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Abstract

Consider a sequence X = (X,: n > 1) of independent and identically distributed
random variables, and an independent geometrically distributed random variable M with
parameter p. The random variable Sp; = X1+ - -+ X is called a geometric sum. In this
paper we obtain asymptotic expansions for the distribution of Sys as p \( 0. IfE X; > 0,
the asymptotic expansion is developed in powers of p and it provides higher-order
correction terms to Renyi’s theorem, which states that P(pS,, > x) ~ exp(—x/E X).
Conversely, if E X| = 0 then the expansion is givenin powers of ,/p. We apply the results
to obtain corrected diffusion approximations for the M/G/1 queue. These expansions
follow in a unified way as a consequence of new uniform renewal theory results that are
also developed in this paper.
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1. Introduction

Consider a sequence X = (Xj: k > 1) of independent and identically distributed (i.i.d.)
random variables (RVs), and let M be an independent geometrically distributed RV with mass
function

PIM =k =p(l-p'=pi'  k>1

Renyi’s theorem for geometric sums of random variables establishes thatif 0 < E X| < oo then

X

P@Sy > x) = exp<—> 4+o0(1) asp N0, (1)
EX;

where Syy = X1 + --- + X is a geometric sum. One of the main objectives of this paper

is to provide (under regularity conditions to be discussed in Sections 2 and 3) higher-order

correction terms (in powers of p) to approximation (1).

The asymptotic expansions that we will develop are closely related to the so-called ‘corrected
diffusion approximations’ (CDAs). CDAs for random walks were introduced by Siegmund
(1979), who provided a correction for the Brownian approximation to the distribution of the
maximum of a random walk (RW) with small negative drift. In order to see the connection

Received 20 March 2007; revision received 18 September 2007.

* Postal address: Statistics Department, Harvard University, 1 Oxford Street, Cambridge, MA 02138, USA.

Email address: blanchet@fas.harvard.edu

** Postal address: Management Science and Engineering, Stanford University, 380 Panama Way, Stanford, CA 94305,
USA.

1070

https://doi.org/10.1239/aap/1198177240 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1198177240

Expansions of geometric sums 1071

to CDAs, note that Skorohod’s embedding (see, for instance, Durrett (2005)) shows that if

02 = var(X)) < oo then

Sii) = (EX1)t +0B(t) +o(t'/?) almost surely (as.) ast 7 0o, )

where B(-) is a standard Brownian motion and, if ¢ > 0, |7] denotes the integer part of 7.
As a consequence, (1) follows directly from (2) by letting + = M and using the fact that
pM AR Exp(1) as p N\ 0, where Exp(1) is an exponential RV with unit mean and %> denotes
weak convergence. Note, in addition, that when E X; = 0, (2) also implies that

B(Exp(1
psy % TR 0 p N, 3)

where B(Exp(1)) follows the double exponential or Laplace’s distribution (see Kalashnikov
(1997)). Here we also develop higher-order correction terms that complement the weak
convergence result in (3). As we shall see, in the zero mean case, the asymptotic expansion
developed is obtained in powers of p!/?, which may have been expected given the scaling
present in (3).

We obtain our asymptotic expansions (for the case of positive mean and for the case of
zero mean) via a unified approach. In particular, the asymptotic expansions developed here
follow as a consequence of a new uniform renewal theorem that is of independent interest.
This uniform renewal theorem is closely related to previous such results established by, for
example, Siegmund (1979), Borovkov and Foss (2000), and Fuh (2004). A crucial difference
between our uniform renewal theorem and previous results is that we obtain uniformity even
over families of increment distributions in which the increment’s mean can be arbitrarily close
to 0. This feature is required in order to obtain the asymptotic expansions in the zero mean case
corresponding to (3).

As we have discussed, our theory essentially develops CDAs for geometric sums. However,
the theory presented here has the simplifying characteristic that the form of the expansion can
be given in terms of moments of the X;s, whereas the CDA for the maximum of a RW has
coefficients that are traditionally expressed in terms of one-dimensional integrals involving the
increment distribution’s characteristic function (rather than in terms of moments of the ladder
height RV).

The RV Sy, arises in many applied probability settings, as made clear in the book on geometric
random sums by Kalashnikov (1997). In particular, the maximum of a RW can be represented as
a geometric sum of ladder height RVs. It is well known that the maximum of a RW is of central
importance in queueing theory, where it describes the steady-state waiting-time distribution
for the single-server queue. Tail probabilities for the maximum of a RW also play a key role
in computing infinite horizon ruin probabilities in the insurance setting, as well as boundary
crossing probabilities for certain one-sided sequential statistical tests; see Asmussen (2003),
Asmussen (2001), and Siegmund (1985). Letting p \( 0 is natural in the problem settings just
described, as this corresponds to ‘heavy traffic’ in the queueing context and to the ‘low safety
loading’ regime in the insurance environment.

As noted above, the theory developed here establishes an expansion that can be computed
in terms of moments of X;. Hence, in order to apply the results of this paper to the maxima
of a RW, we need to be able to express the moment of the ladder height RVs and p as a power
series in the natural problem parameterization that arises in the RW context. This computation is
straightforward in the setting of the so-called M/G/1 queue, but is in general difficult. Siegmund
(1979) calculated the first three terms in the power series for RWs having exponential moments,
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whereas Chang and Peres (1997) obtained the entire power series for Gaussian increments. In
Blanchet and Glynn (2006) the entire power series was developed for general non-Gaussian
increment distributions having exponential moments and strongly nonlattice distributions.
Another important setting in which geometric random sums arise is in the study of the total
‘reward’ accumulated up to hitting a set in the regenerative Markov process setting (a special
case of which is the time required to hit the set). The asymptotic regime of this paper then
corresponds to the case in which we study the sequence of sets that become progressively
‘rarer’ in this context; the basic exponential limit law, (1), is developed in, for example, Keilson
(1979) and Aldous (1989). So our current theory offers the opportunity to develop additional
correction terms for approximating such distributions. Additional applications of geometric
sums (to program debugging and reliability modeling) are discussed in Kalashnikov (1997).
The main contributions of this paper are as follows.

1. We obtain a uniform version of reminder term estimates in the renewal theorem owing to
Stone (1965) and Carlsson (1983) over a family of distributions having increment means
arbitrarily close to 0 (Theorem 1).

2. When E X| > 0 is positive and the increments are strongly nonlattice, we develop
asymptotic expansions for the distribution of pS;, in powers of p (Theorem 2).

3. When E X| = 0 (also under a strong nonlattice condition), we provide an asymptotic
expansion for the distribution of the RV p!/28); in powers of p!/? (Theorem 6).

4. We generalize Theorem 2 to cover the case in which the distribution of the increment X
is itself allowed to depend on p (Theorem 4). The generalization is required in order that
the theory here can be applied to the maxima of a RW. In Blanchet and Glynn (2007) the
authors show how Theorem 4 leads to a CDA for heavy-tailed random walks in which
the number of terms in the asymptotic expansion depends on the number of moments
assumed to be finite, thereby generalizing the CDA of Hogan (1986) (in which the first
two terms of the heavy-tailed expansion were obtained).

5. We develop a CDA for the distribution of the steady-state waiting time for the M/G/1
queue, for both light-tailed and heavy-tailed service-time distributions, generalizing the
results of Asmussen and Binswanger (1997) and Abate et al. (1995).

This paper is organized as follows. In Section 2 we introduce the uniform renewal theorem
that plays a central role in our subsequent analysis. In Section 3 the asymptotic expansions
for P(pS,; > x) are derived for the case in which the X;s are nonnegative and possess a
finite moment generating function. In Section 4 we develop the asymptotic expansions for
nonnegative increments under the existence of at least a finite second moment. In Section 5
we consider cases in which the distribution of the X;s also varies with p. Our expansions are
extended to the case of real-valued increments with positive mean in Section 6. In Section 7 we
obtain the expansion for zero-mean increment distributions. In Section 8 we apply our results
to develop CDAs for the M/G/1 queue.

2. A uniform renewal theorem

In this section we develop the necessary renewal theory that will be key to the rest of this
paper. In particular, we will study the renewal function corresponding to a distribution F having
support on the entire real line (i.e. F need not be the distribution of a nonnegative RV). Let t
be a RV having distribution F'. (When we apply the results of this section to geometric random
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sums in later sections, the increment RV X will play the role of 7.) For appropriately integrable
g, let EF g(7) be defined as

Er g(7) 1=/ g()F(dr),

and let us write ur = Ef 7. Let us set

Up(t) =) F*™ (),

n=0

and define HlF(~) and HZF(-) as

/00(1 — F(s))ds, >0,

Hf ) =1"
F(s)ds, t <0,
—00
and
o0
—/ Hf (s)ds, t>0,
t
Hy =1

HE(s)ds, t<o.

—0o0

A distribution F is said to be strongly nonlattice if there exists ¢ > 0 such that

inf |1 — xr(A)| >0,
|A|>e

where xr (1) = Er . A family # of distribution functions is said to be uniformly strongly
nonlattice if

inf inf |1 — xp (A 0. 4
ﬁlelmﬁls' x| > @

The first result of this section is the uniform renewal theorem that will be essential to developing
the asymptotic expansions in this paper.

Theorem 1. Suppose that F is strongly nonlattice with Er T > 0 for each F € . Then we
have the following.

(i) If suppcy EF e"l™l < oo for some n > 0 then we can find positive constants K| and ¢
(independent of F € ¥ ) such that

t Er ‘L’2

Ur(t) — <— +
MF 2/1%r

,u%,- < Kie ™ fort>0

) 170,00 (1)

and
/L%UF(I) < Ki1e” + urpKyexp(curt) fort <O0.
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(ii) Moreover, under the condition supp.¢ EF |T|P < oo for p > 3, we obtain

sup WHUE@) — Up@)] < o(t] P log(lt]))  as |t — oo,
Fe

where U F(t) satisfies

t Ept? H2F(1)+(H1F*H1F)(t)

- > 0’
~ wE o 2u3 I " -
Upy=3 " 0 g )
HF (1)  (HF «» HF)(1)
>— + 3 , t <O.
Hg M

The proof of this result is given at the end of this section. Note that part (i) describes an
error term of order ,u;z whereas part (ii) describes an error term of order u;4. Since part (i)
is a special case of part (ii), this suggests that the error term in part (ii) is not the best possible
result (as a function of 1 ). The proof technique is based on a Fourier analysis argument due to
Carlsson (1983). Our expression for Uf (-) coincides with the one provided by Carl~sson (1983)
and, as we shall see in the proof, our argument requires a normalization of the Urs Fourier
transform by the factor M‘; in order to be amenable to uniform estimates over the family ¥ .

Such uniform estimates are the most important part of our contribution here. Uniform
renewal theorems have been studied previously in the literature. Siegmund (1979) provided
a result similar to part (i). However, Siegmund’s result only covered the case of positive
increments and the underlying family of distributions enjoyed a particular parameterization
through exponential families. The fact that Theorem 1 is developed on the whole line with an
explicit dependence on the mean of the increment distributions underlying the renewal function
(i.e. ur) will be crucial in our developments, especially for the case in which E X; = 0. Fuh
(2004) studied uniform Markov renewal theory, which included uniform renewal theory as a
special case, on the whole line under the same assumptions as given in Theorem 1. However,
there is no dependence on the mean of the increment distributions of the renewal function in
his estimates. The information given in Theorem 1, particularly with respect to ur, is key for
our purposes because we are interested in understanding how the distribution of S, changes in
general—even when we have a zero-mean increment distribution. Borovkov and Foss (2000)
also developed a uniform renewal theorem under nonlattice assumptions, like those imposed
here. Again, they considered the case in which the mean of increment distributions was bounded
away from 0 and, therefore, that theory does not directly apply to our current situation.

2.1. Proof of Theorem 1
For F € ¥, set

Ve(x,h,a) =E[Ur(x +h —aZ) — Up(x — aZ)],

where Z ~ N (0, 1). Lemma 1, below, corresponds to Equation (8) of Stone (1965).

Lemma 1. If F is strongly nonlattice and g = Ep(t) > 0 then

h h
Vix,h,a) = — + ; - :
R TR S5 Re[e ¥ (1 — e=ih*)e=a%2/2 /(ihA(1 — x(%))]dA

Lemma 2, below, is due to Carlsson (1983); see Lemma 1 therein. (See also Theorem 7.3
of Ganelius (1971).)
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Lemma 2. Define M, to be the class of those nondecreasing functions f: R — [1, 0o) that
satisfy f(2x) < bf(x) and f(x) = 1 if x < 1. Let g(-) have Fourier transform given by

20) = f e 1% dg(s).

—00

Suppose that there exist K > 0 and mt € My, for which the inequality

sup  (g(y) —g(x) <
x<y<x+1/T mr(x)

holds for all x € R. If (8(0): 6 € R) has its support outside (—T, T) then there exists a
constant C depending only on b (independent of T ) and such that |g(x)| < CK /mt(x).

As we shall see, some of the remainder terms in our estimates satisfy the conditions of
Lemma 2. We shall also need the following uniform variant of the Riemann—Lebesgue lemma.

Lemma 3. Let G = {go(): o € x} be afamily of real-valued functions defined on the compact
interval [0, 1] and indexed by an arbitrary set x. Assume that the g4 (-)s are uniformly bounded
and equicontinuous. Then,

1 .
lim sup f ga(M)e* dr = 0.
0

n—)OanI

Proof. Define gy, (-) as

m—1

k
am(A) = l;) 8u (Z) Lie/m, (k1) /my V).

We then have

1 ) 1

sup / 8o (W)™ dA| < sup / |80 (A) — gaom ()] A
ael JO acl JO
m—1

k (k+1)/m
+ Z SUP | Ger.m (—) / eM dk’.
k=0 @€T m k/m

The first integral can be made arbitrarily small in m by virtue of equicontinuity, while the
second integral, owing to uniform boundedness, is of order O (1/n). This yields the conclusion
of Lemma 3.

Before we provide the proof of Theorem 1, let us briefly comment on some of the methods
behind its technical development. The proof of part (i) is adapted from the work of Stone (1965),
except at the end where we link the behavior of Vg (x, k, a) to that of Up(x) as x 7 oo.
For this latter part, we use the results of Carlsson (1983). Both Stone (1965) and Carlsson
(1983) relied on the use of Fourier analysis estimates, but Carlsson applied Fourier transforms
to distributions because he worked directly with Ur(-) rather than with an expression such
as Vg (-) (which involves increments of Ug(-) convolved with a smooth kernel). Basically,
analyzing the increments of Ur(-) removes the need for dealing with the Fourier transform
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of an indicator function which gives rise to a delta function. Stone (1965) also provided a
way to link the asymptotic behavior of Vg (-, i, a) to that of Ur(-), but Carlsson’s techniques
are slightly more direct and blend in better with our development in part (ii) of Theorem 1.
Stone’s techniques are convenient in the case of exponential moments because they make it
possible to easily remove the singularities that appear when E t is arbitrarily close to O (as
will be indicated precisely in the proof below) using Cauchy’s theorem for analytic functions.
Carlsson’s techniques are convenient in part (ii) because his expressions are especially well
suited to a direct Fourier analysis of the terms involved in Ur. The rate of decay in the error
obtained by approximating Ur by UF directly is obtained using such Fourier expressions (via
the use of Lemma 2). Carlsson’s expressions are homogeneous in ,u;4, and the estimates depend
only on the tail decay of F implied by the existence of moments of order p. As a consequence,
our uniform assumptions make Carlsson’s analysis easily adaptable to our current situation.

Proof of Theorem 1. We shall first prove part (i) in several steps.

2

Step 1: Set vp = Ep t°. The idea is to first use Lemma 1 to estimate V(x, h, a). More

precisely, we note that

/ e—lxk(] _ e_lhk)(ih)\.)_le_a A /2(1 _ XF()"))_I d)\.

—0Q
00 . ) Az -1
- / e_"“\(l—e_lh}‘)(ih)»)_le_az)‘z/z(—quA+UFZ ) i (6)
o
+/ e—ixk(l _e—ihk)(ihk)—le—az)\z/z
—0Q
-1 . UF)L2 !
x| (A=xr)™ — | —ipuri + > da. @)

Observe that the integrand corresponding to (7) is analytic on a strip defined by the imaginary
axis and a line parallel to this axis (both to the right or the left) that can be taken independent of the
choice F € ¥ (as aconsequence of the uniform strongly nonlattice assumption). This is because
we are removing the singularity of 1/(1 — x (%)) at O by subtracting (—ippA + vpA2/2)~ L.
This step is different from that of Stone (1965) (we have added the term including vr because
we are also interested in the case in which pp can be arbitrarily small). Cauchy’s theorem
allows us to rewrite (7) as

2 82
/oo e (CHMx (] _ g=(eHiMhy (4 3y exp(a (c —21— ir) )
—0oQ

932\ 1
g ((1 —xr(ein)™ - (‘MF(C+i)») + M) )d/\

for some ¢ > O sufficiently small (uniformly over the family ). Note that the previous
expression is of order O (e~“*(1 + |log(a)|)) as x tends to co uniformly for £ in bounded sets
and uniformly over the family #. This follows because the integral in the previous display
can be bounded by Coexp(—cx — a?A?/2) and the choice of the constant Cy is independent
of F by virtue of the strongly nonlattice assumption (also observe that the strongly nonlattice
assumption also guarantees inf rc# vr > 0). Note that a completely analogous estimate can
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be obtained as x tends to —oo. Conversely, the integral in (6) can be rewritten as

00 o=i¥h (] _ e=ih)(iAa) ] —a2)2)2
/ e ( e Ydht) e & @)

—o0 —iprpA
oo .
+/ e—ix)»(l _ e—lh)»)(ih)\')—le—az)\z/z

—0o0

1 1
— di. 9
* (-iMF)L + vFA?/2 —iMF)»> ©)

Let us refer to the integrals in (8) and (9) as J; and J;, respectively. The integral J; can be
evaluated explicitly (see the expression following Equation (8) of Stone (1965)), yielding the
conclusion that

h —clx|
/LF11=:|:§+O(C ) asx — Fo00

uniformly over the family ¥ and %, a in bounded sets. For the integral J>, we have

Ahp> T h
HEJ2 :p<2i§N(()7 1)5%>
a a

27TUF
x + 2bpa?
a

+ P(N(o, 1> exp(r (nrpa® + x))

h + 2bra®
_p<N(0, 1> u)
a

exp(ur(ura® 4 x + h)),

where br = 2 /vr. Consequently, y,%, Jo = 0(e™%) as x — oo uniformly over the family
F and for a in bounded intervals, whereas

3o < wpKyexp(rpep) asx — —00
uniformly for a in bounded sets with K independent of . Consequently,
wrVe(x, h,a) = hjur + 0 (1 + [log(a)])) as x — oo,
where the term O (e~“*(1 + |log(a)])) does not depend on the choice of F or &, and similarly
WpVE(x, h,a) < 0™ (1 + [log(@))) + urKiexp(xpr) asx — —oo.
Step 2: Next we want to use an argument similar to that given by Stone (1965) to estimate

Ur(x+1)—Ur(x) — u;l. This follows easily by noting that

o0
PRV 2, 1) =) piPx < S +Z<x+2)
n=0

0
>Y upPx < S, +Z<x+2 Ze[0,1])
n=0

= up(WUr(x +1) = Ur@) P(Z € (0, 1)
Consequently, a finite number K > 0 (independent of F) can be chosen such that

W (Up(x +h) —Up(x)) < K
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uniformly over |h| < 2. Following Stone (1965), fix 8§ > 0, and note that if |y| < 2e™%*,
we have

Ur(x+1—e ¥ —y)—Up(x+e ™ —y) <Up(x + 1) — Ur(x)

<Up(x+1+e™ —y) —Up(x —e™™

-y

Now, choose xo > 0 such that P(|JN(0, 1)] > xo) < exp(—édxg) < % It follows, as a

consequence of the previous estimates, that, for x > xo,
e—éx
,u2FVF <x +e % 1 —2e7%, —) — M%Ke_‘sx
X
< upWUra +1) = Ur(x))
—ox
< 121 —e )1y (x — e 4270, e—>
X
This implies that there exists ¢ > 0 such that
upUpx+1) = Up(x) — pzh) = 0™ (10)
uniformly over ¥ as x tends to oo, and
WplUF(x +1) = Up(x)] = 0@™) + ppKe™r (11

also uniformly over ¥ as x tends to —oo.

Step 3: Finally, we proceed to show that

2 -1 UF
HF <UF(X) - <XMF T >1[0,oo)(X)) =o(D) (12)
WF
uniformly over # as x tends to co. As in Carlsson (1983), define
_ (9] Hf (x)
Gr(x) :=Ur(x) — <X/LF1 + —) 1[0,00) (x) + —2 -
2up Wi

Carlsson (1983) evaluated the Fourier transform G rofGp,
Gr(n) = (xr() — 1+ i) ()~ Anr) 20— xr() )

see the end of Section 3 of Carlsson (1983). Estimate (12) will follow after applying Lemma 2
to a suitable modification of Gy (-). In particular, the strategy is to consider GITVC) and G%(-),
which are defined via

IR .
GL(x) == Gr(x) - —/ Gr(L)e da
2w T

=Gr(x) — GR(x).

Note that GITV(X) is 0 for |A| < T. Conversely, using Chebyshev’s inequality, we can find a
constant K (independent of F) such that, forx > land T > 1,

sup  pi|H (0) — Hf )| < w2 (HE (1) — HF c + T71)) <
x<y<x+1/T

S|
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Also, observe that M%G’;(J is bounded (for fixed T') and that
lim sup |13 G’ (x)| = 0. (13)
x—0 F

This last step follows by invoking Lemma 3, which can be safely applied by means of the
strongly nonlattice condition, the form of G F, and the existence of uniform bounds in moments
of order at least 2. These observations, combined with our previous estimates concerning
Ur(x +h) — Up(x), yield

~N| =

sup  ur(GEL(x) — GL(y)) <
x<y<x+1/T

for some positive constant K > 0 (independent of F). Consequently, Lemma 2, applied to GL,
together with (13) yield

. 2 CK
lim sup 3G r ()] <
x—>00 p T

for some constant C independent of 7. Since T was arbitrary, we obtain (12). This combined
with (10) and (11) gives part (i).

Part (ii) is similar to the end of part (i) and the proof proceeds by following a similar program
as in Carlsson (1983). Again a key assumption is the uniform strongly nonlattice condition, (4).
The Fourier inversion expressions are provided by Carlsson (1983) for each fixed F. First we
define (R(A): A € R) via

x(=2) —1 +iw>2<x(—x) —1 +ixw)

Rr() = u;“( e =

Then, it follows that the inverse Fourier transform of R is given by
Rp(t) = wi (H{ * Hf » H) (1),

where HIF denotes the derivative of HlF (the derivative can be interpreted weakly or we can
make sense out of R (¢) using integration by parts by noting that HlF * HlF is differentiable).
It easily follows that ;L‘},Rp(t) = o(|t|~Pd) as |1 Palie’s) uniformly~0ver the class  assuming
that supp.¢ EF |T|? < 0o. Now, the Fourier transform of I'r = Ur — R (see the definition
in part (ii) of the present theorem) is Fp(-) given by

HETEG) = (r(=2) — 14 idup)* ()7 (1 = xp(=2)).

The estimates for I" 7 again involve applications of Lemma 2 following Proposition 1 of Carlsson
(1983) and the use of Lemma 3 just as in the case of G g in part (i), above.

Condition (4) is crucial in order to guarantee the validity of our uniform renewal results. It
will often be useful and more convenient to verify the following alternative version of (4).

Lemma 4. Suppose that ¥ is a tight family of distribution functions satisfying

inf inf |1 — xr(1)| > O. (14)
Fe¥F |A>1

Then, the family ¥ is uniformly strongly nonlattice in the sense that (4) is satisfied.
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Remark 1. Note that if supp.¢ EF |t] < oo then the family ¥ is tight. In order to apply
Theorem 1, we must verify the moment assumptions indicated in its parts (i) or (ii). Hence, it
suffices to just verify condition (14) instead of (4).

Proof of Lemma 4. Fix ¢ > 0, and note that

inf inf |1 — xr(A)| = 1nf mln( 1nf 1 — XF()»)| 1nf |1 — XF()»)|)
Fe¥F |\|>¢ <|Al
so we just have to show that

= inf |1 — xp(A
VF gillglill xFQ)]

satisfies infpc# yr > 0. Suppose that this is not the case, then there exists a sequence of
distributions (F,,: n > 1) in ¥ and a sequence (A,: n > 1) (with |A,| € [e, 1]) such that
XE,(Ap) — lasn — oo, Since ¥ is tight, there must be a subsequence of distributions
(Fp, 0 k > 1) suchthat F,,, X6 (G may not necessarily be in £) and a subsequence (A, : k >
1) such that A,,, — A with |A| € [g, 1], and xg(A) = 1, this implies that G is lattice. On the
other hand, we have
0< klim 1= xr, M= 11 = xc@)I,
— 00

which implies that G is nonlattice, yielding a contradiction and proving the result.

3. Nonnegative geometric sums with exponential moments

Our results in this section improve upon Renyi’s approximation, (1), assuming the existence
of exponential moments. Define ¢ () := Eexp(nX1) < oo and ¢'(n) := d¢(n)/dn.

Theorem 2. Suppose that X has a strongly nonlattice distribution and that ¢(n) < oo for
some n > 0. Then, there exist constants a, k > 0 such that, for sufficiently small p,

< Kexp<—%) (1s)

uniformly in x > 0, where 0 is the unique nonnegative solution to Eexp(éX 1) = g~ (which
exists if p > 0 is small enough), and

x6
P@Sy > x) — exp(—? +r(p)>

rp) - P
SV = el (16)
Remark 2. We state our approximation in terms of r(p) because later we shall be interested
in suggesting approximations that are given as asymptotic expansion powers of p. Using
the asymptotic expansions for 7 (-) instead of c(-) preserves the positivity of our suggested
approximation.
Theorem 2 provides rigorous support for the approximation

P(Sy > y) ~ exp(—y0 +r(p)). (17)

Note that, for a fixed value p, the evaluation of 6 and r(p) (or equivalently, c(p)) is a
straightforward numerical task and, thus, (17) can be easily implemented to provide an ac-
curate approximation for the distribution of S, that can be expected to improve upon Renyi’s
approximation.

Once we know that (17) holds uniformly for small values of p, then we can easily provide
(via the implicit function theorem) an expansion for & in powers of p and, as a consequence,
for r(p). We record these observations in Proposition 1, below.
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Proposition 1. Let 6 and r be defined as in Theorem 2. Then 6(p) and r(p) can be expanded
in absolutely convergent power series in p € [0, 8] for some § > 0.

Proof. The fact that the series converges absolutely just follows by applying the inverse
function theorem (for complex-valued functions) to the analytic extension of ¢ (-) at 0.

Remark 3. If our interest is to provide accurate approximations for the distribution of S, for
many different small values of p, an asymptotic expansion such as that suggested by Theorem 2
and Proposition 1 for P(Sy; > -) will typically provide a more convenient approximation (in
terms of the computational cost) than (17). Let us then provide the elements of the expansion
described in Proposition 1, thereby giving the expansion of P(Sy > x/p) in powers of p.
Proposition 1 establishes that

o A oo
N 6k (0) p r®(0) p*

For notational convenience, let us write 6*)(0) /k! =y, and r®©(0)/k! = &. We know that
67(1)(0) =y, =1/EX; and r(0) = 0, the rest of the ys and &s can be easily computed
via the implicit function theorem. For instance, 2E3 X, Yy = 2E2X, —EX f, 6E’ X; y3 =
3EX? —6BEX}E?X; + 6E*X; — EX|EX;. Consequently, 2E? X1£ = 2E?X; + E X}
and 24E* X & = 12E*X, + 12EX7E? X; — 9E? X} + 4E X3 E X;. A similar expansion
for 6(-) has been obtained by Abate et al. (1995) in connection with heavy-traffic asymptotics
for queues. We shall discuss these types of applications in Section 8, below.

For completeness we provide a set of recursive equations to compute the y4s.

Proposition 2. Forn > 1 and each k < n, the constants (y: 1 < k < n) can be computed by
solving recursively the following set of equations (note that the kth equation is linear in yy and
it depends only on the y;s for j < k):

LLEXT m
2:1 m E: HVn_,+1=1 forl <k <n.
m=

{n1+-+np=k—m,ny,..., 1y >0} ]=1

Proof. The proof follows directly by applying the implicit function theorem. The details
are omitted.

Theorem 2 therefore provides the means to develop an algorithm, which can be implemented
easily, for computing an asymptotic expansion for the tail probability P(Sy; > x/p) in powers
of p that gives the desired corrected diffusion approximation in the present geometric sum
setting.

We now discuss the mathematical development of Theorem 2. Let a(t) = P(Sy > ¢), and
note that

a(t) = P(X; >t)+q/ a(t —s)P(X; € ds). (18)
[0,1)

If p > Ois small enough and E exp(nX) < oo for some n > 0 then the equation

~ ~ 1
¢(0) = Eexp(6X1) = 7 (19)
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has a unique solution § > 0. Therefore, making use of well-known techniques, (18) can be
transformed into the nondefective renewal equation

exp(@t)a(r) = exp(0t) P(X| > 1) + f exp(@(t — 5))a(t — s)F;(ds),
[

0,1)

where Fj(ds) = g exp(és) P(X; € ds). Renewal theory then implies that

exp(Ht)a(t) =/ exp(@(t — ) P(X| >t —5)U;(ds), (20)

[0.1)

where U;(t) = E5(N(?) + 1), and under P; the X;s are i.i.d. with distribution Fjz. Using the
results of Stone (1965), it is not hard to verify that, for fixed but small p > 0,

exp(6t)a(r) —

/ exp(@s) P(X| > s)ds| < K(p)e )", (21)
Eg X1 Jio.

Note that Stone’s estimates provide exponential rates of convergence for fixed p > 0, but they
do not say anything about the behavior of K(p) and a(p) in (21) for small values of p. In
contrast, as the proof that follows next indicates, Theorem 1 allows us to set t = x/p and
obtain an exponential rate of convergence, thereby controlling the behavior of K (p) and a(p)

as p \( 0.

Proof of Theorem 2. The previous argument leads us to (20). We now verify that the
assumptions in Theorem 1 are satisfied. Let us define g3(1) := E; exp(iA X ) = g Eexp((ir +
6)X1). Using the implicit function theorem on (19), it easily follows that 6 = p/EX1+0(p?.
As a consequence, the following inequality can be easily derived for all p > 0 sufficiently small
and some M; € (0, 00),

lgg(2) —g(M)| < Mip.

Hence, we conclude that it is possible to choose § > 0 sufficiently small so that

inf inf |1 —gz(A)| = inf inf [1 —g(A)] — M6 > 0,
pel0.s) |i|31| gl = pel0.6] |i‘21| gl 18 >

which verifies condition (14) in Lemma 4. Finally, because 9: = O(p), itis possible to choose
p > 0 small enough so that E; exp(nX1) = q Ezexp((n + 8)X) < oo for some n > 0. We
can now apply Theorem 1 to (20) and obtain

()G) &
expl 60— )Jal — ) —
p P E; X

o
< exp(6s) P(X| > s)ds (22)
Ej X1 /X/p

1 i
n ‘ / exp(@(f - s>> P(Xl >%_ s)V(ds)
Eg X1 Jio,x/p) p p

where V (-) is a function that we are introducing here and it corresponds to the left-hand side
of the first equation in part (i) of Theorem 1, therefore |V (t)| = O (e~%) for some a > 0. The
integral in (22) is easily seen to be bounded by Ke~*/P for some finite constants K, a > 0

/00 exp(és) P(X| > s)ds
0

, (23)
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(assuming that p > O is sufficiently small). We just need to analyze the integral in (23).
Integration by parts yields

/ exp(é(i — s)) P(X] > X s)V(ds)
[0.x/p) p 14

X ~X X
- v(-) P(X, > 0) — exp<9—) P<X1 > —)V(O) (24)
p p p
n éexp<éf) f V(s) exp(—fs) P(X1 X s) ds (25)
P [0,x/p) )4
n exp(éf> / V(s) exp(—és)P<X1 > ds). (26)
P [0,x/p) P

The absolute value of (24) is also bounded by K e~9*/P for some finite constants K, a > 0. For
the integral in (25), observe that

éexp<9~£>‘/ V(s) exp(—és)P(Xl > X s) ds
P/ 1J10.x/p) p
- ~ X - X
596Xp<9—)/ [V (s)| exp(—@s)P(Xl > ——s) ds
p [0,x/2p) p
~ ~X ~ X
+ Gexp<9—> / [V (s)| exp(—@s)P(Xl > — — s) ds
P/ Jix/2p.x/p) p

< éexp<9~£) P<X1 > i)M —I—éexp(éf)/ [V (s)|ds.
p 2p P/ Jix/2p.00)

Since §# = O(p) and X has exponential moments, we conclude that the previous expression
is bounded by Ke~*/? (for appropriate positive constants K and a). The treatment for the
integral in (26) is very similar to that of (25). Thus, we conclude that

Jo7 exp(@s) P(X| > s5)ds
Eé X1

EqN(x/P) — + O(G*aX/P). (27)

In order to recover the required expression for c¢(p), note that

E; X = q/ sexp(@s) P(X| € ds) = q¢'(0).
[0,00)

Conversely, using integration by parts and the definition of 8, we see that

oo
/ exp@s)P(X) > 5yds = 2O =1 _ P
0 0 q6

Combining the previous two identities together in (27) yields (15). The analytic properties of
6 follow directly from the implicit function theorem. It is easy to see that r(-) is well defined
at 0 (i.e. that the right-hand side of (16) is strictly positive when p is close to 0). However, it
is almost immediate to verify that c(-) is real analytic at the origin with ¢(0) = 1. This implies
the real analyticity of r and the conclusion of the theorem.
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4. Nonnegative geometric sums with heavy tails

In this section we also assume that X = (X,,: n > 1) is an i.i.d. sequence of nonnegative
RVs and, in contrast to the previous section, here we relax the exponential moments assumption.
Here we just require that E X ‘f‘“ < oo for some o > 0. If the moment generating function of
the X;s exists, Theorem 2 corrects Renyi’s approximation (1) by providing a full asymptotic
expansion in powers of p with an exponential error term. In other words, Theorem 2 provides
rigorous support for the parametric (in p > 0) approximation

o0
X x k
P(Sy> =) ~exp( =+ - :
( M > p) exp( EX, +k_lp 6k Vk+1x)>

which is valid up to an error exponentially small as p N\ 0. It is easy to see that y; and &
depend on the first £ and (k + 1) order moments of X1, respectively. This suggests that, if
EX ‘1“'2 < 00, the approximation

P(SM>%)%6XP<— —+ Y pk(sk—yk+1x)> (28)

EX) 1<k<a+1

should be more accurate than (1). Another (perhaps more natural) way of obtaining a formal
expression such as (28) proceeds as follows. First define

E X*o*

bu®) =1+ Y ——.

k<a+2

Then find the smallest positive solution @, to the equation
~ 1
¢Ol (901) = 5 (29)

Note that 6, exists and is well defined if p > 0 is sufficiently small. Finally, set

p

—_—. (30)
q*0uy, (6a)

co(p) =

Using these elements, (28) is equivalent (up to quantities of order o(p®*1)) to

X x0q
P(SM > —) ~ exp(——)ca(p). (31
p p

Providing rigorous support for approximation (31) in the presence of heavy tails presents an
additional mathematical complication. Note that a crucial ingredient in the proof of Theorem 2
is the existence of a root for (19). This indicates that the strategy followed in the proof of
Theorem 2 is infeasible in the heavy-tailed case. Our idea is then to proceed by removing the
large ‘outlier’. Define the sequence X = (Yk: k>1)as X = X 1j0,x/p1(Xx) and consider
its associated random walk S = (S,: n > 0) (ie. S, = X1 + -+ + X, with So = 0). We
first argue that this ‘truncation’ has little impact on the distribution of the geometric sum over
spatial scales of order 1/p.

https://doi.org/10.1239/aap/1198177240 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1198177240

Expansions of geometric sums 1085

Lemma 5. The RV Sy satisfies

P(Sy; = 1) — P(pSy = x)| = ot = X/P),

Proof. Note that

|P(pS) > x) —P(pSy > x)|

o0 o0
<p> ¢! P(Sk > %; S < f) +pY g P<§k > %; S < f)

k=1 p

o
- X
< Zquk IP(TS;:X" > ;)
k=1 -

o0
<2p> kgt P<X1 > f)
k=1 P
_2P(Xy > x/p)
> .

As an immediate corollary, we have the following result.

Corollary 1. Suppose that E X’ls < oo for B > 1, then

B—1
IP(pSy > x) — P(pSy > x)| = o(p . )
X

The strategy to follow in order to provide rigorous support for the validity of (31) is perhaps
clear now. Specifically, taking advantage of the fact that the increments X have exponential
moments, we want to deal with S, following the spirit of Section 3 by making use of the
uniform renewal theory. One of the basic steps that is involved in applying the same techniques
used in Section 3 is solving the equation

Eexp@X) = ﬁ (32)

It is not hard to see, using the implicit function theorem, that & ~ p/E X as p N\, 0. In fact,
we have the following proposition.

Proposition 3. Suppose that E X ?"_2 < 00. Then, for A > 0, we have
¢a(®) = Eexp(0X) + o(p**?)
as p \, 0 uniformly for |0| < pA. Therefore, if 0 solves (32),
0 =06, +o(p*?).

Proof. Suppose that |§| < pA for some fixed A > 0. Then,

_ 1
Eexp(fX) = E(e“; X < —) + o(p*2).
p
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Also, note that

1 E X*ok
0X.
‘E(e ,X§—>—1— E I

p 1<k<a+2

< o(p?+2) 4 Aeh plot2lt] E<XLa+2J+1; X < l).
B P
Now, we claim that
pLO(+2J+1 E(xtﬂ(+2j+]; X S l) — 0(p0(+2)'
p
In order to see this, we first use integration by parts to obtain

1
pE<XW+2J+1; X < l) :/ /PpSLa+2J+1 P(X € ds)
0

D
N 1\ Lle+2
——p(x=2)(5) s (3
pJ/\p

1 N N lar+2]
+(|_a+2j+1)/ P<X> —><—> ds. (34
0 pJ)\p

Expression (33) multiplied by pl%*2) is of order o(p®*?); hence, we just have to show that the
integral in (34) multiplied by pl®+2! is of order o(p®*2). Equivalently, we must verify that

1 s s a+2
/ P(X > —) (—) slet2l=@t2D g5 5 0 as p \ 0,
0 P/ \p

which follows easily by dominated convergence since 0 < P(X > 1)r1%*2 < ¢ < o0, and

1
/SLa+2J7(a+2)ds<oo.
0

The rest just follows from the implicit function theorem.

Finally, we provide the precise statement of our rigorous approximation in the context of
heavy-tailed increments. (We say here that a nonnegative random variable X is heavy tailed
if, for every n > 0, Eexp(nX1) = 00.)

Theorem 3. Assume that the distribution of X1 is strongly nonlattice and that E X 12+0’ < 00
for some o > 0. Then,

X6 a+1
P(pSy > x) = eXP(—T)Ca(P) +o(p™") (35)

as p \( 0 uniformly over x on compact sets.

The proof of this result will be provided at the end of this section.
As in the case of exponential moments, approximation (35) can be stated in power series
form as we indicate next.
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Corollary 2. In the setting of Theorem 3,
X X
P<SM > —) = GXP(—W + > pE- J/k+1x)) +o(p*th,
p U l<k=a+tl

where the yis and &s are defined recursively via Proposition 2.

Proof. Follows from the implicit function theorem applied to (29), and then expanding (30)
in powers of p.

We are now ready to provide the proof of Theorem 3. We do so by analyzing P(p Sy, > x) just
as we did in Theorem 2. Theorem 1 can also be applied here to obtain a suitable approximation
for P(pSy > x), as our next result shows and this is the strategy that we follow next.

Proof of Theorem 3. To compute P(pS;, > x) we ‘truncate’ at level x/ p, thereby introduc-

ing the Xps, where X = X; 10,x/p1(Xk). Then, a(-) = P(pgm > -), when evaluated at x/p,
satisfies

_x\_/[x —_(x X x \—
exp(@—)a(—) :/ exp(@(— —s))P(Xl >——35; X1 < —)Ug(ds),
p P [0,x/p) p p P

where Ug(s) = Y oo P7(Sy < s), P5(-) is defined via
P5(B) = q" E(exp(65,); 1(5))
for every B in the sigma-field 0(71 e, 7,,), and 0 is the solution to the equation
#©) :=Eexp(0X)) =q".
Next, we will show that

—2 —
s Eg X S ST Pg(X1 > w)dudr 36)

VS ::U*S — —_— — — —
()= Ugls) E; X1 2EZX, E2 X

satisfies |V (s)| = o(s—@tDyass 7 oo uniformly 12 p > 0 small enough. This follows from
Theorem 1, as we now illustrate. (Note that the term V' in (36) includes the last two terms on the
right-hand side of (5).) Observe that §p(k) := BEgexp(iAX1) = g Eexp((iA + 0) X ) satisfies
5,(0) — Eexp(iAX1)| < [§,(1) — Eexp(ixX )] + o(p*+?)
< p|Eexp(irX )| + 60 E X + o(p*t?)

Since X is strongly nonlattice, this implies that g, (-) satisfies the uniform strongly nonlattice
condition, (14). Conversely, since 6= 0( p), we find that, for all p > 0 small enough,

E;Xi T = gEexp@XNX| " < MEX " < MEX?? < 0.
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Theorem 1 now justifies the validity of (36). Furthermore, (36) implies that

a(f)Z/ exp(@(x/p—s))P(Xl ix/p—s; X1 <x/p) ds (37)
p [0.x/p) EgXy
+/ exp(@(x/p — s)>P<X12>_x/p —s; X1 <x/p) / P-(X| > u) du ds
[0.x/p) E; X1 *
(38)

+/ exp(§<i — s)) P<X1 > X s; X1 < f)V(ds). 39
[0.x/p) p 4 4

Let us denote by I, I, and I3 the expressions in (37), (38), and (39), respectively. We first
show that I3 = o( p*T1). To see this, we use integration by parts, the triangle inequality, and
the fact that & = O (p) to obtain

—( X o — X X
V(—) / V(s)dexp(—&s)P(Xl >——s5; X1 < —)‘
p [0.x/p) P

o) n

|I3] < + M,

A
~ | =
~

=

/ V(s) exp(—§s)P<X1 > _ds: x <
[0,x/p) p

+ M / V(s) exp(—és)P<X1 I f) ds|. (40)
[0,x/p) p p
We showed earlier that [V (x/p)| = o(p®*!). Now, observe that
— _ X X
’/ V(s)exp(—@s)P(Xl > — —ds; X1 < —)‘
[0,x/p) pP p
— _ X X
< / V(s) exp(—@s)P(Xl > — —ds; X; < —)‘
[0,x/2p) p p
— _ X X
+ / V(s) exp(—@s)P(Xl > — —ds; X1 < —)‘
[x/2p.x/p) p p
X —(ux
§K2P<X1>—)+K1 max V(—)‘
2p 1/2<u<1 p
=0(pa+2) +0(p01+1)
= o(p*™h (41)
for some constants K| and K». The integral in (40) follows the same lines as (41). For I,

we have

1 _(x x * o~ a+l
h=—— expl@ = —5s)|P(X; > =5 P7(X1 > u)duds + o(p“™).
ngl [0,x/p) P p s

Note that
1 —(x X ©
= expl| — —s ) |P[ X1 > ——5 P7(X1 > u)duds
ngl [0,x/p) P P s

1 x/p ( X x/p
~ = P X1>——s)f P(X{ > u)duds. 42)
E*X Jo p 5
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Let J be the integral in (42). We must show that J = o( p“‘“). To see this just note that

1 x/2p X x/p
J=== P<X1>——s>/ P(X| > u)duds
E-X Jo P s

1 x/p X x/p
+ 5= P<X1 > — —s>/ P(X| > u)duds
E“X Jxp2p p s
P(X 2 x/p 1
< M+/ P(X) > ) du——
2pEX x/2p EX
- xP(X1 > x/2p)
- pEX

— 0(p01+1)’

which yields I, = o(p®*!). Finally, we analyze I;:

x/p _
L +o(p*™hH = / exp(Bu) P(X| > u) du
0

E; X1
1 x/p d _
= —_—= P(X1 > u)dexp(Bu
9E9X1./0 (X1 = u)dexp(fu)
1 x/p _
=o(p* ™) — —— + = _/ e P(X; € du)
0 Ez X4 0 Ez X1 Jo
(1 —Eexp(6X1))
= —TPECLE o,
6 E(exp(0X1)X1)
Lastly, the implicit function theorem yields
p (1 —Eexp(6X1))
N~ P = exp > Pra) +opth
4206 (@) a0 E@exp(@X1)X)1) et

and

0= pPnt+o(p* ™.
k<a+2

5. Geometric sums with increment distribution depending on p

As we indicated before, many settings of interest demand treatment of the case in which the
increment distributions are actually changing with p. This is the case if we wish to develop
CDAss for the time-in-system for the GI/G/1 queue and the probability of ruin for the renewal
risk insurance process. Fortunately, Theorem 1 also provides a means to deal with the typical
situations that arise in practice. To fix ideas, consider a family of probability measures # =
{P,. p € [0, E] for some § > 0}. Suppose that, under each P, the random variables (Xj: k >
1) form an i.i.d. sequence. Also, assume that the distribution of X is uniformly strongly
nonlattice with respect to & (i.e. the characteristic functions g,(A) = E, exp(if.X1) satisfy
condition (4)). In addition, suppose that one of the following conditions hold:

(A) forsome n > 0, SUPg < , <5 E,exp(nX1) < oo; or

(B) supy-,5Ep X < oo for some o > 0.
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Under this set of assumptions, we have the following analogue to Theorems 2 and 3.

Theorem 4. Assume that the family P,, p € [0, 81, is uniformly strongly nonlattice (see (4)).
If condition (A) holds then there exist constants K1, Ko > 0 such that, for p > 0 small,

0*x

Korx
P,(pSy > x) — exp(— »

<K exp(—T), (43)

+ Vp(P))

where 8% = 0*(p) solves ¢,(0%) := E, exp(6*X1) = 1/q and

p

exp(rp(p)) = W
p

Moreover, 6*(p) = Y32, p*yi(p) and ry(p) = Y32, p*&(p) (where the yi(p)s and & (p)s
are defined in terms of the first k and (k + 1) moments of X under P, respectively, as in

Remark 4). Finally, if condition (B) holds then

Pp<pSM>x>—exp(— v Y pk<ek—yk+1x)>‘=o<p““>. (44)

E, X
PAL g ch<atl

Proof. The proof parallels the arguments given in Theorems 2 and 3 using Theorem 1. The
details are omitted.

Remark 4. Note that the y;s and the &s also depend on p. The previous result yields an
asymptotic expansion, assuming that the problem at hand has enough structure (i.e. when an
asymptotic expansion of the &s and yxs in powers of p can be obtained). The expansion for
the distribution of the all time maximum of a random walk with small negative drift given in
Blanchet and Glynn (2006) provides an example of the applicability of this result.

Remark 5. Just as we pointed out in Theorems 2 and 3, the estimate in (43) applies uniformly
in x, whereas (44) holds as long as x = x(p) stays bounded.

6. Geometric sums with real-valued increments

Some contexts demand looking at increment distributions that can take negative values. We
refer the reader to the book by Kalashnikov (1997) for motivating applications. Our goal in
this section is to show that completely analogous results to those presented in Section 3 can
be obtained even if we relax the assumption of nonnegative increments. The strategy is a
natural extension to that of Section 3. For simplicity, we shall assume that Eexp(n|X|) <
oo. Additional order-correction terms can be obtained, just as in Theorem 3 via a truncation
argument.

First let us consider the case in which E X| > 0. Note that owing to the memoryless property
of the geometric distribution, we obtain

G(x):=P(Sy > x) = pP(X1 > x) +qP(Z + X1 > x),

3

where Sy = Z (where ‘2’ denotes equality in distribution) and Z is independent of Xj.

Therefore,
o0

G(x) = pP(Xy >x)—|—qf G(x —s)P(X; € ds).

—00
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As in Section 3, let & > 0 be such that Eexp(§X1) = 1/q. Then,

exp(@x)G(x) = p / - P(X; > x —s)exp(@(x — ))U;(ds), (45)

—00

where U (1) = Z;C;O:O P;(S;, < 1), and under P; the increments of the random walk § =
(S : n > 1), namely the X;s, are i.i.d. with distribution

P;(X € ds) = g exp(0s) P(X € ds).

We then obtain the next result, which is the analog of Theorem 2.

Theorem 5. Suppose that X1 has strongly nonlattice distribution, E X1 > 0, and that ¢ () :
Ee" Xl < oo for some n > 0. If x > O then there exists a > 0 such that

PpSy > x) = exp(—% +r(p)> + 0(exp<—%)) asp — 0,

where
A0 N ——Y (46)

q20¢'(0)
If x < O then there exists a > 0 such that
P(pS,, < x) = 0(*/P).
Finally,

o0
P(Sy <0) =) pg" ' P(S, <0)
n=0

is real analytic in p € [0, 8] for some § > 0.
Proof. Theorem 1 yields
2

() =1 ()<E—SX 6] ()) ()1 (s)
Us;(s) = N + + Vils + Vo (s S),
6 [0,00) 5 X1 Eg Xl 1 2 (0,00)

where | V1 (s)] 110,00 (s) +|V2(5)] 1(0.00) (5) = O(e~"!) as |s| — oo for some r > 0 (uniformly
over p € [0, 8] for some § > 0). Hence, (45) implies that

~X © X ~( X
exp(@—) P(pSy > x) = P/ P<X1 > — —S) CXP<9(— —s))Ué(ds)
p —00 p p

/X/P P(X| > u)exp(6u) du
=p
o E; X,

00 X 5
—i—p/ P<X1>——s) exp(@(
0 p
o0 X -
+p[ P(X1>—+s> exp(@(
0 p

(47)

— s)) dVi(s) (48)

TR T =

+ s)) Vo(—ds). (49)
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Itis not hard to see that integrals (48) and (49) are of order O (e ™"~ /Py for some r > 0 uniformly
in p € [0, §] for some § > 0. Hence, we obtain

s © p(X Ou)d
exp<9f) P(pSy > x) = p/ (X1 >g)§?p( Wdu L o@e=ir
p —00 g X1

for some r > (. Conversely, integrating by parts we obtain

o]

/OO P(X| > u)f exp(fu) du = / exp(Qu) P(X| € du) = l.
00 q

oo _
Therefore,

exp(éf) P(pSy > x) = = P + 0Py,
p

0q E; X1
Equation (46) is obtained by noting that E; X1 = g¢’ (6). The behavior of P(Sy < x/p)
for x < 0 can be obtained using a similar analysis to the previous one. The analyticity of
P(Sy < 0) follows using Chernoff’s bounds by noting that we can choose p € (0, 1) for which

o oo
Y pg" ' P(S, <0) <Y p(l+p)" T P(S, < 0)
n=0 n=0

o0
<Y p+p)y'p"
n=0

< 00,

aslongas p € [0, §]for§ > Osufficiently small. Hence, the series representation for P(Sy; < 0)
converges absolutely and uniformly for sufficiently small p. This concludes the proof.

7. Geometric sums with zero-mean increments

The case in which E X; = 0 introduces qualitative differences. As we discussed in our
introduction, it is not hard to see that pl/ 25 M X o2l 2T, where T follows the Laplace (or
double exponential) distribution. The scaling of this weak convergence result suggests that the
expansion in this case is given in powers of p!/2. The next theorem considers P(p'/2Sy; > x)
for x > 0; the case in which x = 0 is investigated separately.

Theorem 6. Suppose that X1 has a strongly nonlattice distribution, E X1 = 0, and that ¢ (n) :=
Ee" X! < oo for some n > 0. If x > O then there exists a > 0 such that

x6 ax
P(pl/zSM >X) = exp<—m +r(p)> + O(exp(—m>> asp — 0,

where p
e’(”) = ———= = C(p)
q*0¢'(0)
Proof. We proceed as in the argument given at the beginning of this section to obtain
~ 00 ~
exp(@x)P(p'2Sy > x) = p/ P(X1 > xp~ /2 —s)exp(@(x — 5))Uz(ds), (50)
—00
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where U (1) = ZZO:O P;(S;, < 1), and under P; the increments of the random walk § =
(S : n > 1), namely the X;s, are i.i.d. with distribution

P;(X € ds) = g exp(fs) P(X € ds),
again, 6 is chosen at the unique nonnegative root of the equation E exp(§X) = ¢~'. Note that
ug = Ez X1 > 0, so the representation given in (50) is valid by virtue of standard renewal

theory. We can proceed just as in the proof of Theorem 5; we just have to be more careful here
because E5 X1 = O( pl/ 2). Note that the integral in (50) can be written as

exp(é%) P(pl/zSM > x)

= p/j: P(X| > xp_1/2 —5) exp(é(% — s>>U9~(ds)

/xp”z P(X; > u) exp(@u) du
=p

—oo E; Xy D
tp foo P(X; > xp~ /2 —5) exp(é(f - s)) avi(s) (52)
0 p
+p /Oo P(X; >xp 2 45%) exp(é(% + s>>V2(—ds), (53)
0

where, by virtue of Theorem 1, |V{(s)| = O(e™"®) as s — oo for some r > 0 (uniformly over
p € [0, §] for some § > 0) and

IVa(s)| < Kpuzexp(—pzrs) ass — —o0

for K, r > 0 (uniformly over p € [0, §] for some § > 0). Let us denote by J;, J», and J3 the
integrals in (51), (52), and (53), respectively. Note that 6 = 0( p1/%), which implies that the
treatment of J; proceeds just as that of (47) in the proof of Theorem 5. Moreover, J, is also
very similar to (48). The analysis of J3 deserves special attention because the decay rate of
V2 () degrades as p \ 0. Observe, using integration by parts, that, for small enough p,

o0
Jy = p/ P(X| > xp 2 4 5) exp(@(xp~ /% + 5)) Va(—ds)
0

= —pP(X1 > xp~ ) exp@xp~"/*)V2(0) (54)
o
+ pé'/ Va(—s) exp@Gp~ 2 + ) P(X| > xp~ /2 +5)ds (55)
0
o
+ pé/ Va(—s) exp(@p~ 2 + ) P(X| € xp~ /2 + ds). (56)
0

Clearly, (54) and (55) are of order O(exp(—rxp_l/ 2)) for some r > 0. Now, observe that (56)
is bounded in absolute value by

w ~ -
pe/ 15K exp(—rpzs)e? P A px; e xp~1/2 4 ds). (57)
0
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Applying integration by parts to the previous integral allows us to conclude that we can find
constants K, K», r{, m > 0 (independent of p) such that (57) is bounded by

o
K exp(—rxpil/z) + uépezf P(X; > )cgf]/2 + 5)K exp(—ruys) exp(@()qf]/2 +s))ds
0

o
<K exp(—rxp_l/z) + K» exp(@xp_l/z)/ P(X; > xp_1/2 + umé_l) exp(—riu) du
0
= O(exp(—mp~'/?)),

where the bound on the second line above was obtained using the change of variables Os/m =u
and noting that 15/0 — E X 2 > 0. We therefore obtain, for some r > 0,

Ox p —rx
expl —= | P(Sy > x 1/2)=~——|—0<ex (—))
p<pl/2> M /P 96]E§X1 P p1/2

Which yields, just as in Theorem 5, the existence of a > 0 such that

eEXpl ——+ M > X/p = == exXpl —~ .
p1/2 q29¢/(9) p1/2
In order to recover the standard weak convergence result for the double exponential RV

discussed before, observe that
1/291/2
P 1B 2 1/2
S W 8@~ EC2p

This implies, in particular, that

exp(—|x[21/2/EV2(X?))

P(p'2Sy > x) — > :

which is equivalent to the weak convergence result discussed before. Moreover, it is easy to
see that in this case, 6(p) can be written as an absolutely convergent power series in p'/? for
p € [0, 8] with 6 > 0 small enough. To see this, let us write () = log ¢ (6), and note that ]
satisfies
2 1/2
1’[,(5)1/2 — p1/2(1 + P + r- +) .
2 3

Note that ¥ (9)'/2 is a real analytic function on [0, 8] for § > 0 small enough and differentiable
at 0 from the right with derivative equal to E X> > 0 which yields (using the inverse function
theorem) the required expansion for 6(p). A system of equations completely analogous to
that of Proposition 2 can be easily obtained here to retrieve the coefficients in the asymptotic
expansion of 6; the details are omitted. Using an expansion for c(p) in powers of 8 yields the
desired asymptotic expansion in powers of p!/2.

While the expansion for P(p!/2S), > x) follows by taking advantage of the uniform renewal
theory developed in Theorem 1, the case P(p!/2S); < 0) demands a completely different
strategy. To make this computation rigorous we require, as an additional technical condition,
the existence of a density for X;. The general strongly nonlattice case should be handled by
smoothing.
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Proposition 4. Suppose that the X;s possess a density and that Eexp(0|X1]) < oo for 0 €
(—¢, &) withe > 0. Then,

o0
P(p'Su <0) =) pg" ' P(p'/?S, < 0)

n=1
admits an asymptotic expansion in powers of p'/? for p € [0, 8] and some § > 0.

Proof. Without loss of generality we can assume that E X; = 1. Note that, by Fourier
inversion, we have (letting ¢ (iX) = Eexp(ir X))

(098] .
qunflp(p1/2sn<0):i/oo porp'/?) da

— 27 J_oo 1 —q@(irp'/2)’
Now, observe that
1 [ pg(irp!/?)da 1 /"O pprp!/?) 1 dx+1
21 J_oo 1 —qoirpl/2) — 27 J_oo| 1 —qpirpl/2) 1422 2

Also, observe that
/‘X’ perp!? 1 . _/°° L [1-¢ap' ] .
ol 1 —gqpGrpl/?) 1422 —o L+ 22[ 1 =g (irp!/?)
o0 1/2 1 — oG
oo P+ A2 1 —q¢@r)

The expansion now follows as in the proof of Proposition 2 of Blanchet and Glynn (2006).

8. An Application to corrected diffusion approximations for the M/G/1 queue

In this section we will apply the results obtained in previous sections to develop CDAs for the
time-in-system in the M/G/1 queueing model under first-in-first-out protocol; see Asmussen
(2003, Chapter VIII). Using results by Siegmund (1979), a first-order CDA for the M/G/1
queue was developed by Asmussen (1984) under exponential moments. In the heavy-tailed
setting (assuming the existence of five moments in the underlying processing time distributions)
Asmussen and Binswanger (1997) adapted the work of Hogan (1986) to provide a first-order
CDA for the time-in-system. We provide here, under weaker hypotheses, additional correction
terms to the papers discussed above.

Recall that in the M/G/1 queue, customers arrive at a single-server queueing system according
to a Poisson process with rate A. The nth customer requires an amount V,, of service time.
Assume that the sequence V = (V,,: n > 0) is i.i.d. and independent of the arrival process.
Suppose that

EV*<oco and p=_AEV < 1.

It is well known (see Asmussen (2003, Chapter VIII)) that if W has the distribution of the
steady-state waiting time in queue (exclusive of service) then

P(W > x) = pP(Sy > x),
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where S is a geometric sum corresponding to increments possessing the distribution function

F(x):%/oxP(V>s)ds

and geometric parameter p = (1 — p). We are interested in obtaining an asymptotic expansion
for the distribution of W as p /' 1. This is the so-called heavy-traffic regime in which the
system is close to 100% utilization (a setting that often arises in applications). Letv; = E Vi,
Then a straightforward application of Theorem 3 provides the asymptotic expansion

P((1 — p)W > x) = pexp(—xyo + (y1x + &N — p) + (12x + E)(1 — p)?)

+o((1 = p)?),
where
21)1
Yo=—,
v2
4v%v3

v =2v03 - ——,
99203 = 2(8v3v? — 12v3v5v; + V3 — 3vgvv7)vy,
3v%§1 = 3v% + 2v3v1,

6v§$2 —4v§v% + 31)3 + 21)41)21)% + 4v3v§v1.

The yxs are also provided in Abate et al. (1995) for the more general GI/G/1 queue. Also, for
the GI/G/1 queue, under a different parameterization of the traffic intensity, Blanchet and Glynn
(2006) provided integral expressions (depending on the whole distribution of the interarrival
and service times) for the &s. Our new contribution here is the explicit computation of the &s.
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