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“Recursive Calculation of the Dividend Moments in a Multi-Threshold
Risk Model,” Andrei Badescu and David Landriault, January 2008

Eric C. K. CHEUNG*

Professors Badescu and Landriault are to be congratulated for such an exciting paper. The use of fluid
flow techniques allows for the analysis of a more complicated class of risk processes, namely, the class
of risk models with Markovian arrival process, while keeping the computation of various risk-related
quantities of interest tractable. In particular, the paper has separated the evaluation of the moments
of the discounted dividend payments into cases in which ruin occurs or not. I believe this interesting
point to be the first such contribution to the literature.

The purpose of this discussion is to propose a threshold-type dual model and evaluate various risk-
related quantities using essentially identical techniques as in the paper. According to Avanzi, Gerber,
and Shiu (2007), a dual risk model is appropriate for describing the surplus process of companies that
are involved in invention or discovery, such as pharmaceutical and petroleum companies. The charac-
teristics of these companies are such that they are paying expenses over time, while occasional gains
from invention or discovery would bring upward jumps to the surplus process. In addition, a dual model
might also be appropriate for settings involving annuity or pension fund (see Seal 1969, p. 116).
However, in the dual model with a dividend barrier (see Avanzi, Gerber, and Shiu 2007; Cheung and
Drekic 2008), the ruin probability is one, which is practically undesirable. Under the threshold dividend
strategy described below, the ruin probability may or may not be one, depending on whether the process
at the top layer has a positive drift.

THE DuaL MoODEL

Throughout this discussion, we retain the same notation and conventions as adopted in the paper. As
an illustration and to keep the analysis simple, we assume a two-layer model. Generalization to a
multithreshold model can be made in a similar way and is omitted. The surplus process {R%! (¢), t = 0}

c1,b1
with R&%! (0) = u follows the dynamics

—c,dt + dS(t), 0 = R (0 <b,

—cydt + dS(), b, =RW () <b, +b, =

c1,b1

dRE, (0 = { D

The random sum S(t)= =YY X, represents the total gains caused by invention or discovery (in con-
trast to the aggregate claim amount considered in the paper) over the interval (0, t]. The descriptions
of {N(¢), t = 0} and {X,},-, are given in the paper and hence not repeated here. The company pays
dividends to shareholders at rate d,(d,), and therefore the surplus decreases at rate c,(c,) with
¢; = expense rate + d, whenever the surplus level is below (above) b,. Analogous to the model consid-
ered in the paper, we also define the threshold-free process {R (¢), t = 0} with R (0) = u given

c2,b> c2,bo
by

dRdual (t) — —Cth + dS(t), 0= Rguul (t) < b2 = oo, (D2)

c2,b2 2,02
Corresponding to the surplus processes (D.1) and (D.2) are the reflected fluid flow processes
{F" , (t), t = 0} and {F’_ ,. (t), t = 0} defined by

c1,b1 c2,bo

* Eric C. K. Cheung is a PhD student in the Department of Statistics and Actuarial Science, University of Waterloo, 200 University Avenue West,
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c,dt 0=Fg, (0 <b
K., bl(t) Auewesy — luwesy) {Cth’ b, = =, 1)1(t) <b, by = (D.3)
and
dr, ,,( = (Lyepesy — Lupesedt, 0=F,, 0 =b, =, (D.4)
respectively, both with initial level Fy, , (0) = F¢,,,(0) = w. Then, fori = 1, 2, the quantity T, ,,(x, y)

denotes the first passage time of {F% , (), t = 0} from level x to level y.
To proceed, three additional quantltleﬂ regarding the Laplace-Stieltjes transform (LST) (with argu-
ment ) of various first passage times that are not given in Table 1 of the paper have to be first defined:

1. fﬁlc(x 0, 8) = e®~ for x = 0, is the LST of the first passage time from (x, S;) to (0, S,) in F

(Ahn and Ramaswami 2005, Theorem 3)
2. Ofnyc(x ¥, 8) = (Ig, — 7"V, (3) *W,(d) ! Ofnc(O vy —®, 9) for 0 = x <y, is the LST of the first

passage time from (x, S;) to (v, S;) avoiding 0 en route in ¥, (Ahn et al. 2007, Theorem 1) and
3. 1o, 0, 8) = YW (D) Vs (, 0,8) for 0 = x <y, is the LST of the first passage time from
(x, S)) to (0, S,) avoiding y en route in %, (Ahn, Badescu, and Ramaswami 2007, Theorem 1).

LAPLACE TRANSFORM OF TIME OF RUIN

Pertaining to the surplus process {RI5(6), t = 0}, i = 1, 2, is the time of ruin ol'ji(w) =

inf{t = 0:RI™!(t) = O|[RI!(0) = u}. Then we dehne the |S | X |S | matrix of the LST of the distribution

of Ug}‘,‘,}(u) bV pg“;?lhl(u) whose (j, k)-th element is given by

[pSien W 1 = E[e_a"f‘”;-”'(")1{«?“:3‘(1«)@}1<J(n waoy=k [ (0) = il (D.5)

Note that ruin occurs immediately with zero initial surplus and therefore pg*", (0) = I,
For the threshold-free surplus process {R% (), t = 0}, it is trivial that for u = 0,

c2,bo

sw/en) Pr 5
Phens, (W) = e CRfr, <“v 0, 5) : (D-6)

In the case of {R%* (t), t = 0}, using similar arguments as in the proof of Theorem 3.1 of Badescu,

Drekic, and Landriault (2007), it is readily shown that for u > b,,

5 3\ ' » 5
pglzf;lbl(u) = e %1/ c1)de;l 7(u _ bl) <Im| — ”IWPC] <§> \Ifzz (§>> ()fch] (O, bl, 5), (D7)

whereas for 0 = u = b,,

N A 8 A 8 " 8
pgl(l,ilbl(u) = e~/ (e1) {Ofll,cl <b1 - u, bl, 5) + blfu‘c1 <b1 —u, 0, 5) ‘1"02 (§>
8\ . [8\\ ' S
X <151| - bqucl <§) \I}lg (5)) Ofll,cl <07 bla 5)} . (D8)

The ruin probability is obtained as a special case of (D.7) and (D.8) by letting & = 0.

DiviDEND MOMENTS WITH RUIN

In a similar fashion as the random variable (r.v.) D, ,,(w) defined in Section 3 of the paper, we define,
for i = 1, 2, the discounted (at a force of interest 8 > 0) dividend r.v. for the surplus process
{RyH(O), t = ()} to be
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du |

O, b(u)
Dglu 1}(“) = E d; f sy § k=R <Sh bi} d. (D.9)

Analogous to (3.2) in the paper, the [S,| X [S,| matrix Wit (w) (I, m € N) represents the matrix of
the generalized moments of the discounted dividend payments with ruin occurrence, with the (j, k)-th
element given by (adopting the abbreviations in the paper)

[ du al b(u)];k — E(rum) [(, l&o’?u}; (u)(Ddu ll(u))m] (DlO)

Img;, ¢i,bi

For the threshold-free surplus process {Rdml(t) t = 0}, it follows from an identical argument in ob-
taining (3.3) that, for u = 0,

d m m
Wik, 0, () = <§> > (7;) (= 1)"P5iEt ) 2,00 (D.11)

h=0

Next, we consider the quantity Wil . (u) for the surplus process {R%4 (¢), t = 0}. First, for u > b,,

Im,c1,b1 c1,b1

the corresponding fluid flow process {Fy, ;, (¢6), t = 0} has to make a transition from (u, S,) to (b, S))
for ruin to occur. In other words, 77 , (u, 0) has the same distribution as 7,, (u — by, 0) +
(1,5 " (b1, 0), which in turn implies that (rg}“,‘,l](u) has the same dlstr1but10n as USE?},(u - by +
(o) *(by). Here we assume (7}, ,)*(by, 0) = 77 4, (by, 0) and (a0'))* (b)) = ol (by). Therefore, the
r.v. D2 (u) can be decomposed into

D) £ DEY0 = by) + e ERIDG) by, (D.12)

where (D4)*(b,) L po (b,). Following the same ideas used in deriving (3.16) in the paper, one can

c1,by c1,b1

show that, for u > b,

a —_ S m ua. ua
;j:‘:LILl bl(u) EZO (E) W?—%—E,lm—g,gg.gg(u - b])ng,gll,Ql(b])‘ (D'13)
Second, for 0 = u = by, the fluid flow process {F¢, , (t), ¢ = 0} must either reach level b, in S, or
reach level O in S, first. In the former case, for ruin to occur, the process must make a transition back
to level b1 1r1 S;. Hence, 7, (u, 0) 4 ”"rCI p(r = w, 0) + 70,.(0, 0) + (1¢,,)"(by, 0), which means
f}‘;}l(u) Teron (01 = 1, 0)/2 = (by —w)/(2c)) + 7,,,(0,0)/2 + (a2')*(b,). Now, we can decompose

S]“})l] (u) into

du’il
Ll bl(u) d ahm] b (01—11,0)/2= (b1—1)/ (2e1)]

+ T OO D) (g g + € TR0 (D) (). (D.14)

Teab c1,b1

1 .. . . 1

For the latter case, it is clar that Ty, , (u, 0) = oTeron (b1 — w, by). This immediately yields (rg}‘zl] (w) =
oTern (01 = w, b1)/2 + u/(2¢;), and so
Pdual

cffn(u) G b 2+ Gen) (D.15)

Combining the above two cases, we apply the same technique as in the paper (but omit the rather
tedious algebra) to arrive, for 0 = u = b, at

m
— M\ yirdue dual
;171;121101 [)1 (u) 2 ( g ) W;j,;;ié,gl.g] (u) Wl.x:—§,£1,121 (bl)

£=0
d\" & A [ + h)d
+ [ = 2 m (_1)hef(l+h)8u/(2cl)ofllyq b1 —u, bb ( ) ’ (D.16)
) h=0 h 2
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where

B £ d hn h A l + m — X 8
Wﬁrr:}g,gl,gl(u) — 2 <’§) <§1> ZO <x> (_1)hfxe(l+m7x)8(b17u)/(201) blfl;’,cl (bl - u, O’ %)

&—h g¢—h

is an explicit formula enabling the computation of the |S,[ X [S,| matrix Wi, . , (w). In particular,
putting u = b, into (D.16) and solving for Wil (b)) yields

I;m,c1,by

m
; rdus _ m S ./
W;j’x:lg]Q] (bl) = (I|S]\ - Wld)l;ld,l(),gjé] (bl)) ! {‘22] < E ) stilg,g],[_n (bl)Wl(f)l;ldl&,ng_)] (bl)

m m a +
(L) S (™) e emmae 7 (o), LRV (5 1g)
) i=h \h 2

which is a recursion in m for the evaluation of Wi, | (b,) with starting value W{i§% | (b,) = piia! | (by).

- I,;m,c1,b1
Note that the term Wi, . , (b)) in (D.18) can be simplified (using [D.17]) to
1/ dua ) (l + m)B r (l + ?’YL)S
Wit ero (b)) = "W (*2 v —s ) (D.19)

To conclude this section, for 0 = u = by, (D.16) together with (D.17) and (D.18) characterize
wdual (), while for u > b,, Wil (u) is computed via (D.13) with the help of (D.11) and (D.18).

Im,c1,b1 Im.ci1,b1

DivIDEND MOMENTS WITHOUT RUIN

In the same way as (3.26) is defined in the paper, for i = 1, 2, we define the |S,| column vector
xﬂ}fgf,,zi(u) (m € N) with jth element given by

—

Xl 01, = BIOIH) g ] (020

dual

c2,b2

Then, for the threshold-free surplus process {R%" (t), t = 0}, the equivalent expression to (3.27) in

our model is, for u = 0,

. d m _ _
Xg;l,glzybz(u) = <€2> (1\Sl| o pgtlgilsbz(u)lwl\)' (D21)

Next, for the surplus process {R¥ (¢), t = 0}, we first consider u > b,. The surplus process can

either visit or not visit level b, in S;, and therefore (D.20) (with i = 1) can be expressed as
[Xg:lglllz_)l(u)]] = Ej[(Dgil,agll(u))ml{cg;{‘;l‘z(u—z;l)<oc}1{(02;‘@‘])*(};1)=oo}] + Ej[(Dg;{?lll(u))ml{ag;‘fé‘z(u—bl)=oo}]- (D.22)

For the former case represented by the first term on the right-hand side of (D.22), the r.v. D&% (w)
has the same representation as (D.12), and hence the above equation leads, for u > by, to

—

dua — N m dua dua ual
Xy, ) = > <§> Wil e eon @ = b)) XEe,, (b)) + Xt (@ = by). (D.23)

£=0

For 0 = u = by, the corresponding fluid How process {F. , (t), t = 0} must first reach level b, in S,
before reaching level O in S, to avoid ruin. After reaching level b, in S,, the proces either visits or does
not visit level b, in S,;. Thus, one has

Jdual — dual

[X)’)Eé] b1 (u) ]1 - E] [ (Dg?f[;] (u))ml{blq—ghlﬂ (b1 —u,())<00}1{T£2,E2((),())<00}1{(0"2[]“,‘}11)”"(1)]):00}]

+ E,[(D;‘I'i)‘l (u))ml{hwsl_,_,l(bl7u,0)<oc}1{7;2,,_,2(0,0)=oo}]- (D.24)
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The first term on the right-hand side of (D.24) represents the former case where the r.v. DI (1)

c1,b1
has an identical decomposition as (D.14), while the second term represents the latter case with Dg;‘i’l (w)
given by

d _ —s(b11,. — 2—(b1— d2
Dgﬁﬂl(u) = dlahwghp_,](b]—u,())/2—(b1—u)/(201)\ + e ?Cmantrme0/2=brmo/Gen) (g) (D.25)

Following the same line of logic in obtaining (D.16), one finds that (D.24) reduces, for 0 = u = b, to

m
., m = 1ia .,
Xl (W) = ( g> Wil b @)X (b))

£=0
m £ m—§ &
m d] dz §> _ _ _ 5
+ @ &2 — 1) hem=md1—w)/(2e1)
(0 (5)(5) 2 e
2 m — h 8 — _ —
X s <b1 —u, 0, %) (Tjs, = VL (0) 15, (D.26)

Letting u = b, in the above equation together with the use of (D.19) yields

—q m8 m8 ! Ui m = . —
X‘S?éll’_’l(bl) = (I|Sl - anjCl (?) \Ijzz (?)) {2 (g) ngr;;léyglvhl(bl)xgt‘fli»glsl_’l(bl)

=1
2o (m\ (d\ ("t & (& . (m — h)d

6 (&) 2 F) o, (520

X (T, — ‘I’ZZ(O)TM)}, (D.27)

which provides a recursive scheme for computing ;{gf;ﬂ,zl (b,), with starting value ;('Sf;'@ (b)) = T|s]\ -
pgt;llll_ll(b])llsl\' -

In conclusion, for 0 = u = b,, Xﬁl‘,;ll,gl (w) can be evaluated via (D.26) together with (D.17) and (D.27),
while for u > b, X;‘,ﬁ;‘i,él(u) is determined by (D.23), (D.11), (D.21), and (D.27).
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AUTHOR'S REPLY TO DISCUSSION BY SHUANMING L1, JuLy 2007

"“The Discounted Joint Distribution of the Surplus Prior to Ruin
and the Deficit at Ruin in a Sparre Andersen Model,”’
Jiandong Ren, July 2007

[ am grateful for receiving three insightful discussions by Dr. Ko, Dr. Li, and Dr. Badescu.

Dr. Ko first presents an interesting derivation of the system of integro-differential equations (2.4),
which was utilized in the paper under discussion. Second, he provides an elegant proof of the matrix
determinant identity used in equation (2.7).

Dr. Li derives a formula for the first time when the surplus attains a certain level b = u. With the
discount rate 8 = 0, using the argument in Proposition VIII. 4.3 of Asmussen (2000), the matrix —K
could be interpreted as the infinitesimal generator of the “record height” process {m(x), x = 0}
obtained by observing the states of the interclaim times only when the surplus process {U(t), t = 0}
is at its maximum. It satisfies the fixed point problem

1 o0
-K=— (B +b'a f e % () dx) (R.1)
c 0
and may be obtained iteratively by setting K = 0 and fori = 1,
A 1 ” i
—KO = = <B + b f e M (x) dx). (R.2)
c 0

If the claim sizes follow an n dimensional phase-type distribution with representation (B, T), the
integral in (R.1) has the explicit form

o0

af e ®p(x) dx = aJ e ®Be™t d
0 0
= - (@@BCKOT) 'I® ), (R.3)

where I is an m X m identity matrix. In fact, the iteration scheme may also be used to solve equation
(D.6) in Dr. Li’s discussion. Numerical experiments showed that the iteration converges quite fast.

Dr. Badescu pointed out that the results in the paper being discussed can be further extended to a
more general framework assuming a Markovian arrival process. His equation (D.7) is very elegant, and
I look forward to the further developments of the proposed more general model.
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AUTHOR’S REPLY TO DiscussioN BY PROFESSOR ELIAS SHIU, APRIL 2008

‘“On the Laplace Transform of the Aggregate Discounted Claims with
Markovian Arrivals,’”’ Jiandong Ren, April 2008

I would like to thank Prof. Shiu for pointing out a generalization of the aggregate discounted claims
process, defined by

N(©)
S© = 2 86X, Ty, t = 0, (R.1)
k=1

In the Poisson arrival case, the Laplace transform of the distribution of S(¢t) is given by formula (D.4)
of Professor Shiu’s discussion:
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d)S(t)(T) = e“(d)g(xm(r)—l)’ (R2)
where &, (1) is the Laplace transform of the random variable g(X, tU).
Since by definition

1(°(F _ ...
by an (1) = . fo fo e (%) dx ds

1 (.
= f pe(r, s) ds, (R.3)
0

where pé(r, s) = [; e ®)p(x) dx, (R.2) can be written as
d)S(t)(T = MUIGPErs) ds—o). (R.4)

I would like to point out that formula (R.4) could be extended to the MAP case by following the
martingale argument used in this paper. In particular, consider the Markov process {S(t), J(t), t}. Its
generator acting on a function f(S(t), J(t), t) belonging to its domain is given by

g—{ + ], <k21 dy i (f(SO) + &y, 0, k, ©) = £SO, i, t))) pi(y) dy

2 dou(fSO. k. 0 =[50, 1, 0)

Af(S(), i, t) =

- %f+ f <Z dy . f(S©) + &y, 0, k, t)> p(v) dy
0 \k=1

+ 2 d(),ikf(S(t)7 ka t)’ i= 17 <., M. (RS)
k=1

Following exactly the same procedures as used in the paper, letting p4(§, t) = [; (e % Np,(v) dy
and A3(&, t) = diag(P{(€, t)), we can derive the Laplace transform of the distribution of S(¢):

I(§,t) = vy exp |:f0 (A%(E s)D, + D) ds] e’, (R.6)

where +y is the initial distribution of the MAP process and e’ is an m-dimensional column vector of
ones. This generalizes equation (R.4).
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