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Abstract

We study G/G /oo queues with renewal alternating service interruptions, where the service
station experiences up and down periods. The system operates normally in the up periods,
and all servers stop functioning while customers continue entering the system during the down
periods. The amount of service a customer has received when an interruption occurs will be
conserved and the service will resume when the down period ends. We use a two-parameter
process to describe the system dynamics: X7 (t,y) tracking the number of customers in the
system at time ¢t that have residual service times strictly greater than y. The service times
are assumed to satisfy either of the two conditions: (i) i.i.d. with a distribution of a finite
support, or (ii) a stationary and weakly dependent sequence satisfying the ¢-mixing condition
and having a continuous marginal distribution function. We consider the system in a heavy-
traffic asymptotic regime where the arrival rate gets large and service time distribution is fixed,
and the interruption down times are asymptotically negligible while the up times are of the
same order as the service times. We show FLLN and FCLT for the process X" (¢,y) in this
regime, where the convergence is in the space D([0, 00), (D, L)) endowed with the Skorohod M;
topology. The limit processes in the FCLT possess a stochastic decomposition property.

Keywords: G/G /oo queue; dependent service times; service interruptions; two-parameter stochas-
tic processes; FLLN; FCLT; Skorohod M; topology

1 Introduction

We study G/G/oo queues with service interruptions. The service station operates in a renewal
alternating environment with “up” and “down” periods. All servers function normally in an “up”
period, but break down in a “down” period. Customers enter the system according to some point
process, without being affected by the interruptions. They are served immediately upon arrival if
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arriving during an “up” period, and wait for service until the next “up” period starts otherwise.
Services received when interruptions occur will be conserved, and when interruptions end, services
resume from where they are left. Customers may experience multiple interruption “down” periods
before completing their services. To describe the system dynamics, we use a two-parameter process
X" (t,y), representing the numbers of customers in the system at time ¢ that have residual service
times strictly greater than y. The second parameter will help track the amount of services that are
interrupted. The total number of customers in the system at time ¢ is X (¢) = X" (¢,0).

We consider the system in a heavy-traffic asymptotic regime. The arrival rate gets large while
the service time distributions are fixed. The alternating renewal “up” and “down” times are scaled
such that the “up” time periods are of the same order as service times, while the “down” time
periods are asymptotically negligible compared with service times. Specifically, we let the “down”
times be of order O(1/n?) for some > 0 while the service times are O(1). We study the system
under two different assumptions on the service times: (i) i.i.d. service times with a finite support,
and (ii) the sequence of service times is stationary and weakly dependent, satisfying the ¢-mixing
condition and having a continuous marginal distribution function. We show functional law of large
numbers (FLLNs) and functional central limit theorems (FCLTs) for the processes X" (t,y) and
X (t) in the asymptotic regime under the two assumptions on the service times.

The limit processes in the FLLNs and FCLTs of the process X" (¢,y) have sample paths in the
space Dp := D([0, 00),D([0, 00),R)). To prove the convergence, due to unmatched jumps of prelimit
and limit processes, we employ the Skorohod M; topology in the space Dp, where the interior space
D :=D([0,00),R) is endowed with the L; norm. The fluid limits take the same forms as those in
the corresponding G/G /oo queues without interruptions [11, 25, 28]. However, the convergence is
proved in the Skorohod M; topology. The limits in the FCLT have extra terms to capture the effect
of service interruptions, in addition to the same terms as those in the corresponding G/G/o0 queues
without interruptions [11, 25, 28]. We obtain a stochastic decomposition property for the limiting
processes in the FCLTs, that is, the variabilities of arrivals, services and interruptions are captured
in mutually independent processes. When the arrival limit process is a Brownian motion and the
limiting counting process for the number of “up” and “down” periods is Poisson, we characterize
the transient and stationary distributions for the limiting processes (Corollaries 3.1 and 4.1).

1.1 Literature and contributions

There has been a large body of literature on queues with service interruptions; see, e.g., [16, 17,
22, 23] and references therein. Infinite-server queues with service interruptions (or in a random
environment) are studied in [1, 2, 5, 8, 20, 21, 23|; however, all these studies have focused on either
Poisson arrivals and/or exponential service times. Infinite-server queues with general service times
and service interruptions (or in a random environment) are studied in [4, 6, 9, 12]. Our work is the
first to establish two-parameter heavy-traffic limits for G/G /oo queues with service interruptions,
under general assumptions on the arrival, service and interruption processes.

Infinite-server queues with general arrival and service processes have been studied in [10, 11,
18, 35] and more recently in [25, 28, 30]. In [11], when the service time distribution has a finite
support, the key idea is to treat that as a mixture of deterministic service time distributions, and
split the arrival process into corresponding arrival processes associated with each deterministic ser-
vice time. The main step relies on the FCLT for the split counting processes. That key idea can
be used to show FLLN and FCLT for the total count process X (t) in the system as well as the
two-parameter process X' (t,y). We first generalize that approach to G/G /oo queues with service
interruptions when the service times have finite support in this paper. In [25, 28], Pang and Whitt



have established FLLN and FCLT for the two-parameter process X" (¢,y) when the service times
are i.i.d. with continuous distributions and when the service times form a stationary and weakly de-
pendent sequence satisfying certain mixing conditions and have continuous marginal distributions.
The approach in [25, 28] relies on the important observation first made in Krichagina and Puhalskii
[18] that the queue length process in G/GI /oo queues can be represented via sequential empiri-
cal processes driven by service times. Here we make a novel and important observation that for
G/G /oo queues with service interruptions, the two-parameter process X' (t,y) can be represented
via sequential empirical processes driven by service times together with the cumulative “up” time
process. This enables us to establish the limits in the fluid and diffusion scales. Here we assume
that the service time distributions are either of finite support or weakly dependent with continuous
marginal distributions as in [11, 28]. It is conceivable that the results can be extended to the most
general conditions on service times, but that is beyond the scope of this paper. Our approach is
extended to study the total count processes for G/G/N(+G) queues in the Halfin-Whitt regime in
[19] when the services are i.i.d. with a continuous distribution function. It remains to prove the
two-parameter limits for these models. We also conjecture that it can be potentially extended to
study other many-server non-Markovian models.

An interesting stochastic decomposition property has been established for M /M /oo and M /G /oo
queues with service interruptions or vacations in [2, 4, 8, 12, 21]. Namely, the steady-state dis-
tribution of the number of customers in the system can be decomposed into two independent
components: the steady-state distribution of the number of customers in the system without in-
terruptions and the distribution taking into account the effects of service interruptions. In the
heavy-traffic setting, similar stochastic decomposition properties are proved for G/M /oo queues
in [23] and for G/G/1 queues in [16, 17]. In this paper we establish a stochastic decomposition
property for the two-parameter process X" (¢, y) and the total count process X (t) of G/G /oo queues
with service interruptions under the two assumptions on the service time distributions. As a result,
their steady-state distributions also possess a stochastic decomposition property. In fact, as shown
in Theorems 3.2 and 4.2, the limiting two-parameter processes and total count processes in the
diffusion scale are decomposed into independent processes which capture variabilities in the arrival
processes, service processes and service interruptions.

To prove the convergence of the fluid and diffusion scaled processes for queues with service
interruptions, the Skorohod M; topology in the space I is necessary to take into account the
unmatched jumps and discontinuity when the interruption “down” times are scaled properly. For
example, single-server queues with service interruptions in the conventional heavy-traffic regime [16,
17] and G/M/N(+M) queues with service interruptions in the many-server heavy-traffic regimes
[23, 24] all require the convergence in (D, M7). To prove the convergence of the two-parameter
process X" (t,y) of G/G /oo queues with service interruptions, it requires to use the Skorohod M
topology in the space Dp. Since the Skorohod M; topology is only well defined for the space
D([0,00),S) when S is a Banach space [29, 32, 36], we endow the interior space D) with the L;
norm. This topology is discussed to study G/GI /oo queues on page 350 of §10.3.1 in Whitt [36].
We establish some useful continuity properties in the space Dp with Skorohod M; topology, which
may be of separate interest.

1.2 Notation

We use R* (and R%), k& > 1, to denote real-valued k-dimensional (nonnegative) vectors, and
write R and Ry for & = 1. Let D* = D([0,00),R¥) denote the R¥-valued function space of
all right continuous functions on [0,00) with left limits everywhere in (0,00). Denote D = D!.



Let (Dg,J1) = (D, J1) x -+ (D, J1) be the k-fold product of (D, J;) with the product topology.
Similarly, let (Dg, M7) = (D, M7) x --- (D, M7) be the k-fold product of (D, M;) with the product
topology. We use C; and D4 to denote the space of nondecreasing functions in C and ID, respectively.
Denote | - || the uniform norm: for any real-valued function x and 7' > 0, ||z[|7 = sup,c(o1y [#(2)]-
Notations — and = mean convergence of real numbers and convergence in distributions. The
abbreviations w.p.1 and a.e. mean with probability 1 and almost everywhere, respectively. We use
the familiar big-O and small-o notations for deterministic functions: for two real-valued functions
f and non-zero g, we write f(x) = O(g(z)) if limsup,_, |f(z)/g9(z)| < oo and f(z) = o(g(z)) if
limsup, ., [ f(2)/g(x)] = 0.

All random variables and processes are defined on a common probability space (2, F, P). For
any two complete separable metric spaces S1 and Sy, we denote S1 X Sy as their product space,
endowed with the product topology. Let Dp = D(]0, 00), D) denote the D-valued function space of
all right continuous functions on [0, co) with left limits everywhere in (0, 00). Let Cc = C([0, 00), C)
where C denotes the real-valued function space of all continuous functions on [0, c0). For z(¢,s) €
Dp, we often denote x(t) := z(t,-). We use (Dp, J1) to denote the space Dp with both the interior
and exterior I spaces endowed with the Skorohod J; topology. We refer the reader to [33] and
[25] for an introduction and some properties of (Dp,.J;). We use (Dp, M) to denote the space Dp
with the exterior D space endowed with the Skorohod M; topology, while the interior D space is
endowed with the L; norm, that is, for any @ € D, the Ly norm is defined by ||z 1, = [;° |=(t)|dt.
See §810.3 and 11.5 in Whitt [36]. Note that the space (D, L) is a Banach space, and thus, the
space D([0, 00), (D, L)) with Skorohod M; topology is well defined [29, 32, 36]. Let ((Dp)g, M1) =
(Dp, M) x -+ x (Dp, M7) be the k-fold product of (Dp, M;) with the product topology.

1.3 Organization of the paper

The rest of the paper is organized as follows. In §2, we describe the model in detail, and the
assumptions on the interruptions are given in §2.1. We present the results for service times with
finite support in §3 and their proofs in §5. The results for service times that form a stationary and
weakly dependent sequence and have continuous marginal distributions are presented in §4 and
their proofs are in §6. Some technical proofs in §§5—6 are given in the appendix §7.

2 The model

Consider a G/G /oo queue subject to service interruptions. The service station is in a renewal
alternating environment with up and down periods, where all servers function normally during the
up period but break down during the down period. During an up period, customers will enter
service immediately (no delay or queue). During a down period, customers in service will wait at
their associated servers until the end of the down period and resume their services when the next
up period starts, and new customers will continue to enter the system and get assigned to some
free servers and wait there for service to start until the next up period begins.

Assume that customers arrive to the system according to a general arrival process A = {A(t) :
t > 0} with 7; representing the arrival time of the i'" customer, i.e., A(t) = max{i > 1:7; <t} for
each t > 0 and A(0) = 0. Let {n; : i > 1} be a sequence of random variables, with 7; representing
the service times of the i*" customer. We will consider two assumptions on the sequence {n; : i > 1}:
(i) i.i.d. with a finite support, and (ii) stationary and weakly dependent, satisfying the ¢-mixing
condition and having a general continuous marginal distribution function (see Assumption 4.2



for the precise statement). This second assumption includes i.i.d. service times with a general
continuous distribution function as a special case. Let {(u;,d;) : i > 1} be a sequence of i.i.d.
random vectors with u; and d; representing the up and down times in the i*" up-down cycle of the
underlying renewal process. We assume that the arrival, service and service-interruption processes
are mutually independent.

Let X" (t,y) be the number of customers in the system at time ¢ that have a remaining amount
of service time strictly greater than y. Let X (¢) be the total number of customers in the system
at time ¢. Then X (t) = X" (¢,0) for each t > 0. We assume that the system starts empty at the
starting epoch of an up period.

To describe the dynamics of X" (t,y), we first define some auxiliary processes associated with
the underlying renewal process {(u;,d;) : ¢ > 1}. Let the sequence {7} : i > 1} be the renewal times,
defined by T; = S (ug +dy,), for i > 1 and Ty = 0. Let N = {N(t) : t > 0} be the associated
renewal counting process, defined by N(¢) = max{i > 0 :T; < t}, t > 0. Let £ = {{(¢) : t > 0}
be the service-availability process, defined by £(¢t) =1 when T; <t < T; + u;41 and £(t) = 0 when
T + u; <t < Tiy1 for ¢ > 0. The cumulative up-time process U = {U(t) : ¢ > 0} is defined by

fo s)ds, t > 0. The cumulative down-time process D = {D(t) : t > 0} is defined by
D(t) —t—U( ) for each ¢ > 0.
We now give a representation of the processes X" (¢,y) and X (t):

A(t)
XT(ty) = 1 >U®t) = U(m) +y), t,y>0, (2.1)
=1
A(t)
X(t)=X"(t,0)=> 10 >U(t) - U(r)), t>0. (2.2)
=1

We give an intuitive explanation of representation in (2.1). For the process X" (¢,y), we count the
arrivals up to time ¢ that have residual service times strictly greater than y. The amount of service
that the i'' customer has received by time ¢, if she is still in the system, is equal to U () — U (7;), the
cumulative up time from her arrival time 7; to time t. Thus, for the i customer to be counted at
time ¢, the amount of received service U (t) — U (7;) must be strictly less than the service requirement
n; minus y, i.e., n; > U(t) —U(m) +v.

We will consider a sequence of systems indexed by n and let n — oo, where the arrival processes
and the underlying interruption processes are scaled while the service time distribution does not
change with n. We let the arrival rate increase to infinity as n — oo and the underlying interruption
processes have the up times O(1) and the down times O(1/n”), for some positive constant v > 0
(see §2.1).

2.1 Assumptions on service interruptions

We consider a scaling regime for the underlying service interruption process, where the down times
are asymptotically negligible.

Assumption 2.1. The sequence of up and down times {(ul,d}') : i > 1} satisfies

{(ui',n7d}) i > 1} = {(us,d;) i > 1} in (RQ)OO as n — oo, (2.3)

for some v > 0, where u;,d; > 0 for each ¢ w.p.1.



Let {T : i > 0} be the associated sequence of cycle renewal times in the limit, defined by
Zk LUk, © > 1, and To = 0. Assumption 2.1 implies that T < Tz+1 for all > 0. Let

T; =
N {N (t) : t > 0} be the associated renewal counting process in the limit, defined by

N(t)=max{i >0:T; <t}, t>0. (2.4)

Define the diffusion-scaled processes U = nY (U™ — €) and D" = n"D" = —U", where e(t) =t
is the identity function, and U™ and D™ are the cumulative up and down times.

Lemma 2.1. Under Assumption 2.1,
(U™, D",N") = (e,O,N) in (D3, J1) as n— oo, (2.5)

and
(U™, D" = (=J,J) in (Do, My) as n— oo, (2.6)

where the limit process J = {J(t) : t > 0} is defined by

N(t)

Jt)=> di, t>0, (2.7)

i=1
and N(t) is defined in (2.4) and d;’s are the limits in (2.3).

Proof. The proof of (2.5) follows directly from the Assumption 2.1 and the proof of (2.6) can be
found in §5.4 of [23]. =

3 Service times with finite support

In this section, we consider service time distributions that are i.i.d. and have a finite support. In
particular, we assume that the service times {7; : i > 1} are i.i.d. and have a distribution F' with
a finite positive support {1, ..., Z,, } with associated probabilities p1, ..., py, such that > " p; = 1.
We say that a customer requiring service time z; is a type ¢ customer. Let A?(t) be the cumulative
number of arrivals of type i customers up to time t in the n*® system. Denote A" = (AT, ..., A%).
Let Disc(z) be the set of discontinuity points of z in [0,00) and s : D — I be the shift operator
defined by 0,(x)(t) = z(t + s) for t + s > 0 and 0s(z)(t) = 0 for t + s < 0 and ¢t > 0. We make the

following assumption on the diffusion-scaled arrival processes.

Assumption 3.1. There exist a deterministic non-decreasing functz’op R
A(t) = (Ai(1), ., Am(t)) in D™ and a stochastic process A = (Ai,...,Ap) in D™ such that
P(Disc(A; )ﬂDzsc(G (A ))) =0 foralli,j=1,...m and s <0, and A"(t) = A(t) in (Dy,, M1) as

n — oo, where A" = (A7, ..., A") is defined by A?(t) =nT(nrAP(E) — A1), t >0, i=1,...,m

The functions A;(t), @ = 1,...,m, are centering terms in the FCLT. This assumption implies
that the fluid-scaled processes satisfy an FLLN [36]: A" =n"'A" = A in (D,,, M;) as n — oo.

Let X7, ;(t,y) be the associated two-parameter processes for type i customers and Xy, ;(t) be the
associated total count process for type i customers. Then by (2.1) and (2.2), we can write

mt) = ApUTHUM(E) = (i —y))), t>0,0< T,
Ko = | O ACTCO - @), 12005y < .

0, t>0,y > x,



and
Xoit) = AP (t) = ALUH U™ () — 2)), ¢ >0, (3:2)

where

U L(t) =sup{s > 0:U"(s) <t}, t>0. (3.3)

We also let U™ 1(t) = 0 for t < 0, so that the expressions (3.1) and (3.2) are well defined. We
remark that the inverse process U™ ! has sample paths in D and can be represented as

N (t)
Unlt) =t + Z dar, t>0, (3.4)

where X R
NY(t) =max{i > 0: Ty, <t}, t>0, (3.5)

and T#Z = 2221 up, ¢ > 1, and T“0 = 0. We remark that X} ;(t,y) in (3.1) cannot be simply
written as AP (t) — A (U™ _I(U”( )— (z; —y)")) for all y > 0, as in the case without interruptions.
By the definition of U™~1(¢) in (3.3), the expression is only correct for 0 < y < x;. But in the
FLLN and FCLT limits for X} ;(t,y) in (3.6) and (3.8), we can use the expression t — (z; —y)" to
combine the two scenarios with 0 <y < z; and y > z;.

We write

X7 (ty) = (X5 1 (6 Y), s X5 (B, 1)), - Xt y) = Z

and

X, (t) = (X1 (1), oo, X (1),  Xn(t) = Z Xni(t).

Now define the fluid-scaled processes X (t,y) = n X" (t,y), X(t,y) = n_lX};(lf,y), Xn(f) =
n*IXﬂ(t) and X, (t) = n~1X,(¢t). The fluid limits for these processes X" (t,y), X" (t,y), Xn(t)
and X,,(t) are stated in the following theorem. We remark that it is understood that for each
i = 1,..,m, Aj(t) = 0 whenever ¢ < 0, so that the limit processes in Theorem 3.1 are all well
defined, and similarly for other relevant processes throughout the paper.

Theorem 3.1. (FLLN) Under Assumptions 2.1 and 3.1,

(X5t ), X (t, ), Xn(t), Xn(t) = (X" (t,y), 2" (t,y), x(t), 2(t))

in ((Dp)yy1>M1) X (D1, M1) as n — oo, where X" (t,y) = (21(t,y),...,x5,(t,y)) and x(t) =
(x1(t), ..., xm(t)), and for each i =1,...,m,

zi(ty) = Ait) = Mt — (2 —y)"),  @i(t) = 27 (£,0) = Ai(t) — Ailt — 29), (3.6)

a'(ty) = 200 i (ty) and x(t) = 350, @i(D).

Define the diffusion-scaled processes X/ (t, y) = n (X}, i (t, y)—zf(t,y)), XI(ty) =0, )A(fw»(t, ),
Xpit) = X}, (8,0) = n7(Xn,i(t) — it )) () = X3(8,0) = Y7, K i(t), and write X (t,y) =
(X;yl(t, Y)y ooy Xﬁ;m( y)), and X, (t) = (X, 1(1), .. L X, .m(t)). We show an FCLT for these diffusion-

scaled processes.



Theorem 3.2. (FCLT) Under Assumptions 2.1 and 3.1, assuming that A is absolutely continuous
with density A := (A1, ..., \y) € C™ a.e

A~

(X3 (), X0 (8 y), X (1), Xn(8) = (X7 (2, ), X7 (1), X(1), X (1)) (3.7)

((]D)D)mH,Ml) (Dy1, My) as n — oo, where X" (t,y) = (Xi(t,y), ..., X5 (t,y)), X(t) =

(Xl( ), oo Xin(t)),

X7 (ty) = Ai(t) = Ai(t — (i —y) ) + J] (t,y),  Xi(t) = X[ (£,0), (3.8)
~ N(t) ~ ~
Ji(ty) = Xt — (zi —y)T) A > de, Ji(t) = Ji (t,0), (3.9)

X"(ty) =" X (t,y), X(t) = 27, X,(t), and N(t) is defined in (2.4). The processes J! (t,y)
and J;(t) are independent of the arrival limit processes A;(t) for each i =1,...,m.

We remark that when the arrival rates are constant, that is, A;(t) = A;t, the fluid limits 2] (¢, y)
and 7 (¢) in (3.6) become

zi(ty) =Nt — (t— (@i —y) ")), @i(t) = Nt — (t —2:) 7). (3.10)

and the processes J7 (t,y) and J;(t) in (3.9) become

N(t) N(t)
Ty =x > Ay S =N Y d (3.11)
k=N (t—(z;—y)*) k=N (t—z;)

As a consequence of Theorem 3.2, there exists a stochastic decomposition property for the limit
process Xr(t y), that is, each of the processes X T(t,y) is equal to a sum of a two independent
processes, the arrival limit processes A;(t) — A;(t — (z; — y)1), and the jump processes due to
service interruptions JZ?” (t,y). This stochastic decomposition property also holds for X "(t,y), X(t)
and X (t). This can be intuitively explained as follows. Since the service times are deterministic,
the realized service times with the interruptions are in fact the deterministic duration “inserted”
with the random down times from the arrival time to service completion. The randomness from
arrivals is captured in A;(t) — A;(t — (z; —y) ™) as in [11], while the randomness from interruptions
is captured in J7(t,y), which is exactly the number of down times (in the diffusion scale) during
the time period to be counted in XZ’" (t,y). This is also demonstrated in the covariance formulas
below.

Corollary 3.1. In addition to the assumptions of Theorem 3.2, suppose that (i) the arrival rates
are constant and the arrival limit process A is a Brownian motion with mean 0 and covariance
coefficient matriz ¥ = (04j)ij=1,..,m, where oy = )‘icg,i for some constant c?m > 0, and o;5 > 0
are some positive constants for all i # j, and (ii) the limit counting process N is a Poisson
process with rate \* = 1/E[u;] € (0,00) and the limit up times u; have a finite second moment.
Then for each t > 0 and y > 0, the distribution of Xr(t,y) is a sum of two independent random
vectors, a multivariate Gaussian random vector N(0,%"(t,y)) where ¥7(t,y) = i af(t,y) and
Xty) = oy(@i(t,y) A af(t,y)) with z7(t,y) being defined in (3.10), and a random vector of
compound Poisson varmbles, I = (Jr,..,J0), which has mean E[J!(t,y)] = A“Eld]2}(t,y),

i =1,....,m, and covariances: fori,j=1,....m, Cov(J!(t,y), j;(t,y)) = AN (A (i —y) T A (2 —
Y )EdT] — (X ((@i — y)* A (25— y)T)2(Ed1])?).



4 Dependent service times with continuous distributions

In this section, we consider G/G/oo systems with stationary and weakly dependent service times
and a general continuous distribution function. Throughout this section, we assume that v = 1/2
(see also Remark 4.2). We assume that the arrival processes A" satisfy an FCLT.

Assumption 4.1. There exist a deterministic function A € C with density A € D a.e. and a
stochastic process A such that A™(t) := /n(n"tA™(t) — A(t)) = A(t) in (D, M) as n — oo.

The service times are fixed with respect to n and so is their distribution function.

Assumption 4.2. The sequence of service times {n; : i > 1} is weakly dependent and constitutes a
one-sided stationary sequence. 1;’s have the same continuous c.d.f. F with F(0) =0, and E[n}] <
0o, satisfying Y52 (E[(Enik| FE)2DY? < 0o for k = 1,2,..., where Fj := o{n; : 1 < i < k}.
Moreover, the sequence {n; : i > 1} satisfies the ¢p-mizing condition, that is, Y poq ¢ < 00, where
¢r :=sup{|P(B|A) — P(B)| : A€ F,,,P(A) >0,B € Gy _,.,m > 1}, with G :=o{n; :i > k}. Let
Fe:=1-F.

Note that Assumption 4.2 includes many interesting examples of correlated service times as
studied in Pang and Whitt [26, 27, 28]. For example, customers arrive in batches (deterministic
or random batch sizes) and service times within each batch are (symmetrically) correlated while
service times across different batches are independent. Other examples include EARMA sequences
and first-order autoregressive sequences with exponential or general marginal distributions [13, 14,
15, 31], which have been used to study correlated service times in queueing; see Remark 4.3.

We first state the following FLLN for the fluid-scaled processes X! (t,y) = n~1X"(¢,y) and
X, (t) =n71X,(t). The proof follows directly from Theorem 4.2.

Theorem 4.1. Under Assumptions 2.1, 4.1 and 4.2, (XI(t,y), X (

t)) = (X"(t,y), X (t)) in (Do, M1)x
(D, My) as n — oo, where X7 (t,y) = fOFCt—s—l—y)dA()andX(t = 0)

)= (
) =X"(t,0) fort,y > 0.

Define the diffusion-scaled processes X' (¢, y) = Vn(Xa(t, y)—X"(t,y)) and X, (t) = V(X (t)—
X(t)) We next state the FCLT for the diffusion-scaled processes X (t,y) and X, (t).

Theorem 4.2. Under Assumptions 2.1, 4.1 and 4.2,

(XTI (t,y), Xn (1) = (X"(t,y), X)) in  (Dp,M;) x (D, M) as n — oo, (4.1)

where
X"(ty) = X{(t,y) + X5(t,y) + X5(t,y), X(t) = X1(t) + Xa(t) + X3(t), (4.2)
Xi(hy) = / Fe(t— s+ y)dA(s), (4.3)

X3(ty) = / / 1@ >t — s+ y)dK(A(s), 2), (1.4)
K00 = [ (0~ 7)) NF s +y), (4.5)

0

Xl(t) = X{(tv 0)7 X2(t) = Xg(t7 0)7 X3(t) = Xg(ta 0)7 (4'6)



the process J(t) is defined in (2.7), the process K(t,z) is a two-parameter continuous Gaussian
process with mean zero and covariance function

Cov(K(t,z),K(s,y)) = (t ANs)Ti(x,y), t,s,x,9y>0, (4.7)

Ig(z,y) = (F(z Ay) = F(2)F(y)) + Tk (2,y) <00, ,y 20, (4.8)

Lic(z,y) = Y (B @)nw)] + Emy)(@)]), .,y =0, (4.9)
k=2

with Y () == 1(nx < x) — F(x) for x > 0 and k > 1, and the integral in (4.4) with respect to the
process K is defined in the sense of mean-square integrals. The three processes X[ (t,y),i =1,2,3,
are mutually independent, and so are the three processes X;(t),i =1,2,3.

When the service times are i.i.d., the covariance function of K(t,x) in (4.7)-(4.9) becomes
Cov(K(t,z), K(s,y)) = (tAs)(F(zAy)— F(x)F(y)), t,s,z,y > 0, and the process K (¢, ) is called
a Kiefer process [18, 25].

When N(t) is Poisson, the jump process J(t) in (2.7) is a compound Poisson process. If, in
addition, the arrival rate is constant, by the stationarity of J (t) and integration by parts, we can
represent the process X35 (t,y) in (4.5) as

Xi(ty) = —A\ /O J(s)dF (s +y) = =ANJ()F°(t +y) + A / Fe(s+y)dJ(s)
_ ARt 4 ) (0,4 x Ry) +)\/ / 2F°(s + y)J(ds, dz),

where J (s, z) is a Poisson random measure defined on [0, 00) x R, with intensity Ads x dG(z),
where \* = 1/E[u;] € (0,00) and G(-) is the distribution function of the limiting down times
{dk k> 1}.

Remark 4.1. There is a stochastic decomposztzon property for limit process X (t,y): the variability
from the arrival process is captured in X1 (t,y), the variability and correlation of service times are
captured in X3 (t,y), and the impact of interruptions is captured in X3(t,y).

Remark 4.2. In Theorems 4.1-4.2, we have assumed that v = 1/2. This is the only scaling
when a proper limit can be established to capture the variabilities from service times, the processes
X5(t,y) and Xo(t) in (4.4) and (4.6), respectively. This is because the FCLT for the sequential
empirical processes driven by the service times requires \/n scaling, see Lemma 6.1. When v €
(0,1/2), no limit exists for (X7 (t,y), Xn(t)), while when ~ > 1/2, an FCLT can be established for
(X (t,y), Xn(t)), which will have the same limits in (4.2) with X5(t,y) = Xo(t) = 0.

When the arrival limit process is a Brownian motion and the limiting counting process N (t) is
Poisson, we can characterize the transient and stationary distribution of the limit processes as in
the following corollary. Its proof follows from direct calculations and is thus omitted.

Corollary 4.1. Under the Assumptions of Theorem 4.2, if, in addition, A(t) = coB(A(t)) for some
cqa >0, A(t fo s)ds and a standard Brownian motion B(t), and the limit counting process N (t)
s a Pozsson process wzth rate \* = 1/FEu;] € (0,00) and the limit up times u; have a finite second
moment, the processes X" (t,y) and X (t) have mean E[X"(t,y)] = \“Eld,] fg[(t — s)A\(s)|dF(t —
s+y), E[X"(t)] = E[X"(t,0)], and variance functions

Var(XT(t, y)) = /0 A(s) (Fc(t +y—2s) (4.10)
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(= 1)(F(t+y—5)? +Ticlt+y - s,t+y—s)))ds

B[] /0 /0 (t— sV AS)AU)AE(E — 5 + ) dF(E — u+ ),

and Var(X(t)) = Var(X"(t,0)). When the arrival rate is constant, we obtain
E[X"(c0,y)] = A\ [ 11 J,7 (s = y)dF<(s), E[X(c0)] = E[X"(c0,0)] = AE[m]A“E[dy], and

Var(X"(00,y)) = A/OO (F(s) + (ca = D((F(5))* + Tic(s,5))) ds

+ANNE[d]] h / Oo(s Au—y)dF(s)dFe(u), (4.11)

and Var(X (o)) = Var(X"(c0,0)).

Remark 4.3. The impact of correlation among service times is characterized in Pang and Whitt
[26, 27]. In particular, the effects of the terms I', in (4.10) and (4.11) upon the mean and variance
of the queue in the infinite-server models and upon the delay in the finite-server models are carefully
studied. For example, consider the case of the sequence of service times forming a first-order discrete
autoregressive process, DAR(1), that is, n; = (i—1mi—1 + (1 — i—1)7i, © > 2, where {{; : i > 1} s
a sequence of i.i.d. Bernoulli random variables with P(; = 1) =p € (0,1) and {7; : i > 2} is a
sequence of i.i.d. random variables with distribution F. Then as shown in [26], the term I'G (s, s)
in (4.11) is equal to %F(S)FC(S). Our contribution lies in the additional variabilities caused by
service interruptions, characterized by the last terms in (4.10) and (4.11), which depend on the
second moment of the limiting down times.

5 Proofs for service times with finite support

In this section, we prove Theorems 3.1 and 3.2, when the service times are i.i.d. and have a finite
support. We will need the following lemmas 5.2-5.5, whose proofs are in §7.

Lemma 5.1. Let (S,r) be a Banach space, and x,,z € D([0,T],S) and x € C([0,T],S) for
n>1andT > 0. The following is a necessary and sufficient condition for x, — x in the space
D([0,T],S) endowed with the Skorohod M, topology : whenever t, —t as n — oo for t,,t € [0,T],
r(zp(tn), x(t)) = 0 as n — oo.

Proof. See, e.g., Section 3.6 in [7] and Lemma 2.1 in [33]. =

Lemma 5.2. Suppose that (x,(t),yn(t,s)) — (z(t),y(t,s)) in (D, M) x (Dp,J1) as n — oo and
y(t,s) € Cc. Define zn(t,s) := xn(yn(t,s)) and z(t,s) := z(y(t,s)) and denote z,(t) = z,(t,-) and
z(t) := 2(t,-). Suppose that y,(t,s) and y(t,s) are nondecreasing in t and strictly increasing in s.
Then zy(t, s) and z(t, s) are both in Dp, z,(t) and z(t) are both continuous in t in D(]0, o), (D, L1)),
and z, — z in (Dp, M1) as n — oo.

Lemma 5.3. If z,(t) — z(t) in (D, M1) as n — oo, then x,(t) — x(t) in (Dp, M) as n — co.

Lemma 5.4. Suppose that (x"(t),y"(t,s)) — (x(t),y(t,s)) in (D,M;) x (Dp, M1) as n — oo,
and x(t) and y(t) := y(t,-) do not have common discontinuity points. Then x"™(t) + y"(t,s) —
z(t) +y(t,s) in (Dp, M;i) as n — oo.
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Proof of Theorem 3.1. First, by (3.1) and (3.4), for i = 1,...,m, we can write Xﬁ7i(t,y) as the
following: for t > 0 and 0 < y < «;,

Xpity) = Ajt) - AAUTHUN) ~ (2 - )
N3t (U™ (D)~ (=)

= O -AN\UO - @-y+ > ], (5.1)
k=1
and for ¢t > 0 and y > x;, Xg’i(t, y) = 0. Thus, the main focus is on proving the convergence of
)_(77;72-(15,3/) fort > 0and 0 <y < z;, 9 = 1,...,m. In the following of this proof (convergences in
(5.3)-(5.6)), the space Dp is restricted to functions z(¢,y) with ¢ € [0, 00) and y € [0, ;) for each
i=1,...,m. By Assumption 2.1 and the definition of N in (3.5), we have

NY=N in (D,J;) as n— o (5.2)
where N is defined in (2.4). This, together with (2.5) in Lemma 2.1, implies that
(U = (@i = y), Na@"@) = (@i = 9))si=1,..,m)
- (t (@i —y), Nt —(zi—y)),i=1, m) (5.3)

in the in ((Dp)2m, J1) as n — co. Now by Assumption 2.1 and the convergence in (5.3),

N2 (U™ ()~ (zi—y))

> ni=1,..,m ]| =(0,i=1,..,m), (5.4)
k=1

in ((Dp)m, J1) as n — oo.
Thus, by the continuous mapping theorem applied to the addition mapping in (Dp, J1), we have

Ny (U™(H)—(zi—y))

U™(t) — (zi —y) + > ni=1,..,m| = (t—(xi—y),i=1,..,m) (5.5)
k=1

in ((Dp)m, J1) as n — oc.
By Assumption 3.1 on the arrival processes and Lemma 5.2, we obtain

i N (U™ (1)~ (i)
AP U™t) — (2 —y) + Z i l,i=1,..m
k=1
= (Mt —(vi—vy)), i=1,...,m) (5.6)

in ((Dp),, ,M1) as n — oo. To apply Lemma 5.2, it is easy to see that the sample paths of the

processes U™ (t) — (z; —y) + Z,ivjlwn(t)*(zi*y)) d} and the functions ¢ — (z; —y)™ are nondecreasing
in ¢ and strictly increasing in y for y € [0,x;), for each i = 1,...,m.

Now, by applying the continuous mapping theorem, Lemmas 5.3 and 5.4, and by combining
the convergence of Xg’i(t, y) for t > 0 and y > x;, we obtain the convergence of X, (¢,y). The
convergence of X, (t), and thus that of X,(t), follow directly from the relationship between the
total count process and the two-parameter process in (2.2). It can also be proved directly by
applying the continuous mapping theorem to the composition and addition mappings in the space
(D, M;). =

We then prove Theorem 3.2. For the proof, we need the following lemma.
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Lemma 5.5. Suppose that z(t,s) € Dp as a function of t is continuous in D([0,c0), (D, L1)) and
yn(t,s) — y(t,s) in (Dp, My), and y(t,s) as a function of t is continuous in D(]0, 00), (D, L1)).
Then x(t, s)yn(t,s) — x(t, s)y(t,s) in (Dp, M1) as n — oo.

Proof of Theorem 3.2. First, by (5.1), for each i = 1,...,m, we can write the processes )A(;;Z-(t, y) as
the following: for ¢ > 0 and 0 <y < x;,

NE(U™ (1) ~(zi—y))

Xr(ty) = AME) — AP [ U™(E) — (2 — y) + > dp |+ J7 i (ty), (5.7)
k=1
where
. NEU™(t)—(zi—y))
Jnty) =07 | At — (z —y)) — Ay | U™ME) — (2 — y) + > |, (5.8)

and for ¢ > 0 and y > z;, Xz’i(t,y) = 0. As in the proof of Theorem 3.1, we only need to
focus on proving the convergence of X];l(t,y) fort >0and 0 <y < x;, i =1,...,m, and in the
following of the proof (convergences in (5.9)-(5.13)), the space Dp is restricted to functions z(¢,y)
with ¢ € [0,00) and y € [0, ;) for each i = 1,...,m.

By Assumption 3.1, the convergence in (5.5) and Lemma 5.2, we obtain

. N#(Un(t)_(mi_y))
il - -+ Y A i=tm
k=1
= (Ai(t—(xi—y)),izl,...,m> (5.9)

in ((Dp),, , M1) as n — oco. Again, note that the sample paths of the processes U™(t) — (z; — y) +

Zgjl(Un(t)_(zi_y)) d} and the functions t—(x;—y) are continuous as functions of ¢ in D([0, c0), (D, L1)),
and are nondecreasing in ¢t and strictly increasing in y for y € [0, z;), for i =1, ..., m.

Next, we focus on the processes jgz(t,y) We note that the continuity assumption of A; is

necessary because if ¢t — (x; —y)" is a discontinuity point of A;, the processes jﬁ;i(t, y) in (5.8) will
converge to infinity at those discontinuity points. In (5.8), we apply Taylor expansion and obtain

Tha(ty) = Nt — (wi — y)) Z5 it y) + o(1/n7), (5.10)
where )
. . NRU™(t)—(zi—y))
Zy,i(ty) = D" (t) — > (n7dy). (5.11)
k=1

By Assumption 2.1, the convergence of ij in (5.2), Lemma 2.1, we can easily show that

NEU™ (5)=(zi-y)) N(t—(zi—y))
> (nd?), i=1,..,m| = Y dki=1,.,m (5.12)
k=1 k=1

in (Dp)m, J1) as n — oo.
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Thus, by Assumption 2.1, the convergence of D™(t) in (2.6) of Lemma 2.1, and by Lemma 5.4,
we obtain that

N(¢)
(Z:L,i(t7y)’ 1= 17 7m> = Z dkv 1=1,...,m (513)
k=N (t—(zi~y))
in ((Dp)m, M) as n — oo. We denote J7, = (A,:J’l,...,j;;’m). Recall the associated processes

J° = (J7,...,Jr), where JI is defined in (3.9). By Lemma 5.5, we obtain that J7 = J” in
((Dp)m, Mi) as n — oo. A R

Finally, by the fact that the limiting processes A; and J] do not have simultaneous jumps, and
by the continuity of summation in Lemma 5.4, and by combining the convergence of )A(gﬂ-(t, y) for
t>0and y > 2,7 =1,...,m, we obtain the convergence in (3.7). The convergence of Xn(t), and
thus that of X,,(t), follow directly from the relationship between the total count process and the
two-parameter processes in (2.2). In fact, a direct proof for the convergence of X, () and X, (t)
can be done by simply applying the continuous mapping theorem of composition, multiplication
and summation in the (D, M;) topology. The details are omitted for brevity. This completes the
proof this theorem. =

6 Proofs for dependent service times with continuous distribu-

tions

In this section, we prove Theorem 4.2. As in [18, 25, 28], we can represent the processes Xﬁ(t, y) in
(4.1) as Lebesgue-Stieltjes integrals with respect to the sequential empirical process driven by the
sequence of service times. Let K, (¢, z) be sequential empirical process driven by the service times

{n; : i > 1}, defined by K, (t,x) = ﬁ Z}Ztﬂ(l(m <z)—F(x)),t >0, x>0.We now state an
FCLT for the processes K’n(t, x), whose proof can be found in §4.1 for Theorem 2.1 of [28].

Lemma 6.1. Under Assumption 4.2, Kn(t, x) = K(t,z) in (Dp, J1) as n — oo, where K is the
two-parameter continuous Gaussian process defined in Theorem 4.2.

Lemma 6.2. The processes X" (t,y) in (4.1) can be represented as X (t,y) = Xﬁ’l(t, y)+Xﬁ;2(t, y)+
Xgﬁ(t,y), where

XT(ty) = /0 FE(U(t) — U™(s) + y)dA(s), (6.1)

Xry(ty) = /0 /Oool(m>U"(t)—U”(s)—i—y)df(n(A”(s),m), (6.2)
t

X y(ty) = /0 VA(EU(t) — U™(s) + ) — F¥(t — 5 + y))dA(s), (6.3)

where the integrals in (6.1) and (6.2) with respect to A" and K, respectively, are all defined as
Stieltjes integrals for functions of bounded variation as integrators.
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The proof of this lemma follows from a direct calculation and the observation that the processes
X (t,y) defined in (2.1), can be written as

An(t)

Xt = [ [T 00 -0 a3 am <o

i=1

We omit the details of this proof for brevity.
We first show the convergence of X (t,y). We need the following lemma, whose proof is in §7.

Lemma 6.3. For x € C and z € D, define a mapping ¢ : C x D — Dy by

t
o 2)(t9) = 2(OF () = [ =P (alt) =a(9) +1). Ly >0
Suppose that (xy, zn) — (x,2) in (C,|-]]) x (D, M1) as n — oo where x,,x € C. Then ¢(zn, 2n) —
¢(z,2) in (Dp, M1) as n — oo.

We are ready to prove the convergence of Xﬁ;’l(t, y) and Xnyl(t).

Lemma 6.4. Under Assumptions 2.1, 4.1 and 4.2, (XTTL’I, Xn1) = (X7, X1) in (Dp, My) x (D, M)
as m — oo.

Proof. First, by (6.1) and (4.3), and integration by parts, we have

Calty) = fl"(t)Fc(y)—/o AP (s)dFE(U™ () = U (s) + ),

Xty = AWF) - / A(s)dFe(t - 5+ y).

Then it is clear that Xf;’l(t, y) = (U™, A™)(t,y), and X](t,y) = d(e, A)(t,y), where e(t) = t is
the identity mapping. Recall that U™ has continuous non-decreasing sample paths almost surely.
Now by the continuity of summation in (Dp, M;), Lemmas 5.3 and 6.3, and Assumption 4.2, we
obtain the convergence of Xﬁyl(t, y). The convergence of X, ;(t) follows from that of )A(T”Lyl(t, y). It
can also be proved directly by showing the continuity in the M; topology of the following mapping
1 : C4 x D — D, defined by

(@, 2)(t) = 2(H)FE(0) /0 (s)AF(x(t) — o(s)), t> 0.

It is easy to check that the claim is true. Thus, the proof is complete. =
We next prove the convergence of X} 5(t,y) and X, 3(t).

Lemma 6.5. Under Assumptions 2.1, 4.1 and 4.2, (X:L,i?b’ Xn3) = (X5, X3) in (Dp, My) x (D, M)
as n — oo.

Proof. First, by (6.3) and Taylor expansion, we have

Xty = - / (D"(s) = D™(B)AS)AF(t — 5+ 1) + o(1/v/n)
_ D"(t)/o A(S)AFe(t — s + 1)
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/ D™(s)A(s)dF°(t — s+ y) + o(1/y/n). (6.4)

For the first term on the right hand side of (6.4), by Lemma 2.1, we have D" = J in (D, Ml)
and by a similar argument in the proof of Lemma 6.3, the functlon fo S)AFe(t — s+ y) a
funct1on of t is continuous in D([O oo) (D L;)). Thus by Lemmas 5.3 and 5.5, it follows that

fo S)AF(t — s +y) = J(t fo s)dF°(t — s+ y) in (Dp, M;) as n — oco. For the second
term on the right hand side of (6.4), we can apply Lemmas 6.3 and 2.1. To see this, we let z,(s)
and z(s) in Lemma 6.3 be the sample paths of D™(s)A(s) and J(s)A(s), respectively, and z,(s)
and z(s) be e(s) = s. Thus, by the continuity of summation in (Dp, M), we obtain XZ?) = X} in
(Dp, My). A A

The convergence of X;, 3(t) follows directly from that of X7 3(¢,y). It can also be shown directly
by provmg the contlnulty in the M1 topology of the following mapping ¢ : D — D, where ﬁ(x)(t) =

fo s)dFc(t—s) fo (s)dF°(t—s),t > 0. It is easy to check that the claim is true. Thus,
the proof is complete .

We now focus on the proof of the convergence of Xﬁ72(t,y) and X,,5(t). Tt turns out that
under the assumptions of Theorem 4.2, we can prove their convergence in the stronger Skorohod
J1 topology, which implies the convergence in the M7 topology.

Lemma 6.6. Under Assumptions 2.1, 4.1 and 4.2,
(X5 o, Xn2) = (X5,X3) in (Dp,J1) x (D,J1) as n— oo. (6.5)

Proof. Define the process Yn o(t,y):

ot y) = // Lo >t — s+ y)dRa(A"(s),2), £y >0,

By Theorem 3.2 in [28] (note that the convergence therein is directly proved for the associated
two-parameter process X€(t,y) tracking the number of customers in the system at time ¢ that have
received an amount of service less than or equal to t, but the convergence of the two-parameter
processes X" (t,y) is implied and can be easily obtained as in [25] by exploiting the relationship
between the two-parameter processes tracking elapsed and residual times), we have Y o(ty) =
X3(t,y) in (Dp,.J;) as n — oo, where X}(t,y) is defined in (4.4). Thus, by Theorem 3.1 in [3], it
suffices to show that for each € > 0 and for each T" > 0 and 7" > 0,

n—0o0 t€[0,T],y€[0,T"]

lim P ( sup |Viro(t,y) — X7, o(ty)| > 6) =0. (6.6)

We provide a sketch proof of (6.6) here. The tightness of Xﬁg follows first a straightforward
extension of that for Y’”Q We next discretize the domain into rectangles as in Definition 3.1 in [2§],
and denote the corresponding processes sz’k(t,y) and Xn’zyk(t,y) for discretization size k. It is

then easy to show that the finite dimensional distributions of er Y X:L 91 converge to 0 for each
k as n — oo. Finally, by Theorem 3.2 in [3], it suffices to show that
lim Timsup P (|(V7 () = Ko (b)) = (Vira(t.y) = Xia(t. )| > €) =0,

k—00 n—oo

for each t > 0 and 0 < y < t. This follows from a similar argument as in the proof of Lemma 4.2
in [28], by noting the convergence U™ = e. This completes the proof. =

Proof of Theorem 4.2. The convergence in (4.1) follows from Lemmas 6.2, 6.4, 6.5 and 6.6 and the
continuous mapping theorem. =
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7 Appendix

In this appendix, we collect the proofs for the lemmas used in §§5-6.

Proof of Lemma 5.2. We first show z,(t) is continuous in ¢ in ([0, 00), (D, L)) for each n. To
see this, let tg,t € [0,T] for T' > 0, and t;, — ¢ as k — oo, we need to show ||z, (tx) — zn(t)|lL, = 0
as k — oo, for each n > 1, that is, for each Y > 0,

Y
/0 |2 (Yn (tk, 8)) — 2n(yn(t, s))|ds — O as k — oo. (7.1)

Let Disc®(xy, yn) be the set of s values such that s is a discontinuity point of y, (¢, s) or y, (¢, s) is a
discontinuity point of z,, for the above t > 0. Since y,, € Dy is strictly increasing in s, we have that
there can only be countably many points in Disc® (2, y,) for the above ¢ > 0, which has Lebesgue
measure zero.

Now for each s ¢ Disc®(xy, yn), we obtain that for each n > 1, |z, (yn (tk, s)) — n (yn (¢, s))‘ -0
as k — oo. Since zy,(yn(t,s)) € Dp, zn(yn(t,s)) is bounded in finite time intervals, and thus by
the bounded convergence theorem together with the fact that Disc®(x,,y,) has Lebesgue measure
zero, we obtain the convergence in (7.1). Similarly, z(¢) is also continuous in ¢ in D([0, c0), (D, L1)).

Finally, we prove z, — z in (Dp, M;) as n — oo. Since z,(t) and z(¢) are continuous in ¢
in D([0,00), (D, L1)), by Lemma 5.1, it suffices to show that for any 7" > 0 and any sequence
tn,t € [0,T] satisfying ¢,, — t as n — 00, ||zn(tn) — 2(t)||, — 0 as n — oo, that is, for each Y > 0,

Y
/0 }mn(yn(tn, s)) — z(y(t, s))’ds —0 as n— oo (7.2)

Let Disc®(x) be the set of s values such that y(¢, s) is a discontinuity point of z for the above ¢ > 0.
Since y is nondecreasing in ¢ and strictly increasing in s, there can only be countably many points
in Disc®(x), which has Lebesgue measure zero.

Now for each s ¢ Disc®(z), since y, — y in the space Dp endowed with the Skorohod J;
topology (and equivalently with the uniform topology due to the fact that y € C¢), by Proposition
3.6.5 in [7], we have ‘yn(tn, s)—y(t, s)‘ — 0 asn — oo. Thus, by the convergence x,, — = in (D, M),
we have that x,(t) — =z(t) uniformly at each continuity point of z, and since s ¢ Disc®(x), we
obtain that |z, (yn(tn,s)) — z(y(t, s))| — 0 as n — co. This, together with the fact that Disc®(z)
has Lebesgue measure zero, implies that (7.2) holds and thus, the lemma is proved. =
Proof of Lemma 5.3. Since x,(t) and x(t) are constant functions of the second time parameter
when they are regarded functions in Dp, the same parametric representations for x,, and x used for
the convergence of x,(t) — x(t) in (D, M7) can be also used for the convergence of z,,(t) — x(t) in
(Dp, M7). We omit the details for brevity. =
Proof of Lemma 5.4. The continuity of summation in the M; topology follows from Lemma 5.3
and Theorem II1.3.1 in [29]. =
Proof of Lemma 5.5. Due to the continuity of = and y as functions of ¢ in ([0, 00), (D, L1)), by
Lemma 5.1, it suffices to prove that for any 7' > 0 and any sequence t,,t € [0, T satisfying ¢,, — ¢
as n — oo, we have ||x(tn)yn(tn) — z(t)y(t)||L, — 0 as n — oo. Recall that z(t,) := x(ty,) and
similarly for y,,(t,), z(t) and y(t). Now,

|2 (tn)yn(tn) — x(®)y()| L,
2 (tn)yn(tn) — 2 (tn)y()|lL, + 2(tn)y(t) — 2(O)y@)]| L,
()l lyn(tn) =y, + @)l Lo ll2(En) — 2(@)][L, — 0.
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The convergence follows from the facts that sup,, ||z(t)||z, < oo, [|[y(t)|lr, < 00, yn(t,s) — y(t,s)
in (Dp, M), and the continuity property of y(t, s) and z(¢, s) as functions of ¢ in D([0, c0), (D, L1)).
]
Proof of Lemma 6.3. The proof proceeds in four steps.

Step 1: Since z, — z in (D, M;) as n — oo, by Lemma 5.3 we have z, — z in (Dp, M;) as
n — oo. Since F' is continuous, by Lemma 5.5, we have that z,(t)F°(y) — 2(¢t)F°(y) in (Dp, M;)
as n — 0.

Step 2: We claim that fo $)dF°(z(t) — z(s) + y) is continuous in ¢ in D(]0,c0), (D, L1)).
Suppose t,,t € [0,T] for T'> 0 and ¢, — t as n — oo, for each y > 0, we have

|t — 266 +9) - [ 2()aPGa) - (s) + y>\
0 0

<

/0 2(s)d (F(x(tn) — 2(s) +y) — F((t) —x(s) + y))’

_l’_

/t " S)AF (@) — (s) + y)' . (7.3)

Since z and F' are both continuous functions, F°(x(t,) — z(s) +y) — F(z(t) — z(s) + y) — 0 as
n — oo, and thus the same holds for the first integral on the right hand side of (7.3). The second
integral goes to zero because t, — t and the continuity of F'. (So far, we have proved the pointwise
convergence). Given Y > 0, and T' > 0 such that t,,t € [0,7], z(t) € D implies z(¢) is bounded on
[0,T]. So we have fo ‘ fo s)dF°(z(t) — x(s) + y)|dy is bounded for each Y > 0. By (7.3) and the
bounded convergence theorem, we obtain

Y
J
as n — oo. Thus, we have proved the claim. A similar argument also shows that fg 2n(8)dF(xp(t)—

x(s) + y) is continuous in ¢ in D([0, c0), (D, L1)) since we assume z,, € C.
Step 3: We prove that

tn t
/ 2(8)dF (a(tn) — 2(5) +y) / 2(8)dF°(a(t) — a(s) + )| dy — 0,
0 0

/zn(s)dFC(a:n(t)— 5)+y) —>/ s)dF°(z(t) —z(s) +y) in (Dp, M),
0

as n — 0o. By the claim proved in Step 2, by Lemma 5.1, it suffices to prove that for each T > 0
and Y > 0, for ¢,,t € [0,T] and any sequence t, — t as n — 0o, we have

&

as n — 0o. We first prove pointwise convergence and then L; convergence. For each y > 0,

/ " o ($)AF (@ (t) — 2 (5) + 1) — / 2(s)AF(a(t) — (s) + y)‘ dy—>0  (74)
0 0

/ " o (8)AF (@ (t) — n(s) + 1) — / 2(5)dF(2(t) — a(s) + y)‘ (7.5)
0 0

<

[ ntn) = (5) +-) — P (alt) — () + y>>\

_l’_

[ el = soparetat) o) + y>\ n

[ ettt — 2+ ).
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The first integral on the right hand side of (7.5) converges to zero as n — oo because of the
continuity of F' and x,(t,) — =(t) uniformly as n — oo (Recall that z,, and = are continuous).
Since z,(t) — z(t) in (D, M), the set {s € [0,00) : |zn(s) — z(s)| -» 0} has Lebesgue measure 0,
and thus the second integral on the right hand side of (7.5) goes to zero as n — oco. It is evident
that the third integral on the right hand side of (7.5) also goes to zero as n — co. Thus, we have
proved that for each y > 0,

/0 2n(8)AF(@n(t) — 2n(s) + 1) — / 2(8)dF*(a(t) — a(s) + )| = 0

as n — oo. Given any Y > 0, we obtain the convergence in (7.4) by applying the bounded
convergence theorem.
Step 4: By the continuity of summation in (Dp, M), the conclusion of the lemma holds. =
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