dividend barrier is
that we are able to compute the discounted rate matrices (and hence other related matri-
ces) without resorting to an (approximating) iterative algorithm such as (2.3.4). However,
the computational time required for the discounted rate, ladder height distribution, and
fundamental period matrices when implementing Methods I and II in the case of the div-
idend barrier model can be much longer than that of the former model. If the iterative
algorithm (2.3.4) converges relatively fast with good enough accuracy (which is true in
most cases), then we can exploit a connection between these two models and write the
discounted fundamental matrix of the dual G/M/1-type chain of the MAP risk model with
the dividend barrier in terms of the discounted fundamental matrix of dual G/M/1-type

chain of the model without the dividend barrier.

Consider the dual G/M/1-type chain of the MAP risk model without the dividend
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barrier {(X:, Vi, Ji),t € N}, as defined in Section 1.3. Let us first partition the state
space of {(X;, V4, J¢),t € N} into Sp = {0,1,...,B} x{0,1,...,¢—1} x{0,1,...,m — 1},
Sp+ ={B+1,B+2,...} x{0,1,...,¢c—1} x{0,1,... m—1},and A=7Z" x{0,1,...,c—
1}x{0,1,...,m—1}. Let * P and S5+ P be the corresponding TPM’s within Sg and Sp+,
respectively. Also, let S5+ P and ®#+BP be the TPM’s corresponding to transitions

from Sp to Sp+ and from Sp+ to Sp, respectively.

It is possible to define the discounted rate and ladder height distribution matrices
according to the new partitioned state space. Let 75 = inf{t € Z* : (X;,V;, J;) € S}

and

VT(i,v,j),(Lw,a) = Z Vk Pr {T‘STB > k:7 (Xka Vk7 Jk) = (la w, CL)}(Xo, %a JO) = (27 Uaj)}a

k=0

(i,U,j) € SBv (lvwaa) € SB+'

(2.4.23)
Let g g R be a|Sp|x|Sp+| matrix whose {(z, v, j), (I, w, a) }-th entry is given by “r(; , 5 ., )-
Similarly, let
Vq(i,v,j),(z,y,z) = Z Vk Pr {TEB = ka (ka Vk7 Jk) = (Zu Y, Q?)‘(Xo, VE); JO) = (Zv Uaj)}v
k=1
('L.’ U,j), (z, Y, ZE) S SB,
(2.4.24)

and let 5 ;@ be a |Sp[x|Sp| matrix whose {(4, v, j), (2, y, ¥) }-th entry is given by “q(, , . (

2,9,x)"

Let us now partition the discounted fundamental matrix “H into

14 14
B,BH B,B+

VH = , (2.4.25)

1% 174
B+,B B+,B+
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where p pH is a |Sp| x |Sp| matrix and the dimensions of the other blocks of (2.4.25) are

given likewise. Then, using the same arguments employed to obtain (2.2.21), we see that

B,EH =I+ B,EQ B,El;H

v\ —1
=[I-55Q) . (2.4.26)
Now, by noting that *”H , the discounted fundamental matrix of {(Xt(b), V;(b), Ji),t € N},
is equal to (I — VAZP)A, we can write
~1
i = (1- 50— (P - s5a))
-1
= (I — Q@ — b’VK)
—1
v v -1 v
= <<I_ > K(I_ B,BQ) ><I_ B,BQ))
-1 N\ L
= (I - B,EQ) (I - "K (I - B,EQ) )

—1
= pbH (I - b’”KBjB!H) , (2.4.27)

where " K = <I/A2P - B,§Q>‘ Since we know how to compute p gpH from Section 2.3,

we focus our efforts in computing (I — " K ngﬂ)fl.

From (2.2.20), we deduce that
Q@ = VPP + vy gV RO SEP,

Recalling the original level-block representation, we also deduce that

(

1/141',Z+17 OS’L,ZSB—l,ZSZ—'—l,

BEQi:=141"Q, ., i=B,0<z<B, (2.4.28)

0, otherwise.
\
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Therefore, we have

I/(AB,LB—A()), Z:B—l,l:B,

VAB,B_VQa iul:Bv
MK, = ’ (2.4.29)
I/AB_l — VQB—Z’ /L: B, O S l S B_ 1,

0, otherwise.

Now, letting **L = I — b’”KB’B?H, we have

(

I, i=1,0<il<B-2,

bﬂ/ v .
I_ KB*I,BHB7B7 Z:l:B_1’

b,y .
—"Ky,  z"Hg,, i=B-1,1€{0,1,...,B}\{B -1},
"L, = prL (2.4.30)
I_ZZB:O bVVKB,zVHz,U Z:l:Ba
_ZZBZOb’VKB,zVHz,b Z:B,OSZSB—L
0, otherwise.

\

As can be seen from (2.4.30), due to the rather simple structure of b I, we can find its

inverse by hand. First of all, let

—1
b,v b,v b,v b,v
LB—l,B—l LB—l,B OB—LB—l OB—l,B

b,y b,v b,y b,y
LB,Bfl LB,B OB,Bfl OB,B
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Then, from the standard row reduction procedure, we obtain

I, i=10<il<B-2,
"o, i,l=B—1,B,
bWLi_Jl - _bWOB—l,B—lb’VLBle - b’VOB—l,Bb’VLB,b i=B-1,0<1<B-2,
_b’VOB,Bflb’VLB—Ll - b’VOB,BbWLB,b i=B,0<1<B-2,
\ 0, otherwise.
(2.4.31)

Hence, we have for 0 <1 < B,

"H,, + VHi,qu’VLEzl—l,l + VHi,Bb’VLZ%,lzv 0<I<B-2,

"H,, = (2.4.32)

VHz‘,B—lb’VLE;I—u + VHi,Bb’VL;l, l=B-1,B.

As can be seen from (2.4.32), computing {b’”Liyl}ie{B,LB},le{OJW,B} is the key to com-
puting the discounted fundamental matrix of the dual G/M/1-type chain of the MAP risk
model with the dividend barrier. Therefore, we develop a recursion for {b’”L B,l}l6{0717---7 B}

to speed up the computation. From (2.3.9) and (2.3.10), we can write

B -1 B
Z bﬂjKB,zVHz,l - Z b’VKB,z Z/I_Iz,lfly‘lz + Z bﬂjKB,z (VHzfl,(] + VHz,lfl VR)
2=0 z=0 z=l
B B
=y "K,."H,, \"R+> ""K, "H,  1>0. (2.4.33)
z=0 z=l
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Therefore, by combining (2.4.30) and (2.4.33), we have

B by v _
- Zz:O KB,Z Hz,(]? [ = Oa

"Ly, =L, "R-Y2,"K, "H,_,,, 1<I<B-1, (2.4.34)

I+"Lyyp "R—""Kyz"Hy,  l=DB.

\

To summarize the computational procedure for the discounted fundamental matrix of
the dual G/M/1-type chain of the MAP risk model with the dividend barrier and initial

level i, we perform the following steps:

(l) Compute {VQZ}ZG{OJ,Z,...,B}7 {VHz,O}ZE{O,l,Q,...,B}v and {VHi,l}le{O,l,Q,...,B} USiIlg the meth—
ods developed in Section 1.3.

(ii) Compute {b’yKu}1‘715{0,172,...,3} and {b,VLiyl}i7le{0,1727m,3} according to (2.4.29) and (2.4.34).
(iii) Compute {b’”L;ll}Z-JE{O’LQ,__’B} according to (2.4.31).

(iv) Compute {b’yHZ‘J}le{O,l,Q,...,B} according to (2.4.32).

2.5 Numerical analysis

The first two numerical examples we analyze establish that our method yields the same
results as those produced in some of the earlier works found in the literature. We selected
one example from Cossette et al. (2004a) and the other from Wu and Li (2012). In the
third example we study, we implement our algorithm for a risk model having a discretized

Pareto claim size distribution, which belongs to the class of heavy-tailed distributions.
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Example 1 Our first example is chosen directly from Cossette et al. (2004a). The risk
model in consideration belongs to the class of the discrete-time MAP risk models with
matrix-geometric claim size distributions discussed in Section 2.3.3. Hence, we can apply
the matrix analytic methodology developed in Section 2.3.3 to analyze the risk model on
hand. Let us first show how the risk model to be discussed here can be put into the matrix

analytic methodology framework introduced in Section 2.3.3.

The risk process under consideration, denoted by {U;,t € N}, is comprised of the claims

arrival MAP {(Ny, J;),t € N} with the associated TPMs

(1—q)+mq 0

P, =
(1—¢)—m(1-¢q) 0
and
0 -
P, - q q ’
0 g+n(l—q)

where 7 € [0,1) and ¢ = 0.07. Furthermore, the sequence of claim size random variables
{Y;,t € Z*} form an ii.d. sequence of random variables with a zero-truncated geometric
distribution with pmf f(y) = (1-7/8)(7/8)V~!, y € ZT, independently of {(N;, J;),t € N}.
Lastly, ¢ = 1.

We first note that f(y) can be rewritten as f(y) = aI'V"'~T, where a = (1), T' = (7/8),
and v = (1 — 7/8). Certainly, f(y) belongs to the class of matrix-geometric distributions.
Putting the above parameters in terms of the matrix notations given in the framework of

our methodology, let Ay = Py and A,, = f(n)Py, n € Z". Then, by (2.3.13), we have

A, =fn)Py=al" 'y P, = (I, A)(I,  T" HE, n € Z*,
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(W) (W) o)
m=20 T =0.05 T=0.2
uw | M A M A M A

10 | 0.286394 0.2864 | 0.295877 0.2959 | 0.32644 0.3264
20 | 0.155674 0.1557 | 0.165662 0.1657 | 0.199863  0.1999
30 | 0.0846187  0.0846 | 0.092755 0.0928 | 0.122365  0.1224
40 | 0.0459957  0.046 | 0.051934 0.0519 | 0.0749173 0.0749
50 | 0.0250016  0.025 | 0.029078 0.0291 | 0.0458678 0.0459
60 | 0.01359 0.0136 | 0.016281 0.0163 | 0.0280823 0.0281
70 | 0.00738704 0.0074 | 0.009116 0.0091 | 0.0171933 0.0172
80 | 0.00401533 0.004 | 0.005104 0.0051 | 0.0105265 0.0105

100 | 0.00118638 0.0012 | 0.0016 0.0016 | 0.0039458 0.0039

Table 2.1: Infinite-time ruin probabilities

where A = a and 2 = vTP;. We can now follow the rest of the procedure given in Section

2.3.3 to compute the discounted fundamental matrix.

In Table 2.1, the infinite-time ruin probabilities, denoted by 1 (u) = Pr{r < oo|Uy = u},
for various values of the initial surplus u and of © are computed. Under the columns labeled
M, the values computed via our method are given. Under the columns labeled A are the
values given in Cossette et al. (2004a). From the values computed, we can see that the

infinite-time ruin probabilities computed via our method match those of Cossette et al.

(2004a).

Example 2 This example is taken from Wu and Li (2012), in which we compare the
expected total discounted dividends paid prior to ruin (denoted by V' (u) for initial surplus
u € N) computed via our method and that of Wu and Li (2012). The risk model in con-
sideration belongs to the class of discrete-time MAP risk model with dividend barrier, and
we have three different matrix analytic methods (discussed in Section 2.4) at our disposal.
We have chosen Method III discussed in Section 2.4.5 as our tool here and will see that

the results computed via Method III match those given in Wu and Li (2012).
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In this risk model, claims are assumed to arrive following a compound binomial process
with Pr{l; = 1|,y = j} =p=035and Pr{l; =0|,_; =j} =1—p=0.65,  =0,1, and

Yi|(Iy = 1) follows a mixed geometric distribution with pmf

20N (A-H A re) g g

fly) = o
OB )G iy 3y,

where 8 = 0.8, v = 0.6, and a = 0.24. The dividend barrier is set equal to b = 9 and the

premium received per unit time is equal to ¢ = 1.

Once again, putting the above parameters in the matrix analytic methodology frame-

work, let

o= (1-)

and

P = (p).

After setting Ap_1p = Po, App = Po+ f(1)P1, Ag = Py, and A,, = f(n)Py, n € Z*, we
can now apply the rest of the procedure presented in Section 1.4.5 to compute the expected

total discounted dividends paid prior to ruin.

In Table 2.2, we list our results in the column labeled M and those of Wu and Li (2012)

in the column labeled A. Once again, we obtain agreement between the two methods.
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V(u)

M A
0.132372  0.13237
0.214368 0.21437
0.324345 0.32435
0.473493 0.47349
0.677086 0.67709
0.956084 0.95608
1.33932  1.33932
1.86651  1.86651
2.59237  2.59237
3.59237  3.59237

© 00 IO Tk W~ O

Table 2.2: Expected total discounted dividends paid prior to ruin

Example 3 In this example, we consider the same risk model as in Example 2 with
the exception that now ¢ = 2, there is no dividend barrier, and the claim sizes follow a

discretized Pareto distribution with pmf given by

fly) = (1+y3—_01>_8 — <1+ %)_8, ye 7.

The risk model described above is a discrete-time MAP risk model with a discretized
Pareto claim size distribution. Therefore, we can apply the matrix analytic methodology

developed in Section 2.3.2. To this end, let

and
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Now, let

P 0
f(Wp Py

and

o feors ge-ne)
flen+1)Py  f(en)Py

Here, we truncate { A, },en at N = 1000. Hence, we can follow the rest of the matrix ana-

lytic methodology procedure in Section 2.3.2 with {A,,,n € {0,1,2,..., N}} defined above.

In Table 2.3, the infinite-time ruin probabilities are computed, and in Table 2.4, the
first and second unconditional and conditional moments of the surplus prior to ruin are
computed, where r;(u) = E{U!_Z[r < oo]|Uy = u} and 7;(u) = E{U!_|T < oo, Uy = u},
1 = 1,2. In contrast to the nontransient results computed in Table 2.3 and 2.4, in Table
2.5, we compare the values of the joint conditional pmf of the time of ruin, surplus prior to
ruin, and deficit at ruin given the initial surplus, ¢(n, x,ylu) = Pr{r = n,U,_1 = z,|U,| =
y|lUy = u}, x,u € N, n,y € ZT, computed via our matrix analytic methodology and the

standard recursive method. The recursion method relies on the following recursion:

u-+tc
Pr{r > t, U, = z|Uy = u} = pr(j) Pr{r >t—1,U_1 =z|Uy=u+c—j}

j=1

+(1=p)Pr{r>t-1U 1 =2|Uy=u+c}, t€Z".

The values of ¢(n,x,y|u) computed via the matrix analytic methodology are numerically
inverted via the algorithm known as the Lattice-Poisson algorithm in Abate and Whitt

(1992). The error bound used for the Lattice-Poisson algorithm is 107%.
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u | (u)
0 | 0.785963
20 | 0.358841
50 | 0.118775
100 | 0.0193046
150 | 0.0031749
200 | 0.000526861

Table 2.3: Infinite-time ruin probabilities

w | 7r1(u) 71 (u) ro(u) To(u)
0 | 3.39801 4.32336 | 43.9685 55.9422
20 | 4.2208 11.7623 | 87.7342 244.493

50 | 1.64291 13.8321 | 46.1847  388.843
100 | 0.292654 15.1598 | 10.668 952.616
150 | 0.0514237  16.197 | 2.37295  747.41
200 | 0.00926308 17.5816 | 0.575782 1092.85

Table 2.4: Unconditional and conditional moments of the surplus prior to ruin

Matrix analytic methodology | Recursion

n | ¢(n,50,1]50) ¢(n, 50, 1]50)
10 | 6.03994 x 107 6.03994 x 107
20 | 3.35333 x 107¢ 3.35333 x 1076
30 | 2.15238 x 107¢ 2.15235 x 1076
40 | 1.46541 x 1076 1.46494 x 1076
50 | 1.02747 x 1076 1.02623 x 1076
100 | 2.02416 x 1077 2.00622 x 1077

Table 2.5: Joint conditional pmf of time of ruin, surplus prior to ruin, and deficit at ruin
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As can be seen from Table 2.5, the difference in the values of ¢(n, z, y|u) computed via
the recursion (which are the true values) and the values computed via the matrix analytic
method are within the error bound used for the Lattice-Poisson numerical inversion algo-
rithm (i.e., 1078), suggesting that the matrix analytic methodology used to compute the
values of ¢(n, z,y|u) produce errors that are negligible up to the precision of the inversion

algorithm for the values given in Table 2.5.

To comment on the computational times and memory consumption rates of both meth-
ods, we first note that the computation time required for our matrix analytic methodology
was noticeably longer than the standard recursion method for all values computed in Table
2.5. However, noting that the bulk of the computation time of the matrix analytic method-
ology was attributable to the summation (truncated by N) involved in the computation of
"R and "Q,, k € N, we anticipate that the overall computation time for the matrix analytic
methodology can be improved greatly if the claim size distribution is of matrix-geometric
type (see Section 2.3.3 for more details). Moreover, as stated in Section 1.1, the recursion
method’s computation time increases rapidly (nearly quadratic) as n increases. On the
other hand, the computation time of our methodology for computing a single value of the
generating function of ¢(n, z, y|u) has an upper bound (at v = 1). Therefore, the computa-
tional complexity of our methodology only depends on the inversion algorithm that is used
(as per its dependency on n). Noting that the Lattice-Poisson algorithm we implemented
here is O(n), we can say that the computation time of our matrix analytic methodology
grows linearly in n. Hence, for very large values of n, the matrix analytic methodology will
outperform the standard recursion method in terms of computation time. Again, as stated
in Section 1.1, the recursion method’s computer memory consumption rate grows linearly
in n. On the other hand, by the procedural structure of our methodology, the computer
memory consumption rate of our matrix analytic methodology stays constant in n. Hence,
the recursion method is limited by the computer memory for a large value of n, whereas

the matrix analytic methodology is not.
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For infinite-time related quantities of interest, such as the infinite-time ruin proba-
bilities, the matrix analytic methodology seems superior in most cases compared to the
standard recursion method. However, for transient results, depending on the problem at
hand, one method can outperform the other in terms of the computation time. Nonethe-
less, we note that the matrix analytic methodology provides a viable alternative to the
standard recursion method when the time horizon of interest is long (quite often the case
when the discrete-time risk model of interest is an approximation of its continuous-time

counterpart) and the computer memory is the limitation.
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Chapter 3

A matrix analytic methodology for
the discrete-time MAP risk model
with phase-dependent premium rates
and phase-type claim size

distributions

3.1 Introduction

The work here is motivated by the fluid flow process based matrix analytic methodology
developed for the analysis of the continuous-time MAP risk model with phase-type claim
size distributions by Ramaswami (2006). Ahn and Ramaswami (2004, 2005) developed
efficient matrix-based algorithms for some transient solutions of fluid flow models, and via
a sample paths connection between the MAP risk process with phase-type claim size dis-
tributions and a fluid flow process, Ramaswami (2006) later gave a comprehensive matrix
analytic methodology for computing the discounted joint pdf of the surplus prior to ruin

and deficit at ruin of the MAP risk process in terms of the relevant transient solutions
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of the fluid flow process. (The phase-type claim size distribution assumption is necessary
for this methodology, but we note that the class of phase-type distributions is dense on
the nonnegative real line and therefore can be used to approximate almost all claim size
distributions.) In fact, around the time when Ramaswami (2006) was published, a trend
of the use of fluid flow process based matrix analytic methods in risk theory was initiated
by Badescu et al. (2005a,b), and the advent of the fluid flow process based matrix ana-
lytic methodology brought forward a powerful alternative to the traditional IDE method
typically employed in risk theory.

Three notable advantages of the fluid flow process based matrix analytic methodology
over the IDE method are the probabilistic interpretation of the derivation of the algorithms
involved, the numerical stability of the algorithms even when the number of phases in the
associated MAP is large, and the exploitation of the skip-free nature of the fluid flow pro-
cess. The second point enables extensive numerical analyses of the MAP risk models with
many phases which the traditional IDE method often had difficulty with due to the numer-
ical instability arising from the sensitivity of the methodology to the accurate evaluation of
the roots of Lundberg’s fundamental equation. The first and third points together afford
an alternative perspective in the ways of solving problems in risk theory through the way
of probabilistic interpretations and the exploitation of the skip-free nature of the sample
paths of the fluid flow process. This alternative perspective is especially useful when we
consider risk models such as the multi-threshold MAP risk models due to the much simpli-
fied analysis based on the simple level-crossing structure of the skip-free sample paths of
the fluid flow process (see, e.g., Badescu et al. (2007)). Despite such advantages, however,
the methodology is not without a flaw. It does not allow for the analysis of risk models

with phase-dependent premium rates.

The fluid flow process based matrix analytic methodology by Ahn and Ramaswami

builds on a sample paths connection between the risk process of interest and a particular
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fluid flow process. However, as noted in Ahn (2009), the sample paths connection between
the MAP risk process with phase-dependent premium rates and the fluid flow process can-
not be easily established and hence one cannot simply apply the results from the fluid
flow process to the risk process as it is the case with the MAP risk processes with phase-
independent premium rates. Due to this lack of the simple sample paths connection, Ahn
(2009) proposed an alternative matrix analytic methodology via a sample paths connection
between the MAP risk process of interest (includes MAP risk models with phase-dependent
premium rates as special cases) and a fluid flow process with downward jumps. This al-
ternative methodology, however, nullifies the exploitation of the skip-free nature of the
fluid flow process in the original methodology developed by Ahn and Ramaswami (see Ahn

(2009) and Baek and Ahn (2014) for more detailed discussion on this topic).

In this work, we introduce the discrete-time version of a generalization of Ahn and
Ramaswami’s methodology. Instead of the fluid flow process, we exploit a sample paths
connection between the discrete-time MAP risk process and a discrete-time QBD process.
Our methodology is the discrete-time version of a generalization of Ahn and Ramaswami’s
methodology in the sense that it is built directly on a sample paths connection between
the MAP risk process and a QBD process without downward jumps, even when the pre-
mium rates depend on the phase process of the associated discrete-time MAP. Hence, our
methodology can exploit the skip-free nature of the QBD process even when the premium
rates depend on the phase process, unlike the alternative methodology introduced by Ahn

(2009) involving fluid flow processes with downward jumps.

It is our hope that with the insight learned while developing the discrete-time version of
the generalization of Ahn and Ramaswami’s methodology, we can further extend our work
to the generalization of Ahn and Ramaswami’s methodology directly under the continuous-
time setting. Until then, we note that the work here, besides its original function of study-

ing the discrete-time MAP risk models, provides a powerful numerical algorithm for the
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discrete-time approximation to the continuous-time counterpart.

We also note that there is another fluid flow process based methodology that was in-
troduced by Breuer (2008, 2010). While Breuer’s methodology includes the analysis of the
MAP risk models with phase-dependent premium rates as a special case, it differs from
the methodology developed by Ahn and Ramaswami in many ways. Although we do not
intend to compare the numerical stability or efficiency of the two methodologies here, it
appears that Ahn and Ramaswami’s methodology has a more extensive analysis on its nu-
merical stability and efficiency available. Moreover, Ahn and Ramaswami’s methodology
yields a quadratically convergent algorithm for one of the key matrices in the methodology
which has proven to be very fast (see Ahn and Ramaswami (2005) for more details). As
the derivation of our methodology follows the footsteps of that of Ahn and Ramaswami’s,
we note that the numerical analysis of their methodology naturally extends to our method-

ology in the discrete-time setting, including the aforementioned quadratic convergence.

This chapter is organized as follows. In Section 3.2, the mathematical definition of
the MAP risk model with phase-dependent premium rates and phase-type claim size dis-
tributions is given, along with a method of construction of the QBD process necessary
for the development of our methodology. In Section 3.3, we develop our matrix analytic
methodology for the discrete-time MAP risk model with phase-dependent premium rates

and phase-type claim size distributions. In Section 3.4, a numerical example is studied.
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3.2 Discrete-time M AP risk model with phase-dependent

premiums and phase-type claim size distributions

3.2.1 Model description

Consider a discrete-time MAP risk model

U =u+ c(Jk)—iYk,teN,ueN,
k=0 k=1

comprised of a discrete-time MAP {(Ny, J;),t € N} defined on N x J, J ={1,2,...,m},
m € Z*, TPMs (Py, P1) = ((po.;)ijess (P1ij)ijes), and the conditionally ii.d. claim
amount per period sequence {Y;,t € Z"} (conditional on the phase process {J;,t € N}
of the MAP). In particular, let {I;,t € Z"} be a sequence of Bernoulli random variables
which are equal to 1 when there is an arrival at time ¢ in the underlying MAP and let
fOD ), 0,5 € J, y € Z*, denote the pmf of Y = Y|(I, = 1,J;, = j,Ji_y = i) ¥
t € Z*. (Note that Y;|(I; = 0,J; = j,J;_1 = i) is equal to 0 with probability 1 V i,
and t € Z*.) We further assume that the premium rates depend on the phase process
{J;,t € N}, ie., ¢; = c(J;), and that Y9 follows a discrete-time phase-type distribution
of order n(») € Z* with pmf f9)(y) = &)U )1 (5N 4y e Zt i je T,

3.2.2 Construction of dual pre-QBD process

Herein, we outline the method of construction of the QBD process to be used in the de-
velopment of the matrix analytic methodology. To this end, we first construct a DTMC
{(Xt, Wy),t € N} by transforming the premiums received per unit time into linear up-
ward journeys (with slope equal to the premiums received during the time period) and the
downward jumps of claim arrivals into linear downward journeys (with slope 1). This is

analogous to how a fluid flow process of which sample paths can be connected to those of the
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risk process under consideration is constructed in continuous time (see, e.g., Ramaswami
(2006)). However, the resulting process {(Xy, W;),t € N} does not necessarily form a QBD
process since the increase rate can be greater than 1 in our problem. In such cases, we can
apply the well-known blocking technique to {(X;, W;),t € N} to obtain a QBD process.
More specifically, if we let L, = ¢1(X;) = Lcjiiwj and V; = (5(X;) = X; mod ¢4., Where

Cmax = max{c(j),j € J}, then {(Ls, Vi, W;),t € N} forms a QBD process. In what follows,
we refer to {(X;, W;),t € N} as the dual pre-QBD process and {(L;, Vi, W,),t € N} as the

dual QBD process of the risk process under consideration.

First of all, let S; = J and S; = U, je7J 9, where 709 = {(i, 4, 1), (4,7,2), ..., (i, 4, i)},
1,7 € J, are the transient states corresponding to the phase-type claim size distribution
resulting from claims accompanied by phase transitions from ¢ to j. Now, let W = S§; US;
be the state space of {W;,t € N}. We then set X; 1 = X; + ¢(W;), if W, € &1, and
X1 =Xy — 1, if W, € Sy Furthermore, V ¢t € N, let the one-step transition probabilities
be given by

(
) ) Poij, 1,J € S,
Pr{Wi, = j|W; =i} = <
\O, otherwise,

(
(7'7]) o . .

. . p177/7aw Y 7/6‘917 (l7j7w) 68277/:[7

Pr{Wyys = (Lj,w)|[ Wy =i} =

| 0, otherwise,
)
(4,2)

. Uz,w (i,Z,fﬂ),(Z,j,U)) 6827 (i,Z)Z(l,j>,
Pr{Wi1 = (I, j,w)|W; = (i,z,2)} =

0, otherwise,
\

and

(4,2) . . .
. . Yz (2,2,1’)682,]681,2:j,
Pr{W,1 = j|W; = (i,2,2)} = (3.2.1)

0, otherwise.
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U,

Claim Y; =2

Premium ¢ = 1

Initial surplus u = 2 @*

Figure 3.1: Sample path of {U;,t € N}

As can be seen from the above construction, the times W; is in &; correspond to the
“real” times and the times W; is in Sy correspond to the “artificial” times that are created
to account for the linear discounting of the claims” amount. Therefore, the number of times
W is in &; before the dual pre-QBD process falls below 0 is equal to the time of ruin of
the corresponding risk process (see, e.g., Figures 3.1 and 3.2, where the sample paths of
the risk process and its dual pre-QBD process are depicted, and the times W; is in &; are
marked by the blue dots and the times W; is in Sy are marked by the red dots). Then,
we can study the transient solutions of the original risk process simply by studying the
transient solutions of the dual pre-QBD process while only tracking the times W, is in §;

before the dual pre-QBD process falls below 0.
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X

Initial surplus u =2 @ Y

Figure 3.2: Sample path of {X;,t € N}

3.3 Discounted joint conditional pmf

First of all, let the discounted joint conditional pmf of the surplus prior to ruin and deficit

at ruin of {(Uy, J;),t € N} be given by

ho ((2,1), (y, 3)| (u,))

= Zyk PI"{T =k, (Uk_h Jk—l) = (I,l), (‘Uk| ) Jk) = (y7j)|(U07 JO) = (U,Z)}

o0

= VEPr{r >k —1,(Up_1, 1) = (2, 1)|(Us, Jo) = (u,4)}

x Pr{r = 1,(|th], 1) = (y,5)|(Vo, Jo) = (z, 1)},
roueN yeZt i,jleJ, veC, vl <1,
(3.3.1)

where 7 = inf{t € Z* : U; < 0} is the random variable denoting the time of ruin of the

risk process and the second equality follows from the Markov property and stationarity.

Now, let k = inf{t € Z* : X; < 0} denote the time {(X:, W}),t € N} for the first time
falls below 0 and s;([h, k]) be the random variable denoting the total number of times WW;
is in S; in the time interval [h, k], h, k € N. (We let s1([h, k]) = 0, when k& < h.) Then, by

noting that s corresponds to the time of ruin 7 of the risk process, we can condition on
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the value of x and track only the times W; is in S; in the interval [0, x — 1], and rewrite

(3.3.1) as

ho ((,0), (y, 5)|(u, 7))

= i VE{VSIQOJ{*QDI[E >k — 1, (kal, kal) = (%, l)]l(Xo, Wo) = (U, Z)}
k=1
x Pr{r = 1,(|U:[, i) = (y,5)|(Uo, Jo) = (z,1)}
= &,((l’,l)’(u,i))l/PI"{T =1, (|U1| ) ‘]1) - (y7])|(U07 JO) - (l‘,l)},
r,ueN yeZt i jleS,veC, |v| <1,
(3.3.2)

where

61’((% l)‘(u72)) - ZE{I/SI([QkiQDI[’% >k -1, (Xk*h kal) = (‘Ta l)”(X07 WO) = (U,Z)}

k=1

Now, it remains to evaluate &, ((x,1)|(u,7)).

To compute &, ((, l)‘(u, i)), it is more convenient to work with the dual QBD process
rather than the dual pre-QBD process. Then, we can compute fl,((x,l)‘(u,z')) via the
well-known sample paths dissection method shown in Ramaswami (2006), Breuer (2008,
2010), and references therein, and a generalization of the famous Neuts’ matrix geometric
methods (see, e.g., Neuts (1981, 1989), Latouche and Ramaswami (1999) and He (2014)).
To this end, we first give the matrix representation of the one-step transition probabilities
of the dual QBD process, and then, discuss the recurrence and transience of the dual QBD

process as its discussion is important for the development of the algorithm.
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3.3.1 TPM of dual QBD process

First, let Q denote the TPM of {(X;, W;),t € N} and let Q' denote the TPM of {(Ls, V;, W;),t €
N}. Let the portion of the TPM @ which governs the transition probabilities correspond-
ing to the increase of ¢ units be denoted by A;, i € {c(j),j € J}. Let ¢7(i) denote the
inverse function which outputs the phases {j} such that c(j) = i, i.e., c71(i) = {j : j €
J,c(j) =i}. Then, according to (3.2.1), A; is given by the following block representation:
A= Aiin Aing |
0 0
where A; 1, is an m x m matrix whose rows are 0 row vectors except the j-th rows given
by the j-th rows of Py, for j € ¢'(i), Ajyzis anm x Y7 7™ n(%) matrix whose rows

are O row vectors except the j-th rows given by
(O’p17j71a(j71)’p17j72a(j72)7 . ’pl,j,m—la(jym_l)apl,j,ma(j7m)7 O)7

for j € ¢7'(7), and 0 is a conformable matrix (vector) of zeros.

Now, let the > ;" >, n(a) x S > n(%7) square block diagonal matrix

32 9 = U(271)
U222
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denote the portion of @ governing the transition probabilities within Sy, and let the

S Z;”zl n(9) x m block matrix

(7(1’1))T
(7(172))1'
(fy(Lm))T
(D)
(D)7
BZ,l —
(7(2:m))T
(v )T
(,7(m,2))'|'
(ytmm)T

denote the portion of @ governing the transition probabilities from Sy to §;. Then, the

portion of @ corresponding to the decrease of 1 unit is given by

0 0
B;,1 By

) )
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Finally, the TPM Q of {(X;, W;),t € N} can be written as

-1 0 1 Crnax Crmaz T 1 Crmaz T 2
ol--- B Ay A - A, 0 0
Q=14|l... 0o B A4, .- A, 1 A, 0
2 T 0 0 B e Acmal‘*2 Acmazfl Acmaz

Then, by the definition of the dual QBD process {(L;, V;, W;),t € N}, its TPM Q' can

be written as

0 D, D, D, 0 0 O

/_

Q= 0 D, D, D, 0 0 !
2 0O 0 D, D D, 0

where
0 1 e e —1
O ACmam

DO = 1 ACnLaw_l ACnLuw

Cmaz — 1 AO Al T A‘Cmaz
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0 1 2 Chaz — 93 Cmazr — 2  Cmaz — 1

0 AO Al A2 e Acmag: -3 ACmaa:*2 '14'Crnaa:*1
]' B AO Al e Acmaac_4 Acmax_g Acmaac_Q
Dl - 2 O B AO T Acmaz_S Acmaz —4 Acmaz -3 ’
Coaz —1 \ O v ool 0 B Ay
and
0 1 Crmaz — 1
0 B
D2 — 1
Cmal’ 1

3.3.2 Recurrence and transience of dual QBD process

In this subsection, we briefly discuss the recurrence and transience of the dual QBD process,
as it plays a key role in the computation of certain matrices to be used in calculating
the discounted joint conditional pmf. For simplicity, assume that {W;,t € N} forms an
irreducible finite-state Markov chain. Let @ denote the stationary distribution vector of

the process {W;,t € N}, where 6 = (6, 0,,...,0,,) is the unique positive solution to

0(%Ai+3> — 0,

=0

017 =1.
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Then, the dual pre-QBD process is transient if and only if

0(%7514@-) 17 £ §B1T. (3.3.3)

i=1

Moreover, if

0( > iAZ) 17> 0B17, (3.3.4)

=1

then
Pr{x < oo} < 1.

Note that the above statements apply equally to the dual QBD process. Furthermore, by
noting that the events {7 < oo} and {k < oo} are equal in probability, we can see that
the security loading condition of the original risk process {(U;, W;),t € N} is also given by
(3.3.4).

Proofs for the above statements are available in many textbooks on the theory of Markov
chains and matrix analytic methodology (see, e.g., Latouche and Ramaswami (1999), pp.

155-158).

3.3.3 Key matrices

With the block representation of the TPM of the dual QBD process given, we now define
some key matrices used in the algorithm for computing the discounted joint conditional
pmf. First of all, let n(v) denote the random time that the dual QBD process visits level
v for the first time and k, denote the time the process falls below level v for the first
time after time 0. We also extend the definition of s;([h, k]) to the nonnegative integer-
and "R, , be

valued random variables h and k. Now, for v,u,z € N, v < u,z, let "G, ,
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(IW| X Cmaz ) X (|W] X Cnaz ) square matrices whose ((7“1, 1), (1o, ig))—th and ((rg, 19), (13, ig))—

th entries are given by

(VGu,fu>(T1,i1):(7'2ﬂ:2)
= B{y @1 Tn(v) < 00, (Lyw), Vo), W) = (0,72, 92)]|(Lo, Vo, Wo) = (u,71,61)}

and

(VRU,ZZI)(T37":3)7(T477:4)

=" B ORI > k=1, (Lo, Vier, Weet) = (2,73, 83)] (Lo, Vo, Wo) = (v, 72,42},
k=1

r,7T2,73 € {0717"‘7Cmam_]—}7 21,%2,13 GW) U,U,]JGN,’U<U,I.

Also, let "E,, z € N, be a (W] X ¢naz) X (W] X Cmaz) square matrix whose entries are

given by

(1l

(l/

z)(r3,i3)7(r4,i4)
= Z E{yﬁ([o,k—?])I[H >k — 17 (Lk‘fla ‘/kfb Wk*l) = (Za T4, 7’4)”([107 %7 WO) = (Za T3, Ii3)}7
k=1

r3, 74 € {0, 1, ... Craw — 1}, 23,84 €W, z € N.

In Section 3.3.4, it will be shown that the discounted joint conditional pmf can be written

in terms of the key matrices "G, ,, "E,, and "R, . Therefore, it only remains to compute

77)7 z)

these key matrices.

First of all, the level independence and the skip-free nature of the dual QBD process
implies that "G, , = "G*"" and "R, , = "R*"", where "G = "G;; ; and "R ="R,;,,, V
i € N. In fact, "G and "R are generalizations of the fundamental period and rate matrices

that appear in Neuts’ matrix geometric methods, and we can adopt the algorithms for com-

97



puting the fundamental period and rate matrices in Neuts’ matrix geometric methodology
to our problem with a very minor alteration. Moreover, as it is the case in Neuts’ matrix
geometric methodology, "R and “E, are completely determined by "G, and therefore, "2,
z € N, as well. Hence, the computation of “G leads us to the computation of all the other
key matrices, and ultimately, the discounted joint conditional pmf. We defer the discussion
on the algorithm for computing “G to Section 3.3.5 as it requires separate attention. In
the remaining part of this subsection, we assume that “G has been computed and thus

proceed to compute the remaining key matrices.

Define a (|W| X Cmaz) X (W] X €maz) diagonal matrix “A as

S Sy S e Sy S Ss
S [ diag(v)
Sy I
S diag(v)
VA= . ;
Sy I
S diag(v)
Sy I

where diag(rv) denotes a diagonal matrix of an appropriate dimension with its diagonal
entries set equal to v. (Essentially, the diagonal elements of “A are set equal to v if the
diagonal entry corresponds to phases in &7 and set equal to 1 if the entry corresponds to
phases in Sy.) Then, following the same line of probabilistic reasoning used for proving,

e.g., Latouche and Ramaswami (1999), Egs. (8.2), (8.5), and (8.6), we have

1

vE, = (I - "A(D: + D,"G))~ (3.3.5)
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and
"R="AD,"E,. (3.3.6)

Also, let a be the minimum level visited by the dual QBD process before k. Then, by
conditioning on the minimum level a that the dual QBD process visits before x, the values
of the dual QBD process at n(a), and the last time the process visits level a before k, we
can write

U=

("BL) (r1,61),(ra,ia)

ZE{VSI (k= 2})1[/€> k=1, (Li1, Vi1, Wi1) = (2,74, 24)][(Lo, Vo, Wo) = (2,71, %4) },

z Cmaz—1

YTy T ey

a=0 ro=0 49eW 1r3=0 4i3eW k=1 I=1
x E{v 01T (a) < 00, (L), Viay W) = (a,72,39)]|(Lo, Vo, Wo) = (2,71,41)}
x B{vs O > 1 — 1, (Li_y, Vier, Wisy) = (0,73, 33)]| (Lo, Vo, Wo) = (0,7, 15)}
x B{vOrF=DTr > k — 1, (Li_y1, Vie1, Wiet) = (2 — a, 74, 34)]| (Lo, Vi, Wo) = (0,73, 15)},
(3.3.7)

where the second and the last equalities follow from the strong Markov property and
stationarity, respectively, and the last two conditional expectations appearing in the last
equality follow from the fact that a is the minimum level the dual QBD process visits as
well as the level independence of the dual QBD process. Finally, writing (3.3.7) in matrix

equation form, we obtain

z

E.=)» “GTWE) 'R, zeN. (3.3.8)

a=0

v
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An efficient way of computing (3.3.8) was suggested by Ramaswami (2006) in the
continuous-time version of a similar problem. Based on the vectorization operator and

the identity that
vec(AX B) = (BT ® A)vec(X)
for conformable matrices (see, e.g., Bernstein (2005)), one can rewrite (3.3.8) as

vec("E,) E vec("G*TVE,VR*Y)

a=0

= SR S G el F,)
= Z ("R" ® "G )" “vec("E,)

=(I-("R"®"G)) (I - ("R" ® "G)*" ™ vec("E,), (3.3.9)

where the invertibility in the last line is justified if and only if the spectral radius of
"R ® "G is strictly less than 1. Indeed, by Corollary 7.1.2 of Latouche and Ramaswami
(1999), if the dual QBD process is transient in the negative direction, we have that sp('R),
the spectral radius of 'R, is strictly less than 1. Then, from the definition of YR, we can
deduce that ||"R*||max < |[|'"R"|Jmax, for all k € N, v € C, || < 1. Then, by Gelfand’s
formula (see, e.g., Kozyakin (2009)), we have

1 1
sp(“R) = Jim | "B e < Jim | B e = sp('R) < 1

If the dual QBD process is transient in the positive direction, we find that 'G is a sub-
stochastic matrix, and hence, sp(*G) < 1. Then, similar to the case of YR , this implies
that for v € C, |v| < 1, sp(*G) < sp(*G) < 1. Noting that sp(*R) < 1 (see, e.g.,
Proposition 3.2.5 of He (2014)) and sp('G) < 1 in any case (recurrent or transient), and
that the spectral radii of Kronecker products are bounded above by the products of the
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spectral radii of the respective matrices, we indeed have the spectral radius of "R" ® "G
is strictly less than 1 when the dual QBD process is transient. (The case where the dual

QBD process is recurrent is rare in insurance risk theory.)

3.3.4 Formulas for &, ((z,1)|(u,7))

Let e; be a row vector whose j-th entry is 1 and all the others are 0. The size of e; will
be determined to be conformable where it appears. Then, once we have the key matrices
computed, we can proceed to evaluate 51,((:6, l)‘(u,z)) by considering the following two

cases:

Case 1: /i(u) < ¢i(z) By conditioning on the last time the dual QBD process visits

level ¢1(u) before k and the value of W, at that particular epoch, we have
51/ ((;E, l) ’ (u7 Z)) = €(05(u),i) VE€1 (u) VREI (m)-h (U)e.(rzz(gc”)' (331())

Case 2: (1(u) > ¢1(x) By conditioning on the time the dual QBD process reaches level
(4 () for the first time and the value of W; at that particular epoch, we obtain

& (2,0 (w,4)) = ey GV E, el (3.3.11)

3.3.5 Algorithm for "G

The algorithm for “G to be introduced here is a generalization of the Logarithmic-Reduction
(L-R) algorithm by Latouche and Ramaswami (1999). It is quadratically convergent when

the dual QBD process is transient. We use the same notation as in Latouche and Ra-
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maswami (1999), so that the interested readers can readily refer to the textbook for more

details.

First of all, let

"H® = (I —"AD,)"'""AD,,
"LO = (I —"AD,)"'"AD,,

and for k € Z™, recursively define

l/H(k) — (I . VU(kfl))—l(VH(kfl))Q’

VL(k) _ (I . VU(k—l))—1(1/[/(16—1))27
where
Uk =R L® v ® e N (3.3.12)

Then, we have

[e.9]

k—1
‘G =) (H VH@) v, (3.3.13)
k=0 =0

and if the dual QBD process is transient, the sequence {"G* = Zfzo(nl._(l) "HO)y LW}

1=

quadratically converges to "G, for v € C, |v| < 1.

The proof of the quadratic convergence of the above algorithm follows the exact same
line of probabilistic reasoning used for proving that of the L-R algorithm. However, the
probabilistic interpretations of the matrices {(*H® YL"®) k € N} here and {(H® L") k
N} in Latouche and Ramaswami (1999) are slightly different.
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Recalling the definition of n(i) = inf{t € N : L, = i}, ¢ € Z, the ((r1,71), (r2,7,))-th

entries of VH® and YL® are given by

v k
("H™) 1 51).r2.5)
= E{VSI[O’n(2k+l_1)_1lz[n(2k+l — 1) < K, (Lyr+1-1y, Vyrri—1y, Wyerri_y)) = (2" — 1,79, 5,)]]
(Lo, Vo, Wo) = (2 — 1,711, 5,)}
and
v k
( L( ))(Tlvjl)’(T27j2)

- E{VSI[(),H_HI[I{ < 77(2k+1 - 1)7 (Lf'i’ VK? Wfi) - (_17T27j2)]|(L07 ‘/E)v WO) - (2k - 17T17j1)}

respectively. Now, with the above definition, one can directly follow the proof presented
in Latouche and Ramaswami (1999), pp. 187-197, with YH® and L™ in place of H®
and L™ therein.

3.4 Numerical analysis

In this example, we examine the impact of implementing phase-dependent premium rates
in a MAP risk model. The risk model we consider here is comprised of the claims arrival

MAP {(MNy, J;),t € N} with the respective TPMs without arrival and with arrival given by

0 1 0 1

Py = 0(io,o,o p0,0,1>: 0<0~4 0~2>
1 \poio Poin 1\02 04
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and

0 1 0 1
P, = 0 (p1oo Pro1\= 0024 0.16)
L \p11o0 P11 1 \0.16 0.24

Concerning the claim size distributions, Y% and Y©V follow zero-truncated geometric
distributions with pmf £ (y) = fOD(y) = (1—po)?~po, and Y10 and YD follow zero-
truncated geometric distributions with pmf f30(y) = fAY(y) = (1 — p)V"Lp1, y € Z7,
where pg = 0.6 and p; = 0.2. To investigate the impact of setting premium rates different
for phases 0 and 1, we consider two different cases. In the first case, we set the premium
rates equal to ¢(0) = 1 and ¢(1) = 3, which are chosen specifically to reflect the difference
in the expected claim sizes when the phase process is in either state. In the second case, we
set the premium rates equal to ¢(0) = ¢(1) = 2, which is the average of the premium rates
in the first case. Let {(Ut(l), Ji),t € N} and {(Ut@), Ji),t € N} denote the risk processes
of the first and second case, respectively. We next give the dual QBD representation of
{(Ut(l), Ji),t € N} and the algorithmic procedure of the matrix analytic methodology. The
dual QBD representation of {(Ut(z), Ji),t € N} can be established in a similar fashion.

Let {(X:, W:),t € N} denote the dual pre-QBD process of the risk model. Let & =
{0,1} and S; = {3,4}. Recalling Section 3.2.2, set X1 = X; + ¢(W;), t € N, when
Wy e &1, and Xy = Xy — 1, t € N, when W, € §;. Then, following the matrix notation
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given in Section 3.3.1, we write

0 1 3 4
o/0 0 0 O
A, 1102 04 04 O :
310 0 0 O
4\0 0 0 O
Ay =0,
0 1 3 4
0/04 02 0 04
A= 1[0 0 0 0 ’
310 0 0 O
4\0 0 0 O
and
0 1 3 4
0 0 0 0 0
B- 1 0 0 0 O ’
31 (0.6)(0.6) (0.6)(0.4) 04 0
4 \(0.2)(0.4) (0.2)(0.6) 0 0.8

and follow the rest of the procedure described in Section 3.3.1 to construct Dy, D;, and
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D, with the above-defined Ay, Ay, A3z, and B. Finally, letting

YA —

(0,0) (0,1) (0,3) (0,4) (1,00 (1,1) (L,3) (1,4) (2,0) (2,1) (2,3)
0,0) [ v 0 0 0 0 0 0 0 0 0 0
o, o " 0 0 0 0 0 0 0 0 0
0,3)] 0© 0 1 0 0 0 0 0 0 0 0
0,4)] 0 0 0 1 0 0 0 0 0 0 0
(1,0 o 0 0 0 " 0 0 0 0 0 0
LDl o 0 0 0 0 v 0 0 0 0 0
(1,3)| 0 0 0 0 0 0 1 0 0 0 0
L4| o 0 0 0 0 0 0 1 0 0 0
(2,0)| 0 0 0 0 0 0 0 0 v 0 0
2Dl o 0 0 0 0 0 0 0 0 " 0
(2,3)] 0 0 0 0 0 0 0 0 0 0 1
(2,4) \ 0 0 0 0 0 0 0 0 0 0 0

for v € C, |v| < 1, we have all the ingredients to compute the key matrices introduced in

Section 3.3.3.

In what follows next, we investigate the impact of incorporating phase-dependent pre-
mium rates in risk modeling by comparing the infinite-time ruin probabilities, finite-time
ruin probabilities, and another set of time-dependent quantities of {(Ut(l), Ji),t € N} and
{(Ut@), Ji),t € N}. For computing the above quantities of interest, we implement the ma-

trix analytic methodology developed in this chapter.

Before we proceed to our investigation, however, we provide a table which compares

the values of the joint conditional pmf of the time of ruin, surplus prior to ruin, and
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Matrix analytic methodology Recursion

n | ¢(n,50,1]50,0) ¢(n,50,1]50,1) | ¢(n,50,1]50,0) | ¢(n,50,1]50,1)
10 | 2.16995 x 107° 2.1849 x 107° | 2.16995 x 107° | 2.1849 x 10~°
20 | 1.37253 x 107° 1.46487 x 107° | 1.37253 x 107 | 1.46487 x 107°
30 | 1.03762 x 107° 1.12762 x 107¢ | 1.03762 x 1075 | 1.12762 x 107°
40 | 8.37005 x 1077 9.18475 x 1077 | 8.37005 x 1077 | 9.18475 x 1077
50 | 6.96102 x 107 7.69737 x 1077 | 6.96102 x 1077 | 7.69737 x 10~
100 | 3.23488 x 1077 3.6867 x 1077 | 3.23488 x 1077 | 3.6867 x 1077

Table 3.1: Joint conditional pmf of time of ruin, surplus prior to ruin, and deficit at ruin

deficit at ruin, denoted by ¢(n, x,ylu,i) = Pr{r =n,U._, =z, |U;| = y|Uy = u, Jy = i},
r,u € N, n,y € Z*, i = 0,1, computed via our matrix analytic methodology and the
standard recursive method discussed in Example 3 in Section 2.5 to check our matrix
analytic methodology’s soundness. The values of ¢(n,x,y|u,7) computed via the matrix
analytic methodology are numerically inverted via the Lattice-Poisson algorithm in Abate

and Whitt (1992). The error bound used for the Lattice-Poisson algorithm is 1075,

First of all, in Table 3.1, we see that the differences in the computed values are within
the error bound used for the inversion algorithm. Secondly, our matrix analytic method-
ology performed slower than the standard recursion method for smaller values of n in
Table 3.1, but for larger values of n in Table 3.1, our methodology started to outper-
form the recursion method. As stated in Section 1.1, the recursion method’s computation
time increases rapidly (nearly quadratic) as m increases. On the other hand, as it was
the case in Example 3 in Section 2.5, the computation time of our methodology in this
chapter for computing a single value of the generating function of ¢(n,z,y|u) has an up-
per bound at v = 1. Therefore, the computational complexity of our methodology only
depends on the inversion algorithm that is used (as per its dependency on n). Noting
that the Lattice-Poisson algorithm we implemented here is O(n), the computation time
of our matrix analytic methodology grows linearly in n. Unlike Example 3 in Section 2.5
however, here we are seeing the advantage of the lower computational complexity of our

methodology much earlier than in Example 3 in Section 2.5, due to the much simplified
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n | ¥1(n]50,0) | Uy1(n|50,1) | Wa(n]50,0) | ¥e(n|50,1)

50 | 0.00116113 | 0.00133148 | 0.00179486 | 0.00268845

100 | 0.00182098 | 0.00199151 | 0.00283758 | 0.00396366

200 | 0.00203042 | 0.00219702 | 0.00319861 | 0.00438187

300 | 0.00204346 | 0.00220974 | 0.0032258 | 0.00441244

500 | 0.00204442 | 0.00221068 | 0.0032283 | 0.00441522
1000 | 0.00204443 | 0.00221069 | 0.00322833 | 0.00441525
lim, o | 0.00204443 | 0.00221069 | 0.00322833 | 0.00441525

Table 3.2: Time of ruin distribution

algorithmic procedure arising from the simple skip-free sample paths structure of the QBD
process. Furthermore, as stated in Section 1.1, the recursion method’s computer memory
consumption rate grows linearly in n. On the other hand, by the procedural structure of
our methodology, the computer memory consumption rate of our matrix analytic method-
ology stays constant in n. Therefore, for large scale problems where larger values of n
are of interest, the matrix analytic methodology introduced in this chapter provides an
excellent alternative to the standard recursion method. Moreover, as we will see in the
following discussions, for certain quantities of interest, the matrix analytic methodology
outperforms the recursion method in terms of both speed and memory consumption by a

significant margin.

First of all, we compare the infinite-time ruin probabilities and finite-time ruin prob-
abilities of {(U",J,),t € N} and {(U?, J,),t € N}. Let Uy(n|u,i) = Pr{r, < n|U" =
u, JJo =i} and Uy(n|u,i) = Pr{m < n|U52) = u, Jy = i} denote the finite-time ruin prob-
abilities of {(U",J,),t € N} and {(U,J,),t € N}, where 7, and 7, denote the time
of ruin of {(Ut(l), Ji),t € N} and {(Ut@), Ji),t € N}, respectively. For the finite-time ruin
probabilities, we only need to compute “G and evaluate “G*| for the initial surplus level
v € N and for the values v € C that are required for the numerical inversion algorithm.

We note that this is significantly more computationally efficient than the recursion method.

As can be seen in Table 3.2, the ruin probabilities are higher for the risk model with
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z | F1(500, z[50,0) | F1(500, 2]50, 1) | F5(500, 2|50, 0) | F5(500, 2|50, 1)
60 | 0.997955 0.997789 0.99677 0.995583
150 | 0.99774 0.997578 0.996435 0.995218
300 | 0.90592 0.907642 0.902033 0.896299
360 | 0.652863 0.657865 0.659253 0.648321
420 | 0.283029 0.288669 0.29859 0.288677
480 | 0.0567086 0.0589945 0.0633911 0.0599531
600 | 9.54045 x 1075 | 0.000105992 | 8.86556 x 10~° | 7.9621 x 1077

Table 3.3: Transient distribution of surplus process

a single premium rate. Moreover, we can see that the ruin probabilities of the risk model
with phase-dependent premium rates are less sensitive to the initial phase than those of
the risk model with a single premium rate. To take a closer look at the root of such results,

we compare the transient distributions of the risk processes of both cases.

Let Fy(n,x|u,i) = Pr{U,gl) >z, > n]Uél) =u,Jo =i} and Fy(n,z|u,i) = Pr{U,(LQ) >
T, Ty > n|UéQ) = u, Jy = i} denote the transient tail distributions of {(Ut(l), Ji),t € N} and
{(Ut@), Jy),t € N}, respectively. What these quantities will reveal is how the risk processes
of both cases behave over time. For our purposes, we choose the value of n = 500 and
compare the values of F;(500,x|50,7) and F5(500,x|50,7), i = 0,1, over some values of
x. We compute the values of F;(500,x|50,7) and F5(500, x|50,7), i = 0,1, by computing
& ((z,1)](u,4)) as in (3.3.10) and (3.3.11), summing &, ((z,1)|(u, 7)) over the values of x of
interest and [ = 0, 1, and numerically inverting the sum via the Lattice-Poisson inversion

algorithm. Once again, the error bound used for the inversion algorithm is 1078,

From Table 3.3, we observe that the risk process is more variable when there is a
single premium rate implemented than when phase-dependent premium rates are imple-
mented. More specifically, for the time variable n = 500, the transient distribution of the
risk process of the case with a single premium rate exhibits stronger concentration on the
two extreme ends compared to that of the risk process of the case with phase-dependent

premium rates. Since only the premium rates differ between the two models, it is clear
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that the higher ruin probabilities of the risk model with a single premium rate in Table
3.2 are attributable to the higher probabilities of its risk process staying in the danger
zone (i.e., lower values of x where ruin is more likely to occur) than the risk process of
the case with phase-dependent premium rates. Hence, it seems that the implementation
of appropriate phase-dependent premium rates reduces the variability of the risk process,

and subsequently, the ruin probabilities in the context of a MAP risk model.
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Chapter 4

A matrix analytic methodology for
the continuous-time MAP risk model
with phase-dependent premium rates

and a dynamic individual risk model

4.1 Introduction

Extending the methodology developed in Chapter 2 to continuous-time MAP risk mod-
els directly through Ahn and Ramaswami’s original approach may be possible. However,
Ahn and Ramaswami’s approach involves nonelementary mathematical tools and quite
complex coupled queues, and to extend their methodology to include phase-dependent
premium rates directly through their original approach is certainly not a simple task.
Fortunately, we have recently come across a paper by Bean and O’Reilly (2013), which
introduces an efficient matrix-based algorithm for computing some quantities of interest
in multidimensional fluid flow models. As first noted in Ahn et al. (2018), Bean and
O’Reilly’s methodology naturally finds its application in risk theory. Although not specif-
ically discussed in Ahn et al. (2018), application of Bean and O’Reilly’s methodology in
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risk theory affords a fluid flow process based matrix analytic methodology applicable to
risk models with phase-dependent rates while preserving the skip-free nature of the fluid

flow process.

In this work, we first extend Ahn et al.’s application of Bean and O’Reilly’s method-
ology to the analysis of the occupation measure. This affords us a powerful fluid flow
process based matrix analytic methodology for computing the so-called discounted joint
conditional pdf of the surplus prior to ruin and deficit at ruin of the continuous-time MAP
risk model with phase-dependent premium rates and phase-type claim size distributions.
Other than the derivation of some key matrices, however, the probabilistic arguments used
to derive the matrix-based algorithm for the discounted joint conditional pdf of the MAP
risk model with phase-dependent rates and the MAP risk model with phase-independent
rates, which has already been studied by Ramaswami (2006), are identical. Therefore, we

keep the discussion brief here.

Instead, we introduce a new risk model that takes a more microscopic point of view
on the evolution of an insurance risk process than the view of traditional collective risk
theory. In this risk model, premium rates depend on certain variables that can be modelled
via a continuous-time Markov chain (CTMC). Thus, the fluid flow process based matrix
analytic methodology that we introduce in this chapter can be employed. The model does
not necessarily fall under the class of MAP risk models, and hence, will require additional
probabilistic analysis than the probabilistic analysis typically used in the literature of fluid

flow based matrix analytic methodologies in risk theory.

First, we present some of the results from Bean and O’Reilly (2013) in Section 4.2. In
Section 4.3, a procedure to evaluate the occupation measure of the risk process via the
methodology developed in Bean and O’Reilly (2013) is provided. Then, in Section 4.4,

we briefly discuss a procedure to evaluate the joint conditional pdf of the time of ruin,
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surplus prior to ruin, and deficit at ruin of a continuous-time MAP risk model with phase-
dependent premium rates. The procedure involves some results on the first passage time
LST given in Bean and O’Reilly (2013) and the methodology for the evaluation of the
occupation measure given in Section 4.3 of this thesis. Finally, in Section 4.5, we discuss

the newly introduced risk model.

4.2 Fluid flow process and shift process

Consider a fluid flow process {(F;, W;),t € RT}, where the phase process {W;,t € R} is
a finite-state CTMC whose state space is given by W. Let r; € R, i € W, denote the flow
rates of the process {F;,t € R} (Unless otherwise specified, we assume Fy = 0.) Consider
another fluid flow process {O;,t € Rt} defined on the same phase process {W;,t € R}
as {F;,t € RT}, but with a different set of flow rates, denoted by {¢;,i € W}. We assume
that both {F},t € RT} and {O,,t € R"} are defined on the entire real line and that they

are conditionally independent given the phase process.

Bean and O’Reilly (2013) introduced the so-called shift process {Z;,t € R} defined
as {Z; = O; — Op,t € RT}, and derived an efficient matrix-based algorithm for computing
the LST of the shift process stopped at certain first passage times of {(F,, W;),t € RT}.
Bean and O’Reilly’s algorithm gives a numerically efficient and stable method to compute
numerous key quantities appearing in applied probability. In this subsection, we simply
present Bean and O’Reilly’s results and in Sections 4.3 and 4.4, employ their results in

solving the problems at our hand.

Let us first partition the state space W into three disjoint sets, W, W»,, and W, such
that r; > 0 for ¢ € Wy, r; < 0 for i € Wy, and r; = 0 for i € W,. Let the partitioned
infinitesimal rate matrix (partitioned according to Wi, Wy, and Wj) of {IW;,t € Rt} be
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given by

T, Ty Ty
T = (Ui,j)i,jGW = | Ty T Ty
Ty Ty Ty

Define the diagonal matrices Ry = diag(r;)iew,, Re = diag(|r:])iew,, C1 = diag(¢;)iew,,

C, = diag(c;)ien,, and Cy = diag(c;)ien,- Given s € C, further define a set of matrices

S
I
=

U ((T11 = sC) — T1o(Too — sCo) ' T ),

) (
s) = Ry ((T'y2 — sC3) — T2(Too — sCo) ' T2),
) (
) (

=R (T12 — T10(Too — sCo) 'Toy),

provided that the maximum real part of the eigenvalues of Ty — sC is negative. Now,
define the first passage time random variable k(y) = inf{t > 0 : F}; = y}, y € R, and two
LST matrices W(s) and é’y(s) whose (i, j)-th entries are given by

(@@))m = E{e7 %0 Z[r(0) < 00, Wy = jl|Fo = 0, Wy =i}, i € Wy, j € W,

(é(sa y))i,j = E{eisZN(O)I[’%(O) < 00, WH(O) = j”FO =Y, WO = 7’}7 Za] S WQ) Yy > 0.
Then, the following result holds true:

Theorem 3, Bean and O’Reilly (2013) If the maximum real parts of the eigenvalues
of Too—sCo, Wi(s), and Way(s) are negative, then the matrix \il(s) satisfies the equation

Wia(s) + W () Way (s)U(s) + Wiy (s)T(s) + U(s)Was(s) = 0, (4.2.1)

and furthermore, if s is real, \/I\l(s) is the minimal nonnegative solution of (4.2.1). Moreover,

we have:
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Theorem 4, Bean and O’Reilly (2013)

G(s,y) = eW2EHWnEEE)y, (4.2.2)

4.3 Occupation measure with respect to shift process

Consider the same fluid flow processes {(F;, W;),t € RT} and {O;,t € RT}, and the shift
process {Z;,t € Rt} introduced in Section 4.2. For s € C and y > 0, define a matrix

N (s,dy) whose (i, j)-th entries are given by

(N(s,dy)),, = /0 E{e % T[k(0) > t, F, € dy, W, = j]|Fy = 0, W, = i}dt,

for 7,7 € W,. For now, we assume that the shift process is such that the above integral
exists. In order to compute the occupation measure matrix N (s, dy), we employ a well-

known time-reversal argument.

First of all, let @ = (6;);c)y denote a stationary probability vector of {W;,t € R}
(assuming that one exists) and let {WW}, ¢ € RT} denote the stationary version of {W,,t €
R*}Y, ie., Wy distributed with 8. Let {W;,t € R} denote the time-reversed version
of {Wy,t € R}, and {F,,t € R*} and {O;,t € R*} denote the time-reversed versions
of {F;,t € R} and {O;,t € R*}. Then, the flow rates of the time-reversed fluid flow
processes are the negatives of those of the original processes, and the shift process of the
fluid flow process {Oy,t € R} is in fact equal to {Z; = —Z;,t € R*}. Lastly, note that the
fluid flow process {F};,t € RT} and the shift process {Z;,t € RT} are both time and space

invariant. Then, following the same probabilistic reasoning behind the proof of Theorem
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2.5 of Albrecher and Asmussen (2010), we have

91‘(N<S, dy))%j = /0 QZ‘E{€_SZtI[I€(O) > t, E € dy, Wt = j”F() = 07 WO = Z}dt
_ / E{e A T[a(0) > t, F, € dy, W = j, W = i]|[Fy = O}dt
0
— / E{e*?I[F, < F,V ac0,t) ,F, € —dy, W =i, W = j]|Fo = 0}dt

0

= / ejE{esftz[Ft <E,Yael0,t),F e —dy, W; =i]|Fy =0,W; = j}dt
0

= O, E{e P 0 IWi ) = i)|Fy = 0, W, = j}dy, (4.3.1)

where &(y) = inf{t > 0 : F; = y} denotes the first passage times of {F},t € R*}.

Defining a matrix G(—s, y) whose (j,7)-th entries are given by
(é(_sa y))j,i = E{€SZE(7y)I[WS(—y) = 7’] ’FO = 07 W(;k = J}a
(4.3.1) can be written as

Hi(N(s, dy))m. =0, (é(—s, y))jﬂ.dy. (4.3.2)

Finally, defining a diagonal matrix A = diag(6;);c)y, we can write (4.3.2) in the following

matrix equation form:
N(s,dy) = A7 'G(—s,y)TAdy. (4.3.3)

Therefore, computation of G(—s,y), which can be done using the methods shown in Bean

and O’Reilly (2013), leads to the computation of N (s, dy).
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4.4 Continuous-time M AP risk model with phase-dependent

premium rates

4.4.1 Model description

Consider a continuous-time MAP risk model

Uy =u+ /tc(Js)ds — iYk, te R, ueRT,

0 k=1
comprised of a continuous-time MAP {(V, J;),t € RT} defined on Nx 7, J = {1,2,...,m},
m € Z%*, rate matrices (Dy, D1) = ((do,ij)ijes, (d1i;)ijes), and the conditionally i.i.d.
claim amount sequence {Y, k € Z*} (conditional on the phase process {J;,t € Rt} of the
MAP). In particular, Y} denotes the amount of the k-th claim to be made and the distribu-
tion of Y}, depends only on the type of the phase transition that the claim is accompanied by.
In other words, let £ (y), i,j € J,y > 0, denote the pdf of Y = Yk|(J£; =1i,Je, =),
where {&, k € Z*} denotes the arrival epochs of the associated MAP. We further assume
that the premium rates depend on the phase process {J;,t € RT}, ie., ¢, = ¢(J;), and
that Y9 follows a continuous-time phase-type distribution of order n(*?) € Z* with pdf
FE (y) = @)@ (4GNT 4y >0, 4, j € T.

4.4.2 Discounted joint conditional pdf

Let 7 = inf{t > 0 : U, < 0} denote the time of ruin, and let h(t,z,y|u) denote the
joint conditional pdf of (7, U,-,|U,|), given that Uy = u. Then, the so-called discounted
joint conditional pdf of (7,U,-, |U.|) is given by hy(z,ylu) = [;° e 'h(t, z,y|u)dt, s € C,
R(s) > 0.

Our objective here is to derive a matrix-based algorithm for computing the discounted
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joint conditional pdf. To this end, we first construct a fluid flow process of which sam-
ple paths can be linked to the sample paths of the risk model of interest. The method
of construction of such a fluid flow process is well detailed in many references on fluid
flow process based matrix analytic methodologies in risk theory (see, e.g., Ramaswami
(2006)). Once such a fluid flow process is constructed, as first noted in Ahn et al. (2018),
we consider a shift process which keeps track of the time the fluid flow process spends in
phases with positive flow rates. Then, one can compute \/I\'(s), @(s,y), and N (s,dy) of
the fluid flow process and the shift process as in Sections 4.2 and 4.3 using the algorithms
given in Bean and O’Reilly (2013), and follow the same sample paths argument used in Ra-

maswami (2006) to evaluate the discounted joint conditional pdf. We omit the details here.

4.5 Dynamic individual risk model

4.5.1 Introduction

In this work, we propose a new risk model which we refer to as the dynamic individual risk
model. Unlike the traditional view of collective risk theory where claims arrive according
to a certain point process, here we take the view that the claims are generated by the
active insurance contracts (i.e., the customers) that the firm holds at a given time. To
this end, we also take into consideration the arrivals and departures of the customers by
incorporating an arrival process of the new customers and their departures at the ends
of deterministic time intervals (i.e., think of it as a calendar year of the insurance firm).
Customers are assumed to arrive to the system according to a Poisson process. At every
time point ¢t = kT, k € Z*, T > 0, one calendar year of the firm is declared finished and all
of the existing contracts leave the system. Until the year end is reached, the customers cur-
rently in the system are under contract and hence cannot leave the system at will. Claims
are generated by each customer in the system at random epochs which are assumed to be

realizations of a Poisson process. Premiums are collected continuously from each customer
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while he/she is in the system.

Since this risk model keeps track of the number of active insurance contracts in the
system, it is only natural to assume that the premium rates should depend on the current
volume of the insurance business which is represented by the number of active insurance
contracts at a given time. Moreover, we assume that there are no new customers arriving
when the surplus process is below level 0 due to the lack of confidence in the firm. Since,
even after the surplus process falls below level 0, there may still be active contracts in
the system, the insurance business continues as long as the number of active insurance
contracts stays positive (even if the surplus process is below level 0). With this view, we
define the time of ruin to be the time the event that the surplus process is below level 0
and the number of active contracts is 0 at the same time is observed for the first time.

Then, by design, the time of ruin is one of the calendar year ends of the firm.

In practice, the value of T" is deterministic. However, this poses difficulty in putting the
specific risk model in a mathematically tractable framework. As such, we employ the Er-
langization technique to construct a risk model that approximates the dynamic individual
risk model with a constant calendar year T. Assume that the calendar year is randomly
distributed with an Erlang distribution. If we fix the expected value of the random calendar
year at 1" and increase the shape parameter, the random variable converges in distribution
to T'. We note that the Erlangization technique in the same context, i.e., approximating
risk models with deterministic time intervals, has already been employed in other papers
such as Stanford et al. (2005) and Albrecher et al. (2013). For brevity, we henceforth
refer to the dynamic individual risk model with an Erlang calendar year as the dynamic

individual risk model.

The dynamic individual risk model described above can be constructed as a continuous-

time level-dependent MAP risk model with phase-dependent premium rates, since the risk
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process behaves differently when it is above or below level 0. Therefore, we can employ
the fluid flow process based matrix analytic methodology introduced in Sections 4.2, 4.3
and 4.4 to study the risk model of interest. The fluid flow process based matrix analytic
methodology is a suitable choice of methodology for studying this risk model for several
reasons. First of all, to keep track of the number of active contracts, we need a methodol-
ogy which behaves numerically stable even when the number of phases is large. Moreover,
incorporation of phase-dependent premium rates and the level-dependent structure arising
from the definition of the time of ruin given above calls for a fluid flow process based
matrix analytic methodology which can analyze MAP risk models with phase-dependent
rates and at the same time, exploit the skip-free nature of the fluid flow process. The fluid
flow based matrix analytic methodology introduced in Sections 4.2, 4.3 and 4.4 satisfies all

of the above points.

4.5.2 Mathematical model description

Let N € Z* denote the maximum number of active contracts that the insurance firm can
hold at any given time. Assume that new customers arrive to the system according to a
Poisson process with rate Ay > 0 (independent of everything else), as long as the number
of active contracts in the system is strictly less than N and the surplus process remains
above level 0. Furthermore, assume that each active contract generates claims according
to a Poisson process with rate A3 > 0, independent of everything else, and that the claim
sizes are i.i.d. with a phase-type distribution having pdf f(y) = aeP¥~T, y > 0, and
of order m € Z*, where a = (ay,az,...,0m), U = (wi;)ijer, J = {1,2,...,m}, and
~ = (71,7, ---,Ym). Lastly, let A~ E(K,\;) be a random variable denoting the calendar
L y>0, KeZt, A\ >0. We

ARy K—1e=A1y

year of the insurance firm with Erlang pdf a(y) = —Eor—

assume that A is independent of everything else.

To put the risk model of interest in the MAP framework, we first note that A can
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be decomposed into K sequential i.i.d. random intervals with each interval exponentially
distributed with rate A\;. Then, employing the method of phases, let {A;,t € R"} defined
on P ={1,2,..., K} denote the age process associated with A. Next, let {N;,t € Rt}
denote the number of active contracts in the system at time £. We can then construct a
bivariate CTMC {N,; = (N, A;),t € R*} due to the independence between the arrival

process and the age process associated with A, and their exponential sojourn times.

The CTMC {N,,t € R"} has two possible types of transitions. The first is that a new
customer arrives before the age process advances to the next age (from age [ to [+1.) The
second is that the age process advances to the next age before a new customer arrives.
Note, however, that {IN;,t € R*} behaves differently when the surplus process is above or
below level 0. The age process retiring the age K when the surplus process is above level
0 resets to age 1. On the other hand, the age process retiring the age K when the surplus
process is below level 0 results in the event of ruin. Furthermore, no new customers arrive
when the surplus process is below level 0. To distinguish between when the surplus process
is above and below level 0, let {N;” = (N,", A/),t € R} and {N; = (N, ,A;),t € RT}
denote the CTMCs describing { N, t € RT} when the surplus process is above and below

level 0, respectively.

Now, let {(L;, N;),t € RT}, {N/,t € RT} defined on N* = {0,1,2,..., N} x P,
denote the claims arrival MAP when the surplus process is above level 0. If a claim occurs
before any other event occurs, we say there is an arrival. Hence, adopting the notation
used in the earlier section on MAP processes, let (Dy, DY) = ((d{ , ) )nien+ (] ngen),

n = (n1,n2), L = (I1,12), denote the associated rate matrices without and with arrivals. By
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using the standard results from independent exponential random variables, we can write

(

—(AM + A+ A3gnq), if n=1and n; <N,

—(AM +Agnq), if n=10and ny = N,

dar,n,lz A, ifng=10l,lc=ny+1,andny < K,orly =0, 1, =1, and ny = K,
Ao, ifly =n1+1, 1l =n9, and n; < N,

0, otherwise,

and

o Asnq, if n =1,
1,n,l =

0, otherwise.

Now, let {(L;,N;),t € R*}, {N,,t € R*} defined on N= = ({1,2,...,N} x
P) U {(0,0)}, denote the claims arrival MAP process when the surplus process is be-
low level 0. Here, the state 0 = (0,0) denotes an absorbing state and when state 0 is
reached, the event of ruin is declared. Again, by using the standard results from inde-
pendent exponential random variables, we have the transition rate matrices (Dy, D7) =

((da,n,l)n,leN—a (A1 p1)nien-) defined as

;

—(AM +A3nq), if n=10and ny < K,

d(;,n,l: A, ifng =1, lb=ny+1,and no < K,or ly =0, [ =0, ny = K, andn1€{1,2,...,N},

0, otherwise,
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and

~ Asng, if n=1and n # 0,
dl,n,l =

0, otherwise.

With the MAP processes depicting the claims arrival process defined as above, we are now
ready to give the formal mathematical definition of the surplus process of the dynamic

individual risk model.

Let {U;,t € Rt} denote the surplus process and {(L;, N;),t € Rt} denote the MAP
process which follows the same probability law as that of {(L;, N;),t € R*} when the
surplus process is above level 0 and that of {(L; , N, ),t € RT} when the surplus process is
below level 0. Let Y, k € ZT, denote the k-th claim size arising from {(L;, N;),t € R*}.
Then,

t Ly
U, = U, +/ ¢(N.)dz — ) Vi, t € RY,
0 k=1

where the only restriction we impose on the premium rates is that c¢(n) > 0 for all

ne{l,2,...,N} and ¢(0) = 0.

4.5.3 Time of ruin and related quantities

The motivation behind the dynamic individual risk model is to take a more realistic view
on the dynamics of the cash flows of an insurance business rather than the view of the
more prevalent collective risk model by taking into account the number of customers that
an insurance company is liable for at any given time. Under such a model setting, however,
an insurer may have outstanding financial obligations and active sources of income even

after the surplus level falls below 0. This is in contrast to the collective risk model in which
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we generally assume that once the surplus level falls below 0, the event of ruin is declared
and the deficit at ruin is set equal to the final value of the surplus level immediately after
ruin. In the dynamic individual risk model, we do not stop observing the surplus process
when it falls below 0. Instead, we stop observing the process when it is below 0, and at
the same time, there are no active contracts in the system. Therefore, we define the time

of ruin to be 7 = inf{t > 0: U; < 0 and N, = 0}.

The main quantity of interest here is the distribution of the time of ruin. As the time
of ruin is not a simple first passage time, we need to decompose the time of ruin into
several time points and piece them together. To this end, let us first consider the following

functional:

hs(a:,l,y]u,n):/ e *h(t, x, 1, ylu,n)dt,
0

u>0,2,y<0,neN"\ ({0} xP),le N~ \{0}, seC, R(s) >0,

where h(t,z,l,ylu,m) is the joint conditional pdf of (7,U,, N,,U,), conditional on the
event that (Up, Ng) = (0,mn), with 0 = sup{t > 0 : U; > 0} denoting the last epoch that
the surplus level falls below 0 prior to the time of ruin. Then, integrating and summing
the functional hg(z,l,ylu,n) over the values of z, I, and y gives the LST of the time of

ruin, i.e.,

0 0
Y(slu,n) = E{e " I[r <0|Uy =0, Ng=n} = > / / hy(z, 1, y|u, n)dzdy.
leN—-\{o} v >

(4.5.1)

In what follows, we construct a fluid flow process which will be used to develop a matrix

analytic methodology for computing the functional hy(z, 1, y|u, n).
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4.5.4 Formulation of fluid flow process

Consider a sample path of the surplus process {(U;, Ny),t € RT}, which comprises of a
series of linear upward journeys and downward jumps. We first start off by implementing
the usual method of stretching the downward jumps caused by claim arrivals into linear
downward journeys. Then, the resulting sample path resembles that of a fluid flow process.
Since, however, the surplus process behaves differently when it is above and below level
0, we have to construct a fluid flow process which mimics such behaviour of the surplus
process. To this end, we construct two fluid flow processes, denoted by {(F;", J;),t € R}
and {(F, ,J,),t € RT}, of which sample paths exhibit certain connections to the sample

paths of the surplus process when it is above and below level 0, respectively.

Let J = {1,2,...,m} be the transient states of the Markov chain associated with the
phase-type claim amount distribution f(y). Consider a finite multi-dimensional CTMC
{J,t € R"} defined on W = W UW UWS, where Wi = {0} x P, Wi" = NT\ W,
and Wy = W} x J. We then construct a fluid flow process {F;",t € R™} on {J;,t € RT}
with the flow rates given by {r,,n € W'}, where r,, = ¢(n;) for n € W}, r,, = 0 for
n €Wy, and r,, = —1 for n € W,". Now, let the partitioned infinitesimal rate matrix of

{J],t € R™} (partitioned according to W;t, Wy, and W) be given by

+ + +
T, Ty, Ty,

_ + _
T = (Un,l)"ﬁlGWJr - Tg_l T5r2 T;()

+ + +
Ty T Ty

The transition rates within W;" and Wy, i.e., the elements of T, and T, are given by
the elements of DJ. Moreover, T, and T, can also be identified from D{. For the tran-
sition rates within, to, and from W,", the core idea is that as a claim arrives, we remember
the number of active contracts and the age of {A4;,t € RT} at the moment of the claim’s
arrival, keep track of the transitions within the transient states of the Markov chain associ-

ated with the phase-type pdf f(y), and as the exit from the transient states of the Markov
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chain associated with the phase-type pdf f(y) occurs, the process finally returns to the

number of active contracts and the age of {A4;,t € R*} at the moment of the claim’s arrival.

Putting it altogether, we see that for n,l € W,",

;

—(A1+ A+ A3ny), if n=1and n; < N,
—(AM +Agnq), if n=10and ny = N,
Upt = Y A, ifng =1, b =ny+4+1, and ny < K,
Ao, ifly =n1+ 1,1l =n9, and ny < N,

0, otherwise.

For n,l € Wy,
)
—()\1+)\2), 1fn:l,
Upr = A, iflb=ny+1landny < K,orlp=1and n, = K,

0, otherwise.

\

For n € W and l € W,

)\1, iflgzlandTLQ:K,

0, otherwise.

Forn € Wy and l € W},

Ay, if I3 =1 and ny = ls,

0, otherwise.

126



For n € W} and l € Wy,

Oélg)\?)nla 1f <n17n2> — (llu l2)u

0, otherwise.

For n, 1 € W,

Ung,ls) if (nlan2) = (lla l2)a

0, otherwise.

Forn € W, and l € W},

VYngs 1 (1, n2) = (11, 12),

0, otherwise.

Lastly, there are no transitions from W3 to W5, and vice versa.
) 0 2

Similar to {(F;", J),t € R*}, consider a finite multi-dimensional CTMC {J; ,t € R*}
defined on W~ = Wy UW; UW;, where Wi = N~ \{0}, Wy =W, xTJ, and W; = {0}.
We then construct a fluid flow process {F; ,t € R} on {J, ,t € R} with the flow rates
given by {r,,n € W™}, where r,, = ¢(ny) forn € Wy, r, =0 for n € W), and r,, = —1
for n € W, . Let

T, T, T
T = (U, )niew- = | Ty Ts To
Ty, Ty, Ty

denote the transition rate matrix of {J, ,¢ € R} partitioned according to Wy, Wy, and
Wy . Similar to {J,t € RT}, the elements of T, and T, can be identified from the

elements of D, . Moreover, T',, T5,, T'5;, T4y, and Ty, are defined in the same manner as
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T, T, T3, Tqy, and T,. Lastly, W, forms a class of absorbing states (i.e., a singleton
in this case), since the event of ruin is said to occur when the surplus process is below level

0 and the state O is reached. Hence, we let T\, = 0 and T';; = 0.

Putting it altogether, the transition rates for n,l € W, are given by

(
_(>\1 + )\Snl)a ifn = l7

Un,l = )\17 if ny = ll and l2 = nNg + ].,

0, otherwise.
(

Forme W, andl e W, ,

Oélg)\?)nla 1f <n17n2> — (llu l2)u

Upg =
0, otherwise.
For n,l e Wy,
_ Ung 1, if (n1,n2) = (11, l2),
Un,l =
0, otherwise.
Forme W, andl e W, ,
_ Tns; if (n17n2> = (l17 12)7
Un,l =

0, otherwise.

Forme W, andl e W,

)\1, lfTLQ :K,

0, otherwise.
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U

Figure 4.1: Sample path of {U;,t € Rt}

There are no transitions from W, to W, and vice versa, and no transitions from W, to

W, and vice versa.

Having constructed {(F;",J;),t € Rt} and {(F;,J;),t € R*}, define {(F}, J;),t €
R*} to be a level-dependent fluid flow process with the dynamics of {(F,", J;),t € R*}
and {(F; ,J;),t € RT}, when it is above and below level 0, respectively. Then, let
k=inf{t >0: F, <0and J, € Wy }. Let {O,t € Rt} Oy =0 w.p. 1, be a fluid flow
process defined on {J;,t € RT} with the flow rates {z,,n € WHUW~}, where z, =1 for
n e W, UWUWy, and 2z, =0 for n € Wy UW, UWj, . In other words, {O;,¢ € R}
keeps track of the time {J;,t € R*} spends in Wy UW;"UW, . Then, clearly, {O;,t € R}
is a shift process of itself and O,, = 7 w.p. 1 (see Figures 4.1, 4.2, and 4.3). Therefore, the
analysis of the functional hy(x,l,y|lu,n) can be replaced with the analysis of the LST of

O,, over the appropriate region.

More specifically, let n denote the time at which the last descent of the fluid flow
process {F;,t € Rt} into the negative real line prior to x ends. Then, from Figures 4.1,

4.2, and 4.3, we see that (O, F,,J,, F,) = (1,Us, N;,U,) w.p. 1 and this implies that
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Oy

Figure 4.2: Sample path of {F;,t € RT}

1

Figure 4.3: Sample path of {O,,t € R"}
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the functional hy(z,l, y|lu, n) is equal to

hs(z, L ylu,n) = gs(z, 1, ylu,n) = / e tg(t,x, 1, ylu,n)dt, (4.5.2)
0

where g(t,z,1,ylu,n) is the joint conditional pdf of (O, F,,, J,, Fi) conditional on the
event that (Fp, Jo) = (u,n).

In what follows, we present the probabilistic analysis for developing a fluid flow based
matrix analytic methodology for evaluating gs(x,1, y|u, ). Then, we can evaluate hy(z, 1, y|u, n)

via (4.5.2).

4.5.5 Probabilistic analysis

In terms of notational consistency, let x(y) = inf{t > 0 : F}; = y} denote the first passage
time of the fluid flow process {(F}, J;),t € R*t}. Then, we define a set of matrices \/I\l+(5),
a+(s,y), ¥ (s), and /K\i(s,dy|x), where

(& (s
(@ (5.9),.,

) = E{e 0 I[k(0) < 00, J w0y =U]|Fo =0,Jg =n}, nc Wi, LeWws,
( (s )nl = E{e*90T[k(0) < k < 00, J wo) = |Fy = 0,Jg =n}, ne Wy, le Wy,

n,l

= E{e %0 Z[k(0) < 00, J o) = l||Fo =y, Jo =n}, n,l € W), y >0,

( (s, dy|x)

n,l

/ E{e™9I[k(0) > t,k > t, F, € dy, J, = 1]|Fy = =, Jy = n}dt,

n,leW;, z,y <O0.

Noting that {(F}, J:),t € R*} is level-independent within the positive and negative half

lines and conditioning on the number of times the fluid flow process {(F;, J;),t € RT}
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crosses level 0 prior to k, we can rewrite gs(z,l, ylu,n) as

gs(z, 1, ylu,n) = Z en\/I\lJr(s)(A;'Jr(s, w) Z (‘/I\J_(S)‘/I\’JF(S))ne_T?_QxTiezT (/IE (37y|$>>l,hczéh’?)

heQ n=0
~t N R U,
=Y en¥ (5)G (s, u)(I = ¥ ()8 (5)) e T g€l (K (s,9]0)), -
heQ | C(hl)
(4.5.3)

where ff\_(s,y|x) is a matrix such that ff\_(s, dylz) = /IE_(s,y|a:)dy and @ ={h e W, :
h2 = K}

Computing the matrices \Tﬁ(s), (A}’+(s, y), and W (s) is a straightforward exercise, as
we can simply apply Theorems 3 and 4 of Bean and O’Reilly (2013) and the algorithms
therein. However, computing /Izi(s,y|x) requires further attention. In what follows, we
first show how to compute \TIJF(S), a+(s, y), and \/I\’_(s), followed by the discussion on the
method of evaluating /IE_(S, ylx).

To begin, consider {(F,", J;),t € R*}. Define diagonal matrices R; = diag(rn) ey
R, = diag(|rn|)pepwys Z1 = diag(zn)pept, Z2 = diag(zn)peny, and Zy = diag(zn)newg,

as well as a set of matrices

[
&
L
N
vt
|
N
wi
P
N
S+
|
V2)
N
o
N~—
L
N
ot
SN—

Then, by Theorem 3 of Bean and O’Reilly (2013), if the maximum real parts of the eigen-

132



values of Ty, — sZy, W1,(s), and W,(s) are all negative, \/I\l+(s) is a solution to
N ~ o+ LAt LAt ~ N
Wi(s) + ¥ (s)W5(s)¥ (s) + Wii(s)¥ (s)+ ¥ (s)W(s) =0, (4.5.4)

and if s is real, is the minimal nonnegative solution to (4.5.4). Furthermore, by Theorem

4 of Bean and O’Reilly (2013), we have

G (s,y) = (WEEHWLET ()y. (4.5.5)

For W, (s), consider s € RT and
(T1+1 —To(Tg — SZO)_lT(J)rl)-

Since s > 0 and Z, = I, we can view (Tq, — sZ) as the rate matrix for transitions within
W, with the sojourn rates of the states in W increased by s > 0. Therefore, the above
matrix is the rate matrix for transitions within W, of the censored phase process, censor-
ing the time spent in W;~ with the increased sojourn rates in W; . Since the claims can
arrive in any of the states in W;", we can verify that the above matrix is a substochastic
matrix for all s € RT. Then, together with the fact that Z; = I, we can further conclude
that W7,(s) is a substochastic matrix for s € RT. Hence, the maximum real part of the
eigenvalues of W, (s) is negative. Then, by Lemma 2 of Bean and O'Reilly (2013), we
have that the maximum real part of the eigenvalues of W, (s) is negative for all s € C,
R(s) > 0. Similarly, noting that Z, is a zero matrix and T3, is a substochastic matrix, we
can also verify that the maximum real part of the eigenvalues of W, (s) is negative for all
s € C, R(s) > 0. Moreover, since Zy = I, we can again verify that the real part of the
eigenvalue of T, — sZ is negative for all s € C such that R(s) > 0. Therefore, we have

verified that (4.5.4) and (4.5.5) are valid for all s € C, R(s) > 0.
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Next, consider {(F,”,J;),t € R}, restricted to Wy and W, , (i.e., the nonruined

states). Define the following matrices:

Wii(s) = RN Ty, — sZy),
Wo(s) = By (T, — sZ5),
Wia(s) = BT,

Wi (s) = Ry ' Ty,

Now, consider the reflection of the fluid flow process {(F, ,J;),t € Rt} on the time
axis. Then, considering the reversal of the slopes of the reflected fluid flow process in Wy
and W, , by Theorem 3 of Bean and O’Reilly (2013), if the maximum real parts of the

eigenvalues of W, (s), and W, (s) are negative, \/I\l_(s) is a solution to
Wals) + ¥ (s)Wiy(s)® (s) + Wi(s)® (s) + ¥ (s)Wii(s) =0, (4.5.6)

and if s is real, is the minimal nonnegative solution to (4.5.6).

Similar to the case of (4.5.4) and (4.5.5), since Z; = I and claims can occur in any
state in Wy, W1, (s) is a substochastic matrix for s € R*. Hence, we can conclude that
the maximum real part of the eigenvalues of W;(s) is negative for all s € C, R(s) > 0.
Likewise, since Z, is a zero matrix and T'5, is a substochastic matrix, Wa,(s) is a sub-

stochastic matrix for all s € RT. Therefore, (4.5.6) is valid for all s € C, R(s) >0

Finally, we lay out the probabilistic arguments leading to an algorithm for evaluating

/IE_(S, y|z). Let G (s,y) denote a matrix whose entries are given by

(é7<S,y))h7l = E{eison(o)z[’i(()) <k <9, JK(O) = l”FO =Y, JO = h}7 h’vl € va y < 07
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and let ?_(s, dx) denote a matrix whose entries are given by

(T (s,d)), | = / B{eOT[k(0) > .5 > £, F, € do, J, = [|F, = 0,.J, = h}dt,

h,l
0

heW, leW ,z<0.

Then, by conditioning on the maximum value that {F,”,¢t € Rt} attains on the sample
paths in which it stays below 0, and exploiting the level independence of the fluid flow

process, we can write

- G (s.o—y)+G (s,2—y) [/ G (s,y— a)R'TRY (s,y—a)da, y >,
K (s,ylz) =

~ —

fa? G (87 T — a)RflTIZ?_(Sv Y- a’)da7 y <ux,
(4.5.7)

where T (s, a) is a matrix such that ¥ (s,da) = Y (s, a)da.

Note that, using the reflection arguments employed in computing ‘ili(s), we can apply

Theorem 4 of Bean and O’Reilly (2013) to compute G, (s,y), i.e.,
G (s,y) = e WREOHWEEE @y (4.5.8)

Then, the only quantity in (4.5.7) in which an evaluation procedure is lacking is ¥ (s, a).
One may think, from the definition of '/f_(s, a), to apply the usual time-reversal argument
to evaluate '/I\"_(s,a). However, the resulting time-reversed process is unfortunately no
longer a fluid flow process, and hence, the matrix analytic methodology cannot be directly
applied. Therefore, unlike the usual time-reversal argument, we need to develop a time-
reversal argument for R, 'T ;2?_(87 a) from the perspective of the risk process.

First of all, consider (RIITIQ‘Y_(S,G)) n,l € Wy such that n; =1, and ny < ls.

n,l’

All the other entries are 0 since no new customers arrive when the surplus level is below

135



0. By the structure of T, conditioning on the value of the claim size yields

(R 'TLY (s,a)) = >\3n1 / f(z (s,a| — z)), dz. (4.5.9)

n,l

Now, consider the time-reversed risk process, denoted by {Ut, t € Rt} on the sample paths
associated with (/IE_(S, y|l — x))n’l. The time-reversed risk process travels from level a to
—x while staying strictly below level 0 and the process {INy,t € R}, the time-reversed
version of {Ny, ¢t € R}, transitions from (ly,ls) to (I1,lo — 1) to (l1,ls — 2) all the way
to m. Since both the age process and the claims arrival process are independent Poisson
processes, the time-reversed age process and claims arrival process are also independent
Poisson processes. Noting that Poisson processes are invariant under time-reversion and
the shift process {Oy,t € R} keeps track of the time the phase process of the fluid flow

process spends in W, , we have the following equality:

—~—

(K (s,a|—x)), ,dz= / E{e ™ I[U, < 0V z € [0,1],U, € —dz, N, = n]|Uy = a, Ny = 1}dt.

0
(4.5.10)
Substituting (4.5.10) into (4.5.9), we obtain
(R'TLY (s,0),,
A
/ / E{e™I[U, <0V z € [0,t],U; € —dz, N; = n]|Uy = a, Ny = 1} (3”3 (z)dtd.
ni
(4.5.11)

Next, we construct a fluid flow process and a shift process for the fluid flow based matrix
analytic methodology to be employed in evaluating the right hand side of (4.5.11). Let
{(R:, E;),t € R"} denote the fluid flow process of which sample paths can be linked (as
done in Figures 4.1 and 4.2) to those of the time-reversed risk process {(Uy, Ny),t € RT},
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reflected on the time axis. We set the state space of the phase process {E;,t € R*} equal
to Wy UW, . We express the TPM of {E,,t € R™}, partitioned according to W; and
Wy, as

Bll Bl2

B = (bn,l)n,leW;uwg - B. B
21 22

The transition rates for n,l € W, are given by

—()\1 + /\3711), if n = l,
b'n,,l = < /\1, if ny =1 and Iy = ny — 1,

0, otherwise.

\

Formne W, andl e W, ,

b al3>\3n17 lf (nlan2) — (l17l2)7
n,l —

0, otherwise.

For n,l e W, ,

b uns,lg, if (nl,nQ) = (ll, l2),
n,l —

0, otherwise.

Forne W, andl e W, ,

b 7”37 lf (nlanQ) - (l17l2)7
n,l =

0, otherwise.

We set the flow rates {{, = c¢(n1),n € Wi} and {§, = —1,n € W, }. Now, let
{Hy;,t € R*} denote a fluid flow process defined on the phase process {E;,t € RT} with
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the flow rates {xn, = 1,m € W, } and {xn, = 0,n € W, }, where Hy = 0 w.p. 1. Clearly,
{H;,t € R"} is a shift process which keeps track of the time {E;,t € R} spends in Wy .

Define the following diagonal matrices 2; = diag(ﬁn)newf, 2y = diag(|&nl) X, =

new,

diag(Xn) ey X2 = diag(Xn)pepw;, and a set of matrices

Let ©(s) and Q(s,y) denote matrices whose entries are given by
(6(5)),,, = E{e O L[0(0) < o0, By = U]| Ry = 0, B = n}, n.€ Wy, Le W,
and
(Q(s,9)),,, = E{e "0 I[0(0) < 00, By = I]| Ry = y, Bo = n}, y > 0, n,l € Wy,

where 6(y) = inf{t > 0 : R; = y} denotes the first passage time of {R;,t € R*}. Following
the same line of logic in verifying the validity of (4.5.6) for all s € C, R(s) > 0, we can
verify that the maximum real parts of the eigenvalues of Lq;(s) and Lay(s) are negative
for all s € C, R(s) > 0. Then, by Theorem 3 of Bean and O’Reilly (2013), for all s € C,
R(s) >0, é(s) is a solution to

L15(s) + ©(5) Ly (s)O(s) + L11(s)O(s) + O(s)Las(s) = 0, (4.5.12)

and if s is real, @(3) is the minimal nonnegative solution to (4.5.12). Also, by Theorem 4
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of Bean and O’Reilly (2013), we have that

Q(s,y) = e La 8y

Returning to (4.5.11) and noting that {H;,t € R} is a shift process which keeps track
of the time the fluid flow process { R;,t € R™} spends in Wy, the sample paths connection
between {R;,t € R} and the reflected time-reversed risk process reveals that (4.5.11) can
be rewritten as

(RflTIQ?_(S a)) il

/ / E{e™I[U, <0V z € [0,t],U; € —dz, N, = n]|U = a, No—l})\()’nl) (z)dtdx
ni
A

/ / E{e™I[R. >0V z €[0,t],R; € dz, E, = n]|Ry = —a, By = 1} (3”1) (z)dtdz.

(4.5.13)

Since the downward journey ending in phase m of the process {(R;, E;),t € Rt} must
have initiated from phase n (consider the structure of B), (4.5.13) can subsequently be

rewritten as

o~ —

(RITGE (s, = (BB,
(é( ) L22(s)+L21(S) (8))GB21>l,n' (4514)

Since for all n,l € W, ,

(R7'TLY (s,a)),, =0 = (O(s)Q(s,—a)Ba),,, =0,

n,l
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we ultimately have

R'T;, Y (s,a) = (O(s)e T2t La1()0(Na g, )T, (4.5.15)

Returning to (4.5.7) and substituting (4.5.8) and (4.5.15) into (4.5.7), we have

K (s,y|z)
’ o~
o~ (WHEHW () (9)) (@)

FeWhRE+WLEE (9)(@-y)

x [0 e WREHW ¥ ()-0) BT o~ (L) +Ln (1O -0 @ (5)Tda, y > ,

\fxo 6_(W;1(5)+W;2,n(5)@;(5))(50_“)B;le_(L22(5)+L2l(S)é(s))T(y_a)é(s>Tda, y < x,

(4.5.16)

Therefore, we may now substitute (4.5.16) into (4.5.3) and evaluate hy(x,l,ylu,n) =

gs(z, 1, ylu,m). Finally, we can evaluate ¢ (s|u,n) from (4.5.1).

Unfortunately, we do not have a closed form solution for the integral equation (4.5.1)
for general phase-type claim size distributions. In such cases, one may still numerically
integrate (4.5.1). When the claim size distribution follows an exponential distribution (ob-
viously a special case of the phase-type family of distributions), however, we are able to

get a closed form solution for (4.5.1), as we show in the next subsection.
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4.5.6 Special case: exponential claim size distribution

Suppose that the claim size pdf is given by f(y) = Ase ™Y, y > 0, \y > 0. Let us now

revisit the integral equation (4.5.1):

P(slu, n)

0 0
= Y / / hs(@, L ylu, n)dzdy,

leN-\{o} "~

= > /Oo/ Zen\fﬁ(s)fﬁ(s,u)(]—\fl_(s)\fﬁ(s))—1@—T;2ngle{(/I€7(s,y|x))l7h

leN—-\{0}“" ™~ “ heQ

Our goal in this subsection is to obtain a closed form solution for the following integral:

—~—

0,0
/ / e 2Ty el (K (s,ylx)), , drdy. (4.5.17)

The exponential claim size distribution assumption implies that J = {1} and that
e~ T2*T,, forms a diagonal matrix whose diagonal entries are all equal to A,e®. This in
turn implies that the only nontrivial entry of the column vector e=T22"T5, e] is e 1ye~ T22° Ty, €] .

Hence, for (4.5.17), we can simply compute

0 0 _ 0 0 L
/ / eqne 2Ty el (K (Say|$)>l,hdxdy:/ / e (K (s,y\x))hhd:rdy.

—o0 J —0o0

(4.5.18)
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Consider now the following quantity:

0
T )\311 Az
/oo (K (3,y|x))l7hc(ll)e Agdx. (4.5.19)

As in (4.5.10), we can establish that

—~——

(K (s,y|x))l,hdm = /0 E{e ' I|U, € dz, N, = 1,U, < 0V z € [0,1]]|Us = y, No = h}dt.

(4.5.20)
Substituting (4.5.20) into (4.5.19), (4.5.19) can now be expressed as
0
T /\3l1 A
K W hd
/_OO( (S’y|x))lhc(ll)e 44T
[
/ / E{e ' I[U, € du, N, = 1,U. < 0V z € [0,t]]|Uy = y, No = h}dt (3;1) Mo\ dx.
1
(4.5.21)
Then, the same probabilistic reasoning used for (4.5.14) leads to
O = Ash Ay o —(Laa(s)+L
(K (s,y|x))lh 0 )e P gdr = (O(s)e” 21( y321) (4.5.22)
o0 relh

Returning to (4.5.18), the inner integral of the right hand side of (4.5.18) then becomes

0
_ c(ly)  ~
/ (K (3,y|x))l7he’\“/\4dx— /\( >(G)( )~ (L2(9)+La O (s yBgl) (4.5.23)

oo sl

Substituting (4.5.23) into (4.5.18), the double integral on the right hand side of (4.5.18)
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reduces to

o

0 o 0 1), ~ =
[ ] o) et ndody = | ) (@ ()80 gy ),y

- %( - @(5)((L22(3> + LZl(S)é(S)YlB?l)h,r

(4.5.24)

Substituting (4.5.24) into (4.5.1) and noting that v, o = A1, we ultimately have

Wslun) = S Y e ()G (s,u)(I — B ()T (s) e,

leN—\{0} heQ
C(ll))\l

X C(hl))\?)ll ( - @1(8) ((L22,l<5) + L21’l<s)él(s))_lB21)h,l‘

(4.5.25)

4.5.7 Numerical analysis

In this subsection, we examine how the variables in the dynamic individual risk model
interact together to affect the time of ruin distribution. More specifically, we focus on
examining how different combinations of premium rates and customer arrival rate Ay affect
the distribution of the time of ruin while fixing the values of the claim arrival rate A3 and
the expected value of the claim size 1/\; under the assumption that the claim sizes are
exponentially distributed with rate A\4. In the dynamic individual risk model, the way
in which the variables interact together is not obvious. Lower premiums in principle will
attract more customers at the cost of a slower initial increase in the surplus of the firm.
Since in the dynamic individual risk model we assume that all customers are independent
from one another, in theory, we may expect the law of large numbers to hold true for a
large number of customers in the system. On the other hand, we assume that no customers

arrive to the system if the surplus level is below 0. Hence, too low premiums may result
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in poor initial performance of the firm’s surplus process, leading to a lower number of
customers in the system than intended. As there are these complications to consider, it
would be interesting to see how different combinations of the premium rates and A, affect

the infinite-time ruin probabilities of the dynamic individual risk model.

For the dynamic individual risk model under consideration, assume that the calendar
year T is equal to 1 unit time and let the random calendar year variable A ~ E(K, \;)
where K' = 3 and A\ = 3so that E{A} = 1 = T. The premium rate rule that we implement
here is ¢(n) = en for n € {0,1,2,..., N}, where we set the maximum number of customers
in the system equal to N = 50. (Note that this setup gives the number of phases equal to
150, which is an unusually large number in numerical analyses of MAP risk models in risk
theory.) The claims arrival rate is set equal to A3 = 1 and the mean claim size is set equal to
1/Ay = 1/2. Then, the expected value of the total claims of an individual who is in the sys-
tem for the entire calendar year is equal to A3/Ay = 1/2. We assume that the initial surplus

level is equal to 10 and the initial number of customers in the system at time 0 is equal to 1.

Before we consider different combinations of ¢ and Ao, let us first consider fixing the
value of ¢ at 0.6 and thereafter varying the value of A\y. Our expectation from the law of
large numbers is that the infinite-time ruin probabilities should decrease as Ay increases.
Therefore, we can check whether our expectation holds true by computing the ruin prob-
abilities for different values of Ay while fixing ¢ at 0.6. Since we have assumed that the
claim sizes are exponentially distributed, we can compute (5|10, (1, 1)) from (4.5.25). The
matrices appearing in (4.5.25) are computed following the probabilistic analysis laid out
in Section 4.5 and the algorithm used for computing \fﬁ(s), U (s) and O(s) is Algo-
rithm Bl in Bean and O'Reilly (2013). For the infinite-time ruin probabilities, we can
compute (0]10,(1,1)), and for the finite-time ruin probabilities, we numerically invert
¥(s]10,(1,1)) to obtain the pdf of the time of ruin. The numerical inversion method we

implemented here is the Gaver-Stehfest algorithm (see, e.g., Kuznetsov (2013)).
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Figure 4.4: pdf of the time of ruin for Ay equal to 5, 25, and 50.

In Table 4.1, the infinite-time ruin probabilities for different values of Ay, ranging from
10 to 100, are computed, and the infinite-time ruin probabilities seem to decrease as we
increase the value of ;. In Figure 4.4, the pdfs of the time of ruin are computed for Ao
set equal to 5, 25, and 50. The pdf corresponding to Ay = 5 is the blue curve, the pdf
corresponding to Ao = 25 is the red curve, and the pdf corresponding to Ay = 50 is the
yellow curve. As can be seen in Figure 4.4, higher values of Ay do not necessarily imply
lower finite-time ruin probabilities on all time intervals. As A, increases, the assumption
that the premiums are collected continuously implies that earlier in a calendar year, the
surplus process of the insurance firm is more likely to fall below level 0 due to the possibly
large number of customers and lower value of the surplus process. Since no customers
arrive when the surplus process is below level 0, this then in turn may result in a lower
total number of customers arriving in that calendar year than for some smaller values of
Xo. However, as time goes on, the surplus process is likely to grow and when there is
enough initial surplus, higher values of Ay, as expected, are likely to result in a higher total

number of customers in the given calendar year and thus the lower ruin probabilities.
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N | 90110, (1, 1))
10 | 0.0204845
20 | 0.0174097
30 | 0.0155677
40 | 0.0144086
50 | 0.0136405
60 | 0.0131027
70 | 0.0127076
80 | 0.0124059
90 | 0.0121681

100 | 0.011976

Table 4.1: Infinite-time ruin probabilities for different values of Ay

$(0[10(1, 1)) = 0.025;

1
c = 0.605 c=0.65

Figure 4.5: Infinite-time ruin probabilities for different values of ¢ and Ay(c)

Now, assume that the customer arrival rate Ay has the following functional relation

with the premium rate c:

1

)\2(0) = m, CE(

0.6,0.65].

The function Ay(c) is arbitrarily chosen to describe an inverse relation between ¢ and A,
i.e., higher values of ¢ result in lower values of Ay and lower values of ¢ result in higher values
of Ay. In Figure 4.5, the infinite-time ruin probabilities are computed for values of ¢ in the

increments of 0.005 over the interval (0.6, 0.65]. For each value of ¢, Ay is set equal to Ag(c).

As can be seen in Figure 4.5, the infinite-time ruin probability does not exhibit a linear

relation with the value of ¢ when A, is determined by the function Ay(c). Indeed, as the
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value of ¢ increases from 0.605 to 0.61, the value of Ay decreases from 50 to 25. It seems
that under the given model setting, the decrease of the customer arrival rate from 50 to
25 has a more adverse impact on the solvency of the insurance firm than the positive force
of the increase of the premium rate from 0.605 to 0.61. However, as ¢ increases, it seems
that the higher values of ¢ result in lower values of infinite-time ruin probabilities. One
note that we make here is that since we assume that there is one customer already in
the system at time 0 and that customer is assumed to have agreed to pay whatever the
premium rate that we set in any event, Ay approaching 0 would imply the dominance of
the one existing contract in determining the solvency of the insurance firm. In such an

extreme case, higher values of ¢ will result in lower values of infinite-time ruin probabilities.

As we initially expected, the numerical results presented in this section show that the
interaction among the variables in the dynamic individual risk model has a nonlinear im-
pact on the solvency of an insurance firm. Therefore, when we take into account the
stochastic nature of the arrivals and departures of the customers in modelling the insur-
ance risk process, it is imperative to perform a thorough analysis on how the interactions

among the variables affect the evolution of the risk process over time.
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Chapter 5

Concluding remarks and future

research

In Chapter 2, we developed a matrix analytic methodology for a class of discrete-time risk
models which we named the G/M/1 DTRM class. In Section 2.2, we provided a matrix
analytic framework for the general risk models belonging to the G/M/1 DTRM class, and
then in Sections 2.3 and 2.4, we demonstrated how the methodology developed for the gen-
eral risk models in the G/M/1 DTRM class can be either directly applied to or simplified
first (exploiting the special structures of the respective risk models) and then applied to the
discrete-time MAP risk model with general and matrix geometric claim size distributions,
and the discrete-time MAP risk model with a dividend barrier. In Section 2.5, various
numerical examples were presented to demonstrate how the methodology can be applied
to computing various quantities of interest and how it compares to the standard recursive

method in terms of the computation time.

In Chapter 3, we developed a matrix analytic methodology for the discrete-time MAP
risk model with phase-dependent premium rates and phase-type claim size distributions,
based on a sample paths connection between the risk process and a discrete-time QBD

process. Our methodology is built directly on a sample paths connection between the risk
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process and a QBD process without downward jumps, even with the phase-dependent pre-
mium rates, allowing it to exploit the skip-free nature of the QBD process and simplify the
respective analysis greatly. In Section 3.3, we demonstrated how our methodology can be
employed in computing the discounted joint conditional pmf of the surplus prior to ruin
and deficit at ruin. In Section 3.4, a numerical example is presented to demonstrate how
the methodology can be applied to computing some quantities of interest and a discussion
on the impact of the phase-dependent premium rates on the evolution of the surplus pro-

cess over time is provided.

In Chapter 4, we discussed an adaptation of the matrix analytic methodology for fluid
flow processes developed by Bean and O’Reilly (2013) in risk theory. In Sections 4.3
and 4.4, we briefly discussed how Bean and O’Reilly’s methodology can be extended to
continuous-time MAP risk models with phase-dependent premium rates and phase-type
claim size distributions, based on a sample paths connection between the risk process and
a fluid flow process. In Section 4.5, we introduced a new type of a risk model (referred to
as the dynamic individual risk model) which takes into account the stochastic dynamics
of the customers’ arrivals and departures, and applied Bean and O’Reilly’s methodology
in analyzing the LST of the time of ruin distribution. In Section 4.5.7, numerical analyses
were performed to examine how the variables in the dynamic individual risk model inter-
acted together to affect the solvency of an insurance firm. From the numerical analyses,
we learned that it is imperative to perform a thorough analysis on how the interactions
among the variables affect the evolution of the risk process over time when we take into
account the stochastic nature of the arrivals and departures of the customers in modelling

the insurance risk process.

As can be seen in this thesis, matrix analytic methods offer a computationally powerful
set of methodologies for analyzing the stochastic evolution of insurance risk processes. The

computational advantages of matrix analytic methods enable rigorous numerical analyses
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of complicated risk models such as the dynamic individual risk model introduced and stud-
ied in Chapter 4, which traditionally was considered a computationally difficult model to
analyze. It is our belief that in the modern age of advanced computing and big data, the
computational aspect in risk theory is ever more important, and matrix analytic methods

provide powerful tools for the computations in risk theory.

For future research, there are two main directions we wish to pursue. The first is to
work on a review paper which collectively presents the various matrix analytic methods
in risk theory and their computational aspects. Such a review paper is already available
(Badescu and Landriault (2009)), but we feel that there has been many advances in ma-
trix analytic methods in risk theory since then. Moreover, the results on matrix analytic
methods in other areas of applied probability are already available (see, e.g., Latouche and
Nguyen (2018) for a most recent review), but presenting them in the context of risk theory

would serve well in promoting matrix analytic methods in the field.

The second direction is to apply matrix analytic methods to more risk models that
take more microscopic point of views on the risk processes than the traditional collective
risk models do. As demonstrated in Ahn et al. (2018) and the dynamic individual risk
model introduced in Chapter 4 of this thesis, risk models that take more microscopic point
of views on the risk processes tend to result in becoming large scale problems in terms of
the number of variables involved in the analyses. Traditionally, this has posed difficulties
on the computational aspects of the analyses. Since matrix analytic methods have been
shown to alleviate this computational difficulty, we are excited about the new types of risk

models that can possibly be analyzed via matrix analytic methods.
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