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Let Qx(t,y) be the number of people present at time ¢ with at
least y units of remaining service time in an infinite server system with
arrival rate equal to A > 0. In the presence of a non-lattice renewal
arrival process and assuming that the service times have a continuous
distribution, we obtain a large deviations principle for Qx(-)/A under
the topology of uniform convergence on [0, 7] x [0, c0). We illustrate
our results by obtaining the most likely paths, represented as sur-
faces, to overflow in the setting of loss queues, and also to ruin in life
insurance portfolios.

1. Introduction. The asymptotic analysis of queueing systems with
many servers in heavy-traffic has received substantial attention, especially
in recent years. Among the earliest references that come to mind in con-
nection to this topic is the work of Iglehart (1965) on heavy-traffic limits
for the infinite-server queue. Another highly influential paper in the area is
Halfin and Whitt (1981) in the context of many server Markovian queues,
which introduced a scaling that is now known as the “Quality and Effi-
ciency Driven” regime. The ideas in these papers have fueled more recent
results in the asymptotic analysis of many server systems such as: Puhalskii
and Reiman (2000), Jelenkovic, Mandelbaum and Momcilovic (2004), Puhal-
skii and Reiman (2009), Kaspi and Ramanan (2010), Kaspi and Ramanan
(2011), in the setting of many server queues, and Glynn and Whitt (1991),
Decreusefond and Moyal (2008), Pang and Whitt (2010), Reed and Talreja
(2012), in the setting of the infinite server queue. The asymptotic analysis
of queueing systems with many servers has been motivated by applications
in service engineering, in particular in the context of call centers and health-
care operations. Another set of application areas that is also very relevant,
but that is infrequently mentioned in the analysis of many server systems
is that of insurance mathematics. It is clear, for instance, that a portfolio
of insurance policies can be directly modeled as an infinite server system;
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casting insurance portfolios in this framework is particularly appealing in
the setting of life insurance as we shall illustrate in Section 5.

So far most of the asymptotic analysis of many server systems has concen-
trated mainly on fluid and diffusion approximations on central limit scaling.
Meanwhile, the literature on large deviations analysis for many server queues
is not as extensive relatively; despite the fact that it is clearly of interest
to understand the large deviations behavior of these types of systems. For
instance, consider the consequences of dropping calls in an emergency call
center or being unable to satisfy the demand for critically ill patients in the
context of health-care applications. As another application, in the insurance
setting, it is of interest to estimate ruin probabilities and, perhaps even more
importantly, understanding the most likely path (or set of paths) to ruin.
Risk theory typically concentrates on ruin probabilities for aggregated mod-
els, such as the classical ruin model (see Asmussen and Albrecher (2010));
the results in this paper, as we shall illustrate, provide a systematic way for
assessing ruin probabilities for a natural class of bottom-up models.

Our main contribution in this paper is to provide the first sample-path
large deviations analysis of the state descriptor of the infinite server queue-
ing model in heavy-traffic (i.e. as the arrival rate increases to infinity without
introducing any scaling on the service times). The statement of our main
result, which is given in Theorem 1, features a convenient representation of
a good large deviations rate function, under a strong topology. To illustrate
the strength of our result, we apply it to compute the most likely path to
overflow in a loss system, and also the most likely path to ruin for a life insur-
ance portfolio that embeds an infinite server queue with a particular service
cost structure. It is important to emphasize that our result takes advantage
of a convenient representation of the system’s description that facilitates the
representation of the rate function; detailed discussion on this system’s rep-
resentation is given in Section 2.1. Previous large deviations analysis of the
infinite server queue has concentrated on queue-length characteristics only;
see, for instance, Glynn (1995) who develops large deviations for marginal
quantities in the case of renewal arrivals, and Zajic (1998) who develops
sample path large deviations for the queue length process of infinite server
queues in tandem in the case of Poisson arrivals.

Our large deviations analysis complements results on fluid analysis and
diffusion approximations recently obtained for infinite server systems. For
example, Pang and Whitt (2010) have shown that the state descriptor of the
infinite server queue, suitably parameterized in terms of a two-parameter
stochastic process, converges after centering and re-scaling to a Gaussian
and Markov process; see also Reed and Talreja (2012) who interpret the
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state descriptor of the infinite server queue as a measure valued process
acting on the space of tempered distributions. These recent results, in turn,
extend prior work by Glynn and Whitt (1991) in the context of discrete and
bounded service time distributions, and Decreusefond and Moyal (2008) for
the case of Poisson arrivals. We also mention the growing literature on large
deviations of measure valued processes, see for example, Léonard (2000),
and Feng and Kurtz (2006) for general theory. This literature is relevant
as the state of the infinite server queue at time ¢ can be represented as
a measure with point masses representing the remaining service times of
the customers currently in the system. This approach requires to define the
right topology on the space of measures, just as in the weak convergence
analysis in Decreusefond and Moyal (2008) and Reed and Talreja (2012). It
appears that the resulting topologies, however, would not be as strong as the
ones that we consider here (see, for instance, the discussion on the resulting
topologies in p. 3 of Léonard (2000)). Our topology is basically the same
as that in Pang and Whitt (2010), which in turn is stronger than that in
Decreusefond and Moyal (2008) and Reed and Talreja (2012) (which do not
include the queue length process as a continuous function, for example). In
addition, the rate function would involve a different representation than the
one we obtain here. We believe that our representation is more convenient
for applications in queueing, as we illustrate in our examples in Section 5.

The analysis of the infinite server queue is important as it serves as a
building block for other models of interest. For instance, in the setting of loss
models one can clearly couple the loss systems with associated infinite server
systems, and in the setting of many server queues Puhalskii and Reiman
(2009) shows how one can precisely understand queues with multiple servers
as a perturbation of infinite server queues. Furthermore, the infinite server
model is a classical model in queueing theory that serves as a direct model
in important applications. Of particular interest to us, as mentioned earlier,
are the applications to insurance mathematics.

The rest of the paper is organized as follows. In Section 2 we introduce
our problem setting and provide a statement of our main result. This is a
fundamental section and it is divided into three parts. We first shall intro-
duce our assumptions and define our notation. Then we provide the precise
mathematical statement of our result, and, finally, we will provide a heuris-
tic argument that allows us to gain some intuition behind it. The next two
sections then provide proofs. We first show our result for bounded service
times in Section 3. Then, in Section 4, we apply a truncation argument to
extend our result to unbounded service times. In Section 5 we apply our
result to computing the most likely paths to rare events in the setting of
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loss queueing systems and also in the setting of ruin probabilities for large
life insurance portfolios. Finally, we include an appendix that contains the
construction of a continuous function which approximates the underlying
two parameter queueing process in uniform norm.

2. Assumptions, notation, and main result. The purpose of this
section is threefold. First we shall clearly state our assumptions and intro-
duce necessary notation for our development. Second, we shall explain the
main large deviations result and provide a heuristic derivation of the rate
function that we obtain. Finally, we shall provide a road map for the strategy
behind the proof which will be presented in subsequent sections.

2.1. Assumptions and notation. We shall describe an underlying system
corresponding to an arrival rate A\. We call the system with A = 1, i.e. one
customer per unit time, our “base system”; eventually we shall send \ to
infinity in our asymptotic analysis. We collect our assumptions as follows.

Assumptions and notation concerning the arrival process. For the
base system, we assume the interarrival times are i.i.d. positive random
variables (U, : n > 1) with E[U,] = 1 and finite exponential moments in
a neighborhood of the origin; in precise words, () := log Ee?U» < oo for
some 6 > 0. Besides, we also assume that (U, : n > 1) are non-lattice in the
sense that there does not exist any constant a > 0 such that the value of
Uy, lies in {ak : k=0,1,2,...}. In our A-scaled system, the arrivals come A
times faster (i.e. the n-th interarrival times becomes U, /\). The associated
logarithmic moment generating function of the A-scaled service times is then
k() := log BEe?Un/* = k(0/)\). Hence, following the assumptions on the
base system, k) (f) < oo for some 6 > 0.

The time at which the n-th arrival occurs in the base system is A4, =
Ui+ -+ U, for n > 1. We simply define Ay := 0 and then let N(t) :=
max{n > 0 : A, <t} be the number of arrivals that have occurred up to
time ¢ in the base system. It is important to keep in mind that N () increases
by one unit at discontinuity points since we are assuming that the U,’s are
positive.

Eventually, we shall increase the arrival rate, so it is sensible to define
Ny(t) :== N(\t).

Define the so-called infinitesimal logarithmic moment generating function
for the arrival process via ¢ (0) = —k~1(—0) (see Glynn and Whitt (1994)).
This definition is motivated by the fact that

(1) tl_i)ligo)\_llogEexp (OINX(t+0) = Nx()]) = ¢ (0) 0
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for any & > 0. Since the U,,’s are positive with probability one we have that
¥y (+) is continuous and strictly convex on the positive line. We also assume
that ¥ () is continuously differentiable throughout R. This assumption is
satisfied for most arrival processes, certainly for interarrival times that are
strictly positive and such that sup{x(f) : kK(#) < oo} = 0.

Assumptions and notation concerning the service times. We as-
sume that the n-th customer that arrives to the base system (i.e. at time A,,)
brings up a service requirement of size V,, that is independent of the arrival
process. The sequence (V;, : n > 1) is assumed to be i.i.d. and is indepen-
dent of the arrivals (U, : n > 1). We write F'(z) = P(V,, < x) to denote the
associated distribution function evaluated at x, and set F(z) := 1 — F(x) to
be the tail distribution. Moreover, we assume that F'(-) is continuous.

Two-parameter representation of system status. For any fixed 0 <
T < oo, let Qx(t,y) denote the number of customers who arrived before
or at time t and leave after time y in the A-scaled system for all (¢,y) €
[0,7] x [0,00). In detail,

0,y —t)+ O TV, + A A >y) t<y,
Qx (y,y) + Ny (t) — Na(y) t>y.

We shall assume that the system is initially empty at the beginning. This is
done for simplicity. Since we have infinitely many servers, we can incorporate
the initial configuration by keeping track of its evolution independently of
what occurs subsequently. Given our assumption of an initial empty system
we then have that Q,(0,u) = 0 for all u > 0. Note that for all (¢,y) €
[0,T7] x [0, 00),

(2) Qx(t,y) = Qa (E Ay, y) + Na(t) = Nx(tAy).

It is worth comparing the current system representation with the more
common one involving the quantity Q(t,u) defined as the number of cus-
tomers in the system currently at time ¢ who have residual service time
larger than u > 0; more precisely,

(3) Qx(tiu) =Qx(tu+t).

These two system representations are equivalent in the sense that (Q (¢, u) :
t € [0,7],u > 0) encodes the evolution of the infinite server systems and
thus, such evolution can be used in principle to retrieve (Qx(t,u) : t €
[0,7],u > 0). We have chosen the representation based on Q) to facilitate
the representation of the rate function; a more detailed discussion is given
towards the end of Section 2.2.1. In addition, the representation based on Q)

Q)\ (t7y) = {
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allows to obtain a rich large deviations principle to which one can apply the
contraction principle directly to several continuous functions of interest. For
instance, it follows immediately that the arrival process Ny(t) = Q(t,0),
and the departure process, Dy (t) := Ny (t)—Qx(t,t) are continuous functions
under the topology that we consider (and that we shall discuss in the next
paragraphs). More applications of the contraction principle will be discussed
in Section 5.

Discussion about the topological space. Let D = {(t,y) : 0 < t <
T,y > 0} and let us write ||-||¢ to denote the supremum norm over any set C.
The space of functions that we consider for our large deviations principle
shall be denoted by L4 (D) and it corresponds to bounded functions with
domain in D, such that x(0,u) = 0 for u > 0, x(¢,-) is non increasing, and
x(t, ) vanishes at infinity. We will develop the large deviations principle for
the family of stochastic processes (Qx/A : A > 0) on the space L (D)
endowed with the topology generated by the supremum norm. Following
Dembo and Zeitouni (1998) p. 4, the probability measures in path space in
our development are assumed to have been completed.

Our large deviations principle for Q/A immediately implies in partic-
ular a large deviations principle in the Skorokhod topology in the space
Dp,10,00)[0, T] which is the space of right-continuous-with-left-limits (RCLL)
functions x, with domain on [0, 7], that take values on the space of RCLL
functions taking values on R. That is, on each time point ¢ in x = (z(t) :
t € [0,T]) € Dpgjo,00)[0,T1] is a function z(t) € Dg|0,00). This is precisely
the topology considered in Pang and Whitt (2010), who also provide a dis-
cussion on the benefits of using this topology relative to other natural (but
weaker) alternative options (see Section 2.3 in Pang and Whitt (2010)).

An alternative approach that one might consider given the available re-
sults on functional weak convergence analysis of the infinite server queue,
such as Reed and Talreja (2012), is to interpret the space descriptor of
the infinite server queue as acting on the space of tempered distributions.
We believe, however, that this approach, although elegant, has important
limitations in terms of assumptions and the class of functions to which the
contraction principle can be directly applied to obtain other large deviations
principles of interest.

2.2. Statement of our main result. We are now ready to state our main
result. Let ¢ := (q(t,vy) : (t,y) € D) € Ly (D). We say that § € ACL (D) if
the following conditions hold:

i) g is absolutely continuous on D in the sense that Ve > 0, 3 v > 0
such that V (¢,y) and (¢,y') € D, |q(t,y) — q(t',y')| < € if both |t — /| and
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T 0 82
—q(t,y)| dydt < oo,
/0 /O ‘atayq( y)‘ Y

it) 9%q(t,y)/(0tdy) = 0 almost everywhere for (t,y) € {(t,y) : 0 < y <
t<T}.
For g € AC4 (D), we define I(g) via the following expression

T o0 82
sup O(t,y—t <_ q(t, >d
9(-,-)ecb<D)/o /t (69 =D\ ~ 515,90 0) Ay

— N <log < /0 ~ eoitw) dF(y)) )] dt

where Cy(D) is the set of all bounded continuous functions on D. On the
other hand, if § € L4 (D) fails to satisfy any of the conditions i) to ii),
simply let I(q) = oc.

We now can state our main result.

ly — 9’| <. Besides,

THEOREM 1. Under the set of assumptions discussed in Section 2.1,
(Qx/X : X > 0) satisfies a large deviations principle with good rate function
I(-) on the space (Li oo(D), || - ||p). In precise terms, for each open set O
we have that

1 -
lim,_,;log +P(Qx/A € 0) = — nf I (q),

and for each closed set C

o 1
lim ), log XP(QA/)\ €e()< —qileléf(q).

As mentioned earlier, an immediate corollary that we can obtain is a large
deviations principle for (Qx/\ : A > 0) under the Skorokhod topology in the
space Dp,(0,00)[0, 7], discussed in the previous section and introduced in
Pang and Whitt (2010).

We shall explain the strategy behind the proof of Theorem 1. First, we
shall introduce an auxiliary continuous process Qx /A, defined in Section 2.3,
that is exponentially equivalent to 5 /). Then, the proof strategy composes
of two parts. First, in addition to the assumptions imposed in Section 2.1
we will assume that there exists a deterministic constant K € (0,00) such
that P(V,, € [0, K]) = 1. In the second part of the argument we will relax
this truncation assumption.

In turn, the first part of the argument (i.e. assuming truncation) is divided
into several steps. The first step consists in developing the large deviations



SAMPLE PATH LARGE DEVIATIONS FOR G/G/oc QUEUES 213

principle for Q) /A with rate I(-) under the topology of pointwise conver-
gence using the Dawson-Gartner projective limit theorem. The second step
involves showing that Q, /A is exponentially tight as A — oo under the uni-
form topology on the compact set [0,7] x [0, K]. The third and last step
involves lifting the large deviations principle to the uniform topology.

In the second part of our argument we introduce an approximation scheme
that proceeds by ignoring the customers that arrive to the system with a
service time larger than K. Using a coupling argument, the process that
is obtained using this scheme is shown to be a good approximation to the
original system for the purpose of computing large deviations probabilities.

However, before we do this let us provide a heuristic argument in order
to guess the form of the rate function. Later we will explain what are the
technical difficulties that need to be addressed.

2.2.1. Guessing the rate function: A heuristic approach. One can take
advantage of the point process representation of the input process (i.e. the
arrivals and the service times represented as a marked point process). Let us
start with the case of Poisson arrivals. We shall briefly explain how to adapt
the development that follows to the more general case of renewal arrivals.

Consider the scaled system with arrival rate A and suppose that F'(-) has
a density f(-). The amount of customers that arrive during the time interval
[t,t+ dt] and that bring a service requirement of size [r,r 4 dr] is denoted by
the quantity M (t+ dt, r + dr), which is governed by a Poisson distribution
with rate Af(r)dtdr. It follows then by elementary considerations involving
the Poisson distribution that for a fixed value of (t,7), My (t + dt,r +dr)/\
satisfies a large deviations principle as A — oo. In particular, we formally
obtain that

PMy (t+dt,r +dr) /) = u(t,r)dtdr) = exp (—=AJ (u (¢, 7)) dtdr),

with
J (N (t7 T)) - S(ltlp)[ﬁ (t7 T) 2 (tv T) — YN (77 (t7 T)) f (7‘)],
nie,r

and YN (n) = exp(n) — 1. The supremum above is obtained formally with
n«(t, T) = log(:u(tv T)/f(r))

So, by pasting independent regions of the form [t, t-+dt] x [r, r-+dr]| together
one expects that the Poisson random measure M (:)/ would satisfy a large
deviations principle under a suitable topology, so that

P(MA(AXB)/)\% w(t,r)dtdr, for a large class AXB) ~ exp(—AJ(u))

AxB
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with

I () = / [ (t,7) 1 (8, 7) — by (s (£,7)) f (P))dtdr
5) [0,7]%[0,00)
S /D 0 (6) 1 (6,7) — o (0 (8,7)) £ (F)]dtdr

n(:,)€Cy(D)
Now, observe that for all y > ¢

(6) Q,\(t,y):/t/iM,\(s—i-ds,r—Fdr),

and Q(0,7) = 0 for y > 0. If (-, -) can also be expressed as

(7) q(t,y) / / (s,r)drds

with
L
5, T) = — q t7 ) )
: ( ) 8y6t t=s,y=s+r

we can develop the large deviations results for g(-,-) based on a similar idea
as the contraction principle. In fact, for g(-,-) that is absolutely continuous
and §(0,y) = 0 for all y > 0, the representation (7) is applicable. Therefore,
one can formally compute the rate function of Q,(-,-)/A evaluated at (-, -)
by evaluating J(u) for s € [0,7] and r € [0,00). In particular, this analysis
yields that I(g) is equal to

sup / 0 (5,7) 1 (5,7) — v (n (5,7)) £ (r)]drds
(D)JD

(-, )€Cy(D

= s o) (—ggpates ) = s ) 1) dnas

n(-)eCy (D

62
~ e /[ms,u—s)( s, u>)
n(-)eCy(D) D ayor

— (exp( (5, — 5)) = 1)f (u— sﬂ duds,

which is, of course, equivalent to (4) in the Poisson case assuming the ex-
istence of a density f(-) for the distribution of the service times. The pre-
vious form of the rate function was heuristically obtained assuming that
y > t. However, since all the information of the infinite server queue is
contained in the evolution of the process (Qx(t,u) : (t,u) € D) defined in
Section 2.1 with Qy(t,u) = Qx(t,t+u), we must have that the rate function
should be specified only over g(t,y) for y > t. Indeed, one can check that
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0%q(t,y)/(Oydt) = 0 for 0 < y <t < T as Qx(t + At,y + Ay) — Qx(t +
At,y) — Q(t,y + Ay) + Q(t,y) = 0 for all y < ¢.

For the non-Poisson case one can argue using renewal arguments. We
need to compute the log-moment generating function of the vertical strip
(M (t+dt,r; +dr) : 1 <i<mn), where r; <19 < --- <ry, for an arbitrary
partition (r; : 1 < i < n). We obtain, using elementary properties of the
multinomial distribution together with an application of the key renewal
theorem as in Glynn (1995),

E |exp (i 0 (t,r;) My (t +dt,r; + dr))
ZZln N(A(t+dt)) =N (xt)
= (Z exp (0 (t,r;)) P (V1 € [ri,ri + dr]))
i=1
= F|exp ([N (A(t+dt)) — N (At)]
-log (Zexp (t,r;)) P (V4 € [ry,m +dr])
= exp <)\1/1N (log <Z exp (6 (t,r;)) P (V4 € [ri,ri + dr]))) + 0()\)>
i=1
as A — oo.

So, by pasting together vertical strips (i.e. ranging the parameter t) we
obtain that the family of random measures M (:)/\ is expected to satisfy
a large deviations principle under a suitable topology with rate function

T = o(- er(D /OT [/ O(tr)pt,r)dr
— YN <log </OOO exp (0 (t,7)) dF (r)))] dt.

The rest of the formal analysis proceeds similarly as in the Poisson case.
The formal argument just outlined, even if heuristic, suggests a potential
approach to developing sample path large deviations for Q /). Namely, first
develop a large deviations for the random measures M (-)/\, and then ap-
ply the contraction principle to obtain the desired large deviations result for
Qx/\. This approach, although intuitive, will not be followed in our devel-
opment. We found it easier to directly work with the topology that we wish
to impose. Part of the problem involved in making the argument based on
random measures rigorous in the setting of the topology that is of interest to
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us is that indicator functions are not continuous, so the contraction principle
is not directly applicable if one is to endow the space of measures with the
weak convergence topology. Of course, one can proceed by trying a different
topology (stronger than weak convergence) or by trying to use the extended
contraction principle. However, the technical development, we believe, would
end up being more involved than the direct approach that we will follow.
An additional concern that might arise at this point is our selection of

Q»/) in order to represent the system status; as opposed to /), which
might appear more natural at first sight. Let us explain why @/ is a more
convenient object to consider. Note that if ¢(s,r) = ¢(s,s + r), then

2 2 2
8farq(s,r) 888 g(s,s+r)+ %q(s,s—i—r)

2

—8—(834—7")4—8—2 (s,7)
= Dsor 1'% ar2 1\
and therefore

o 0* o

Da0r q(s,s+r)= D50 q(s T)—ﬁq(s,r).

Since Qx(t,u)/A = Qx(t,u + t)/A and our heuristic analysis suggests that
the candidate rate function of Qx(¢,y)/A is given by

o, Séléf,(p/ [/ Bty ( 3(33 at, )>dy
— YN <log < /0 T tngp (y)))] dt,

it is then sensible to conjecture, making y = u + ¢, a representation based
on q(t,u) = q(t,t + u) via

5.t (D / [/ 0(t,u) < a?a q(tu+t)>du

— <1og ( /0 o) g (u)>>

e Sélé’b@/ [/ ““( o >+aa—;q<t,u>)du
— 1y <10g (/OOO Ot g (m))] "

dt
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This representation, in turn, suggests that for the rate function to be finite
at ¢(-), one might need to impose as a necessary condition the existence of
02q(t,u)/0?u. Nevertheless, as we shall see in our examples, one might have
a finite-valued rate function even in cases in which 9dq(t,-)/0u is not even
continuous for every value of t € (0,7).

2.3. An auziliary continuous process. In order to prove Theorem 1 we
introduce an auxiliary approximating continuous process, Q», which shall
be shown to be exponentially equivalent to the process of interest @y in the
uniform norm. The construction of Q, which is based on simple polygonal
interpolations is explicitly given in the Appendix. First, we show that one
can construct a continuous process (Q3(t,y) : t € [0,T],y > 0) such that
Q3 (t,-) is non-increasing for each t € [0,7] and satisfying ||Q} — Q.| < 2.
Then, we define our auxiliary process Q A(t,y) for y >t via

(9) QN)\ (tv y) = Q;(tv Y= t)?

which is the analogue of (3). Finally, we define Q)(t,y) for 0 <y <t < T as
follows. First let N A(+) be the continuous process obtained by the polygonal
interpolation of Ny(-), so that Ny(0) = 0 and Ny(A/\) = Ny(Ap/)) for all
k > 1. Then, for y < t define

(10) Qx(t,y) = Qx(y,y) + Na(t) — Na (v)

analogous to (2). Observe that | Ny — Ny|| < 1. It follows from the triangle
inequality and expressions (3), (9) and (10) that

(11) 1Qx — Qullp <4,
where || - ||p represents the uniform norm over the set D.

3. Bounded service times. In addition to the assumptions imposed
in Section 2 here we also assume that P(V,, € [0, K]) =1 for K € (0,00).

We define D = {(t,u) : 0 <t <T,0 <u < K+T} and let Cy(Dg)
be the space of functions (x(t,u) : (t,u) € D) such that z(-) is continuous
in both components, z(¢,-) is non-increasing on [0, K + T, and z(0,u) = 0
for w > 0. Following the same notation in Section 2.2 we say that x(-,-) €
AC, (Dg) if z(-, -) is absolutely continuous, and 9z (¢, y)/(0tdy) = 0 almost
everywhere on 0 <y <t <T.

Our initial goal is to obtain a large deviations principle for (Qx/A : A > 0)
as A — oo on the space (C4(Dk),|| - ||pg); we then will use (11) to obtain
the corresponding large deviations principle for (Qy/\ : A > c0).
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We start by deriving a large deviations principle in the topology of point-
wise convergence. The proof of this result will be given at the end of this
section.

LEMMA 1. Let X consist of all the maps from Dy to R, and we equip
X with the topology of pointwise convergence on Dy. Then Qx/\ satisfies a
large deviations principle with good rate function I(q) defined by

T K+t 82
sup O(t,y —t (——(jt,y>dy
9('7')60[0,T]X[0,K}/0 /t ( ) otoy ()

— YN <10g < /0 : AV ap @)))] dt

if 4(-) € AC+(Dk), and 1(q) = oo otherwise. Here C[0,T] x [0, K] denotes
the set of all continuous functions on [0,T] x [0, K].

(12)

In order to lift the large deviations principle indicated in Lemma 1 to the
uniform topology we need the following result on exponential tightness; we
shall also give the proof of this result at the end of this section.

LEMMA 2. Qx/\ is exponentially tight in Cy(Dg) equipped with the
topology of uniform convergence.

Using the previous two lemmas we are ready to state and prove the main
result of this section, which is a version of Theorem 1 for the case of bounded
service times.

THEOREM 2. @,\/)\ satisfies a large deviations principle with good rate
function defined in (12) under the uniform topology on Dk .

PROOF. Since the domain of I(-) is a subset of C (Df), and Qx/\ €
C+(Dg) with probability 1, the large deviations principle in Lemma 1 holds
in the space C4 (Dg) with pointwise topology, (Lemma 4.1.5 (b) in Dembo
and Zeitouni (1998)). Since by Lemma 2 Qy/\ is exponentially tight in
(C+(Dk),|| - |lpy) the same large deviations principle holds in (Cy (D),
l| - |lpy) (Corollary 4.2.6 in Dembo and Zeitouni (1998)) and the result
follows. O

As a corollary of the previous theorem we obtain that (Qy/A : A > 0)
satisfies a large deviations principle on (L4 oo(Dxk), || - ||Dg )-

COROLLARY 1. The process (Qx/X : A > 0) satisfies a large deviations
principle on (Ly o(Dk), || - ||py) with rate function I(-) defined in (12).
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PROOF. First we verify that Qy /A and Q5 /) are exponentially equivalent
according to Definition 4.2.10 in Dembo and Zeitouni (1998)). Since the
laws of (Qx/\, Qx/)) are induced by a separable stochastic process and the
underlying topology is induced by the uniform norm, the set

{w |Qx/XA = Qx/AlIpg >0}

is Borel measurable (see Remark b) following Definition 4.2.10 in Dembo and
Zeitouni (1998)). Now recall that by the construction of @) that [|[Qx—Qx| <
4 a.s. Hence for any n > 0,

P(||Qx/A — Qx/|py >n) =0

for large enough \. Hence

. 1 = =
limsup — log P(||Qx/A — Qx/A||p, > 1) = —0.
A—00 A
The result then follows by applying Theorem 4.2.13 in Dembo and Zeitouni
(1998). O

3.1. Proofs of technical results. Finally, we provide the proofs of Lem-
mas 1 and 2.

We start with Lemma 1 which takes advantage of the Dawson-Gartner
projective limit theorem and thus requires that we obtain an auxiliary large
deviations principle for finite dimensional objects defined via

Na(ts)

AN = > Iy < A/A+ Vi <)
k=Nt 1)+1
(13) - Atio1)+ i i i
= Q\(ti, yj—1) — Ox(ti,y;) — Qa(tiz1,y5—1) + Qa(ti=1, ;).

for t;_1 < t;, and Yji—1 < Yj-

LEMMA 3. ForO =ty <t1 <to< -+ <t,, <T and 0 =1yy < y; <
<Yy < Ynp1 =T+ K, (AN /A1 <i<m,1 <j<n+1) possesses
a large deviations principle with a good rate function

m n+1

sup Z Z Hijéij

0ij:1<i<m,1<j<n+177 21

n+1

— Z/ UN logz eeifP(yj_l —u< Vi <y —u) | du.
i=17ti-1

J=1
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PROOF OF LEMMA 3. We use that ¥y(-) is continuously differentiable
over R. Since U; are non-lattice, the key renewal theorem implies that for
any set of 0 <ty <ty <ty < -+ <tp,

1 S
)\IE&XIOgEeXP{ZGi(N)\(t) Ny(ti-1) } Z?!)N (t; — tiz1)

i=1

for any 6; € R; see Glynn and Whitt (1994) p. 115 and Glynn (1995) p. 390,
and also (1). Then, from Glynn (1995), the Gartner-Ellis limit A(©) of
(Ajj(N) 11 <i<m,1<j<n+1)equals

m n+l
AO) & hm —logEexp ZZGU i (
=1 j=1
t n+1
_z/ b (10> e Py —u< Vi < gy —w) | du
ti—1 jzl

which is finite for any © := (0;; : 1 <i <m,1 < j <n+ 1). Moreover, for
any t;—1 < u < t;,

n+1
ae ET (105-?;26”‘13% 1—U<V1<yk—U))'
g k=1

n+1
= ¢y <10g269““P(yk—1 —u<Vi <y — u)) ‘

k=1
e(’ijP(yj_l —u< Vi <y;—u)
Zi% eeikp(yk—l —u< Vi <yp—u)

< max{|¢y(max{0y, k=1,...,n+1})|, [y (min{bp, k=1,....,n+1})|}

which is uniformly bounded over a neighborhood of 6;; and t;_; < u < ¢;,
fixing all other 0;;’s. Therefore,

1 g
E PN <log <€6’3+hp(yj_1 —u< W < Yj — ’LL)

+Z€6““P(yk—1—u<V1 Syk—u))>

k#j

n+1
N (10gzee““P(yk—1 —u<Vi <yp— U)) ‘

k=1
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is also uniformly bounded on the same region. By dominated convergence
theorem, we have

9 ti n+1 .
89,,1&(@) = / Yy <logz " Pyr_1 —u < Vi <y — U)>
" ti-1 k=1

e(’ijP(yj_l —u< Vi <y;—u)

- du.
Z;l eir P(yp—1 —u < Vi < yp—u)

Moreover, it is dominated by

(t; — ti_1) max{|ly (max{O;x, k = 1,...,n+1})],
|y (min{0;, k =1,...,n+1})|} < o0

for any given © € R™*(+1) Since A(+) is finite and differentiable everywhere
on R™*("+1) by the Gartner-Ellis Theorem for the case Dy = R™*(+1)
(Dembo and Zeitouni (1998), p. 52, Ex 2.3.20 (g)), {As;(\)} possesses a
rate function

m n+1

sup Z Zeijéij

0;5:1<i<m,1<j<n+1%

i=1 j=1
m t n+1

_Z/ Uy (log D " Py —u < Vi <yj—u) | du.
i=1 7ti-1 j=1

We argue that the rate function is good. By Dembo and Zeitouni (1998) p. 8,
Lemma 1.2.18, it suffices to show that (A;;(A\) :1<i<m,1<j<n+1)is
exponentially tight. Denoting | - ||; as the Li-norm, we have by Chernoff’s
bound

— 1 — 1
limA_,OOXlogP (1AGN) /A, > @) < hm)\—mox log P(NA(T) > a\)
< —fa+ T,Z)N(e)v
for any 6 > 0. Sending o« — oo we then obtain
I I 1
llmaﬁoollmA_}ooxlogP (1A (N /A, > a) = —oo,

thereby obtaining exponential tightness and the goodness of the underlying
rate function as claimed. O

PrOOF OF LEMMA 1. We will use the Dawson-Gartner projective limit
theorem. Consider a collection of points in the plane of the form x = ((t;, y;) :
1<i<m,0<j<n),suchthat 0:=t) <t; <tg<:-- <ty <Tand0:=
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Yo < y1 < -+ < Yn. Moreover, we assume that y; = ¢; if 0 < I < min(m,n).
Let K be the union of such collection of sets k. Further, let {p,}.cx be
the projective system generated by K. We will proceed to obtain a large
deviations principle for the projections (Qx(t,y)/A : (t,y) € k). However,
we will do this by first obtaining a large deviations principle for quantities
A;j(A)/X and then the large deviations principle for the projections follows
using the contraction principle as the (Qx(t,y)/) : (t,y) € k) will be shown
to be continuous functions. Set v, .1 = 00, so that Q(t,yn11) = 0 for every
t € [0,T7]. It is important to note, given the structure of the partition r, that
if1 <i<m,1<j<mn,andi> j, then A;;(A) = 0. Now, similar to the
definition of A;;(\) we define, for 1 <i<mand 1 <j <n+1,

(14) ﬁij (A) = @A(ti,yj—l) - @A(ti,yj) - @)\(ti—layj—l) + @,\(ti—hyj)-

Once again, observe that Qx(t,yps1) = 0, and also if i > j, for 1 < i < m,
1 <j <n, we have t,_; > y; and therefore

Aij (A) = Qa(yj-1,95-1) + N (t:) — Na (y5-1)
— (@x(y5:y5) + Na (t:) — N (y;))
— (Qa(yj-1,Yj—1) + Nx (ti=1) — N (yj-1))
+(QA(yj=yj)+NA( 1) — Na(y5))

Moreover, clearly we have for 1 <i<m,and 1 <j <n

i n+tl

zyy] Z Z Alr

=1 r=j+1

so indeed we have that (Qx(t;,y;) : 1 < i < m,1 < j < n+1) can be
recovered as a continuous function of the Ay.(\)’s. Since ||Q — Q| < 4
by (11), it follows by the triangle inequality and from (13) and (14) that
|ﬁij()\) — Aj(AN)] < 16 and hence we have

m n+1 m n+1
hm XlogEeXp{ZZ URTANY /\)} = hm XlogEexp{ZZ HUAW )\)}

i=1j=1 i=1j=1

Consequently, from Lemma 3, the rate function for the projections repre-
sented by  (these projections are denoted by p.(q)) can be written as

I(pk(q)) = sup Z Z 0;0i; (K

{0i5:1<0<m, 1< <n+1} ;T 1j=1
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m t; n+1
— E / YN logZeeijP(yj_l —u< Vi <y;—u) | du
i=17ti-1 j=i

To possess a finite 1(p.(q)), the quantity d;;(k) := q(ti,yj—1) — q(ts,y;) —
q(ti—1,yj—1) + q(ti—1,y;) must satisfy that

(15) 0ij () =0

fori>j,and 1 <i<m, 1 < j <n+1; otherwise, if 6;;(k) # 0, the rate
function can be made arbitrarily large by picking 6;; = ¢ x sgn(d;;(x)) with
arbitrarily large constant ¢ > 0 for 1 < j <1i < m, as

n+1

t;
/ YN 10gzeeijp(yj—1—u<vl <yj—u) | du
ti—1 j=i

is independent of 0;;’s that have j < i. In the representation of the rate
function I(p.(q)) we have also used the fact that q(ti, y;) = >_1<; v O (%),
with g(0,y;) = 0, so the relation from the d;;(x)’s to the g(¢;, y;) is a one-to-
one, continuous function, so that the contraction principle (Theorem 4.2.1,
Dembo and Zeitouni (1998)) is invoked for the above representation for
I(px(q)). We want to show that sup,cx I(px(q)) is equal to (12), and hence
conclude the proof by Dawson-Gartner Theorem (see Theorem 4.6.1, Dembo
and Zeitouni (1998)). Clearly it suffices to concentrate on functions g such
that g(t,y) = 0 whenever t > T or y > t + K given that we are assuming
service times bounded by K. Note that the constraint (15) implies that for
any ¢, in order that I(g) < oo, we must have absolute continuity throughout
0 <y <t <T and, moreover, that

O*q(t,y)/(0yot) =0

almost everywhere on 0 < y < ¢t < T (see Dembo and Zeitouni (1998)
p. 189). We now focus on ¢(t,y) that is absolutely continuous on Dx and
has 02q(t,y)/(0ydt) = 0 almost everywhere on 0 < y < ¢ < T. Observe that

0ij (k) = q(tisyj—1) — q(ts, y5) — q(tim1,y5-1) + @(ti—1,y5)

[ ot
== a4t y)ayadt.
ti—1 Jyj—1 8tay

Regarding (-, -) as a step function with jumpsat 0 =t; < to < -+ <ty <T
and 0 < yp <y1 < <yYp < yYnt1 =T+ K, and denote S(C) as the set of
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all step functions on a given domain C. We can write

supJ (ps(q) = SupDK { / / t+K ty (— ai;tci(t,y)> dydt
16) /0 UN <log /t o YR (y — t)) dt}

To show that sup,. I(ps(q)) > I(g) where I(q) is as defined in (12), note
first that the set of step functions S(D) is dense in C (D), the set of
continuous functions equipped with the uniform metric. So for any contin-
uous function (-, -) € C(Dg), we can find a sequence 0 (-,-) € S(Dg) with
|0 — 0]|p,, — 0. Note that since 6 is continuous, it is bounded and so 6y, is
also uniformly bounded i.e. |0 (t,y)| < C for all k£ and some C' > 0. Consider

T t+ K 82 T t+ K
/ / 0(t,y) | —=—qlt,y) | dydt— / ¥ log / VAR (y—t) | dt
0o Jt Oyot 0 ¢

with § € C(Dg). We want to show that this can be approximated by the
counterpart in 6y € S(Dk ). Note that

t+K 92 K| 92
// Ok (t < ayor q(t, y)>‘dydt<c// ‘a 57d(t y)'dydt<oo
since ¢ is absolutely continuous. By dominated convergence we have
t+K 8
// ty< ayor (ty)>dydt
t+K a
—>/ / (t,y) < 8y8t q(t, )>dydt.

Similarly, since, as mentioned earlier |0y (¢,y)| < C, by the bounded conver-
gence theorem we have

t+K t+K
/ (Y g (y—t)— / Rty g (y —t)
t t

and so by the continuity of 1 (log(-)) we get

t+K t+K
VN (log/ ety g (y — t)) — YN <10g/ Y g (y — t)>
t t

(17)
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for any t. Furthermore, the obvious inequality

K K K
(18) e ¢ = e_c/ dF(y) < / GV AFR (y) < ec/ dF(y) = €°,
0 0 0

yields
t+K
‘wN <10g/ e@k(t,y)f(y — t)dy)‘ < sup ‘QbN(f)’
t

§€[—C,C]

Hence yet another application of dominated convergence gives

T t+K
/ (I <log/ IV R (y — t)> dt
0 t

T t+K
— / VN (log/ ee(t’y)dF(y - t)) dt.
0 t

Combining (17) and (19) and using the expression in (16), we conclude
that sup, I(px(q)) > I1(q) (note a shift of variable y in (12)). For the other
direction, consider

T t+K 82 T t+K
/ / 9<t,y><——q<t,y>>dydt— / wN<log / e"“’”dF(y—t))dt
0o Jt otoy 0 t

now with 6 € S(Dg). Note that we can find a sequence 0, € C(Dg) such
that 6, — 0 pointwise almost everywhere and that 0y is uniformly bounded;
this sequence can be found, for example, by convolving 6 with a sequence of
mollifiers (i.e. smooth kernels with bandwidth that tends to zero as k — o).
Exactly the same argument as above would then yield sup, I(p.(q)) < I(q).
Now, let ¢ € C+(Dg) and suppose that g is not absolutely continuous. That
is, it is not of bounded total variation in the sense of Dembo and Zeitouni
(1998) p. 189. Then, for every v > 0 there exists t1(y) < -+ < ty(y) and

Yo(7) <+ < yn(7) such that 35", 37 [07;| > v, where

(19)

& = a(ti(7), y-1(7)=a(ti(7), 5 (1) =a(ti1 (), yj—1 (1) +a(ti-1(7), 5 (7))

Now observe that

m n
sup I(px(q)) = sup g E Hijéij (k)
KeEL 0ij:1<i<m,1<j<n 77 5
KEK

n+1

_Z/ N (logd " Ply; 1 —u < Vi <yj—u) | du.
i=17ti-1

J=1
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Following Dembo and Zeitouni (1998) p. 192, we can select §;; = sgn(5;’j)

for the partition introduced earlier that defines 5@)’ and obtain

sup I (px(q — TN (1).

ke i=1 j—=1
Since v > 0 is arbitrary we conclude that
sup I(px(7)) = o0
KEK
as required. O

PrOOF OF LEMMA 2. We want to prove that for any 7,

QA(Ov 0)

>n| =—
A " >0

Dk

hm hm>\_>oo)\ log P ( (%A 5) > = -0

where w(Qy /A, ) is the modulus of continuity of Qy/\ with order § defined
by

puresip

lim — 10 P '

and

w (@A/)\,5) = sup |Qa(t,y1)/X — Qa(t2, y2) /M.
‘tl—t2|<5
ly1—y2|<d

Recall that |Qx — Qxllp, < 4 a.s., and that Q,(t,

y) =
and Qx(t,y) = Qa(y,y) + Na(t) — Na(y) for 0 <y <
suffices to show that for any n > 0,

(20) lim —lo P <HM‘ > 77) = —00,
Asoo X o lp
K
also

T 1 Qx B
(21) gl_lz%hmA_)OOXlogP <w < e 5) > = —00,

and finally that

Qur(t,y—t) fory >t
t < T. Therefore, it

— 1
(22)  limlimy_, o~ log P sup  (Nx(t2)/A — Nx(t1)/A\) >n | = —oc0.
0—0 A 0<to—t1<8

By our assumption that the system is empty, (20) is obvious. Condition (22)
will follow as a direct consequence of our analysis of (21). Now, to prove (21)
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Service time Service time

N om,n)
|

D |
2
//// I s
T~ Ot y) isthe (n+2)8 . Nz (m,n)
number of (n— 198
pointsin the
triangular area

/
=

N

ARSI

t Arrival time md (ne+1)8 Arrival time

(a) Representation of Q(t,y) (b) Areas of N7 (m,n) and N3 (m,n)

Fi1G 1. Illustrations for Qx(t,y).

consider

(39

[T/8] | K/4]
<> > P sup [Qx(t1,91) — @alt2,y2)| > An
m=0 n—=0 0<t1—t2<8, t1€(md,(m~+1)d]
ly2—y1|<9, y1€(nd,(n+1)4]

It is best to proceed our analysis by keeping in mind the pictorial repre-
sentation that we shall describe. One can represent the arrival and status
of each customer in a two-dimensional plane, with z-axis representing the
arrival time and y-axis the service time at the time of arrival. Under this
representation, Q) (¢,y) is the number of points in the triangle formed by a
vertical line and a 45° line passing through (¢, y) in its northwest direction.
Figure 1(a) depicts the shape of this triangle. Consequently, we have

P sup |Qx(t1,y1) — Qx(t2,12)] > A
0<t1—t2<d, t1€(md,(m+1)d],
ly2—y1|<6, y1€(nd,(n+1)8

< P(N? (m,n, M) + N3 (m,n, A) > 1A)
where
N? (m,n, A) = Qx(md, (n — 1)8) — Qx(md, (n +2)9)
is the number of customers present at time md who have residual service
time between (n — 1)d and (n 4 2)d, and
Ny ((m+1)6)
Ng(m’nv)‘) = Z I(‘/Z > (TL - 1)5)7

i=Ny (md)+1
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is the number of arrivals between md and (m + 1) which bring service
requirements larger than (n—1)d. Figure 1(b) depicts the areas under which
the points are included in N7 (m,n, \) and N3 (m,n,\). Fixing § > 0 and
6 > 0 we take the limit as A — oo in the following display, obtaining

(23)
% log Fe’ N3 (mn\)+N3 (m.n.)
1 Nx(mé)
= XlogEeXp {0( Z I(mé+ (n—1)d — A; /X

i=1
<Vi<md+ (n+2)6 — A;/\)

Nx((m+1)0)
+ Y I(Vi>(n- 1)5)) }

1 md
=3 log E exp / log(e? P(md + (n —1)5 —u
0

<Vi<mdé+ (n+2)0 +1—-Pmé+(n—1)5—u
<Vi<md+ (n+2) )ANy(u)
+log(e’ F((n — 1)) + F((n — 1)9))

~— —

—Uu
—Uu

[Nx((m +1)6) — Nx(mfs)]}

mo

— Y (log(e?P(md+ (n—1)6 —u < V; <md+ (n+2)d —u) +1
0

—Pmé+(n—1)5—u<V; <md+ (n+2)0 —u)))du
+ ¢ (log(e? F((n — 1)8) + F((n — 1)6)))d.
Let us use 15(0; m,n) to denote the last expression (23). For fixed 6 > 0, we

argue that 15(0, m,n) — 0 as § — 0 uniformly over m,n. Indeed, for any
m,n, the first term in (23)

mo
Un(log(e? P(md+ (n—1)6 —u < V; <md+ (n+2)d —u) +1
0

—Pmé+(n—1)0 —u<V; <md+ (n+2)0 —u)))du
(24) < /OK Y (log(e? P((n —1)0+u < V; < (n+2)d +u) + 1

—P((n—1)04+u<V; < (n+2)d+u)))du
< K¢y (log(e?a(6) + 1 — a(4)))
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where a(d) = supgejox) Pz < Vi < 2+ 35) = o(1) as § — oo by our
assumption that the distribution of V; is continuous and the fact that a
continuous function is uniformly continuous on a compact set. On the other
hand, the second term in (23)

(25) Un(log(! F((n — 1)6) + F((n —1)5)))8 < ¢¥n(0)d
for any m,n. Combining (24) and (25), we get
(26) Ys5(0,m,n) < Ky (log(e?a(d) + 1 — a(d))) + n(6)6.

Now fix m and n. By Chernoff’s inequality we get
PN?(m,n, A) + N3 (m,n, A) > nA) < e A vs(@:mm)rto(d)
and so
ﬂ,\_m% log P (N1(m,n, \) + Na(m,n, \) > n\)
< —nf +s(0,m,n)
< =6 + Ky (log(e"a(8) + 1 — a(8))) + ¥n(8)d
by (26). Hence

hmA_mo)\ log P < <%,5> > 77)

|T/6] |K/6]
< limy 00~ logz Z PN (m,n, ) + N3 (m,n, A) > nA)

m=0 n=0
< —nf + K¢ (log(e”a(8) + 1 — a(9))) + ¢n(6)d

which gives

hm hmA_mO)\ log P ( <%,5> > 77> < —nd.

Since 6 can be arbitrarily large, we conclude (21). Finally, condition (22)
follows from the analysis of N (m, 1, \)/\. O

4. Unbounded service times. In this section, we will extend our re-
sult to unbounded service times. The main intuition of the extension beyond
the bounded case is to justify that we can ignore in certain sense the cus-
tomers who arrive with very large service time. Let us first introduce a
suitable truncation scheme. For any K > 0 and g € AC (D) define

(27) )(t,y) // 8382 q(s, 2) drdw

S=w,z=r+w

fort €[0,T] and y :=u+1t > 0.
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The present
__ customers with initial
service time >K

service time

~~ Thepresent
customers with
initial service
time< K

t Arrivaltime

Fi1c 2. Hlustration for ¢ (q)(t,t + u).

Since @ is absolutely continuous, ¢ (G)(t,u + t is well defined. Moreover,
the region over which the integration in (27) is performed corresponds to the
triangular area depicted in light color in Figure 2. This region corresponds to
the customers that are present at time ¢, have residual service time greater
than y, and whose initial service time is less than K, as illustrated in Fig-
ure 2.

Moreover, for a sample path @y, define Q A K as the two-parameter process
derived from Q) by ignoring the arrivals with service time greater than K
(one way to imagine is that they leave the system immediately upon ar-
rival). Therefore, Q) x is a two-parameter queue length process correspond-
ing to an infinite server system with i.i.d. interarrival times following the law
U= Zlel U;/\, where G is a geometric r.v. independent of the U;’s such
that P(G =n) = F(K)" 'F(K), n > 1. It is easy to check that the arrival
process corresponding to Q A K 1.e. by ignoring the arrivals with initial ser-
vice time larger than K, satisfies the conditions in Section 2.1. The service
time then has the distribution function F(z) = F(x)/F(K) for = € [0, K].
We denote (Vn(K), n =1,...) as the sequence of service times in this modified
system.

Now recall the continuous version of Q,, denoted by Q, constructed in
Section 2.3. Moreover, define Q,\, K to be the continuous approximation to
Q Ak constructed in exactly the same fashion. In addition, for § € AC(Dk)
define Ix(q) as

T[ 4K 92
sup O(t,y —t (——cjt,y)dy
€(t7~)eC[07T}><[O,T+K]/0 /t ( ) otdy (t:9)

(28) _ ¢§\/K) <1Og (% /OK ee(t,y)dF(y)>>] dt,
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and set Ix(q) = oo otherwise, where QJJZ(VK) is the infinitesimal logarithmic
moment generating function corresponding to the truncated arrival process.
Theorem 2 yields that @,\, K/ satisfies a full large deviations principle
with good rate function I (-). For ¢ € AC4(D) we shall also evaluate Ik (q)
according to the expression (28).
Since the geometric r.v. G is independent of the U;’s, we can compute the
associated logarithmic moment generating function of the modified interar-

rival times FUE)
(K) —
k(0) = k(0) + log <1 — F(K)e“(9)> ,

and from which we solve that the associated infinitesimal logarithmic mo-
ment generating function of the arrival process is

$(0) = v (log(F(K)e’ + F(K))).

Plugging in the above expressions into (28), we have the following expres-
sion of Ik (q)

T[ fT+K 52
sup O(t,y —t <——<jt,y>dy
0(~,~)EC(’DK)/0 /t ( ) otdy (t.9)

(29) -~ (1og (F) + [ ey )] .

At this point our strategy involves two steps. First, we want to show that
Q,\, x/A and QA, K/ are exponentially good approximations as K ' oo to
both Qy/\ and o)\ /A respectively. The second step consists in using this
fact, together with the properties of Ix(g) as K ,* oo and also properties
of I(§) to conclude the identification of the rate function of Qy /.

So, to execute the first step we first define

Na(t)

N6 =3 1> K),
j=1

that is, N )(\K)(t) is the number of arrivals with service time larger than K
in the A-scaled system. Then we obtain the following result, which is proved
at the end of this section.

LEMMA 4. For any e > 0,
— 1

(30) lim Tmy_e0~ log P(NV)(T) > Ae) = —oc.
K—o0 A

Consequently, Q& K[)\ and Q&K/)‘ are exponentially good approrimations
as K /oo to both Qx/\ and Qx/\ respectively.
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Using the previous lemma we obtain the following result. The proof is
straightforward, but following our convention we shall give it at the end of
the section.

LEMMA 5. The family (Qx/X : X > 0) satisfies a weak large deviations
principle on C4 (D) with rate function

I (2).

I"(q) »= suplim g inf

>0 {=ll==dllp<e}

We now extend the weak large deviations principle into a full large devi-
ations principle with a good rate function using exponential tightness.

LEMMA 6. The family (Qx/X : X > 0) is exponentially tight on Cy(D)
and therefore it satisfies a full large deviations principle with good rate func-
tion I*(-).

We proceed to show the identification I*(q) = I(7). We now collect useful
properties that we will need to show this identification.

LEMMA 7.

i) For any q such that 1(q) < oo, we have I(¢x (7)) = Ix(¢K(q)) =
Ix(q) /1 1(q) as K — oo; the notation Ix(q) / 1(q) implies that (Ix(q) :
K > 0) is non-decreasing in K and convergent to 1(q).

i1) For any q such that I1(q) = oo, and each M > 0, there exists a pro-
jection py (following the notation introduced in the proof of Lemma 1) such
that, for large enough K,

Ik (ps(q)) > M.

i11) Finally, with k from ii) there exists € > 0 such that if ¢ € C(D) and
llGd — ql|p < € then
IK(pH((j)) > M.

We now are ready to prove the following important result of this section.

THEOREM 3. Q,\/)\ satisfies a large deviations principle with good rate
function defined in (4) under the uniform topology on [0,T] x [0,00).

PrOOF OF THEOREM 3. Given Lemma 6 all we need to show is that
I*(q) = 1(q). Suppose that g is such that I(q) = oo. Then, parts ii) and iii)
in Lemma 7 imply in particular that for every M, there exists K, a projection
k, and € > 0 such that Ix(p.(¢)) > M for any ||¢ — q||p < €. Consequently,
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we conclude, by using the monotonicity of Ix(G) as a function of K and
taking subsequences, that

I" (q) = suplimp_, inf Ik (z) = sup sup inf Ik (2) = .
@ 550 {z:llz—qllp <4} (2) 6>0 K>0{z:llz—dllp<d} (2)

If I(q) < oo, then note that

I* (q) = sup sup inf Ix (2) = sup sup inf Ix (2).
@ 6>0 K>0{zll2=qllp<d} (2) K>06>0 {z:|lz=qlp<é} =)

Further, observe that

Ik (2) = sup inf I (¢ (2))

sup inf
5>0 {2:[z=dllp <6} 6>0 {¢x (2):llok (2) =Pk (@)|p, <0}

Since Ix(-) is a rate function (in particular Ix () is lower semicontinuous)
we have that

K (9K (2)) = Ik (¢x (7))

sup inf 1
6>0 {¢x (2):llox (2) =P (Dllp, <6}

and then by part i) of Lemma 7 we conclude that supg~o Ix (¢x (7)) = 1(q),
thus concluding that I*(q) = I(q) as claimed. O

We finish this section with the proof of Theorem 1.

PROOF OF THEOREM 1. All we need to show is that Qy /A and Q,/\ are
exponentially equivalent. This follows exactly as in the proof of Corollary 1
since |Qx — Qx||lp < 4 a.s. The measurability issue again is dealt with using
separability. The result then follows by applying Theorem 4.2.13 in Dembo
and Zeitouni (1998). O

4.1. Proofs of technical results. We now provide the proof of the pending
technical results.

PrROOF OF LEMMA 5. This result is a direct application of part a) in
Theorem 4.2.16 in Dembo and Zeitouni (1998). O

PrROOF OF LEMMA 6. This is similar to the case with bounded service
time, but the conditions for tightness are slightly different given that our
domain D is not compact. We must show that for any 7,7 > 0, we can
choose small enough p > 0, such that for § < p,

Llog PLu(Qa/A8) > 1) < =
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when A is large; this part is indeed basically the same as the case Dg. In
addition, however, we also must show that for all n > 0 and every a > 0
there exists K > 0 such that

(31) P < sup sup Qx (t,y) /A > n) < exp(—Aa).
te[0, T y=K
Note that
P(w(@x/3.8) > ) < P (w(@x/3.8) > . [Qr/A ~ Quse/M < )
(32) + P (I1Qn/A = Quic/M > 32)

< P (w(@ui/A0) > 5) + P (N (1) > aa/2).
and

P ( sup sup Q» (t,y) /A > n) <P (NiK) (T) > An) :
te[0,T) y>K

By Lemma 4, for every v > 0 we can choose K large enough such that

1 K
Tlog P (N§ (1) > /\77/2) <2,
for all A large enough. So, condition (31) is enforced and the second term in
the sum in (32) is also appropriately controlled. Now, by a similar argument
as in Lemma 2 in the previous section, for a chosen K, we have, for all small
enough 9,

1 -

S log P (w(Q&K/A,é) > g) < 2,

for large enough A. In summary, we get

$log Pw(Qa/A8) > 1) < =

for large enough A. Therefore, exponential tightness follows. It follows im-
mediately that a weak large deviations principle and exponential tightness
imply a full large deviations principle. The goodness of the rate function
then is a consequence of exponential tightness together with the weak large
deviations principle; see Lemma 1.2.18, p. 8, part b) of Dembo and Zeitouni
(1998). O

PROOF OF LEMMA 7. We start with part i), assuming that I(q) < oo.
Since
2 82 82
q)(T = q)(t =——q(t,y)1
8tay¢K(Q)( 2 Y) ay6t¢K(Q)( ,Y) 8t8yq< Y <k}
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we have immediately that I(¢x (7)) = Ik (0K (q)) = Ik (G). It is obvious that
Ik (q) is non-decreasing in K and that Ix(q) < I(g). On the other hand,
there exists 0™ € Cy(D) (the space of bounded and continuous functions

on D) such that
o [0 (o)
— YN <1og < /0 h e‘gn(t’y)dF(y)>>] dt

converges to I(g) as n — oo. Since I(q) < oo, it follows easily that 9%q(-)/
(0tdy) is integrable over D. Therefore, given that 6"(-) is bounded,

n 0?
// 0" ( ty—t( 810y q(ty))dydt—>0

as K — oo. Besides, for given n, as ¥y is uniformly continuous on the
bounded set [—M,,, M,| where M,, = sup |§"(t,y)| < oo, we have that

VN <log (F(K) + /0 : een(t’y)dF(y)>>
o s [ rooaro)

K

I

converges to

uniformly on ¢ € [0,7]. In summary, limg_ oo I3(7) = I"(q) as K — oo.
Therefore, there exists K, such that I} () > I"(q) — 1/n. Recall that
I (q) < Ik, (@) and consequently we obtam

(@)~ + < I, (@) < 1(0).

Since Ik () increases in K, we have Ix(q) / I(q) as claimed.

For part ii), when I(g§) = oo, there are two cases: a) ¢ is not absolutely
continuous, and b) g is absolutely continuous. Case b) in turn is divided
into two subcases: b.1) 9%q(t,y)/(0tdy) is not integrable over D, and b.2)
02q(t,y)/(0tdy) is integrable over D. We shall proceed to analyze all these
cases now. For Case a). We can construct a projection p, with I (p.(q)) >
M for K large enough, as we did in the proof of Lemma 1. For Case b), we
have that ¢ is absolutely continuous, but

T 00 82
sup 0(t, < t,y+t > d
9(777)6%@/0 /0 (t,y) iy qt,y+1t))dy
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— ¥y <log (/OOO ee(t’y)dF(y)»] dt = oo,

so we proceed to study case b.1): Assume that 92q(t,y)/0tdy is not inte-
grable on D. We shall assume that

(33) // <8t8 ty)>+dydt:

(if this integral is finite, then integral of the negative part must diverge and

the analysis that follows next is identical). As in the proof of Lemma 1, given

a projection k induced by 0 < t] <to < - <t <T and 0 < yg < y1 <
- < Yp+1, define

0ij (k) := q(tivyj—l) qti,y;) — q(ti—1,yj-1) + q(ti-1, ;)

(34) ti vi 52
_ /t | gyt v,

as long as yj—1 > t;—1 (otherwise, if y;_1 < t;—1, d;j(x) = 0). Then, from
(33) and (34), it follows easily that for any M, there exists a partition k
such that

Z% > M + Tyn(1).
Therefore, for large enough K,

) = Z%‘ (k) — TYn(1) > M.

Now, for case b.2) suppose that 92¢(t,y)/0tdy is integrable on D. We can
find 0(t,y) such that

3M < /OT/tOO O(t,y —1) <—a?—;yq(t, y)) dy — YN <log </00<> e‘g(t’y)dF(y))> dt

< 0.

Following the same line of reasoning as in the proof of part i) we can conclude
that there exists K > 0 such that Ix(q) > 2M. According to Dawson-
Gartner Theorem, I (G) = sup Ix(px(q)) where the supremum is taken over
all projections restricted to {t € [0,7],0 <y < ¢+ K}. As a result, there
exists some projection p, such that I (pk(q)) > M and hence we are done.
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Now we turn to part iii). So far we proved that for any ¢ and M > 0,
we can find a projection p, such that Ix(p.(q)) > 2M. As discussed in the
proof of Lemma 1, we have

(35)
m n+1

sup Z Z 0i50:5(K

t n+1
— Z K) logZe‘gijP(yj_l —u < Vl(K) <yj—u) | du>2M

tz 1 jzl

where 0;;(k) is induced by the projection p,. From (35), and by the definition
of supremum, there exists some 6;; such that

m n+1 n+1
ZZHU% Z/ oN Qogze”P g1 —u < <yj—“>)du
i=1j=1

> 3M/2.

For all e > 0 and ¢ € B:(p), we have
1045 (q) — 61 (q)] < 4e.
Hence for e = M/(8%_; ;10ij|) and all ¢ € B:(q), we have

m n+1
I(pa(@) = D> 6565(
=1 j=1
m t; n+1
- Z/ T;DEVK) 10g Z eeijp(yj_l —u < V(K) < Yj — u) du
i=1 7 ti—1 j=1
m n+1
> > > 0i05(a)
i=1 j=1
m t; n+1
- Z T;DEVK) log Z eeijp(yj_l —u < V(K) < Yj — u) du
i=1 7ti-1 j=1
m n+1
—de) D 164]
i=1 j=1
> M.

Thus we conclude the result. O
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PROOF OF LEMMA 4. Let N>(\K) (T') be the total number of arrivals from
time O up to 7" with service time longer than K, under the A-scaled system.
Then following Glynn (1995) (or as in the proof of Lemma 2) we have that

1 _
)\lim 3 log BN @) Ty (log(e? F(K) + F(K))).
—00
Chernoff’s bound yields

P(NINT) > Xe) < exp{—0Ae + AT (log(! F(K) + F(K))) + o(\)}.

Ty oy log PANE™)(T) > 2c)
< —0e + TYn(log(e? F(K) + F(K)))

Letting K — oo gives
_— 1
lim lim)_,.—~ log P,\(N/gK)(T) > Ae) < —fe.
K—o0 A
Since # can be arbitrarily large, the result follows. O

5. Examples. This section is devoted to two examples that apply the
large deviations principle that we have developed in the previous sections.
The first example is on the most likely path to overflow in a loss queue,
while the second example is on the ruin of a large life insurance portfolio
that embeds an infinite server queue with service cost.

EXAMPLE 1 (Finite-horizon maximum of queue length process for
M/G /o). Consider an M/G /oo queue with Poisson arrivals with rate .
Suppose that the service times have a density f(-) with respect to the
Lebesgue measure. The system initially starts empty.

We want to find the optimal large deviations sample path to attain the
event {maxo<i<7 Qx(t,t)/A > x}, for fixed T and z, as A\ — oo; this event
corresponds precisely to the event of observing a loss in a queue with Az
servers, no waiting room, starting empty. Note that ¢(q) := maxo<;<7 q(t,t)
is a continuous function under the uniform norm, so the contraction principle
is directly applicable.

We impose the condition that fOT F(t)dt < z. This condition implies that
the probability for the queue to reach Az decreases exponentially fast as
A — 00 (Such condition will be clear when we solve the constrained opti-
mization in a moment).
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To proceed, let us first observe that 1 () = ¢ — 1. The maximization
problem in (4) can be solved and the rate function is immediately recognized

/ / < oty )) <10g (%) — 1) dydt + T,

which is easily seen to be a convex function of 9q(t,y)/0tdy. To find the
optimal sample path amounts to solving the minimization problem

as

(36) )
min / / < ata )> (log <%> — 1) dydt +T
subject to mua<XT/ / ( 8158 y)) dydt > x,

which is a convex optimization problem. The integral [ [*°(—0%q(t,y)/
(0tdy))dydt is equal to q(s,s) when ¢ is absolutely continuous and the in-
tegral is finite, and §(s,s) represents the scaled queue length process at
time s.

To solve (36), we first consider a fixed u in the constraint and then opti-
mize over u. When considering u fixed we replace the constraint in (36) by
g(u,uw) > x. Under this new constraint, it suffices to look at the time 0 to s
in the objective function, that is, we now solve

(37)

min / / < ata —q(t y)> <log (%) — 1> dydt +u
subject to / / < 8158 y)> dydt > x.

The solution to (36) is then the optimal sample path from (37), among
0 <wu < T, that gives the smallest objective.
We now consider (37). Introducing a Lagrange multiplier ;1 > 0, we min-

/Ou </t°° (‘Z?f—;y(j(t’y)) <]og <__%‘i(iv)y)> _ 1) dy
_ M/uoo <_af_;yq(t,y)> dy> dt.
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By a formal application of Euler-Lagrange equations, we differentiate the
integrand with respect to —92q(t,y)/0tdy to get

log <_a2;$’f)§§)tay> =0 fort<y<u
—8261(75,@/)/375311)

1 — = f

0g< =) pw=0 ory>u

which gives

0? (ty) = fly—t) fort<y<u
atayq’ | pfly—t) fory>u

for some p > 1 (we replace e by another dummy p for convenience). Com-
plementary slackness then implies

/Ou LOO(—é)?q(t,y)/atay)dydt = /Ou /uoo wf(y —t)dydt = x,

which in turn gives
x

" TRt

(note that we have assumed fou F(t)dt < x and so the condition p > 1 is
satisfied). As a result

) fly—1) fort<y<u
—aty) =9 xf(y—t)
ato - .
Yy fou Fldt ory>u

The optimal sample path g(t,y) leading to the constraint g(u,u) > z is
given by

q(t,y) = /Ot /yoo <—8f—;yq(s,w)> dwds

= (Lo [ i)

Transforming into ¢(t,y) = ¢(¢t,y + t) and some simple calculus gives the
optimal sample path

t y+tF d uF d xﬁ—tﬁ(s)dsf t<
Q(yy)—/y (3)3—/u_t (S)S‘i‘Wa ory+t< u,
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and

y+t

oty = o T

fo F(r)dr

In connection to our discussion about the direct rate function representa-

tion in terms of @ /A (see equation (8), in Section 2.2.1), one can check that

dq(t,y)/0y is not continuous on the line y = ¢ and therefore 92q(t,y)/0y>
does not exists though I(g) is finite.

Note also that the objective is

(38)
/0 <—/t fy—tidy+ | % <10g (m) _1> dy> .
- /Ou F(t)dt + <log <m> _ 1) .

This is the rate function corresponding to the probability P(Qy(u,u) >
Az) = P(Qx(u,0) > Ax), where Q5 (u,0) is the queue length at time u. This
rate of decay is consistent with direct calculation using the fact that @, (u,0)
is a Poisson random variable with rate A fou F(t)dt, which gives

P(Qa(u,0) > Ax) = Y e Mo Pl ( /0 (t)dt)n /nl,

n>\x

for y +t > u.

For a consistency check, our result here can in fact recover the large de-
viations for the arrival process itself. If one changes the constraint in (37)
to q(u,0) = [ [~ ( 8t8y q(t,y))dydt > x, the optimal value of (37) then
becomes a:[log(a: Ju) — 1] 4w, which coincides with the exponential decay rate
of P(Poisson(Au) > A\x) as A — oo.

Figures 3 and 4 illustrate both the law of large numbers (i.e. the typical
path) and the most likely path to the overflow event maxg<,<1 Qx(u,u)/\ >
x for T' =1, x = 2. The underlying service time distribution is uniform in
the interval [0,1]. We can see that the optimal path of Q(¢,y) increases
gradually over time to overflow at time 1.

It is easy to see that since we assume fOT F(u)du < x, the rate function
(38) is non-decreasing in s, and as a result an optimal time horizon is T'. If
the service time has bounded support [0, K] with K < T', then the selection
of any time s € [K,T] will give an optimal sample path.

EXAMPLE 2 (Insurance risk process). The net reserve of a life insurance
company consists of the premium collected from policyholders, deducted
by the benefit paid to policyholders in the event of deaths; often all these
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F1a 3. Surface plots of the asymptotic surface Qx(t,y)/A, as X\ increases, both an optimal
(most likely) path leading to overflow, and the unconditional path.
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Fi1a 4. Contour plots of the asymptotic surface Qx(t,y)/\, as X\ increases, both an optimal
(most likely) path leading to overflow, and the unconditional path.

payments are discounted at zero in order to recognize the value of money
in time. When policyholders arrive at the insurance company over time
(an arrival is interpreted as the moment when a contract is signed), one
can model the net assets of the insurer as a function of the underlying
arrivals and death events of policyholders. Specifically, we shall assume that
policyholders arrive according to a Poisson process with rate A, and that
the time-until-death upon arrival of the policyholders are independent and
identically distributed. Moreover, we assume that the time-until-death upon
arrival has density f(-), distribution function F(-), and tail distribution F'(-).
The time-until-death in this setting can be thought as the service time in
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the queueing context. We shall assume without loss of generality that the
initial net reserve of the company is zero.

It is often more convenient to work with the negative net reserve process,
also known as the aggregate loss process, defined as the total benefit that
the insurer has paid up to time ¢, minus the total premium received up to
time t. For a policyholder who arrives at time A;, and who dies at time
A; +V; < t, the payoff by the insurer, discounted at time zero, is denoted
hi(A;, A; +V;); here A; and V; are the arrival time and time-until-death at
the time of arrival of the policyholder. This quantity, hi(s,y), for y > s,
captures the benefit paid at y minus the accumulated premium collected
from time s to y. On the other hand, for a policyholder who has arrived
prior to t, at time A;, and who is still alive at time ¢, the payoff from the
insurer to the policyholder is ha(A;, t) (typically ho(A;,t) will be negative as
it represents premium that are paid to the insurer, so the payoff is negative).
Here hy(s,t), for t > s, captures the premium accumulated from s up to the
present time ¢, discounted to obtain the net present value at time zero.

Consider, for instance, the setting of whole life insurance policies. That
is, policies that pay a benefit b to the family of the policyholder, at the
time of eventual death, in exchange of a premium which is paid at rate p
continuously in time during all the time the policy was held, from arrival,
up until the time of death. If the interest rate (or force of interest as it is
known in the insurance setting) is constant equal to § > 0, then

y
hi(s,y) = be % — / pe T dr = be=% — p(e% — e7%) /0,

s

and .
ho(s,t) = —/ pe_‘;’"dr = —p(e_‘ss - e_&)/é.

The aggregate loss process, S)(t), is represented as the net present value
of the sum of the payoffs for all policyholders who arrive before ¢ and it is
given by

Nx(t)
Sy (t) = (I (A + Vi <t)hi(Ag, Ay + Vi) + 1(A; + Vi > t)ha(Ay, t))

=1
t ot Lo
:/0 /S hl(S,y)dQ/\(ds,dy)—F/o/t ha(s,y)dQx(ds, dy).

We claim that S)(+) is a continuous function of @Q,(-) under the uniform
topology on D. In order to see this, define D) (t) to be the number of depar-
tures by time ¢, that is,

(39) Dy (t) = Nx(t) = Qx (t,t) = Qx (£,0) — Qx (,1) .
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Note that Dy(-) and Ny(-) are clearly continuous functions of Q,(-). More-
over, we have that

Na(t)
STI(Ai+Vi <) (A A+ V) / / hi (s, 1) Dy (du) Ny (ds),

=1
and therefore

:/Ot /Othl (s, 1) Dy (du) Ny (ds)+/0t/too ha(s,y)Qx(ds, dy).

Now, integration by parts shows that

/ot/othl (s,u) Dx (du) Ny (ds)

t rt 2 .
- /0 /0 %hl (8,u) D (u) Nx (s) dsdu — Ny (t)/o Dy (u) 3%}11 (t,u) du

— D, (t) /Ot%hl (S,t) N, (S) ds + Dy (t) N, (t) h1 (t,t) .

A similar development yields

// ha(s,)Qa(ds, dy) = / /QA Lhale y>dsdy
- @(t,y)Mdy

/ ahz (528) (s, t)ds — Qr(t, o (1,8)

It is now not difficult to see from (40) and (41) that indeed S)(+) is a con-
tinuous function of @, (+) in the uniform topology on [0,77] x [0, c0).

Consider the finite-horizon ruin probability that the negative net as-
set of the insurer rises above the level Az by time 7. That is, the event
{max;ciom SA(t)/A > x}. We wish to solve for the most likely path that
leads to this event and therefore, applying our theory, we must solve the
following convex calculus of variations problem.

w1 (gt (o (HE) )
subject to ma / ( / b (4, y) < afa alt, y)> dy
+/u hg(t,u)< a?;yq(t,y)> dy)dtza;
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Following the recipe of Example 1, we first consider
min / / < iy ty)) og 7}0@_0 — ydt + u
. 9
subject to /0 /t hi(t,y) < atayq(t,y)) dy
00 82
h — q t> .
# [T hatto (<t ) ay i = o

Introducing the Lagrange multiplier p > 0, we get
82 _( ) . { f(y — t)e“hl(tvy) for t S Y S u

“otoy 1" fy —t)erh2tw) for ¢ > .

When z is large, complementary slackness forces p to satisfy

/ </ Fly — )M hy (¢, y)dy + F(u — t) uhz(t’u)hg(t,u)> dt = a
for some p > 0. Denote the integration on the left hand side by G(u), then
G%Myz1f<[uf@-¢ywhﬁwhauymy+F@k4wa@@haqudt>u
Therefore, for given u, G(p) is monotone in u. Besides, |G'(u)| — oo as
i — o0. As a direct consequence, for any x large enough, equation (42) can

be easily fit to many standard numerical solvers, and it admits a unique
solution. Given pu, the optimal sample path is given by

at.y) = //‘<maq ) dus

:/< Fuw )Mmmwm+/ fw )UMW@Q@
0 YyAu

for y > t, and hence

q(t,y) = /Ot /y: <—%;yq_(s,w)> dwds
gy

(/ fw— S)eu(U)hl(&w)dw
(

y+t)Au

+ / flw— s)e“(“)h2(s’“)dw> ds

V(y+t)
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for y > 0. Note that here we highlight the dependence of p on u. Moreover,
the rate function for the fixed-time probability is

/ </ fly eu(u hi(t, y)( (u)hi(t,y) — 1)dy

(43)
+ / Fy — t)e!Wh20) (1 (u)hy (¢, 1) — 1)dy> dt.

The optimal time horizon u over 0 < u < T'is chosen to minimize (43).

Now we consider a whole life insurance contract with benefit b = 1.5,
continuous premium p = 1, zero interest rate and time-until-death which
follows the uniform distribution on [0, 1]. Our goal is to compute the optimal
sample path for ruin before time T = 1, where we set x = 10 as the ruin
threshold. We solve the constraint equation (42) in Matlab and obtain the
optimal v = 1 with p = 2.251.

In this case, we can compute the optimal path

q(t,y) = 1 (eub Hy _ phb—py—pt _ oub—ptpt | eub—u)

t 1
+ —eHtHt —2(6_“+“t —e M), fory+t<1,
[ I

and

%(e”_“y - 1)) , fory+t>1.

7

These optimal paths to ruin are shown in Figure 5. We just show the condi-
tional paths, as the unconditional path are identical to the figures illustrated
in Example 1. The optimal path here is qualitatively very different from that
of Example 1. The value of Q(t,y) is the largest midway between time 0 and
1. Intuitively, it is because it requires the smallest “energy”, or distortion
from the law of large numbers, at such time point in contributing to a large
cash outflow from the insurer.

q(t,y) = e H27ty) <1 Y on—ny _
o

APPENDIX: CONSTRUCTION OF AN AUXILIARY CONTINUOUS
PROCESS

In this section we provide the explicit construction of the process (@3 (t,y) :
0 <t<T,y>0) introduced in Section 2.3 in order to define our exponen-
tially equivalent continuous process, Q».

The construction will be based on polygonal interpolations, so it will be
convenient to introduce some notation.
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qity)
qatty) 10 —= o5

70.85'9 05 0.5
°-.4 .
Residual Service Time y ) i Time t 0 oy Az 0y 04 T&ix oF o g% oe T
(a) Q(t,y) for the most likely path to ruin (b) Q(¢,y) for the most likely path to ruin
(surface) (contour)

Fic 5. The surface and the corresponding contour plot of the asymptotic most likely path
to ruin in a portfolio of life insurance policies.

First, given (t,y) and (¢',y) where t # t' we write Q\(t,y) <> QA(t', )
to denote the straight line that joins the points (¢,y,Qa(t,y)) and (¥',/,
QA(t',y")) in the associated three-dimensional space.

Now, given a sample path of the process Q(+), consider the set {t1,...,tm}
of points corresponding to either arrivals or departures in the interval [0, 7]
(in increasing order); and put t9 = 0 and t,,41 = T. First let us con-
sider Qx(t,-) for a fixed time ¢t € {to,... ,tmy1}. Let {y1(t), ..., Ynw)(t)}
be the set of discontinuities of the function Qx(¢,-) with n(t) equal the
number of customers present in the system at time ¢ (recall again that
Q@ (t,) is a right continuous non-increasing step function). Interpolate using
straight lines forming the segments Qx(t,0) <> Qx(t,y1(t)), Qx(t,y1(t)) <>
Q/\(ta y2(t))’ R Q)\(ta yn(t)—l(t)) A Q)\(ta Yn(t) (t))

The next step is to join the end points of these straight lines to the end
points of adjacent (suitably matched in the time axis) end points of straight
lines in order to form segments of adjacent planes. In order to do this match-
ing note that for each successive t; and t;11, either Q) (t;+1, ) has one less dis-
continuous point than @Qy(t;,-) (i.e. a departure occurs at ;1) or one more
discontinuity point (i.e. an arrival occurs at ¢;11); the exception is the last
segment from t¢,, to t,,41 = 1, where there might be no difference between
the number of discontinuity points between Q(ty,, ) and Qx(t;m+1,). Note
that batch arrivals are not possible since the interarrival times are positive.

According to the notation introduced earlier for discontinuity points,
Y1(ti), -+ s Yn(t,) (ti) are the discontinuous points of Qx(;, ) with correspond-
ing values Qx(t;,y1(ti)), @x(ti, y2(ti))s -+, Qs Yn(e,) (ti)). We will explain
how to joint discontinuity points of @Qy(t;,-) with those from Qx(t;+1, ).
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Suppose a departure occurs at time ¢;1 1. Then we can label the discontinu-
ous points of Qx(tit1,-) as y1(tir1), .- Un(syr) (tiv1), With n(tip1) = n(t;) —
1. We form a set of straight lines @y (¢;,0) <> Qx(ti+1,0) <> Qx(ti, y1(t;)) <
Qx(tiv1, y1(tiv1)) < Qa(ti,y2(ti) < Qa(tiv1, ya(tiv1)) « -+ < Qa(tiv1,
Un(ts 1) (tir1)) <> Qx(ti, Yn(e,) (ti)) in a zig-zag manner; together with another
set of straight lines Qx(t;,0) < Qa(ti,y1(t)) < -+ < Qalti, Yn(y) (i),
and also the set of straight lines Q(t;+1,0) <> Qx(tit1,y1(tit1)) < -+ <
Qx(ti+1, Un(t,, 1) (ti+1))- These three sets describe a series of adjacent trian-
gular planar sections which jointly form a continuous surface.

Similarly, suppose that an arrival occurs at time ¢;11. Then we can la-
bel the discontinuous points of Qx(ti+1,) as Qx(tit1,y1(tit1))s - Qa(tit1,
Yn(tiy) (tiv1)), With n(tiy1) = n(t;) +1. We then form the set of straight lines
Qx(tiv1,0) < Qx(t,0) < Qx(tiy1,y1(tiv1)) < Qu(ti,y1(ti)) < Qx(tiv1,
Ya(tiv1)) < - Qallis Yne) (i) < Qaltit1, Yn(tiyy) (Bit1)). Again, to-
gether with a second set of straight lines Qx(t;,0) <> Qx(ti,y1(ti)) <> -+ <>
Qx(tis Yn(t)(ti)), and a third set of straight lines, namely Qx(ti11,0) <
Qx(tiv1,y1(tiy1)) < -+ < Qx(tit1, Yn(tiyr) (tir1)). These three sets of straight
lines, once again describe a series of adjacent triangular planar sections which
jointly form a continuous surface. The last time interval from ¢, to 7" is dealt
with similarly, with perhaps one less triangle formed if n(t,,) = n(T).

The continuous function (Q3(¢t,y) : 0 < ¢t < T,y > 0) is defined by
concatenating all these adjacent triangular planar regions as one varies t;
and t;11 for i € {0,1,...,m}, and setting Q% (¢,y) = 0 for the region where
y is beyond the boundary of the last triangular plane i.e. beyond the lines
QA (tis Yn(t) (i) < Qu(tix1, Yn(tiyr) (tiv1)), 7 € {0, 1, ,m}. Tt is immediate
from the previous construction, and the fact that Qx(¢,-) is non-increasing,
that Q}(t,-) is also non-increasing for each t € [0, 7.
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