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Abstract We establish many-server heavy-traffic limits for G/M/n + M queueing
models, allowing customer abandonment (the +/), subject to exogenous regener-
ative service interruptions. With unscaled service interruption times, we obtain a
FWLLN for the queue-length process, where the limit is an ordinary differential
equation in a two-state random environment. With asymptotically negligible service
interruptions, we obtain a FCLT for the queue-length process, where the limit is char-
acterized as the pathwise unique solution to a stochastic integral equation with jumps.
When the arrivals are renewal and the interruption cycle time is exponential, the
limit is a Markov process, being a jump-diffusion process in the QED regime and
an O-U process driven by a Levy process in the ED regime (and for infinite-server
queues). A stochastic-decomposition property of the steady-state distribution of the
limit process in the ED regime (and for infinite-server queues) is obtained.
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1 Introduction

The purpose of this paper is to study the impact of service interruptions on the per-
formance of queueing systems. We consider exogenous regenerative service interrup-
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tions in many-server queues. We assume that some proportion of the servers cease
functioning during the interruptions, focusing especially on the case of large pro-
portions. We also assume that the arrivals continue and all customers remain in the
system during the interruption. Customers in service when the interruption begins
complete their remaining service after the interruption ends. However, we assume that
the service times are exponentially distributed, so that the remaining service times are
distributed the same as if the service started over when the interruption ends. Since
customers do not leave in response to the interruption, this is a worst-case scenario
with respect to the congestion impact upon other customers. As elaborated upon in
[25], large scale makes the system more vulnerable to service interruptions when
many servers are unable to function during the interruptions and, surprisingly, even
infrequent short service interruptions can have a dramatic impact on congestion.

We quantify the performance impact of the service interruptions by establish-
ing heavy-traffic stochastic-process limits for the queue-length (number-in-system)
process in the G/M/n 4+ M model, allowing customer abandonment (the 4+M) and
having general arrivals. We consider the many-server heavy-traffic limiting regime
in which the number of servers, n, and the arrival rate, A,, go to infinity, while the
service rate and abandonment rate remain unchanged. The stochastic-process limits
we establish here are natural extensions of the conventional heavy-traffic stochastic-
process limits for single-server systems with service interruptions in [8, 20] and
Sect. 14.7 in [36]. However, the scalings for single-server systems and many-server
systems are very different. In the conventional heavy-traffic limit, time is scaled so
that both the times between interruptions and the lengths of the interruptions are al-
lowed to grow. In contrast, for many-server systems, we do not scale time. Hence
the times between service interruptions and the lengths of interruptions can remain
unchanged in the heavy-traffic limit. In fact, the interruptions can even have a signif-
icant impact if the durations of the interruptions are asymptotically negligible. Then,
in the many-server heavy-traffic limit, at each time the system is working with prob-
ability one and yet the interruptions have an impact through jumps in the limit of the
scaled queue-length process. As usual with many-server heavy-traffic limits, we will
consider three limiting regimes: quality-driven (QD), quality-and-efficiency-driven
(QED), and efficiency-driven (ED); see [15, 17] and [37]. We have two types of scal-
ings for the service interruption durations: unscaled and asymptotically negligible,
see Sects. 2.2 and 2.3. With unscaled service interruptions, a stochastic fluid approx-
imation for the queue-length process is obtained in Theorem 3.1 in all three regimes,
which is in the same spirit as the previous fluid approximations for single-server
systems in a random environment in [9, 22], and [10]. Conditional on the service-
interruption process and the functioning-server process, the fluid limit is determinis-
tic and satisfies a nonlinear ordinary differential equation (ODE) in each of the two
environment states (interruptions or no interruptions).

With asymptotically negligible service interruptions, we obtain the same determin-
istic fluid limit for the queue-length processes as without service interruptions in all
three regimes (Theorem 3.2), but new refined stochastic limits for the queue-length
processes in the QED and ED regimes (Theorems 3.3 and 3.4). The asymptotically
negligible service interruptions produce unmatched jumps in the refined stochastic
limits, which requires the Skorohod M topology; see Chap. 12 of [36]. In order to
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apply the continuous mapping theorem, we need the mapping defined by the integral
representation of the queue-length processes to be continuous in the Skorohod M;
topology, which is established in [26]. The continuity of this mapping also allows us
to consider the more general arrival processes, e.g., heavy-tailed interarrival times;
see the FCLT in the modified QED regime with asymptotically negligible service
interruptions in Theorem 4.1.

The refined stochastic limits for the queue-length process are characterized by the
pathwise unique solution to a stochastic integral equation with jumps. If the arrivals
are renewal with interarrival times having a finite second moment and the cycle time
of interruptions is exponential, then the limit processes are special Markov processes,
and so are relatively tractable. The refined stochastic limit in the QED regime is a
jump-diffusion process, while the refined stochastic limit in the ED regime (as a spe-
cial case, for infinite-server queues) is an Ornstein—Uhlenbeck (O-U) process driven
by a Levy process (a Brownian motion with drift plus a compound Poisson process).
The size of jumps in the QED limit process depends on the service rate change,
the proportion of non-functioning servers and the duration of the limit of the scaled
down times, while the size of jumps in the ED limit process also depends on the
customer abandonment rate change. The steady-state distribution of the limit queue-
length process in the ED regime (and for infinite-server queues) is given explicitly
by its characteristic function and can be decomposed into two independent random
variables: one is that without service interruptions and the other represents the effect
of the service interruptions. We refer to [4, 12, 14, 18, 32-34] and references therein
for related work on the stochastic decomposition of the steady-state distribution of
the queue-length process for many-server (infinite-server) queues with service in-
terruptions or vacations. For conventional heavy-traffic limits, decompositions were
discussed by Kella and Whitt [20, 21]. As can be seen from [20], this work con-
tributes to a large body of literature on queues with service interruptions or vacations.
For other related work on this topic, see [1, 6, 7, 23, 24, 32-35] and references
therein.

1.1 Organization of the paper

In Sect. 2, we start by more carefully describing the model, the many-server heavy-
traffic limiting regimes, and the exogenous service interruptions. In Sect. 3, we state
the main results: fluid approximations and their stochastic refinements in all three
regimes for many-server queues and for infinite-server queues, and a stochastic-
decomposition property of the steady-state distributions in the ED regime and for
infinite-server queues. In Sect. 4, we state stochastic refinements for low impact in-
terruptions and for bursty arrivals in the QED regime. We give the proofs in Sect. 5
and conclude in Sect. 6.

2 Preliminaries and assumptions
2.1 The many-server heavy-traffic limiting regimes

We consider a sequence of G/M /n + M queueing models indexed by the number of
servers, n, and let n — oco. For each n > 1, customers arrivals are general (the G), the
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n parallel homogenous servers have independent exponential service times (the M)
and customers waiting in the queue have independent exponential patience times
(the +M). We assume that arrival processes, service times and customer abandon-
ments are mutually independent and that all the servers are functioning at time O.

For each model, service interruptions occur exogenously, independent of the sys-
tem described above. When interruptions occur, some or even all of the servers will
stop working while arrivals keep joining the queue. If busy servers stop functioning
because of an interruption, then the customers that were being served will be served
to the extent possible by remaining functioning servers, while any excess customers
remain to complete their service where they left off when the unavailable servers be-
come available again. (We do not focus on the individual customer and server experi-
ence. Hence it suffices to assume that the customers selected to move to functioning
servers are chosen independently at random.)

We assume that the service rate of each server is i > 0 and the customer aban-
donment rate is 81 > 0 when there is no service interruption, and that the service rate
is (o > 0 for functioning servers and the customer abandonment rate is 6> > 0 during
a service interruption. We assume that @1 > uo and 61 < 6,. (It is natural, but not re-
ally crucial. Inequalities among these parameters can be used to ensure that the jump
terms in (3.3), (3.6) and (3.9) are all positive, but that is not required. It does not af-
fect the correctness of the mathematical results if these conditions are not assumed.)
For each n > 1, let {n, r : k > 1} be a sequence of independent and identically dis-
tributed (i.i.d.) random variables, taking integer values from O to n, where for each k,
Nn.k 1 the number of functioning servers among the n servers when the kth service
interruption occurs. We assume that

Mn,k

= forall k as n — oo, (2.1

where = denotes convergence in distribution and {n; : kK > 1} is a sequence
of i.i.d. random variables, taking values in [0, 1]. Here 1y = 0 means that all servers
stop functioning when the interruption occurs, referred as total-failure model, while
Ny = 1 means that all servers remain functioning but with a lower service rate
2 < u1. (This randomness assumption on the servers is different from that in [3],
where the number of servers and their service rates are both assumed to be random
with some structure.)

Let D = D([0, o0), R) denote the function space of all right-continuous real-
valued functions on [0, oo) with left-limits everywhere in (0, 00); see [5] and [36]
for background. We will make use of the Skorohod M topology as well as the fa-
miliar Skorohod J; topology. Let (D*, M) = (D, My) x --- x (D, M;) be the k-fold
product of (D, M) with the product topology. In contrast, let (D, M) be the space
of R¥-valued functions D([0, co), R¥) with the direct M; topology. Convergence in
Dy, implies convergence in DF with any of the Skorohod topologies, but not con-
versely.

Let A, = {A,(¢) : t = 0} be the arrival counting process in the nth model with
arrival rate A, = lim;— o, A, (t)/t € (0,00) and assume A,/n — A € (0,00) as
n — oo. Let the associated fluid-scaled and diffusion-scaled arrival processes be
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Ay, ={A,(t):1>0}and A, = {A,(¢) : 1 > 0}, defined by

. An(t) — o
A = 22, An(oz%,

We assume that the arrival processes satisfy a functional central limit theorem
(FCLT); i.e.,

A, = A in (D, M) asn— oco. (2.2)

Here we assume the weak convergence in the Skorohod M topology to allow for
more general arrival processes, as in Sect. 6.3 in [36]. When the arrival processes are
renewal with interarrival times having a finite second moment, the limit process will

be a Brownian motion (with time change), A 4 /AcZB, where the constant ¢ is the
squared coefficient of variation (SCV, variance divided by the square of the mean)
of an interarrival time and B is a standard Brownian motion. Since Brownian motion
has continuous paths, the M convergence is equivalent to uniform convergence on
bounded subintervals.

The FCLT above implies that an associated functional weak law of large numbers
(FWLLN) holds for the arrival processes; i.e.,

A, =ie inDasn— o0, 2.3)

where e(t) =t for all t > 0.
Let p,, = A, /nu be the traffic intensity and assume that

Jn(l—p,)— B, asn— oo, 2.4)

where B takes values in R U {£oo}. We obtain the quality-driven (QD) regime, the
quality-and-efficiency-driven (QED) regime, and the efficiency-driven (ED) regime,
respectively, when 8 = 400, —00 < 8 < 400, and 8 = —o0. The canonical exam-
ples for the QD and ED regimes are fixed traffic intensities, with p, = p < 1 for all
n with QD, and p,, = p > 1 for all n with ED, which is achieved by letting A,, = An
for all n with A < w1 for QD and with A > w for ED. The FWLLN and FCLT for
the queue-length processes in the QD and ED regime in Theorems 3.1, 3.2 and 3.4
assume these canonical examples.

For each n > 1, let Q, = {0, () : t = 0} be the queue-length process, where for
each t > 0, Q,(¢) represents the number of customers in the nth model at time z.
Assume that the initial conditions Q,(0) are independent of the arrival process
A,, service times, customer patience times, service interruptions and {1, x : k > 0}.
Define the fluid-scaled and diffusion-scaled processes Q, = {Q,(t) : t > 0} and

0, ={0n(1) :1 >0} by

Qn(t)E Qn(l)’ Qn(t)zM

n N

v

0. 2.5)
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2.2 Unscaled exogenous service interruptions

We define the exogenous service-interruption process by the regenerative up—down
(or on—off) cycles of the servers, specified by the sequence of independent random
vectors {(Un k, Vn k) - k > 1}, where u, ; and v, x denote the kth up (on) time and kth
down (off) time of the servers in the nth queueing model, respectively. We assume
that v, x, k > 1, are i.i.d. and u, i, k > 2, are i.i.d., allowing u, 1 to have a different
distribution from u, x, kK > 2. For simplicity, we assume that u, ;, v,; > 0 for all i.
The renewal times {7}, i : k > 0} are defined by

k
Tok =) (ni+vai). fork>1, and T, 0=0.
i=1

Thus the associated delayed renewal counting process N, = {N,(¢) : t > 0} is de-
fined by

Ny(t)=max{k>0:T,x <t}, t>0. (2.6)
Define the availability process (random environment) of the servers, U,, = {U, (¢) :

t >0}, by

1, Thx<t< Tn,k + Upn k+1, fork >0,
U,(t) =

0, Tn,k FUunir1 <t < Tn,k+l’ for k > 0.

The cumulative up-time process Cy ., = {Cy »(t) : t > 0} is defined by

t
Cu,n(t)E/ U,(s)ds, t>0.
0

The cumulative down-time process Cp , = {Cp () : t > 0} is defined by Cp ,(t) =
t —Cy n(t) foreach t > 0.

Define the process counting the number of functioning servers at each time, n, =
{nn(r) : 1 = 0}, by

M Ne+1s Tk Tt g1 <t < Ty pq1, fork =Ny (2),
na(t) = { 2.7

n, Tn,k <t< Tn,k + Up k+1, for k # N, ().

In (2.7), nu,N, (1)+1 represents the number of functioning servers when a service in-
terruption is occurring at time ¢, where that service interruption is the (N, (¢) + 1)-th
service interruption, by the definition of N, in (2.6).

For the unscaled service interruptions, we impose the following assumption on
the down times of the service interruptions

{@nk,vap) k> 1} = g, o) 1k =1} in (R?)™ as n — oo, (2.8)
where uy, vr > 0 for each k with probability 1 (w.p.1). This implies that

{Thi: k>0 = {Tp :k>0}>Tr—; inR* as n— oo, (2.9)
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where
k
TkEZ(uiJru,-), fork>1, and Tp=0. (2.10)
i=1

As a consequence, we have the following elementary lemma. We not only have
convergence in (D3, J1), but also in (D3, J;) because the discontinuity points of the
component processes coincide.

Lemma 2.1 For the unscaled service interruptions, satisfying (2.8),
(N, Up,n™ ') = (N, U, ) in (D3, Jy) as n — o0,

where the processes N ={N(t):t >0}, U ={U(t) :t =0} and n={n(t) :t =0}
are defined by

N@#)=max{k>0:T, <t}, t>0, (2.11)

1, Tir<t<Tr+ugs, fork >0,
U(t)z{ +1 f

0, Ti+ups1 <t <Tiy1, fork=>0,
and

® IN@+1, Tk + kg1 <t <Tiqq, for k=N(1),
77 =
1, T <t < Ty + ug41, for k # N(t).

2.3 Asymptotically negligible service interruptions

We now introduce an alternative limiting regime in which the down times decrease to
0. Instead of assumption (2.8), we assume that

{Gn s Vrvp ) k=1 = {up,v) k> 1} in (R) T asn—o00, (212

where again uy, v > 0 for each k w.p.1. We refer to this assumption as asymptotic
negligible service interruptions. This implies that (2.9) holds with

k
Ty Ezui > Ty, fork>1, and Ty=0. (2.13)

i=1

Let the distribution function of v{ be G and assume that E[v|] = m, < co. Under
this assumption, if in addition the random variables uy, k > 1, are nonlattice, then
U, (1), n_lnn(t)) = (1, 1) in R? as n — oo for each 7 > 0, as if there were no inter-
ruptions at all. However, under this assumption, the processes (U,,, n_lnn) will not
converge to the deterministic processes (w, w) in D? with w(t) =1 for all > 0 in
any of the Skorohod topologies; see Example 11.6.1 on p. 388 in [36]. Note that this
is very different from the convergence of (Uy,,n~'7,) in Lemma 2.1.
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Define the scaled cumulative down-time process of servers V,, = {V,,(¢) : t > 0}
by

t
Va(t) = ViCp (1) = Vn / (1= Un(s))ds. 120, (2.14)
0

and the associated “lost service” process R, = {R, () : t > 0} by

t
Rn(r)zﬁ/ (1—”"(S)>(1—Un(s))ds, t>0.
0

n

Lemma 2.2 For the asymptotically negligible service interruptions,
(Nn,vn’Rn,CU,n):>(N7 VvRae) l}’l (Da J])X(D},M])ﬂS}’l-)OO, (215)

where V={V(t):t >0} and R ={R(t) : t > 0} are defined by

N(1) N(t)

V=Y uw,  RO=Y ul-m), >0,
k=1 k=1

N is defined in (2.11) with Ty, in (2.13) and e(t) =t for all t > 0.

Remark Convergence in (2.15) cannot be strengthened to (D4, M) because the limit
processes N, V and R all have common discontinuities, but the converging processes
N,, increase in jumps, whereas V,, and R, have continuous sample paths. The con-
vergence in (D4, M1) requires a single parametric representation of (N,, V;,), but the
requirements for the single time component are incompatible. There is no difficulty
with the product topology because then N,, and V,, can have separate parametric rep-
resentations.

We remark that the 7;’s in (2.10) and (2.13) are defined differently, but in the con-
text it is easy to see which definition is used. We will not use the convergence of 1,,/n
for asymptotically negligible service interruptions in the proofs, but the convergence
R, = R will play a key role. Note that the converging processes V,, and R, have con-
tinuous sample paths, but their limit processes V and R have discontinuous sample
paths. Thus, the weak convergence will not hold in the usual Skorohod J; topology
because of the unmatched jumps, as discussed in Chap. 6 of [36]. However, since the
processes Cy , and the limit process e are all continuous, the convergence of Cy
to e in the M topology is actually equivalent to uniform convergence on compact
intervals. We prove Lemma 2.2 in Sect. 5.4.

3 Main results
3.1 Unscaled service interruptions
With the framework in Sect. 2.2, we can establish a fluid limit that is valid in all

three limiting regimes. The proof is in Sect. 5.3. We use the conventional notations:
xT =max{x, 0}, x Vy=max{x, y} and x A y =min{x, y} for any x, y € R.
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Theorem 3.1 (FWLLN with unscaled service interruptions) Consider the G/M /n+
M model with unscaled service interruptions, in the OD, QED or ED regime. If there
exists a random variable Q(0) such that Q,(0) = Q(0) as n — oo, then

0n=Q in (D,J))asn— oo,

where Q,, is defined in (2.5) and Q = {Q(t) : t > 0} is defined by the integral equation
- - t - -
Q@) = Q(0) + At — /0 [1£1(Q(s) AU (s) + pa(Q(s) An(s)) (1 = U(s))

+61(06) = 1) UG) +6:(0) — () (1 =U)]ds, 1>0. 3.1)

Conditional on the availability process U and the functioning-server process 7,
the process Q evolves deterministically with two different dynamics on the two al-
ternating states of the servers. For k > 0, on the interval [T} + ug+1, Tk+1), when
the service interruption happens, Q(f) evolves according to the nonlinear ordinary
differential equation (ODE)

d - - -
EQ(I) = — u2(0®) An(0) —62(Q(1) — (1)) "

starting from the point O(Tx + urs1) = O((Ty + ur+1)—) and on the interval
[Tk, Tx + ur+1), when the servers are functioning, Q(t) evolves according to the
nonlinear ODE

d - _ _
00 =h— (00 A1) —61(0() ~ )",

starting from the point O(Ty) = O(Ti—).

As a consequence, the limit process is nondecreasing w.p.1 for the G/M /n total-
failure model, without customer abandonment, in both the QED and ED regimes.
Evidently, the queue length in the original G/M /n system diverges to infinity as
t — oo if n is large enough with QED scaling. We verified that for the M /M /n
model in Theorem 3 in [25].

3.2 Asymptotically negligible service interruptions

In this section, we state the FWLLN for the fluid-scaled queue-length processes in all
three regimes and FCLTs for the diffusion-scaled queue-length processes in the QED
and ED regimes with asymptotically negligible service interruptions. With asymp-
totically negligible service interruptions, the fluid limits in all three regimes are the
same as if there were no interruptions at all. However, the proof requires some extra
work since we cannot directly apply the continuous mapping theorem to the integral
representation of the queue-length processes with the process U, in it.

Theorem 3.2 (FWLLN with asymptotically negligible service interruptions) Con-

sider the G/M /n + M model in the OD, QED or ED regime and assume asymptot-
ically negligible service interruptions. If there exists some constant Q(0) < oo such
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that 0,,(0) = Q(0) as n — oo, then
Qn=>Q in (D, J1)as n — oo,

where Q(t) is deterministic and differentiable, and satisfies the integral equation
t
0(t) = 0(0) + rt — / (m1(Q) A1) +61(Q(s) — 1)*) ds, t>0. (32
0

Moreover, as t — 00, Q(t) — q, where g = A/u1 < 1 in the QD regime, g =1 in
the QED regime and g =1+ (A — p11)/601 > 1 in the ED regime. If Q(0) = q, then
Q(t)=gq forallt > 0.

Since the steady-state limits as ¢+ — oo in the fluid limits above (the g in Theo-
rem 3.2) are the same as without service interruptions, the centering for the FCLT's
will remain the same as without service interruptions. We remark that the fluid
dynamics in Theorem 3.2 depends on the assumption on the initial conditions:
0,(0) = Q(0). If the assumption is changed to Qn(O) = Q(O) as n — o0, as in
the following FCLT in the QED regime, the fluid dynamics will become Q,, = w as
n — oo where w(t) =1 forall t > 0.

Theorem 3.3 (FCLT in the QED regime with asymptotically negligible service inter-
ruptions) Consider the G/M /n + M model in the QED regime, where A = 1, and
assume asymptotically negligible service interruptions. If there is a random variable
Q(O) such that Q,, 0) = Q(O) asn — 090, the processes A,V and R are independent
of Q(O) and A and V have no simultaneous Jjumps w.p.1, then

O0,= 0 in(D, M) as n— oo,

where Q = {Q(t) :t > 0} is defined as the pathwise unique solution to the following
stochastic integral equation with jumps:

O(1) = Q(0) — w1 Bt + A(t) — Jm1B(t)

t
—fo (11(Q(s) AO) +61(Q(s) v 0))ds + J (1), (3.3)
for each t > 0, where
N(t)
T =Y [((1 = p2) + (2 — 020 —n))we]. 120, (G4
k=1

and B is a standard Brownian motion, independent of Q(O) Aand J.

Moreover, if Al V I1¢2 B, as occurs if the arrival processes are time-scaled ver-
sions of a common renewal process with interarrival times having a finite second mo-
ment, and the process N is Poisson, then the limiting process Q is a jump-diffusion
(Markov) process, given by the pathwise unique solution to the following stochastic
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differential equation (SDE) with jumps:
O(t) = Q(0) — w1 Pt ++/ 11 (1 +¢2) B(®)
t
—fo (11(Q(5) A 0) +61(Q(s) v 0)) ds + J (1), (3.5)

for eacht >0, w:here J () is defined in (3.4) and B is a standard Brownian motion,
independent of Q(0) and J.

Define the scaled queueing length process in the ED regime, QED = {QED ) :
1= 0}, by

QED(I)E\/E(Qn(t) - <1+ A;”“», 1>0.

1

In the ED regime, servers are always busy asymptotically. Service interruptions will
not change that fact but will add jumps in the limit.

Theorem 3.4 (FCLT in the ED regime with asymptotically negligible service in-
terruptions) Consider the G/M /n + M model in ED regime and assume asymptot-
ically negligible service interruptions. If there is a random variable QED(O) such
that QED 0) = QED (0) as n — o0, the processes A, V and R are independent of

QED (0), and A and V have no simultaneous Jjumps w.p.1, then
OFP = OFP  in (D, My) as n — oo,

where QED = {QED (t) : t = 0} is defined as the pathwise unique solution to the fol-
lowing stochastic integral equation with jumps,

t
O (1) = OFP(0) + A(1) — VAB(1) — 6, / OFP(s)ds + JE2(1), 120, (3.6)
0

where

N(1)

0 0
JEP (1) = Z[x(l - f) + (5;“ - Mz) + (2 — 92)(1_77k)i|vk, 120, (3.7)

k=1

and B is a standard Brownian motion, independent of QED 0, A and JEP.

Moreover, if Al \/)72 B, as occurs if the arrival processes are time-scaled ver-
sions of a common renewal process with interarrival times having a finite second mo-
ment, and the process N is Poisson, then the limiting process QED is a non-Gaussian
O-U process driven by a Levy process (and thus a Markov process), given by the
pathwise unique solution to the following SDE with jumps,

t
DEP (1) = OFP(0) + /A (1 + ) B(t —ef OFP(syds + JEP(1), t>0, (3.8
0~ (H=0""(0 (14 c2)B() 10Q (s)ds @) (3.3)

wheAre JED (1) is defined in (3.7), and B is a standard Brownian motion, independent
of OFP(0) and JEP.
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We refer to [11, 28] and [30] for jump-diffusion processes and O-U processes
driven by a Levy process.

We remark that if the abandonment rates 6; = 6;, J(¢) in (3.4) and J ED (1) in (3.7)
are the same. In other words, the limit process 0 in the QED regime is insensitive
to the abandonment rate change when a service interruption occurs, while the limit
process QED in the ED regime is sensitive to that. If ©; = uy and puy = 6;, then
J(t) =0 for all r > 0 and the process Q in (3.5) becomes a diffusion process, just
as if there were no interruptions. Similarly for the limit process in the ED regime,
if wp =pp, 61 =602 and uy =6,. If nx =1 for all k > 1 w.p.1, i.e., all servers re-
main functioning when a service interruption occurs, then there is still a jump term,
J(t) = (u1 — u2)V(¢), in the limit process Q provided that ©1 # p and a jump
term, JEP (1) = Z,/:/:(tl) [A(1 — g—f) + (g—fm — w2)]vk, in the limit process QED pro-
vided that 61 # 6, or w1 # up. The jump size in the jump process {J(¢) : ¢ > 0} in
(3.4) depends on the service rate change, the proportion of non-functioning servers
when an interruption occurs and the duration of the limit of the scaled down times.
The jump size in the jump process {JEP(¢) : + > 0} in (3.7) also depends on customer
abandonment rate change.

3.3 Infinite-server queues

If we assume that 6; = | and 6, = p» in the many-server queuing setting, which
is often reasonable in applications, then the many-server queue with interruptions
behaves as an infinite-server queue in a random environment. As special cases of the
results above, we obtain the following limits for infinite-server queues. The regimes
QD, QED and ED are no longer relevant.

We consider a sequence of infinite-server queueing models indexed by n and
let n — oo. Let the arrival processes, service times and service interruptions be the
same for many-server queues, but now there is no customer waiting or abandon-
ment.

Corollary 3.1 (Infinite-server queues) Consider a sequence of G/M /oo models.
Theorems 3.1-3.4 hold with the limits taking a simple form:

(1) For unscaled service interruptions, the deterministic fluid limit in a random en-
vironment Q in (3.1) becomes

t
Q(r)=Q(0)+u—fo (111 06U () + 120() (1 — U(s))) ds. 120,

(i) For asymptotically negligible service interruptions, the deterministic fluid limit
Q in (3.2) becomes

t
Q(t)=Q(0)+mt—u1/0 Q(s)ds, t>0.
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(iii) For asymptotically negligible service interruptions, the limit process Q in (3.3)
and (3.6) of the scaled queue-length processes Q, becomes

t
Q(t)=Q(0)+A(t)—JﬁTlB(l)—M1/() Q@)ds + (u1 —u2)V(@), t=0.
3.9)

If Al VACZB and the process N is Poisson, the limit process Q is a non-
Gaussian O-U process driven by a Levy process.

3.4 Stochastic-decomposition property of steady-state distributions

The steady-state distribution of O-U processes driven by a Levy process is well stud-
ied, for which we refer to Theorem 2 of [39] and Proposition 15.4 in [11]. For the gen-
eral theory of jump-diffusion processes and O—U processes driven by a Levy process,
we refer to [28, 29] and [30]. By a direct application, we are able to establish the lim-
iting steady-state distributions of the limit queue-length processes in the ED regime
in Theorem 3.4 and for infinite server queues in Corollary 3.1. (The proof is omit-
ted.) As will be seen, the limiting steady-state distribution can be decomposed into
two independent random variables; one is the same as without any interruptions and
the other represents the effect of interruptions. The form of such a decomposition is
consistent with the stochastic-decomposition properties of the number of customers
in M /M /oo queues in light traffic established in [4, 12, 18] and [14]. However, the
variable representing the effect of interruptions in [14] is different from the others
in light traffic. In heavy traffic, we obtain another different variable representing the
effect of interruptions.

Theorem 3.5 (Stochastic-decomposition property of the steady-state distributions
in the ED regime and for infinite-server queues) Assume that the process N is
Poisson with rate § and the service-interruption down-time distribution satis-
fies lelzl G(dx) < oo, f\xlﬁl Ix|?G (dx) < oo and fooolog(lxl + 1)G(dx) < oo.
When the arrival processes are renewal, the process QED(I) in (3.8) converges to
QED(OO) 4 Z1 + Z; in distribution as t — o0, and QED(OO) is self-decomposable,
where Z1 is independent of Z,, Zi 4 Normal (0, A(1 +c§)/291), the steady-state
distribution without any interruptions, and the distribution of Z, is given by its char-
acteristic function

) o0 1
sz(S)EE[GXP(iszz)]ZEXP< [ =iy aH(udy>9—du),
R 1 11U

where H (-) is the distribution function of the random variable [(u2 — 62)(1 — n1) +
Al — g—f) + (Z—f/u — w2)]vy. Moreover, if the service interruption time vy is expo-
2

nentially distributed with rate m;l, and 01 > 8e *1"v | then the mean and variance
of Zy are given by

1) .
= P mmm Var[Zy] =

E[Z
[Z>] o o

8“%’"% . <8H1mv>2 2

gilqmv .
01
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When the arrival processes are renewal, the limit queue-length process Q(t) for
infinite-server queues in (3.9) converges to Q(oo) 4 QED(OO) in distribution as
t—>ocowithh=pu=0i=60andn; =1wp.l.

The steady-state distribution for jump-diffusion process Q in (3.5) can be charac-
terized by its generator since it is a special Markov process, but here we conjecture
that it also has a stochastic-decomposition property, which is left for future work.
Moreover, the steady-state distribution of the number of customers in many-server
queues with vacations in light traffic has a conditional stochastic-decomposition
property as in [32-34] and references therein. We conjecture such a decomposition
property also holds in heavy traffic.

4 Other scalings
4.1 Low-impact interruptions

The interruptions will have less impact when relatively few servers are affected. In
this section we establish a limit for the case in which the number of non-functioning
servers during an interruption is of order O (y/n) with n servers, and so constitutes
only an asymptotically negligible proportion. We do that by considering another scal-
ing of the random variables {n,  : k > 1}. In particular, assume that

Mnk — N

Jn

where {n; : k > 1} is a sequence of i.i.d. random variables. As a consequence, for the
continuous-time process in (2.7), we have

= forall k as n — oo, 4.1)

@) —n

N

for each t > 0, but the process (17, — n)/+/n will not converge in D, just as with
(Un,n~'n,) in the setting of (2.12).

Under the assumptions in (4.1) and Theorem 3.3, the limit process Q in (3.3)
becomes

=0 inRasn— oo,

t
O = Q<0>—mﬁr+A<r)—mB(r)—m/0 (O(s) A0) ds

t A
—91/0 (Q() VO)ds + (1 — u2)V(), 1=0. (4.2)

This limit process is actually the same as Q in (3.3) when 1 =1 for all £ w.p.1.
This is reasonable since under the assumption in (4.1) almost all servers will remain
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functioning when a service interruption occurs. The jump size in the limit process
depends only on the service rate change and the duration of the limit of the scaled
down times. Therefore, if 11 = w2, it is not surprising that the limit process 0 will
have no jumps caused by service interruptions, as revealed in (4.2).

4.2 Bursty arrival processes

We now establish a heavy-traffic limit with stronger scaling to cover bursty arrival
processes, paralleling the result without service interruptions, Theorem 2.1 in [26].
In particular, we establish the heavy-traffic limits for the queue-length process with
a nonstandard scaling of the space in the FCLT. Let {c, : n > 1} be a sequence of
positive numbers such that ¢, — 00, n/c, — oo and /n/c, — 0 as n — oo. For
example, one can choose ¢, = nl/® for 12<a<l.

Define the scaled arrival processes A,, = {An (t) :t >0} by

An() = ¢ (An(®) = hat), 120,
and assume that A, satisfy the FCLT:
Anﬁfi in (D, M) as n — oo.

When A, is a renewal process for each n, the limit process A will be a Levy process.
Indeed, if A, is a time-scaled version of a single renewal process, then A must be a
stable («-stable) process; i.e., the increments have stable laws

At +5)— Als) £ Sy (117, 8,0) L 117%8,(1, B,0)

for any s, # > 0 and for some o and  with0 <o <2and —1 < 8 < 1; see Sect. 4.5.3
in [36].

The usual definition of the QED regime needs to be modified. Now we assume
that

cn_ln(l—p,,)—>,8, —00 < 8 < 00.

The asymptotically negligible service interruptions are assumed to satisfy
{(un,k, cn_lnv,,,k) k> 1} = {(uk, vr) t k> l} in (Rz)oo as n — 0o,

where ug, v > 0 for all k > 1 w.p.1.
Define the scaled cumulative down-time process of services V;, and the associated
“lost service” process R, by
t
Vo) = cn_lnCD,,, = c;ln/ (l - U,,(s)) ds, t>0,
0

and

t
Rn(t)zc,jln/ (1—"”—(S)>(1—Un(s))ds, >0
0 n
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As in Lemma 2.2, we can show that
(Nna Vﬂ7 Rna CU,}’Z) i (N’ V7 R7 e) in (D5 Jl) X (D37M1) as n — OO,

where N, V, R, e are as defined in Lemma 2.2. B .
Now define the scaled queue-length processes Q, and Q, by

0,1 =n""0,),  Ont)=c, (Qu(t) —n), 1>0.

The following theorem can be proved by similar arguments as in the proof of
Theorem 3.3 and hence its proof is omitted. Given the independence of A and V, the
simultaneous jumps will be avoided w.p.1 if the processes A and V have no common
fixed discontinuity points, e.g., if one of them is continuous in probability.

Theorem 4.1 (FCLT in the modified QED regime with asymptotically negligible ser-
vice interruptions) Consider the G /M /n+ M model in the modified QED regime and
assume asymptotically negligible service interruptions with the nonstandard scal-
ing above. If there is a random variable Q(O) such that Qn 0 = Q(O) as n — oo,
the processes A, V and R are independent of Q(O), and A and V have no simulta-
neous jumps w.p.1, then

0,= Q in(D,My)as n— oo,

where Q = {Q(t) .t > 0} is defined by the following stochastic integral equation with
jumps:

O(t) = 0(0) — 1t + A1)
l A A
—fo (n1(Q) A0)+61(Q(s) vVO0))ds+ J (1), =0,
where J(t) is defined in (3.4).
5 Proofs

5.1 Martingale representation of the queue-length processes

The proofs follow the martingale argument reviewed in [27]. By a simple conser-
vation of flow, the queue length at any time ¢ equals the initial content plus flow-in
minus flow-out; i.e.,

t

05 (t) = 0n(0) + Ay (1) = Si (m /0 (Qn(9) An)Un(s>ds>

) (m /0 (00 5) A ) (1 = Un(s) ds)

—L1(91 /O'(Qm) —n)+Un(s>ds)

—L2(92/Ot(Qn(S) — ()" (1 - Un<s))ds), 120, (5.0
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where the processes S; = {S;(¢) :t >0} and L; ={L;(t) : t >0}, i =1, 2, are inde-
pendent Poisson processes with unit rate.

Applying the argument in Lemma 2.1 in [27] and the scaling in (2.5), we obtain
the following representations.

Theorem 5.1 The queueing process Qn in (5.1) is well defined as a random element
of the space D. The scaled queueing processes Q, and Q, can be represented as

Qn(t)
= 0n(0) + Ay(t) = Sp.1 (1) = Sp.2(1) = L1 (1) — Ly 2(2)
t
—m/o (Qn(s) A I)Un(s)ds—,u2/ <Q,,( ) A s )>(1 — Un(s))ds
! +
_91/ (Qn(s)—1)+Un(s)ds—92/ (Qn s ""(s)) (1 = Un(s)) ds,
0 0

n
(5.2)

and

~ - ; a P - - An —np
On(1) = 0n(0) + Ap(t) — Sn,1(t) — Sn,2(t) = Ly 1 (1) — Lyp2(t) + —F—=—1
Jn

t t
—in1 [ (006 AO)U a5 =1 [ 0,67 Un(5)ds
— 2R (1) = B2Ry 20) + (11 — 1) VD), 53)

where

. 1 '
Sn1(t) = ﬁ(sl <M1/0 (Qn(S)/\n)Un(S)dS>
t
—m/(; (Qn(S)/\n)Un(S)dS),

~ 1 t
Spa(t) = W(Sz(m/ (Qn(s) Ana(9))(1 - Un(S))dS)
— f (0 (s)Ann<s>)(1—Un<s>)ds>,
in,m):—( 1(9 Qn(s)—n)+Un<s)ds>
Jn
—91/0 (Qu(s) —n) Un<s)ds),
Iin,z(r)=7( 2<0 Qn(s>—nn(s>)+(1—Un(s))ds)
0, /0 (Qnls) — nn<s))+(1—Un<s))ds),
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t
Ru1(1) = ﬁ/ ((Qn(s) —1)A (”"(s) - 1))(1 — Up(s))ds,
0 n
t +
Ryo(t) = \/E/O (Qn(s) - nn(S)) (1 - Un(s)) ds,

n

and

1 -
—Ln,i(t)’ l= 1727 tZOa

_ 1 4 -
Sn,i(t)=—nSn,i(t), Ln,i(t)zﬁ

\/_
and Vy, is defined in (2.14).
The following is established just as Theorem 7.2 in [27].

Lemma 5.1 The processes (S’n,], 3‘,152, lA,,,,l , in’z) defined in Theorem 5.1 are square
integrable martingales with respect to the filtration ¥,, = {F,(t) : t > 0} where

fn(r)zo{an),Sl (m fOS(Qm)An)Un(u)du),
S (Mz fot(Qn(S) Ana(s))(1 - Un(S))dS),
L1(91 /Ot(Qnm —n)+Un<s)ds),
L2<92/0t(Qn(S) () (1 - Un<s>)ds) :
OSSEt} Vo (An($), Un(s), na(s) 15 2 0) VIV,

and N is the collection of all null sets. The predictable quadratic variation processes
(Sn,i) ={(Sn,i) (1) 1t =0} and (Lp,i) = {(Ln,i)(®) :1 =0}, i =1,2, are

t
o)1) = %/0 (Qn(s) An)Un(s)ds,

R t
(S0.2) (1) = % /0 (Qn(s) A 1a() (1 = Un(s)) ds,

~ 0 t
(Laa) () = —‘f (Qn(s) —n)" ds,
nJo

Z))

(Loo)(t) == t(Qn(s> — () (1= Un(s)) ds.
n Jo

Proof It is known that for i = 1, 2, the processes Mg, = {Ms, (t) :t > 0} and M, =
{Mp,(t):t >0} defined by My, (t) = S; (1) —t and My, (t) = L;(t) —t fort > 0 are
square integrable martingales with respect to the filtration generated by the processes
S; and L;, with predictable quadratic variation processes (Ms,) = {(Ms,)(t) : t > 0}
and (M) = {{My,;)(t) :t > 0} defined by (Ms,)(t) =t and (Mp,)(t) =1t.
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As for the case without service interruptions in Sect. 7.1 in [27], we will need
to apply the optional stopping theorem for multiparameter random time change (see
Sects. 2.8 and 6.2 in [13]).

Define the processes t,,,; = {7,,,; () :t >0} (i =1, 2,3,4) by

t

rn,l(n:mfo (Qn(s) An)Upy(s)ds,
t

£a(t) = 12 /0 (0u(s) A mn()) " (1 = Un(s)) ds,
t

T,3(t) = 6 /0 (Qn(s) —n) " Un(s) ds,

t
Ta(1) = 6 /0 (0n(s) = () (1 = Un(s)) ds.

All the 7t,;’s have continuous nondecreasing nonnegative sample paths and
(Tn1(1), Tn2(t), Tu 3(t), Ty.4(t)) are stopping times with respect to the filtration
H, = {H,(t1,tr,13,t4) : t; > 0,1 = 1,2,3,4} for each t > 0; i.e., for all u; >0
(i=1,2,3,4),

{tn 1 () <ut, ta2(t) Suz, 1y 3(1) < uz, Toa(t) Sush € Ho(ur, uz, usz, ug),

where

Hu(t1. 12,13, 14) = 6 {0 (0), S1(s1). S2(52), L1(s3), La(sa) : 0 <57 <17,
i=1,2, 3,4} \/U{An(s), U,(s), 0, (8) 15 > 0} v N

We need to check the moment conditions for 7, ; ’s to be satisfied; i.e., E[7, ; ()] <
oo for all i and

E[S,- (‘L’n,,‘(l‘))] <00, fori=1,2,
E[Li(ta3()] <00, and E[La(tn4(1))] <00, 1>0.

The moment conditions for 7,1 and 1,2 are obviously satisfied and we apply
the crude inequality Q,(t) < 0,(0) + A, (¢) for each t > 0 to obtain the moment
conditions for 7, 3 and 7, 4. For each t > 0,

E|:91 /Ot(Qn(S) _n)+Un(S)ds:| <011(E[Qn(0)] + E[Ax(t)] +n) <00, >0,

and

E[Ll(el /OI(Q,,(S) —n)+U,,(s)ds>] < E[Li(611(E[Qn(0)] + E[An(1)] +1))]
=01t(E[Qn(0)] + E[An(1)] + 1) < oo.
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This implies that the moment conditions for 7, 3 hold if E[Q,(0)] < oo. Similar
arguments hold for 7, 4.

Recall that E[Q,(0)] < oo is not assumed in the statement of Theorem 3.1.
As elaborated upon in Sect. 6.3 in [27], we first consider bounded initial conditions
that converge to the same limit and establish the limit under the modified initial condi-
tion, which is asymptotically equivalent to the original limit in probability. So without
loss of generality, we could have assumed that E[Q,(0)] < co at the very beginning.

Therefore, by applying a variation of Lemma 3.2 in [27] for multiparameter mar-
tingales together with the optional stopping theorem for multiparameter random time
change, we obtain the desired result. O

5.2 Continuity of an integral representation

The following integral representation plays a key role in the proof of the heavy-traffic
limit theorems in this paper. To apply the continuous mapping theorem, we establish
the continuity of the mapping, based on a new characterization of the M; conver-
gence, Theorem 1.2 in [26].

Lemma 5.2 Consider the integral equation

t

t
y(t):x(t)—i—/o h(y(s),z(s))q(s)ds—i—/o g(y($))b(s)ds, >0, (5.4)

where the function h : R x R — R is Lipstchitz continuous in each coordinate, the
function g : R — R is Lipstchitz continuous and the functions q, b € D. The integral
equation in (5.4) has a unique solution y € D so that it gives a function r : Dy — D
mapping (x,z,q,b) into y =¥ (x, z, q, b). Moreover, the function  is continuous if
the spaces D4 and D are both endowed with either the Skorohod Ji or My topology.

Proof Let Yy, = (X, 20, Gn, bp) and T = (x, z, ¢, b). Fix T > 0. This proof is a mi-
nor modification of Theorem 4.1 in [27] and Theorem 1.1 in [26]. Since ¢ and b
are elements of D, they are bounded on [0, T'] for each T > 0. Let K be such
that ||gll7 Vv |bll7 < K, where for any function f € D, || f|r = supg<;<7 | f ()],
and for simplicity we write || f| if 7 = 1. Suppose that |h(wy,11) — h(wy, )| <
ci(wi — wa| + [l1 — I2|) and |g(w1) — g(w2)| < c2|lwi — wo| for all w;,l; € R and
some c1, c2 € (0, 00). We will only prove continuity property in the M; topology
since the proof in the J; topology is similar and easier. Given that dy, (T, T) — O,
by Theorem 1.2 in [26], let (u,, r,,) and (u, ) be parametric representations of 7;, and
T, constructed such that r and r,, are absolutely continuous with respect to Lebesgue
measure on [0, 1] with derivatives »’ and r;, for all n satisfying

1
I =l = [ o) = )] ds >0 asn>
vl = ) |7 | (5.5)

I¥'|l < oo and supnz]{||r,’1||}<oo.

We will construct the associated parametric representations (i, , ry,) and (uy, ry)
for y, and y. Since the jumps of y, necessarily coincide with the jumps of x, for
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each n and so do the jumps of y and x, we can let ry, =r and ry, = r, for all n.
So the time components r, and ry, satisfy (5.5) and ||ry, — ry[ — 0 as n — oo.
We define the spatial components u, (s) = y(r(s)) for r(s) € Disc(y) and uy, (s) =
Y (ry(s)) € Disc(y,)¢ for all n > 0, where Disc(y) is the set of the discontinuity
points and Disc(y)¢ is its complements and define the remaining values by linear
interpolation. Now we can write

iy, (s) = ulD(s) + /.S h(uy, (w), u,(f)(w))u,?)(w)r,; (w) dw
0

+ /S g(uyn (w))uﬁf')(w)r,’,(w)dw,
0

uy(s) = uV(s) + /: h(uy(w), u(z)(w))u@(w)r’(w) dw

+ /S g (uyw))u™ (w)r' (w) dw,
0

for s € [0, 1], where u® is the ith component of u, and similarly for uf,i). Now we
have

|y, () —uy ()| < |ulP(s) =V ()| + An1 + Ana,

where
Ap1 = ‘/Sh(uyn(w), ugz)(w))u,(f)(w)r,’l(w) dw
0
- /Sh(uy(w),u(z)(w))u(3)(w)r/(w)dw ,
0
and

Ao = ‘/Y g(uyn (w))u,(;‘)(w)r,’L (w)dw — /S g(uy(u)))u(4)(w)r’(w) dw’.
0 0
Then

An,l =<

[ s 0.2 @)y o
" Vo iy (). u® @))uy (w)ry, (w) dw

+

/S h(uy(w), u(z)(w))uff)(w)r’(w) dw
0
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—/Sh(uy(w),u(2)(w))u(3)(w)r/(w)dw

0

< K61||r,/1||/ (|uyn(w) — uy(w)| + |u§lz)(w) - u(2)(w)|)dw
0

S
+ 1y, 2) |IT(K /0 o) =) dw + ) - P = u® ”)’

and
App < fosg(uyn (w))ulP (wyr), (w) dw — /OSg(uy(w))uff)(w)r,’l(w)dw‘
+ ‘ fo Sg(uy(w>)u54>(w)r;(w)dw - /0 S g(uy(w>)u,<;‘>(w)r’(w>dw'
+ ‘ /0 Sg(uy(w))u,g4>(w)/(w)dw - /0 S g(uy(w))u“)(w)r’(w)dw‘
< Kaalrll fos|uyn(w) — uy(w)|dw
+ ||g<y)||T<K /Oslruw) —r')|dw+ ]| - [ul? —u® ||>.
Hence,

|y, (s) — uy(s)|

= [ = uP N+ (20 2y + e (Kl =l 410 [ = )

N
+ Keilr)l - “u’(}) —u® || +K(c1 + Cz)||’”,/l||/ |”yn (w) — uy(w)Idw.
0
Now by Gronwall’s inequality and (5.5), we obtain

”uyn - uy”

= (Ju” =]+ (I 27+ |

g ) (Kllry = llzy + 1711 4 = u®])

+Keillryl - [ul® —u®])) - elml&C@ted 00 as n— oo.
Therefore we have proved that dp, (y,, y) — 0 as n — oo. O

5.3 Proof of Theorem 3.1

There are two possible scenarios for the random environment. In the first scenario, the
random environment U, is common and equal to U for all n. In the second scenario,
the random environments are different for the models, but U,, = U in the Skorohod

@ Springer



Queueing Syst (2009) 61: 167-202 189

J1 topology as n — oo. In the first scenario, the proof is done in Theorem 5 of [25]
and is basically the same as without service interruptions except that conditioning on
the process U, we need to apply the continuous mapping theorem to the mapping de-
fined by the integral representation in Lemma 5.2. Here we only consider the second
scenario.

The following lemma can be proved by applying Lemmas 5.5, 5.8, 5.9 in [27],
with minor modifications. We state the result without proof.

Lemma 5.3 Under the assumptions of Theorem 3.1, the sequence of processes
{(Sn.1, Sn.2, L1, Ly.2) : n > 1} defined in Theorem 5.1 is stochastically bounded in
the space Dy, i.e.,forall e > 0 and T > 0, there exists a positive real number K such
that

P(||(Su1vSn2 Lt Lap) |, <K) > 1—€, forn=1.

The sequence of processes {Q, : n > 1} in Theorem 5.1 is stochastically bounded
in D and we have the joint convergence

(Qn(o)» An» S'n,la Sn,Za Ln,l’ l—ln,Z)
= (0(0), re,¢,¢,¢,¢) in Rx (Ds, Jy) as n — oo,

where e(t) =t and ¢(t) =0 forall t > 0.

Proof of Theorem 3.1 We observe that the continuous mapping theorem cannot be
applied directly to the integral representation of Q,, in (5.2), due to the process U, in
the integral, so we will prove the weak convergence of the processes O, conditional
on the processes U, to the process Q conditional on the process U. We notice that
the process O conditional on the process U is differentiable.

As a first step, given U, = U in (D, J1) as n — oo, we apply the Skoro-
hod representation theorem to get versions of U, converging to U w.p.l. We can
then restrict our attention to these and focus on a single sample point w for which
|Uy(w) — U(w)|lr — 0 as n — oo. Fix T large as a continuity point of U.
Since the random environment is independent of the queueing system, by fixing such
an w, we will consider the stochastic queue-length processes and partition the time
domain into the time intervals [T, x, Ty x + tn k+1) and [T,k + ty k41, Tn k+1) for
k>0.

By the representation of Q,, in Theorem 5.1, conditional on the processes U,,, for
all k£ > 0, on the time intervals [T, x, Ty k + Un k+1),

Qn(t) = Qn(Tn,k_) + An (Z) - A_n(Tn,k_) - (Sil,l(t) - Sn,l(Tn,k_))
t

B (6) = En (T i) —m/ (Ou(s) A 1)ds

Tn.k
t -
o [ (@u)=1)"ds,
Tn,k
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and on the time intervals [T}, x + un k+1, Tn.k+1),
0n(®) = On((Tnk + ttnpr1)=) + An(t) = Ay ((Tk + ttn k41)—)

— (Sn2() = Sn2((Tuk + tn i)
— (Ln2(®) = Ly2((Ty g + tnks1)—))

t
— 1 / (Qmm ””(S))ds
T k+itn k+1 n

t +
- 92/ <Qn(s) - nn(s)> ds.
Tn,k+un,k+l n

We proceed with the proof by induction on k. For k = 0, conditional on U, on the
time interval [0, u, 1),

0n(t) = 0n(0) + Ay (t) — Sp.1(t) — L1 (1)

_/0 [121(On(5) A1) + 61 (On(s) — 1) ds.

This representation of the processes Q, corresponds to the mapping defined in
Lemma 5.2 with the function g defined by g(x) = —u;(x A1) —6(x — )T for
all x e R, b =1 and h = g = 0. By the continuous mapping theorem together with
Lemma 5.3, applying to the addition mapping and the mapping defined in Lemma 5.2,
and the assumptions on the unscaled service interruptions, we obtain the weak con-
vergence of the processes Q,, conditional on the processes U, restricted to the time
interval [0, u,, 1) to the process Q conditional on the process U restricted to the time
interval [0, #) in D as n — oo, where

t
Q(r):Q(O)Hr—/O [ul(Q(s)Al)—i—@l(Q(s)—1)+]ds, te[0,uy).
On the time interval [u, 1, T5.1),
Qn () = Qn (un,] -+ An ) — An(”n,l -) - (Sn,2(t) - Sn,Z(“n,l _))

t
_(I:n,z(t)—in,z(un,l—))_M/ (Qn(S)/\ n"n(S))ds

Up,1

t +
—6’2/ <Qn(s) - U"T(S)> ds.
Up k+1

By the continuous mapping theorem together with Lemma 5.3, applied to the ad-
dition mapping and the integral mapping defined in Lemma 5.2, with the function A
defined by h(x,z) = —u2(x Az) —0r(x —z)T forallx,zeR,g=1and g=b=0,
we obtain the weak convergence of the processes Q,, conditional on the processes U,
restricted to the time interval [u, 1, T,1) to the process Q conditional on the process
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U restricted to the time interval [uq, T7) in D, where

t

O(t) = Q(u1—) + At — Auy —/ [12(0(s) An(s)) = 02(Q(s) — n(s)) "] ds

uj

= Q(O)+At—/0 [,LL](Q(S)/\1)+91(Q(S)—1)+]ds

t _ _
- / [12(0(s) A n(5)) — 62(Os) — ()] ds.

uj

Now the weak convergence for k = 0 is obtained. Suppose we have obtained the
weak convergence for some k > 0. We want to show the weak convergence for k 4 1.
On the time interval [Ty k41, Tn k+1 + Un k+2),

Qn(t) = Qn(Tn,k+1_) + An (t) - An(Tn,kJrl _) - (Sn,l(t) - Sn,l(Tn,k+1_))
t

- (Zn,l(t) - Zn,l(Tn,k-‘rl_)) - Ml/ (Qn(s) A 1) ds

T k41

t
o [ (@ -1)as

T k1

This representation of the processes O, corresponds to the mapping defined in
Lemma 5.2 with the function g defined by g(x) = —u1(x A 1) — 6;(x — 1)™ for
all x e R, b =1 and & = g = 0. By the continuous mapping theorem together with
Lemma 5.3, applying to the addition mapping and the mapping defined in Lemma 5.2,
and the assumptions on the unscaled service interruptions, we obtain the weak con-
vergence of the processes Q,, conditional on the processes U, restricted to the time
interval [T k41, Tn k+1 + Un,k+2) to the process O conditional on the process U re-
stricted to the time interval [Ty 1, Tg+1 + Uk+2) in D as n — oo, where

t

O(1) = Q(Tir1—) + At — ATip —/ [11(Q(s) A1) +61(O(s) — 1) "] ds

Tie+1
_ ko pTituj _ _ n
=00+t =3 [ [ (06 A1) +61 (0~ 1) Jas
i=0"7Ti

k

Tjt1 B _
_Z/T [MZ(Q(S)/\TI(S))+92(Q(S)—n(s))+]ds

j=0"Titujt

t

+ At — ATiy —/ [11(0) A1) +61(0(s) — 1) ] ds

Ty

- koopTjtujs - -
- Q(O)+M—Z/T Tl (06) A1) +61(06) — 1) ] ds
j=07Ti
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_ /T [111(O(s) A1) +61(O(s) — 1) "] ds

k+1
k

Tjt1 ~ _
—Z/T' [12(0(5) A () +62(0(s) — n(s)) ] ds

j=0YTituj+1
On the time interval [T}, g+1 + Un k+25 T k+2)

Qn(t) = Qn((Tn,k+1 + un,k+2)_) + An @) — An((Tn,/H»l + un,k+2)_)
- (Sn 2(8) — Sn 2((Tn k+1 +Up k+2)_))
_( n2() — n2((Tn k+1 + Un k+2)— ))

t
—uz/ (Qn()A"”())
Tn,k+|+un<k+2

t +
_92/ (Qn(s) _ ””(s)> ds.
T k+1+Un k42 n

By the continuous mapping theorem together with Lemma 5.3, applied to the ad-
dition mapping and the integral mapping defined in Lemma 5.2, with the function A
defined by h(x,z) = —u2(x A7) —02(x —z)T forallx,zeR,g=1and g=b =0,
we obtain the weak convergence of the processes Q,, conditional on the processes U,
restricted to the time interval [T}, k41 + tn k+2, Tn k+2) to the process Q conditional
on the process U restricted to the time interval [Tyy1 + ug+2, Tx+2) in D as n — oo,
where

O(t) = O((Trs1 + uk42)—) + At — A(Tiq1 + p12)

- /T [12(0(5) An(s) +6:(O(s) = () "] ds

k142

k+1 T—Htj_H
= 0(0) + 4 — Zf [11(0) A1) +61(0(s) — 1) "] ds
j+l
—Z e () A () +62(0(s) — n(s)) ds
U1

t
—/T [12(0(s) An(s)) +62(0(s) — n(s)) "] ds

k1 U2

So the induction steps are valid and the weak convergence of the processes 0,
conditional on U, to the process Q conditional on the process U holds for the inter-
vals [T}, Tj+1),0 < j < k+1in D. Therefore, the weak convergence of the processes
Q,, conditional on U, to the process_ Q conditional on the process U holds in D and
without conditioning the processes Q, converge weakly to the process Q in D. [
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5.4 Proof of Lemma 2.2

We apply Skorohod representation theorem to obtain random variables {(u, k, v, k) :
k > 1} such that (2.12) holds w.p.1. Fix k > 1 such that Ty < T < Ty for some
continuity point 7 of V. Consider the interval [0, T].

Let I" and I, be the complete graphs of V and V), defined by

r={n:z=aV®)+1-a)Vi—) =0, 1€[0,T], a [0, 1]},

and
Li={Gz10:z2=V,()=0,1€[0,T1}.

Let (a;, b;) be a pair of positive numbers such that 0 < a; < b; < a;y1 < bjy1 < 1.
Define the parametric representations of V and V, by (u,r) : [0,1] — ' and
(Un, rp) : [0, 1] — I}, respectively, where

r(0) =r,(0) =0, r()=r,(1)=T,

r(ai) =rbi) =T, ra(@;) =Ty i-1 + tn,i, rn(bi) =Ty,
u(ai) =vo+ - +vi-1, ubi)=vi+---+u;,

wn(ai) = /n@p 0+ + vai-1), n(bi) = V/n@p 1+ + vni),

foreach i > 1 with v9 = v, o =0, and the values of u, r, u,,, r, at the remaining points
are determined by linear interpolation.
Thus we have

lrn —7lT zmaXITn,i—l +upi — T\,
i<k
lun = ullr = max{|v/n(uno + -+ 4 vnic1) = o+ -+ viy)|
i<
V Vn@u g 4 o) = 0 o)l )
By the assumptions in (2.12) and A,, A < 0o, we obtain
luy —ully vV lrn —rllr — 0, asn— oo.

So by Theorem 12.5.1(i) in [36], the weak convergence of V, to V in (D, My) is
proved.

For the convergence of R, to R, we can follow the same argument as above by
replacing vy, ; by (1 —n,.;/n)v,,; and v; by (1 — n;)v;. Since 1, ; and v, ; are inde-
pendent for all i, and so are 5; and v;, the convergence follows from the assumptions
on 7n,,; in (2.1) and v, ; in (2.12). Since we can use the same time components in
their parametric representations, we obtain the joint convergence (V,, R,) = (V, R)
in (Do, My).

For the convergence of Cy , to e, it suffices to prove the uniform convergence
on compact time intervals. Since V,, = V as n — oo, we have V,,(T) = V(T) as
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n — oo, and

t
1
sup ‘CU n(t) — t‘ = sup / L, =0y ds = ﬁVn(T) =0 asn— oo.

0<t<T 0o<t<

Hence, Cy, = e in D is proved and thus we have the joint convergence
(Va, Ry, Cu,n) = (V, R, e) in (D3, My).

The convergence N, = N in (D, Jy) and (D, M) is straightforward, but for M,
the time component of the parametric representation of N, must be different from
that of V,, and R,,. Therefore, as noted in the remark after Lemma 2.2, we need to use
the weaker M product topology for the joint convergence of N,, and the others; i.e.,
(Npy Vi, Ry, Cy ) = (N, V,R,e)in (D, J1) x (D3, M1) as n — oo. That completes
the proof of Lemma 2.2.

5.5 Proofs of Theorems 3.2 and 3.3

In this section, we will prove Theorems 3.2 and 3.3. Since their proofs are similar,
we will prove Theorem 3.3 by proving Theorems 5.2 and 5.3 first and then sketch
the proof of Theorem 3.2. We observe that the continuous mapping theorem can-
not be applied directly to the integral representation of the fluid-scaled queue-length
processes Q, and the diffusion-scaled queue-length processes 0, in Theorem 5.1,
since the mapping defined by the integral to obtain the processes Q,, and 0, is not
continuous in the Skorohod topologies due to the process U, in the integral. We
instead consider the queue-length processes Qg = {QS (t) : t = 0} without interrup-
tions, represented by

t
0% = Qn(0)+An(l)—Sl(M1[ (Qg(s)An)ds)

—Ll( /(Q () —n)*a ) 120, (5.6)

and the associated scaled processes QO {QO (t) :t >0} and Q0 {Qg(t) 1t >0},
defined by 09 =n=10%(r), and

0%(t) = V/n(0%(t) — 1) + (u1 — u2) Va (1)
— 2R} [ (1) = 62R) 5 (1), 1=0, (5.7)

where

t
R,?,l(t)z\/z/o ((Qg(s)—l)/\(nnn(s)—1))(1—Un(s))ds, >0,

and

RO (t)_\/_ ! ~0 nn(s) +
n20=n | 0u(s) === (1=Un(s))ds, t=0.
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Note that Q%(0) = Q,(0), 0%(0) = 0,(0) and Q%0) = 0,(0). Now the
processes QY and QB can be represented as

00 (1) = 0n(0) + An(t) — SO (1) — LY (1)
—/0 [1(0%s) A 1) +61(0%(s) — 1) ] ds, (5.8)
and

n1—A
Lt — paRY (1) — 02R)) 5(1)

npL—
I
t
+ (1 — p2) V(1) — fo [11(Q0(s) A 0) +61(Q0(s) v 0)]ds, (5.9)

t
S =— ( (nm A (0Ns)A1)d )—nm/o(QS(s)Al)ds),
iﬁ,lm——( (nel \ (%) —1)" )—nelfot(éﬂm)—l)*ds),

S0, =—

0%(1) = 0 (0) + Au(t) = 89, (1) = LY (1) —

where

and

LY (=— LSl(t) 1>0,

\/— n 1(t)
and V,, is defined in (2.14).

We will sketch the proof of the processes Qg converging weakly to the limit
process Q defined in Theorem 3.3 in (D, M) since it is essentially the same as The-
orem 7.1 in [27]. Then we prove that the processes Qg and Q,, are asymptotically
equivalent in D.

7

Theorem 5.2 Under the assumptions of Theorem 3.3,
0°= 0 in (D, M)as n— oo,
where Q is defined in (3.3).

Proof (sketch) As in Sect. 7.1 in [27], the processes ( w1
integrable martingales with respect to the filtration FS = {]—',?(t) :t > 0}, where

Fou) = a{Qn(m, Si (nm /0 (00 ) A 1)du>,

t
Ll(nelf (0%(s) — 1)+ds> 0<s 5;}
0

0 (An(s), Un(s), nu(s) 15 = 0) VI,

Ag,l) in (5.9) are square
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and N is the collection of all null sets. The predictable quadratic variation processes
( w1) and (LO ) are defined by

n,l

t
(89 ) = w1 /0 (0%(s) A1) ds
t
<1:2,1>(f) 591/ (05(s) — l)+ds, forall £ > 0.
0

Moreover, the sequence of martingale processes {(3'2 1 ﬁg P in > 1} is sto-
chastically bounded in the space Dj. Next, by (5.8), we have the crude bound
0< Q2 (t) < 0,(0) + A, (¢) for any ¢t > 0. So we obtain

t
Rgﬂﬂfv%f(1+Qﬂm+AAﬂﬂ1—Uﬂﬂﬁh+2W0)
0

<3+ 0n(0)+ A, (1)) Vi (1),

and
t
R?,,g(t) < «/ﬁ/ (14 0n(0) 4+ Ay () (1 = Upn(s)) ds < (1 + 04(0) + Ay (1)) Vi (0).
0

By the assumption on the initial condition Q,(0), (2.3) and Lemma 2.2, the sequence

of processes {(Rn 1 22) :n > 1} is stochastically bounded in D;. Hence, by Lem-

mas 3.3, 5.8 and 6.2 in [27], the sequence of processes {QQ :n > 1} is stochastically
bounded in D.

Now by (5.7) and applying the FWLLN for the stochastic bounded sequences of
processes in D in Lemma 5.9 in [27], we obtain the FWLLN: QS = w in D as
n — oo where w(t) =1 for t > 0. Then, by applying continuous mapping theorem
to the function ¢ : D — D; defined by

' '
(X)) = (/ wi(x(s) A1) ds,/ 61 (x(s) — l)+ds), t>0,
0 0

we obtain ((A0 ), (AO )) = (K1e,¢) in Dy as n — oo, where e(?) =t and ¢(¢) =
for all ¢+ > 0. By the martmgale FCLT (Theorem 7.1 in [13], [38]), we obtain the
weak convergence of the processes (Sn 1 ” 1) = (Boue, ), where B is a standard
Brownian motion.

By Lemma 2.2 and QQ = win D as n — oo, we have

(kD

n,1°

RY,)= (—R,R) in (D2, My)as n — oo.
So we have the joint convergence
(0n(0), An, 83 1. L) 1 Vi RY 1L R )
= (Q(O), A,Boue, ¢, V,—R, R) as n — 0o,

inR x (D, My) x (D2, J1) x (D3, M), where e(t) =t and ¢(¢) =0 for all > 0.
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The representation of the processes Q2 in (5.9) corresponds to the mapping in
(5.4) with the functions g defined by g(w) = —p1(w A0) — 01 (w Vv 0) for all w € R,
b =1 and g = h = 0. By the continuous mapping theorem applied to the addition
operation and the mapplng in (5.4), we obtain the weak convergence of the processes
Q0 to the process Q in (D, M1). When we apply continuous mapplng theorem to the
addition operation, we need the assumption that the processes A, V and R have no
simultaneous jumps w.p.1. g

Theorem 5.3 Under the assumptions of Theorem 3.3, the processes Qn and Qg are
asymptotically equivalent as n — 00, so that Qn = Q in (D, M) asn — o0.

Proof By the representation of the processes Qn and Q we have

|00 () — 00 (1)
1501 (®) = 8 O]+ |Lna () = LY 1 (O] + [Sn2(0)] + | Ln2(0))|

+ u2| R (1) = RO ()| + 62| Ru2(t) — R (1)

IA

t t
+M1/(Qn(s)AO)Un(s)ds—/ (0%(s) A 0) ds
0 0

+ 64

t t
/(Qn<s)v0)Un(s)ds—/ (0%s) v 0) ds
0 0

IA

1801 = 82 1O + |Ln1 (1) = LY (O] + [Su2(®)| + | L2 (1))

+ po| Ru 1 (6) = RY | (D] + 62| Ru2(t) — R 5 (1)

t
+(u1+91>/0 100)| (1 = Un(s)) ds
t
+m/0 |(Qn(s)/\0)—(Q2(s)/\0)|ds

t A~ A~
+91/0 [(Qn(s) v 0) — (Q%(s) v 0)|ds

<1810 =80 O] + | Laa ) = LY )] + |Sp2(0)| + | L2 ()]

+ po| Ru 1 (6) = RO | (D] + 62| Ru2(t) — RY 5 (1))
t
(s +91>/0 100()| (1 = Un(s)) ds + 1 v 61)
t
x/ |0u(s) — Q2(s)|ds, forall >0.
0

We will apply the result of Problem 1.5.25 (solution on p. 45) in [19], which says
that for a sequence of continuous local martingales {M™ : n > 1} with filtration F
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and any stopping time 7 of the same filtration, if (M™)7 — 0 in probability as
n — 00, then maxo<;<7 |Ml(")| — 0 in probability as n — oco.
We can define the augmented filtration F} = F,, v F) such that S, | — 52,1 and

A

Ly — 1:2 | are square integrable martingales with respect to the filtration F} and
their predictable quadratic variation processes are given by

t
(81— 89 )y = m/o [(On(s) A 1)Un(s) — (00(5) A 1)] ds

t
smfo [(Qn(s) A1) = (0n(s) AT)]ds, >0,

and
t —_ —_
(Ln,l—L2,1><r)=91/O [(Qn(s) = 1)" = (00(s) —1)"]ds, 1=0.

By Lemma 5.1, the processes S‘n,z and ingz are also square integrable martingales
with respect to the filtration F,ll and their predictable quadratic variation processes
are bounded by

t
u2d(0) < 2 /O (1= Up(s)) ds = uaCpn(), 120,
and

t
(La)(®) 592/0 (|0n ()] + 1)(1 = Un(s))ds. 12 0.

_Analogous to the proof of the stochastic boundedness of the sequence of processes
{Qg :n > 1} in D and the FWLLN: QS = w in D as n — oo where w(t) =1
for 7 > 0, we can prove that the sequence of processes {Qn :n > 1} is stochasti-
cally bounded in D and the FWLLN holds: O, = @ in D as n — 0. So we have
(Snl—S 1)(T)=>Oand( ,,1—L21)(T)=>Oforany T > 0 as n — oo, which
implies that ||S, | — n’1||T = 0 and [|S,.| — S‘S’IHT = 0 as n — oo. Also, by
Lemma 2.2 and the stochastic boundedness of Q,,, we have (3,1 2)(T) = 0 and
( n, 2)(T) = 0 for any T > 0 as n — oo, which implies that ||S,, 2llr = 0 and

||L,, 2l = 0 as n — oco. By Lemma 2.2 and the convergence of 0, = o in
D as n—> oo, we have (Ry 1, n2)=>( R,R) in (Dy, M) as n — 00. So
IRn1 — R, 1||T = 0and |R, 2 — nz”T = 0 forany T > 0 as n — oo.

Now let € > 0 and § > 0 be given and fix 7' > 0. Consider K > 0 such that
P(|Qnllr > K) <€.On {||QnllT > K},

10,(1) = 09| < 8011 = 83, (O] + [Luai (@) = LY 1 ()] + [Su2(®)] + | L2 ()]

+ pa|Ru 1 (1) = RO (D) + 62| Ru2(t) — Ry ,(0)]

t
+ (1 + 0K Con®) + (1 veofo 10 (s) — 00(5)| ds.
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By Gronwall’s inequality, on {|| Q,, T > K},
1000 = 03| = (|Su1(®) = 82 1| + | L1 (1) = L ()] + |Sp 20| + | L2 ()]

+ 12| Ry (1) = RO ()] + 62| Ry () — R 5(1))|

+ (11 + 01K Cp u (1)) W 1VoDT,
By Lemma 2.2 and the above analysis, we can find ng = ng(€, §, T') such that

HQn - QQHT <§ forall n>ng.
Hence
P(|| Qn — QS ||T > 8) <e forall n>ng(e,8,T).

Therefore, || O, — QSHT =0asn— oo. O

Proof of Theorem 3.2 As in the proof of Theorem 3.3, the proof has two steps. The
first step is to show that Qg = Q in D as n — oo, which is similar to the argument
of Theorem 5.2, so we omit its proof. The second step is to show that the processes
0, and QQ are asymptotically equivalent as n — oo, for which we only highlight the
following key equation and the rest of the proof is the same as in Theorem 5.3:

|0n(t) — 0N ()|
<1801 = 8} O]+ |Laa () = Ly (O] + |Sp2()| + | L2 ()]

T+ /Z(ans)A1)Un<s)ds—/ot(Q2<s>A1)ds
+6) / (Onls) — 1) U(s)ds—/t(QS(s)—l)+
+ < ””()>(1—U,,(s))ds
10, ( ()—'7”()> (1= Un(s)) ds

<1801 (®) = 87 (O] + | Lua () = LY ()] + |Sp2()| + | L2 ()]

t t
+u1/ |Qn(s)/\l|(l—Un(s))ds+91/O [(0n(s) = 1) |(1 = Un(s)) ds

f (Qn< y A s ))(1 — Up(s)) ds
/(QA)—””“) (1 = Un(s)) ds

+(mv91)/ |0n(s) — 00(s)|ds forall > 0. 0
0

+ u2

+ 6,
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5.6 Proof of Theorem 3.4

First of all, by the fluid limit in Theorem 3.2, for any € € (0, (A — w1)/61) and each
T > 0, there exists some ng large enough such that for all n > ny,

inf 0y =n(1+22M )=
0<t<T - 01

This will simplify the martingale representation of QED in (5.3) for large n:
0, (1) = 0, (0) + Au(t) = 50,18 = Sp.2(1) = L1 (6) = L 2(1)

t t
— 6 / OEP(5)U,(s) ds — 6 f OFP(5)(1 = Un(s)) ds
0 0

6> 0
+ (U2 — )R, (1) + (k(l - 9—) + (Q_MI - Mz))Vn(l)-
1 1

The proof is basically the same as that in the QED regime except that the martingale
processes L, 1 = B o (AL — p1)e in D as n — oo, where B is a standard Brownian
motion and A > 1.

6 Conclusions

We have established fluid limits and refined stochastic limits for the queue-length
process in a many-server queueing model with exponential service and patience
times, subject to exogenous regenerative service interruptions. A highlight is the
FCLT in Theorem 3.3, showing that even asymptotically negligible service interrup-
tions can have a significant performance impact through unmatched jumps in the limit
process. There are many further research topics worth pursuing. First, it remains to es-
tablish the stochastic-process limits for the queue-length process for non-exponential
service and patience distributions. Second, the conjecture that the steady-state dis-
tribution of the limit process Q in (3.5) has a stochastic-decomposition property re-
mains to be proved. Third, for multiclass queueing models, it would be interesting
to see how service interruptions affect the asymptotically optimal scheduling poli-
cies established in [2, 16] and references therein. Fourth, stochastic-process limits
for waiting times remain to be proved; see [31] for limit without service interrup-
tions.
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