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CHAPTER

Introduction

1.1 Queues with finite populations

Queueing phenomena occur whenever there is competition for a scarce
resource. Often, this resource is time and the competition is over the
attention of a server. As a result, abstract models of queues share some
defining primitive features: customers arrive at a service station, where
they require the attention of one or more servers. It is often not known
precisely when a certain customer will require service, or for how long,
and this assumption leads to the study of queues from a probabilistic
point of view.

The queueing literature is to a large extent built on the assumption that
customer arrivals are governed by some renewal process, an assumption
that allows the use of powerful probabilistic techniques based on ergodic
theory. In this thesis, however, we consider a transitory queueing model,
known in the literature as the A;)/G/1 queue, which operates only a
finite amount of time and cannot be viewed as a standard regenerative
process. The A(;)/G/1 queue assumes a finite population of customers
entering the queue only once. As time progresses, more customers have
joined the queue, and fewer customers can potentially join. This mod-
elling assumption of a diminishing population of customers gives rise to a
class of reflected stochastic processes that lack a stationary distribution,
and instead display relevant behavior only during a finite time window.
Therefore, only the time-dependent behavior is of interest.
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Assume the arrival times of the customers are sampled independently
from an identical distribution. The arrival times are then the order statis-
tics of the sample, and the interarrival times are the differences of order
statistics. Further assuming a single server, and generally distributed
independent service times, this model was coined the A(;/G/1 queue by
Honnappa, Jain and Ward in [48], where they established fluid and dif-
fusion limits for the queue-length process. The same authors introduced
in [49] a wider class of transitory queues, with the A(; /G /1 queue still
as the prime example, and stochastic-process limits were established for
large population sizes.

We will introduce a new heavy-traffic regime for the A;) /G /1 queue,
leading to stochastic-process limits and heavy-traffic approximations.
Considering queueing processes in their critical regimes typically leads
to a reduction in complexity, since the complicated processes can often
be shown to converge to much simpler limiting stochastic processes.
Stochastic-process limits have been studied for single-server queues that
have a time-varying arrival rate. Newell [75, 76, 77, 78] pioneered this
direction by deriving diffusion approximations, see also [58, 67]. Rigorous
results in terms of stochastic-process limits were obtained by Mandel-
baum and Massey in [71] (building on [73, 74]). Here, stochastic-process
limits were established as refinements to deterministic ODE limits for the
time-dependent M /M /1 queue, also known as the M;/M;/1 queue. See
also [100] for a systematic treatment of the M; /G /1 queue. The technique
used in [71] to develop Functional Law of Large Numbers (FLLN) and
Functional Central Limit Theorem (FCLT) results uses strong approxima-
tions and what is known as the uniform accelaration (UA) technique. UA
relies on the assumption that the relevant time scale for changes in the
queue-length process is of the order O(1/¢) for some € > 0. Accelerating
the process in a uniform manner by scaling the arrival and service rates
by e then reveals the dominant model behavior as € — 0. While in [48, 49]
the arrival and service rates are scaled in a similar manner, the time scale
considered is of the order O(1). In particular, the time of the process is not
scaled. The UA technique has been extensively applied to non-stationary
queueing systems with non-homogeneous Poisson input, but it remained
unclear whether it is also useful for transitory queueing models as consid-
ered in [49]. We will show how the key idea behind the UA technique can
be applied to these models. We shall now explain our approach in terms
of the easiest setting, in which the identical distribution that generates
the arrival times is exponential.

Let us now give the details of the basic A;)/G/1 queue that plays a
central role in this thesis. Assume a finite population of n customers, with
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n very large, and where each customer has an independent exponential
clock with mean 1/A. Customers join the queue when their clocks ring.
The initial arrival process (close to time zero) is then roughly Poisson with
rate nA. However, as time progresses, the arrival intensity decreases, due
to those customers that have left the system. Thus, the arrival process is a
Poisson process that is thinned according to some time-dependent rule.
Denote the mean service time by E[S] = 1/u. In order to create heavy-
traffic conditions we let the population size n grow to infinity, while at
the same time making sure that the (initial) traffic intensity p, = nA/u
is close to one. The system can initially be underloaded (when nA < y),
overloaded (when nA > u), or critically-loaded (when nA ~ u). In
case nA > y, the queue initially shows a roughly linear increase and
therefore the correct scaling of the queue length to obtain meaningful
limits is 7 for a first order approximation (FLLN) and n!/? for second
order approximations (FCLT). In particular, no time scaling is needed to
obtain these approximations; these are the most relevant approximations
obtained in [48].

We focus on the critically-loaded regime, and we combine this with
UA through the population size n. In the spirit of UA, we let the arrival
and service rates scale with n while also rescaling time so as to observe
the queue-length process at a time scale of order O(1/n7) for some 7 > 0.
Denote the density of the arrival distribution as fr(t) (with f(t) = Ae™,
t > 0 as an important special case corresponding to exponential arrivals),
and denote the i.i.d. service requirements of consecutive customers by
51,52, ... with generic random variable S. Assuming a service rate of 1,
the service times of consecutive customers are then D1 = S1/n,D, =
Sy/n, ... with generic random variable D. For the sake of clarity, we
now first give a simplified version of the more general heavy-traffic
condition (1.1.2) below. The heavy-traffic regime we consider is given by
the condition

pn :=nfr(0)E[D] = fr(0)E[S] =1, for n large. (1.1.1)

For the exponential case, fr(0) = A, so that the condition reads p, =
AE[S] = 1 and can be interpreted as follows: For times close to zero, the
expected number of newly arriving customer during one service time is
roughly one. For general service times, the condition can be understood
by interpreting fr(t) as the instantaneous arrival rate in t. Since we consider
time scales of the order O(1/n7), only the mass in zero f;(0) matters for
describing the new arrivals.

We shall actually consider a slightly more general definition of the
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random variables D; and this leads to the more precise critical scaling
pun = nfr(0)E[D] =1+ pn~", (1.1.2)

where 77 > 0 depends on the specific details of the model. The additional
term Bn~" arises from detailed calculations, but can be interpreted as
the factor that describes the onset of the heavy-traffic period: when § >
0 (resp. < 0) the queue is initially slightly overloaded (resp. slightly
underloaded).

The heavy-traffic regime (1.1.2) is defined by two features: The cus-
tomer pool n grows to infinity and the initial (at time zero) rate of newly
arriving customers is such that, on average, one new customer is expected
to arrive during one service time. This gives rise to a large-scale system
that (initially) operates close to full utilization, and is expected to utilize
its resources efficiently. By this we mean that the server is typically busy,
and that idle times are negligible. In fact, we will characterize the con-
ditions under which sufficiently many customers will join the queue to
guarantee that the system will have a substantial backlog of customers.
We therefore will focus on the first busy period, and show how to set the
initial number of customers already present in the queue at time t = 0,
referred to as the head start, to create a considerable first busy period
during which the server can work continuously.

Itis clear that the A;;) /G /1 queue is strongly influenced by the service-
time distribution. In particular, the heavy-traffic behavior is crucially
different depending on whether the variance of the service-time distri-
bution is finite or not. In the first part of this thesis we will assume that
E[S?] < co. In this case, the queueing process is in the domain of attrac-
tion of Brownian motion. We will take the queue-length process and scale
space and time. The resulting stochastic-process limit will turn out to be a
(reflected) Brownian motion with quadratic drift. The latter process is de-
fined as X (t) = at + bt2/2 + cW(t) with (W(t))s>0 a standard Brownian
motion, and 4, b, ¢ constants. The constant b is negative, so that eventually
the free process (X (t));>0 drifts to minus infinity according to bt? /2, caus-
ing the reflected process to be essentially stuck at zero. This is due to the
diminishing population effect. One could interpret the quadratic term in the
limit as the (cumulative) effect of the customers already served not being
able to join the queue again. The stochastic-process limit provides insight
into the macroscopic behavior (for n large) of the transitory queueing
process, and the different phenomena occurring at different space-time
scales. It also gives insight into the orders of the average queue lengths
and the time scales of busy periods.
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1.1.1 Comparison with known results

The first asymptotic results for the A;)/G/1 queue were proven by Igle-
hart and Whitt in their seminal paper [51]. They prove that, when the ar-
rival clocks are uniformly distributed, the fluctuations of the arrival count-
ing process around its mean are given by a Brownian bridge. They do so
through the theory of convergence of probability measures [17]. Building
on the same framework, Honnappa, Jain and Ward [48, 49] perform an
extensive analysis of the asymptotic behavior of the A;;) /G /1 queue. They
show that the macroscopic asymptotic behavior of the A(;/G/1 queue is
given by

Qn (t> as. = L

=223 Q) == ¢(Fr(t) — t/E[S)), (1.1.3)

n
where t — Fr(t) is the cumulative density function of T and ¢(f)(x) :=
f(x) —infy<y f~(y) is the reflection map; see Figure 1.1 for an example.

The asymptotic approximation Q,(t) ~ nQ(t) given by (1.1.3) can be

---Fr(t) ;
——— put ,

— Q) ‘-
- Q(t) 27

Al o T L

Figure 1.1: The fluid (thick line) and diffusion (thin line) limits for the
A/ G/1 queue with arrival distribution Fr(t), and service rate 1/E[S] =

- ~

u. Fort € [t1, 1], Q(t) = Q(t) = 0.

further refined through an FCLT, describing the fluctuations of order nl/2
around nQ(t). The resulting stochastic approximation [48] is given by

Qu(t) =nQAt) o 5 (1.14)

nl/2

where Q(+) is a discontinuous process switching between three regimes:
a free Brownian motion, a driftless, reflected Brownian motion, and the
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zero process; see Figure 1.1. The process Q(-) is obtained by applying
a complicated functional to the sample paths of the sum of a Brownian
bridge and a Brownian motion. In particular, the Brownian bridge aris-
ing in (1.1.4) represents the large-time, macroscopic effect of the finite
population of customers.

Our work also has connections with the work of Mandelbaum and
Massey [71] for the M;/M;/1 queue, who derive a fluid approximation
through a FLLN and use this approximation to classify various operating
regimes. In this setting, our results corresponds to the ‘Onset of Critical
Loading’ regime [71, Theorem 3.4] and the results of [48] correspond to
the FLLN and the FCLT [71, Theorems 2.1 and 2.2].

1.1.2 Other transitory models

We say that a queueing model is transitory if, denoting by A, (t) the
cumulative number of customers who have entered the queue by time ¢,
almost surely [47, 49]

lim Ay (t) < co. (1.1.5)

t—oc0

Then, the A;;)/G/1 queue is a natural model for transitory queues. In fact,
under mild assumptions all transitory queueing models satisfy the same
FLLN (1.1.3) and FCLT (1.1.4) as the A;;)/ G /1 queue [49]. Because of this,
the A;/G/1 queue can be considered the standard model for transitory
queues. Even the M;/M;/1 queue, which is time-inhomogeneous but not
transitory, has the same asymptotic behavior as the A;)/G/1 queue.

Let us elaborate on the relation between the two models by drawing
a connection between the arrival process of the A;)/G/1 queue and the
arrival process of the M;/G/1 queue. It is well known that, for a Poisson
point process on the positive line with intensity function f(¢), conditioned
on there being n points in an interval [0, T], the points themselves are
i.i.d. with distribution function t — f(t)/ fOT f(s) ds. In particular, if the
Poisson point process has finite total intensity fooo f(s)ds < oo, condi-
tioned on there being n points, they are independently and identically
distributed over the positive line. Therefore, we can see the A;;)/G/1
model as a conditioned M;/G/1 queue. More broadly, it is possible to
model a transitory queue by considering a general, rather than Poisson,
point process conditioned to have n points in a given time interval. This
has been named the conditional arrivals model in [49]. Therefore, the condi-
tional arrivals model corresponds to a G¢/G/1 queue [98] conditioned on
n customers joining in total. However, if the underlying point process is
not Poisson, the n points will not be i.i.d. under the conditioned measure
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and thus, in principle, the conditioned arrivals model and the A, /G/1
queue will behave differently. Nevertheless, as n — co and under ad-
ditional assumptions, all conditioned arrival models satisfy (1.1.3) and
(1.1.4) [49].

If the arrival times t4, t5, . .., t, of the n customers are fixed and pre-
scheduled, and each customer arrives at a random time ¢; + {; close to its
assigned time, the resulting queue is also transitory according to (1.1.5).
This class of models is widely used in the study and optimization of
airport operations [42, 94], and health clinics with appointment systems
[43]. Unlike in the A;;)/G/1 queue, the arrival times are decidedly not
ii.d., even if the random unpunctualities of the customers are. However,
if the number of customers is large, their assigned arrival times are evenly
distributed in a finite interval [0, T], and the support of the random noise
(i is small, then the cumulative arrivals process is well approximated
by the cumulative distribution function of a uniform random variable
on [0, T]. Intuitively, in the limit all the customers are statistically equiv-
alent and the arrival time of a uniformly chosen customer will also be
approximately uniform, if the support of ¢; is sufficiently small. Therefore,
for large n the A;;)/G/1 queue gives an asymptotically exact mean-field
approximation of the pre-scheduled arrivals model, where customers are
replaced by statistically equivalent entities.

1.1.3 The critical regime

In order to study the critical A;/G/1 queue, different time and space
scalings than (1.1.4) are necessary. Let us sketch how these arise in the
case of exponentially distributed arrival times with mean 1/A. Assuming
that the system is never overloaded, that is sup,-, fr(t)E[S] < 1, as well
as (1.1.2), the macroscopic approximation of the queue given by (1.1.3) is
identically zero. We then look for «, 7y such that

n*Qu(tn= ) S Q(t). 1.1.6)

As aresult of (1.1.3), the leading order behavior of the cumulative number
of arrivals A, (t) is given by nF;(t). By Taylor expanding Fr(tn~7) as

Fr(tn™) =1—eM" = Atn™7 — A2/282n7 %7, (1.1.7)

and ignoring for the moment the first order term, we see that, if —x — 2y +
1 =0, Qu(t) will have a deterministic drift given by —A?/2t2. Moreover,
since the service rate is rescaled to be 7, in a time interval [0, t|, roughly
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tn'=7 customers are served. The second order behavior of the number
of services in [0, t] will be, accordingly, of order n1=7)/2_ Therefore, in
order to obtain a meaningful limit, we must have n* = n(=7/ 2 thatis
2k + v — 1 = 0. The two conditions above imply that x = v = 1/3. We
will prove the following result:

Theorem 1 (Critically loaded A/ G/1 queue with exponential arrivals).
Assume that the service times (S;)"_, satisfy IE[S?] < co and that the heavy-

traffic condition (1.1.2) holds with y = 1/3. Then

n=13Q,(n=1/3) 4 o(X)(), (1.1.8)

where X (-) is the diffusion process

- A2
X(t) = pAt — 7t2 +oW(t), (1.1.9)

with 0> := A3E[S?] and W(-) a standard Brownian motion.

The limit (1.1.8) reveals important properties of the critical A;;)/G/1
queue. The negative quadratic drift is unique to time-inhomogeneous
queueing models and encodes the transition of the system from heavy-
traffic (critical load) to stability. This phenomenon is often referred to
as depletion-of-points effect. The scaling limit result in (1.1.8) also implies
that the depletion-of-points effect has a key impact on the performance
of the system already at a short time scale of order n~1/3. This should
be contrasted with (1.1.4), where the effect of the finite population of
customers is represented, in the limit, by a Brownian bridge. Refinements
of the result (1.1.8) provide further insights on the performance of the
queue, for example prescribing how to regulate the server speed and the
initial number of customers in the queue in order to obtain a sizeable first
busy period.

As an immediate consequence of Theorem 1 we get an asymptotic
result for the length of the first busy period in the A(; /G /1 queue, which
we call BP,,. We assume that the queue length at time zero is deterministic
and grows with n as

lim Qu(0)

n—o0 n1/3

—g>0. (1.1.10)

The lenght of the first busy period depends in a crucial way on both
and g since

nl/3pp, 9 T4 0), (1.1.11)
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where TfA(O) is the time until the process Xq() crosses level 0, with
q

2
Xq(t) = q+ pAt — %t2+aw(t). (1.1.12)

As above, 02 = A3E[S?] and W(-) is a standard Brownian motion.

Figure 1.2: A sample path of X;(t) with § = 1 (solid) and the drift
1+t — 12 (dashed).

Equation (1.1.11) can be used to obtain numerical approximations of
quantities related to the first busy period of the critically loaded A(;,/G/1
queue. In [72] an explicit expression for the first crossing time of zero of
}A(q() is given, and numerical simulations are carried out to display how
the shape of the density crucially depends on the two parameters g4 and .
Let Ai(x) and Bi(x) denote the classical Airy functions [1]. When A =1,
the first crossing time of zero of )A(q (+) has probability density [72]

fa(t;B,0) (1.1.13)
_ o ((t=B)+p*) /607 pa

+oo , Bi(cu)Ai(c(u —a)) — Ai(cu)Bi(c(u —a))
8 /700 ¢ 72(Ai(cu)2 + Bi(cu)?) du,

where ¢ = (202)/3 and a = q/0? > 0. Figure 1.3 shows the convergence
of the empirical density function of the first excursion lengthofa A;) /G /1
queue to the analytic expression (1.1.13) and also illustrates the influence
of the parameters 8 and .

Figure 1.3 suggests that to obtain a considerable first busy period,
both parameters 8 and g must be chosen appropriately in order to avoid
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12 15t

| n=10 — n=100 — n=1000 — n =10000 — n = < |

Figure 1.3: Density plot (black line) and Gaussian kernel density estimates
(colored lines) of the first busy period length. The plots for finite n were
obtained by averaging the results of 107 simulations.

a concentration of the probability mass close to zero. Indeed, in [72] it is
conjectured that there exists a § such that for all § > § and every choice
of B the distribution function is unimodal, while for g < § there exists a
B = B(gq) such that for B < B the distribution is unimodal, and bimodal
otherwise.

We conclude by showing numerical values for the mean busy period
for exponential clock times with mean 1 and different values of g and

in Table 1.1. Observe that the approximation E[BP,,] ~ n~1/ 3]E[T)/Af (0)] is
accurate also for moderate values of n.

1.1.4 The embedded queue

We will provide an indirect proof and a direct proof of Theorem 1. In
the indirect proof, we first prove that some embedded queueing process
converges, and then argue that the difference between the embedded
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g=1p=1 g=2,8=1

n | n'/3E[BP,] rel.error n!/3E[BP,] rel. error
10 3.0201 0.5072 4.0407 0.4079
100 2.2170 0.1062 3.2611 0.1362
1000 2.0341 0.0151 2.9813 0.0387
10000 2.0306 0.0133 2.9351 0.0226
100000 2.0295 0.0128 2.9145 0.0155

o0 2.0038 — 2.8701 —

Table 1.1: Mean busy period for the pre-limit queue with different popu-
lation sizes and the exact expression for n = co computed using (1.1.13).
Each value for the pre-limit queue is the average of 10* simulations.

queue and the queue-length process is negligible. Let Q¢ (k) denote the
number of customers in the queue just after the service completion of
the k-th customer. The embedded queue-length process Qf,(-) is given by
Q%(0) =g > 0and

(k)= (Q5(k—1)+Au(k)— 1T,  k=12,... (1.1.14)

with x* = max{0, x} and A, (k) the number of arrivals during the service
time of the k-th customer. For the exponential case, A, (k) is given by

An(k) =) Tyr<py (1.1.15)
ity
where vy is the set of customers that is no longer in the population at
the beginning of the service of the k-th customer. The system defined in
(1.1.14) and (1.1.15) neglects idle times, which is a simplification of the
Ay /G/1 model. This in turn will greatly simplify the analysis since it
allows for the representation of the process as (1.1.14) and (1.1.15).
It is possible to give an equivalent definition of the process Q5(-) in
(1.1.14) through the reflection map. Define the process N, (-) by N, (0) = g
and

Nyu(k) = Nu(k—1)+ Au(k) — 1. (1.1.16)
Then it is easy to see that

(Qn (k) k=0 = (¢(Nn) (k) k>0 (1.1.17)
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We will first prove a limit theorem for N, (-) and then apply the reflec-
tion map to obtain a limit for the queue-length process Q¢ (-) defined in
(1.1.14). For the case of exponential arrivals, assuming N, (0) = qnl/ 3 the
free process Ny (-) converges to

113N, (-n2/3) 4 N(), (1.1.18)

where ,
N(t) :=q+ Bt — Et2 + oW (t) (1.1.19)

with ¢ = A?E[S?] and W(-) a standard Brownian motion. Consequently,
the reflected processes also converge as

n=13Qe (1n2/3) & p(N)(1). (1.1.20)

The embedded queue neglects both idle times and the fluctuations of the
queue-length process during one service. Therefore, in order to deduce
Theorem 1 from (1.1.18), first we will show that the cumulative idle time
in the critical Aj;)/G/1 queue is negligible in the limit. Second, we will
bound the fluctuations of the queue-length process during the service of
one customer.

1.1.5 The queue-length process

The second proof of Theorem 1 is based on a direct representation of the
A/ G/1 queue-length process. Denote the number of customers who
arrive in the interval [0, ¢] by

n
An(t) =Y Tir<py- (1.1.21)
i=1
Let
k g,
o (t) = max {k >0y 2 < t} (1.1.22)
iz

be the renewal process associated with the rescaled service times. If
Qx(0) > 0 denotes the number of customers already in the queue at the
beginning of the first service, then the queue-length process Qy (t) is given
by

Qn(t) = Qu(0) + An(t) — ou(Bn(t)), (1.1.23)
where the time change t — By (t) represents the cumulative busy time
process, which is constant if and only if the server is idling, and increases
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linearly otherwise. By(-) depends both on (T;){*; and (S;)7°; and as
such makes the analysis of Q,(-) challenging. An approach pioneered
by Iglehart and Whitt [50] consists in studying a related queue in which
the server never idles, but rather continues working according to the
renewal process associated with (S;){°; even when the queue is empty.
This is often referred to as the queue with autonomous service or the
Borovkov modified system, see [96, Chapter 10.2]. It turns out that,
under mild assumptions, the original queue and the Borovkov modified
system are asymptotically equivalent in heavy traffic [96, Theorem 10.2.2],
in the sense that the distance between the two queue-length process
converges to zero. However, for this approach to work, the service time
limit process needs to be continuous. Indeed, the distance between the
two processes is bounded from above by the (scaled) maximum service
time, or equivalently the maximum jump functional applied to the service
time process. When the service time limit process is continuous, the
maximum jump functional converges to zero. If, on the other hand, the
service time limit process is discontinuous, then the distance between the
two queues cannot be shown to converge to zero.

Instead, we will adopt a different approach that will, among other
things, allow us to deal with a discontinuous service time limit process.
This consists in expressing Q,(+) as the reflection of an appropriate free
process X, (+). Since, after rescaling, X, (-) converges and the reflection
mapping is continuous a.s. in the limit point, the process Qy () also con-
verges by the Continuous Mapping Theorem. The free process X, (-) has
the following interpretation: When the server is working, X, () follows
Qu(+). When the queue is empty, X, (-) decreases linearly at a rate pro-
portional to the service rate. Therefore, while in the Borovkov modified
system the server works continuously according to the service time re-
newal process, in the process X;,(-) the server provides instantaneous
work with rate 1/IE[S| when there are no customers in the system. Conse-
quently, the process X, (-) can be seen as a fluid version of the Borovkov
modified system. The process Q,(t) can then be represented as

Qu(t) = ¢(Xu)(t), t=0, (1.1.24)
where X, (+) is given by X, (0) = Q,(0) and
X (t) = Xn(0) + Au(t) — 0u(Bu(t)) — In(t) /E[S]. (1.1.25)

In Figure 1.4 we plot a sample path of the process X, (-).
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Figure 1.4: A sample path of the process X (-). When the queue is empty,
X, (+) has a constant negative slope of —1/E[S].

1.2 Heavy-tailed services

In some applications, the finite variance condition of Theorem 1 might not
be realistic. When [E[S?] = oo, the random variable S is said to be heavy
tailed. Heavy tails arise naturally in the areas of communication networks,
insurance, and risk management. In the context of telecommunication
traffic measurements, [27] collects empirical evidence that the distribution
of available file sizes and transmission times is heavy tailed. See also
[28, 99, 101] and references therein. Additionally, [27] shows that the
file sizes and transmission times exhibit power-law tails, that is, when X
denotes a generic file size or transmission time, the probability that X
exceed a given threshold x is given by

P(X >x)=cx77, v € (0,2), (1.2.1)

for some ¢ > 0, x > c!/7. Note that (1.2.1) implies that E[X?] = oo.
Several other characteristics of the World Wide Web exhibit power-law or
heavy tails [60]. In the context of insurance companies, the time evolution
of the monetary reserves is often governed by sizeable negative jumps
with power-law tails, due to large but unpredictable claim sizes [7].
Later in this thesis we will drop the finite variance condition of Theo-
rem 1 and study the queue-length process under the additional assump-
tion that the service times are heavy tailed. More precisely, we assume
that the service times follow a power-law distribution as (1.2.1) with
power-law exponent 7y € (1,2). Under these assumptions, our model is
the finite-pool analogue of the classical heavy-tailed M/G/1 queue; see
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below for a discussion. We will establish that in a similar heavy-traffic
regime as in Theorem 1 the rescaled queue-length process converges to an
7-stable process with negative quadratic drift. Unlike Brownian motion,
the 7y-stable motion is discontinuous: it jumps an infinite number of times
in every finite time interval. As a result, the y-stable motion constitutes
a suitable approximation for those processes that exhibit a large degree
of burstiness and frequent large jumps. As in the finite variance case,
the diminishing pool effect is still there in the form of the drift term, but
the oscillations of the limiting queue length are much wilder. We will
also show that, as a consequence of the larger fluctuations, the desired
head start and canonical busy period should scale with # in a specific way
that vitally depends on the exponent . Recall the definition of X, (-) in
(1.1.25). The behavior of the heavy-tailed A;)/G/1 queue is contained in
the following result:

Theorem 2 (The critically loaded heavy-tailed A;)/G/1 queue). Assume
that (S;)!_, satisfy (1.2.1) and (1.1.2), withn = (v —1)/(2y = 1). If Qu(0) =
X, (0) = gn'/ @71 for g > 0, then

-1

1 [t SR, BN
n 21X, (nm 1) = X(4), (1.2.2)

where ,
S A
X(t) = q+ BAt — 71&2 +5,8(t), (1.2.3)

s, = E[S]7'"Y" and S(-) is a spectrally positive y-stable process. Moreover,

n BT Qu (T ) S p(N) (). (1.2.4)

In Figure 1.5 we plot some sample paths of ¢(X)(-) for different
choices of v for fixed g, B, A, s,. We observe that as 7y approaches 2,
the reflected stable motion starts to resemble a reflected Brownian motion
minus a quadratic drift. Figure 1.6 shows the first passage time as a
function of the linear drift §, for fixed 7 and g, and different values of the
linear drift parameter .

Similarly as in (1.1.11), we characterize the limiting distribution of the

first busy period of the A;)/G/1 queue ng (0) as follows:

T8 (0) % T2Y(0). (1.2.5)
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Figure 1.5: Sample paths of ¢(X)(-) for different choices of the power-law
exponent v € (1,2). Inallcasesq =4, = 0,and A = s, = 1. The
dashed curve plots the function t — 4 — t2/2.

Figure 1.6: Sample paths of the process ¢(X)(t) for varying values of B.
The dashed curves plot the functions t — g + At — A?/2t. In all plots,
g=4,v7=18A=5,=1

Figures 1.5 and 1.6 suggest that the hitting time qu 5 (0) of the quadratic

drift given by
22
dg, (1) == q+ PAt — 71%2 (1.2.6)

gives a first order approximation of T)E(A(O). In particular, Ty, (0) is the
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solution of a quadratic equation, and is equal to

_ P VE 2 VAﬁz +2q (1.2.7)

T4, 5()(0)

where we have assumed that g > 0. Note that the hitting time of zero
of §() is distributed as a 1/ stable random variable by [86, Theorem
46.3]; see also [87]. The convergence result (1.2.5) allows us to estimate
the tail probability for the length of the first busy period. In fact, we have
the exact upper bound

P(TEH(0) > 1) < 11’(5780) > —q— BAt+ /\;tz), (1.2.8)

where we have used the trivial inclusion of events {T)E(/\(O) >t} C

{X(t) > 0}. By basic properties of stable laws, we have the asymptotic
relation [85, pp. 16-17]

1 A2
]P(ZW > (=gt V7 — pA VY —t2’1/7)> 1.2.9)
Sy 2
cySy 27cys) 1

~

(—qt=V/7 — BAtOr=1)/7 ¢ %zt(zyq)/y)fy ~ T2y -1
where Z, is distributed as a standard <y-stable law,

_ 1—7
7= (2 —)cos(mty/2) (1.2.10)

for v # 1, and t — T'(¢) is the standard Gamma function. On the other
hand, due to the strong negative drift of X(-), it is natural to conjecture
that the two events {Tg\(O) > t} and {X(t) > 0} are of comparable
measure when ¢ is large. In Figure 1.7 we show that the tails of the
empirical distribution of the first busy period behave like the upper
bound (1.2.9); see [3, 46], where this is proven when S(-) is replaced by
a more complicated thinned Lévy process. However, the approximation
becomes less effective as v — 2, and for v = 2, (1.2.9) is not theoretically
justified. In fact, for this finite variance case, Pittel [82] (see also [83, 84])
shows that the tail asymptotically behaves like

1

— 1 at(t-2p)?
B \/mﬁ/ze ’ (140(1)), as t — oo.

(1.2.11)

P(TE(0) > 1)
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P(TLN0) > t)
1073 ¢
1075 ¢

1077

100 10! 102 t

Figure 1.7: A log-log scale plot of the empirical tail distribution
IP(T)E(A(O) > t) of the first busy period of Q,(-) for different values of

7 € (1,2). The solid lines represent the asymptotic approximation (1.2.9).
Inall plots,n =1000and g = B = A =5, = 1.

1.3 Finite-pool queues and random graphs

We now introduce an extension of the A;/G/1 queue that we have
called the A{}y /G/1 queue. In this model, again 1 customers are triggered
to join a queue after independent exponential times, but the rates of
their exponential clocks depend on their service requirements. When a
customer requires S units of service, its exponential clock rings after an
exponential time with mean E[S™*] with « € [0,1]. Depending on the
value of the free parameter «, the arrival times areii.d. (x = 0) or decrease
with the service requirement (« € (0, 1]). For the case & = 0, we retrieve
the A;)/G/1 queue with i.i.d. arrivals [48, 49], while the case a« = 1 is
closely related to the critical inhomogeneous random graph studied in
[15, 55].

The IRG is a generalization of the Erdés-Rényi random graph (ERRG)
[36]. In the ERRG, each pair of different vertices chosen among # vertices
is connected by an edge with a fixed probability p. The ERRG shows
a very intricate behavior as the parameters n and p vary. In particular,
the structure of the ERRG changes dramatically (it undergoes a phase
transition) as p = c/n crosses the critical threshold ¢ = 1, when n is very
large. More specifically, if ¢ > 1, the largest connected component C; of
the ERRG will contain a positive fraction of all the 1 vertices (the so-called
giant component), and all other connected components C, Cs, ... will be
negligible compared to C;. If, on the other hand ¢ < 1, C; will contain



1.3. Finite-pool queues and random graphs 19

O(log(n)) vertices. The ERRG is said to be supercritical in the first case,
and subcritical in the second. The behavior in the vicinity of c = 1 is
more delicate and requires a finer analysis [5, 20, 68]. The most important
result in this context was obtained by Aldous [5], who characterized the
joint limit law of the sizes of the ordered components of the ERRG. The
key insight of Aldous was that several characteristics of the ERRG can
be encoded by a random walk representing the exploration of the random
graph. This exploration process iteratively declares vertices as inactive,
active and explored. All vertices are inactive at first. An arbitrary vertex
v(1) is declared active, and subsequently all its neighbours {v(2),v(3) ...}
are also declared active. Then, v(1) is declared explored. The process
then moves to v(2) and repeats the steps; see Figure 1.8 and Figure 1.9.

Figure 1.8: An example of an exploration process of a forest with one
connected component (a tree). Active vertices are black, inactive vertices
are white and explored vertices are grey. A circle around a node high-
lights which node is being explored. Vertices are numbered in order of
appearence in the exploration.

As a consequence of the definition of the exploration process, the sizes
of the ordered components are encoded by the time between successive
minima of the process. In other words, this technique allowed Aldous
to analyze the complicated random graph using powerful stochastic-
processes tools. More specifically, Aldous proved that, if c = 1+ pn~1/3
for B € IR, then the exploration process converges, after appropriate
rescaling, to the process N(t) = Bt — 1/2t> + cW(t), where W(t) is a
standard Brownian motion. From this he concluded that the ordered
component sizes of the ERRG, rescaled by n%/3, converge to the times
between successive minima of N(t). The ERRG has received lots of
attention in the past decades [21, 54], and continues to be a source of
challenging problems [2].

The inhomogeneous random graph (IRG) generalizes the ERRG by
assigning to each vertex i a (possibly random) weight W;. Vertices i and j
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Figure 1.9: The plot of the exploration process associated with Figure
1.8. The component sizes are given by the difference between successive
minima.

are connected (briefly i <+ j) with probability

WZ'W]' )

I[’(i<—>j\W,',W]'):1—exp<— W)
1= 1

(1.3.1)
The graph thus constructed is also known as the Norros-Reittu random
graph [79]. It is inhomogeneous because high weight vertices have a higher
probability of having many neighbors. By choosing all weights equal
to the same constant, we see that the ERRG is a special case of the IRG.
Perhaps surprisingly, the phase transition behavior of the IRG is remark-
ably similar to the one of the ERRG [22]. In particular, if the weights
(W;)I_, are i.i.d. with generic random variable w and E[W?] < oo, then
in the critical regime IE[W?]/E[W)] = 1, the distribution of the sizes of
the connected components of the IRG converges to the distribution of the
excursions above past minima of N(t) = ¢t — ct? + c3W(t), for some
c1 € R, cy,c3 > 0[15].
Now consider the embedded Af;, /G/1 queue given by

Q= (Q%(k—1)+ Au(k) —1)T, (1.3.2)

where A, (k) denotes the number of arrivals during the k-th service. The
probability that customer i € {1,...,n} joins during the service of cus-
tomer j, conditioned on the rescaled service times S; and S i, is

S4S;
IP(i joins during service of j | S;) = 1 — exp ( - ’T]> (1.3.3)
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The similarity between (1.3.1) and (1.3.3) suggests that the two models
are in fact closely related. More precisely, assume that initially in the
queue there are g customers. Then, we construct a graph with vertex
set {1,2,...,n} and in which two vertices i and j are joined by a directed
edge (briefly i — j) if and only if the i-th customer arrives during the
service time of the j-th customer. Let us focus momentarily on the graph
constructed from the first busy period of the queue. If g = 1, then the
graph is a rooted tree with n labeled vertices, the root being labeled 1. If
g > 1, then the graph is a forest consisting of g distinct rooted trees whose
roots are labeled 1, . . ., q respectively. The total number of vertices in the
forest is n. For this random graph model, we have
. S%S;

P(i —j|5;,5)=1-exp (—17]) (1.3.4)
corresponding to the situation where customer i joins the queue during
the service of j. The service time S; of customer i has the interpretation
of the weight assigned to vertex i in the corresponding random graph.
Moreover, the busy periods of the queue correspond to the connected
components of the associated random graph. For « = 0 we retrieve the
standard A(;/G/1 queue, while for & = 1 the right-side expression is
symmetric and we retrieve the IRG.

This random forest is exemplary for a deep relation between queues
and random graphs, perhaps best explained by interpreting the embed-
ded A;/G/1 queue as the exploration process of the corresponding
graph. Let Ay denote the neutral neighbors of the k-th explored vertex.
The exploration process then has increments (Ay),~ that each have a dif-
ferent distribution. The exploration process encodes useful information
about the underlying random graph. For example, excursions above past
minima are the sizes of the connected components. The critical behavior
of random graphs connected with the emergence of a giant component
has received tremendous attention [2, 13, 15, 16, 33, 55]. Interpreting ac-
tive vertices as being in a queue, and vertices being explored as customers
being served, we see that the exploration process and the (embedded)
Afiy /G/1 queue driven by (A, (k))>1 are identical.

The analysis of the Afi /G/1 queue and associated random forest is
challenging because the random variables (Ay)>1 are not i.i.d. In the
case of ii.d. (Ag)k>1, there exists an even deeper connection between
queues and random graphs, established via branching processes instead
of exploration processes [59]. To see this, declare the initial customers in
the queue to be the 0-th generation. The customers (if any) arriving during
the total service time of the initial i customers form the 1-st generation,
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and the customers (if any) arriving during the total service time of the
customers in generation ¢ form generation ¢t 4+ 1 for t > 1. Through
this connection, properties of branching processes can be carried over
to the queueing processes and associated random graphs [34, 64, 66, 90,
91, 92]. Takécs [90, 91, 92] proved several limit theorems for the case
of ii.d. (A(k))x>1, in which case the queue-length process and related
processes such as the first busy period weakly converge to (functionals of)
the Brownian excursion process. In that classical line, this thesis can be
viewed as an extension to exploration processes with more complicated,
non-Markovian, dependency structures in (A (k))i>1.

We will study the Afiy /G/1 queue in heavy traffic, in a similar heavy-
traffic regime as in (1.1.2). The initial traffic intensity p; is kept close to
one by imposing the relation

p = AE[S™*)(1+pnV/3) =14 pn~1/3, (1.3.5)

Inthe A(} /G/1 queue the order of arrival of customers plays an important
role. Accordingly, we define c(i) as the i-th served customer, so that the
arrival times of the customers are ordered as T, (1) < T;(3) < -+ < T(y)-
The number of arrivals during the k-th service in (1.3.2) are given by

An(k) =) 1 {T:<Dey) (1.3.6)
ie{vk

where v C [n] is the set of customers no longer in the population at the
beginning of the service of the k-th customer and D; is the rescaled service
time of customer i. Similarly as before, Q% (-) in (1.3.2) can be alternatively
represented as the reflected version of a process Ny, (-), as

Qu (k) = ¢(Nu)(k), (1.3.7)
with N, (-) given by N, (0) = Q%(0) = g and by the recursion
Np(k) = Ny (k — 1) + Ay (k) — 1. (1.3.8)

Whenever the server finishes processing one customer, and the queue is
empty, the customer c(i) to be placed into service is chosen according to
the following size-biased distribution:

g

P(c(i) = | (Si)ie[n}/vifl) = T]S?’ jE vieg. (1.3.9)
Vi1
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Figure 1.10: Sample paths of the process n~1/3Q¢ (-n?/3) for various val-
ues of w and n = 10000. The service times are taken unit-mean exponential.
The dashed curves represent the drift t — g + ft — AIE[S1T2%] /(2IE[S¥])#2.
Inall plots,g =1, =1,A = 1/E[S1*+%].

We see that, with this choice, the process N, (-) exactly describes the
exploration process of the associated random graph and the total number
of vertices in the tree (forest) is given by

To: (0) = inf{k > 0: Q% (k) = 0}, (1.3.10)

the hitting time of zero of the process Q5 (-). We will show that, for
E[S?t*] < co and N, (0) = Q%(0) = gn'/3,
n V3N, (1n2/3) & N, (1) = q+/3t—/\ﬂt2+aw<t) n— oo
1 2E[S%] ’
(1.3.11)

with 02 = A2E[S*][E[S?>"%] and W(-) a standard Brownian motion. By
continuity arguments, this also implies that

n~13Q¢ (1n2/3) 4 (P(ﬁ)(t), (1.3.12)

see Figure 1.10.
As a straightforward consequence of (1.3.11) and (1.3.10)

Eu| % To (0), 1 — oo, (1.3.13)
Ny

where F, denotes the cardinality of the tree constructed from the Aj;) /G /1
queue.
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The result (1.3.11) extends (1.1.18) to the A(; /G/1 queue. A conver-
gence result for the queue-length process of the Aj) /G /1 queue follows
from (1.3.11) by proving that, in the limit, the (cumulative) idle time is
negligible and the embedded queue-length process is arbitrarily close
to the queue-length process uniformly over compact intervals. We will
develop this technique fully for the A; /G /1 queue, and will refrain from
repeating it for the A;) /G/1 queue.

1.4 OQOutline

This thesis is organized as follows. In Chapter 2 we study the asymptotic
behavior of the standard embedded A(; /G /1 queue under the assump-
tion that the variance of the service time is finite. First we treat the simpler
case of exponentially distributed arrival times, and then we move to the
more challenging general case. In both settings we show that, under a
novel scaling regime and if the queue is critical in zero, the limit process is
a Brownian motion with negative quadratic drift. We do this via discrete
martingale techniques. Furthermore, we discuss a generalization of the
results of Chapter 2 to arrival times whose first k derivatives are zero
in zero. This assumption leads to a polynomial, rather than quadratic,
drift in the limit process. Our results show that the limit process depends
weakly on the arrival time distribution. Chapter 2 is based on Sections 4
and 5 of [10].

Chapter 3 expands on the ideas of Chapter 2 in various directions. We
approach the asymptotic behavior of the A(; / G /1 queue with two entirely
different techniques. First, building on the results in Chapter 2, we show
that the idle times are negligible and thus the embedded queue process
and the A(;)/G/1 queue process have the same limit, up to rescaling of
the coefficients. Second, we give a direct definition of the A(;/G/1 queue
process, in which the arrival process is given by an empirical distribution
function, and prove directly its asymptotic behavior. We exploit this
result to prove a sample path Little’s Law, describing the relationship
between the queue-length process and the virtual waiting time process.
We conclude by proving that, if the A;)/G/1 queue is subcritical in ¢,
then (Qy(f)),>1 is a tight family of random variables. The content of this
chapter is based on the remaining sections of [10] and on [9].

In Chapter 4 we drop the finite variance assumption on the service
times. More specifically, we assume that the service time is distributed
as a power-law. We introduce a scaling regime that depends on the
exponent of the power-law and that, under the appropriate heavy-traffic
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assumption, leads to a new scaling limit for the A(; /G /1 queue. We show
that in this setting the limit process is a pure jump process with a negative
quadratic drift. The proof of this result makes use of a new representation
of the arrival process as a thinned Poisson process (with time-dependent
thinning). Chapter 4 is based on [12].

In Chapter 5 we introduce the A(; /G/1 queue and study its asymp-
totic behavior. We are able to prove a scaling limit for the A(, /G/1
queue by exploiting the martingale approach introduced in Chapter 2 and
by carefully analysing the dependence structure of the arrival process.
As a special case of this result, we retrieve the analogous result for the
Ay /G/1 queue in Chapter 2, and the well-known scaling limit for the
critical inhomogeneous random graph. Chapter 5 is based on [11].

In Chapter 6 we depart from the stochastic-process limits framework.
There, we study the A(;/G/1 queue with a fixed and finite number of
customers n. Assuming that both service times and arrival times are
exponentially distributed, the resulting process jointly describing the
queue length and the number of served customers is an absorbing Markov
process. Exploiting the recursive structure of this process, we derive an
explicit expression for the joint probability mass function of the number of
customers in the first busy period and the maximum number of customers
simultaneously in the queue during the first busy period.

Finally, in Chapter 7 we discuss our findings in the broader context of
time-inhomogeneous queues and the random graph literature. We iden-
tify the shortcomings of our results and suggest ways to deal with them.
Lastly, we discuss various interesting open problems that originated from
the research conducted for this thesis.






CHAPTER

The embedded queue

In this chapter we study the asymptotic behavior of the embedded queue-
length process of the heavy-traffic A;)/G/1 queue by analyzing an ap-
proximating discrete-time process. We prove, first for exponentially dis-
tributed arrival times, and later for general arrival times, that when the
second moment of the service time is finite, the approximating process
converges to a reflected Brownian motion with parabolic drift. We do this
by showing that the approximating process satisfies the conditions of a
general Martingale Central Limit Theorem. When the arrival times are
exponentials, we show that the approximating process in fact coincides
with the embedded A /G/1 queue. For general arrival times, this is true
up to the end of the first busy period.

Lastly, we show that when the density fr(-) of the arrival times in zero
vanishes, the approximating process converges to a Brownian motion
with polynomial drift, where the degree of the polynomial depends on
the behavior of fr(-) close to zero.

2.1 Model description

We now define in more detail the queueing model that we have intro-
duced in Section 1.1.4. It will turn out that this model coincides with the
embedded A(;/G/1 queue up until the end of the first busy period. In
fact, our model neglects idling, and this leads to a stochastic recursion
driven by complicated, but tractable, increments.

27
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We once more consider a population of 7 customers that all possess
independent clocks (T;)}_; with density function ¢ — fr(t). Whenever
a clock rings, that customer joins the queue. Customers are served in
order of arrival. The service requirements of consecutive customers are
given by the i.i.d. random variables (S;)"_,. We assume that E[S?] < co.
We further assume that the service capacity per time unit scales as ¢, =
n/(1+ pn=1/3), so that the service times are given by

D; := Si_ i(1 +pn7 V¥, i=1,...,n (2.1.1)
¢ n
After her/his service is completed, a customer leaves the queue and is
permanently removed from the system. We shall work under the heavy-
traffic condition

on = nfr(0)E[D] = 14 pn~1/3. (21.2)

Our crucial approximating assumption is the following: When, after a
service completion, the system is empty, the customer with the smallest
arrival time is drawn from the population and is immediately put into
service.

As will become clear, considering the queue-length process embedded
at service completions makes the process more amenable to mathematical
analysis (e.g. allowing access to discrete-time martingale techniques). Let
Q5 (k) denote the number of customers that are waiting to be served
just after the service completion of the k-th customer. Assume that the
service of the first customer starts at time 0. The process Q5 () counting
the number of customers waiting to be served and embedded at service
completions, is given by Q%(0) = g > 0 and

Qi(k) = (Q(k—1) + An(k) —1)F,  k=12,... (2.1.3)

with x* = max{0, x} and A, (k) the number of arrivals during the service
time of the k-th customer. Assuming g > 0 means that g customers are
already waiting in the queue before the server starts working. For general
arrival times, A, (k) is given by

An(k) = ) ]1{2,*;11 Di<T;<¥j, D}’ @14)

l‘él/k

where vy is the set of customers no longer in the population at the be-
ginning of the service of the k-th customer. Note that (2.1.4) implies that
the server works continuously, and thus does not idle. From (2.1.3) and
(2.1.4) it is easy to see the following;:
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Lemma 1. The process Qj, (k) for k < T (0) is distributed as the A/ G/1
queue embedded at service completions.

It turns out that the process Q4 (+) in (2.1.3) can be rewritten as the
reflected version of a free process Ny, (-). The process N, (+) is defined as
N, (0) =g > 0and

Ny(k) = Ny(k—1) + Ay (k) — 1, (2.1.5)
with A, (k) given by (2.1.4). Then,
(Qh(k))k=0 = (@(Nu) (k)0 (2.1.6)

almost surely. We recall that the reflection mapping ¢(-) applied to a
function f(-) is given by

¢(f)(E) == f(t) —inf f~(s). 2.17)

s<t

Note that the process defined in (2.1.5) may take negative values. The
representation (2.1.5) allows us to write

M»

Nn(k) = '

1

(An(k) —1). 2.1.8)
1

The process N, (+) is a random walk with increments given by A, (k) —
1. However, due to the complicated dependence structure of the A, (k),
Ny (+) is not a Markov process. Nevertheless, we will be able to prove a

limit theorem for N, (+), showing that N, (-) 4N (+). Since the reflection

map ¢(+) is continuous, this will allow us to conclude that ¢(Nj,) 9 o(N).
All the processes that we consider are elements of the space D :=
D(]0, 00)) of cadlag functions, which admit left limits and are continuous
from the right. To simplify notation, for a discrete-time process X(-) :
N — R, we write X(t), with t € [0,00), instead of X(|¢]). In particular,
a process defined in this way always admits cadlag paths. The space D
is endowed with the usual Skorokhod J; topology. We then say that a
process converges in distribution in (D, J;) when it converges as a random
measure on the space D, when this is endowed with the J; topology.
When the arrival times are exponentially distributed, the critical behav-
ior of our approximating model is determined in the following theorem:

Theorem 3 (Convergence of the approximating process for exponential
arrivals). Assume that (T;)! , are i.i.d. rate A exponential arrival random



30 Chapter 2. The embedded queue

variables, and that the service times (S;)"_, are such that E[S?] < co. Then, as
n — oo,

n V3N, (23 S N(),  in(D,J1), (2.1.9)

where N(-) is the diffusion process
N(t) := Bt — %tZ +aW(t), (2.1.10)

with 02 := A2IE[S?] and W(-) a standard Brownian motion. Consequently, as
n— oo,

n 1300 (n2/3) & o(N)(-),  in(D,]). (2.1.11)

Note that, since each service D; = S;(1 + ﬁn_1/3)/n is of order D; =

n2/3

Op(1/n), n?/3 services will take roughly Y7, S;/n =~ E[S]n~1/3 time
units.

2.1.1 General arrivals

When the arrival times T; are drawn from a general distribution, the
cumulative distribution function Fr(-) and the density function fr(-) of T;
must satisfy some technical regularity properties, which we now describe.
First, we assume that f7(-) is continuous, with f+(0) € (0,00). We also
assume that the sublinear terms of the distribution function F;(-) decay
as quickly as

Fr(x) — Fr(%) = fr(®)(x — %) +o(jx — %|*3), Ve (0,00). (21.12)

This is, for example, the case when Fr(-) € C?([0,0)). Furthermore, we
assume that f7 () exists and is continuous in a neighborhood of zero. This
implies that

M2‘<M2

sup [Fr(X+y) = fr(%) = fr(Xyl < sup |===y7| < 57
F<cyl/3 F<cyl/3
(e(xrty)
(2.1.13)

where M > 0 is the supremum of f;(-) in a neighborhood of zero. Equa-
tion (2.1.13) is a technical condition that will be useful later on. Our
assumptions on fr(-) imply also that

fr(x) = fr(0) + f1(0)x + o(x). (2.1.14)
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Since limy ;o fr(x) = 0 and f7(-) is continuous on [0, c0), it admits a
maximum in [0, c0). Our analysis will rely crucially on the assumption

fr(0) = sup fr(x). (2.1.15)

x>0

When the arrival times follow a general distribution, the heavy-traffic
behavior of the approximating model is given by the following theorem:

Theorem 4 (Convergence of the approximating process for general ar-

rivals). Assume that the arrival times (T;)_, satisfy (2.1.12)—(2.1.15), and that

the service times (S;)"_, are such that IE[S?] < oo. Then, as n — o,

n= V3N, (n2/3) 4 N(), (2.1.16)

where N(-) is the diffusion process

2?; Eg;ztz +oW(t), (2.1.17)

with o? := f1(0)?E[S?] and W(-) a standard Brownian motion. Moreover, as
n — oo,

N(t) := Bt +

n=1/3Q¢ (.n2/3) 4 (N (). (2.1.18)

We carry out the involved proof of Theorem 4 in Section 2.3. Note that
when T is exponentially distributed, f2(0)/(2fr(0)?) = —1/2, so that
Theorem 4 is in fact a generalization of Theorem 3.

We now provide a heuristic argument that explains the scaling expo-
nents in Theorem 4. Setting ¥; := 25:1 D, /n, we estimate N, (+) at time
tn? as

tnP

Nu(tn?) = ;(;1{25;1 pisty<ri, o}~ Y
=1 j¢v;

tnP

~ ;(n(a(zi) —Fr(Zi21)) — 1)

tnP tnP i—1

~ Y (EES -1 ~ )Y D ROES], @119
i=1

i=11=1

where in the last approximation we used our heavy-traffic assumption
(2.1.2). This computation gives us the leading order term of the process
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Ny (+) up to a multiplicative constant as
Np(tnP) = Y =~ —n?P 1, (2.1.20)

The process Ny, (tn?) is the sum of tn? contributions, thus (ignoring depen-
dencies) the correct spatial scaling in order to obtain Gaussian fluctuations
is nP/2. Equating the order of magnitude of the first order approximation
(2.1.19) and nP/? gives 2p — 1 = p/2, so that p should be 2/3.

For general arrival times, the coupling between the approximating
model and the A;)/G/1 queue established in Lemma 1 breaks down
after the end of the first busy period since the clocks T; are no longer
memoryless. However, Lemma 1 still allows us to prove results for
the first busy period of the A;)/G/1 queue with general arrivals. The
functional f — T¢(0) denotes the first hitting time of 0 of a function f(-).
We have the following:

Theorem 5 (Number of customers in the first busy period). The number
of customers served in the first busy period of the A/ G /1 queue is given by
To: (0). Furthermore, assuming (2.1.12)-(2.1.15) and that Q¢ (0) = qn'/3,

n=23Ty (0) S TP (0), (2.1.21)

where qu (0) is the first hitting time of zero of the process

Ny(t) == q+ Bt + zjffi((g))z 2+ oW(t), (2.1.22)

and 02 := fr(0)%E[S?].

Proof. The functional Ty : D — R, f — T¢(0) is a.s. continuous in

Ny (+) by [52, Chapter VI, Proposition 2.11], when D is endowed with the
Skorokhod J; topology. Moreover,

n23Tge (0) = n=23inf{t > 0: Q4 (t) < 0}
= inf{t > 0: n~V3Q% (tn?/3) < 0}. (2.1.23)

Since n=2/3Q¢ (-n"1/3) 9 gb(Nq) (+) by Theorem 4, the conclusion follows
from the Continuous-Mapping Theorem. O
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It does not seem possible to extend Theorem 4 directly to the A;;)/G/1
queue beyond the first busy period. However, the limiting process (2.1.17)
only depends on the distribution of T through f7(0) (A for exponential
clocks), suggesting that the result is insensitive to the arrival clocks dis-
tribution, as long as fr(0) > 0. In the next chapter we will show that the
queue-length process of the A(;)/ G /1 queue with general arrivals converges
to (2.1.17), after a suitable scaling of time.

2.1.2 Preliminaries

We will first prove Theorem 3 and then move to the technically more
demanding Theorem 4.

Let us now set some notation and present some useful results. All ran-
dom variables that we consider are defined on some complete probability
space (), F,P). Elements of () will always be denoted by w. Given two
real-valued random variables X, Y we say that X stochastically dominates
Y, and we denote itby Y =< X, if

P(X<x)<P(Y<x), VrxeR, (2.1.24)
so that for every non-decreasing function f(-) : R — R
ELF(Y)] < E[f(X)]. (21.25)

If X and Y are defined on the same probability space (), and X (w) < Y(w)

for almost every w € (), then we write X ag Y. We write f(n) =
O(g(n)) for functions f(-), g(-) > 0 and n — oo if there exists a constant
¢ > 0 such that lim, . f(n)/g(n) < c. We write f(n) = o(g(n)) if
lim, e f(n)/g(n) = 0. Furthermore, we write Op (a,) for a sequence of
real-valued random variables X,, for which |X,|/ay, is tight as n — oo.
Moreover, we write op(a,) for a sequence of random variables X, for

which | X, |/ay B 0asn — co. We say that a sequence of events (E;)5 ;
holds with high probability (briefly, w.h.p.) if P(E,) — 1 as n — oo. We
denote by |A| the cardinality of a set A.

Following [17], we say that X, converges in distribution (or converges

weakly) to X (and denote it by X, 9 x) if E[f(Xn)] — E[f(X)]asn — co
for every f(-) that is real-valued, bounded and continuous. In particular,
if X is D-valued, f(+) can be any continuous function from D to R. Thus,
to formally establish convergence in distribution in the space of D-valued
random variables, a metric, or a topology, on D is needed (in order to
define continuity of the functions f(-)). Several topologies on the space
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D have been defined (all by Skorokhod in his celebrated paper [88]). For
our purposes we will consider the [; topology, which can be described
as being generated by some metric do, on D([0,0),R) defined as an
extension of some metric d; on D([0,t],R). The latter is defined as follows.
Let || - || indicate the supremum norm, id(-) the identity function on [0, ¢]
and A; the space of non-decreasing homeomorphisms on [0, t]. Define,
forany x1,x, € D,

di(x1,xp) := inf {max{|[A() —id()]], () = 2(AC)IH - (21.26)
and
deo(x1,X2) := /Ooo e H[di(x1,x2) A 1]dt. (2.1.27)

[95] shows that (2.1.27) is the correct way of extending the metric, and
thus the topology, from D([0, t],R) to D([0, ), R), since convergence
with respect to d is equivalent to convergence with respect to d; on any
compact subset [0, f]. When dealing with vectors of functions we make
use of the weak J; topology JWj. This coincides with the product topology
onD xDx---xD =Dk

In order to prove Theorems 3 and 4 we first show that the (rescaled)
process N, (-) converges weakly to N(-), and then we deduce the con-
vergence of the reflected process ¢(N,)(-) exploiting the Continuous-
Mapping Theorem below. In fact, this procedure follows a general tech-
nique known as the Continuous-Mapping approach (see [95, 96] for a de-
tailed description).

Theorem 6 (Continuous-Mapping Theorem). If X, 4 X and f is continu-
ous almost surely with respect to the distribution of X, then f(X,) 9 f(X).

Through the Continuous-Mapping approach one reduces the problem
of establishing convergence of random objects to one of continuity of

suitable functions. Suppose we have shown that n=1/3N,, (-n%/3) 4N ().
To prove Theorem 4 we are left to prove that the reflection map (2.1.7)
is continuous almost surely with respect to the distribution of N(-). For
this, note that P(N(-) € C) = 1, where C = C([0,0),R) C D denotes the
space of continuous functions from [0, %) to R. Then by [95, Theorem
4.1] and [95, Theorem 6.1], ¢(-) is continuous almost surely with respect
to the distribution of N (-).
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To prove the convergence of 11~ /3N, (-n%/3) we make use of a general
Martingale Functional Central Limit Theorem [38, Section 7] (MFCLT) in
the special case where the limit process is a standard Brownian motion;
for a thorough overview, see [97]. For a discrete-time process k — X(k),
we consider its continuous-time version obtained by piece-wise constant
interpolation. We denote the continuous-time version of X (k) again as
X(t) = X([t]) with a slight abuse of notation.

We shall present the MFCLT below, as it is stated in [97]. Recall that,
when M(t) is a square-integrable martingale with respect to a filtration
{Ft}i=0, the predictable quadratic variation process associated with M(-) is
the unique non-decreasing, non-negative, predictable, integrable process
V(-) such that M?(t) — V() is a martingale with respect to {F; };>o.

Theorem 7 (Martingale Functional Central Limit Theorem). Assume that
{FI"Ye>0neN is a family of increasing filtrations and let {M,(-)}>_, be a
sequence of continuous-time, real-valued, square-integrable martingales, each
with respect to (F]')1>o, such that M, (0) = 0. Assume that Vy(-), the pre-
dictable quadratic variation process associated with M, (+), and M, (-) satisfy
the following conditions:

Q) Vu(t) 5o, VteRY,
(i) limy—eo E[sup, 7 |Vu(t) = Vu(t7)]] =0, Vi e RT,
(iii) limy oo E[sup, 7 [My(t) — Mu(t7)]*] =0,  Vie R".

Then, as n — oo, My, () converges in distribution in D([0,00)) to a centered
Brownian motion with variance ot.

Before applying the MFCLT, we recall the Doob decomposition of the
process Ny, (+), writing it as the sum of a martingale—which will converge
to the Brownian motion—and an appropriate drift term, as follows:

k k
Ny (k) = ;(An(i) —E[An(i) | Fia]) + ;(E[An(i) | Fica] = 1)
=: M, (k) + Cp(k), (2.1.28)

with {F;};>1 the filtration generated by (A, (k) )i>1, i.e. Fi = o({An}i_,).
Another Doob decomposition of interest is

M2 (k) = Zn(k) + Vy(K) (2.1.29)
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with Z,(-) a martingale and V;,(-) the discrete-time predictable quadratic
variation of the process My, (-). Note that for every fixed n and k, | M, (k)|
is bounded and thus its second moment is finite. Therefore V;, (k) exists
and is given by

k
Vu(k) = ;EKAn(i) — E[An(i) | Fie1])? | Fiza
k
= Y (E[Ax())* | Fiz1] = E[Aq(D) | Fial?). (2.1.30)
i=1

To see this, we rewrite

k
M; (k) = ;(An(i) —E[4,(i) | Fia])?
+ ..Zk(An(i) — E[An(i) | Fica])(An(f) — E[An(j) | Fj-a])
k
=1 Y (An(i) — E[Au(i) | Fia])? + Lu(k). (21.31)

=

It is easy to see that L, (+) is also a martingale. The decomposition (2.1.29)
follows from

k

Zn(k) == ;(An(i) —E[A(i) | Fi1])?

k
- ; E[(An(i) —E[A() | Fica])? | Fica] + La(k),
k
Via(k) := Y E[(An(i) —B[A®D) | Fia])® | Fial. (21.32)
i=1

Note that Z,(-) is the sum of two martingales and thus is also a martin-
gale.

2.2 Proof of Theorem 3

When the arrival clocks are exponentially distributed, the number of
customers that join the queue during one service has a simple expres-
sion by virtue of the memoryless property. Conditioned on vy, (2.1.4) is
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distributed as
Py (k)

Z Lt <Dy (2.2.1)

i=1

where T; i 4 T;, which means that the clocks are re-drawn after each
service, and Py, (k) := |[n] \ v¢| = n—Q¢% (k — 1) — k is the number of cus-
tomers still in the population. Since the dependence of T; ; on k does not
play a role in our analysis, we will write T; instead of T; ;. The exponen-
tial distribution satisfies the assumptions (2.1.12)—(2.1.15). However, we
will prove Theorem 3 under a weaker assumption. In particular we will
assume that Fr(-) and fr(-) satisfy

Fr(x) = fr(0)x + o(x*/3). (22.2)

221 Supporting lemmas

In this section we prove various lemmas that we will make use of during
the proof. For Lemma 2, we restrict ourselves to the case § = 0 for
simplicity.

Lemma 2. Let S, T be positive random variables. Let D := S/n. If (2.2.2)
holds for T and E[S?] < oo, then

E[[P(T < D | D) - fr(0)D[] = o(n™*?), (223)
E[[D(P(T < D | D) - fr(0)D)|] = o(n?), (224)
E[[IP(T < D | D) — fr(0)D[*] = o(n?). (225)
Proof. Since
IP(T < D|D) = Fr(D) = fr(0)D + 0(5*/3n=%/3), (2.2.6)
pointwise convergence trivially holds. As n — oo,
n*3|E(D) - f+(0)D| %% 0. (22.7)

By assumption (2.2.2) there exists a constant ¢ > 0 such that

|Fr(x) = fr(0)x] < cx*/3, (22.8)
Consequently,

n*3|E (D) — fr(0)D| < ent/354/3,=4/3 (2.2.9)
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almost surely. Since E[S*/3] < oo, the random variable n*/3|F; (D) — f:D|
is bounded by an integrable random variable not depending on n. The
Dominated Convergence Theorem then gives us (2.2.3). Equations (2.2.4)
and (2.2.5) are proven similarly. Pointwise convergence is again trivial.
Next, note that there exist constant c1,c, > 0 such that

x|Fr(x) — fr(0)x| < 122, |Fr(x) — fr(0)x]? < cox?. (2.2.10)

Indeed, for x < 1, |Fr(x) — fr(0)x]> < c2x8/3 < cyx? for some o > 0,
and for x > 1t is enough to notice that F(x) is bounded. The first bound
in (2.2.10) is obtained in the same way. Since [E[S?] < co by assumption,
(2.2.4) and (2.2.5) again follow by the Dominated Convergence Theorem.

O

Roughly speaking, Lemma 2 states that the small-o term in the Taylor
expansion satisfies
Elop(x)] = o(x). (2.2.11)

Assuming that, as customers join the queue, the customer population
does not deplete gives a stochastic upper bound on A, (k). The random
variable that describes the number of arriving customers is then given by

n
Ay =) lyp<py (2.2.12)
i=1
The upper bound (2.2.12) allows us to circumvent the difficulties of deal-
ing with the complicated set v;. Note that
An(k) < AL (2.2.13)

forall k = 1,2,... The next lemmas shed light into the behavior of the
process Ny (-):

Lemma 3. For k = O(n?/3),
n*2/3Nn(k) = Gy(k), (2.2.14)

where Gy, (k) is a random variable such that G, (k) Bo.
Proof. First note that
k=1

k—1 n
Ny(k—=1) < ¥ (Z 1i1<p;) — 1) = Y (4, —1). (2.2.15)
=1 = =1
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By the Weak LLN for uncorrelated random variables (see e.g. [63]) it is
enough to show that sup, . Var(A;,) < co. Write
Var(A)? = E[(A})%] - E[A]?
= E[A] +E[ Y Lip<pylir<p)) — E[AL]>.  (2.2.16)
i,j<n

i#j

The terms [E[A/,] and [E[A],]? are uniformly bounded since

E[A] =1+ pn~ V3 +o(n™1/3). (2.2.17)
Moreover,
E[) Vrepylir<p)l = ) E[Fr(D)?] < c+o(1), (22.18)
i,j<n i,j<n
i#] i#]

for some ¢ > 1, where we have performed a Taylor expansion of Fr(-)
and have used Lemma 2 to bound the lower order terms. Both error
terms in (2.2.17) and (2.2.18) can be bounded from above by a constant
independent of n. Therefore sup,, . Var(A}) < oo and the Weak LLN
allows us to conclude the statement in the lemma. O

Note that the convergence established in Lemma 3 is not uniform in
j < k, with k = O(n?/3). We now work towards this result.

We will make use of a well-known property of the order statistics of
exponential random variables. Recall that X(l), X @)+ -7 X(n) denote the
order statistics of random variables X3, ..., X;,.

Lemma 4. Let Eq,...,E, be independent exponentially distributed random
variables with mean one. Then,

] E n
4 s
(E))iy (s; — 1)]-:1' (2.2.19)
In particular there exists a coupling between (E ;) );.1:1 and (E]-);?:l such that
Ey+---+Ej
——— < (2.2.20)

almost surely for all j < n.
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See [31, Section 2.5] for a proof of Lemma 4. Next, we investigate the
random variable A),. The following lemma states that on average, in the
limit, the contribution to the queue length of arrivals of order n!/3 or
greater is negligible:

Lemma 5. A/? is stochastically dominated by a family of uniformly integrable
(with respect to n) random variables. In particular,

E[(A)* 1 a1 )25en2y] = 0, (2.2.21)
asn — oo.

Proof. Recall that, when E; is a mean one exponential random variable,
U; = 1 —exp(—E;) is a uniform random variable on [0,1]. The same
result implies that

T SR exp(—Eq))), (2.2.22)

so that
Al —Z]I{T<D} Zn{T <py = ):]l{F 1(1-exp(~E()<D}" (2.2.23)

Since the function x — F; (1 — exp(—x)) is monotone, by Lemma 4 we
get

PN

= LI3=

; L e (1—exp(=E ()<} L1 (—exp(— i, Ej/m))<D}

1

4
»

]1{2; 1 Ej<—nlog(1-Fr(D))}" (2.2.24)

1

By (2.2.2), Fr(x)/x is bounded from above by a positive constant K € R¥,
so that

n

i;]l{z;.:l};< nlog(1—Fr(D Z; {X} Ej<—nlog(1-KD)}*

(2.2.25)

Fix € and let ¢ be such that —log(1 —x) < cxforall0 <x <1 —e Wedo
this in order to remove the dependencies from n. We then obtain that

oo
/ /
Ay = ( 21 ]1{2}:1 EjgcnKD}) ]l{KDgl—s} + An]l{KD>1—s}
=

=< N(cnKD) + Ayl {kp=1-e}s (2.2.26)



2.2. Proof of Theorem 3 41

where

211{21 g (@) (2.2.27)

is a Poisson process having rate one. We now prove that each of the two
terms in (2.2.26) is a family of uniformly integrable random variables,
and thus also their sum is. Since by assumption Sy has a finite second
moment, also N(cnKD) has. Since the latter does not depend on 7, it is
uniformly integrable with respect to n. Moving to the second term, note
that, since Aj, < n almost surely,

1—¢)n
EIAPL (po1-a) < PP (S > 2ol

n2K2(1+,BTI71/3)2
- (1—¢)2n?

E[S71 (2.2.28)

a-on )
{Sk >ﬁ}

Since E[S?] < c0,as 1 — o0

E[SfL . a-on ] 0. (2.2.29)

1+/3n 1/3)

The second moments of the second term in (2.2.26) converge to zero as n
tends to infinity, and thus {A,21 {KD>1—¢} }n>1 is a uniformly integrable
family. Therefore, (N(cnKD) + A}, 1ikp=1_})? is uniformly integrable.

We have then shown that (A/?),>1 is stochastically dominated by a ran-
dom variable with uniformly integrable second moments. The second
claim then follows by the stochastic domination result in (2.1.25). O

2.2.2 Proof of Theorem 3

Recall that N, (k) can be decomposed as Ny, (k) = M, (k) + C,(k), where
M, (k) is a martingale and Cy (k) is a drift term. Moreover, we also wrote
M2 (k) as M2 (k) = Zy(k) + V,,(k) with Z, (k) the Doob martingale and
Vi (k) its drift. The proof then consists of verifying the following condi-
tions: For every f € RT,

. _ P
(i) sup,;|n V3¢, (tn2/3) — Bt + 312 = 0,
(i) n=2/3V,(fn?/3) 5 o2,

(iil) limy—eo n_2/3]E[supt§ |V (t1%/3) — V,, (in?/3-)|] = 0,
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(iv) limy oo n~2/3E[sup,.; [My (tn/3) — My (tn?/3 =) 2] = 0.

Recall that 02 = f;(0)%E[S?].

Condition (i) implies the convergence of the drift term, while condi-
tions (ii)-(iv) imply the convergence of the (rescaled) process My (k) to
a centered Brownian motion, by Theorem 7. By standard convergence
arguments, we can then conclude that the rescaled version of the sum
Cu(k) + My (k) converges in distribution to the sum of the respective
limits.

Proof of (i)

We first prove (i) and to that end, we expand the term E[A, (i)|F;_1].
Recall that v; denotes the set of the customers that are no longer in the
population at the beginning of the service of the i-th customer. Then,

E[Ax(i) | Fial = ) E[lyr,<py | Fii]

s¢v;

= ; E[E[L{r,<p, | Fi-1,Di] | Fia]

— Y (BIf+(0)D; | Fia] +o(n*3)),  (2230)
s¢v;

where, in the last equality, we have used Lemma 2 and the error term is
independent of s. Since D; is independent from F;_1, we obtain

E[Aq(i) | Fia] = Y (E[fr(0)D;] +o(n~*?)). (2.2.31)

m
The summation can then be simplified to
E[An(i) | Fioa] = (n = [ui)(fr(QE[D;] +o(n™*/?))
= FHO)ES] 1+ pr) — fr(O)E[s) (1 + pr) ]
+ (n — |y;])o(n=%/3), (2.2.32)
since the error terms in (2.2.30) are uniform in s. Then,
E[A, (i) =1 | Fi4]

= fr(0)(1+ pn~ ' ?)E[S;] — 1 — fr(0)(1 + ﬁn*”?’)m[si]'%" +o(n7173).
(2.2.33)
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By (1.1.2),

E[A,(i) —1| Fi_q] = pn~ /3 - %(1 +0(n7V3)) +o(n~1/3). (2.2.34)

Note that, since the service times are independent from the history of the

system, conditioning on F;_1 has no effect. Since |v;| =i+ N, (i — 1), the
drift term in the decomposition of Ny, (k) can be written as

+k | & _ _

L Nuli- 1)) (nL+0(n*3))

i=1

+ ko(n=1/3). (2.2.35)

Cp(k) = kpn=1/3 — (

The term — Z?:l Ny (i — 1) in (2.2.35) accounts for the fact that the cus-
tomers already in the queue cannot rejoin it. This term converges to zero
as n tends to infinity (after appropriate scaling) by the following result:

Lemma 6. Asn — oo,

n23 sup |N.(j)| 5 o. (2.2.36)

jgan2/3
Proof. Recall that Ny, (j) = M, (j) + Cy(j). Then,

P(n=2" sup |[Na(j)| = 2¢) SP(n=*"° sup |Ma(j)| = ¢)
j<an?/3 j<an?/3
+ P23 sup |Cu(j)| >¢). (2.2.37)

j<an?/3

We will bound the first and second terms separately. Applying Doob’s
inequality to the martingale M, (-) gives

E[M; (an?/3)]

P(n=2%/3 jés;};/s My (j)] >¢) < (o232 (2.2.38)
By (2.1.29), E[M2 (k)] = E[Vy(k)]. Expanding this term gives
k
E[Va(k)] = B[} (B[An(i)* | Fima] — E[An(i) | Fia]?)]
i=1
k
< E[})E[Ax(i)* | Fioa]] < KE[A}2], (22.39)

I
—

1
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where A}, is defined as in (2.2.12). By rescaling we get
n=*3E[V, (an®’?)] < an"*3E[A)7). (2.2.40)

A}, has a finite second moment uniformly in n by (2.2.16)—(2.2.18), thus
the right-most term in (2.2.40) tends to zero as # tends to infinity.

For the second term in (2.2.37) we make use of the decomposition of
the drift term in (2.2.35). From there we obtain

_(n—l + O(VI_4/3)) i(l“FNn(i —-1))+ ko(n_l/B) < Cu(k), (2241
i=1

and
Cu(k) < kpn 13 4 ko(n=1/3), (2.2.42)
and thus, almost surely,
sup |Cu(j)] < (an?®3pn=13 4 an®30(n=1/3)) (2.2.43)
j<an?/3
an2/3

vV ((n_1 + O(n_4/3)) Z i+ Nu(i—1))+ an2/3o(n_1/3)),
i=1

since the two bounds (2.2.41) and (2.2.42) are monotone functions of k. By
rescaling the first term by n~2/3 we obtain afn=1/3 + ao(n=1/3), which
tends to zero almost surely as n goes to infinity. The second term in
(2.2.43) needs more attention. Notice that the function i — i + Ny, (i) is
non-negative and non-decreasing. Thus, we bound all the terms in the
sum by the final term:

an2/3 S.
Y (i+Nu(i—1)) £ an?3(@an?? + Ny(an?® = 1)), (2.2.44)
i=1

Rescaling by n~2/3

surely,

we get for the second term in (2.2.43) that, almost

ﬂn2/3
n_2/3<(n_1 +0(n*3)) Y (i+Ny(i— 1)) + 0”2/30(”_1/3)) (2.2.45)
i1

< a(n~ +O(n4/3)) (an?/3 4+ Ny (an®’® — 1)) + ao(n~1/3).,

The O(n~*/3) term is of lower order than 7!, and thus can be ignored.
By Lemma 3, the right-hand side of (2.2.45) tends to zero in probability as
n tends to infinity and this concludes the proof that the second term in
(2.2.37) converges in probability to zero. O
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Lemma 6 proves that the process n~2/3N,(-) tends to zero in prob-
ability, uniformly in j < an?/3, which is stronger than the conclusion of

Lemma 3. Substituting k = tn%/3 into (2.2.35) and multiplying by n~1/3
yields
n=13¢C, (n%/3) (2.2.46)

_ W2/3
= Bt— (W + tz Ny (i — 1)) (1+0(n"Y3)) +o(1).
i=1

Both the small-o and the big-O terms in (2.2.46) are independent of t.
Indeed, the small-o term originates from Lemma 2 (and is therefore inde-
pendent of k) and the big-O term was introduced in (2.2.34) and depends
only on 1 and B. Therefore, the convergence of n~1/3C, (tn?/3) is uniform
in t <t for fixed f as required, and this concludes the proof of Lemma 6
and thus of (i). O

Proof of (ii)

In order to prove (ii) we first compute
E[Au(i)* | Fica]
=E

[Z%jsoi} + Y Ynepplr, <y | Fi-il
jév; I#£m
l,mévi

=E[Ax(i) | Fial + E[ ) Yg<ppylir,<py | Fial,  (2247)
I#m

I,mév;
which yields

E[An(i)?* | Fioa] = E[An(i) | Fi]

= Y E[E[lyr<p,lyr,<p; | Fi-1,Di] | Fi1]
1#m
I,mév;

= Y. E[P(T; < D; | D)P(Ty, < D; | Dy) | Fii]
1#m
I,mév;

= Y E[F(D)* | Fial. (2.2.48)
1#m

I, mév;
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Exploiting (2.2.2) we rewrite the summation term as

E[Fr(D;)* | Fi—1] = fr(0)*E[D] + 2fr(0)E[Di(Fr(D;) — fr(0)D;)]
+E[(Fr(Dy) — fr(0)D;)?]. (2.2.49)

The second and third terms are o(n~2) by Lemma 2. We rewrite (2.2.48)
as

Y (foz) (1+ pn™"/2)?E[$?) +o(n?))

= 7|Ef|fg(0)2 (1+Bn '3)2E[S?] +0(1). (2250
n
where E; := {(I,m) : 1 #m, I,m ¢ v;}. Note that the cardinality of &; is
12| = (n— Np(i —1)—i)® = (n — N, (i — 1)—i), (2.2.51)
thus of the order n2. Then, for k = O(n%/3),

k
Culk) = L (LA | Fia] ~ElAn(D) | Fica])

_ (|»_q|fr( )? (1+ﬁn*1/3)215[52]+0(1))

1

k
+ Y (E[Au(i) | Fica] — E[Au(D) | Fioa]?). (2.2.52)
i=1

Using (2.2.34), together with the fact that |v;| /n = Op (n~1/3) uniformly
for i = O(n?/3), we get

X fr(0)3(1 +[3n’1/3)2]E[52}> +Op(kn~13) +o(k). (2.2.53)
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We then split the term inside the summation to isolate the contribution of
the process N, (+), and write

00 £ (021 4 pu o)

I
-

N é Ny (i = 1) (Nu(i —n;) —201 =041 ¢ 021 4 pr-1/3)2E[S?
+ Op (kn=13) + o(k). (2.2.54)

The second term accounts for the process history. By Lemma 6, this term
tends to zero in probability after rescaling. A computation shows that

2E[$2] n—1 2
f()]ES Z %(§k+kz—%k3—2kn_k2n+kn2)

= 0%k +O(K*n1). (2.2.55)

The remaining terms were omitted because they are of order smaller than
O(k*n~') when k = sn?/3. When rescaling space and time appropriately
in (2.2.54) we finally obtain that

n=23v, (n?3) & o2, (2.2.56)

as required, completing the proof of (ii). O

Proof of (iii)

The process Vj,(-) in (2.1.29) is almost surely increasing. To prove (iii), we
will estimate the largest possible jump

n 23| Vu(k+1) — Vu(k)|
=n" 2B E[An(k+1)* | Fil —E[An(k+1) | Fi]?,  (22.57)
with k = O(n?/3). We will apply the Dominated Convergence Theorem.

The jump (2.2.57) has already been implicitly computed as the term in the
summation in (2.2.54) and it takes the form

—2/3‘IE[ k—l—l)z | F] —E[Au(k+1) |}-k]2|

_ n*2/3‘fT(O)ZIE[SZ] ((n —k— 1)2nZ (n—k—1)

N (k) (Nu(k) —2(n —k—1) +1)
+ 3

) + O]P(Vl_l/?))’ (2.2.58)
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The term Op (1~ 1/3) is a byproduct of E[A, (k)| Fi_1] — E[A (k)| Fi_1]?,
as computed in (2.2.52) and following calculations. We now compute
it precisely by using the exact expression for E[A, (k)| F_1] found in
(2.2.34),. We obtain the almost sure bound

[E[An(K) | Fio1] = E[An(K) | Fra]?| (2.2.59)
< ,87171/3 + 2|y lnt + 2,6’|1/k|n*4/3 + o(n*1/3).

The right-hand side of (2.2.59) is bounded by 3 for all sufficiently large
values of 1, uniformly in k < tn?/3, since |v¢| < n. Plugging this into
(2.2.58) we get that, almost surely,

n3|E[An(k+1)? | Fi] — E[Au(k+1) | Fi]?| (2.2.60)
< n,2/3’az((n —k— 1)2?1; (n—k—1)
- Nalk) (N (K) 722(11 k1) + 1)) +3"
n

Since N, (k)| < n, there exists a constant C such that, uniformly in
k< th/ 3,

n23E[A,(k+1)% | Fi] —E[Ay(k+1) | F]?
<n ?33+0%C), (2.2.61)

almost surely. Therefore, both assumptions of the Dominated Conver-
gence Theorem hold and this concludes the proof of (iii). O

Proof of (iv)

We prove (iv) through a coupling argument. First, note that

n2/3E[sup My (tn%/%) — My (1123 ) (2.2.62)
t<t
=n"2E[ sup [An(k) —E[An(k) | Fiq] ]
k<tn2/3
<0 2PE[ sup |An(k)]*] +n *°E[ sup E[Au(k) | Fia]?].
k<Fn2/3 k<tn2/3

We start with the second term in (2.2.62). Using the computations in
(2.2.34), and that the second term there is negative, yields

a.s. a.s.
0 < E[Au(k) | Fiq] < 14+0(n"1/3). (2.2.63)
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For the first term we use a coupling argument. For € > 0, we split
E[ sup |An(k)]*] = E[ sup A,(k)*1
[kgfngﬁ |An(k)|7] [kgfnlgﬂ n (k) {sup, 7,2/3 An(k)2Sen2/3}]
+E[ sup An(k)*1 fsup,. 23 Alk)2>en2/3}) (2.2.64)

k<tn2/3

Multiplying (2.2.64) by n~2/3, the first term is bounded by ¢. For the
second term we estimate

]E[ki;Iz’/S A”(k)z]l{supkgnz/g, An(k)2>en2/3}]
. /3
< k; E[Ax(k)* L4 25 en2/a)]
F2/3
< k; E[A,*1 (a2 senry)
= m?PE[A)%1

{A;,2>€7’12/3}]’ (2265)

where we have used the stochastic domination in (2.2.12). By Lemma 5,

2
E[A), 1{A;2>sn2/3}] — 0 and thus, as n — oo
1’1_2/3]E[ Sup An (k)zﬂ{supk<; 2/3 An(k)2>€7’l2/3}] — 0 (2266)
k<tn2/3 =t
This concludes the proof of (iv). O

2.3 Proof of Theorem 4

In this section we prove Theorem 4. We assume that the arrival times
(T;), follow a general distribution with cumulative distribution function
Fr(-) and density function fr(-) satisfying (2.1.12)-(2.1.15). The number
of arrivals during the k-th service is given by

Ag(k)=Y 1 (T Dy< T, Dy (2.3.1)

iévk

where vy is the set of customers no longer in the population at the be-
ginning of the service of the k-th customer. We assume that F;(+) can be
Taylor expanded in a neighborhood of every point, as in (2.1.12), and that
the density fr(-) can be Taylor expanded in a neighborhood of zero, as in
(2.1.14).
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2.3.1 Supporting lemmas

For readability, throughout this section we will denote % Zl 1 Di-In
this section we present results that generalize various lemmas in Section
2.2.1. For each result, we provide the proof only when it is substantially
different from the proof of the analogous result in Section 2.2.1. The
following lemma estimates the error term in the Taylor expansion of

Fr(4).
Lemma 7. Ifk = O(n?/3), then
E[|Fr(Zk) — Fr(Zk-1) — fr(Ze1) Dkl | Zx—1] = op(n™*3), (232)
E[| Dy (Fr(Zx) — Fr(Zk-1) — fr(Zk-1)De)| | Zx—1] = op(n72),  (2.3.3)
E[|Fr(Zk) — Fr(Z¢-1) — fr(Ze—1) Dil? | Zoa] =op(n?).  (2.3.4)

Moreover, all the statements of convergence hold uniformly for k = O(n?/3).

Proof. We give the proof for (2.3.3), the rest are shown in an analogous
way. Note that, by our assumptions on Fr(-),
E [ Dy (Fr (%) = Fr(Ze-1) = fr (Z-1) D) | T
< sup n’E[|Fi(y+ Dy) — Fr(y) — fr(y) Dy | Dy]

ygcn—1/3

<n’E[ sup |Fr(y+Dx)—Fr(y) — fr(y)Dx | D] (2.35)

ygcn—l/?)

since with high probability ¥;_; < cn~1/3 for some ¢ > 0. The right term
tends to zero by the Dominated Convergence Theorem and (2.1.13), and
this immediately implies (2.3.3). O

The stochastic upper bound (2.2.12) is generalized as
, n
An (k) = 21 n{quSTiSZk}' (236)
i=

In the exponential case the process Ny (-) is roughly of the order n!/3
around time tn?/3. This is also the case in this more general setting, as the
following lemma shows:

Lemma 8. Fork =1,2,... we have that

n"23N, (k) < Gu(k), (23.7)
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where Gy (k) is a random variable such that G, (k) 5o uniformly in k =
O(n?/3).

Proof. Let us set k = tn?/3. Fix an arbitrary ¢ > 0. Then,

tn2/3
113({2/3 An(j) =3 > s) (2.3.8)
j=1
n?/3
< P(n—z/?) A:’l(]) . n*2/3t > 8)
j=1
n2/3
< P(n_2/3| A;(]) . 1’1_2/3t| > 8)
j=1

n
-2 -2/3
= IP(” /3| Z]I{Tzﬁzmz/s} —n? t > 8)
=1

n 2
—4/3,-2
=n e E [( le ]l{TISZmZ/S}) Loy, ]l{TlSZthB}_VFZ/SHZMZB}}.

Next, we bound the expected value on the right-hand side of (2.3.8). To
this end we define the event

Eni={

n

—2/3 2/3
l;ﬂ{TZSZmM} —n % t‘ > en / }, (2.3.9)
and write

E [( li]l{ngzmm})zﬂg”]

<=n+E {h;{]I{Th<2m2/3}]l{Tk<Zt,12/3}]1511}

<+ nE[Fr(Zy,05) g, ] < 1+ cn’E[(Zy,0) g, ]
< n+cen'PE[S?1g ], (2.3.10)

for a large constant ¢ > 0. In the last step in (2.3.10) we have used the
Cauchy-Schwarz inequality. Since IP(€,) — 0 and E[S?] < oo, by plug-
ging (2.3.10) into (2.3.8) and by the Dominated Convergence Theorem,
we get the desired convergence. O

The next lemma will be a crucial ingredient of the proof of Lemma 10,
below, which is the equivalent in this setting of Lemma 5.
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Lemma 9. Let (E(;))iZ)" (v < n) be the order statistics of n exponential unit

mean random variables. Define \Ygg;)v) | as the cardinality of the set

YES,Z)U) ={j€[n—v]:Ej €(0,c)/n}. (2.3.11)

Then,

\Y(" Y| < N(n — vc), (2.3.12)

where N (t) is a Poisson process with unit rate.

Proof. The statement is a consequence of Lemma 4. Fixj € {1,...,n — v}.
By definition of stochastic domination

I E
P(E, . SE <P QSE <P
) =n n—v —n J
where I1; is the j-th point of a Poisson process with rate one. The com-
putation in (2.3.13) intuitively means that there are more Poisson points

in an interval of length (n — v)c/n than order statistics in an interval of
length c/n. This gives (2.3.12). O

— Uc), (23.13)

Since

n—uv
=< < 3.
N( . c) =< N(c), Yo < n, (2.3.14)
it follows from (2.3.12) that

|Y( J<N@), Wo<n (2.3.15)

Corollary 1. Under the same assumptions as in Lemma 9,

(1, < N(b—a). (2.3.16)
Proof. By Lemma 9,
P(N(b—a) < x) < ]P(|Y(gb”a | < x). (2.3.17)

Note that, by the memoryless property,

P(Y(g, " < x) = P(Y(, | < x| () | =v), (2318)

Oba
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almost surely. Since the left side of (2.3.17) does not depend on v, by
combining (2.3.17) and (2.3.18) and taking expectations on both sides in
order to remove the conditioning, we get

P(N(b—a) <x) <P(Y(, | <), (2.3.19)

a,
allowing us to conclude the claim. O

Lemma 9 simplifies the task of estimating quantities involving order
statistics of exponentials by replacing them with a Poisson process.

One of the cornerstones of the analysis in Section 2.2 was the uniform
integrability of (A;2)n21 in Lemma 5. An analogous version holds in this
general setting:

Lemma 10. A, (k) is stochastically bounded by a random variable with uni-
formly integrable (with respect to n) second moment, uniformly in k < tn?/3.

Proof. Note that T(; 4 Fla— exp(—E;))), where (E;))l; are the order
statistics of unit mean exponential random variables. Then,

a.s. d &
An(k) < A; (k) - -X;]l{zkflﬁFT_l(1*EXP(*EU)))§Z"}
1=
d n
B ;]l{FT(Zk—l)—1§_exp(_E(i))SPT(Zk)_l}
d n
N ;1{*log(lfFT(Zkfl))SE(i)SfIOg(lfFT(Zk))}. (2.3.20)
1=
By Corollary 1,
1—Fr(Zkq)
< 2T \sk-1)
Au(k) = N(n log ( 1= F (o) )) (2.3.21)

By splitting the event space () we write (2.3.21) as

Ay(k) < N(n log (11_1:;%;)1)

N lizen + A0l zon, 2322
where ¥ is independent of n and will be determined later on. We now
show that the first term in (2.3.22) is bounded by a random variable
independent of # and with finite second moment. Moreover, the second
moment of the second term converges to zero as # tends to infinity. These
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two facts together imply that the right-hand side of (2.3.22) has uniformly
integrable second moments.

The first term is bounded as follows. Choose ¥ so that 1 — F(x) > 0.
By Taylor expanding the function

1- FT(Zk—l)
o log (T ) (2.3.23)

for some xx € (Xy_1, %) we get

N (mtog (5 g = N ) S
< N(lf}%sk), (2.3.24)

where we have used that the density fr(-) has finite maximum value
fr(0). The right-most term in (2.3.24) has finite second moment, since
[E[S?] < co. For the second term we proceed as follows:

a.s.
An(k) Uz 55y < An(k)*Lyp, /0y + An(k)*Lig, > p,<2/2)  (2:325)
The mean of the first term is be bounded by
E[An(k)*1(p,>5/2)] < n*P(Sg > nx/2)

< 4n2]E[S%]1{Sk2mE/2}]

S (2.3.26)

and the right-hand side tends to zero as n tends to infinity since E[S?] <
oo. For the second term, more work is needed. First observe that

Lig>zp<i/2) < Uiz, >5/2)- (2.3.27)
Bounding A, (k)? by nAl (k), we get
E[An(k)* 1z, > 5D, <5/2})
< ”ZIE[]E[]l{zk,lgT,-gzk}]l{zk,lzf/Z} | Z¢]]

= ”ZIE[ﬂ{zk,lzx/z}lE[ﬂ{zk,lgTigzk} | Z¢]]
W’ E[L(s, 552 (Fr(Zk) — Fr(Zk-1))]- (2.3.28)
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By applying the Mean Value Theorem to F;(-), we obtain

IFr(Sx) — Fr(S1)| £ fr(0)Dy, (2.3.29)

since fr(0) = max;cg+ fr(f). Plugging this into (2.3.28),

E[A (k) 15,55 p,<z/2)] < nfr(0)E[Sels, 552}
— nfr(OE[SIP(Sy > %/2),  (23.30)

the equality following from independence of Sy and £j_1.
It is easy to see that the right-hand side converges to zero by using
Chebyshev’s inequality. Indeed, taking 1 so large that n?/3E[S] < n¥/4,

n?2/3

Y si— n2/31E[s,-]‘ > mz/4)
i=1

tn?/3Var(S;)

<16———"U —o(n~ 1. 2.3.31
< p.J o(n") ( )

P(S g > %/2) < 11)(

This concludes the proof that the second moment of the second term in
(2.3.22) tends to zero as # tends to infinity. O

We conclude with a useful application of Doob’s inequality, summa-
rized in the following lemma:

Lemma 11. Assume (S;)5° is a sequence of i.i.d. random variables with finite

second moment. Then, for any a, p > 0 such that « < 28,

k
supy_. o |75 . S _ KES
Pk<tn |Zlfﬁl i [5]] To. (2.3.32)
n

Proof. Define My := z};l(sj —E[S]). Then k — M is a martingale.
Therefore, by Doob’s inequality applied to the sub-martingale k — | M|,
we have

P(w >e) < E[Mia] _ B[S E[S)] ;555

nb e2n2f e2n2p

This converges to zero since & < 2. Note that ¢ can depend on n, for
example by defining ¢ := n~? and choosing ¢ such that § < g —a/2. [



56 Chapter 2. The embedded queue

2.3.2 Proof of Theorem 4

The proof consists, again, in verifying the three conditions of Theorem 7,
and establishing the convergence of the drift C,(-), as

(i) sup,; [n71/3C, (tn?/3) — Bt — £1(0)/ (2f(0)*)£2| 5o, vieRt,
The filtration we consider henceforth is defined as

]:1' = U({An (]), Dj}jgi)- (2.3.34)

Proof of (i)

We obtain the asymptotic drift by computing

E[Ay (k)| Fio1] = ) Ellys,  <r<sy | Fial
i¢1/k
= Y Ellyresy [ 1 {T > %}, (2.3.35)

Z‘él/k

where, as above, v; denotes the set of the customers that no longer remain
in the population at the beginning of the service of the i-th customer.

Adding the conditioning on {T; > ¥;_1} does not influence the con-
ditional expectation, since T; is such that i ¢ vj_1. Indeed, note that i ¢ vy
implies T; > X 1. Then, defining for simplicity & 1 = {X;_1, {T; >
Xy _1}}, we compute

E[Ay (k)| Fi-1] = ) E[E[l{s, <1<z} | Di Ek-1] | ki
idvy
Fr(Zx) — Fr(Zg-1)
— E Er_

__(n—=1ud)
= %E[B(Zw — Fr(Zk-1) | E—1)- (23.36)

We now rearrange the terms in order to distinguish between the ones
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contributing to the limit and those vanishing, as follows

E[An(k) | Fi—1] =1

(n—wl) 1— Fr(Zq)
= mﬂﬂ(zw — Fr(Zk-1) [ &1l - ﬁ(zﬁi_i)
B JWE[FT(Z") — Fr(Se-1) = | &
~ T E e B (FE0) — Fr(Bin)) = Fr(ee) | 6]
=: Ay (k) — A (k). (2.3.37)

A (k) groups all the terms appearing in the limit, while A’ (k) groups all
the terms of lower order, that vanish in the limit. We treat them separately,
starting with A} (k). The term Fr(X;) — Fr(Zk_1) is simplified through
our assumptions. By (2.1.12) and Lemma 7,

Ay (k)

SR S —n! —4/3

1 —FT(zk,l)]E[fT(Zk—l)Dk n+op(n ) [ &l (2.3.38)
and by (2.1.14),

E[fr(Z¢-1)Dk | &-1] = (fr(0) + f7(0)Z_1 +0(Z-1))E[D]  (23.39)
= fr(0)E[Dy] + f1(0)Z 1 E[Dy] +o(Z_1)E[Dy],

where, with an abuse of notation, we denoted the term |fr(X;_1) —
fr(0) — f1(0)Z_1| as 0(Xg_1). Since by the strong Law of Large Numbers,
for k = O(n?/3),

n 3| fr(Sh1) — Fr(0) — FH(0)Ek1] 230, (2.3.40)

also convergence in probability holds, that is, 0(Z¢_1) = op(n~1/3). In
particular we see that o(X;_1)E[Dy] = op(n~%/3) uniformly in k < tn?/3,
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Plugging (2.3.39) into (2.3.38) yields

1 n
A ) = 1= Fr(%-1)
% (Fr(O)EIDL] — 1+ FHO)EIDLIZi 1 +op(n*))
1
T 1-FE ()
x (fT(O)]E[ ZS]E ]+ op(n 1/3)). (2.341)

The criticality assumption fr(0)E[S;] = 14 Bn~1/3 +0(n~1/3) then leads
to
k—1

1 Lio1 S
(1) _ / ] -1/3
AR = 1 gy (B FHOEISI = 75 +op(1))n 1.
(2.3.42)
Since the drift term is defined as
S
Cu(s) = ) (B[An(k) | Fr_1] = 1)
k=1
S
= Y (AV (k) — AP (k) =: C (s) + CP(s), (2.3.43)
k=1
we sum (2.3.42) over k, obtaining
s -1/3 (0)E 5 Zk 1 S;
CP(s) = pn + fr(0)E[S4] y
=1 - Fr(Zk) n =1 FT(ZkA)
S
1 -1/3
+ ———=——op(n . 2.3.44
kX:: 1= Fr(Zk-1) r( ) ( )
Scaling time as s = tn?/3 and multiplying the drift by n~1/3, we obtain
tn?/3 —2/3
~1/300) (4,,2/3) _ pn
n C,/(tn = — 2.3.45
ﬁ()[w§32f15 )
/3 =1 —Fr(%) o 1—Fr(Z)

The following lemma will be useful in analysing (2.3.45):
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Lemma 12. Let (S;){2, be a sequence of ii.d. random variables such that
E[S?] < co. Then

N n
‘Zn 1L S ]E[Zsl]\ Lo,  asN— . (2.3.46)

Moreover,

(I S)* B
‘ N3 B

2
[iﬂ ‘ Po,  asN - co. (2.3.47)

Proof. Both claims are proved through Lemma 11. We omit the details. [

Another useful fact is the following Taylor expansion:

1 1
TEmy e+ (5 FE Fr(Zk 1))
=14 Op(Zk_1). (2.3.48)

In what follows, we compute the limits (in probability) for each term in
(2.3.45).

First term in (2.3.45). For the first term, by (2.3.48) and Lemma 12,

tn2/3

1
~2/3 _
Sﬂf’ Z 1— F () t‘
2/3 tnm 1
_sup‘ Z (FT Zpo1) + (m—l—FT(Zk_Q))‘
n2/3
<203 Y Fr(Skq), (2.3.49)
k=1

where we dominated the error term in the Taylor expansion (2.3.48) by
Fr(Xk_1) and used the fact that, as a function of ¢, the summation is
an increasing function. We dominate the sum in the right-hand side of
(2.3.49) uniformly as follows:

Fn2/3 Fn2/3
n 3N 2R (S ) <n 2 Y 2 sup Fr(Zpq)
k=1 k=1 k<in2/3

- ZEFT(an2/3)' (2350)
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The right-hand side of (2.3.50) tends to zero almost surely, and thus also
in probability.

Second term in (2.3.45). Again, by (2.3.48), the second term simplifies to

FLOE[S] 8 TS

2.3.51
nt/3 = 1—FT(Zk—1) ( )
fT ) []tn2/3k tn2/3k
nA/3 ZZS+ 4/3 Zizsoﬂ’zkl
=1]

By Lemma 12, the first term converges to 2 f/(0)E[S]?/2 uniformly in t.
Indeed,

tn2/3 k—
sup‘ —4/3 2 ZS ’
<F
2/3 2/3
- t<IE) nt/3 2 ”4/3
ElS] (D S - KELS))
_ i
= [+ |
T ]E[S] supk<tn2/3 | 21 l k]E[S”
<Eoos 7 ) (2.3.52)

almost surely. The second term converges to zero in probability by Lemma
12, since

m2/3 k-1

sup W T (gsj)op(zk_l)’
= j=
n2/3

%Z\@S)

, (2353

where we used the domination Op(X;_1) < cXj_;. The right-most term
in (2.3.53) then converges to zero in probability by Lemma 12.

Third term in (2.3.45). The error term originates from the Taylor expan-
sion of n(Fr(Xx) — Fr(Z¢_1)) done in (2.3.38). To see that it is uniform
in k < k, we write Fr(Xy) — Fr(Zx_1) — fr(Zx_1)Dx = €, and, since by
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assumption f7(-) exists and is continuous in a neighborhood of 0, we
bound it as

D2
nexl <nsup |fr(x)| 5, (2.3.54)

x<cen—1/3

similarly as in Lemma 7, when k = O(n?/3). In particular,

! ]E[Sz]: -1/3
sup Efneil&1] < sup |fi(x)|=+ =o(n),  (2355)

k<tn2/3 x<cn—1/3

and the right-hand side is independent of k. This concludes the bound on
the third term in (2.3.45) and thus the proof that

sup [n= 130 (/%) — Bt — £7(0)/ (2fr (0)2)£2] 5 0. (2.3.56)
t<f
O
To conclude, we prove that sup,_; n=1/3|C (tn2/3)| vanishes in the
limit. We develop the terms of A\’ (k) similarly as before, obtaining

) 1
R ey
x E[[ve| (fr(Zx-1) D +op(n 1)) = fr(0) %1 +op(n /%) | & 4]
1
T 1 F(Te)

 E[Jve] fr(Ze—1)De — fr(0)Zg_1 + |vlop(n™ 1) + op(n/3) | &y
E[|ve|fr(0) Dy — fr(0)Zg—1 + f7(0)|ve|Zk—1Dx

1—Fr(Zk_1)
[vlop(n™1) + op(n~1/3) | & 4]
+ , 2.3.57
1= Fr(XZ-1) ( )

where op (n~!) is a convenient notation for the term Fr (%) — Fr(Xx_q) —
fr(Z¢_1)Dx and op(n~1/3) for Fr(Xp_1) — fr(0)Z;_;. Next, we sum
(2.3.57) over k to obtain

S

2 Zk TEE ) (2.3.58)

—1
X Hvk|fT( )Dk — fr(0)Zg—1 + fr(0) [vk—1Zg_1 Dk | Ex—1]

i Zk* 1-Fr (1) El[vilop(n™1) +op(n™ %) | Eal.
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Recall that |vg| = k + Ny (k — 1). Intuitively, k is of a much larger order
than N, (k — 1), therefore at first approximation we ignore N, (k — 1) and
we will later prove convergence of the terms containing it. We rescale,

and split Cf’ (k) into

tn2/3

1
13 (12/3) = 713 Y
n C tn =n —_—
w ) = 1= Fr(Zq)

x E[kfr(0)Dx — fr(0)Zx—1 | &1
in2/3 1
RSVE
! k:zl 1— Fr(Zk-1)

x E[f7 (0)kZg—1 Dy +kop (n ") +op(n~172) | & 1]
+ep, (2.3.59)
where ¢, represents the terms containing N, (k — 1). Again we rescale
and study each term separately.
First term in (2.3.59). Expanding (1 — Fr(Z;_1)) ! gives
tn2/3

fr(0) Z E|[kS;— | Zs | €] (2.3.60)

nd/3

fT(O)z tn?/3
RV Y. Op(Zk—1)E[kDy — Zg1 | Ex-1],
k=1

The second term is almost surely dominated by the first for n sufficiently
large, so that it is enough to show (uniform) convergence of the first term.
By Lemma 12,

1 k-1 1 m
v Z ZS —>—*1E Sl Z KE[S;] B 2113[5]. (2.3.61)

Therefore, (2.3.60) converges to zero in probability. Moreover, the conver-
gence is uniform in t < f by Lemma 11.

Second term in (2.3.59). Expanding (1 — Fr(Z4_1)) ! and ignoring all
but the highest order term, which can be almost surely dominated, we
get for the second term

T tn?/3

FrO)E[S]n~7/3 Z st +n /3 Z kop(n~1) + tn'/Pop(n~1/3).

(2.3.62)
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One can check, similarly as in Lemma 12, that N3 Z}I(V:1 kZ;?Zl S; con-
verges in probability to a non-trivial limit. Since 7/3 > (2/3)3, the first
term converges to zero in probability. In addition, it converges uniformly
in t < f because of the monotonicity of the sum. The small-o terms are
dominated uniformly as has already been done in (2.3.54).

Third term in (2.3.59). The remaining term is

m23 - -1/3
= = 1= Fr(Z-1)
x E[Nu(k — 1)(fr(0)Dx + f1(0)Zk 1 Dx +op(n 1)) | Ea-
Again it is suff1c1ent to show that the first term in the Taylor expansion

of (1 — Fr(Xx_1))~! converges uniformly. This simplifies the previous
expression to

(2.3.63)

m2/3 m2/3

E[S] ! ’
fnf/g ZN f 2/3[ ZN” ~DZk
tn2/3
+n73 Y Nu(k—1op(n~!).  (23.64)
k=1

The second and third terms are again almost surely dominated by the first
for n large. Moreover, the first converges to zero uniformly in probability
by the following lemma:

Lemma 13. Asn — oo,

n23 sup |[Nu(j)| == 0. (2.3.65)

j<an2/3

Proof. The proof follows the ideas of the proof of Lemma 6. We split Ny, ()
as the sum of a martingale and a predictable process, N, (j) = M, (j) +
Cu(j), and bound each one separately. The probability that |M,(j)| has
large jumps P(n~2/3 SUP < 42/ |My(j)| > en?/3) is bounded through

Doob’s inequality, giving the upper bound E[M?2(an®/3)]/(en®/3)?. As
was noted in Lemma 6, E[M,(k)?] = E[V,(k)], where V, (k) is the pre-
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dictable quadratic variation of My, (k), and its expectation is given by

k

E[Va(k)] = E| Y (BIA () | Fioa) = EAn(0) | Fia])

IN

k
E[A,(i)?]. (2.3.66)
=1

This term is bounded exploiting Lemma 10. We have

111’12/3

! E[vn<an2/3>}s(m§/3)2i_l E[(AL()Y,  (@367)

(en2/3)2
which tends to zero because E[A’ ,21(1)] < oo uniformly in i = O(n?/3)
by Lemma 10. The C,(j) term computed in (2.3.37) and (2.3.43) is the

difference of two increasing processes. Therefore, it can be bounded from
above and below as was done in Lemma 5. We omit the details. O

This concludes the proof that

sup |n =13 (tn?/3)] 5o, (2.3.68)
t<f

and thus we have proven that

sup [n713C, (n2/3t) — Bt — FL(0)E[S]2/2] 5 0. (2.3.69)
t<f
This completes the proof of (i). O
Proof of (i)

First we compute E[A,(k)? | F;_1]. By proceeding as in (2.2.48) we
obtain

E[An(k)* | Fi_1] — E[An(k) | Fie1]

= ]E{ Z Lz <tz Nz <mi<sy) | ‘Fk—l}

Fr(Zg) — Fr(Zg1) Fr(Eg) — Fr(Z1)
= L ]E[ 1iPT(zk_1k) : 1EFT(Zk_1k) : |“r"*1}

L Bl(fr(Zk 1) D + op(DyH3))2 | Fi 4
- (1— Fr(Zf_q))? , (2.3.70)
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where the sum is over the set {I,m < n:1 # m,l,m ¢ vy} when not speci-
fied. We also denoted, for convenience, Fr(Xx) — Fr(X¢_1) — fr(Xx_1)Dx

as o]p(Dé/ %), We proceed as in (2.2.49) and (2.2.50). By Lemma 7,

E[An(k)* | Fi—1] — E[Au(k) | Fi1]
1
(1= Fr(Zk-1))?

x Y E[fr(Z4_1)?D? +2f(Z4_1) Drop(D{/?) + op(D2) | Fi_1]
1#m

1
(1= Fr(Z-1))?

X ; ((fr(0) + f1(0)Z_1 + op(Zx_1))*E[DZ] + op(n~2)). (2.3.71)
1#m

Here op (k1) is a shorthand notation for fr(Xx_1) — fr(0) — f7(0)Z_4.
Developing the coefficient of E[D?] reveals that it has the form f(0)2 +
agn~ /3 4 Bro(n=1/3), with ay and By converging in probability to a con-
stant, for k = O(nz/ 3). We can ignore all the terms except the one with
the leading order, f;(0)2. From this point onwards the computations are
identical to (2.2.52), concluding the proof of (ii). O

Proof of (iii) and (iv)

The proof of (iii) in the exponentials arrivals case can be carried over to
the general arrivals case without any significant changes, since it relies
only on (ii) and Lemma 13. For (iv), we split the quantity according to

n=2/3E[sup | M, (tn2/3) — My, (tn*/3 =) ?] (2.3.72)
t<f
<n 2P| sup |Au(k)|*] +n°E] sup [E[Aq(k) | Fia]l?].

k<tn2/3 k<tn2/3

The second term is straightforward. Indeed, (2.3.37) and (2.3.42) give the
crude bound

E[An(K)|Fia] € AD(K) E ¢ +op(1), (2.3.73)

for k = O(n?/3) and some positive constant ¢ > 1, uniform over k < fn?/3.

The first term can also be estimated imitating (2.2.64). Indeed, fixe > 0
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and split it as

E[ sup |An(k)[*] =E[ sup A,(k)*1
[kgfnls/3| n(K)|7] [kgfnlgﬁ n(k) {sup;_5,2/3 An(k)zésnz/s}]

+]E[ sup An(k)Z]l{supk<En2/3 A(k)2>£n2/3}]' (2374)

The first term is bounded by e. We bound the second term as in (2.2.65)
and using Lemma 10. We omit the details. O

2.4 Arrivals with /-th order contact

The goal of this section is to drop the assumption f;.(0) # 0 of Section 2.3.
In fact, we will prove a limit theorem for the more general case where
the function ¢ — f7(t) — 1/E[S] has ¢-th order contact in zero, defined as
follows:

Definition 1 (/-th order contact point). Given a smooth, real-valued,
function f(-), and ¢ € IN, we say that f(-) has ¢-th order contact in f if
f(H =0, fO(F) =0forl=1,...,0—1and fO(F) £0.

If, in Definition 1, f(f) = o(1), we still say that f(-) has an ¢-th order
contact in f. Indeed, our criticality assumption is fr(0) — 1/E[S] = o(1),
where the error term is specified later. The assumption that the argmax of
fr(-) is zero allows us to consider both odd and even order contacts. We
will assume again that the service times are given by D; := S;/c,, where
(Si), is a sequence of i.i.d. random variables such that E[S?] < co and
¢y is the rate at which the server processes the customers. In this case, we
have the following result for the embedded queue Q¢ (-) introduced in
Chapter 2:

Theorem 8 (Asymptotics for the critical /-th order embedded queue).
Assume that the function fr(t) — 1/E[S] has (-th order contact in 0, where
¢ > 1. Define

!

S +1/2

Assume that the service times (S;)"_ are such that E[S?] < oo and that the
service speed is given by ¢, = n/(1+ pn="/'2). Assume further that the

heavy-traffic condition nfr(0)E[D] = 1+ Bn~7/2 holds. Then, as n — oo,

- (2.4.1)

n*T/zQ,‘;(-nT) 4 ‘P(N)(')' in (D, 1), (2.4.2)
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where N(-) is given by
N(t) := Bt — ct' T + oW(t), (2.4.3)
for constants ¢, € R, and W(-) a standard Brownian motion.

Note that ¢ = 1 gives the same scaling as in Theorem 4. Moreover, the
case ¢ = 2 has already been known in the literature for quite some time, at
least at a heuristic level. Newell [77] derived the correct exponents (T =
4/5) through an argument using the Fokker-Planck equation associated
with the queue-length process. Note also that

T 4 1
lim - = lim —/——— = - 244
w2 w201 2 244
suggesting that the correct scaling for the uniform arrivals case (co-order
contact) is the diffusive one.

The scaling constants. We will again express Q5 (-) = ¢(N,)(+) and,
generalizing the heuristics in (2.1.19), we get

tn"

Ny (tn®) ~ ;(;ﬂ{zﬁ': pi<ti<ri o~ Y
1=1 j¢v;

tn®
~ ;(n(a(z,-) —Fr(Zi1) - 1)

n" tn® i—1
St

~ ) (fr(Zi-)E[S]—1) = ) (2

/
) (0 VE[S], (245)
=1 i=1 V=1

n

where ¥; := Z§:1 D;. Thus the leading order term (up to a multiplicative
constant) of the queue-length process is

tn® ¢
i _
Ny (tn7) ~ Z% — o T (DT (2.4.6)
1=
The Brownian fluctuations of the random sum in (2.4.5) are of order n™/2.
Equating the order of magnitude of the fluctuations and that of (2.4.6)

gives

U+D)T—l=1/2 = T= (24.7)

04+1/2
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The proof of Theorem 8 follows from the proof for the case { = 1. Re-
markably, the higher moments of S (higher than two) are not required
to be finite. In Section 2.4.1, we perform the key steps in the analysis in
order to show how to proceed in this general case.

There are no explicit formulas for the distribution of the first hitting
time of zero of a Brownian motion with parabolic drift and thus we resort
to numerical simulations. In Table 2.1 we provide numerical simulations
for the case of truncated normal arrival times, so that £ = 2. Recall
that if Z is normally distributed with mean 0 and variance ¢2, then |Z|
is equivalent to a zero mean normal distribution that is conditioned to
be positive, which is a particular case of the so-called truncated normal
distribution; see [80]. In particular, f7(0) = 0 and f;'(0) < 0.

g=1,=1 g=2,=1

n | n'/°E[BP,] n!/’E[BP,]
10 3.8340 5.3984
100 3.0997 4.1232
1000 2.8378 3.8772
10000 2.7801 3.7721
100000 2.7942 3.7548

Table 2.1: Mean busy period for the pre-limit queue with truncated normal
arrivals and different population sizes. The truncated normal distribution
has scale parameter ¢ = /7t/+/2, and f;(0) = 0, f7(0) < 0. Each value
for the pre-limit queue is the average of 10* simulations.

2.4.1 Proof of Theorem 8

Note that 7 in (2.4.1) is such that T < 1. Some simple relations hold
between T and ¢ and we will use these throughout this section. These are
given by

—7l, 0+l =t(+1). (2.4.8)

- 2

L
2
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We now explicitly state our assumptions for the /-th order contact case.
We assume that the distribution function of the arrival times satisfies

Fr(x) — Fr(%) = fr(%)(x — %) + o(|x — 2|'T7/2). (2.4.9)

This is, for example, the case when Fr(-) € C?(]0,0)). Further, we assume
that the maximum of the density fr(-) is obtained in zero. The heavy-
traffic condition is then given by

nfr(0)E[D] =1+ pn~ /2. (2.4.10)

We proceed by verifying conditions (i)- (iv), where (i) is given by

(i) sup,; [n71/3C, (123 — pt —ct/| 50,  ¢>0, VEERT,
and conditions (ii)-(iv) correspond to the conditions in Theorem 7. The
drift C,(+) in (i) is defined as in (2.3.43). We will treat condition (i) in great
detail as this changes profoundly, since the limiting drift is significantly

different. We will then discuss how (ii)-(iv) follow from the computations
in Section 2.3.2.

Proof of (i). Recall that &_1 := {1, {T; > Z4_1}}and X; := Z{Zl D;.
The conditioned number of arrivals during one service are given by

E[An(k) | Fi—1] =1

n
= TMIEKFT(ZI{) = Fr(Zxq) = 1/n) | &l
1
- mm[ﬂvﬂ(ﬂ(zk) = Fr(Zg1)) = Fr(Z-1)) | &l
= AV (k) — AP (k). (2.4.11)
Correspondingly, the drift is decomposed as
S
=Y (A AP (k) =: C(s) +CP(s). (2.4.12)
k=1

The process Ay’ () represents the terms appearing in the limit, while

AP() represents the terms that vanish. Performing a Taylor expansion
gives us

A} (k)

1 £OO S
*1—5(2,(_1)(5* n ESl—R

+ oP(l)) n~/2. (2.4.13)
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It is easy to check that both the linear part of the drift and the error
term converge uniformly by proceeding as in (2.3.50) and the following
computations. Therefore, we focus on the second term of Aill )(~), that is,
on

H(0)O 1 yi-lsi s
(]E[s]f—(gf ) /2;1_5(21&)( ]n1 o (2.4.14)

for which we prove (uniform) convergence in probability. We begin by
computing

1 mt i—1 ¢ té‘H ,
nT(l+1) ( Z Sj) - ﬁ]E[S] ‘
i=1 " j=1
1 tnt i1 ¢ T
- nt+1) Z ( S]) - Z((z —1DEIS])" +of (£+1))

—1

tn® ¢
= 717(1"'1)21 ( 15]') - (i—l)zlE[S]Z’ +o(1) (2.4.15)
1= ]:

We will make use of the following lemma:

Lemma 14. Assume (S;);> is a sequence of i.i.d. random variables such that
[E[S?] < co. Then for any T > 0, B € R such that —t < 28,

SUPj< v (T i) = K'E[S)] p
e o (2.4.16)

Proof. The proof is an application of Lemma 11, hence we only sketch it.
We have

ks<qu)T <ﬁ; S') / ~KE| ’
- k E
< sup |(KE[S] + sup 2 D —kﬁE[sﬂ (2.4.17)
k<tnT k<tnT ' i=1

The term on the right can be shown to converge to zero when appropri-
ately rescaled. In fact, the leading order term is given by

sup k' 1E[S]"~ sup|25 -
k<tnT k<tnT =1
= (tn)""DE[S] T sup |2 (Si — |, (2.4.18)

k<tnT =1
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which converges to zero when divided by n™*#, with B > —1/2 by
Lemma 11. O

Note that when ¢ = 1 we recover Lemma 11, since in that case 7+ >
T—17/2 = 7/2. By Lemma 14 the right side of (2.4.15) converges to
zero. The convergence is uniform in ¢ < f by monotonicity in f. We can
similarly analyse A} (-) and C(-). Equation (2.3.58) in this case is

s 1

) = T _ 1/ )
Cy (S) - k:zl 1— FT(Zk*O

()
E [|uk|fT(0)Dk — fr(0)Zk—1 + fT(S')

; Zk 1—Fr(Zk_1)

JE{|uk|oP(n* ) +op(n~"?) | Ek_l]. (2.4.19)

where op(n™1) =: |Fr(Xy) — Fr(Zk—1) — fr(Zk—1)Di| and op(n~7/2) =:
|Fr(Z¢_1) — fr(0)Z_1]. This gives a decomposition of the drift C}7’(-)
similar to (2.3.59) as

vkl (Zkfl)éDk} ,

tn®
G 7)< i Y e BRSO, — £r(0)% 1 | ]
7T/2
* Z 1-Fr(%1)
X B[fr(0)Ok(Zr_1)! Dy + kop (n™1) + op(n™7?) | 1]
Fen (2.4.20)

where ¢, groups all the terms containing Ny, (k). For the first term, we
compute (again ignoring the higher order terms in the expansion of
(1= Fr(Z-1)) ™)

w2 3 (K OEID) — £ (0% )|

_f —1 /2

¥ (L wish)|
< fT(())nflfr/Z 2
k=1

i(Sj - IE[S])‘. (2.421)
=1
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Applying Lemma 11 with 8 = 1 — 7/2 (note that 28 < 7) shows that the
first term in (2.4.20) tends to zero in probability, uniformly in t < f. The
remaining terms are treated, without additional complications, similarly
to the analogous terms in Section 2.3.

Proof of (ii). The proof of (ii) was based on an analysis of the leading-
order term of the quadratic variation, in which the /-th derivative of the
density played no role.

Proof of (iii). The proof of (iii) relies on Lemma 13 which, in turn, relies
on the analysis of the order statistics done in Lemma 10. Since the latter
does not depend on the derivatives of the density (but rather on its
continuity), the proof carries over.

Proof of (iv). Again, the proof relies on the analysis carried out in
Lemma 10.

Having proved conditions (i)—(iv), the proof of Theorem 8 is complete.

O

2.5 Conclusions

In this chapter we have shown that, in the limit for n — oo, the depletion-
of-points effect gives rise to a negative quadratic drift of the embedded
queue process. This implies, in particular, that, even for very large n, the
finite pool of customers has a sizeable impact on the performance of the
system after only n%/3 < n services. We have also shown that, under
mild assumptions, the form of the limiting process does not depend on the
arrival time or service-time distribution. In fact, the density in zero of the
arrival time distribution, its derivative in zero and the second moment of
the service time completely determine the limiting process. Next we will
show that the A/ G /1 queue-length process satisfies a similar scaling limit
as the embedded queue, as long as the scaling exponents are modified
accordingly.



CHAPTER

The queue-length process

In this chapter, we build on the results of Chapter 2 to show that, when the
arrival times are exponentially distributed, the queue-length process of the
A/ G/1 queue, when appropriately rescaled, converges to a Brownian
motion with parabolic drift. To this end, we construct a time-change
and we show that the supremum distance between the time-changed
embedded queue and the queue-length process is given by the maximum
number of customers arriving during one service. We prove that the
time-change converges to a constant times the identity function, and that
the rescaled maximum number of arrivals during one service converges
to zero. This implies that the difference between the embedded queue of
Chapter 2 and the queue-length process is negligible in the limit.

Next we adopt a different perspective, and prove the convergence of
the queue-length process directly. We give an explicit representation of
the queue-length process in terms of the empirical distribution function of
the arrival times, and we prove a functional Central Limit Theorem under
our special scaling. Next, building on this result we prove a sample-path
Little’s Law for the critical A;;)/G/1 queue.

We conclude the chapter by analysing the queue-length process of
the subcritical A/ G/1 queue. We prove that the queue-length process
converges pointwise to the stationary distribution of a M/G/1 queue
with the same service times of the original A;)/G/1 queue and arrival
rate given by the density of the arrival times.

73
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3.1 Model description

In this section we give an explicit construction of the A;)/G/1 queue-
length process. All the functions that we consider are elements of D. We
endow D with the Skorokhod J; topology. Define the total number of
customers who arrive in the interval [0, t] as

An(t) =) Dgopy. (3.1.1)
i=1
Let
k
o(t) := max {k >0: 251‘ < t} (3.1.2)
i=1

be the renewal process associated with the job sizes Sq,S,,...,5,. We
rescale the server speed to be equal to ¢, = n/(1+ pn~1/3), and let
ou(t) := o(cut) denote the renewal process associated to the service times
D; = S;/cy. Define the net-put process as

Au(t)
Py(t):= ) Si—cat. (3.1.3)
i=1
The process Py (+) is used in defining the rescaled cumulative busy time
process as
— In(t) _ : Pu(s)\~
Bu(t) =t = "= =t~ inf (T> ) (3.1.4)

where f(x)” = min{0, f(x)} (resp. f(x)" = max{0, f(x)}), and I,(-)

represents the cumulative idle time. With definition (3.1.4), the total time

that the server has spent working up to time ¢ is given by ¢, By (f).
Finally, the queue-length process Q,(-) is given by

Qn(t) := Xu(0) + An(t) — 0n(Ba(t)), (3.1.5)

where X, (0) denotes the number of customers already in the queue at
the beginning of the first service.

Note that the time change t — By (t) depends, through P, (-), both on
(T;)I; and (S;)""_;. Because of this, a direct analysis of the asymptotic
behavior of Q, () is often challenging, and various techniques have been
developed to overcome this difficulty; see the discussion in Section 1.1.5.
In fact, the advantage of the embedded process approach of Chapter 2 is
that one does not have to deal with the process By (t).

The main theorem of this section is the following:
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Theorem 9 (Critically loaded A/ G/1 queue with exponential arrivals).
Let (T;)_, bei.id. rate A exponentml random variables and let the i.i.d. service
times (S;)"_, be such that E[S?] < oo. Assume that the heavy-traffic condition
(2.1.2) holds. Then

7 PQu(n %) S 9(X)(), (3.1.6)
where X(-) is the diffusion process

- A2
X(t) := BAt — 7# +oW(t), (3.1.7)

with 02 := A3E[S?] and W(-) a standard Brownian motion.

The diffusion process (3.1.7) should be compared to (2.1.10). The for-
mer is obtained from the latter by the linear time change t — At = t/E[S].
For a critical system, in the limit a single service is instantaneous, sug-
gesting that the embedded queue and the queue-length process coincide.
However, the (rescaled) cumulative service time converges to a deterministic
process, leading to the time change described above.

As an immediate consequence of our approach we get an asymptotic
result for BP,,, the length of the first busy period in the A(; /G/1 queue.
This result will be valid for general arrival times. In order to obtain a
sizeable first busy period, we assume that the queue length at time zero
grows with n as

Qx(0)

nlgrolo 73 = g >0. (3.1.8)

The next theorem is the continuous-time analogue of Theorem 5, and it
will show that the size of the first busy period depends crucially both on
B and g.

Theorem 10 (First busy period of the critical A;/G/1 queue with general
arrivals). Let Qy(-) be the queue-length process of the A/ G /1 queue. Assume
that the heavy-traffic condition (1.1.2) holds. Assume further that (3.1.8) holds
and that £1(0) < 0.. Let BP,, denote the first busy period of Qu(+). Then
nl/3Bp, 9 T)lquf(o), (3.1.9)

where Tvﬂvq)‘(O) is the time until the process }A(q() crosses level 0, with

X(t) = q+ Bfr(0)t + fr(0 )tz—l—(TW() (3.1.10)

Here we have 0 := f3(0)IE[S?] and W(-) is a standard Brownian motion.
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g=1=1 g=2,8=1

n | n'/3E[BP,] rel. error n!'/3E[BP,] rel. error
10 2.8630 0.6581 3.8646 0.5620
100 1.9862 0.1503 2.9665 0.1991
1000 1.8103 0.0484 2.6486 0.0706
10000 1.7725 0.0265 2.5596 0.0346
100000 1.7440 0.0100 2.5050 0.0125

00 1.7267 — 2.4740 —

Table 3.1: Mean busy period for the pre-limit queue with hyperexponen-
tial arrivals and different population sizes and the exact expression for
n = oo computed using (1.1.13). The hyperexponential distribution is
distributed as a rate A1 = 2 exponential random variable with probability
p1 = 0.2 and as a rate A; = 3/4 exponential random variable with proba-
bility p» = 0.8. Each value for the pre-limit queue is the average of 10*
simulations.

In Table 3.1 we show numerically that the (rescaled) average busy
period of the A(;)/G/1 queue with hyperexponential arrivals converges
to the exact value obtained with the explicit expression 1.1.13. The arrival
random variable is exponentially distributed with rate A; = 2 with prob-
ability p; = 0.2 and with rate A, = 3/4 with probability p, = 0.8. The

relative error is computed as |n/3E[BP,] — E [TS{T (0)]|/E [Tg{T (0)]. Note

that formula (1.1.13) holds for a parabolic drift of the form —t2/2. How-
ever, this can be extended to more general coefficients of the parabolic
term by some simple scaling properties. In particular, the first hitting
time of zero of )A(q() is distributed as

87 (0) 4 k—2/3T§fT(0)k’1/3(0), (3.1.11)
q qk1/3

where k = f7(0). Relation (3.1.11) follows from a more general scaling
relation, see e.g. [45, Section 4.1].

We give two proofs of Theorem 9. In Section 3.2 we extend the tech-
niques of Chapter 2 for the embedded process to deal with the continuous-
time case. The second approach is presented in Section 3.3 and relies on
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the explicit expression (3.1.5).

3.2 An indirect approach to Theorem 9

In this section we show how Theorem 9 is deduced from Theorem 3 of
Chapter 2 through a time change argument. We denote by k — Q, (k)
denoting the A;;)/G/1 queue embedded at service completions, we first
argue that Q,(-) is closely related to Q%:

Lemma 15 (Distribution of the embedded A /G/1 queue). Forallk > 1,

Q4 (k) £ 0, (k). (32.1)

Proof. We couple the two queues as follows. The sequence of service
times (S;)}__, are taken to be the same for the two queues while the arrival
clocks coincide until the end of the first busy period. After that, assign
new clocks to the customers still in the population. The first customer after
the idle period of Q,(-) is also the customer placed into service in Q% ().
At the beginning of the busy period, assign new clocks to the customers
still in the population. The coupling then proceeds in this manner until
the population in both queues is depleted. By the memoryless property
of exponential random variables, these new processes (with the clocks
drawn multiple times) coincide in distribution with the original ones
(with the clocks drawn at the start of the system), since

P(T; >B+1+x|T;>B+1)=P(T; > x)
=P(T;>B+x|T;>B), (322

where B = B(t) is the busy time process and I = I(t) the idle time process
at the instant t in which a new busy period starts. The number of arrivals
during one service time is then the same in the two coupled queues
because the arrival times are equal. In particular, the queues sampled at
the end of a service time have the same distribution. O

The next step is to prove that the supremum distance between Q¢ (+)
and Qy (-) (when suitably rescaled in space and time) converges to zero.
Let || f(-)|lT := sup;~ |f(t)| denote the supremum norm. The claim is
contained in the following proposition:

Proposition 1 (Asymptotic equivalence of the approximating model). For
each T > 0,asn — oo,

n Q5 (P /ELS]) = Qu(n ) B0 (329)
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By Slutsky’s theorem, Proposition 1 and Theorem 3 of Chapter 2 imply
that

n12Qu (13 S p(R)(/ES]) = p(X)(A).  (324)
Without loss of generality, we will assume from now on that E[S] =
1/A = 1. To prove (3.2.3) we split

1Q4(-/E[S]) = Qu()lIT (3.2.5)
< [1Qu(/E[S]) = Qu(en(D)llr + 1Q5 (9n(-)) = Qu(:)llT,

for an appropriate yet still unspecified time change ¢, (). Thus, we
are left to prove that n=1/3||Q¢ (-n%/3 /E[S]) — Q% (¢u()n*/3)||T L 0and

n13Q% (@ ()n?/3) — Qu(-n=1/3)|| 1 L, 0. The idea behind introducing
@n(-) is to rescale time so that each time-step (corresponding to one
service) is replaced by the actual length of the service time. In this way,
the interval [0, 1] is replaced by [0, D], the interval [1, 2] is replaced by
[D1, Dy + D3] (if a customer has arrived during the first service), and so
on. The time change ¢, (-) must also take into account idle times. The
precise expression of ¢, (+) is given in Section 3.2.2 below. In the following
lemma we prove that the time change ¢,(+) is, in the limit, a constant
times the identity function:

Lemma 16. Asn — oo,

sup [t/E[S] — gu(t)] 2 0. (3.2.6)
t<T
Consequently,
n V352 /E[S]) — Qg () lr B0, (327)

The proof of (3.2.6) crucially relies on the fact that, under our heavy-
traffic assumption, the idle time process of the A;) /G /1 queue is negligi-
ble in the limit. We postpone the proof of this and of Lemma 16 to Section
3.2.2.

After this time change the two queues Q% (¢, (-)) and Q,(-) are syn-
chronized in time. It still remains to be proven that their supremum
distance converges to zero. However, in their coupling Q%(¢x(-)) is
constructed by sampling Q,(+) at service completions, so that the two
coincide at the time of each service completion. In other words, the maxi-
mum distance between Q5 (¢ (-)) and Q, () is the maximum number of
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arrivals during a single service time until time T, that is

1Q% (9u()n*?) — Qu(-n™3) 7 = max_A,(k), (3.2.8)

k<Tn2/3

where A, (k) is the number of arrivals during the k-th service time, as
defined in (2.2.1). In the following lemma we will prove that the quantity
on the right of (3.2.8) negligible, thus concluding the proof of Proposition
1.

Lemma 17. Asn — oo,

n 13 max Au(k) 5 o. (3.2.9)
k<Tn2/3
Consequently,
_ _ P
nV3)1Q% (@ ()n2/3) — Qu(-n 3|11 S 0. (3.2.10)

The following section is dedicated to discussing the idle times in the
A/ G/1 queue, and how they relate to the Qf(-) process. Next, we will
prove Lemmas 16 and 17.

3.2.1 Idle times

Whenever the queue Q% () is empty at the end of a service (say, the k-
th service), the customer with the smallest arrival time is drawn from
the pool and placed into service. Denote this customer by c(k). Since
the minimum of # rate one exponential random variables is again an
exponential random variable with rate 7, conditioned on [vg|, Iy := T
is distributed as
4 Exp(1)
n— |vel’

I (3.2.11)
where Exp(1) is an exponential random variable with rate one. The
random variable I represents the time the server would have idled if customer
c(k) was not immediately placed into service. Alternatively, I is the idle
period after the k-th service in the coupled A /G/1 queue. Thus we
name I a virtual idle time. In particular |vx| = O(n?/3) for k = O(n?/3),
and therefore its contribution in (3.2.11) is negligible and we can think
of the virtual idle periods up to time k = O(n?/3) as being independent
exponential random variables with rate 7.

Let B, (k) be the number of customer who have been taken from the
population for immediate service before the completion of the (k + 1)-th
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service. Equivalently, B, (k) is the number of idle periods in the coupled
A/ G/1 queue before the completion of the (k + 1)-th service. The
cumulative virtual idle time up to the k-th service completion takes the

form
Bn(k

)
Z(k)y=Y_ I (3.2.12)
i=1

For exponential arrivals, an explicit expression for the virtual idle periods
is available in (3.2.11), thus we can estimate the average cumulative
virtual idle time at step k = O(n2/3) to be

Bu (k)
Y L~ 'B”(k). (3.2.13)
i=1

n

We now aim at making (3.2.13) rigorous b/y proving that Z (k) is asymptot-
ically negligible, uniformly in k = O(n?/3). First we show that B, (k) =
Op(n/3) and to this end we prove the following representation:

Lemma 18. Foreveryk =1,2,...

ﬁn(k) = — ini(Nn (]) AN O) (3.2.14)
j<

almost surely.

Proof. Equation (3.2.14) holds for k = 0 because in this case both 8, (0) =
0 and N,(0) = 0. Assume (3.2.14) holds for k > 1. Without loss of
generality we can also assume that

Bu(k) = = inf(Na() 10) = =N, (k) (32.15)

Let k be the minimum index such that k > k, N,,(k — 1) = N, (k) and
Ay (k) = 0. Equivalently, at the end of the k-th service time there are no
customers in the queue (and it is the first time after the k-th service that
this happens). By the definition of B, (), we have that B, (k — 1) = B, (k)

and B, (k) = By (k) + 1. On the other hand, we have that N, (k) = Ny, (k —

1) + Au(k) — 1 = Ny (k) — 1. This gives

,Bn(k) = ,Bn(k) +1

— —Nu(k) +1= —N,(k) = — inf(Ny () 1 0). (3.2.16)
i<
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Moreover, for every g such thatk < q < k,

—inf(Ny(j) A 0) = —Nu(k), (3.2.17)
=9
and B,(q) = Bn(k), by definition of k. O

Next we show that n~1/38,,(tn?/3) converges in distribution to a non-
trivial random variable, hence (3.2.13) is negligible in the limit when
k = O(n?/3). Recall that (k) denotes the number of customers that
have been removed from the population and directly put into service
before the end of the (k + 1)-st service.

Lemma 19 (Convergence of the number of idle periods). Fix t € (0,c0).

Asn — oo,
n=1/3B,,(tn?/?) 4 —inf(X(s) A 0), (3.2.18)

s<t
where X(t) = Bt —1/282 + aW(t).
Proof. The operator ¢ : f — (f)(t) = —infs<(f(s) A 0) acting from D

to itself is Lipschitz continuous with respect to the Skorokhod [; topology
by [95, Theorem 6.1]. Note that

n 3 (t2/3) = (PN (2/2)) 1) (3219)

Then, since n~1/3N,,(-n?/3) %4 W, the Continuous-Mapping Theorem
gives

P3N (- %)) S p(w), (3.2.20)
and this is (3.2.18). O

A consequence of Lemma 19, is that the cumulative virtual idle time
is asymptotically negligible, as shown in the following lemma:

Lemma 20 (Convergence of the cumulative idle time). Conditioned on
{Q¢(s),s € (0,n2/3)}, as n — oo,

n ,B,,(tnz/3) P
B2 Zl I = 1. (3.2.21)
1=
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Proof. As was noted in (3.2.11), I; is distributed as an exponential random
variable with rate n — [vy, |, where k; is the time step corresponding to the
i-th customer being placed directly into service. We rewrite the sum as

" Mtf“) E,
.Bﬂ(t”2/3) - - |Vki|
/
o m(tf Y E
C Ba(tn23) H ol

1 Bt Bu(tn23) ‘ y
= paR) & ) 3

(3.2.22)

where ¢, = op(1) and (E;){_; are ii.d. exponential random variables
with rate 1.

By Lemma 19, B,(tn?*/3) > cn® w.h.p. for a fixed ¢ > 0 and a €
(0,1/3). By the LLN, the first term in (3.2.22) converges in probability
to 1, and by Lemma 6 the second term, and consequently the error term,
converges to zero. O

Lemma 20 intuitively says that the total virtual idle time up to time
tn?/3 is of the same order of magnitude of the number of virtual idle
periods up to time tn2/3 times the average interarrival time. In particular,
as we prove below, Z(tn%/3) = op(1), that is, the cumulative virtual idle
time up to times of the order n2/3 is negligible:

Corollary 2 (Cumulative idle time is negligible). Fix T > 0. Then,

supZ(tn?3) 5 0. (3.2.23)
t<T

Proof. By monotonicity, sup,. Z(tn?/3) = Z(T). Fix e > 0. Then, by
Lemma 20, N
T(Tn*3) < (14 €)Bn(tn®/3) /n (3.2.24)

with high probability. By Lemma 19, B, (tn2/3) /n converges in probability
to zero, so that, as n — oo,

7(Tn*3) % o, (3.2.25)

concluding the proof. O
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3.2.2 Proof of Theorem 9

We begin by constructing the time change ¢, (-). Fix a realization of the
arrival and service times (S;)" ;| = (S;(w))"_; and (T;)?_; = (T;(w))",.
For simplicity we assume E[S] = 1 and B = 0, the generalization to a
different choice of parameters being straightforward. We define ¢, (t)
piece-wise, depending whether a customer is in service at time ¢ or the
server is idling at time ¢.

Because the time scaling in Q,,(-n~1/3) is n~1/3, for the two processes
Qu(-n~1/3) and Q% (@n(-)n?/3) to be on a comparable time scale, the time
change ¢, (-) must be such that

on(") =n 2B, (n7173), (3.2.26)

for a suitable ¢, (-) : Rt — R™. We now provide a precise expression
of ¢, (). We remark that many other choices for ¢, (-) would work for
proving Lemma 16 and Lemma 17, and the one we present here is only
the simplest one.

To increase readability we define

k] .
D;+Z(ky) = Ly Si + Z(ky). (3.2.27)

n

ky
l9k2 (kl) = .

i=1

First assume that at time ¢ a service (say, the k-th service) is taking place,
then

1
Bult) = (k= 1)+ (= nk=1))  fort € [Se(k — 1), 80,

(3.2.28)
Note that, since the queue is serving at time t, Z(k — 1) = Z (k). In other
words ¢y, (t) is the line joining the points (% (k — 1),k — 1) and (8 (k), k),
where the term Z (k) in 9 (k) takes into account previous idle periods
which might have occurred before t. Assume now that an idle period (say,
the (B(k) + 1)-th idle period) is under way at time ¢. Then ¢, () takes the

form
¢n(t) =k  fort € [Ox(k), O (k) + Ig(u)1]- (3.2.29)

In other words, ¢, (t) is constant during an idle period. This is because
¢n(t) represents the number of completed services. Again, here YX | S;/n
takes previous services that have occurred before t into account. Summa-
rizing, ¢, (-) takes the form

bu(t) = (k—1+5£k(t—19k(k—1))), (3.2.30)
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Figure 3.1: An example of the time change ¢, (-). The o’s indicate arrival
times of customers.

for t € [0 (k — 1), 9 (k)] for some k, and
Pu(t) =k, (3.2.31)

for t € [0x(k), O (k) + Ig(x)41] for some k. In particular ¢, (-) (and there-
fore also ¢, (+)) is a piecewise linear continuous function. See Figure 3.1
for one possible sample path of ¢, (+).

We now focus on ¢, (-) in (3.2.26) and show that it converges to the
identity function. The time change ¢, (t) takes the form

Pn(t) :n—2/3(k—1+sﬁk(nl—t/3—l9k(k—1))), (3.2.32)

for t/n'/3 € [0 (k — 1), % (k)] for some k, and
on(t) = n=23k. (3.2.33)

for t/n/? € [9(k), 9 (k) + Ig(x)+1] for some k. Note that the only values

of k for which ¢, (t) has a meaningful limit as n — co are k = O(n?/3).
This observation is consistent with the fact that the original scaling for
Q¢ (+) is Q4 (-n?/3), that is, in order to obtain a meaningful limit we ob-
serve the queue length at times when O(n?/3) services have been com-
pleted. As a consequence, we assume that k = sn?/3 for some s € R*.
Summarizing, the final form of ¢, (t) is

1 1
Pn(t) =s— 375 + m(t — 9,2 (51?3 1)), (3.2.34)
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for t € n'/3[9,

sn2/3 (Sn2/3 - 1)’ ﬁsn2/3 (SnZ/S)]r and

on(t) =s, (3.2.35)
for t € n'/3[9,0/5(s113), 8,215 (s12/3) + Ig(sy2/3)]- We now turn to proving
Lemma 16.

Proof of Lemma 16. First note that

1 1
sup| — = +=—{# -3, sn?/3 -1
tSI]? n2/3 Ssn2/3( o 3( ))

n— oo, (3.2.36)

implying that we can treat ¢, (t) as piece-wise constant, ¢,(t) = s on
intervals of the form [I(s), u(s)]. We now prove (3.2.6). Since the function
t— t— @u(t) = t — s (for some fixed s) defined on an interval [I,u] =
[1(s),u(s)] is linear in ¢, it obtains its maximum either in ! or u. This
implies

Jim [t = @u ()7

< lim (sup |8,,2/3(sn?/® —1) —s| Vsup |8,,2/3(sn>/%) + Ig(sn2/3) = S|
n—oo s<S s<S§
Vsup [8,,2/3(sn?/3) —s]), (3.2.37)

s<S§

where we recall that x Vi := max{x,y} and S = S(T) = T(1+¢)/E[S] >
0 for some & > 0. The inequality is implied by the fact that the three
suprema are taken over a larger set, by the definition of S(T). We prove
convergence to zero of one of the three terms on the right in (3.2.37), the
others being analogous. The triangle inequality to the last term yields

WS a2
su ‘ = +n "I (sn )—s‘
gg 1273
Sﬂ2/3 S
< sup ’% - s’ +sup [n'/3Z(sn?/3)|.  (3.2.38)

s<§

The first term converges to zero in probability by the FLLN. The second
term converges to zero in probability by Corollary 2. Indeed, the proof
of Lemma 20 and Corollary 2 show that Z(sn%/3) = Op(n~2/3). This
concludes the proof of (3.2.6).
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We now turn to proving (3.2.7). Note that ¢, (-) L id, the identity
map on [0, T|. In particular, id is deterministic, so that by [96, Theorem
11.4.5],

(n=1/3Q¢ (:n?/3), Pn) 4 (p(X)(-)id(-)). (3.2.39)
By Skorokhod’s representation theorem and (3.2.39) there exist Qe (),
Pn(-) and @(}A( )(+) defined on the same probability space Q) such that

(@5 (1), Fn) £ (Q4(-1*3), o) (3.2.40)

and

(1305 (n*3), ) 23 (P(X)(-),id (). (3.2.41)

We now dominate (3.2.7) using the random variables provided by the
representation theorem, as follows:

n Q1) = Qi (o)) (3242
<0 V(@) -

PR O)llr +18(X) () = Qs @n(-)n*?) 7).

Since the limiting process ¢(X)(-) is almost surely continuous, by stan-
dard arguments both the convergence n=1/3Qe (:n?/3) 2% $(X)(-) and
n=13Q¢ (9, (-)n?/3) 23 ¢(X)(-) hold with respect to the uniform topol-
ogy. In particular, both terms on the right in (3 2.42) converge to zero in

probability. Moreover, since (Q(-7%/3), ¢, ()) (Q4(-n2/3), eu()),
n=3Q5(-n3) — Q4 (@u()*?)|I17
L3 Q4 (%) — Q5 (pa ()2l (3.249)

so that
n Q) = Qg (I B0, (3244)

as desired. This concludes the proof of Lemma 16. O

The fact that during one service the number of arrivals is asymptot-
ically small is crucial in proving that Q%(-) and Q,(+) are close in the
supremum norm. We prove this fact in the following lemma:

Proof of Lemma 17. Note that if t/n'/3 = Y5, S;/n+ Z(k) for k € N
(i.e. if a service is completed in ¢, or an idle period is undergoing in f),
then

Qu(Pn(t)) = Qu(t). (3.2.45)
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This follows from the definition of the time change ¢, (-), as discussed
above. This implies that during any service time Q% (¢, (t)) and Q,(f)
differ by the number of arrivals that have occurred during that service
time. Moreover, during any idle time Q¢ (¢ (f)) and Q,(t) are both equal
to zero. Therefore,

Q% (@n(-)n%3) — Qu(-n™V/3)||r = max_ A, (k). (3.2.46)

k<Tn2/3

Hence (3.2.9) implies (3.2.10). Let now € > 0 be arbitrary. Then
P(n~ 3 max A,(k) > ¢)
k<Tn2/3
=P(n % max Au(k) 1y, senssy =€) (3247)

k<Tn2/3

In other words, only the very large values of A,(-) contribute to the
probability being computed. By Markov’s inequality,

P(n~3 max A,(k) >¢) < E[maxs< s A"(k)z]l{An(k)>€nl/3}]

k<Tn2/3 (nl/3¢)2
T3 EIA. (k)21 /
= [An (k) 2{/§n§m>wl 3}], (3.2.48)
k=1 e

The almost sure domination A, (k) < Aj, (k) = Yi_; I1,<g, /ny, valid for
all k < Tn?/3 simultaneously, gives

T2 B[AL (k)21 g o1 (1) () > ent /3]
P(n1/3 rtnSaTxAn(th/B) >e) < Z n{z/;(gz)( )>en )

k=1
= Te *E[AL(1)* 1 1 (1)5en/sy]- (3.2:49)

The right-most term in (3.2.49) tends to zero because A/, (-)? is stochas-
tically dominated by a uniformly integrable random variable, as was
proven in Lemma 5. O

3.3 A direct approach to Theorem 9

Both the pre-limit (3.1.5) and the limit queue-length process in (3.1.7) are
easily characterized through explicit formulas. This suggests that it is pos-
sible to prove Theorem 9 by using the elementary approach to stochastic
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process convergence, as detailed e.g. in [17]. Assume that a sequence of
processes (Sy(-))5"_; and a candidate limit S(-) are given. This method
consists in proving separately the tightness of the family (S, (-));>;, seen
as measures on a certain function space, and the convergence of the
finite-dimensional distributions, that is, as n — oo,

P(Sn(tl) € Aq,.. .,Sn(i’k) (S Ak) — ]P(S(tl) € Ay,.. .,S(tk) S Ak),

(3.3.1)
foreach k > 1and fy, ..., t;. Condition (3.3.1) characterize the limit pro-
cess uniquely. By exploiting this method, we prove that the queue-length
process of the A;)/G/1 queue converges in distribution to a Brownian
motion with negative quadratic drift, reflected at zero. In particular, the
proof we give is substantially simpler than the one in Section 3.2, requir-
ing only the standard notions of stochastic process convergence theory
[17]. This approach has two advantages. First, we impose mild assump-
tions on the arrival time distribution, thus generalizing [10], where the
arrival times were assumed to be exponentially distributed. Second, as a
consequence of our main theorem, several results relating quantities of
interest other than the queue length can be deduced. As an example of
this, we prove a sample path Little’s Law.

The techniques of this section allow us to extend Theorem 9 to general
arrival times (T;)!"_,. Furthermore, the stochastic component of the limit
process is defined more precisely in terms of the random fluctuations
of the arrival process and of the service process. For simplicity, we will
restrict to the setting § = 0, and we will prove the following:

Theorem 11 (Scaling limit of the critical A;)/G/1 queue with general
arrivals). Let (T;)"_; be such that fr(0) >0 and let the service times (S;)!_,
be such that E[S?] < co. Assume that the heavy-traffic condition (2.1.2) holds
with B = 0. Then

n13Q,(n 13 & o(X)(),  in(D,]), (3.3.2)
where n
X(0) = Walf(0)0) — grewa() + B2, 633)

and Wy (-), Wy(+) are two independent standard Brownian motions.

We shall compare Theorem 11 and Theorem 9. The latter result shows
that, when g = 0 the queue-length process converges to ¢(X)(t), where
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X(t) = oW(t) — t2/2, and 0 = E[S?]/E[S]?. The random process con-
sisting of the sum of two Brownian motions in (3.3.3) is distributionally
equivalent to a single Brownian motion with variance equal to

ﬁ®%+EHE@£BF. (3.3.4)

By the heavy-traffic condition (2.1.2) this simplifies to

E[S]? + E[S?] —E[S]>  E[S]
E[S] = B[P (3.3.5)

Therefore, the two limits are equal in distribution.

The cumulative busy time process

We now give an explicit analytical characterization of B, (-). To this end,
we need to introduce several auxiliary processes. The total amount of
work that has entered the queue by time ¢ (briefly, the cumulative input) is
given by

Cu(t):= ) S (3.3.6)

Recall that, when the server works with speed c;,, the net-put process Py ()
of the queue is given by

Pa(t) := Cp(t) — cpt = cn< 1:21 ;i,; - t). (33.7)

The workload process is then defined as
La(t) 5= 9(Pa) (1) = Pa(t) — inf(Po(5)) (33.9)

Note that L, (t) is positive if and only if
Cu(t) 2 cut +Inf(Pu(s))™ = cut — (P (£). (33.9)

By construction, (P, )(t) increases (linearly) if and only if the server is
idling, and is constant otherwise. In other words, I,,(t) := ¢(Py,)(t) has
the interpretation of cumulative idle time. Consequently the term on the
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right-hand side of (3.3.9) is the cumulative busy time process, and we define
its rescaled version as

Bu(t) := t—gb(&>(t) _ o ) (3.3.10)

Cn Cn

where for notational convenience we have rescaled By, (-) by the server
speed c,;. Note that By, () increases only if the server is working, and is
constant otherwise. With this notation, the total amount of time units the
server has worked until time ¢ is given by ¢, B, (t). Then, (3.3.9) reads

Cu(t) > cuBu(t), (3.3.11)

so that the workload is positive if and only if the cumulative input up to
time t is larger than the total time the server has spent processing jobs,
and in that case it decreases linearly in time.

The queue-length process

It is more convenient to express Q;(+) as a reflection of a simpler process
Xn(+). We will refer to X, (+) as the free process. We rewrite (3.1.5) as

Qu(t) = (An(t) = 0u(Bn(t)) — fr(0)Ln(t)) + fr(0)In(t) (3.3.12)

= (Au(0) = u(Bu(0)) + g~ fr(O)cut) + 1O (1),

where we have used (2.1.2) and (3.3.10) in the second equality. Recall also
the definitions of A, (-) and 0, (+) in (3.1.1) and (3.1.2). We define

cnBu ()
E[S]

Xu(t) = Au(t) — 0u(Bu(t)) + — fr(0)cpt. (3.3.13)
For a given process X, (t), the Skorokhod problem associated to X, (t) con-
sists in finding two processes P(t) and R(t) such that P(t) = X, (t) +
R(t) > 0, R(t) is increasing, and [;° X, (t)dR(t) = 0. Note that I,(-) is
increasing and, by definition of Q,(t) and I,,(t),

/Ooo Qu()dLy(t) = 0. (3.3.14)

Then Q,(t) and I,(t) are a solution to the Skorokhod problem associ-
ated with X, (t) and, by applying [6, Proposition 2.2, p.251] we have the
representation

Qn(t) = X + 9(Xn)(t) = ¢(Xn) (1), (33.15)
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where

P(Xa)(t) = fr(0)L, () = — (C’ff's(]t) - fT(O)cnt). (3.3.16)

The fluid and diffusive scaling regimes

The fluid-scaled heavy-traffic queue-length process is defined as

_ Qn(tn—l/S) An(tn*1/3) (Tn(Bn(tnflw))
Qn(t) = n2/3 = nl/3< n - n

Correspondingly, since we assume ¢, = 1, X, (-) is defined as

). (3.3.17)

X (t) := n1/3(An(tn—1/3) B Un(Bn(tn_1/3)))

n*l/S
+ nl/BBn(le[S] ) (o)t
- n1/3<“4"<”771/3t) )
n
_ nl/a(Un(Bn(t”_l/B)) _ Bn(t”_l/s))
n E[S]
+ (' 3E (e V3) — £ (0)1). (3.3.18)

where in the second equality we have added and subtracted Fr(t) in order
to rewrite X, (f). It can be shown through an application of the functional
Law of Large Numbers that, as n — o, the fluid-scaled process Q,(-)
converges to a deterministic process Q(-). However, under our heavy-
traffic assumption the process Q(+) is identically zero. Because of this, the
diffusion-scaled queue-length process can be rewritten as

Qu(t) =n'"(Q, (1) = Q1)) = n'Q, (). (3.3.19)
Accordingly, X, (t) is defined as
X (t) := n/3X,(t)

An(tn=1/3
_ n2/3( n( ’:l ) _ FT(tn_1/3))

2/3 on(Bu(tn=1/3))  Bu(tn~'/3)
- ( n T TE[S] )

+n?3(Fr(tn=13) — £(0)tn1/3). (3.3.20)
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In order to prove Theorem 11 we will rely on an analogous result for X,,(-).
In fact, Theorem 11 is a straightforward consequence of the following
theorem:

Theorem 12 (Scaling limit of the free process). Asn — oo,
Xa(H) S R(t),  in (D), (33.21)

where X(-) is as in (3.3.3).

The scaling exponents

Let us now give a heuristic motivation for the scaling exponents in (3.3.20).
Define the general time scaling exponent as —« and the spatial scaling
exponent as 3, for some «, 5 > 0 to be determined, so that X, is given by

Xn = nﬁ(@ _ FT(tn—a)) + nlg(U'n(BnS/ltn_"‘)) 3 B”]](Et[r;}a))
+nP (Fr(tn™%) — fr(0)tn%). 6322)

For the deterministic drift to converge to a non-trivial limit it is necessary
that «, B be such that 2« = B. Indeed, replacing Fr(tn~%) with its Taylor
expansion up to the second term, we get

nP(Fr(tn ™) — fr(0)tn ™) = nﬁ(@tznﬂ + 0(1’1’2”‘)). (3.3.23)

Moreover, a necessary condition for the first term in (3.3.22) to converge
to a non-trivial random process is that, for fixed time ¢ > 0, its variance is
of order O(1). This is given by

Ay (th™« n2p
Var(nﬁ%) = TVar(]l{Témﬂx})

n?p
= —P(T<tn™")(1-P(T<tn™"))

np _ _
= T(fT(O)tn “+o(n™")). (3.3.24)
Then, & and B should be such that
n2p—u
n
which, together with g = 2«, imply thata =1/3 and g = 2/3.

=0(1), (3.3.25)
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3.3.1 Proof of Theorem 9

The proof of Theorem 11 proceeds in several steps. These consist in prov-
ing convergence of the three terms in (3.3.22) to the respective terms in
(3.3.3) separately. The first term in (3.3.22) is the centred and rescaled
empirical distribution function of the sequence (T;)"_;. Therefore, its
convergence to Wi (fr(0)t) can be seen as a ‘local Donsker’s Theorem’, in
which the limiting Brownian Bridge is replaced by a Brownian motion.
The second term in (3.3.22) is a time-changed, centred and rescaled re-
newal process and thus converges by a random time-change theorem and
the FCLT for renewal processes. The third term also converges trivially to
the limiting quadratic drift. Then, the convergence (3.3.2) follows imme-
diately from (3.3.21) by the continuity of the Skorokhod reflection ¢(x) in
all x € C, the space of real-valued continuous functions, see [96, Theorem
13.5.1].

A local Donsker’s Theorem

For sake of simplicity, let us define

An(t) = n2/3(w - FT(tn’1/3)) (3.3.26)
and R
A(t) == Wi (fr(0)1). (3.3.27)

The goal of this section is to prove the following;:

Lemma 21 (Convergence of the arrival process). Asn — oo,

A1) S AC),  in(D,f). (3.3.28)

Proof. The proof proceeds in two steps. First, we prove convergence of
the finite-dimensional distributions. This characterizes the limit uniquely.
Second, we prove tightness of the family (An)fl"zl, seen as elements of
P (D), the space of measures on the Polish space D of cadlag functions.
By definition, we say that the finite-dimensional distributions of A,(-)
converge to the finite-dimensional distributions of A(-) if, for every n € N
and for each choice of (t;)! ; suchthat0 < t; <t < ... <t, < c0it
holds that, as 1 — oo,

o~ ~ o~

(Ap(tr), ..., Ap(ta)) S (A(ty), ..., Atn)). (3.3.29)
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For simplicity we shall prove (3.3.29) for t; < t,, the generalization to an
arbitrary choice of (t;)!" ; being straightforward. We then aim to show
that, asn — oo,

~ ~ d ~ o~

(An(t1), An(ta)) = (A(t1), A(t2)). (3.3.30)
Let N (m,v) denote a normally distributed random variable with mean m
and covariance matrix v. Then (A(t;), A(ty)) ~ N (m, Vi, 1,), with mean
m = (0,0) and covariance matrix V, 1, given by

t t1 ANt
Vi, = fr(0) ( HAt f ) (3:3.31)

where a Ab = min{a,b}. To show joint convergence, we apply the
Cramér-Wold device. Given an arbitrary vector v = (71,72) € R?,
we aim to show that, as n — oo,

o~ o~ d o~ o~
T An(t1) + 124n(t2) = MA(tH) + 12A(t2). (3.3.32)

This is done through the following straightforward generalization of the
Lindeberg-Feller CLT:

Theorem 13 (Lindeberg-Feller CLT [63]). Let (X,,;)]'_, be an array of random
variables such that E[X, ;] = 0 foralln > 1andl < nand ;' ; Var(X,, ;) —
1. Define

S = Xng oo+ X (3.3.33)
Assume that the Lindeberg condition holds, i.e. for ¢ > 0,
1 L )
Var(S,) l;]E[X",l]l{XﬁpeZVar(sr,)}] -0, (3.3.34)

as n — co. Then S, converges in distribution to a standard normal random
variable.

In the usual formulation of the Lindeberg-Feller CLT it is assumed
that ;' ; Var(X,, ;) = 1. The proof of the theorem, as presented e.g. in
[63] can be directly generalized to accommodate for the assumption that
Y4 Var(X, ;) — 1. We now take X,,; to be

-1
Ly = Fr(bn™7%)
nl/Svtl’

Xl =m

7

13

1 _1/3y — F tzn_1/3
oy Mtistan 1)~ Fi ), (3.3.35)

nlBoy 4,
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where vy, 4, is a normalizing constant and is given by
v 1
tty = .
\/fT(O)(’Y%tl +73t2 +27172H1)

(3.3.36)

Recall that t; < t; by assumption. In order to deduce the desired con-
vergence in (3.3.32) we are left to check the conditions of Theorem 13.
Trivially, E[X), ;] = 0. We compute Var(X, ;) explicitly as follows:

2
Y _ _
Var(Xn,l) = 1’12/3;2 (FT(tln 1/3) - PT(tln 1/3)2)
ty,tp

2
+ it (Feltan ™) — Fy (™ 1/3)?)
n Ut1,f2

2 _ _ _
A (Bt ) = Fy (™) Fr(tan /%))
n vtllfz

2 2
_ TZ(O) (ﬁt1+ﬁt2+zmtl) +O0(n™4?),  (33.37)
Utity ~ 1 " "

where in the second equality we Taylor expanded the distribution function
Fr(-). In particular,

n
Y Var(X,,;) =1+0(n"1/3). (3.3.38)
=1

The Lindeberg condition is also satisfied, since

i 1

=1
X E[(H{Tigtln*1/3} - FT(tlnfl/B))z]l

3.3.39
n2/3vt1,t2 ( )

1{Tigr1n—1/3}*FT(h”*m))ZEnm}] =0,

since 1 {1 —Fr(tin—1/3))>enl/3} = 0 almost surely. The first term

{T;<tyn=1/3}
is of the order O(n~1/3), while the second is identically zero for n large
enough.

By Theorem 13,

1

() (An(t1), An(t2)) S N(0,1), (3.3.40)
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where - denotes the usual scalar product. However, since
(ru12)' Vi (11,72) = O sy (3.341)

where g' denotes the transpose of a vector g, so that

N(,1) 2

(r)/l/ 72) : N((O/ 0)/ th,tz)' (3342)

bt
This together with (3.3.40) implies (3.3.32). By an application of the
Cramér-Wold device, joint convergence follows.

The last step of the proof is to show that (A, (-))_, is a tight family
of random variables on D. By [17, Theorem 13.5], in particular equation
(13.14), it is enough for (A, ()52, to satisfy the following condition. For
every T > 0,

E[| An(t) = Au(t)P|Au(t2) = An(D)] < (finc(t2) = finc(1))?, (3.3.43)

for0 <t <t <t, < Tand finc(-) is a non-decreasing function. Checking
(3.3.43) amounts to computing the mean appearing on the left side of the
equation. Define

p1i= FT(tnfl/?’) — FT(tlnfl/g’),

pa i= Fr(tan™V/3) — Fp(tn=1/3), (33.44)
Define also B
o 1=p, fTin= 7 € (ty,t],
N 1= { —P1, if Tin*1/3 ¢ (tlz t], (3.3.45)

and

1-— P2, if Tin’l/“” S (t, tz],
= . 3.3.46
ﬁl { —p2, if Tinil/g’ é (t/ t2]/ ( )

where we have omitted dependencies on # to avoid cumbersome notation.
Note that E[x1] = E[B1] = 0. With the help of these definitions, (3.3.43)
can be immediately rewritten in the following form:

Kl; ) (Z‘B) } < 1*3(fine(t2) = fine(h1))*. (3.3.47)

We will take finc(t) = +/ct for a certain constant ¢ > 0. By definition «;
(resp. B;) is independent from a; and B; for j # i, so that the left side of
(3.3.47) can be simplified as

nE[aipf] + n(n — DE[G]E[B3] +2n(n — DE[a1 p1]E[azfo].  (3.3.48)
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The first term nE[a3 B3] is of lower order, so we focus on the remaining
two. A simple computation gives

Elaf] = p1(1—p1) < p1,
E[B3] = p2(1—p2) < p2,
Elx1B2] = —pip2, (3.3.49)

so that, since p1 < (p1 + p2) and p2 < (p1 + p2),

E [( i“i)z( i ﬁi)ﬁ < con*p1p2 < con®(p2 + p1)?
; i=1

i=1
= con?(Fr(tan /%) — Fr(tin=1/3))?

<en*Pfr(0)(t — )2, (3.3.50)
for a sufficiently large c¢; > 0. Therefore, we have verified (3.3.47) with
fine(t) = \/c1fr(0)t,. O
A functional CLT for renewal processes
We define 3

o oa(Oul(tnT ) 1 g,
Gu(t) =1 ( . Sk ) (3.3.51)
and
o

a(t) = sz(t), (3.3.52)

where 02 = Var(S). In this section we prove the following lemma:
Lemma 22 (Convergence of the service process). Asn — oo,

G.() S 3(),  in(D ). (3.3.53)

Proof. Note that oy, (tn=1/3) = 7,/5(t). Moreover,

-1/3 B —14,2/3
2/3 (Tu(tn”?) 1 yss\ _ gen(t) —E[S] T n
n ( " E[S] tn ) = 17 . (3.3.54)

Therefore, (3.3.53) is a consequence of the FCLT for renewal processes,
see e.g. [17, Theorem 14.6]. O
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Convergence of the cumulative busy time

In this section we exploit Lemma 22 and the random time change theorem
to prove that the rescaled service process in (3.3.20) converges. First, we
prove some scaling limits for the arrival process. Define the fluid-scaled
arrival process as

Ay (tn=1/3)

Au(t) == 273

(3.3.55)

The following generalized Markov inequality is useful when proving the
strong Law of Large Numbers.

Lemma 23 (Generalized Markov inequality). Forany p = 1,2, ... and any
random variable X such that E[| X|P] < oo,

P(|X| > ¢) < %. (3.3.56)

Lemma 23 together with the Borel-Cantelli lemma allow us to prove
the following:

Lemma 24 (LLN for the arrival process). For any fixed t > 0, as n — oo,

|A,(t) — fr(0)t 250, (3.3.57)
Proof. First, we rewrite
- 1 & B
An(t) = fr(0)t = Y (1P g sy — 0 PE(n71R)). (3.3.58)
i=1
We define
Yi =P g sy — 0 PE (7). (3.3.59)
In order to apply the Borel-Cantelli lemma, we compute
s E[| ¥, Yil*]
P Y| > < ZHei=1 7t
(|i; i| > en) < heh
nE[[V1[*] +3n(n — DE[Y*]?

- (3.3.60)

It is immediate to see that the leading orders of the moments are
E[1[*] = O(n*°P(T; < tn™1/%)) = O(tn),
E[|Y1]?] = O(n*3P(T; < tn=1/3)) = O(tn!/3). (3.3.61)
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We conclude that, for a large constant c; > 0,

tn? + 3tn8/3

n
P(|2Y1| ZEH)SCl et

i=1

(3.3.62)

Define the event A := {| Y ; Y;| > en for infinitely many n}. Since

HZ: |ZY| >en) <c Z b :412718/3 _Cz,gn‘*/l%‘L < oo,
(3.3.63)
for some large constant c; > 0, by the Borel-Cantelli lemma,
P(A) =0. (3.3.64)
Since € > 0 is arbitrary, this concludes the proof of (3.3.57). O

We will now extend the convergence (3.3.57) to uniform convergence
over compact subsets of the positive half-line. Our result can be inter-
preted as a special Glivenko-Cantelli theorem. This is summarized in the
following lemma.

Lemma 25 (Glivenko-Cantelli Theorem for the arrival process). Asn —
oo

7

An(H) 3 £(0)t,  in (D, U). (3.3.65)
Consequently, as n — oo,

n'3C, (V3™ in (D, U). (3.3.66)
Proof. Let T > 0 be arbitrary. The claim (3.3.65) is then equivalent to

Jim sup |Au(t) — fr(0)t] =0, (33.67)

almost surely as n — co. Let N be a large arbitrary natural number and
define )

N )

" AON
so that fr(0)t; = jT/N. The idea is that both A, () and fr(0)t are increas-
ing, so for t € (tj_1, t]-) the difference of the two can be bounded by their
values in f;_; and t;. Then, we have convergence because of Lemma 24
and because N is fixed. Formally, define the error as

E,N = ‘maxN(|An(tjn*1/3)/n2/3 — fr(0)t}]
j=

Ly

ji=1,...,N, (3.3.68)

A (1) 7) /02 = fr(0) ). (3.3.69)
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where f(t7) := lim, » f(s). For t € (t;_1,t;) we upper bound Ay(t) as
follows

- - T

An(t) < An(t;) < fr(0)t] + Enn < fr(O)t+ Enn + 5/ (3.3.70)
where in the last inequality we have used that |f(0)t; — fr(0)t;_1] <
T/N. Analogously, for the lower bound

— — T
An(t) 2 An(ti-1) 2 fr(0)tj 1 — Eyn > fr(0)t — Eyn — N (3.3.71)
Summarizing the two bounds, since E,, y and T/N do not depend on ¢,
- T
sup A, () — fr(0)t < Enn + - (33.72)
t<T N

Since N is fixed, almost surely

lim E, n =0, (3.3.73)

n—o0

by Lemma 24. Letting N — oo, we obtain (3.3.65).
The convergence (3.3.66) follows from (3.3.65). Indeed, by the func-
tional strong Law of Large Numbers [24, Theorem 5.10]

Y. o SES)E in(D,U). (3.3.74)

Since A,(t) converges to a deterministic limit, we also have the joint
convergence

23 o
(Z%,An(t))ﬁ(E[S]t,fT(o)t), in (D%, WJ;).  (3.3.75)
i=1

Recall that W]; denotes the product J; topologyonD X D x - - - x D = Dk,
Note that A, (+) is non-decreasing. Then, by a time-change theorem [17,
Lemma p.151],

1‘_1,1(t)r12/3 S

Y. s SESSOF in (D). (3.3.76)

—_

Recall that convergence in (D, J1) to a continuous function implies conver-
gence in (D, U). Moreover, E[S]|fr(0) = 1 by the heavy-traffic condition
(2.1.2), and this concludes the proof of (3.3.66). 0
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Since t — f7(0)t is not a proper distribution function, Theorem 25 is a
local version of the usual Glivenko-Cantelli Theorem. Let us now define
the fluid-scaled cumulative busy time process as

Bu(t) := n'/3B, (tn=1/3). (3.3.77)
We are able to prove the following lemma:
Lemma 26 (Convergence of the time-changed service process). Asn — oo,
B,(-)%id(-), in(D,U), (3.3.78)
Proof. By(t) can be rewritten as
Bu(t) =t+9p(Py)(t) =t+ ir<1£(Cn(s) —s)". (3.3.79)
s<
By Lemma 25, n/3(C,,(tn=1/3) — tn=1/3) 23 0 in (D, U). Moreover, the
null function is a continuity point of ¢(-) with probability one [96, Lemma
13.4.1]. The claim then follows from the Continuous-Mapping Theorem
[96, Theorem 3.4.3]. O
Proof of Theorem 11

Since By () converges to a deterministic limit,

(An(-),8n(), Bu()) S (A(),3(-),id(-)),  in (D3, W]y). (3.3.80)

Note also that A, (-) and &, (-) are independent processes, so that A(-) and
0(-) are also independent. Applying the random time-change theorem
[17, Lemma p.151], we get

~ ~ d ,» ~ .
(An(-),n(Bu(-))) = (A(),5(),  in(D* W) (3.3.81)
Since the limit points are continuous, by [95, Theorem 4.1] addition is also
continuous, so that, in (D, J;),
An() = Fa () + 023 (Fr(n7 %) — £(0)id(-n /%)) S R(1), (33.82)
where
2 N 7(0) 2
X(t) = A(t)—o(t) — Tt , (3.3.83)

concluding the proof of (3.3.21). By [96, Theorem 13.5.1], the reflection
map ¢(-) is continuous when D is endowed with the J; topology, from
which (3.3.2) follows.
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3.3.2 Sample path Little’s Law

In this section we apply the ideas and results from the previous sections to
derive a ‘sample path Little’s Law’ for the A;)/G/1 queue. The standard
formulation of Little’s Law relates the expected waiting time E[W], to
the expected queue length [E[L,] as E[L;] = AIE[W], where A is the rate
at which customers arrive in the system. We will work instead with the
virtual waiting time W, (t), defined as

W (t) == Cu(t) — Bu(t). (3.3.84)
Accordingly, we define the diffusion-scaled virtual waiting time as
W, (t) == n2/3(Cp (tn~1/3) — B, (tn~1/3))

An(tn=1/3) S.
i

1/3 =5 Bn(t)). (3.3.85)

=n
i=1

First, we rewrite the expression for Wi, (t) as

Walt) =n'2( ) 75— E[SIAL())

+n/3E[S] (FT(tn*B) —fT(O)t>
+n3E[S] (fT(O)t — Ba(t) /]E[S]). (3.3.86)

By (3.3.16), n'/3(f(0)t — B, (t) /E[S]) = ¢(X,)(t), so that (3.3.86) can be
further simplified as

Wi () = E[S]Qn(t)

An(?? o B )
+”1/3< X ni}s —E[S}An(f)) +E[S]Ga(Bu(t)). (3.3.87)

We now focus on the second and third terms in (3.3.87). Let us ignore the
time change t + A, (t) and t — B, (t) for the moment. Then, the second
line in (3.3.87) is the difference between the diffusion-scaled partial sums
and the diffusion-scaled counting process associated with the sequence of
random variables (S;)$>_;. These converge to the same limiting Brownian
motion, so that their contribution to W, (#) vanishes in the limit. We now
aim make this reasoning rigorous:
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Theorem 14 (Diffusion sample path Little’s Law). Asn — oo,

~

Wo() S W),  in(DJ), (3.3.88)

where

~

W(t) := E[S]Q(¢). (3.3.89)
Proof. Define the diffusion-scaled partial sum process as

2/3
tn Si

Po(t) = n1/3( Y 0 —]E[S]t). (3.3.90)
i=1

By [96, Theorem 7.3.2], P, (-) and @, (+) jointly converge as

(Pu(),82() S (—E[SIG(E[S]-),8(-)),  in (DL W), (3391)

where 0y (-) and 7(-) are the same as in (3.3.53). Since A, (-) is indepen-
dent from P, (-) and @, (-), in (D3, WJ];),

(An(),Pu(-),8a(-)) > (A(), —E[S|F(E[S]),5()). (3.3.92)

Moreover, since A, (-) and B, (-) converge to deterministic limits, by [96,
Theorem 11.4.5] the above convergence can be strengthened to

(A\n(')rﬁn(')rAn(‘)rAn(‘)an('))
% (A(), ~E[SIG(E[S]),&(), fr(0)id(-),id(-)), (3.3.93)
in (D* WJy). It follows that
(An(), Pu(An(-))E[S]5u(

2(Ba(-)))
% (AC),

—E[S]5(), E[S]5(")), (3.3.94)

in (D3, WJ;) by the heavy-traffic assumption (2.1.2). The limit processes
are continuous with probability one, and thus their sum converges to
the sum of the limits. This observation, together with the Continuous-
Mapping Theorem and (3.3.94) imply that, as n — oo,

E[S]On(t) + Pu(An(-)) + E[S]3x(Bu(-)) S O(:), in(D,J1), (3.3.95)

concluding the proof. O
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Thanks to the heavy-traffic condition E[S] = 1/ f1(0), we retrieve the
usual form of Little’s Law as

Q(t) = fr(0)W(t). (3.3.96)

Note that fr(0) = A when T is exponentially distributed with mean 1/A.

Theorem 14 should be contrasted with the analogous result [48, Propo-
sition 4]. There, an extra diffusion term in the expression of W(t) appears.
This term is a function of the fluid limit of the queue-length process. How-
ever, in our setting, this limit is the zero process, as can be seen in (3.3.19),
where no centering is needed.

3.4 The subcritical regime

This chapter is dedicated to proving the following lemma:

Lemma 27. Assume that fr(s) = e ° and

sup fr(t)E[S] = E[S] < 1. (34.1)
£>0

Then, for any fixed t > 0 there exists a non-trivial integer random variable Q(t)
such that, as n — oo

Qu(t) % Q(t). (34.2)

Moreover, Q(t) is the stationary distribution of the queue length of a M/G/1
queue with constant arrival rate fr(t) and service distributions given by (S;)5 ;.

We start by describing the idea of the proof. First, we show that
without loss of generality we can assume that the queue is empty at
t — 9, for small § > 0. Then we stochastically bound Qy(t) at time ¢ from
below and from above by two M/G/1 queues at time dn, with arrival
intensity approximately equal to Fr(t) — Fr(t — 6). By letting n — oo,
the M/G/1 queues acting as lower and upper bound converge to their
stationary distributions, and subsequently letting 6 — 0, they converge
to the stationary distribution of an M/G/1 queue with arrival rate fr(t).
Let us now give the details.

Proof. Fix 0 < 6 < 1. We define Q,, 5(f) the queue length of the A;;)/G/1
queue conditioned on starting in 0 at t — 4. Then,

Qu(t) = max{Qug(t), Qu(t — &) + ANy}, (3.43)
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where AN, is defined as AN, := N, (t) — Ny(t — 6). In [48] the au-
thors show that limy,_,e Ny () /n = Fr(t) — ut almost surely. Therefore
limy 00 ANy /1 = Fr(t) — Fr(t — ) — pé. By assumption (3.4.1), 6 can
be chosen sufficiently small so that Fr(t) — Fr(t — ) — ud < 0. More-
over, by [48] limy, s Qu(s)/n = 0 almost surely for any s. Therefore,
limy, 00 Qu(t — ) + AN, = —o0 and therefore Q,(t) — Q, s(t) ~\ 0 as
n — oo almost surely.

The arrival process A, (t), consisting of order statistics of # i.i.d. expo-
nential random variables, can be cast as a thinned Poisson process, with
time-dependent thinning. This construction will play an important role
in the next chapter. We briefly introduce it here. Consider a rate n Poisson
process I1(-) and associate to each point PP; a ‘mark’ M; chosen uni-
formly at random from the set {1,2,...,n}. f M; ¢ {M;, My,...,M; 1},
the point is accepted and otherwise it is rejected. The probability of accep-
tance P; is then a random variable and, given M;, My, ..., M;_4, is given
by P;:=1-— HMlMZn—M”l}' The process Al'(-) constructed in this way
jumps almost surely exactly #n times. In fact, we will show that this pro-
cess is distributionally equivalent to the cumulative arrival process of the
A/ G/1 queue. In order to lower bound (resp. upper bound) A, (t) with
a homogeneous Poisson process we compute the largest (resp. smallest)
number of different marks (arrivals) in the time interval (f — §, t) and use
this as a constant thinning parameter. By [48, Proposition 1],

A;;(t) X Fr(t). (3.4.4)

Therefore, for every fixed € > 0, with high probability,

A’;l(t) € (1= e)F:(t), (14 &) Fr (1)),
W € ((1—e)Fr(t—8), (1 +e)Fr(t — ). (3:4.5)

The number of cumulative arrivals A, () coincides with the number
of different ‘marks’ seen up to time ¢ in our equivalent description of
the arrival process. Then, on the event given by (3.4.5), the largest and
smallest number of arrivals in the interval (t — ¢, t) are, respectively,

n((14¢&)Fr(t) — (1 —&)Er(t — 6))
= nd(fr(t) +e(Fr(t) + Fr(t —6))/6 +0s(1)) =:np.  (3.4.6)
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and

n((1—e)Fr(t) — (1+e)Fr(t = 9))
= nd(fr(t) —e(Fr(t) + Fr(t —96)) /6 +05(1)) =: np, (34.7)

where 05(1) denotes a quantity such that lims_,g0s5(1) = 0.

We now couple the process A} (-) with two homogeneous thinned
Poisson processes that act as upper and lower bound on A}'(-). Recall
that A(-) is defined by a time-dependant thinning of a rate n Poisson
process II(-). We interpret this thinning as assigning to each point i
of I'l(-) a Bernoulli random variable Be;(P;) that accepts the point with
the time-dependent probability P;. We simultaneously couple each of
these Bernoulli random variables in the interval (t — §, t) with other two
Bernoulli random variables such that, almost surely,

Be;(p)<Be;(P;) <Be;(p), (34.8)

where p and p are defined in (3.4.6)-(3.4.7). This implies the almost sure
stochastic domination

N, /5(n6%) <A} (£)<Np/s(né?), (3.4.9)

where N p/s (nd?) (resp. N5 (n6?)) represents a Poisson process with rate

4 /0 (resp. p/6) at time né?. The coupling (3.4.9) is constructed as follows:
A (t) starts at zero in t — ¢ and for each Poisson point, the test to accept
it is performed with the three coupled Bernoulli random variables. We

obtain (3.4.9) by observing that N, (5) AN p/ 5(n82). We now consider

N /60 Ay (t) 4 A} (t) and Ny 5 as arrival processes for three queues, all
starting in 0 at t — 4. Let us denote the three queues respectively as Q,
Qs and Q). Then (3.4.9) implies

Q(on) = Qus(t) 2 Q(dn), (34.10)

where Q(-) and Q(-) are M/G/1 queues. The arrival process of Q(-)
(resp. of Q(+)) has rate p/ 0 (resp. p/J). The service times in the three

queues are given by the same random variables (S;)$_;. Equation (3.4.10)
is equivalent to

P(Q(én) > x) < P(Qus(t) > x) <P(Q(dn) > x). (3.4.11)
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Letting n — oo, Q(dn) (resp. Q(6n)) converges to its stationary distribu-
tion Q (resp. Q) [25, Section I1.4.3]. Therefore,

P(Q>x) < h}gio{}flp(Qn,&(t) > x)
<limsupP(Q,s(t) > x)

n—oo

<P(Q > x). (3.4.12)

Since Q, 5(t) and Q,(t) have asymptotically the same distribution, the
previous relation simplifies to

P(Q>x) < liﬂiorgf]l’(Qn(t) > x)
<limsupP(Qu(t) > x)

n—oo

<P(Q > x). (3.4.13)

Taking first ¢ \, 0 and then § \, 0, [P(Q > x) —P(Q > x)| — 0 and
both Q and Q converge to the stationary distribution of an M/G/1 queue
Q = Q(t) with arrival rate fr(t). Thus,

lim P(Qu(t) > x) = P(Q(1) > x), 3414
concluding the proof. O

3.5 Conclusions

This chapter concludes the analysis of the heavy-traffic standard A;) /G /1
queue. We have shown that the limiting behavior of the embedded queue
and the queue-length process is almost identical. In fact, the two processes
differ by a linear time-change in the limit. We have crucially assumed
that the variance of the service-time distribution is finite. Next, we drop
this assumption and study the A;)/G/1 queue with heavy-tailed services.






CHAPTER

Heavy-tailed services

In this chapter we investigate the heavy-tailed behavior of the A, /G/1
queue. Our starting point is the representation of the A/ G/1 queue-
length process given in Chapter 3. We give a new representation of
the arrival process as a thinned Poisson process with time-dependent
thinning. Assuming that the tail of the service distribution decays as a
power-law with exponent 7y € (1,2), so that the mean of the service times
is finite, but the variance is not, we show that the queue-length process
converges to an y-stable motion with negative quadratic drift.

4.1 Model description

For both the M/G/1 queue and the A;)/G/1 queue it is clear that the
queue-length process is strongly influenced by the service times and in
particular depends on whether or not the service-time distribution is
heavy tailed. For the M/G/1 queue, several heavy-traffic limit theorems
have been established for heavy-tailed service-time distributions with
infinite variance; see [6, 23, 96] and references therein. In this chapter
we pursue similar limit theorems for the heavy-tailed A/ G/1 queue,
although our thinned arrival process leads to vastly different results.
A connection, however, with the classical work on the M/G/1 queue
[6, 23, 96] is that also in the case of the A(; /G /1 queue stable laws play a
crucial role. For the M/G/1 queue, and in queueing theory in general,
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one typically distinguishes between light-tailed and heavy-tailed service-
time distribution, and many models originally studied under light-tailed
assumptions were later considered under heavy-tailed conditions. As
such, this chapter should be regarded as the heavy-tailed extension of the
light-tailed setting studied in Chapter 3.

For simplicity we will restrict ourselves to exponentially distributed
arrival times. More precisely, we assume (T;)"_; to be a sequence of
iid. exponential random variables with mean 1/A. The arrival times are
then given by the order statistics of (T;)""_,. The job sizes are given by a
sequence (S;)"_; of i.i.d. random variables. The server works with speed
cn, so that the service time of customer i is given by D; := S;/c,,. We will
take ¢, = n/(1+ Bn~") for some yet unspecified 7 > 0 that is chosen
appropriately. We denote the distribution function of S by Fs(-). We say
a function ¢(-) is slowly varying when lim; ., £(tc)/£(t) = 1 for all ¢ > 0.
The service-time distribution is assumed to be in the domain of attraction
of an y-stable law, that is its tail decays as

P(S>1t)=1—Fs(t) =t"74(t), 7€ (1,2), (4.1.1)

for a slowly-varying function ¢(-). Assumption (4.1.1) implies, in partic-
ular, that E[S¥] = oo for k > 7, and E[S¥] < oo for k < 7. In this setting,
our heavy-traffic condition simplifies to

nAE[D] = AB[S](1+ gn™") =1+ pn 7. (4.12)

We study the queue after X, (0) customers have already joined, where
X (0) may depend on 1 and X,,(0) — oo. Since in our setting X, (0) < n,
without loss of generality we can assume that at time 0 there are (still) n
customers in the pool. Before stating the main results of this chapter, let
us introduce some notation. Recall that the queue-length process Q,(t) is
given by

Qu(t) = Xu(0) + An(t) — ou(Bu(t)), (4.1.3)

where X,,(0) denotes the number of customers already in the queue at the
beginning of the first service; See Section 3.3 for the detailed construction

of Qu(+).
Alternatively, Q,(-) can be expressed as the reflection of a free process
Xy (+) as follows [6, Proposition 2.2, p. 251]:

Qu(t) = ¢(Xyu)(1), t>0, (4.14)
where X, (+) is given by
Xn(t) = Xn(o) + An(t) - Un(Bn(t)> - In(t)/]E[S]' (4.1.5)
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Recall the definitions of A, (-) and 0, () in (3.1.1) and (3.1.2). See Figure
1.4 for an example of a sample path of X;,(+).
We will consider the scaled processes given by

Ru(t) = 0”31 L (n) X (1 (1)), (4.1.6)
Qu(t) = p(Xn)(1), (4.1.7)
T(f) = tn~ 310y (), (4.1.8)

where /1(-) and ¢, (-) are slowly-varying functions that depend on #(-) in
(4.1.1). Using basic properties of slowly-varying functions [18, Proposition
1.3.6], the scaling constants can be rewritten as

(1+0(1))(y=1) 14+0(1)

_ -1 — — L — Lol
WE () =0T B, o T ly(n)=n D1, (419)

In particular, for ¢ = 2 the scaling exponents are asymptotically equal to
the exponents for the finite variance case in Theorem 9. We can now state
our main result:

Theorem 15 (The critically loaded A(;/G/1 queue with heavy-tailed ser-
vices). Assume X, (0) = qnz’r%%; L(n) for some g > 0. Assume further that
n=1(y—1)/(2y —1)sothat c, = n/(1+ pn—r=D/@1=1)) Then,

-~

() SR in(D,M), (4.1.10)
where

“ A2

X(t) = q+ Brt — 7t2 +5,S(t), (4.1.11)

sy = 1/E[S]"™V7 and S(-) is a spectrally positive y-stable process. Moreover,

O() S ¢(X)  in(D,M). (4.1.12)

Convergence in (D, M;) is a shorthand notation for convergence in
distribution in the space of cadlag functions D endowed with the M;
topology. We elaborate on this later on. See Figure 1.5 for some sample
paths of ¢(X)(-) for different choices of 7 for fixed g, B, A, s,. See also
Figure 1.6 for a graph of the first passage time as a function of the linear
drift B, for fixed  and g, and different values of the linear drift parameter

The following corollary of Theorem 15 characterizes the limiting dis-
tribution of T;(0):
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Corollary 3 (Busy period convergence). Under the assumptions of Theorem
15,as n — oo,

Ty (0) % T (0). (4.1.13)
Proof. Note that t — X(t) only has positive jumps. Then, by [52, Chapter
VI, Proposition 2.11], the functional f + T¢(0) is continuous in X with
probability one when D is endowed with the M; topology. Indeed, it
is continuous when D is endowed with the stronger J; topology. The
conclusion follows by an application of the Continuous-Mapping Theo-
rem.

4.2 Preliminaries

In this section we introduce various results that will be useful for the proof
of Theorem 15. In Section 4.2.1 we present an FCLT for the service-time
process o (-). In Section 4.2.2 we derive an alternative characterization of
the arrival process of the A;)/ G /1 queue which reveals a connection with
the Poisson process. Finally, in Section 4.2.3 we give a heuristic argument
that motivates the scaling constants appearing in Theorem 15.

Since we deal with limit processes with unmatched jumps, we endow D
with the M; topology. This topology is coarser than the usual J; topology,
so that convergence with respect to the J; topology implies convergence
with respect to the M; topology. When dealing with vector-valued func-
tions (taking values, say, in R¥) we make use of the weak M; topology M},
which coincides with the product topology on D x D x --- x D = Dk,
For an in-depth discussion on the various Skorokhod topologies, see [96].

421 FCLT for a renewal process

We start by presenting an FCLT for the renewal process oy (-). To do
so we exploit the well-known equivalence between the FCLT for partial
sums and counting processes. Let (S;)""_; be a sequence of non-negative
random variables and let

LS~ Es]nt
dy ’

where (d,,)$"_; will be chosen appropriately later. Let 0 (-) denote the

rescaled renewal process associated with the service times, defined as

Ga(t) = ) _;E[Srl”t. (4.2.2)

Sa(t) (4.2.1)




4.2. Preliminaries 113

The relation between the scaling limits of £, (-) and ,(-) is described
in the following theorem:

Theorem 16 (FCLT equivalence [96, Theorem 7.3.2]). Assume (5;)7°, isa
sequence of non-negative random variables, and (dy, )5, is such that d, — oo,
n/d, — oo. Then,

S.() S S in(D,My) (4.2.3)
for some process S(-) if and only if

Gu() S —E[S] 'S0 E[S]Nd(:)  in (D, M), (4.2.4)
where id(-) denotes the identity function.

The topology M; plays a crucial role in Theorem 16. Indeed, it can
be seen that while (4.2.3) holds in most cases in the |; topology, the
convergence (4.2.4) can only take place in the M; topology when the limit
process has positive jumps; See [96, Chapter 7.3.2] for a more detailed
explanation. By assumption (4.1.1), the sequence (S5;)?°; is in the domain
of attraction of an -y-stable motion, that is (4.2.3) holds, and S(-) is a
centered, spectrally positive y-stable motion.

By Theorem 16, the process 05, (-) is then also in the domain of attrac-
tion of an 7-stable motion. Note that the space scaling constants d;, in
(4.2.1) and (4.2.2) are the same.

4.2.2 Poissonian representation of the arrival process

We now introduce an alternative characterization of the arrival process as
a thinned, marked Poisson process. It is constructed as follows. Given
I1(-), a rate A homogeneous Poisson process, assign to each of its points
a mark chosen uniformly in [n] := {1,...,n}. We then discard a point
if it has a mark that has already been observed in the past. Therefore,
conditioned on the marks My, ..., Mj_1, the next point of I1(-) will be
accepted with probability (n — [{My,..., My_1}|)/n. We denote this
thinned process as A”(-). Formally, A" (t) is given by

AM(F) = TI(F) — Ry(t), (4.2.5)

where R, () counts the number of repeated marks until time . We em-
phasize that I1(-) and R, (-) are not independent. The arrival process just
defined is closely related with the i.i.d. sampling in the A;,/G/1 queue.
In fact, we will show that A,(-) and A} (-) are equivalent. First, let us
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introduce some preliminary notation and results. Given a sequence of
random variables (X;)! ,, recall that X;) < X - < X(y denote their
order statistics. When (X;)!" ; areii.d. exponentlal random Vanables, the
distribution of the order statistics is well known:

Lemma 28 (Order statistics of exponentials). Let Ey, ..., E; be independent
exponentially distributed random variables with mean one. Then,

Eg)iy & (i _S+1)" (4.2.6)

See for example [31, Section 2.5] for a proof. Lemma 28 allows us
to relate the process A’ (-) we just defined to the arrival process in the
Ay /G/1 queue.

Lemma 29. Forallt > 0,
A1) L A (t/n). 4.2.7)

Proof. The ordered arrival times in the A;;)/G/1 queue are precisely the
order statistics of (T;) ; and the 1nter—arr1val times are the differences
between the order statistics. By Lemma 28, the distributions of the inter-
arrival times are

d _E/A k> 1, (4.2.8)

(Ew —Ew1) = "1 >

>l

where we set E () = 0 for convenience. Multiplying both sides by 7, and
noting that E;/A = T, gives

d Ek 1
_1,k;1X'

n

H(T(k) — T(k*l)) (429)

Now consider the process A}'(-). Conditioned on the process up to the
arrival k — 1, the next point of T1(-) is accepted with probability 1 — ¥-1
Then, since I1(-) is a rate A Poisson process, the time at which the next
point of AJ(-) occurs is distributed as an exponential random variable
with rate A(1 — k%l) Equation (4.2.9) then implies that the inter-arrival
times in the process t — A}(t) have the same distribution as the inter-
arrival times of Y3 ) 1g,7,<py = Au(t/n). O
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4.2.3 Determining the scaling constants

We now derive the space and time scalings in the limit process X(-) in
(4.1.11), starting with the scaling of time k = k(n). It is well known that,

whenever the limit S(+) in (4.2.3) is an 7y-stable motion, the fluctuations of
Z}zlfJ S; around its mean are of the order d; = £y (k) (nk)'/7 (see e.g. [96,
Theorem 4.5.1]), where ¢y(-) is a slowly-varying function that is a priori
different from £(+) in (4.1.1) (but can be determined from it). Moreover,
in (4.3.25) below we show that the highest order contribution to the drift
component Ry, (nkt) is [1(nkt)?/ (2n) = Op(k?n), all the other terms being
negligible. In the process X(-) both a drift and a random component
appeatr, so that we must have

Lo(k)EY Tl = iPn, (4.2.10)

Equivalently,
-1

lo(k) D Tk = n?r T, 42.11)
where £o(-)~7/(27=1) is, by basic properties of slowly-varying functions,
again slowly varying. On the left-hand side of (4.2.11) we recognize a
regularly-varying function with index 1. By [18, Theorem 1.5.12] each
regularly-varying function with index ¢y admits an (asymptotic) inverse

that is itself regularly varying, with index 1/. Therefore, there exists a
slowly-varying function p(-) such that

y—1 71

k=n2"Tp(n2-T). (4.2.12)

Any sequence (k(n))$>_; that satisfies condition (4.2.12) is suitable for our
-1

purposes, so that we simply take k(n) = n_zvvi—lﬁl (n), where ¢1(n) =

-1
p(n_z?rj). Note that n — ¢1(n) is again slowly varying. Therefore, the
rescaled time parameter is defined as

-1

T (t) :=tn 214y (n). (4.2.13)

-1
We shall denote the time scaling factor by 7,(1) = nfgiflél (n). In order
to obtain the space-scaling sequence (d,;)$_, it is enough to insert k =

-1
nfzwviflél(n) into f(k) := k%n. Therefore, we define d,, as

— (- 2,71 _ 2~z _ =
dp = ((n" 27y (n))n) =" = by(n) " “n" 2T = Ly(n)n 71, (4.2.14)

where ¢, (n) := ¢1(n) 2 is again slowly varying.
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4.3 Proof of Theorem 15

In this section we carry out the proof of Theorem 15. We first prove
Theorem 15 for = 0, and later show how to extend it to the general case

B #0.
Rewriting equation (4.1.5) using (4.2.7) gives

Xn(t) g Xn(O) + (Anm(i’lt) — Cnt/lE[S]) + (Can(t)/]E[S] — Op (Bn(t))
= Xn(0) + (Il(nt) — nt/E[S])
+ (an(t)/]E[S] - Un(Bn(t))) - Rn<nt)r (4.3.1)
where we also used the equality I,,(t) = c,t — ¢y By (t), with ¢, = n, see

(3.3.10). For simplicity, we introduce the scaled version of the arrival and
service processes, and of the busy time, as

[I(t) == n~ 2 10y (n) (TI(n7 (1)) — caTu(t) /E[S]),

ﬁn(t) :=n 2 Tl(n)Ry(nt, (1)),

On(t) :=n 2716 (n)(cnTn(t) /E[S] — on(Tu(t))),

Bn(t) = Bn(Tn(t))/Tn(l)- (43.2)

Assume that X,,(0) = qn%%lél (n), for some g > 0. After rescaling, (4.3.1)
becomes R R _ R
Xn(ta(t)) = q +11(t) + 0a(Bn(t)) — Ru(t). (4.3.3)

The proof of Theorem 15 proceeds as follows. First, the term I1(-) is
shown to be negligible in the limit. Second, 0, (-) converges to an *y-stable
motion by (4.1.1) and Theorem 16. Third, R, (-) is shown to converge to
the parabolic drift —A2/2¢2. Finally, B, (-) is shown to converge to the
identity function. All these results are then pieced together in Section
4.3.3. Convergence of the above processes is proven in D([0, T]) for a
fixed T > 0. Since T is arbitrary, this implies convergence in D([0, c0]) by
[17, Lemma 3, p.174].

4.3.1 Stable limit

We start by showing that the process I1(-) does not contribute to the
randomness of the limit process.
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Lemma 30. Asn — oo,

sup [TT(t,(£))] 5 0. (4.3.4)
t<T

Proof. By the FCLT for the Poisson process,

() = AnT() &gy i (D), (4.3.5)
nt, (1)

where W(+) is a standard Brownian motion, since 1/E[S| = A by (4.1.2).
By the Skorokhod Representation Theorem, this implies that we can
couple I1(7,(-)) and W(-) in such a way that

Hnm(t) = Antu) | B o, (4.3.6)

su
tglj? ’ nt, (1)

Moreover, for any ¢ > 0 and 7 large enough,
e/ nt(1) = en? B2 0y (n)V/2 < V27", (), (4.3.7)

so that k,, := n/7=1¢,(n)/ /T — o0 and

I(nT,(t)) — An,(-)
tSIT)‘ nl/@r=1¢1(n) ‘
[(nT(t) — AnTu(t) W(t)‘ + sup ’ W(t) ‘

4.3.8
nty (1) t<T ky ( )

1
< —su ‘
kn thT)

Since the right-hand side of (4.3.8) converges in probability to zero as
n — oo, the claim follows. O

Next, we show convergence of the rescaled service process 7y (+) to an
v-stable motion:

Lemma 31 (Stable limit). Asn — oo,

G() S5,8()  in(D,My), (4.3.9)

where s, = 1/E[S]"1)/7 and S(-) is a spectrally positive -stable motion.
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Proof. By classical results, the rescaled partial sums of (S;)°; converge to
a spectrally positive -stable motion, see e.g. [52] and [96, Theorem 4.5.3].
In particular (4.2.3) is satisfied. Theorem 16 implies (4.2.4), that is

Fa() S E?S]S(]Etsﬂ in (D, My). (4.3.10)

By standard properties of stable motion (S(ct));>0 4 (cV/7S(t)) >0 for
¢ > 0, so that the claim (4.3.9) follows. O

Remark 1. The stable law corresponding to 7y = 2 is the standard normal
distribution. In particular, its variance is finite. Although our results do
not directly hold for ¢y = 2, it is still possible to enter y = 2 in the formulas
that we obtain, and what is obtained should be consistent with our results
of Chapter 3. This is true, for example, for the coefficient of the stable
motion in (4.3.9). Indeed, in Theorem 9 we proved that if E[S?] = 1, the
standard deviation of the limiting Brownian motion is A3/2 = E[S]3/2.

4.3.2 Drift limit

The most difficult task in proving Theorem 15 is to deal with the compli-
cated drift R, (-) in (4.3.3). We will prove the following result:

Proposition 2 (Drift limit). As n — oo and for any T > 0,

~ A2
sup | Ry () — 512 Lo (4.3.11)

t<T

The proof will exploit upper and lower bounds for R,,(-), obtained by
giving an equivalent representation of the drift process. First, note that
the probability of extracting a mark that has already appeared at time
i > 0is Dy(i — 1)/n, where Dy (i) denotes the number of different marks
seen up to the i-th arrival epoch in I1(-). Therefore, conditionally on
D, (i — 1), the thinning procedure is represented by a Bernoulli random
variable with parameter D, (i — 1) /n. Since at time ¢ a total of I'1(#) points
have been accepted, we have

L 1)
Ru(t) =) L < Datiys (4.3.12)

. 1=
i=1 "

where (U;)$?; are random variables that are uniformly distributed on
[0, 1], and are independent of all other randomness. Then, ]l{lligx} is
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distributed as a Bernoulli random variable with parameter x. Moreover,
D, (i) is given explicitly as

Du(i) =i — Z,(i), (4.3.13)

where Z,, (i) is the number of repeated marks seen up to the time of the i-th
arrival. In other words we have the crucial relation

D,(i) £ i — R,(IT7(1)), (4.3.14)

where IT71(i) is the arrival time of the i-th customer; see Figure 4.1.

k
3 —
21 -—
1} -—
I I !

i1 1Imie) 13 t

Figure 4.1: A sample path of the process I1(-).

Exploiting these ideas, we construct a process (R, (k))> ; recursively,
by setting R,,(0) := 0 and

Ry(k) :==Ry(k—1)+ k1=Ru(k-1) k>1. (4.3.15)

]I{Ukﬁ

Unraveling the recursion, we get

k
Rn(k) = Z]l{u.<,',],fqn(i,])}, k Z 1. (43.16)
i=1 = n
We see that .
Ru(t) £ R, (T1(1)). (4.3.17)

As already mentioned, the processes R, (-) and I'l(-) are not independent.
The distributional equality (4.3.17) reveals the dependency of R, (-) on
the process I1(-).
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The next step is to construct an upper and a lower bound on Ry (k).
Since R, (k) > 0, the upper bound is trivially

V< i-1-Rati-1))/ny = Liy<iztys (4.3.18)

— n

so that, almost surely,

k
Ru(k) < REP (k)= Y1 i1, (4.3.19)
i=1 g
The lower bound is more involved. By (4.3.19),
1{11 < l—l—Rnn(;—l) } > H{Uig i—l—R,(l:p)(i—l)} (4320)
so that
5 5 (low) k
> = . 3.
Ru(k) = Ry"™ (k) 1:21 ]l{u,-< P, (43.21)

Note that U; is independent of RfluP) (i — 1). We have then constructed a
coupling such that for all t > 0, almost surely,

RU™™ (1) < Ra(t) <RI (1), (4322)
where R (1) := R (11(t)) and R\ () := R{"™)(I1(t)). For the

next and last step we prove uniform convergence of the upper and lower
bounds to the same limit.

Upper bound
In this section we will estimate the quantity
(up) A2
U, (T) := sup |n~ Y @D, (n)RyYP (n,, (1)) — 7# , (4.3.23)
t<T
We will prove the following:
Lemma 32 (Upper bound converges to zero). Asn — oo,
U.(T) 5o, (4.3.24)

for every fixed T > 0.
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Proof. We split the absolute value in (4.3.23) as

< ‘n by H(?i(t)) (H{UIS%} B 11—11)’
I(nt,(t)) o 2
+ ’n 71714y (n) Z; (l nl) - %tz‘
3 ‘n 2ylgz(n)l‘l(mnl t)) (ﬂ{u]g%} B z;l)’
H(nTn(t))z A?

2
T ’2;,12"//(2’)/])62—1 (I’l) 2 t ’ + En, (4325)

where ¢, = |I1(7,(t))/2n| is an error term. By the strong FLLN for the
Poisson process

H(tnY/(ZW—l)gl(n)) s .
n7/ @ 1), (n)-1/2 = At in(D,U). (4.3.26)

We note that we have made explicit use of the specific form of the scaling
functions /1 (-) and /5 (-) as determined above in (4.2.10). More specifically,
by definition we have that ¢1(n)~2 = {>(n). Moreover, the functional
x + x% from D([0, T)) to itself is almost surely continuous in f(t) = At
in the uniform topology. This implies that the second and third terms in
(4.3.25) converge to zero uniformly for t < T asn — co.

By the LLN for the Poisson process we have that IT(s) < (A 4 ¢)s with
high probability for s = O(n?/(27=1)). The sum in the first term in (4.3.25)
is then bounded on the event {I1(s) < (A 4 ¢)s} as

2o 1 (s =50
s .
= ss(Ailel)IZT,,(T) ‘ Z; (]1{u,'§i*71 - 7 1) ‘ (4.3.27)

The right-hand side is the supremum of a martingale. In the following and
future computations we shall denote T := T(A + ¢€). Then, an application
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of Doob’s L? martingale inequality [63, Theorem 11.2] gives

i—1 Lo
]P< e 4 ‘2<1{U5%1} o )’ 2 entily (n))
s<Tn?/2r=1¢;(n) " i=1
Ty (n . — i=1y2
10 E[(Ly i1y — 51
S ’—2"
i=1 e2nn-1052(n)

2
e2nr1452(n) i=1
Tani%ng(n)

— 29+1
e2n2-1452(n)

—O(n %1l (n), (43.28)
and this implies that the right-hand side of (4.3.27) is op (n'/ 271 ¢, 1(n)).

Lower bound

By (4.3.22) we also have
Ru(t) = RO i (4.3.29)
" = U;<(i—-1-R, uP)(z 1))/n} e
Consequently, we now estimate
(low) A2
Lu(T) := sup ‘ /200, (n)RI™ (n7y (1)) — S 2| (4.3.30)
t<T 2
Lemma 33 (Lower bound converges to zero). Asn — oo,
P
L,(T) =0, (4.3.31)

for every fixed T > 0.
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Proof. Similarly as before, conditioned on the event {I1(s) < (A +¢)s},
Ln(T)

15) i—1- R (-1
< wp [ 2( e
s<nty(T) A (U
I(nT,(t)) - 2
1— 1 A
+sup |n 7T -5t
t<$’ 2( ) 121 n 2 ’
[s] #(u ) _
+ sup |n i 7Tl (n) ) i 1)‘ (4332
s<nty(T) i=1

The first term in (4.3.32) is bounded as before, since it is the supremum
of a martingale. Denote Y, (i) := (i — 1 — R,&“” (i—
By Doob’s L? martingale inequality,

1)) /n for convenience.

eznh%légz(n)]l’( sup ’Z Ly, <v, (i)} —Yn(i))’ > 5”27%1451(”))

7w (T)
Z E[(1 <y, (i) — Ya(i))?].  (43.33)

Since the variance of a Bernoulli random variable with parameter p is
p(1—p), we get

E[(1 1<y, )y — Ya(0)?] = E[Ya (i) — Ya(i)?) < E[Yn(i)] < % (4.3.34)
This implies that
. 1
sup  E[(Tqy ey, — Yu(i)2] < TnZirey(n).  (43.35)

T
i<Tn2v-141(n)
In particular,
n7, (T) o
E[(L{u,<v, () — Ya(0))7]
i=1

< ()T 1 2 (n) = TnZ 1 2(n) = o(n¥1).  (4.3.36)
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The second term in (4.3.32) has been shown to converge in (4.3.25) and
(4.3.26). Since t — R,&u}) ) (t) is non-decreasing, we bound the third term as

[s] plup)
sup Ry (i—1)

s<nt,(T) i=1

£ oo 5(up) -
< Tno 10 (n)Ry; (nt,(T)). (4.3.37)

Note that Tn(1=7)/@v=1 ¢, (n) — 0 as n — oo. Since
n_l/(27_1)£2(n)R£,uP)(nTn(T)) 5o (4.3.38)
by Lemma 32,

5] p(up)(; _
n_h%lﬁz(n) sup X 2712 (i-1)
s<nt,(T) i=1

Lo 1 _ -
< (TnZ T4 (n))n” 716y ()R (nu(T)) B0 (4.339)
as n — co. This concludes the proof of Lemma 33. O

Proof of Proposition 2. Since

sup|n T £y (1) R (B T1 1 (1)) — 212 (4.3.40)
t<T 2
1 Y 1,04
=sup(n 21l (n)R,(tn2=141(n)) — =t°)
t<T 2
+ sup(nfzvliflﬁz(n)Rn(thW%lél(n)) - %tz)* (4.341)
t<T

we get
sup |1~ T 0y (1) Ry (071 64 () — %t2| <Un(T)VIa(T) (4342)
t<T
and both U, (T) and L,(T) converge in probability to zero by Lemma 32

and Lemma 33. This completes the proof of Proposition 2. O

4.3.3 Busy-time process limit

For the final step, we prove that the cumulative busy-time process con-
verges to the identity function.
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Lemma 34 (Cumulative idle time is negligible). Asn — oo,

B.() Sid(-), in(D,U), (4.3.43)
whereid(-) : R™ — R is the identity function.

Proof. Since By (t) =t — I,,(t), we will prove that I, (t) = info<g<;(Py(s) ™)
converges uniformly to zero, where P, (t) is the net-put process defined in
(3.3.7). By continuity of the map ¢ (-) givenby ¢ : f(-) — info<s<¢(f(s)7),
it is sufficient to prove that P,(-) converges uniformly to zero, when
appropriately rescaled. By manipulating (3.3.7) we immediately get

1 w) 1 e
ysupl 0] = sp [T L Ty

An (T (t))

An(a(t)) 1
< — S;
f‘jl;’ (1) IES‘AnT ) ;
1 An(ta(t))
+sup Z S 71‘ (4.3.44)

t<T IE ] A (T (t ))

Note that 7,(f) — oo and A, (T (1)) P casn — co. Then the sec-
ond term converges to zero in probability by the LLN and the first one
converges to zero by the LLN for the Poisson process. Indeed, since
Ay (10 (t)) = II(14(t)) — Ru(t0(t)), we have that

An(ta(t)) 1
f‘;l;” (1) _115[5])

(t(t)) 1 1

Sig?’ 0 el R sup [Ru(Ta(1))]

o [H@m®) 1 nm LT Ra(m(8)

_flgll;’ ) ]E[S]‘Jr ) stggnh%%(nrl. (4.3.45)

As shown above in Proposition 2, 1=/ 27=1 0, (n) R, (7,(t)) converges
uniformly to —A2/2¢2, and since n!/ (27’1)&7 1y T,(1) — 0, the second
term in (4.3.45) is negligible. By the heavy-traffic assumption (4.1.2) and
the LLN for the Poisson process the first term also converges to zero. [

We conclude the proof of Theorem 15 by collecting the results from
the previous sections. First, we split the process X, (-) in its martingale
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and drift components as in (4.3.3) to get
Xu(t) = g +TI(t) + G4 (Bu(t)) — Ru(t). (4.3.46)

Since T1(-) and G,(-) are independent, and B, (-) and R, (-) converge to
deterministic limits in D, we have

(F1(-), 3 (), Bu (), Ru(-)) 2 (0,5,S(-),id(-), A2/2id(-)?).  (4.347)

in (D*, M}V). This, together with the time-change theorem for processes
with discontinuous sample paths [96, Theorem 13.2.3] implies

(T1(),3(Bu(-)), Ru(-)) > (0,5,8(+),id(-)2A2/2). (4.3.48)

in (D3, M}V). Note that [96, Theorem 13.2.3] does not hold in general in
the finer J; topology. Since the three limit processes in (4.3.48) do not
have common discontinuity points, we have that addition is continuous

in (0,1/E[S](+t1)/7S(+),id(-)?A2/2) in the M topology, so that

. 2
() S q+5,8(t) — %tz, in (D, My). (4.3.49)

The second claim (4.1.12) follows immediately from the Continuous-
Mapping Theorem, since the reflection map is Lipschitz continuous in the
M, topology by [96, Theorem 13.5.1]. O

Extension to general initial drift Now we assume that

en = n/(1+ pn T 05(n) 1), (43.50)

with B # 0. We rewrite (4.3.1) for a general service speed c;, as

Xu(t) < X (0) + (TT(nt) — Acyt)
+ (cuBn(t)/E[S] — 0 (By(t))) — Ru(nt)
= X (0) = — b+ (TT(nt) — Ant)
1+ Bn 21
+ (Can(t)/IE[S] - ‘Tn(Bn(t))) - Rn(nt)/ (4.3.51)

where we have used assumption (4.1.2). By rescaling the process as in
(4.3.3), we obtain
-1
S Atn 21 ~ = =
Xu(t) =9 — ——— +1I(t) + Gu(Bu(t)) — Ru(t). (4.3.52)
1+ pn 21
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Since 14 Bn~(7"1/27=1) 5 1asn — oo, the rescaled partial sums of
the double sequence (S;/ (14 pn~(r=1/21=1)))® converge to the y-stable
motion S(-), hence Theorem 16 holds and 7, (-) — s,S(-). Moreover,
I1(-), By(-), and R, () converge as before, and as 1 — oo,

a1
27—1
7/\”17”%1 s ABt. (4.3.53)
1+ pn 21
Summarizing, we have shown that
- d A%, .
Xu(t) = q+ABt+5,5(-) — =1, in (D, M), (4.3.54)

2

concluding the proof.

4.4 Conclusions

In this chapter we have extended the analysis of the A;)/G/1 queue to
the case of power-law service distributions. We have shown that the
limiting behavior of the queue-length process is vastly different from the
light-tailed case. In the heavy-tailed setting, the queue-length process is
driven by large upward jumps and, consequently, is discontinuous almost
everywhere. However, the depletion-of-points effect is again present in
the form of a negative quadratic drift. Next, we analyze the A,/ G/1
queue in the setting of size-biased arrival times.






CHAPTER

Biased arrivals and random
graphs

In this chapter we consider a generalization of the A(; /G /1 queue, which
we call the Aff) /G/1 queue. In this model, n customers arrive at the
queue at times depending on their service requirement. A customer with
stochastic service requirement S arrives to the queue after an exponen-
tially distributed time with mean S™* for some a € [0, 1]; so larger service
requirements trigger customers to join earlier. As a varies in [0, 1], this
model interpolates between the A(;)/G/1 queue and the exploration pro-
cess for inhomogeneous random graphs. We consider the asymptotic
regime in which the pool size n grows to infinity and establish that the
scaled embedded queue process converges to a diffusion process with a
negative quadratic drift. While the form of the limit process is identical to
the @ = 0 case, the coefficients of the drift and the Brownian component
depend crucially on «. We also describe how this first busy period of the
queue gives rise to a critically connected random forest.

5.1 Model description

The Af;y /G/1 queue is defined as follows. Again n customers are trig-
gered to join the queue after independent exponential times, but the
rates of their exponential clocks depend on their service requirements.

129
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More specifically, denoting again the service requirement of customer i
by S;, conditioned on S; the arrival time T; of i is distributed as a rate
S™* exponential random variable. We will initially take & € [0, 1]. Then,
when a = 0, the arrival times are i.i.d. and when a € (0,1] the arrival
times decrease with the service requirement. The queue is attended by a
single server that starts working at time zero, works at unit speed, and
serves the customers in a first-come first-served order. At time zero, we
allow for the possibility that i of the n customers have already joined the
queue and are waiting for service. We will take i < n, so that without
loss of generality we assume that there are still # customers waiting for
service. These initial customers are numbered 1, ..., 7 and the customers
that arrive later are numbered i + 1,i + 2, ... in order of their arrival.
Let A, (k) denote the number of customers arriving during the service
time of the k-th customer. Note that the random variables (A, (k)),>1 are
not i.i.d. due to the finite-pool effect and the service-dependent arrival
rates. Because of the complicated dependence structure of the (A, (k))x>1,
we will model and analyze this queue using the queue-length process
embedded at service completions, generalizing the results of Chapter 2.

While the queueing process consists of alternating busy and idle peri-
ods, in the A(; /G/1 queue we naturally focus on the first busy period.
The negative quadratic drift in the scaling captures the effect of a pool
of potential customers that diminishes with time: after some time, the
activity in the queue inevitably becomes negligible. The early phases of
the process are therefore of primary interest, when the head start pro-
vided by the initial customers still matters and when the rate of newly
arriving customers is still relatively high. The head start and strong influx
together lead to a substantial first busy period, and essentially determine
the relevant time of operation of the system.

We also consider the structural properties of the first busy period in
terms of a (directed) random graph associated to the queueing process as
follows. Say that the number of customers served in the first busy period,
starting with i initial customers, is N and consider a graph with vertex
set {1,2,...,N} and in which two vertices r and s are joined by an edge
if and only if the r-th customer arrives during the service time of the s-th
customer. If i = 1, then the graph is a rooted tree with N labeled vertices,
the root being labeled 1. If i > 1, then the graph is a forest consisting of
i distinct rooted trees whose roots are labeled 1,. . ., i, respectively. The
total number of vertices in the forest is N.
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5.1.1 The A’E‘i) /G/1 queue

Let us now describe our assumptions in detail. We consider a sequence
of queueing systems, each with a finite number n of potential customers
labelled with indices i € [n] := {1,...,n}. Customers have i.i.d. service
requirements Sq, Sy, . .. with cumulative distribution function Fs(-). We
denote with S a generic random value with distribution Fs(-). In order
to obtain meaningful limits as the system grows large, we assume that
the service speed ¢, scales as ¢, = /(1 + pn~1/3) with B € R so that the
service time of customer i is given by
D= 20— é(1 + pn1/3). (5.1.1)
cn n

The assumptions above follow the assumptions on the A;;)/G/1 model in
Chapter 2 closely. For the Af;) /G/1 queue, we fix a parameter « € [0, 1]
and we assume, crucially, that E[S?+%] < co.

Conditioned on §;, the arrival time T; of customer i is assumed to be
exponentially distributed with mean 1/(AS%), with A > 0. Hence

d E;
T, = ,
AST

(5.1.2)

where (E;)!_; denotes a family of independent mean one exponential
random variables. Note that conditionally on the service times, the arrival
times are independent. However they are not identically distributed. We
introduce ¢(1),¢(2),...,c(n) as the indices of the customers in order of
arrival, so that T, (1) < T;(3) < T(3) < ... almost surely.

We crucially assume that the queueing system is critically loaded. In
this setting, the heavy-traffic condition for the load p, turns out to be

o = ME[ST (14 pn13) =14 g3 1 op(n1/3),  (5.1.3)

where A = A, may depend on 7 and f, = op(n~'/3) is such that f,n'/3 LA
0. The parameter  then determines the position of the system inside
the critical window: the traffic intensity is greater than one for g > 0,
so that the system is initially overloaded, while the system is initially
underloaded for § < 0.

Our main object of study is the queue-length process embedded at
service completions, given by Q% (0) = i and

Qi (k) = (Q(k = 1) + An(k) —1)™. (5.1.4)
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The number A, (k) of arrivals during the k-th service is given by

An(k) =Y 1 {T<Dy} (5.1.5)

l’évk

where v, C [n] denotes the set of customers who have been served or are
in the queue at the start of the k-th service. Note that

el = (k=1) +Q5(k—1) +1=k+Q4(k—1). (5.1.6)

We recall that Q% () is also represented as the reflected version of a process
Nyu(-), as

Qn (k) = ¢(Nu)(k), (5.1.7)
with Ny, () given by N, (0) = i and satisfying the recursion
Np(k) = Ny (k — 1) + Ay (k) — 1. (5.1.8)

By construction, in this queueing system there are no idle periods. We
assume that whenever the server finishes processing one customer, and
the queue is empty, the customer to be placed into service is chosen
according to the size-biased distribution
S4
IP(customer j is placed in service | v;_1) = 7]1x’ jEvia,
Yigv, o Si

(5.1.9)
where we tacitly assumed that customer j is the i-th customer to be served.
In fact, with definitions (5.1.5) and (5.1.9), the process (5.1.4) describes
the Afﬁ) /G/1 queue with exponential arrivals (5.1.2) embedded at service
completions.

Remark 2 (A directed random tree). The embedded queueing process in
(5.1.4) and (5.1.7) gives rise to a certain directed rooted tree. To see this,
associate a vertex i to customer i and let ¢(1) be the root. Then, draw
a directed edge to ¢(1) from c(2),...,c(Ax(1) + 1) so to all customers
who have joined during the service time of ¢(1). Then, draw an edge
from all customers who have joined during the service time of ¢(2) to
¢(2), and so on. This procedure draws a directed edge from c(i) to c(i +
Zj;% An(f), ..., c(i+ E§:1 An(j)) if Ay(i) > 1. The procedure stops
when the queue is empty and there are no more customers to serve. When
Q%(0) = 1, this gives a random directed rooted tree (resp. forest when
Q%(0) = i with i > 2). The degree of vertex c(i) is 1 + |A,(i)| and the
total number of vertices in the tree (forest) is given by

To: (0) = inf{k > 0: Q% (k) = 0}, (5.1.10)



5.1. Model description 133

the hitting time of zero of the process Q5/(+).

Remark 3 (An inhomogeneous random graph). If « = 1, the random tree
constructed as above is distributionally equivalent to the tree spanned
by the exploration process of an inhomogeneous random graph. Let us
elaborate on this. An inhomogeneous random graph is a set of vertices
V = [n] with (possibly random) weights (W;)_; and edges between
them. In a Norros-Reittu random graph, given (Wi)7:1/ i and j share an

edge with probability
WiW;
mﬁr—l—ap(— ?NM)' (5.1.11)

The tree constructed from the A%i) /G /1 queue then corresponds to the

exploration process of a rank-1 inhomogeneous random graph, defined
as follows. Start with a first arbitrary vertex and reveal all its neighbors.
Then the first vertex is discarded and we move to one (suitably chosen)
neighbor, and reveal its neighbors. This process continues by exploring
the neighbors of each revealed vertex, in order of appearance. By inter-
preting each vertex as a different customer, this exploration process can
be coupled to a A%i) /G /1 queue, for a specific choice of (W;)!_; and A,.

Indeed, if W; = (1+ ﬁn’l/g')Si fori=1,...,n, we get

_ Si S;
proi = 1—exp (— (1 pu )5 5L

n Yy, Si/n
n
=1—exp ( — Disjii“ 1 Si)
1=
=P(T; < D; | (Si)j-1), (5.1.12)
where e
T~ =2, (5.1.13)
Sikn

and A, = n/(¥X} 1 Si). The rank-1 inhomogeneous random graph with
weights (S;)7"_; is said to be critical (see [15, (1.13)]) if
S E[sY
15 E[S]

+op(n1/3) =14 0p(n=1/3). (5.1.14)

Consequently, if 8 = 0and A, = n/ Y[ S;, the heavy-traffic condition
(5.1.3) for the A%i) /G /1 queue implies the criticality condition (5.1.14) for
the associated random graph, and vice versa.
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Remark 4 (The embedded queue and the queue-length process). By def-
inition, the embedded queue (5.1.4) neglects the idle time of the server.
Via the time-change argument of Chapter 3 it is possible to prove that,
in the limit, the cumulative idle time is negligible and the embedded
queue process is arbitrarily close to the queue-length process uniformly
over compact intervals. Indeed, the techniques developed earlier can
be extended to the A;) /G/1 queue without additional difficulties. We
refrain from doing it here.

5.1.2 The scaling limit of the A?‘i) /G/1 queue

In what follows, all the processes we consider are elements of the space
D := D([0,00)). Recall that, for a discrete-time process X(-) : N — R,
we write X(t), with t € [0,00), instead of X(|¢]). In particular, a process
defined in this way has cadlag paths. In this setting, we endow the space
D with the Skorokhod J; topology.

We are now able to state our main result:

Theorem 17 (Scaling limit for the A{y /G /1 queue). Assume that « € [0,1],
E[S?**] < co and that the heavy-traffic condition (5.1.3) holds. Assume also
that the arrival times (T;)"_, satisfy (5.1.2). If Q% (0) = qn'/3, then as n — o,

i Q) S o)) in(DR),  (115)
where N(-) is the diffusion process

]E[51+24x]

2
TSI oW (t), (5.1.16)

N(t)=q+pt—A

with 02 := A?E[S*|E[S?>T%] and W(-) is a standard Brownian motion.

As a straightforward consequence of Theorem 18 we have the follow-
ing:

Theorem 18 (Number of customers in the first busy period). Assume that
€ [0,1], E[S?>T*] < co and that the heavy-traffic condition (5.1.3) holds. If
Q2 (0) = gn'/3, thenas n — oo,

23T (0) 5 T, 5 (0), (5.1.17)

where N(-) is given in (5.1.16).
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In particular, denoting by |F,| the number of vertices in the forest
constructed from the Afﬁ) /G/1 queue in Remark 2, we have that, as
n — oo,

[Fal % Ty 5, (0). (5.1.18)

Remark 5 (The parameter «). We restrict the parameter « in the interval
[0, 1] because the extremes correspond to two well-known models, but it
is also of interest to investigate the scaling limit for the A( /G/1 model
when « is any real number. It is clear from (5.1.16) that a necessary con-
dition for Theorem 17 to hold is that IE[max{S***,§1+2% S%}] < co. If
a € [0,1], this is equivalent to IE[S>T*] < oo, as can be seen from Figure 5.1.
The same figure also clarifies the necessary conditions for convergence for
the remaining values of a. In particular, if « € [—1,0), E[S***] < co and
E[S*] < oo are both necessary conditions, since one does not imply the
other. Analogously, if & € (-2, —1), both E[S?>T*] < oo and E[S'*2%] < 0
are necessary conditions. In all cases, the moment condition in Figure 5.1

and the heavy-traffic assumption turn out to be sufficient for Theorem 17
to hold.

Figure 5.1: Exponents of the service requirement S in the limiting diffu-
sion. The thick black line represents the moments that are required to be
finite for the main theorem to hold.

Remark 6 (The A(;y/G/1 queue and related models). Let us now compare
Theorem 17 with two known results. For & = 0, the limit diffusion
simplifies to

N(t) = pt — %tz +oW(t), (5.1.19)

with ¢ := A2E[S?], in agreement with our results in Chapter 2.
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In [15] it is shown that, for a general class of weights (W;)!_; that in-
clude ii.d. weights and further assuming (5.1.14), the exploration process
of the corresponding inhomogeneous random graph converges to

~ w3
Nt = pt = ZE[[WZ]]th TTTEW

W(t). (5.1.20)

For & = 1, (5.1.16) can be rewritten using (5.1.3) as

=N 3
N(t) = pt — Z]EZZ%ZF +

E[S]E[S°]
E[52]

W(t). (5.1.21)

Therefore the two processes coincide if W; = S;, as expected.

Let us now draw a subtler connection, this time between the Aff) /G/1
and the A;)/G/1 queues. We will show that, in small time intervals and
for large n, the A;y /G /1 queue is approximated by a A;; / G/1 queue with
different service and arrival time distributions. Despite being valid only
at very small time scales, this approximation gives the correct leading
order behavior of the queue. In particular, it will motivate our choice of
the heavy-traffic parameter (5.1.3). The interarrival times in the Aff) /G/1
queue are distributed as

d Ex
-1 1

where (Ej)}_, denote mean one exponential random variables and the
sum is over the set [n] \ &;_1, where &;_1 = {c(1),¢(2),...,c(k—1)}.
Note that |[n] \ &x_1| =n — (k—1). When k = k(n) — coas n — oo, but
k = o(n) (say, k = n*/3) we have

Ey
AE[SY]

(T — Tgery) > (5.1.23)

Note that by (5.1.5), scaling the service requirement as S;/c, is equivalent
to scaling the arrival times as ¢, T;, where in (5.1.23) we have taken c, = n
for simplicity. It is also equivalent to studying the (unscaled) Aj; /G/1
queue on a time interval [0,¢/c,] = [0,t/n]. Equation (5.1.23) implies
that the arrival process of the Af;y /G/1 queue is approximated for large
n by the arrival process of a Aj;) /G /1 queue with a different arrival rate
parameter A* = AE[S"], the equality holding in the limit as n — 0.

Let us now focus on the service times and compute the law £;(S;)
of S; conditioned on T; = t. We will show that for any fixed i, £(S;)
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is different from the law of S;, and that asymptotically is independent
from t. This result can be directly extended to a finite family (L£;(S;))5_;
and thus holds for all arrival-service pairs occurring in a small time
interval [0,t/#n]. The probability density function of £;(S;) is given by
fs,1,(s,t)/ fr.(t), where fs. 1.(s, t) is the joint density function of S; and T;.
First we compute

P(S; <5, T; < t) = P(S; < s, exp;(ASY) < ) = /05(1 — e fo(w)dx.

(5.1.24)
Taking s — co gives P(T; < t) as
P(T; < t) :/ (1— et £y (x)dx. (5.1.25)
0
Therefore,
(s, t % —ts®
furlsit) ___s'fs(s)e™ (5.1.26)
fr.(t) Jo x®fs(x)et"dx
By rescaling T; as nT; as in (5.1.23) we get that
foom(8:t) _ fon(s,t/n) £5(5) (5.1.27)

= — o) ,
fur, (1) fr.(t/n) Jo x%fs(x)dx
as n — oo. In this scaling regime, the (conditioned) service times of

customers arriving in the time interval [0, t/n] converge to i.i.d. random
variables S7 with density function given by

s"fs(s)

fs: (s) [ fo(x)dx (5.1.28)
Note that E[S*] = E[S'**]/E[S*]. Equation (5.1.27) implies that, under
the scaling regime nT; (i.e. on every time interval [0, t/n]) and for large
n, the Afjy /G/1 queue is approximated by a A(; /G/1 queue with arrival
rate parameter A* = AE[S*] and a different service-time distribution S5*.
We are now able to show how this approximation motivates assump-
tion (5.1.3). Recall from (2.1.2) that the heavy-traffic condition for the

standard A;)/G/1 queue is

AE[S*](1+pn~3) =1+ pn1/3, (5.1.29)
Rewriting the left-hand side of (5.1.29) in terms of A and S gives
IE[lera]

AE[S](1+ pn %) = AE[S"] (14 pn /%)

E[S?]
= AE[S"¥](1 + pn~1/3), (5.1.30)
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as in (5.1.3). The above computations explain the unusual heavy-traffic
assumption (5.1.3), but also suggest that, if the service distribution and ar-
rival times are suitably chosen, Theorem 17 should follow from Theorem
3 of Chapter 2. However, (5.1.23) is a marginal convergence result. For
Theorem 17 we consider the first tn?/3 arrival-service pairs, and for these
we cannot prove a joint convergence like (5.1.23). In fact, it is this subtle
dependence structure that gives rise to the quadratic drift in (5.1.16). We
illustrate this by comparing the two limiting processes for the A(; /G/1
queue and the A( /G/1 queue. Equation (5.1.19) gives the general expres-
sion of the limit process fora A;)/G/1 queue. We apply thistoa A, /G/1
queue with rate A* exponential arrival clocks and service requests given
by S*. We see that the limit process is

Re () = Bt — o2+ A"\ B2 (1)

_ 1 oy | E[S*]
= Bt — 5tz + AE[SY] E[5] (
= Bt — %tz + Wwa). (5.1.31)

The variance of the Brownian motion is predicted correctly (compare with
(5.1.16) and (5.1.21)), but the coefficient of the quadratic drift, accounting
for the depletion-of-points effect, is not. The approximation only captures
the leading order behavior of the queue, yielding for example the correct
heavy-traffic assumption.

5.1.3 Numerical results

We now use Theorem 18 to obtain numerical results for the first busy
period. We also use the explicit expression of the probability density
function of the first passage time of zero of ¢(N) obtained by Martin-
Lof [72], see also [45]. Let Ai(x) and Bi(x) denote the classical Airy
functions [1]. We recall that the first passage time of zero of N(t) =
q + Bt — 1/2t> + cW(t) has probability density [72]

f(B,0) = o~ ((t=B)+p%)/60°—pa (5.1.32)

Foo , Bi(cu)Ai(c(u —a)) — Ai(cu)Bi(c(u —a))
8 /w ¢ 72(Ai(cu)? + Bi(cu)?) du,

where ¢ = (20%)1/3 and a = q/0? > 0. The result (5.1.32) can be extended
to a diffusion with a general quadratic drift through the scaling relation
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N(72t) = 1(q/ 7T+ Bt — 32 /2 + cW(t)). Figure 5.2 shows the empirical

a=0 a=0.5

0.8
0.6
0.4
0.2
3 4 ¢
0 05 1 15 2 25 ¢
|— n=100 — n=1000 — n=10000 — n = oo

Figure 5.2: Density plot (black) and Gaussian kernel density estimates
(colored) of the first busy period length. The plots for finite n were
obtained by running 10° simulations of the A‘é‘i) /G/1 queue. In all cases,

the service times are exponentially distributed and g = g = E[S] = 1.

density of n=2/ 3TQ51 , for increasing values of n and various values of «,
together with the exact limiting value (5.1.32).  Table 5.1 shows the
mean busy period for different choices of a and different service time
distributions. We computed the exact value for n = co by numerically
integrating (5.1.32). Observe that [E[Ty ] decreases with «. This might
seem counterintuitive, because the larger &, the more likely customers
with larger service join the queue early, who in turn might initiate a large
busy period. Let us explain this apparent contradiction. When the arrival
rate A is fixed, assumption (5.1.3) does not necessarily hold and IE[T(x ]
increases with «, as can be seen in Table 5.2. However, our heavy-traffic
condition (5.1.3) implies that A depends on « since A = 1/FE[S'*%]. The
interpretation of condition (5.1.3) is that, on average, one customer joins
the queue during one service time. Notice that, due to the size-biasing,
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Deterministic Exponential Hyperexponential
« 0,1/2,1 0 1/2 1 0 1/2 1
n

10 1.1318 1.0359 0.8980 0.7429 0.8920 0.6356 0.5332
100 1.5842 13584 1.0924 0.8333 1.0959 0.7454 0.5525
1000 1.9188 1.6387 1.2506 0.9284 1.2936 0.8352 0.6134
10000 2.1474 1.8419 1.3925 1.0014 1.4960 0.9210 0.6554
0 2.3374 2.0038 1.4719 1.0440 1.6242 0.9717 0.6881

Table 5.1: Numerical values of n=2/ SE[Tq ] for different population sizes
and the exact expression for n = co computed using (5.1.32). The service
requirements are displayed in order of increasing coefficient of variation.
In all cases g = B = E[S] = 1. The hyperexponential service times follow
arate Ay = 0.501 exponential distribution with probability p; = 1/2 and
arate A, = 250.5 exponential distribution with probability pp =1 — p; =
1/2. Each value for finite n is the average of 10* simulations.

Exponential

% 0 1/4 1/2 3/4 1

n
10 | 1.0854 1.0922 1.1053 11118  1.1306
100 | 59515 8.1928 11.4478 16.3598 22.0381

Table 5.2: Expected number of customers served in the first busy period
of the nonscaled A‘é‘i) /G/1 queue with mean one exponential service times

and arrival rate A = 0.01. In all cases ¢ = 1. Each value is the average of
10* simulations.

the average service time is not [E[S]. Therefore, the number of customers
that join during a (long) service is roughly equal to one as « 1 1. However,
when customers with large services leave the system, they are not able to
join any more. As & 1 1, customers with large services leave the system
earlier. Therefore, as « 1 1, the resulting second order depletion-of-points
effect causes shorter excursions as time progresses, see also Figure 1.10.
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In the limit process, this phenomenon is represented by the fact that the
coefficient of the negative quadratic drift increases as & 1 1, as shown in
the following lemma:

Lemma 35. Let

1+2a
a— f(a) = ]E[];:DC[]S]E;L‘] (5.1.33)
Then f'(x) > 0.
Proof. Since
.« 2E[log(5)s'™4]  E[S'*?*]E[log(S)S*]
fia) = E[S*]E[S1+¢] o E[S*]2E[S1+#]
IE[SlJFZ“]IE[log(S)Sl”‘}
— E[SE[SI ]2 , (5.1.34)

f/'(«) > 0if and only if
2E[log(S)S 4 E[S*|E[S'™] > E[S'™]|E[S!T**]E[log(S)S"]
+ E[S*]E[S'*?*]E[log(5)S'™*]. (5.1.35)

We split the left-hand side in two identical terms and show that each of
them dominates one term on the right-hand side. That is

E[log(S)S'™*E[S*|E[S'T*] > E[S'*|E[S'*2*|E[log(5)SY], (5.1.36)

the proof of the second bound being analogous. The inequality (5.1.36) is
equivalent to

E[(log(5)s™*)S"]
E[S%]

E[S'T%S%] E[log(S)S¥]

ZTE[SY Bl

(5.1.37)

The term on the left and the two terms on the right can be rewritten as
the expectation of a size-biased random variable W, so that (5.1.37) is
equivalent to

E[log(W)W!*] > E[log(W)]E[W!*]. (5.1.38)

Finally, the inequality (5.1.38) holds because W is positive with probability
one and x — log(x) and x ~— x!*# are increasing functions [44, Lemma
2.14]. O
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5.2 Overview of the proof

The proof of Theorem 17 uses the techniques developed in Chapter 2.
However, the dependency structure of the arrival times complicate the
analysis considerably. Customers with larger job sizes have a higher
probability of joining the queue quickly, and this gives rise to a size-
biased reordering of the service times.

5.2.1 Preliminaries

All the random variables that we consider are defined on a probability
space (Q), F,P). For all our results, we condition on the entire sequence
(Si)!_,. More precisely, we define a new probability space (), Fs, Ps),
with Pg(A) := P(A|(S;)$2,) and Fs := o({F,(5;){2,}), the c-algebra
generated by F and (S;)$2 ;. Correspondingly, for any random variable
X on ) we define Eg[X] as the expectation with respect to IPs, and E[X]
for the expectation with respect to IP. We say that a sequence of events
(€x)5_4 holds with high probability if IP(E,) — 1 as n — oo.

The following well-known result will be useful on several occasions:

Lemma 36. Assume (X;)'_; is a sequence of positive i.i.d. random variables
such that E[X] < co. Then max;e,) X; = op(n).

Proof. We have the inclusion of events

n
{maxX; > en} C | J{X; > en}. (5.2.1)
i€[n] i1
Therefore,
n
]P(m?>]< X; > en) < Z]P(Xi > en). (5.2.2)
1€|n i=1

Since for any positive random variable Y, el(y>¢ < Y1y, almost
surely, it follows that

P(max X; > en) < Lia BXil (xzon] _ EXLpcan] (5.2.3)
S en e

The right-most term tends to zero as n — oo since E[X] < oo, and this
concludes the proof. O
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The intuitive notion that customers with larger service times are more
likely to join earlier is formalized by the concept of size-biased reordering.
Given a vector ¥ = (x1, Xy, ..., X, ) with deterministic, real-valued entries,
the size-biased ordering of ¥ is a random vector X = (X1, X, ..., Xy) such
that

i

X
]

xj) = ,
/ Z?:1 X]

P(X; =

PXo=x | X1=%)=—7""—"—, ---
(X2 Xj | X1 =x;) X —

(5.2.4)

For any a € R, the a-size-biased ordering of ¥ is given by a vector

X@) — (X%a),Xéa),. ..,X,(f)) such that

o o

Px® —x)= =L P(X =z, | X —x) =
! MV EE ? P R YRR
(5.2.5)
Finally, we denote by
S ={c(1),...,c(k)} (5.2.6)

the set of the first k customers served. The following lemma is the first
step in understanding the structure of the arrival process:

Lemma 37 (Size-biased reordering of the arrivals). The order of appearance
of customers is the a-size-biased ordering of their service times. In other words,
g

Ps(c(j) =i] 6j-1) = m (5.2.7)

Proof. Conditioned on (S;)?_,, the arrival times are independent expo-
nential random variables. By basic properties of exponentials, we have,
fori ¢ &; 4,

Ps(c(j) =i | &j-1)

. 5;
j—1

concluding the proof. O

We remark that (5.2.7) differs from the classical size-biased reordering
in that the weights are a non-linear function of the (S;)”_,.

The next lemma is crucial, establishing stochastic domination between
the service requirements of the customers in order of appearance. In
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our definition of the queueing process (5.1.4)—(5.1.5), we do not keep
track of the service requirements of the customers that join the queue,
but only of their arrival times (5.1.2). Therefore, at the start of service, a
customer’s service requirement is a random variable that depends on the
arrival time relative to the remaining customers. Lemma 37 then gives
the precise distribution of the service requirement of the j-th customer
entering service. Recall that X stochastically dominates Y (briefly Y < X)
if and only if there exists a probability space (Q, F, IP) and two random

variables X, Y defined on Q such that X < X, ¥ £ Y and P(Y<X)=

Lemma 38. Let f : RT™ — R be a function such that E[f(S)S*] < co. Then
there exists a constant Cy s such that almost surely, for n large enough,

Es[f(Sex))] < Cps < o0, (5.2.9)
uniformly in k < cn, for a fixed c € (0,1).
Proof. We compute explicitly

Yies,  f(5))SF
Es[f (Se)] = Es [”““”’f(’)f}

21'5561(71 S}?‘
_E [ i—1f(5))S} — Ljes, f(Sj)S}?‘}
| Lj¢e, 15}“
< Es [ } Zf (5.2.10)

Z;]¢(‘5k1 i =1

We have the almost sure bound

1 1 1
- <
Zj¢6k71 S;X ] 1 ] 2]66]( 1 S/ 7 1 / Z]GCk 1 S]
1 1
. (5.2.11)
k—1 k+1
=157 ~ Li=t Stu—je1) Zn S

where 5(1) < 55) <... < §(;,) denote the order statistics of the sequence
(Si)I. There exists p € (0,1) such that n — k + 1 > pn, for large enough
n. Consequently,

1 1

< ,
Z]@qu S] Z\J’”J se,

(5.2.12)
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so that

Ly £(5)S

Z“’" s, (5.2.13)

Es[f(Sex))] <
Note that 5|,,,) = F, d(|np]/n), where F,s(t) = Y1, Lig,<py/nis the

empirical distribution function of the (S;)"_;. Indeed, the assumption
fs(¢p) > 0 implies that Fs(-) is invertible in a neighborhood of §,. Then,

since S| pu|) % ¢pasn — oo,

n
a.s.
X% Sillisi<s puyt| — O (5.2.14)
]:

as n — co. Therefore, by the strong Law of Large Numbers, as n — oo,

Lpn]
Li=1 () as
%’ S E[ST s, )- (5.2.15)
Then, choosing C,, rs = E[f(5)S"] /IE[S]I{Sggp}} + ¢, for an arbitrary ¢ >
0, gives the conclusion. O

When a > 0 the proof of Lemma 38 shows that, uniformly in k =
O(n2/3),

" £(S))S?
Es[f(Scq)] < ]Llpfj(a)
Y1 Si)
3 ) Z’L , S"‘.
_ ]lnf(si)] (1 N LPZJ 0), (5.2.16)
Yi=1 ) il 5

Since k = O(n?/3), we may take p = p, — 1 sufficiently slowly and
therefore
Es[f(Sc())] < Es[f(Se1))](1+ opg (1)) (5.2.17)

If f(-) is an increasing function, then (5.2.17) makes precise the intuition
that, when & > 0, customers with larger job sizes join the queue earlier.
We will often make use of the expression (5.2.17).

The following lemma will often prove useful in dealing with sums
over a random index set:
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Lemma 39 (Uniform convergence of random sums). Let (S ]‘);0:1 be a se-

quence of positive random variables such that E[S***] < +oo, for « € (0,1).

Then,
1

sup Y S =op(1). (5.2.18)
xcln  "iex
|X|=0p (n?/?)

Proof. By Lemma 36, max;e[,) 57 = op(n*/(2+%)) Then,

1
sup = ) i
xcin  Miex
| X|=0p (n*73)
maX;e|n S? a—2/3-a/3 20-1
< Top(l) =op(n 2t =op(n3zia).  (5.2.19)
Since &« — 1 < 0 by assumption, the claim is proven. O

We now focus on the i-th customer joining the queue (for i large) and
characterize the distribution of its service time. In particular, for « > 0
this is different from S;.

Lemma 40 (Size-biased distribution of the service times). Let f(-) be a
bounded, continuous function. Then, as n — oo,

Eslf (S | Fiot) B L, 65:220)

uniformly for i = Op, (n/3). Moreover, as n — oo,

Es[f(Sc(i))] — w, for i = Op, (n*/?). (5.2.21)

Proof. First note that

Es[f(Scy) | Fial =}, f(S)Ps(c(i) =j | Fi1)

JE6i
)G
= ) L)S]a (5.2.22)
JEATY Lige; 1 9]

This can be further decomposed as

L1 f(57)SF — Ljes,, f(5))S]
Z?:l S? - 21661'—1 S? '

Es[f(Scw)) | Fio1] = (5.2.23)



5.2. Overview of the proof 147

Since |G;_1| = i — 1 and i = Op(n?/3), by the Law of Large Numbers
and Lemma 39,

e S.)S« &
w E) IEU(S)S“], Zlé%’—lsl E) ]E[S’X], (5.2.24)

uniformly in i = Op(n?/3). This gives the first claim.
Next, we bound Es[f(S.(;)) | Fi-1] as

Es[f(Sew) | Fieal = ) G5 <sup f(x) <oco.  (5.225)
¢S 1 Zlé@q S;X x>0

Since Es[f (S = Es[Es[f(S()) | Fi-1]], using (5.2.20) and the Domi-
nated Convergence Theorem the second claim follows. O

In Lemma 40 we have studied the distribution of the service time
of the i-th customer, and we now focus on its (conditional) moments.
The following lemma should be interpreted as follows: Because of the
size-biased re-ordering of the customer arrivals, the service time of the
i-th customer being served (for i large) is highly concentrated:

Lemma 41. For any fixed v € [—1,1],

E [Sl+’y+tx]

I+ ] =
]ES[SC(Z') | -7:1—1} - ]E[S”‘}

+op(1) fori=Op,(n*?), (5.2.26)
where the error term is uniform in i = Op, (n?/3). Moreover, the convergence
holds in L1, i.e.

E [Sl+'}’+(x]

s E[57]

Es[S,y | Fim1] -

| =or(1), (5.2.27)

uniformly in i = Op, (n?/3).
Proof. In order to apply Lemma 40, we first split

Si(ff = (Se(i) AT 4 (S — K)T)T7, (5.2.28)
where K > 0 is arbitrary, so that
Es[Syy | Fical
= Es[(So(p) A KT | Fisa] + Es[((Sesy — K)D)YY | Fia. (5.2.29)
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The first term is bounded, and thus converges to IE[(S A K)1*75%] /IE[S*]

by Lemma 40. The second term can be bounded through Markov’s in-

equality, as

Es[((Se) —K) )17
€

Ps(Es[((Sey — K) )7 | Fial > ¢) < . (5.2.30)

Applying Lemma 38 to the function f(x) = fx(x) = ((x — K)T)!*7 we
get

Es[((Sery — K) )] < Chs (5.2.31)
Therefore,
1y 7 1 E[ST]
‘]ES[SC@ | Fi-1] E[]
E Sl+’y+1x
< ’ES[(Sc(i) NPT | Fia] — [IE[S“]] +Chs. (5.2.32)

The proof of Lemma 38 shows that, for any ¢ > 0, limg_,oc C s S8

thus limg ;o Cf, s = 0. Therefore, by letting K — o0 in (5.2.32), the claim
(5.2.26) follows. Next split

]E[Sl-i-“r—&-a}
s [ Bs(s) | it = = gy |
E[s1t7+a
= ]ES{ (Seqpy AK)THT — [IE[S"‘]] } + Es[((Sery —K) ). (5.2.33)

The second term is bounded as in (5.2.31). For the first term,

1+7_M

} ’271(51 A K)H_'YS;-( B ]E[51+'Y+a]

E S, ANK
S{ ( c(i) ) IE[SIX] ]7.’:1 S;?‘ ]E[Sac}
CE |: }1:1 (S] A K)l—‘r,)/s;é 21661‘71 Sla H
: IR
Y1 Sf Ejes, 4 (Sj AK)TSE
SH 1=1°] &jeG; 1 \7] 1, (5.2.34)
(T, 57

where we have used that [(a —b)/(c —d) —a/c| < ad/c? + bc/c?, for
positive a, b, ¢, d. The second and third terms converge uniformly over
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i = Op,(n?/3) by Lemma 39. Summarizing,

149 . B IE[SlJr’hL“}
]ES[ [Sc(i) | ]:1—1] ]E[S"‘] }
‘ —1(Sj A K>1+75}¥ E[S1T7+4]
: 5 E[5")
— K)T)1+r
Zl 1 (5 : 2 ) +op(1). (5.2.35)
j=1"j
Letting first n — oo and then K — oo, the claim (5.2.27) follows. O

We will make use of Lemma 41 several times throughout the proof,
with the specific choices v € {0,a,1}. The following lemma is of central
importance in the proof of the uniform convergence of the quadratic drift:

Lemma 42. Asn — oo,

Z (s~ [Sl[;]za])] Lo, (5.2.36)

sup
]<tn2/3

Proof. By Lemma 41, (5.2.36) is equivalent to

2/3 / 1 1 P
B Z (Sc(ff‘ E[S; ' | fm])‘ Lo (5.2.37)

n sup

jStHZ/S

We split the event space to bound separately

j
—-2/3 1+a 1+a
n2/3 su sltaq ., —E[SH1, ., Fi ‘
jgtnlzg/3 ;( (i) {Sgaﬁ) <Kn} [ c(i) {52(4;) SKn}| i 1])
(5.2.38)
and
J
-2/3 1+ 1+
% sup |37 (I sy — BISK L giea gy | Fial) |,
i<tn23 | i3 <t ()

(5.2.39)
for a yet unspecified sequence (Kj,)$>_; such that K, — co. We start
with (5.2.38). Since the sum inside the absolute value is a martingale as
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a function of j, (5.2.38) can be bounded through Doob’s L? martingale
inequality [63, Theorem 11.2] as

P, X (58 ~ Bl Mg | ) 2 )
B 1 112/3
=~ 4/3]E5[ l; (Sg(f)aﬂ{sgg;*sm} Es[S Listnex,y | /5 ])2}
o 23 m2/3

2

242 2 2
< g 5 Bl o] < g & KEslShgl 6240
Using Lemma 41 we approximate E; [Sf(l.)] uniformly by E[S?*] /IE[S%],
obtaining

2 n2/3 + ] tKZtX
erd/3 Z 5] +01P(1)) = 2nor() (5.2.41)

which converges to zero as n — oo if and only if K%/n!/3 converges to

zero. We now turn to (5.2.39) and apply Doob’s L! martingale inequality
[63, Theorem 11.2] to obtain

i
Ps( sup Z(sg(f;tn{wﬂ(n} Bs[SL L stiesk,y | Fin )| = en®?)

j<tn2/3 " i=1
tn2/3

X;(Sigf“{sxﬁm} B (53 L stsn,y | Fi1)
i=

1
S sn2/3 ]ES|:

2 2/3
= en2/3 Z Es[S sl(*)“>1<n}]
2 n2/3
1
< s ,:21 Es[S; 551, Sk, }J(1+Opg (1))
2t
= ?E5[536§1{535§>KW}](1 + Op, (1)) = op(1). (5.2.42)

We have used Lemma 41 in the second inequality, and Lemma 38 with
flx) = x1+a1{x1+a>Kn} in the third. The right-most term in (5.2.42) is
op(1l) as n — oo by the strong Law of Large Numbers. Note that this
side of the bound does not impose additional conditions on K}, so that, if
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we take K;, = n°, it is sufficient that ¢ < 1/3«, with the convention that
1/0 = oo. O

We conclude this section with a technical lemma concerning error
terms in the computations of quadratic variations. Denote the density
(resp. distribution function) of a rate A exponential random variable by

fe(+) (resp. Fe(-)):
Lemma 43. We have that

n

B 5 [r(C) -

h,q=1

x FE(S“(ZSg) Aol ‘|fz 1| =op(1)  (5243)

uniformly in i = O(n%/3).
Proof. Since |Fz(x) — x| = O(x?), the bound
[ASe(i)Sh/n — Fe (S Sit/n)| < C(Seiy Si/n)' e (5.2.44)

holds almost surely for 0 < ¢ < 1 and C > 0, giving

Tte /55501y 1+¢
B[O () A

AZ

= (1+e) qa(l+e)
= 22 Z lEs[Sﬁ(tfs | Fia]S, s . (5.2.45)
h,gq=1
Therefore,
14€ , S*S o\ 14¢

A Z]ES[( ) (F=2) A (5.2.46)

h,g=1
? 2¢ 2 a(14e) oc(1+£)
< o ma>]<5 Es[SC | Fi1] Z S,

jel hg=1

)\ZIE[SZJ“X] mangM SZS 1
— ]E[S"‘] n2e nz

Z 5 a(1+e) oc(1+£)+0 (1)
h,q=1

where in the last step we have used Lemma 41. Note that, since [E[S?>T%] <
oo, Lemma 36 gives max;e(y] 8]28 = op(n®/(+9)). The right-most term
in (5.2.46) then tends to zero as n tends to infinity as long as 0 < ¢ <
min{1,2/a}. O
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5.3 Proof of the scaling limit

We first establish various preliminary estimates on N,(-) that will be
crucial for the proof of convergence. We will upper bound the process
N, (-) by a simpler process N (-) in such a way that the increments of
N (-) almost surely dominate the increments of N, (-). We also show
that, after rescaling, NY(-) converges in distribution to N(-). The process
NY(-) is defined as NY(0) = N,(0), and

Ny (k) = N/ (k—1) + Aj (k) — 1, (5.3.1)
where
Aj(k) = Z ]l{TiSCn,/jSC(k)/n}’ (5.3.2)
¢Sy
with
cnp=1+pn"""3, (5.3.3)
and, as before,
d E;
i = Son 34
T A5 (5.3.4)

An interpretation of the process N (-) is that customers are not removed
from the pool of potential customers until they have been served. There-
fore, a customer could potentially join the queue more than once. The
processes Ny (-) and N}/ (-) are coupled as follows. Consider a sequence
of arrival times (T;)?°; and of service times (S;){°;, then define A,(-)
as (5.1.5) and A} (-) as (5.3.2). With this coupling we have that, almost
surely,

Ay(k) < Aj (k) Vk>0. (5.3.5)

Consequently,
Ny (k) < N/ (k) Vk >0, (5.3.6)

and
Q4(K) = p(N)(K) < pINEY (k) = Q5(k)  Vk=0,  (537)

almost surely. Note that the reflection map ¢(-) is not monotone, thus
(5.3.6) does not imply (5.3.7). On the other hand, almost sure step-size
domination (5.3.5) guarantees that (5.3.7) holds.

While in general only the upper bounds (5.3.6) and (5.3.7) hold, the
processes Ny (-) and NY(-) (resp. Q%(-) and Q" (-)) turn out to be close
to each other for large n. We first prove a convergence result for Nj(-)
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and Q;/Y(-) because they are easier to handle. This allows us to prove that
identical results hold for N, (-) and Q5(-).

In fact, we introduce the upper bound N//(-) to deal with the com-
plicated index set for the summation in (5.1.5). The difficulty arises as
follows: in order to estimate N, (-) one has to estimate A, (+). To do this,
one has to separately (uniformly) bound each element in the sum, and
also estimate the number of elements in the sum. The first goal is accom-
plished, for example, through Lemma 41, while for the second the crude
upper bound 7 is not sharp enough. However, estimating |v,| requires
an estimate on Ny (+) itself, as (5.1.6) shows. To solve this circularity, we
introduce a bootstrap argument: first, we upper bound N (-) and we
obtain estimates on the upper bound, from this follows an estimate on
|vg|, and this in turn allows us to estimate Ny (-).

This technique can be applied to solve a recently found technical issue
in the proof of the main result of [15]. In fact, the authors in [15] prove
convergence of a process which upper bounds the exploration process
of the graph. Therefore, their main result is analogous to Theorem 19.
However, a further step is required to complete the proof of convergence
of the exploration process, and this is provided by our approach.

The convergence of the process N,/ (-) is given in the following theo-
rem:

Theorem 19 (Convergence of the upper bound). Asn — oo,
nVANE(n??) S NG in (D)), (538)
where N(-) is the diffusion process in (5.1.16). In particular, as n — oo,
— d 'S .
nTVPQH (%) S p(N) () in (D), (53.9)

The next section is dedicated to the proof of Theorem 19.

5.3.1 Convergence of the upper bound

We use a classical martingale decomposition followed by a Martingale
Functional Central Limit Theorem (MFCLT). The process N (+) in (5.3.1)
is decomposed as N (k) = MY (k) + CY(k), where MY (-) is a martingale
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and CY(-) is a drift term, as follows:

(A (i) = Es[A, (i) | Fial),

|
MP\“

M;, (k)

Il
-

|
M?\“

Gy (k) (Es[A[ (i) | Fia] = 1). (5.3.10)

Il
—_

Moreover, MY (k)? is rewritten as MY (k)2 = ZY (k) + V¥ (k) with Z{ (k) a
martingale and V! (k) the compensator, or quadratic variation, of MY (k
given by

k

Vil (k) = Y (Es[(AR(0)? | Fia] = Es[A} (i) | Fioa]?). (5.3.11)
i=1

In order to prove convergence of NY (-) we separately prove conver-
gence of CY(-) and of MY (-). We prove the former directly, and the latter
by applying the MFCLT [38, Theorem 7.1.4]. For this, we need to verify
the following conditions, for every f € R,

. _ gl+2a P
(i) sup,¢|n 1/3CU(tn?/3) — Bt + A 2[1E[sa]]t2| = 0;

(i) n~2/3VU(E2/3) 5 o2
(i) limy o0 1~ 2/3Es[sup,; | Vi (tn?/3) — Vi (tn?/3=)|] = 0;

(iv) limy—e0 n’2/3]E5[supt§ |MY (tn?/3) — MY (tn?/3-)|?] = 0.
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Proof of (i) for the upper bound.

First we obtain an explicit expression for E[A} (i) | F;_1], as

‘ o S;S%
E(AL() | Fial= ¥ Ps(e)=j1Fi1) ¥ Fe(epLt)
JESi1 126, 1U{j}
S;S¢
2 Ps(c(i) =j | Fia chﬁ)‘
JESi 1 I=
o S;S%
- ¥ P =j1Fn) X enprll
JESi1 le&;_1U{j}
+ Y Ps(c(i)=j| Fic1)
jESi1
S;s% S;S%
< Y (Be(enptt) —cnprtl). (53.12)
ol s ™) )

The third term is an error term. Indeed, for some {, € [0,5.(;S;/n],

S iS’X S .S«
léGilu{j}FE( C(”) l) -4 C(Z : ‘ ‘}—ifl} (5.3.13)

< fu [ (20T) -1 20) 5 |

r|

)\ n
= 53 Bs[IF (6082 | | Fi 1y s < 52 EslS2) | Fial 1 SE
=1 =1

since |F//(x)| < A? for all x > 0. By Lemma 41 this is bounded by

)tZ n
o (cn +op(1 252“, (5.3.14)

where ¢, is bounded with high probability and the op(1) term is uniform
ini = O(n?/3). Therefore, the third term in (5.3.12) is op(n~1/3). The
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remaining terms in (5.3.12) are simplified as

Bl AN Fial ~ 1= copd X Puleli) = | Fip)s,HL

j£€6i1
. s
—cnph Y, Ps(c(i) =j|Fim1) ), S~
jeGi—l lGGi,l
51+a
—Cnph Y, ]I)S(C(i):]‘\}-ifl)ijn —1+op(n~1/3)
JESi
Iy, S "
= (cpA LB (S, | 1] — 1) — enpBslSegy | Fia] ¥ AL
IS G
—Cnp ]Es[ G Fical Fop(n173). (5.3.15)

For the first term of (5.3.15), using -5 = £ + a%hgr witha = Y'; Sf and
b=1Yes, S| we get

AEELT g (s | F] — 1 1
Cn,B ” S[ c(i) | 1—1} (5.3.16)
nooga Sl.+"‘
=, b=t 1
261 Zl:l Sl
+c /\2?21 Séx 5]1+[X ZSGGi—l Sg
" ider, Yigs, 1 ST Yis S
I+a Sg‘
:(Cn/s* Y. S >+Cn,BIES[ VI Fical ) A=
S se6iq

Note that the right-most term in (5.3.16) and the second term in (5.3.15)
cancel out. This cancellation is what makes the analysis of N}/ (-) consid-
erably easier than the analysis of N ().

Moreover, Lemma 41 implies that the third term in (5.3.15) is also
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op(n~1/3). The expression in (5.3.12) is then simplified to
Es[Ay (i) | Fima] =1

A _
“eush T STt
JESi

= (c éisl.Jr"‘—l —c A Z S+ 4 op(n~1/3)
n,/Sn . j n,ﬁn ' j P
=1 jE€Gi

i—1
- (c A i glta _ 1) e, st ZZ S Lop(n™1/3), (5.3.17)
n,p n = ] np n = c(j) ’

and the op(n~1/3) term is uniform in i = O(n?/3). We are now able to
compute

}’12/3

n3CH (/%) = n13 Y (Es[AY(i) | Fiq] — 1)
i=1

A n
=tn'3(c,p= Y SIT* 1
(”’ﬁn]g ] )

A tn2/3i—1 .
14
—Cnpi73 1 Z;SC(]') +op(1). (5.3.18)
1= ]:

Note that, since E[(S'+%)(2+0)/(148)] < oo, by the Marcinkiewicz and
Zygmund Theorem [35, Theorem 2.5.8], if & € (0,1],

Ad 1
s 3517 = g S or75)
]:

=1+ Bn V3 +op(n =) (5.3.19)

For & = 0, by a similar result [35, Theorem 2.5.7], for all e > 0,

1 n
- Y S; = E[S] +op(n~'/?log(n)'/*T¢). (5.3.20)
j=1
In particular,
)\ n
/3 (cnﬁ; Y spre —1) = t(B+op(1)). (5.3.21)

=1
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By monotonicity, it follows that

sup ’tnl/‘q’ (cnﬂ% f st - 1) - ﬁt’ T o. (5.3.22)
t<T =1

Therefore, for « € [0,1],

tn2/3 -1
n=1/3CU(1n2/3) = gt — Cnp i3 ¥ 536)‘" +op(1). (5.3.23)
i=1 j=1

Since ¢, p = 1+ O(n~1/3), the second term in (5.3.23) converges uni-

formly to —A IEZ[]El[JSf‘]X] t2 by Lemma 42.

Proof of (ii) for the upper bound.
Rewrite VY (k), for k = O(n?/3), as

|
M?\“

Vi (k) (Es[A}i(i)? | Fima] — Es[A[ () | Fia]?)

Il
—_

(Es[A4(i)? | Fiz1] — 1) + Op(kn~'/3), (5.3.24)

Mx‘

I
—

where we have used the asymptotics for Es[AY(i)|F;_1] obtained in
(5.3.17)—(5.3.23). Moreover, we compute Es[AY (i)%| F;_1] as

E[A5(1)* | Fia] = Es[( )] Lt <c, g8 Sh/n}) | Fi] (5.3.25)
heS,

= Es[A (1) | Fioa]l + B[ ) Lim,<c, 5,050/ LTy<cnpSo So/ny | Fi-1l-
1476
o

Again by (5.3.17), Bs[Ay(i)|F;_1] = 1+ op(1), uniformly in i = O(n?/3),
so that (5.3.24) 51mp11f1es to

k

Vi(k) =) Es[ ). L4, <c, S0 S/ m Ty <0 ey S /my | Fi1]
=1 hae;
o

+ Op (kn™1/3). (5.3.26)
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We then focus on the second term in (5.3.25), which we compute as

Y Es[lim,<c, g5, 51 /my LT < pSogo S5/} | Fi1]
h,qé@;
h#q

= Y, Ps(c(i)=j| Fi1)

jESi 1

<) Es[ncc, 550 /mLiT<c,p5,50my | Fictl (5.3.27)
hqe&;_1U{j}
h#q

By Lemma 43,

G327)= L o]
5.3.27) = P
2
e 1261 ST 1 e S T ug)
htq

1 aQu
= (cnp)Es [53(,') | ‘Fi—l]p )3 SpSq +or(1)
¢S U{c(i)}

(c,%,ﬁ)\zs]?s;;sg +op(n~?))

h#q
(Cn,ﬁ)‘)2 _
= — 5 Es[SC) | Fia] Y SiS;
hq=1
B (Cn,ﬁ)‘)2

o Es [SZo X SiSy | Fia] +op(1).
hge&;_1U{c(i)}
U{h=q}

The leading contribution to VY (k) is given by the first term, while the
second term is an error term by Lemma 39. We have shown that V}}'(-)
can be rewritten as

u Ao o 2 & 2
VU(k) = (; y sh) Es[S2) | Fioa] + op (k). (5.3.28)
h=1 i=1
Thus,
n=23y 23,y B A2E[SYE[$2Hu, (5.3.29)

concluding the proof of (ii). O
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Proof of (iii) for the upper bound.
The jumps of V}!'(k) are given by
Vit () = Vil (i = 1) = Bs[ A (i) | Fia] = Es[ A7 (D) | Fia)®
=B ), Lt <copSeqny St /my LTy <cn S S5 /m) | Fial
hg¢&;
h#q
+ (Es[A7 (i) | Fia] = Es[AR (D) | Fia]?) (53.30)
In particular, V¥ (i) — V¥(i —1) > 0. Since Es[AY(i) | Fi_1] = 1+
Op(n=1/3) for i = Op(n?/3) by (5.3.17), the second term is of order

Op(n~1/3), uniformly in i = Op(n?/3). The first term was computed
in (5.3.27). Therefore,

Vil (i) = V(i = 1)

C, gA

:(nﬁ - ]ES[SZ | Fi-1] Z SySq
hg=1
(cnpA)?
n;fz Es[SZ;) Y SiSy| Fia]+or(1)
thGj_lu{C(i)}
U{h=q}

(C ¥ /\)2 n

s %ES[SEU) | Fia] h;l SpSq +op(1). (5.3.31)

After rescaling and taking the expectation, we obtain the bound

n2PEs] sup |Vil(i) — Vil (i = 1)]]

i<in2/3

n 2
< %Es['sup Sf@]( Y —) . (5332

Lemma 44. Assume that E[S>T%] < co. Then,

Es[ sup S7y] = op(n*?). (5.3.33)
k<tn2/3

Proof. For e > 0 split the expectation as

Es[( sup Sc(k))z] < Eg[ sup Sf(k)ll{sc >£n1/3}] + 20?3, (5.3.34)
k<tn?2/3 k<tn2/3
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We bound the expected value in the first term as
Es[ sup S2,,1 /3]
kgm};/B c(k) M {S,(xy>en?/3}

1 2
< k<t22/3 m]ES[SC(k)]]-{SE<k)>gnl/3}]
S

< n?/PHE;[S7 )1 (5. >ent3y) (14 Opg (1)), (5.3.35)

where we have used Lemma 38 with the function f(x) = x*1 (x>enl/3}-
Computing the expectation explicitly we get

n
ﬂES[Sg(l)]l{Sc(l)>€n1/3}] = tz 51'2]1{51->€n1/3}]P(C(1) =1)
i=1

n g
2
= t;siﬂ{sj>snl/3}m, (5.3.36)
so that the left-hand side of (5.3.34) is bounded by
t & noGa\ 2
i ox ST 5 memisny T ( Y. j) e, (5.3.37)
j=1 j i=1 i=1

which tends to zero as n — oo since E[S?>T#] < co and & > 0 is arbitrary.
O

By Lemma 44 the right-hand side of (5.3.32) converges to zero, and
this concludes the proof of (iii). O

Proof of (iv) for the upper bound.

First we split

Es[ sup (M (k) — My (k—1))?

k<tn2/3
= Es[ sup (Aj(k) —Es[A;(k) | Fi1])?)
k<tn2/3
< Es[ sup |Af(k)|*] + Es[ sup E[A}(k) | Fi_1)’]
k<tn2/3 k<tn2/3
< 2| sup |AY(K)|?]. (5.3.38)

k<tn2/3
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We then stochastically dominate (AY (k)),t(”j{3 by a sequence of Poisson

2/3 .
processes (IT;)y ", according to

nogu
AY(k) < T1, (c”,,gsc(k) y ﬁ) = A’ (k). (5.3.39)
i=1

Given n exponential random variables E1/A1,Ex/ Ay, ..., Ey/Ay with
parameters respectively Aq, Ay, ..., Ay, there exists an explicit coupling
with a Poisson process TI(-) such that ¥, 1 /0, <;p < TH(Xicy Ait).
The coupling is constructed as follows. Each random variable E;/A;
is coupled with a rate one Poisson process T1) in such a way that
Lygp<ty < 110 (A;t). Moreover, by basic properties of the Poisson
process Y 4 10 (A;t) 4 TI(Y! 4 Ast).

We bound (5.3.39) through martingale techniques applied to the de-
composition

n2PEg| sup |A} (k)]

kgth/S
noGa 2
gzn*mlEs[ sup \A'n(k)—cn,/ﬂsdk)zj) ]
kStﬂz/S i=1
noge. 2
n 21172/3]}35{(%/3 sup SC(k)ZﬁH (5.3.40)

k<tn2/3 i=1

Applying Doob’s L? martingale inequality [63, Theorem 11.2] to the first
term we see that it converges to zero, since

n
n=2/3E, [( sup A} (k) = Sc) Y

k<tn?/3 i=1

= 40 B[S, ) ). ﬂ (5.3.41)

The last equality follows from the expression for the variance of a Poisson
random variable. The right-most term converges to zero by Lemma 41.
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We now bound the second term in (5.3.40), as

n_z/B]ESK sup Se(x) i ﬁ)z}

k<tn2/3 =1 "

n 5;?4 2 _2/3 X
= (L °5) n PEl(sup S)?] (5342)
=1 k<tn2/3

By Lemma 44 the right-hand side of (5.3.42) converges to zero, concluding
the proof of (iv). O
5.3.2 Convergence of the embedded queue

As a consequence of (5.3.7) and Theorem 19 we see that Q%, (k) = Op(n'/?)
for k = O(n?/3). Moreover, the following lemma shows that the process
n=1/3Q¢ (-n?/3) is tight:

Lemma 45. Fix > 0. The sequence n=1/3 Sup;; Q¢ (tn?/3) is tight.

Proof. The supremum function f(-) + sup,; f(t) is continuous in (D, J;)
by [96, Theorem 13.4.1]. In particular, a

n~1/3 sup Q%Y (tn?/3) L\ sup N(t). (5.3.43)
t<ft t<ft
Since Q¢ (k) < Q" (k), the conclusion follows. O

As an immediate consequence of (5.1.6) and Lemma 45, we have the
following important corollary. Recall that v; is the set of customers who
have left the system or are in the queue at the beginning of the i-th service,
so that |v;| = i + Q¢ (i). Recall also that 0 < Q¢ (t) < Qi (#).

Corollary 4. Asn — oo,
lvi| =i+ op(i), uniformly in i = Op(n?/3). (5.3.44)

Intuitively, this implies that the main contribution to the downwards
drift in the queue-length process comes from the customers that have left
the system, and not from the customers in the queue. Alternatively, the
order of magnitude of the queue length, that is 1!/3, is negligible with
respect to the order of magnitude of the customers who have left the
system, which is n2/3.
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In order to prove Theorem 17 we proceed as in the proof of Theorem 19,
but we now need to deal with the more complicated drift term. As before,
we decompose Ny (k) = M,(k) + C,(k) and My (k)?> = Z,(k) + V,.(k),
where

|
MN‘

Ma(k) = D (An(D) ~ Es[An(i) | Fica]),
k

Cn(k) = g(lﬁsmn( i) | Fiia] = 1),
k

Va(k) = Y (Es[An(i)* | Fiza] — Es[An(i) | Fiza]?). (5.3.45)
i=1

As before, we separately prove the convergence of the drift C,, (k) and of
the martingale M, (k), by verifying the conditions (i)—(iv) in Section 5.3.1.
Verifying (i) proves to be the most challenging task, while the estimates
for (ii)—(iv) in Section 5.3.1 carry over without further complications.

Proof of (i) for the embedded queue.
By expanding Es[A, (i) | Fi_1] — 1 asin (5.3.15), we get

) Zn: Slx

Es[An(i) | Fia) =1 = (coph == B[S g | Fia] —1)

i
n

— e pBs[Seqiy | Fical )
Tevi\{c(i)}

A —
—Cup Bs[S!( | Fioa] +op(n 7). (5.3.46)

By further expanding the first term in (5.3.46) as in (5.3.16), we get

EolAn(i) | Fial =1 = (e ¥ P -1)

]ébl 1

i+1+Q5 (i-1) S?(l)
—Cnﬁ]Es[ |]:z 1] 1'21 AT
=1+

A
—Cnp Es|S! & | Fica] +op(n -173), (5.347)
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where in the first equality we have used (5.1.6). Comparing equation
(5.3.47) with equation (5.3.17), one sees that the drift can be rewritten as

i+14+Q5(i—1) §»

k
1
Calk) = CU(K) —cupr Y EslSey | Fia] Y, —.
i=1 [=i+1

(5.3.48)

Therefore, to conclude the proof of (i) it is enough to show that the second
term vanishes, after rescaling. This is proven in the following lemma:

Lemma 46. Asn — oo,

n2/3 i+14Q¢4(i—1) S"‘l P
A Y ElSey | Fal Y, —2 B, (5.3.49)
i=1 I=i+1 n

Proof. By Lemma 45, sup; ,2/3 Q5 (i) < c1n'/3 with high probability for
a large constant c¢1, and by Lemma 41, sup;;,2/3 Es[Scqi) | Fic1] < 2
with high probability for another large constant c;. This 1mpl1es that, with
high probability,

tn?/3 +14+Q (i-1) §%
n 3 p0 Y ElSe | Fiaal ) <
i—1 I=i+1 n

tn2/3 414 Cnl/3 GO

oGy Y, (5.3.50)
i=1  I=it1 "
We rewrite the double sum as
tn?/3 i+1+cyn/3 S?(l) tn?/3+cnl/3 Sz‘( )
nprC2 ), ) A3 = <cuprcz ), min{j, C1”1/3}T/]3
i=1 I=i+1 j=1 n

(tcyn?/3 g%
c

)

< cpph —. 3.51

= Oy pAC1C2 ]; 7 (5.3.51)

The right-hand side term converges to zero in probability as n — co by
Lemma 42, concluding the proof. O

Since
1130, (1n2/3) = n=1/3CY (1n2/3)
n2/3 i+14+Q5 (i-1) S"‘(l)
c
—n 3¢, 64 Z]ES i | Fiil ) . (5.3.52)

I=i+1
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Lemma 46 and the analogous convergence result for n~1/3CY(-n2/3) in
Section 5.3.1 conclude the proof of (i). O

Proof of (ii), (iii) and (iv) for the embedded queue

Proceeding as in Section 5.3.1, we find that

Vi (k) (Es[An(i)* | Fiza] = Es[An(i) | Fia]?)

|
™~

Il
_

(Es[An(i)* | Fiq] = 1) + Op(kn~'/3), (5.3.53)

Il
™~

I
—

where

]Es[An(i)2 ‘ }-i—l] = ]ES[An(i) | ]:i—l]

+Es[ ) Uy, <s, o su/my LT <880/ | Fical- (5.3.54)
hq#vi_q
g

Similarly as in Section 5.3.1, we get

) Es[Lir, <5, sp/mp LT, <5, 55/m) | Fical (5.3.55)
hq#vi 4
44

nogr.| 2
=Es[S2; | Fia]A?( Y =2
S5 | Fal?( X 52)
s
B [A2 ;(2’) Y sksy | Fia] +op(D).

hqevi_1U{c(i)}
U{h=q}

The second term is an error term by Lemma 39 and Corollary 4. This
implies that V,(-) can be rewritten as

Ao o 2 & 2
Vi (k) = (; Y Sh) LEs[S%,) | Fioal +op(k), (5.3.56)
h=1 i=1
so that
n=2/3V, (n?3u) B AZE[S*|E[S2H*]u, (5.3.57)

which concludes the proof of (ii). O
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To conclude the proof of Theorem 17, we are left to verify (iii) and
(iv). However, the estimates in Sections 5.3.1 and 5.3.1 also hold for V,,(-)
and M, (-), since they rely respectively on (5.3.32) and (5.3.39) to bound
the lower-order contributions to the drift. This concludes the proof of
Theorem 17. O

5.4 Conclusions

In this chapter we have analyzed the critical Af;, /G/1 queue. We have
also shown that a (directed) tree can be associated to the A(; /G/1 queue
in a natural way. The heavy-traffic assumption for the queue then corre-
sponds to assuming that the associated random tree is critical.

Lemma 40 implies that the distribution of the service time of the first
O(n?/3) customers to join the queue converges to the a-size-biased dis-
tribution of S, irrespectively of the precise time at which the customers
arrive. This suggests that it is possible to prove Theorem 17 by approxi-
mating the Afjy /G/1 queue via a A(;)/G/1 queue with service-time distri-
bution S* such that

P(S* € A) = E[S"1sc 4]/ E[S"], (5.4.1)

and i.i.d. arrival times distributed as T; ~ exp(AE[S*]). This conjecture
is supported by two observations. First, the heavy-traffic conditions for
the two queues coincide. Second, the standard deviation of the Brownian
motion is the same in the two limiting diffusions. However, this approxi-
mation fails to capture the higher-order contributions to the queue-length
process. Because of this, the coefficients of the negative quadratic drift in
the two queues are different. Therefore, Theorem 17 cannot be deduced
by the analogous theorem for the A;)/G/1 queue.

Surprisingly, the assumption that « lies in the interval [0, 1] plays no
role in our proof. On the other hand, we see from (5.1.16) that

max{E[S?"%], E[S!T2%], E[$Y]} < oo (54.2)

is a necessary condition for Theorem 17 to hold. From this we conclude
that Theorem 17 remains true as long as & € R is such that (5.4.2) is satis-
fied. From a modelling point of view, the assumption « > 1 represents a
situation in which customers with larger job sizes have an even stronger
incentive to join the queue. On the other hand, when & < 0, the queue
models a situation in which customers with large job sizes are lazy and
favour joining the queue later. We remark that the form of the limiting
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diffusion is the same for all « € R, but different values of « yield different
fluctuations (standard deviation of the Brownian motion), and a different
quadratic drift.



CHAPTER
Finite-population queues

In this chapter we study the A;/G/1 queue in the finite-population
regime. We assume that the number 7 of customers in the pool at the
start of the queue is fixed and finite. For tractability, we further assume
that the arrival and service times are exponentially distributed, leading to
a two-dimensional absorbing Markov process in the positive quadrant.
In contrast to earlier chapters, we do not scale the service speed with n
and are interested in exact rather than asymptotic results. The resulting
Markov Process has inhomogeneous transition rates and is thus outside of
the reach of classical methods for the analysis of time-dependent behavior.
To overcome this, we develop novel ad-hoc combinatorial techniques to
recursively express quantities of interest, such as the distribution of the
number of customers served in the first busy period.!

6.1 Introduction

The goal of this chapter is to study the combinatorial structure of the
A/ G/1 queue-length process for a fixed, small number of initial cus-
tomers n. This analysis is meant to complement the asymptotic results
we have presented so far. Indeed, on one hand the formulas we obtain
are typically unwieldy for large values of n, further motivating the need

IThis chapter contains the results of an ongoing collaboration with Jori Selen and
Alessandro Zocca.
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for asymptotic approximation schemes. On the other hand, when # is
not too large, our results provide workable (exact) expressions for var-
ious performance measures of the A;)/G/1 queue. For tractability, we
assume that the arrival epochs and service times of the n customers are
ii.d. exponential random variables with rates respectively A and u. This
assumptions lead to the definition of a two-dimensional Markov process
X(-), describing the number of completed services and the total number
of customers who have joined the queue. The process X(-) is both absorb-
ing (the sink state is (1, 1)) and time-inhomogeneous, since the transition
rates crucially depend on the current state of the process.

Juneja and Shimkin [56] studied a finite-population queue (for a fixed
population 7) in the context of the concert queueing game. In their
setting each customer independently chooses when to arrive (possibly
at a random time) in order to minimize a certain linear cost functional.
In the Nash equilibrium, all customers sample their arrival times from
the same distribution, leading to the A(; /G /1 queue. They show that the
unique equilibrium distribution has a complicated form for finite n1, but
tends to a uniform distribution as n — oo.

A large number of probabilistic tools are unsuitable for the analysis of
absorbing Markov processes, since no non-trivial stationary distribution
exists. Nonetheless, in some cases it is possible to define a so-called quasi-
stationary distribution and to compute it explicitly via matrix-theoretic
techniques. Darroch and Seneta [29, 30] introduce various definitions
of quasi-stationary distributions for absorbing Markov processes and
discuss how they are related to each other and to the classical notion of
stationary distribution. One approach consists in defining a new Markov
process, with identical transition rates to the original one, and additional
(small, say ¢) transition rates from the sink states to the transient states.
This new Markov process admits a proper stationary distribution and,
conditioned on the process being in a transient state, it is independent
of e. In our setting, this would correspond to allow a transition from
the absorbing state (1, 1) to the starting state (0,0). Barlett [8] applied
this technique in the context of (diminishing) population models. When
e > 0, the modified process can also be studied using techniques from
regenerative process theory. As ¢ — 0, transitions out of the sink state(s)
become less likely and one expects to obtain information on the original
Ay /G/1 queue-length process. In this context, see Keilson’s Theorem
for the asymptotic exponentiality of rare events in regenerative processes
[41]. It is not obvious, however, how the two processes are related.

Another powerful approach to the study of random walks is via com-
binatorial methods, such as lattice path counting [65, 93] and generating
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functions [37, 81]. Takacs [89, 90, 92] has pioneered the application of com-
binatorial methods to the study of queueing models. In [90], Takacs stud-
ies various combinatorial models and their probabilistic conterparts. In
particular, he derives the distribution of the number of customers served
in the first busy period of a simplified A;;)/G/1 queue. However, these
combinatorial techniques rely crucially on some assumed symmetries of
the underlying probabilistic model. Perhaps closer to our setting is the
OK Corral model studied by Kingman [61, 62]. In this model, two (dimin-
ishing) populations of gunmen shoot at each other until one of the two is
eliminated. The transition rates of the resulting two-dimensional Markov
process depend on the state of the process, similarly as in the A;)/G/1
queue. However, the analysis in [61] crucially exploits the symmetric
structure of the problem (the two populations are interchangeable). In
fact, this symmetry is what ultimately allows for explicit expressions in
the OK Corral model.

6.2 Model description

In this section we briefly recall the definition of the A;;)/G/1 queue and
introduce various notations that simplify the treatment of the queue in
the finite-population regime. Consider a single-server queue that serves
customers in a first-come first-served manner. A finite pool of # customers
will enter the system only once. Each customer independently joins the
queue after an exponential time with rate A and requires a service time
that is exponentially distributed with rate u. We define

A= A(n —1) (6.2.1)

as the arrival rate of customers to the system if i customers have already
arrived to the system. Denote by X; (¢) the number of completed services
at time t and let X, () be the number of customers that have joined the
system up until time t. The state of the system at time f is X(t) :=
(X1(t), Xa(t)). The process X(-) is a Markov process on the state space

B:={(i,j) eNg:0<i<n 0<j<i} (62.2)

The transition rate diagram is depicted in Figure 6.1.

We denote by B be the number of customers served in the first busy
period. Abbreviate b, := IP(B = n) as the probability that exactly n
customers are served in the first busy period. We denote by D; :=
{(0,i),(1,i+1),...,(n—1i,n)}, i > 1 the set of states on the n-th super-
diagonal of S. For the diagonal we define Dy := {(1,1),(2,2),...,(n,n)}.
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Figure 6.1: Transition rate diagram of the Markov process X(-).

By phase i we refer to the set of states P; := {(0,1), (1,i),...,(i,i)}. Given
any stochastic process Y, we let IE,[f(Y)] represent the expectation of
a functional of Y, conditional on Y(0) = y and similarly for IP(-). De-
note by G, a geometric random variable with support {0,1, ...}, failure
probability p and probability generating function

_1-p 1
Gp(z) = 1= |z] < p (6.2.3)

We define for each set A C B the hitting-time random variables
Hx(A) :=inf{t > 0: X(t) € A} (6.2.4)

as the first time X(-) makes a transition into the set .A. For a singleton x,
H(x) should be understood to mean H({x}). The probabilities b, can be
expressed in terms of the hitting-time random variables as

bn = ]P(O,l) (X(H'DO) = (1’1,1’1)). (625)
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6.3 The number of customers in the first busy period

In this section we derive a recursion for the probabilities b, by employing
generating functions. To that end, we define, for0 <i <j—1,2<j<m,

pj(i) =0 (H(P;) < H(Dy), X(H(P})) = (i, ))- (6.3.1)

as the probability that, conditional on X(0) = (0,0), the Markov process
X(-) reaches phase n in state (i, j) without residing in Dy before phase j
is reached. Note that p;(j — 1) = 0. Define its generating function, for
z € C,

]
z):=) pi()e, 2<j<n (6.3.2)
i=0

Clearly, if n = 1, then sy = 1. For n > 1, we have by the strong Markov
property thats; = pjandfor2 <j<n-1,

PiPi(p;t) = bj,  Pu(l) = bu, (6.3.3)
where for convenience we have abbreviated
M
= . 6.3.4
Pi U+ /\] ( )

The following theorem identifies P;j(z):

Theorem 20. For 1 < j < n — 1, the generating functions are explicitly given
by

Piii(z H Go,(2) = Y biz' [ [ G (2), 2] < ot (6.3.5)
i=1 k=i

]

Proof. We start by expressing P;,1(z) in terms of Pj(z). From the strong
Markov property at time H(7P; ) we can write

pj (i Z pi()p k(1 —p), 0<i<j-2, (6.3.6)

k
pin(j—1) = Zp] o 1= pp). 6.3.7)

Multiply both sides of (6.3.6) by z' and sum over all i with 0 < i <
j — 2 and multiply both sides of (6.3.7) by Z~!. Sum the two resulting
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expressions to get

P 1(z)

= Z Z pj(k —p))z + Z pik)pl " H (1= p)2 L (6.3.8)

i=0k=

Switch the order of the double summation to obtain

Pi1(z)

=2 1-k
1—p]<2p] )Z}Cp; z’+2p] ] 2 1)
]2k

= (1-pj) (ZPJ 2 oiz k”+2p; ol TR (639)

Performing the inner summation over / and rewriting yields

=2 P; g 1-k_i—1
P 1-p; ~k—+ ol
a0 =0 T 0 =T )
1—p]‘ j=2 —

= Gy, (2)(Pj(z) — bj2)). (6.3.10)

n j
Pi11(2) H Gy, (2) 2 iz H G, (2). (6.3.11)
We can further simplify (6.3.11) by noting that

Py(z) = p2(0) =1 —p1 = (1 — 012)Gp, (2). (6.3.12)

Since by = pj, we finally obtain (6.3.5). Notice that the radii of con-
vergence of Gy, (z) are decreasing in j, i.e., the radii of convergence are

ordered: p; ' > p; 1 > - > pp1 > 1L O

Theorem 20 allows us to obtain an explicit recursion for the distribu-
tion of B, as detailed in the following corollary.
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Corollary 5. Forn > 1and 2 < j < n — 1, the probabilities bj satisfy the
recursion

— i n—1
%_1< > Z: (' ), h=1-Y b  (6313)

=1 i=1
with initial term by = p1.

Proof. Combining the result of Theorem 20 with (6.3.3) yields the follow-
ing recursion, for2 <j<n—1,

=1 S n—1
b; :pj-l‘{gpi(p;l)— gbipj- ’ﬂgpk@;l), by =1- gbi. (6.3.14)
1= 1= =1 i=

Since
M
1-— 1- A N —k
1 Pk P+ k
p— f— p— pr— . .1
ng(pn ) 1_Pk 1_‘1[4_/\” Ak_An n_k/ (63 5)
On U+Ag

we can simplify

y_n=ln—I-1n—-1-2 n—j+1
{1@“%')_j—lj—l—1j—l—2 1

n—1
= (j B l)’ (6.3.16)

which proves the claim. O

Equation (6.3.5) has an appealing interpretation, which we now dis-
cuss. To this end, we introduce a Markov process ¢ — U(t) on the state
space

Bunp := {(i,j) € N3:1<j<n}uU{(0,0)}, (6.3.17)

which is unbounded in its first dimension. The transition rate diagram of
U(-) is similar to the transition rate diagram of X(-) with the exception
that for phases 1 until n there is no boundary that stops the process from
transitioning further to the right, see Figure 6.2.

We interpret (6.3.5) in terms of the process U(-). The rough idea is
as follows. The term G, (z) corresponds to the number of transitions
to the right performed by the process U(-) in phase j, before reaching
phase j + 1. So, the first term in (6.3.5) is a combinatorial object that
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Figure 6.2: Transition rate diagram of the Markov process U(-).

corresponds to all the ways in which the process U(-) can reach phase
j+ 1, starting from (0,0) or equivalently, (0,1). On the other hand, the
second term in (6.3.5) corresponds to only those paths that hit the diagonal
Dy for the first time in state (i,i) for some i = 1,2,...,j. Intuitively, by
subtracting these two terms, one is left with the trajectories of U(-) that
do not intersect the diagonal and thus hit phase j + 1 in one of the states
{(0,j+1),(1,j+1),...,(j —1,j+1)}. Formally, we see that

Bj+Eigy, Cr;

Pjj1(z) = B[z %] — E[z !

; ], (6.3.18)

where the (defective) distribution of the random variable Byj is given by
P(Bjjy =k) =P(B=k)fork=1,2,...,jand P(B; = k) = 0 otherwise.
Another perspective on (6.3.18) is the following:

i

Palz) = Y (P

SV \5 G :k> *]P(BU} + i G, Zk))zk. (6.3.19)

=By
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We have the inclusion of events

n

{Bm + Y Gy = k} c { écpi - k}, (6.3.20)

i=By;
so that

Poi1(2) Z ({Zcpl _k} {Bm +‘é G, :k})zk. 6.3.21)
i=By;

k=0

Equation (6.3.21) formalizes the intuitive interpretation of (6.3.5) given
above. In yet other words, relation (6.3.5) is a consequence of a decompo-
sition of the sample space Q) associated with the process U(-). The space
is decomposed as Q) = (AN B) U (2N BY), where B denotes the event
in which the process U(-) does not hit Dy before hitting phase j + 1. The
event B¢ is then further decomposed in the disjoint events correspondlng
to the process U(-) hitting Dy at different phasesi =1,...,].

6.4 The maximum queue length in the first busy period

In this section, we investigate the distribution of the maximum number
of customers during the first busy period, i.e., the quantity

M := 0321?1)((7)0)(}(20) —X1(1)) (6.4.1)

under the measure P( - | X(0) = (0,0)). We will compute
byji=P(M<m B=j), 1<m,j<n (6.4.2)

Summing over all relevant values of j, we get

P(M=m) =Y (byj—by_1,) (6.4.3)

j=m

We adopt the generating function approach of Section 6.3. Define, for
2<m,j<nand max(0,j—m) <i<j-—2,

Pm,j(i) :=P 0 (H(P;) < H(DoUDpy1), X(H(Pj)) = (i,n)) (6.4.4)

as the probability that, conditional on X(0) = (0,0), the Markov process
X(-) reaches phase j in state (i, j) without residing in Dy U D, 11 before
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phase j is reached. Define its generating function, for z € C, by

-2 ,
Ppj(z):= ), pmj(i)z, 2<m,j<n. (6.4.5)

i=j—m

For m > j, notice that P,, ;(z) = P;(z) and b,, ; = b;, which makes the case
m > j not interesting. If n = 1, then by ; = 1. For n > 1, we have by the
strong Markov property thatb;; = pjandfor2 <m <j<n-—-1,

p;'Pm,j<P;1) = by, Prj(1) =bj, 2< k<. (6.4.6)

The following theorem identifies P, j(z):

Theorem 21. For2 < m < j+ 1 < n, the generating functions are explicitly
given by

] o
P j1(2) H Goi (2) 2 bz [ ] Gpe(2)

k=i

= Y (A= pi)pmili —m)z ™" H G, (2) (6.4.7)

i=m k=i+1
with the convention that the empty product TT} _ j L) =1

Proof. We proceed similarly as in the proof of Theorem 20. Figure 6.3 can
be used as a visual aid. We assume that 3 < m < j+ 1 for m fixed; the
case m = 2 is similar. From the strong Markov property at time H(P;) we
can write forisuchthatj+1—-m <i <j—2

i
Pm,j1 (i 2 P, (K 1—p]) (6.4.8)
k=j—m
2 1—k
Puini—1) = ¥ puik)] (1= pp). (6.4.9)
k=j—m

Multiply both sides of (6.4.8) by z' and sum over all iwithj+1-—m <
i < j— 2. Further, multiply both sides of (6.4.9) by z~!. Sum the two
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Xi(t)

Figure 6.3: Visual aid for determining M. The process is only allowed to
hit the black states.

resulting expressions to get

j—2 i , .
Pujr1(z)= Y. Y pmik)pi (1 —p))

i=j+1-mk=j—m

j-2 ,
~1-k .
+ Y Puilp T (1 - (6.4.10)
k=j—m

Isolate the summand corresponding to k = j — m in the double summation
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and switch the order of the double summation to obtain

Pm,j+1( ) (1 —P/)

x Z pmj(k Zp’ K2+ pj(j = m) Z o U

k= ]+1 m i=j+1—m
+ Z ()l 7). (6.4.11)
k=j—m

Simplifying the geometric series yields

Py jiv1(z) = (1—pj)

j—2 z —p] 1-k zi= p»z]*l*m —pmflz]lfl
] : ] ]
X : —+ (j—m
( :j;—m Pm,]( ) ey Pm,](] ) 1—pjz
+ 2 puj(k)p) 2~ 1) (6.4.12)

k=j—m

Rewriting the expression produces

1—p; j=2 : ] o
P js1(2) = 1_p] ( E Pm,i(K)2 = (1= pjz) pun,j(j — m)2
% —m
—p]zf Z P, (K p] ) (6.4.13)

k=j—m

By recognizing the generating function of a geometric random variable,
the definition of the generating function Py, ;(z), and the probability b,, ;,
we finally obtain the relation

Py j1(2) = Gy (2) (P j(2) = b7 ) — (1= pj) P, (j — m)2/ ™. (6.4.14)

Iterating (6.4.14) and using the fact that Py, (z) = Pu(z) proves the
claim. O

Theorem 21 gives the following:
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Corollary 6. For n > 1, the probabilities by, ; satisfy the recursion on j, for
2<m<j<n-1,

. j—1 . ;
_(n) L Sl
j_l .o _ (1 1)
— Y (1= pi) puili — m)p T (’7 i+ ) (6.4.15)
i:Zm( Pi) Pan,i (i — m)p; i (i)
and for2 <m <mn,
n—1 n—1
bm,n =1- Z bm,i - Z (1 - Pi)pm,i(i - Wl) (6.4.16)
i=1 i=m
with initial terms by, by, . .., by, calculated from Corollary 5.

Proof. Combining the result of Theorem 21 with (6.4.6) yields the follow-
ing recursion, for2 <m < j<n -1,

, j-1 j—1 o1
bm,j = P;'Pm (P;l) H gpi(Pfl) - 2 bm,iP;‘ :kl—Ing (Pfl)
i=m i=m =i

j-1 ol
= Y (L= p)puili = m)p]™ ™" TT Goelo ) (6.4.17)
i=m k=i+1

andfor2 <m <n,

n—1

n—1
bm,n = Pm(l) - Z bm,i - Z (1 - pi)pm,i(i - m) (6.4.18)

i=m

Notice that the term Py (1) in (6.4.18) is the probability that the pro-
cess reaches phase m before it reaches the diagonal Dy, so Py(1) =

1—y" .
The term p;.Pm (p]-*l) in (6.4.17) can be simplified by using Theorem 20
and the fact that

L (L)
[TG(0; ) =+, 1<L<j. (6.4.19)
k=l (31

Employing this simplification and using that b, = b, , if m > n, we find
the claimed result after some rewriting. O
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Note that equation (6.4.16) can be written as

n n—1
Yo by =1— Y (1= pi)pm,i(i —m). (6.4.20)
i=1 i=m

The interpretation of this relation is as follows. The left-hand side equals
the probability IP(M < m). The term (1 — p;) p,, i (i — m) at the right-hand
side sum is equal to the probability that the process visits the superdiago-
nal Dy, 1 for the first time at phase i > m.

6.5 Coupling different finite-pool queues

In the previous sections we have developed various recursions for the
Ay /G/1 queue by relating the distribution of the process at different
phases. In this section we expand on this idea by developing recursions
that involve a different number of initial customers in the pool. We use the
superscript x(") whenever we want to emphasize the dependence of a
certain quantity x on the initial number n of customers in the pool. For

example, X§n> (t) denotes the number of customers who have joined the
system by time ¢, when there were n customers in the pool at time zero.
For our proofs, we construct an explicit coupling between X("+1)(.) and
XU)(-), for j < n. Note that

1 . .
AT A (1) —i) = A(n— (i—1)) = A" 6.5.1)

1

Equation (6.5.1) expresses in precise terms the simple observation that,
when we consider a A;;)/G/1 queue with n + 1 initial customers and
we disregard the first customer that arrives at the queue, we obtain a
Aw/G/1 queue with n initial customers. Therefore, we couple X (") (-)
and X("*1)(.) by considering the state space S as a subset of S("+1)
and by letting the transition probabilities be determined by the same rate

AS"H), i=2,...,n+1 (resp. rate u) exponential clocks.

6.5.1 The number of customers in the first busy period

In this section we develop another recursive expression for the distribu-
tion of the number of customers in the first busy period. We will express

b](") as a function of b(l) forl=1,...,n—1andi=1,...,I. We define the

i

probability generating function of the number B of customers served
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in the first busy period in a system with n total customers as

M(z) = i]P(B(") = i)Z. (6.5.2)
i=1

Next we show that Plgn) (+) solves a recursion formula similar to (6.3.10).

Theorem 22. Forz € C,
n—1
P(z) = (o + (1= p1) s VRO ()2 (6.5.3)
k=1
Proof. We split pi
. plit P,/ (z) as

n—1 )
P (z) = p{z+ Y P(B) =1+4i)z! ", (6.5.4)
i=1

By the coupling given by (6.5.1), we have that, fori > 1,
P(s™ =1+ z)

(1—p1) Z = k)PS0 =i — k), (6.5.5)

with the convention that P(5(®) = 0) = 1. See Figure 6.4 for an example.
This allows us to rewrite (6.5.4) as

P (2)
n—1 i .
_ Pg )z—l— 1—p1) ¥ Y IP( — KPR — )1t
i=1 k=1

-1

:pgn)z—i—(l—pl)ZlP (n-1) ZZ]P (S=1-0) — i _ k)7

=

P

=1

n—1 n—1 .

- z(p§”> (1—p1) Yo s VY p(st170) — - k)z“k). (6.5.6)
k=1 i=k

The inner sum can be rewritten using the definition (6.5.2), leading to

n—1
PO = 2o+ (—pn B E), 657
k=1

and concluding the proof. O
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Figure 6.4: An example of the sample-path coupling obtained by (6.5.1)

with n = 6. We have that P(—) = pgn) and P(1) =1— pgn). In the first
event, the first busy period consists of one service. In the second event,
we split the busy period in the busy periods of two coupled A(;)/G/1
queues. The — path represents the first busy period of a queue with n — 1
initial customers. The — path represents the first busy period of a queue
with n — 3 = 3 initial customers.

6.5.2 The total number of busy periods

The recursive techniques that we have introduced in the previous section
can be used to obtain further insight on the performance of the A, /G/1
queue. As an example, in this section we compute the distribution of the
total number of busy periods before the pool of customers depletes. We
do so by recursively conditioning on the number of services in all of the n
busy periods.

Denote by K™ the total number of busy periods until all customers
have been served when initially the number of customers in the pool is 7.
Trivially, 1 < K(") < 1 almost surely. Our aim is to determine IP(K(") = j)
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forj = 1,2,...,n. We see that ]P(K(”) =1) = b,(qn), so we focus on the
cases j = 2,3,...,n. We use the recursive structure of the A;/G/1 queue
to develop an expression for the probability generating function of K.

To that end, define P,EO) (z) :=1and

P ()= Y. P(KW =)z, zeC n>1. (65.8)

The next theorem shows that P,E") (+) satisfies a recursion in #:

Theorem 23. Forz € C

P () = ( y b P (2) )z, (6.5.9)

k=1

Proof. Let B(") denote the number of services during the first busy period
if initially the number of customers in the pool is n. By conditioning
on the number of services during the first busy period we obtain the
expression

n—(j-1)
P(KM =j)= Y PK®"=j|B" =k)PB™ =k). (65.10)
k=1

Invoking the strong Markov property at the time at which the queue
empties for the first time, we see that

P(K™ =j| BM =k) = P(K*F) = j_1) (6.5.11)
and thus
V)] (n) L '
PKM =j) = Y b PER) =j-1). (6.5.12)
ki=1

Multiply both sides of (6.5.12) by z/, sum overall j = 2,3...,n, and add
the equality P(K(") = 1)z = b\"z to obtain
n_ n—(j-1)

P =02+ Y BYPEITR =1 (65.13)
=2 k=1



186 Chapter 6. Finite-population queues

Switch the order of the double summation and simplify using the defini-
tion of the probability generating function. This yields

n—1
B () = [+ ¥ o R ()2
k=1
= (L 0P @)z, (6.5.14)
k=1
concluding the proof. O

Theorem 23 can be used to obtain performance meaures. For example,
taking derivatives with respect to z on both sides of (6.5.9) and setting
z = 1 provides the mean number of busy periods until the system is
empty:

]E[K(”)} = 2 b(”)PIg”*kl)(l) + Z blg?)]E[K(nfkl)]
k=1 k=1

1
=1+ ) b E[K R, (6.5.15)

with the convention that E[K(?)] = 0. Iterating the recursion (6.5.15) gives
the expression

EK™) =1+ 1 -0")+ (1= ¥ o) + (6.5.16)
k=1
2 3-k (n=1)—...~kn—3
n), (n—k n—ky—...—ky_2)
+ (1 _ Z Z o Z bl(q)bl(cz 1) .. bflfkllf...fkn,zz )
k1=1ky=1 kp—p=1

The second factorial moment can be obtained by taking derivatives twice
with respect to z on both sides of (6.5.9) and setting z = 1. This yields
n
(m) (k) —1)] = (g 1 (n—k1)
E[K'" (K 1)] 72k21bk1 E[K\" ]
=

n
k=1
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Combining (6.5.15) and (6.5.17) gives
Var(K™) = E[K™ (K™ — 1)] + E[K™] — (E[K™])?

n
= L U BIKO R (KR 1)
k=1

i ](:l)]E (n— k1 _ ( Z bkl K(n—k ]>2

k=1

-y bV E[(K ) ( 2 by EK () ])2. (6.5.18)

k=1

Equations (6.5.18) has a simple interpretation. We see that the right-hand
side is equal to ]E[(K(”_B(n)))Z] — E[K("— B )]2 = Var(K("—B ))). Noting

then that K(") £ 1 4 g(n=B®) gives a more straightforward proof of
(6.5.18).

6.6 Conclusions

In this chapter we have studied the A(;/G/1 queue for a finite and fixed
number of customers n. Assuming exponentially distributed arrival and
service times, we have analyzed the two-dimensional Markov process
representing the number of completed services and the number of cus-
tomers who have joined the queue. Exploiting the recursive structure
of the Markov chain, we have derived an explicit expression for the join
probability mass function of the number of customers served and the
maximum queue length in the first busy period. We have also illustrated
how the recursive structure can be exploited further to obtain explicit
expressions for other quantities of interest.






CHAPTER

Open problems

In this thesis we have studied the A(;)/G/1 queue, a model for a queue
where only a finite number # of customers can join. We have focused
on the heavy-traffic regime, defined as follows: We let the customer pool
n grow, while speeding up the service time so that, on average, approxi-
mately one customer arrives during one service. This assumption must
hold at the peak of congestion of the queue, and we assume that this
happens at time 0. Our heavy-traffic assumption gives rise to a negative
quadratic (resp. polynomial) drift in the n — oo limit of the queue-length
process. This depletion-of-points effect exactly describes the influence of
the finite pool of customers on the dynamics of the queue. Surprisingly,
our results reveal that the depletion-of-points effect becomes relevant
only after n° services with é < 1, that is, when there are still n — n° ~ n
customers left in the pool. We have investigated this behavior for vari-
ous A;/G/1 models and found that it holds with remarkable generality.
Our results suggest that, when the variance of the service times is finite,
the depletion-of-points effect invariably appears as a negative quadratic
(resp. polynomial) drift. On the other hand, when the variance of the
service times is infinite, the depletion-of-points effect is more subtle and
requires a delicate analysis. In the remainder of the section we discuss
this issue and other interesting open problems that arise from the study
of the A;)/G/1 queue.

189
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Size-biased arrival times, infinite-variance service times. In Chapter
5 we studied in detail the A( /G/1 queue with size-biased exponential
arrival clocks. For this model,

o

- . . 1 oy~ PiD;
IP(i joins during service of j|D;, D;) ~ o (7.1)

for some a« € [0,1]. If we interpret customers as vertices, and the ser-
vice time of customer i as a weight associated to vertex i, we see that the
Afy /G/1 queue is equivalent to the exploration process of an inhomo-
geneous random graph. For « = 1 we retrieve the well-known rank-1
inhomogeneous random graph. In Chapter 5 we have shown that, if the
variance of the size-biased service times is finite, i.e. E[S***] < oo, the
Afy /G/1 queue-length process converges to the same limit as the stan-
dard A/ G/1 queue (¢« = 0). When the third moment of the weights is
infinite, Bhamidi, van der Hofstad and van Leeuwaarden [16] have shown
that, for a certain choice of deterministic weights, the exploration process of
the rank-1 inhomogeneous random graph converges to a so-called thinned
Lévy process defined as

S(H) = bt + Y bimN(T () —ati /), 7.2
i=1

where a,b > 0 and c € R are constants, 7 is the power-law tail exponent
asin (4.1.1), Z;(t) = Lep <ari-1/vys and E; are mean one i.i.d. exponential
random variables. See also [32] for an analogous result for the configu-
ration model. The authors of [32] also argue that, when the degrees are
given by an ii.d. sequence (W), following a power-law distribution,
conditioned on (W;)"_; the limit (7.2) holds with the following modifi-
cation. The term i in the sum is replaced by I'; := Z;-:l E;, where E; are
ii.d. rate one exponential random variables. This substitution gives

S(t) =b+ct+ Y b, YV (Ti(t) — atT; V7). (7.3)
i=1
and
Il(t> = ]l{E,»gatrlTl”}' (74)
Note that E[I';] = i. Roughly speaking, the first term bl";l/ 7 in the

summation in (7.2) represents the size of the jump of the exploration
process when a high-weight vertex is found. On the other hand, the



191

second term (Z;(t) — atF;l/ 7) represents the arrival process of the high-
weight vertices. Consider now our A(j) /G/1 model with service times S;
such that

1—Fs(t) =ct™7 (7.5)

witht > c¢7and vy € (1+a,2+a), « € (0,1). As a generalization of (7.3),

we conjecture that, conditioned on the service times (S;)"_;, the embedded
queue process Qf (-) converges to
Su(t) =b+ct+ Y 0T, V(T (1) — atT; ) (7.6)

i=1
with Z; . (t) := ]l{EigatlT

in (7.6) yields a y-stable motion with quadratic drift, consistently with our
results in Chapter 4. To see this, we resort to the series representation for
7-stable random measures [85, Chapter 3.10]. The representation holds
for processes defined on [0, 1] and is given by

w7y It is reasonable to expect that setting « = 0

o 1
X’Y(t) = Z(rz Mﬂ{uigt} - dit)/ Y€ (1/2)/ (77)
i=1
where (U;)"_; are ii.d. uniform random variables and d; is such that
d; ~ i1/7. The process X, (-) in (7.7) is then a 7-stable motion. Let us
define F:(t) = 1 —e~. Applying the time-change t — F; () to (7.6) and
approximating F;l/ T iV ~ d; we get

Su(FY(1) Lo+ cF\(t +b2r "Ly —aF 1 (1), (7.8)

It turns out that a = 1 when & = 0. By Taylor expanding F; '(t) as
Fol(t) = t +£2/2+ o(?), we obtain

Su(t) = b+ ct+bX, (¢ —ber U <. (7.9)

Note that the coefficient of the quadratic drift in (7.9) is random. In fact,
the limit process we obtained in Theorem 17 is an annealed version of
(7.9), averaged over the laws of the I';. The expression (7.9) is only formal,
since the summation on the right-hand side diverges. This suggests that
the heuristic argument above is too crude, and a more subtle analysis
is needed. Indeed, it would be interesting to formalize this argument,
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and in particular to understand why it yields the expected result only for
small ¢.

Joseph [55] investigates the configuration model with ii.d. heavy-
tailed weights. In particular, he shows that the exploration process con-
verges to Y(-) + A(-), where A(-) = —ct?~! is a negative deterministic
drift and c is given in terms of the Gamma function. Moreover, Y () is
uniquely characterized by having independent increments and Fourier
transform

Elexp(iuY(t)] = exp (/Ot /Ooo(ei”x -1- iux)a%e_bxsdsdx). (7.10)

Here a,b € R are unimportant constants. It is rather straightforward
to adapt the arguments in [55] to extend this result to our Af, /G/1
model. We find that, when the service times follow the power-law
(7.5), the Aj;) /G/1 embedded queue process converges to the process
Q°(:) = Y(-) + A(-), where Y(-) has independent increments and Fourier
transform

t oo
]E[exp(iul?(t))] = exp (/0 /0 (e —1— iux)axwrll_a e*bx“sdsdx),
(7.11)
and a,b € R are again unimportant constants. The term e™?*"* in (7.11)
accounts for the a-size-biased order of arrival of the customers. More-
over, the techniques of [55] imply that, when v € (1 + 2,2 + «), the
deterministic drift A(+) is given by

N ]E[ XlJthx] )

(t) = 2E[X] . (7.12)
Interestingly, the drift (7.12) coincides with the drift for the IE[S?**] < co
case, when A = 1. This is consistent with the fact that, when « < 1, it
is possible to choose 7y such that 2+ a > 7 > 1+ 2a and thus, even
if E[S?T%] = oo, E[S'*?*] and E[X*] are finite. However, when a = 1
we have 2 + & = 1 + 2a and there is a continuous phase transition from
a drift with degree 2 to a drift with degree v — 1, with y € (2,3). It
is not clear what the drift, or even the limit process, should be when
v € (14 «,14 2a). We remark that, in order to obtain (7.11) , we have not
conditioned on the service times (S;)_;. It should be possible to show
that the law of Y(¢) + A(t) coincides with the law of (7.6) when the latter
is averaged over the I';.
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Excursions of drifted stable processes. Let us go back to the setting of
Chapter 4, where we dealt with the A;/G/1 queue with heavy-tailed
service times. We have shown that the free process X;,(-) converges in
distribution to X(+), a y-stable motion with negative quadratic drift. Very
little is known about this class of processes. In particular, it is not known
whether the excursions above past minima of X(-) can be ordered, that
is if there is a well-defined maximal excursion above zero of the process
¢(X)(-). This result would be instrumental in proving that, for K € N
and for a sufficiently large head start g, the first busy period of Q(-) is
one of the K largest ones with probability close to 1. A striking property
of ¢(X)(-) is that sup,-, ¢(X)(-) = oo almost surely. Indeed, it is well
known that for any Lévy process X(-) with unbounded Lévy measure

P(YNeN, VT >03t>T:AX(t) > N) =1, (7.13)

where AX(f) := X(t) — lim,_,;- X(s). However, due to the parabolic
drift the excursions of ¢(X)(-) containing a large jump become smaller
as time passes. This can be justified heuristically as follows. Recall that
o(X)(t) = ¢p(q+ Bt + S(t) —1/2t2), where S(-) is a y-stable motion. Let
us set g = B = 0 for simplicity. Let (t,)5°_; a sequence of time instants
such that t, — oo and S(-) performs a ‘typical large jump’ in t,,. With
‘typical large jump’ we mean that S(t,) ~ t1/*. We look for 0 < t < 1
such that ¢(X,,) (t, + t) is zero for the first time after t,. Equivalently, we
look for 0 < t < 1 such that

Xty + 1) — Xn(ty) = —tL/%. (7.14)
Rewriting the left-hand side of (7.14) using the definition of X, (-) gives

(ty + t)?

2 (S(t") B En)
2

— (St + ) — S(tn)) — % et (7.15)

Sty +1) —

The first term is a mean-zero stable random variable and thus we ignore
it at a first approximation. We also ignore the second term, since #? is of

lower order than ¢. It follows that ¢t > 0 should be such that —t,t = —t%/ *,
thatist = t,(}*"‘)/ % Since a € (1,2), this suggests that the average excur-
sion length decreases over time (as t;, — o). In particular, by formalizing
this argument it should be possible to show that the excursions of ¢(X)(-)

can be ordered by their length and that the largest one is finite.



194 Chapter 7. Open problems

Large deviations. Recall that the net-put process Py (+) is defined as

An(t)

Pu(t):= ) Si—cut, (7.16)
i=1

where A, (t) = Y./ 11,4 and ¢y is the rescaled service rate. Equation
(7.16) can be cast in a simpler form as

n

Pu(t) £ Y (Silpr<s) — 1), (7.17)
i=1

where we have taken ¢, = n. In (7.17), P,(t) is represented as a partial
sum of i.i.d. random variables. It seems that much information can be
gained by exploiting the representation (7.17). For fixed n € IN and
assuming that the S; follow a subexponential distribution we can estimate
the probability IP(P,(t) > x) for fixed t and large x. Indeed, we have

P(Py(t) > x) < IP('

1

n
Si>x+ t) ~nP(S > x+1), (7.18)

=1

where f(x) ~ g(x) means limy,_, f(x)/g(x) = 1. In the large n regime

we can be more precise, and we expect the following to hold

P(Py(t) > x) ~ nFr(£)P(S > x +1). (7.19)

To obtain the heuristic (7.19) we have replaced A, (t) by nFr(t) in (7.16).
On the other hand, if the cumulant generating function s — A(s) of
Xi(t) := Silyr,<yy — t is finite for some s > 0, then (7.17) allows us to
estimate, as n — oo,

P(P,(t) > nx) ~ e ™M), (7.20)

for fixed t and x and a rate function I(-) given by the Legendre trans-
form of A(+). It should be possible to refine these basic results to obtain
asymptotic estimates for the workload process L, (t) := ¢(Py,)(t). Finally,
another interesting venue of investigation are asymptotics for the length
of the busy period. For the G/G/1 queue with regularly varying service
distribution, it is known that the probability of a large busy period is
related to the probability of a large cycle maximum [102]. The A, /G/1
queue is transitory, thus the focus lies on the first busy period. Never-
theless, it should still be possible to relate the busy period to the cycle
maximum. Results on the maximum of a Brownian motion with parabolic
drift are given in [39, 40, 53].
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Heavy trafficin t. > 0. Throughout this thesis we have assumed that
the Ay /G /1 queue satisfies the heavy-traffic condition

max fr (E[S] = fr(0)E[S] =1, (7.21)

where fr(t) is the distribution function of the arrival time and 1/E|[S]
is the service rate. Assumption (7.21) implies that the queue is never
overloaded (i.e. it is never the case that fr(¢)E[S] > 1), and is critically
loaded at the moment of peak congestion t.. Additionally, (7.21) implies
that f, is attained in 0. We have showed that the first assumption reveals
the depletion-of-points effect of the A;)/G/1 queue. On the other hand,
the assumption t, = 0 is of a technical nature and does not lend itself to a
satisfying justification. We note that t, = 0 is satisfied for the important
case of exponential clocks T;. However, it is often the case that the instant
of peak congestion is significantly later than the instant in which service
starts. It is therefore also of great practical interest to investigate the
heavy-traffic behavior of the A;;) /G/1 queue for ¢, > 0.

Mandelbaum and Massey [71, Theorem 3.4] give one of the first results
for the case t. > 0 in the context of the M;/M;/1 queue. They introduce
an additional time parameter Ty such that Tp < t.. Conditioning on
Qn(Ty) = 0, and assuming that Ty " t. after a suitable scaling, they
show that the distribution of the queue length Q,(t) int > Tj (for ¢ suffi-
ciently close to t.) is that of a Brownian motion with negative quadratic
(resp. polynomial) drift starting in 0 in Tj. In fact, Mandelbaum and
Massey scale Tj in such a way that it is inside the critical window, that is
the queue is in heavy-traffic in T. Conditioning on Q,(Ty) = 0 implies
that there is no backlog of work in Ty and thus the queue behaves as
if Ty = t. = 0. It would be interesting to understand what happens
to the queue-length process close to t, when Tj is fixed or, more gener-
ally, when Ty " t. but Ty lies outside the critical window. Recall that
the negative quadratic drift can be interpreted as the effect of the tran-
sition of the queue from being critical to being subcritical. Restricting
ourselves to the finite-variance case, we wish to study Q (. +n~1/3t) for
t € ((To — t.)n'/3,00) conditioned on Q,(Ty) = 0. Then, fixing Ty < ¢,
and letting n — oo intuitively corresponds to conditioning the queue to be
0 at —oo. In this intuitive picture, in the time interval (—oo,0) the queue
transitions from being subcritical to being critical. Moreover, conditioned
on Q,(0) = q, we expect the queue for t > 0 to follow a Brownian path
around a negative parabolic (resp. polynomial) drift, representing again
the transition away from criticality.
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Keller [58] gives a heuristic solution to the problem above in the
context of the heavy-traffic M; / M;/1 queue. Because of the deep relation
between the A /G/1 queue and the M;/M;/1 queue, we conjecture that
an analogous result holds for the A(; /G /1 queue. Let us then describe the
result of Keller. Recall that in the M;/M;/1 queue, arrivals (resp. services)
occur according to a time-dependent rate A(t) (resp. u(t)). Keller scales
the arrival and service rates as A(t/n) and u(t/n), and focuses on the
behavior of the system when n — co. He then expresses the transient
probability mass function P(q,t,n) := P(Qx(t) = q) as a power series,
for which he computes the first few terms. He shows that, when the
queue is in heavy-traffic in t,, P(q, t, 1) satisfies

P(n'3q,t. +n 13, n) = c;n"V3P;(c1q,¢c2t,0) + O(n2/3),  (7.22)

where c1, ¢p are constants and with an abuse of notation we have written
n'/3g instead of [n'/3g]. Note that the first c;n~1/3 term on the right-
hand side is a normalization constant. Moreover, the probability mass
function (x,t) — Pi(x,t,0) is given by the solution of the following
partial differential equation

oP,  10%P; 0P
el S 7.2
ot 2 ox2 ox’ x>0, (7.23)

with nonstandard boundary conditions

19P
Py(x,t,0) ~ —2te~ (=20 ast — —oo. (7.25)

Note that, the solution of (7.23) with boundary condition (7.24) and
Pj(x,0,0) = 6,(x) is the probability density function of a reflected Brown-
ian motion with negative quadratic drift, startingina > 0. Here x — 6,(x)
is the Dirac measure centered in a. The nonstandard boundary term (7.25)
can be interpreted as follows: when t — —oo, the queue gradually moves
outside of the critical window; for t < —1 the queue is approximately
subcritical. It can be shown that the queue-length process of the subcriti-
cal M;/M;/1 queue converges pointwise to a geometric random variable
Gt with parameter 1 — p(t). This is the stationary distribution of an as-
sociated M/M/1 queue; see Chapter 3.4 where we prove this for the
Ay /G/1queue. Ast — tc, p(t) — 1, and G; is well approximated by an
exponential random variable. Therefore, the boundary condition (7.25)
forces a continuous transition between the subcritical (t = —o0) and the
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critical (t = O(1)) regimes of the queue. Note also that, as t — —oo,
—2te?¥ — §y(x), which is consistent with our previous intuition of con-
ditioning the queue to be zero at —oo.

The function P; (x, t,0) describes the evolution of the probability mass
distribution as the queue evolves from subcritical, through criticality, to
subcritical again. In Chapter 5 we have established a connection between
the A{jy /G/1 queue and the Norros-Reittu random graph. It would be
interesting to investigate whether P;(x,t,0) also describes the evolution
of an appropriate random graph process.

Higher-order contact criticality for random graphs. We now take the
connection between the finite-pool queues and random graphs further,
and focus on the ¢-th order contact introduced in Section 2.4. By exploiting
this connection it should be possible to develop a theory of ¢-th order
criticality for random graphs. More precisely, it would be interesting to
investigate for which random graphs the exploration process converges
to a stochastic process with negative polynomial (not quadratic) drift. Let
us focus on the Erd6s-Rényi random graph with connection probability
p = 1/n for simplicity. The number of vertices visited by the exploration
process t — X, (t) grows linearly in time; in [t,t + §] the exploration
process visits O(J) vertices. Therefore at time f the number of visited
vertices is approximately ¢ and the number of potential neighbors of the
vertex currently being explored is approximately n — t = n(1 — t/n).
Consequently, the expected number of neighbors of the vertex being
explored at time ¢ is approximately 1 — t/n. Here we have ignored the
contribution from the active vertices that have not been explored yet. The
cumulative effect of the negative contribution —t/n gives the negative
parabolic drift —t?/2 in the limit. This suggests that a random graph
model will be ¢-th order critical when the expected number of new active
vertices discovered by the exploration process at time ¢ is approximately
1+ c(t/n)" for some constant ¢ € R and £ € IN. Note that when ¢ = —1
and /1 < ¢, we have 1 — (t/n)fl >1- (t/n)fz; when / is larger, the
critical window shrinks. The computations in Section 2.4 suggest that, as
{ — oo, the critical window converges to fn~1/2,

Critical digraphs. Recall that the graph constructed from the Af;, /G/1
queue with « € [0,1) is a directed graph (briefly, digraph). We now
abstract the construction of the random digraph in Chapter 5. We are led
to consider a random digraph defined as follows: To each vertex i € [n]
we assign two weights W, o+ and W, ;,. Conditionally on the weights,



198 Chapter 7. Open problems

we draw a directed edge from vertex i to vertex j with probability

Wi,outh,in ) . (7.26)

P(i—j)=1 exp( .
Note that for the random graph generated from the A /G/1 queue
it holds W out = W),. We wish to investigate the critical behavior
of this random graph by determining the size of the largest strongly
connected components Cq,Cy, . . .. A strongly connected component (briefly,
a component) C; is a (maximal) set of vertices such that each vertex in
C; is reachable from each other vertex in C; by following the directed
arrows. Very little is currently known about critical digraphs. Most of the
literature focuses on the supercritical and subcritical phases of various
digraph models. This procedure identifies the critical window, but gives
no additional information on the structure of the strongly connected
components. Let us briefly summarize the previous literature.

Luczak [69] considers a graph sampled uniformly at random from
the set of simple graphs on n vertices, with M edges present (directed
Erd6s-Rényi random graph). He proves that the critical threshold for
the emergence of a size O(n) component is M /n = 1 (in the undirected
Erdés-Rényi random graph this is 1/2). See also Karp [57]. Luczak [70]
identifies the precise critical window for this model. He proves that the
connectivity structure changes when np = 1+ ¢,, where ¢, = 0(1) and
en = @(n~1/3). They also show that when np = 1+ en~1/3 the strongly
connected components are essentially a Op (1) number of cycles of length
O]P(nl/ 3) ‘glued together’. Bloznelis, G6tze and Jaworski [19] derive
similar results for a large class of inhomogeneous random graphs, by
building on the celebrated paper by Bollobés, Janson and Riordan [22].
Their proof is based on the relation between the giant strongly connected
component and two different branching processes, describing respectively
the descendants and the ancestors of a uniformly chosen vertex. See [26]
for analogous results in the context of the directed configuration model.

The classical approach to the study of the component sizes of a crit-
ical random graph is via an exploration process [5, 15, 16, 33, 32]. For
a random directed graph this approach does not seem to be appropri-
ate. Intuitively, this is because the exploration process only provides
local information on a neighborhood of a uniformly chosen vertex. On
the other hand, due to the directed edges, the strongly connected com-
ponents depend on the global structure of the graph. One of the most
successful approaches to the study of the global structure of connected
components relies on Aldous’s theory of continuum random trees [4] and
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was pioneered by Addario-Berry, Broutin and Goldschdmit for the Erd&s-
Rényi random graph [2]. In this approach the connected components are
seen as metric measured spaces. The distance is given by the usual graph
distance, rescaled so as the distance between two neighbouring vertices
converges to zero and the measure is the usual counting measure. In [2],
the spanning tree of a single connected component conditioned on its
size is encoded by a depth-first exploration. The ‘surplus edges’ (the edges
that are in the component but not in the spanning tree) are described
by (random) marks on the area below the graph of the depth-first explo-
ration. See also [14], where this approach is applied to study the critical
inhomogeneous random graph.

This technique seems to be well suited for the study of critical inho-
mogeneous digraphs. Each connected component is now to be equipped
with three measures uQ"t(+), ui"(+), u%(+). The first two describe respec-
tively the empirical out-degree distribution and the empirical in-degree
distribution of the vertices in the component. The third measure 35 (-) de-
scribes the number of edges in a component. Conditioned on the number
of descendants of a vertex v, the depth-first exploration then describes
the structure obtained by considering the outgoing edges from v. The
ingoing edges are added as marks on the depth-first exploration similarly
as for the ‘surplus edges’ in the Erd6s-Rényi random graph in [2]. This
procedure depends crucially on the in-degrees and out-degrees of the
vertices encountered in the depth-first exploration. This information is
encoded in the measures 3" (-) and pui"(-). Note that, differently from
the undirected case, this construction does not directly yield a (strongly)
connected component. Instead, the connected component is contained in
the resulting graph; see Figure 7.1, where the strongly connected compo-
nent consists of two directed cycles glued together at the vertex v. The
measure p (-) is then necessary in order to identify the limiting structure
of the strongly connected component. Finally, the number of descendants
of a vertex v is obtained through a convergence result for the breadth-first
exploration; this would entail generalizing our main theorem in Chapter
5 to an arbitrary out-degree distribution Wj oyt

The ideas outlined above originated from personal communications
with Shankar Bhamidi and Souvik Dhara.

Finite-population queues and random trees. In Chapter 5 and in the
previous paragraphs we have focused on the connection between the
Ay /G/1 queue and the exploration process of certain random graphs.
However, the exploration process also generates a spanning tree of the
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N/
A/

Figure 7.1: The depth-first exploration of the descendants of a vertex v
and the associated strongly connected component (black vertices). The
dashed arrows are ingoing edges.

random graph, which can be studied independently of the original graph.
In fact, there is a natural connection between queues and random trees,
given by the following general scheme. Consider a queue with one
server which serves according to a First-Come-First-Served discipline.
The first customer begins service at time t = 0. Let us denote the number
of customers served in the first busy period by ;. We identify each
customeri € {1,...,n} with a (labelled) vertex, and label the customer
in the queue at time t = 0 as the root. We define v; as the number of
customers that join the queue during the i-th service, conditioned on
71 = n. Next we draw an edge from the root to all the v; customers
that joined during the first service. Then, we draw an edge between the
second customer in the queue and all the v, customers that join during
the second service. By iterating this procedure we construct a labelled,
rooted random tree with n vertices. We remark that in this context the
queueing model is determined by the random variables (v;)$ ;, which are
in principle completely general. The difference with the similar procedure
presented in Chapter 5 is twofold. First, here the emphasis lies on the
family of random variables (v;){°; rather than on the precise arrival and
service processes. Second, in this setting the total number of vertices
in the tree is fixed. We use distinct notation from Chapter 5 in order to
emphasize the difference between the two settings. We see that there
is a correspondence between the construction of the random tree and
the queue-length process embedded at service completions. The latter
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is defined as {(0) = 1and {(k) = ({(k—1) + vy — 1)". The problem
we present here can be broadly formulated as follows: can queueing
techniques help to understand the geometry of the random tree associated
with the random variables (v;)°? In turn, can a deeper understanding
of the tree structure reveal new interesting features of the associated
queueing model?

In fact, for the specific cases of i.i.d. and exchangeable (v;){* ; the an-
swer is positive, as Takdcs has shown in [90, 92]. In [90] Takacs obtains
exact (not asymptotic) explicit results by using combinatorial arguments
on simple examples. His main tool is a simple formula for P(y; = n)
in the case of exchangeable (v;){*,. His techniques allow him to give
an explicit expression for the embedded queue length distribution for
the M/M/1 queue since in this case (v;)°; are i.i.d. random variables.
Interestingly, Takdcs is also able to give explicit formulas for the Erd&s-
Rényi random graph by a careful choice of the (v;): ;. In [92], Takécs stud-
ies the geometry of the random tree as n — oo. He assumes that (v;)%°,
are i.i.d. so that the process ({;);2 ; is Markov. He proves that, when
E[v] = 1, the rescaled process ({x);> ; converges to a Brownian excursion.
This fundamental result reveals a deep connection between the queue
and the random tree. In fact, it turns out that various functionals of the
embedded process such as the maximum queue length and the maximum
number of arrivals during one service are asymptotically equivalent to
certain quantities related to the random tree, such as the width of the
tree and the height of the tree. Therefore, by exploiting the asymptotic
results for the queueing process, Takdcs is able to characterize the limiting
distribution of the width and the height of the associated random tree, in
terms of functionals of a Brownian excursion. We remark that the Markov
structure is crucial for the arguments of Takédcs. The arguments above
can be easily carried over to the M/G/1 queue, since (v;)°, are again
iid. random variables.

It would be interesting to understand if the method outlined above
is robust enough to be extended to a non-Markovian setting. We present
two concrete problems that could guide future research efforts. First,
given a queue in which the inter-arrival times and service times are
generally distributed with unit mean and finite second moment, we
ask what can be said on the associated random tree in the asymptotic
regime n — oo. See also [92], where a similar issue is raised. Note
that in this setting (v;)°; are not i.i.d. We conjecture that, conditioned
on hitting zero at time n, the embedded queue-length process again
converges to a Brownian excursion. In fact, the results of Takacs [92]
can be interpreted as a conditioned Invariance Principle, for which the
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Markovian structure is not necessary. It is not yet clear, however, if it
would be possible to relate the functionals of the queue and geometrical
properties of the random tree as in the ii.d. case. Second, it would
be interesting to apply these techniques to gain further insights in the
exploration process (i of the Erd6s-Rényi random graph. In this case,
the v; have a strong dependency structure. We ask if new properties of
the associated random spanning tree can be obtained by exploiting this
connection. In fact, this issue is investigated in a different context in [2].
The authors characterize the distribution of the spanning tree of the Erd&s-
Rényi random graph conditioned on being connected. However, the
spanning tree they consider is associated with the depth-first exploration
process, and thus it has not a clear queueing interpretation.
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Summary

This thesis studies the A;/G/1 queue, a model for a queueing system
that serves only a finite number of customers. In the A;)/G/1 queue,
as time passes more customers have joined the system and thus fewer
can potentially join, leading to a highly inhomogeneous arrival process.
This modelling assumption of a diminishing population of customers
gives rise to a class of reflected stochastic processes that lack a station-
ary distribution, and instead display relevant behavior only during a
finite time window. The A(;/G/1 queue is a model for numerous real-
world situations, such as hospital out-patient wards and queues outside
of concert halls, but is also useful in the study of the time-dependent
behavior of classical ergodic models. Moreover, the A;)/G/1 queue con-
stitutes a good approximation for more complicated time-inhomogeneous
queueing models. Chapter 1 introduces the A/ G/1 queue, presents the
contents of this thesis and discusses the relevant results in the literature.

Chapters 2 and 3 deal with the standard A(;)/ G/1 queue. In this model,
n customers independently sample their arrival time from a common
distribution and upon arrival join a common queue. The resulting queue-
length process, describing the number of customers waiting to be served,
is not Markovian since the evolution of the system crucially depends
on the history of the process, that is on how many customers have been
served. As a consequence, the exact study of the A;/G/1 queue is
difficult, and we develop asymptotic approximations for the queue-length
process. The proposed approximation rests upon the crucial assumption
that the queueing system is critical, that is, we require the initial traffic
intensity to be roughly one. Under the additional assumption that the
service times are light-tailed, we show that, as the number of customers
in the pool grows, the rescaled queue-length process converges to a
Brownian motion with negative quadratic drift. The limiting negative
drift encodes the depletion-of-points effect caused by the diminishing pool
of customer.
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214 Summary

Chapters 4 and 5 generalize the results of the previous chapters. Chap-
ter 4 concerns the setting of heavy-tailed service times. More precisely,
assuming that the service times follow a power-law distribution, we show
that the rescaled queue-length process of the critical A;/G/1 queue
converges to a stable motion with negative quadratic drift. The scaling
exponents depend crucially on the precise distribution of the service
times, in particular on the power-law exponent. The depletion-of-points
effect contributes to the limiting process again in the form of a negative
quadratic drift.

When the arrival times are exponential, the A;)/G/1 queue can alter-
natively be seen as describing the exploration process of an appropriate
random graph. In this analogy, customers are seen as vertices, and edges
are traced between two vertices whenever one of the corresponding cus-
tomers joins the queue during the service of the other. In Chapter 5 this
connection is studied by introducing a new queueing model that we name
the Aff) /G/1 queue. As the parameter « varies in (0,1), this model inter-
polates between the standard A;)/ G /1 queue and the exploration process
of the Norros-Reittu random graph. The scaling limit of the Af;) /G /1 queue
then provides insight in the structure of the corresponding critical random
graph.

When the number of customers 7 is held fixed, no scaling of the queue
is needed. If, additionally, the arrival and service times are assumed to be
exponentially distributed, then the vector representing the queue length
and the number of customers in the pool at time ¢ is a two-dimensional
Markov process. Chapter 6 presents exact results for this process. In
particular, we derive an explicit expression for the distribution of the
number of customers served in the first busy period by exploiting the
recursive structure of the embedded Markov chain.

Lastly, Chapter 7 collects various open problems that originated from
the research conducted for this thesis. These problems represent funda-
mental questions in queueing theory as well as random graph theory. We
outline the most promising approach for the solution of each problem
and leave the details to future research.
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