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ABSTRACT. We study an infinite-server fork-join queueing system with dependent services, which
experiences alternating renewal service disruptions. Jobs are forked into a fixed number of parallel
tasks upon arrival and processed at the corresponding parallel service stations with multiple servers.
Synchronization of a job occurs when its parallel tasks are completed, i.e., non-exchangeable. Service
times of the parallel tasks of each job can be correlated, having a general continuous joint distribution
function, and moreover, the service vectors of consecutive jobs form a stationary dependent sequence
satisfying the strong mixing (a-mixing) condition. The system experiences renewal alternating
service disruptions with up and down periods. In each up period, the system operates normally, but
in each down period, jobs continue to enter the system, while all the servers will stop working, and
services received will be conserved and resume at the beginning of the next up period. We study
the impact of both the dependence among service times and these down times upon the service
dynamics, the unsynchronized queueing dynamics and the synchronized process, assuming that the
down times are asymptotically negligible. We prove FWLLN and FCLT for these processes, where
the limit processes in the FCLT possess a stochastic decomposition property and the convergence
requires the Skorohod M; topology.

1. INTRODUCTION

The purpose of this paper is to understand the performance of an infinite-server fork-join queueing
system with dependent services which experiences service disruptions with alternating “up” and
“down” periods. In the up periods, the system operates normally: each job upon arrival is forked
into a fixed number of parallel tasks to be processed in the dedicated service stations simultaneously.
Specifically, each of the parallel tasks is served at the associated service station with an infinite
number of parallel servers. Each job brings in a service vector for its parallel tasks. The service
times of the parallel tasks of each job can be correlated. We assume that the service vectors of
the consecutive jobs are identically distributed, and moreover, they form a stationary and weakly
dependent sequence satisfying the strong mixing (a-mixing) condition. After service completion,
each task will join a buffer associated with its service station, referred to as “unsynchronized
queue”, waiting there for synchronization. Tasks are only synchronized if all tasks tagged with
the same job are completed, called “non-exchangeable synchronization” (NES) [3, 24, 25, 43].
After synchronization, jobs will leave the system immediately (zero synchronization time). In
the down periods, all the servers in each parallel service station stop working. Tasks in service
(respectively, waiting for synchronization) will remain in the associated service stations (respectively,
unsynchronized queues). The amount of services received will be conserved and services will resume
when the down periods end. Each task/job may experience several up and down periods before
synchronization. On the other hand, jobs continue to enter the system and are forked into parallel
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tasks. Each of these tasks will be assigned to a free server in the dedicated service station and wait
there to receive service when the next up period starts.

In fork-join queueing systems with NES, the response time, as measured by the wait for service,
plus service time and the wait for synchronization, is a key performance measure. The model we
study captures the two latter measures since jobs do not wait for service due to the infinite number of
servers. It is thus important to characterize the impact of the down times, as well as the correlations
among parallel service times of each job and services of consecutive jobs, upon the service and
synchronization processes. The system dynamics of the fork-join queueing system cannot be analyzed
exactly, even if the arrival process is Poisson and the service time distributions are exponential.
Our objective is to obtain an approximation of the system dynamics in a heavy-traffic asymptotic
regime, where the arrival rate gets large while service times are fixed. The results can be used to
approximate the performance of a corresponding fork-join model with finite-server stations in which
all stations are in an underloaded (quality-driven) regime. We also scale the disruption/interruption
process such that the “up” times have the same order as the service times, while the “down” times
are asymptotically negligible compared with the service times (see Assumption 3). We aim to study
the impact of these very “short” down times upon the performance of the fork-join queueing system.

We show a functional central limit theorem (FCLT) for the service processes, unsynchronized
queueing processes and synchronized processes (Theorem 3.3). The convergence in the FCLT is
shown in the Skorohod M; topology. There exists a stochastic decomposition property for the limit
processes, which evidently does not hold for the corresponding prelimit processes. All the limit
processes are decomposed into three independent processes, a stochastic integral of the arrival
limit process, a functional of a multiparameter generalized Kiefer process driven by the sequence of
strong mixing (a-mixing) service vectors, and a jump process arising from the service disruptions.
The jump processes in the limit have their jumps occurring simultaneously, being driven by a
compound-type jump process, and the jump sizes in each of these limit processes depend on the
service time distributions at the corresponding service stations. We also obtain a functional weak
law of large numbers (FWLLN) for the aforementioned processes, which shows that the disruptions
do not affect the system performance in the fluid scale, under our assumption of asymptotically
negligible down times.

We then study the characterization of these limiting processes (Lemmas 3.1-3.3 and Proposition
3.1). Specifically, we obtain the covariance functions of the limiting processes associated with the
arrival and service processes and the random environment, when the arrival process is a Lévy process
with (deterministic) time change, and when the limit counting process associated with the up-down
cycles is Poisson. We study the impact of the service correlations in two aspects: correlation
among the service vector of each job, and correlation among service vectors of different jobs. When
the service vectors form a first-order discrete vector autoregressive sequence, “DVAR(1)”, we find
that the correlations from these two aspects can be separated in the covariance functions of the
aforementioned processes (Corollary 3.1). The impact of the asymptotically negligible down times is
in two folds, affecting both the queueing process and the delay for synchronization. These are shown
in the jump terms in the limiting service, unsynchronized queueing and synchronized processes, and
their covariance functions are also obtained (Lemma 3.3).

1.1. Literature Review and Comparisons. Fork-join networks have been extensively studied
in the literature, see, e.g., [20, 28, 29, 40, 3, 19, 9, 42, 43, 31, 30] and references therein. A pure join
model with multiple class of jobs is studied in [13], where an asymptotically optimal matching policy
is derived to minimize the holding cost in unsynchronized queues. To our best knowledge, this is
the very first work on fork-join queueing systems with both dependent and disruptive services.
Our work relates closely to the recent development of multi-server fork-join queueing models
in the many-server heavy-traffic regimes. The major challenge in studying multi-server fork-join
queueing models with NES is the resequencing of arrival orders after service completion at each
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service station due to the randomness of service times for parallel tasks [3, 43]. Lu and Pang
[24, 25] developed a new approach to resolve the sequencing for these fork-join models, via sequential
empirical processes driven by the service vectors of jobs. It is assumed in [24, 25] that the service
vectors of jobs in the multi-server fork-join queueing models are i.i.d. and have a continuous joint
distribution function. Our first contribution is to generalize that approach to the setting where
the service vectors of the consecutive jobs are weakly dependent, forming a stationary sequence
and satisfying the strong mixing (a-mixing) condition for random vectors. The proofs require new
techniques for the strong mixing conditions.

Queues with dependent service times have been studied in the literature. For example, Pang and
Whitt [35] recently studied two-parameter process limits for G/G /oo queues, where the consecutive
service times are assumed to be stationary and weakly dependent, satisfying the ¢-mixing or S-mixing
conditions. See also the extensive references therein. However, in all these studies, correlations are
only considered in the unit variate setting. Our work is the first to study the sequential dependence
among service vectors associated with each job in queueing systems. As a special case, our work
also extends the analysis of the G/G /0o queues to the case of strong mixing (a-mixing) service
times, in terms of the total count processes.

On the other hand, substantial amount work has studied queues in random environments (in
particular, service disruptions/interruptions), for example, [8, 16, 17, 18, 32, 33, 36, 26] and references
therein. The work closest to ours is [36], where the G/G/oo queue with weakly dependent and
disruptive service times is studied. Two-parameter heavy-traffic limits are proved for the queueing
processes in the space D([0, 00),D) endowed with Skorohod M; topology. The case when the service
times have finite support is also discussed in [36]. Our paper generalizes the work [36] to the
infinite-server fork-join queueing system with NES, where the disruptions affects all service stations
simultaneously. Thus, the effect of the disruptions is not only characterized for the service processes
at the service stations, but more importantly, for the synchronization processes.

1.2. Organization of the Paper. The paper is organized as follows. We finish the introduction
with notation below. In §2, we provide a detailed model description and the assumptions. The
main results are given in §3. The FWLLN and FCLT for the processes tracking the service and
waiting dynamics for synchronization are stated in §3.1, and their proofs are provided in §5. We
characterize the limiting processes in §3.2, and provide the proof in §4. Some concluding remarks
are given in §6.

1.3. Notation. The following notations will be used throughout the paper. R and R, (R? and R‘i,
respectively) denote sets of real and real non-negative numbers (d-dimensional vectors, respectively,
d > 2). N denotes the set of natural numbers. For a,b € R, we denote a A b := min{a,b} and
a Vb := max{a,b}. For any x € Ry, |z] ([z], respectively) is used to denote the largest integer
no greater than (the smallest integer no less than) z, respectively. We use bold letter to denote a
vector, e.g., T := (21, ...,24) € R%, d > 2. 0 and e denote the vectors whose components are all 0
and 1, respectively. e; is used to denote the vector whose i** component is one and whose other
components are infinity. For z € R and e,e; € RY, d > 2, we define ze := (z,...,z) € R? and let ze;
be the vector whose i'" entry is # and whose other components are infinity, 1 < i < d. For z,y € R?,
d > 2, we denote £ <y and £ < y in the componentwise sense, and let x Ay = (1 Ay1, ..., g A Yq)-
Denote (R%)* := {((a1,b1),...,(a;,bj),...) : aj,b; € R,j € N} with the metric p defined by
p(71,72) == Yooy %min{maxﬂai — ¢il, |bi — di|}, 1}, for any v := ((a1,b1), (a2,b2),...) and v, :=
((c1,d1), (c2,d2),...) in (R?)*™ (the well-definedness of the metric can be easily checked as Example
1.2 in [5]). We use 1(A) to denote the indicator function of a set A. For any univariate distribution
function G, we denote G¢ := 1—G. For any two deterministic real-valued functions f and g, we write
f(z) = O(g(x)) if limsup, ., |f(x)/g(x)| < oo and f(z) = o(g(x)) if limsup, . [f(z)/g(z)| = 0.
For a sequence of random variables {Z,, : n > 1} and a sequence of constants {b,, : n > 1}, we write
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Zpn = 0p(bp) if Z,, /by, converges to zero in probability as n — oo, i.e., lim, o P(|Z,/by| > €) =0
for any € > 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 So, we denote S1 X Sy as their product space, endowed
with the maximum metric p defined by m((z1,x2), (y1,y2)) := max{mi(z1,y1), ma(x2,y2)}, for
(x1,2), (y1,y2) € S1 X Sz, where m; and mg are metrics for S; and Sa, respectively (see, e.g., §11.4
of [41]). S* is used to represent k-fold product space of any complete and separable metric space S
for k € N. For a complete separable metric space S, D([0, 00),S) denotes the space of all S-valued
cadlag functions on [0,00), and is endowed with the Skorohod J; topology (see, e.g., [12]). Let
D = D([0,00),R). (D, J;) denotes the space D endowed with J; topology while (D, M;) denotes the
space D endowed with M; topology. We refer to §3.3 and §12 of [41] for the definition and convergence
criteria in (D, M7). Let (D*,.J;) = (D, J1) x --- x (D, J1) (D*, My) = (D, My) x --- x (D, My),
respectively) be the k-fold product of (D, J;) ((D, My), respectively) with the maximum metric as
the product topology. Let C = C(]0,00),R) be the space of all continuous real-valued functions on
[0,00) and denote C4 as the space of nondecreasing continuous functions in C. Let C* be the k-fold
product of C. Denote || - || as the uniform norm, i.e., for any real-valued function z and T' > 0,
|zl = supg<i<r |2(t)]. D(T,R) denotes the space of all “continuous from above with limits from
below” real-valued functions in the sense of [4, 27, 39, 14] on T C R’j for k > 2; see [39, 4, 27] for
T = [0,1]* and [14] for T = [0, 00)*. Denote Dy = D([0, 0)*, R) for k > 2. Weak convergence of
probability measures p, to p will be denoted as u, = p. We also use = to denote the convergence
in distribution without abuse of notation. For a sequence of processes {X™ : n > 1} and a process

d
X, axn ~Iy X denotes the convergence in finite-dimensional distributions of X" to X'. We use the
abbreviations a.s. and a.e. to represent almost surely and almost everywhere.

2. MODEL AND ASSUMPTIONS

In this section, we present the model and assumptions in detail. In the fork-join queueing model,
there is a single class of arrivals and each job upon arrival is forked into K parallel tasks, which are
processed in the corresponding parallel service stations with an infinite number of servers. After
service completion, each task will join a waiting buffer for synchronization, called unsynchronized
queue, associated with each service station. When all tasks of the same job are finished, they will be
synchronized and leave the system immediately. The system is operating in an alternating renewal
environment with up-down cycles (down periods as the service disruptive process). In the up periods,
the system operates normally. In the down periods, all servers will stop functioning and resume at
the beginning of the next up period. New jobs continue to enter the system and their tasks will be
assigned to free servers in the service stations and wait there for service to start at the beginning
of the next up period. Tasks in service (respectively, waiting for synchronization) will be kept in
their stations (respectively, unsynchronized queues), and the amount of services received will be
conserved, and their services will be resumed when the down period ends.

Let A = {A(t) : t > 0} be the arrival process of the system with 7; representing the arrival
time of the i*" job, i € N. Let {’ : i > 1} be a sequence of identically distributed service
vectors of the parallel tasks. The joint distribution of the service time vector for the i** job #’
is F(x) := F(z1,...,xk) for z1,...,2x > 0 and F(z) = 0 if x; < 0 for some 1 < k < K. The
service times of the parallel tasks of the same job can be correlated. The case of perfectly positively
correlated parallel services (the components of the service vector are equal, 7]% = 7]% =...= n}( for
each 1) is excluded since that will lead to empty waiting buffers for synchronization. Moreover, we
assume that the sequence {n’ : i > 1} is stationary and weakly dependent, satisfying the strong
mixing (e-mixing) condition.

Assumption 1. The sequence of service vectors {n' :i > 1} is weakly dependent and constitute a
one-sided stationary sequence with each ' having a continuous distribution function F(z), x € Rf.
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The sequence {n' : i > 1} satisfies the a-mizing condition, that is, a, = O(n~%), for a > 1, where
a; = sup{|P(ANB) — P(A)P(B)| : A € Fj,B € Gj,j > 1}, with Fj :== o{n' : 1 < i < j} and
Gj=o{n':i>j}.

The joint distribution of any two service times n;- and n}; is Fj (), 2r) := P(nj- < zj, n,i < zy)
for zj,x, > 0, j,k =1,..., K. Note F;i(-,-) = Fj(-) when j = k for j,k = 1,..., K. We denote
Fﬁk(xj’mk) = P(n;- > xj,m; > x) = 1= Fj(x;) — Fip(op) + Fjp(xj, o) for oy, 2, >0, 5,k =1,..., K.
Note F¥,(-,-) = Fg(-) when j =k for j,k=1,..., K. Let i, = max{ni,...,n%} be the maximum
of the components in the service vector #°, and Fy,(z) := P(n, < z) = F(z,...,x) for x > 0.
(Throughout the paper, we use subscript “m” to index quantities and processes associated with the
maximum. )

Let {(ui,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 for all parallel service
stations. We assume that the arrival and service processes and renewal disruptive process are
mutually independent.

Recall that each job is forked into K tasks and each task is processed in a parallel station,
for which we call the service station serving task k of each job as “service station k7. Let
Xk = {Xk(t) : t > 0} be the process counting the number of tasks in service at the service
station k, and Yy := {Yy(¢) : t > 0} be the process counting the number of tasks in the waiting
buffer for synchronization (unsynchronized queue) after service completion at service station k,
k=1,..,K. Let S:={S(t) : t > 0} be the process counting the number of synchronized jobs and
Dy, = {Dy(t) : t > 0} be the process counting the number of tasks that have completed service at
station k, k = 1,..., K. Denote X := (Xy,...,Xk), Y := (Y1,...,Yx) and D := (Dy,..., Dg). We
assume that the system starts empty at the beginning of an up period.

2.1. A Sequence of Systems. The exact distributions of (X,Y,S) cannot be obtained directly,
even when the arrival process is Poisson and the service times are exponential. Thus, our objective
is to establish heavy-traffic limits for the fluid and diffusion scaled processes of (X,Y,.S) jointly.
We consider a sequence of such systems indexed by n and use superscript n for the processes
A, X, Y, D, S, the sequence of {(u;,d;) : i > 1}, and the arrival times {7; : i > 1}, but we let the
service times {n® : i > 1} and their distribution functions be independent of n. We will let the
arrival rate grow large for the system to be in heavy traffic and make the following assumption on
the arrival process A™.

Assumption 2 (FCLT for arrivals). There exist: (i) a nondecreasing deterministic real-valued
continuous function a with a density function X € D a.e. and a(0) =0 and (ii) a stochastic process
A with sample paths in D, such that

A = n_%(A" —na)=A in (D,M) as n— oco. (2.1)
This implies that an FWLLN holds for A™:
A":=n A" =@ in (D,M;) as n— oo. (2.2)

Note that since the limit a is continuous, the convergence is equivalent to be in any Skorohod
topology [41].

We consider a scaling regime for the underlying random environment, where the down times are
asymptotically negligible. Specifically, we make the following assumption.

Assumption 3 (Scaling of the Service Disruptive Process). The sequence of up and down times
{(u*,d) :i > 1} satisfies

{(u,n2d7) i > 1} = {(ug,di) i > 1} in (R*) as n— oo, (2.3)

where u;,d; > 0 a.s. for each i > 1.
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2.2. System Dynamics. We provide a representation of the processes (X", Y",S). We first
introduce some processes associated with the underlying renewal random environment. Let the
sequence {7 : i > 1} be the renewal times, defined by

%

T/ = (u} +d}), for i>1 and T§ :=0. (2.4)
j=1
Let N™:= {N"(t) : t > 0} be the associated renewal counting process, defined by
N*'(t):=max{i >0: T <t}, t>0. (2.5)

Let x™ := {x"(t) : t > 0} be the service-availability process, defined by
(b = L, TP <t<T!+uj,, for i>0,
0, TP+wjl, <t<T,, for i>0.
The cumulative up-time process {" := {{"(t) : t > 0} is defined by

& (t) ::/0 X" (s)ds, t>0. (2.7)

The cumulative down-time process (" := {("(¢t) : t > 0} is defined by ("(t) := t — £"(¢t) for each
t > 0.
Now, for each t > 0 and k£ =1, ..., K, we can write

A (1)
Xp) = S 10 > € — (), (2.8)

i=1

A" (1)
St = Y U <) =M, Vi=1,., K), (2.9)

i=1

Yii(t) = Dgr(t)—5S"(t)

An(t)
= Z 1(n), < €(t) — €Y1 and it > €™(t) — ()  for some k' # k). (2.10)

i=1

The following balanced equations hold for each ¢t > 0 and k =1, ..., K,
Dy (t) = A™(t) — Xi/(t), (2.11)
Yir(t) = Dp(t) — S"(1). (2.12)
Define the diffusion-scaled processes

&= n1/2(§” —e) and (o= nl2en = —¢m, (2.13)

where e(t) :=t is the identity function, and £™ and ("™ are the cumulative up and down times. We
then obtain the following limits for the processes associated with service disruptions.

Lemma 2.1. Under Assumption 3,
(&",¢" N™, €. C") = (e,0,N,—J,J) in (D% .J1) x (D?,M1) as n— oo, (2.14)
where the limit process J := {J(t) : t > 0} is defined by

N(t)
J(t):=> di, t>0, (2.15)
=1

where N := {N(t) : t > 0} is the associated renewal counting process in the limit, defined by
N(t) :=max{i > 0:T; < t}, t>0, (2.16)
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and {TZ 21> 0} is the limiting sequence of cycle renewal times, defined by
i
Ty=> w;, i>1, and Tj:=0. (2.17)

Proof. The convergence of (£",(") in (2.14) follows directly from Assumption 3. The convergence
of (N™,&™, (™) in (2.14) can be found in §5.4 of [33]. The joint convergence (£, (™, N™, ", (") is
obtained from Theorem 11.4.5 of [41], by noting that the limit of (£", (") is deterministic. O

3. MAIN RESULTS

3.1. Limit Theorems. We first define multiparameter sequential empirical processes Un .=
{U™(t,z) :t >0, x € [0,1]%} driven by a sequence of random vectors with uniform marginals:

[nt]

Un(t,x) := Fi(x), t>0, zel0,1]¥
b

where for each i € N, 7;(z) := 1(U' <z) — H(z), z € [0,1]%, and {U?: i > 1} constitutes a one-
sided stationary sequence, and each U’ is a vector of nonnegative random variables with continuous
joint distribution function H(-) and uniform marginals over [0, 1]. We assume that the sequence
{U": z' > 1} satisfies the strong mixing (a-mixing) condition, as in Assumption 1 for {n’ : i > 1}, that
is, af = O(n™9), for a > 1, where oY := sup{|P(AN B) — P(A)P(B)| : Ae}‘U B€g+l’] > 1},
with ]-"jU = o{U": 1 <i < j} and QJU = o{U" : i > j}. Here we state an FCLT for the
multiparameter sequential empirical processes (see Theorem 1 in [7]).

Theorem 3.1. (An FCLT for Strong Mizing (a-mixing) Uniformly Distributed Random Vectors)
The processes U "(t,x) converge in distribution,

Urt,z) = U(t,z) in (D(0,1]5FLR),J1) as n— oo, (3.1)

where U = {U(t,x) : t > 0,z € REY is a continuous Gaussian random field with mean 0 and
covariance function

Cov(U(t,z),U(s,y)) = (t A s)Tu(z,y),
Ly(z,y) = (tAs)(HzAy) — Hz)H(y)) + T'(,y) < oo

Iy, y) Z [1(2)%(¥)] + Eln(y)yi(z)]) < oo,

for each t,s >0 and z,y € [0,1]%

To show the FCLT for the processes (X", Y™, S™), we define the diffusion-scaled multiparameter
sequential empirical processes K" := {K"(t,z) : t > 0,z € Rf} by

[nt]
K"(t,x) = \}ﬁ ;%(m), t>0, zeRE,
where for each i € N, v;(z) := 1(n° < z) — F(z). We remark that when the service vectors are i.i.d.,
an FCLT for K™ is used to prove the FCLT for the processes (X™, Y™ S™) in diffusion scale for the
infinite-server fork-join queueing system in [24]. Here under the strong mixing (a-mixing) condition,
we need the FCLT for K", which can be obtained by applying Theorem 3.1 and Sklar’s theorem
[38]. Let F : RE — [0,1]% be F(z) := (Fi(z1), ..., Fx(zk)) for z € RE. By Sklar’s theorem [38], a
multidimensional version of probability integral transformation, for any multivariate distribution
function G, there exists a multivariate distribution function Hg (called “copula”, depending on G)
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with uniform marginals on [0, 1] such that G(z) = Hg(G1(z1), ..., Gk (zK)). For the multivariable
distribution function F' of service vectors and its copula H, we then can represent K™(-,-) as a
composition of U"(-,-) with F(-) in the second component, i.e.,

K"(t,x) =U"(t,F(z)), t>0, =zcRE (3.2)
Thus, by Theorem 3.1, we immediately obtain that
Kt z) =U"t,F(z)) = K(t,z):=Ut,F(x)) in (Dgs1,J1) as n—oo,  (3.3)

where K := {K’ (t,z) :t > 0,2z} is a time-changed multiparameter Gaussian process with mean 0
and covariance function

Cov(K(t,z),K(s,y)) = (t A s)T(z,y), (3.4)
I'(z,y) :=Tu(F(z),F(y)) = (tAs)(F(zAy) - Fz)F(y) + T(z,y) < oo
I(z,y) = TG (F(z), Fy) = > (En@)%®)] + Em@)yn@)) < oo, (3.5)
=2

for each t,s > 0 and x,y € Rf . Note that the last term I'“(z,y) captures the sequential dependence

among the service vectors, and it is evident that I'“(z,y) = 0 when the service vectors are i.i.d.
We will represent all the processes X™, Y™, S” as integrals of a multiparameter sequential empirical

process K" := {K"(t,z) : t > 0,z € RE} driven by the sequence of service vectors {n’:i > 1}:

[nt]
_ 1 .
K"(tz) =~ > 1n'<=z), t>0, zecRE. (3.6)
i=1
Fort>0and k=1,..., K,

XM'(t) =n /0 / 1(zy > €7(t) — £'(5))dK™ (A™(s),z) (3.7)

YP(t) = n /0 / (L, < €°(8) — €7(s)) — L(z; < E°(8) — €7(s), Vi) dE™ (A"(s).z) . (3.8)

_n/ /RK 1; < E(1) — €(s), VAR (A7(s), 7). (3.9)

The integrals in (3.7), (3.8) and (3.9) are well-defined as Stieltjes integrals for functions of bounded
variation as integrators. We remark that the representation like (3.7) were first established by
Krichagina and Puhalskii [21] to study G/GI /oo queues, and Pang and Zhou [36] analyzed the
impact of service interruptions on G/G/oco queues by generalizing the representation in [21] and
introducing the cumulative up-time process £". In the fork-join queueing system, Lu and Pang
[24] developed an integral representation for the system dynamics via multiparameter sequential
empirical processes driven by the service vectors.

We define fluid-scaled processes X", Y™ and S™ by

X" .= lX", Y" = iY", S" = i5’". (3.10)
n n n

The FWLLN for (X "Y", 5’”) is stated in the following theorem.

Theorem 3.2 (FWLLN). Under Assumptions 1-3, the fluid-scaled processes converge to determin-
istic fluid functions,
(A", X" Y",8") = (a,X,Y,S) (3.11)
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n D2K+2 g5 n — 0o, where the limits are all deterministic continuous functions: @ is the limit in
(2.2), and for each t >0,

X(t) = (X1(t), o, Xxc(8)),  Xult) ;Z/OF,g(t—s)da(s), for k=1,..K, (3.12)
Y(t) = (Vi(t), o Vi (1), Yi(t) ;:/0(F;(t—s)—p,g(t—s))da(s), for k=1,.,K, (3.13)

S(t) :/0 Fu(t — s)da(s). (3.14)

We remark that the fluid limits are the same as in Theorem 3.2 of [24], implying that the fluid
limits are neither affected by the random environment, nor by the sequential dependence of service
vectors. It is worth noting that the fluid limits are affected by the correlation among the service
times of the parallel tasks.

We define the diffusion-scaled processes X", Y™ and S™ by

X" =vnX"-X), Y =va¥"-Y), 8§ :=nS"-249). (3.15)
We will show the following FCLT. The proof is given in §5. Theorem 3.2 follows directly from this
FCLT and thus its proof is omitted.

Theorem 3.3 (FCLT). Under Assumptions 1-3, the diffusion-scaled processes converge in distri-
bution,

(A", K X", Y",8") = (A,K,X,Y,5) (3.16)
in (D, M) x (D41, J1) x (D2E+L M) as n — oo, where A is the limit in (2.1), K is defined in
(3.3), and fort >0 and k=1, ..., K,

X(t) = My(t)+Ms(t) + My(t), M(t) = (My(t), .., Mii(t)), i=1,2,3, (3.17)
My (t) = /t FE(t — s)dA(s) = A(t) / A(s)dFE(t — s), (3.18)
Mk.’g(t) = / /]RK (s 4z > t)dK (a / /]RK (s 4z, < t)dK (a(s),z), (3.19)
Ws(t) = /0 (J(t) = J(s)A(s)dFE(L — s), (3.20)

St) = Vi(t) + Valt) + Va(t), (3.21)

Vi(t) = /tF (t — s)dA(s) /A YdFu(t — s), (3.22)

Va(t) = //]RK (s +x; <t, Vj)dK (a(s),z), (3.23)

a(t) = /O(J(t)—f( $))A(s)dFu(t — s), (3.24)

Y(t) = Zi(t)+ Zo(t) + Z3(t), Zi(t) == (Z14(t), ..., Zii(t)), i =1,2,3, (3.25)

Zialt) = /0 (Fu(t — 5) — F(t — 5))dA(s) = /0 A($)d(Fu(t — 5) — Fi(t—s)),  (3.26)

Zialt) = /Ot /RK(I(s—I—xk <t —1(s+a; <t, Vj)dK (a(s), z) (3.27)

— —Wa(t) - Va(t). (3.28)
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Zia(t) = /Ot(j(t) — J())A(8)d(Fi(t — 8) — Fu(t — 5)) = =My 3(t) — Va(t). (3.29)

Remark 3.1. It is worth noting that the convergences to the processes Mk,h Vl and ZAM in the
Skorohod Mj topology require the continuity of the distribution function F(-) (see Remark 5.1 for a
counter example), for k =1, ..., K. The proofs for the convergences to the processes Mk’g, Vs and
Zk’g, and Mk’g, Vs and ZAk73 do not require the continuity of F'(-), for k =1, ..., K.

The limit processes Mk,l, ZAM, k=1,.. K, and Vi are well-defined as stochastic integrals in the
sense of integration by parts (see, e.g., page 336 of [6]), that is, for each w, they can be constructed
pathwise via integration by parts. Their existence and continuity are proved by the continuous
mapping theorem (Lemma 5.3). They are standard Itd integrals when Ais a (time-changed)
Brownian motion, or more generally, It6 integrals (with respect to semimartingales) if A is a
semimartingale. The second equalities in (3.18), (3.26) and (3.22) follow from integration by parts.
The processes M 2, Z, and Vs are defined in the mean- square sense; see the precise definitions in
Definition 4.1. This is in the same way as the limit process with respect to a standard Kiefer process
for the G/GI /oo queue defined in [21, 34]. The second equalities in (3.28) and (3.29) follow from

simple algebra. When N is Poisson and the arrival rate is constant, we can write V3 as

Dy(t) = —)\/Otj(s)dFm(s) = AR ()T(0,8] x Ry) +)\/ / 2Fn(3)J (ds, dz),

where J (s, ) is a Poisson random measure defined on [0, 00) x R, with intensity A\¢ds x dG(z),
where \* = 1/E[u;] € (0,00) and G(-) is the distribution function of the limiting down times
{dy : k > 1}. Similarly for the processes M, 3 and 7 3 k=1.,K.

We remark that there is a stochastic decomposition property for Xk, Yk, k=1,.., K, and S. Each
limit process is decomposed into three independent processes capturing variabilities from arrival,
service and dlsruptlons respectlvely For example, for each k =1, ..., K, in the representation of Vi

n (3.25), Zk 1 Zk o and Zk .3 capture the variabilities of arrival, service and disruption processes,
respectwely, and they are mdependent of each other. It is also worth noting that the correlation
of parallel service times of each job is captured through F}, in the hmltmg processes. In addition,
the dlsruptlon causes jumps simultaneously for all the processes X Y and S driven by the same
process J , while the jump sizes depend on the distributions of service times at different stations.
For example, for each k£ = 1,..., K, the jump sizes of Mk’g, Vg and Z;@g depend on Fj, Fy, and
Fy, — Fiy, respectively. The processes X and Y have upward (positive) jumps and the process S has
downward (negative) jumps, implying that the disruptions degrade the performance by increasing
the congestions and delaying the synchronization processes, and thus, decreasing the throughput.
The degradation is precisely characterized by the jump processes in the limit. These observations
provide important insights on the impact of the disruptions upon the system performance, as we
show next.

3.2. Characterization of Limit Processes. In this section, we will characterize the limit pro-
cesses of (Xn,Yn, S”)

We first characterize the variability induced by the arrival limit process A. We make a general
assumption on the arrival process A by assuming it is a Lévy process with a deterministic time
change, i.e., A(t) = L(a(t)) for a nondecreasing continuous deterministic function @ in (2.1) and
a Lévy process L := {L(t) : t > 0} satisfying the square integrable condition E([L(t))?] < oo for
t > 0 with a Lévy-Khintchine triplet (b, ¢, II) (see, e.g., [2]) and [22]), where b € R, ¢ > 0 and IT is a
positive measure concentrated on R\{0} satisfying [[1 A 2?]II(dz) < co. A Lévy-Khintchine triplet
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(b, ¢, IT) uniquely determines the Lévy process L, and satisfies the following:
E [elwﬂ = exp <ib6’t — 5c292t + t/[em —1—ifz1(|z| < 1)]H(dx)) , HER, t>0.
R

Lévy processes with deterministic time change are well defined [22]. Since A(t) has mean zero for
each t > 0, we set b = 0. In the following lemma, we compute the covariance functions of the limit
processes (M 1,241, Vl) as functionals of the arrival limit process in Theorem 3.3. Its proof is given
in §4.

Lemma 3.1. Under the assumptions of Theorem 3.3, if the arrival limit process A(t) = L(a(t)),

where L is a square-integrable Lévy process with a Lévy-Khintchine triplet (0,c,I1), the multi-

dimensional process (Ml,Zl, Vl) has mean 0, and the covariance functions as follows: for j, k =
1,...,K and each t > 0,

Cov(N;1 (1), My (1)) = (2 +12) /0 FE(t — s)FE(t — s)dafs), (3.30)
Cov(Mj,l(t), Zk’l(t)) = (¢ +17) /0 [F5(t — 8)Fr(t —s) — Ff(t — s)Fin(t — s)]da(s), (3.31)
Cov(Zj,l(t), Zk’l(t)) = ( +17) /0 [Fj(t —s)Fi(t —s) — Fj(t — s)Fn(t — s) (3.32)
—Fi(t — 8)F(t — s) + (Fu(t — 5))%] da(s), (3.33)

COU(Mj}l(t), Vl(t)) = (® +17) /Ot Fi(t — s)Fu(t — s)da(s), (3.34)
COU(Zj}l(t), Vl(t)) = (c* +17) /0 [(Fj(t —s) — Fm(t — 5))F(t — s)]da(s), (3.35)
Var(Vl(t)) = ( +17) /0 (F(t — 5))*da(s), (3.36)

where v? = Jr 2?Il(dz) < oo and v* > 0. In particular, when the arrival limit process A s

a Brownian motion, i.c., A(t) = coBa(a(t)) for a standard Brownian motion B, and a positive
constant c, > 0, ¢ and v* in (3.30)-(3.36) are replaced by ¢ and 0, respectively.

We next show the limit processes (MQ,ZQ,VQ) in (3.19), (3.28) and (3.23), represented as
functionals of the multiparameter generalized Kiefer process, are well-defined continuous Gaussian
processes. Its proof is given in §4.

Lemma 3.2. Under the assumptions of Theorem 3.3, the multi-dimensional process (MQ,ZQ, Vg)
in (3.19), (3.28) and (3.23) is a well-defined Gaussian process with mean 0, and covariance functions:
foreacht >0 and j,k=1,... K,

Cov(M;a(t), My o(t)) = /0 [Fji(t—s,t —s) — Fj(t — s)Fy(t — s) + T, (t — s)]da(s), (3.37)

CO'U(Z]"Q(t), Zkg(t)) = /Ot [Fj"k(t — S,t — S) — Fj(t — S)Fk(t — S) — Fm(t — 8)

+ Fi(t — 8)F(t — 8) + Fun(t — 8)Fj(t — 8) — (Fu(t — 5))* + TS (t — s,t — 5)
Tt —st—5)=T5,(t —s,t—5)+ T ,(t—s,t— 5)] da(s), (3.38)

Cov(M;a(t), Zya(t)) = /0 [Fin(t —8) — Fji(t — s,t — 8) + Fj(t — 8)Fi(t — 8) — Fj(t — 8)Fu(t — 5)

—T5 it — st —s) + Tt —s,t = s)] das), (3.39)
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t
Cov(My2(t), Va(t)) = —/ [FE(t — s)Fm(t — s) + Lt —s,t— s)] da(s), (3.40)
0

Cov(Zy (1), Va(t)) = /0 [Fin(t — 8)(Fu(t — s) — Fi(t — s))

05 (t— st —s) =T L (t —s,t — s)] da(s), (3.41)
Var(Vg(t)) = /0 [Fn(t — $)F5(t—s) + Fham(t — st — s)] da(s), (3.42)

where P%m(xa y) = PC(‘rek) ye)7 F(]:',k(a?7 y) = Fc(xejv yek) and an,m(x7 y) = FC(J,‘67 ye)7 fOT’ z,y=>0
and j,k=1,... K.

Note that in the covariance functions (3.37)—(3.42), the sequential dependence is captured in the
terms I'°, which all become zero when the service vectors are i.i.d.

To understand the impact of the both “componentwise” and “vectorwise” (sequential) dependence
for service vectors, we consider the following example of the service vectors with a special structure.
From the componentwise perspective, we let 9%, i > 1, have the joint continuous distribution function

K
F@) = (1 p) [[ Glax) + oG (k:qnnK{xk}) (3.43)
k=1

with a marginal continuous distribution function G(-), for 0 < p < 1, 2 > 0 and k = 1, ..., K.
Namely, the service times at the parallel stations have the same distribution, and are symmetrically
correlated with a correlation parameter p € [0, 1), i.e., the correlation of service times at any
two parallel stations is p. From the vectorwise perspective, we use the first-order discrete vector
autoregressive process, “DVAR(1)”. Specifically, we let ! be distributed according to F' in (3.43),
and generate {n’:i > 2} by

n'=Com T (=GR, P> 2, (3.44)

where {(; : i > 1} is a sequence of i.i.d. Bernoulli random variables with P((1 =1) =1 - P((1 =

0) = p, and {n* : i > 2} is a sequence of i.i.d random vectors, each with joint distribution function

F in (3.43). In this special case, by direct calculation, the correlation between 17;- and n,ijl is p'p,

for each ¢, € N and j,k =1, ..., K with j # k, while the correlation between nz and n,i“ is p'. The

covariance functions of (M 2, 22, Vg) are stated in Corollary 3.1. Its proof is given in §4.

Corollary 3.1. Under the assumptions of Theorem 3.3, when the sequence of service vectors
{n* :i € N} has the structure in (3.44) and each service vector has the joint distribution function
shown in (3.43), we have, for eacht >0 and k =1, ..., K,

Var(Mya(t)) = (25, + 1) /Ot G(t — 8)G°(t — s)da(s),

Var(Ziso(t)) = (25, + 1) /Ot [(1 —p)G(t—s) (1— (G(t—s)~ )
—(1= p)X(G(t = 5)* (1= (G(t = )" 1)*] das).
Var(Va(t)) = (25, + 1) /Ot [(pG(t — ) + (1 — p)(G(t — 5))F)
X (1= pG(t —5) = (1= p)(G(t — 5)))] da(s),

Cov (N 2(t), Zia() = —(25, + 1)(1 - p) /0 [Ge(t = $)G(t — $)(1 — (G(t — )] da(s),
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and for j,k=1,...K and j # k,
. . t
Cov(M;(t), Mia(t)) = (25, + 1)p/0 G(t — s)G(t — s)da(s), (3.45)

Cov(Z3al0) Zuaf0) = %, + 1) [ (1= p)@( = )1 - (@1 - )%

(1= PG - )P (L (G- )< ) |dals), (340
Con(t2(0), Zualt) = (2% + 11 =) [ [60 - 960~

~G(t— )Gt — 5) (1~ (Gt — ) ") ] das), (3.47)

Cov(Mja(t), Va(t)) = —(25, + 1) /0 [GE(t — 5) (pG(t — s) + (1 — p)G(t — 5))] da(s), (3.48)

t
Cov(Zia(t), Va(t)) = (25, + 1)(1 — p)/o [G(t —s) (G(t —s))5 7! — 1)
x (pG(t — s) + (1 = p)(G(t — 5))*)] da(s), (3.49)
where ¥, :=> 2 p' =p/(1 —p) < .

We remark that there exists a separation of the componentwise correlation and vectorwise
(sequential) dependence for service vectors in the above special case. Specifically, ¥, captures all
the sequential dependence from the service vectors, while the correlation of the service times of
parallel tasks is captured in the correlation coefficient p.

Next we characterize the multi-dimensional limit process with jumps (M 3,23, Vg) due to the
random environment, when the limit counting process N is Poisson. Note that when N is Poisson
and the arrival rate A is constant, the processes with jumps (M 3, Z 3, \73) become, for ¢ > 0,

My 3(t) = —A tj(s)dF,g(s), Va(t) = =\ tf(s)dFm(s), Zis(t) = A tj(s)d(Fm(s) — Fi(s)),
0 0 0

which are all functionals of the compound Poisson process J (t). The proof of the following lemma
is provided in §4.

Lemma 3.3. Under the assumptions of Theorem 3.3, when the limit counting process N is Poisson
with rate \* = 1/E[u1] < oo and E[d3] < oo, the multi-dimensional process with jumps (M3, Zs, V5)
has mean functions: fork=1,..., K andt >0,

E[My3(t)] = \“E[d,] /0 [(t — $)A(s)]FE(t — 5), E[Va(t)] = \“E|d,] /0 [(t = s)A(s)|dEm(t — s),

E[Z;.5(t)] = \“E[dy] /0 t[(t — SN d(Fi(t — s) — Fu(t — 5)), (3.50)
and covariance functions: for j,k =1,..., K and each t >0,
Con(its (0, W) = [ [ 16— 51 saINs0Ms2) 56 — s0)dEE (- 52),
Cov(M;5(t), Zy3(t)) = & Ot Ot [(t — 51V s2)A(s1)A(s2)] dFE(t — s1)dFy(t — s2)
+c2 [ [(t — 51V s2)A(s1)A(s2)] dFS(t — s1)dFE (¢ — s2),

0 JO
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Cov(Z;5(t), Zea(t)) = 2 /Ot /Ot (= 51V 52)A(51)A(s9)] dF} (¢ — s1)dFu(t — s9)

+ /Ot /Ot (£ — 51V 52)A(51)A(52)] dFE(t — 51)dFm(t — 52)

+c§/0 /0 (£ — 51V 52)A(51)A(52)] dEE(E — 1)dFum(t — 52)

+C(21/ / [(t—Sl\/SQ))\(Sl))\(SQ)] dFm(t—Sl)dFm(t—82>,
Cov(N;5(t), Va(2)) = / / (= 51V s2)\(s1)\(s2)] dFE(t — s1)dFu(t — 52),
Cov(Z;5(t), V(1)) :cd/ / (£ 51V $2)A(51)A(s2)] dF} (t — 51)dFn(t — 52)

+ C?l/o /0 [(t -5V 82))\(81))\(82)] dFm(t — Sl)dFI%(t — 82),

Var(V(t) = & /Ot /Ot (£ — 51V 52)A(51)A(52)] dFa(f — 51)dFm(t — 52),

where ¢4 = \"E|[d3].

When a(t) = At for t > 0, where X is a positive constant, the covariance functions in Lemma 3.3
can be simplified, for example, for j,k =1, ..., K and each ¢t > 0,

C’ov( ()Zkg —)\2 <// [s1 A\ s2] dFj(s1)dFy(s2) // [s1 A s2] alFC (s1)dFn(s2)

+/0/0[SlAsz]dFlf(Sl)dFm(52)+/o /0 [SlASQ]dFm(Sl)dFm(32)>'

When the limiting counting process N is Poisson, we can characterize the limiting processes
(X,Y) and S in Theorem 3.3 as in the following proposition. Its proof directly follows from Lemmas
3.1-3.3 and the stochastic decomposition property.

Proposition 3.1. Under the assumptions of Theorem 3.3, when the limit counting process N s
Poisson with rate \* = 1/E[uy] < oo and E[d?] < oo, the limiting processes (X,Y) and S in
Theorem 3.3 have means E[X(t t) = E[M, 5(t), E[Vi.(t)] = E[Z,3(t)] and E[S(t)] = E[Va(t)] for
k=1,..,K andt > 0, where E[Mk 3(t)], E[Zk 3(t)] and E[V3(t)] are given in (3.50), and covariance
functzons are shown as follows: for eacht >0 and j, k=1,..., K,

3
Cov(X; Z Cov(M;;(t), My;(t)), Cov(Y;(t),Yi(t)) = > Cov(Z(t), Zrs(t)),
- (3.51)
3
Cov(X; Z Cov(M;(t), Zs(t)), Var(S(t)) =>_ Var(Vi(t)), (3.52)
=1

where CO’U(M i(t), Myt t)), COU(Z ()
Lemmas 8.1-3.3, for eacht > 0,1=1,2,3, and j,k=1,..., K.
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4. PROOFS FOR THE CHARACTERIZATION OF THE LIMIT PROCESSES

In this section, we provide the proofs for Lemmas 3.1-3.3. We first focus on proving Lemma 3.1.

Proof of Lemma 3.1. Since A is a time-changed Lévy process with mean 0 satisfying the square-
integrable condition, Ais an L?-martingale, implying that ]\}[k,l, Zk,l and V; have mean zero, for
k=1,..., K. Next, we will only provide the detailed proof for the covariance between ]\ij71(t) and
Zkyl(t) in (3.31), for each t > 0 and j,k = 1,..., K, as the other terms can be obtained analogously.
By the definition of A, we have, for t > 0 and 0 € R,

E {eiGA(t)} B [eiOL(a(t))}
= exp (—;029%(0 +alt) /R (€% — 1 — ifa1(jz| < 1)]H(d:1:)> . (4.1)

(See, e.g., §1.8 in [1].) By Proposition I1.2.17 in [15], we obtain the quadratic variation of A as

~

(A)(E) = cat) + a(t) / 201(dz), > 0. (4.2)
R
By Theorem 1.4.40 in [15], we have
Cov(Mja(8), Zia (1) = E [V () Zia ()]

t
=F [/ [F5(t — 8)Fp(t — 5) — Ff(t — 8)Fin(t — 5)]d(A)(s) | - (4.3)
0
Combining (4.2) and (4.3), we can easily see (3.31) holds. This completes the proof. O

We next prove Lemma 3.2. We first provide the definitions of the processes M, in (3.19), Z,
in (3.28) and V3 in (3.23). Before stating the definitions, we let P; be the joint distribution of the
service vectors n' and 9°, i.e., Pi(z,y) := P(n' <z,n' <y), i € N, and define P;(z,y) := F(x)F(y),
for xz,y € Rf . We next introduce the following notation, which was used in [24]. For a set J, let
|7| be the cardinality of J. Let jkl and j]%_k be the partition of A := {1,..., N}, where N is a
positive integer, jk.l N jj%fk =, |\7kl] = k and |j]%7k] = N — k. Note that jol = j02 = . Let
®:RY - R. For z,y,z € RY and « <y, define <I>‘7kl"712vfk(x;y) := ®(z), where z; = x; for j € J}!
and z; = y; for j € j]%/,k- Then, we define

N
Ad(zy) ==y (- > o7 TN -k (@), (4.4)

k=0 j,cl,J]%,_k partitions of A

This notion “A” can be interpreted as the following: for a real-valued function ® defined on R,
A®(z;y) represents the increment of ® between x and y for each z,y € RY satisfying x <y. For
N =1, Ad(z;y) = ®(y) — (x) for # < y. For N =2, A®(z;y) = P(y1, y2) — D(x1,42) — D22, 51) +
O(x1,x9) for x = (x1,22) <y = (y1,y2). In the following proofs, we will use AK (z;y) and AF(z;y)
for N = K + 1 and N = K, respectively, and use AI'°(z;y), AP;(z;y) and AP;(z;y) for N = 2K.

Definition 4.1. For k = 1,..., K, the processes My in (3.19), Va in (3.23) and Zyo in (3.28) are
defined as mean-square integrals, i.e., for each t > 0,

Jim E[(Mya(t) = Mya(0)Y] = 0, (4.5)
Jim B[(Va() = Vas())?] = 0, (4.6)

T B[(Zya(t) = Zeas ()] = 0, (4.7)
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where
Mk&z(t) = —/Ot /Rf 1k’g,t(8,m)dK(d(S),.’t),
V4
== (Kash). (¢ = shhex) — K(alsiy). (¢ = shex) )
=1
y4
= = > AR ((als-1),0): alsh), (¢ = shex))
=1
Vau(t) := /0 . 1 et(s,2)dK (a(s), x)
= > (Kalsh), (t = she) = K(alsi_y), (t = sh)e))
i=1
4
= > AR ((@s! 1), 0): @ls)), (t = she) ).
=1
Zhop(t) = — My o o(t) — Vau(t),
and

Legi(s, ) := Z 1(si_y < s < sp)L(ay <t —sp),

~

Liee(s,@) = Y 1(siy <s < spl(aj <t—sf, Vj=1,..,K),
=1

(4.9)

(4.10)

(4.11)

(4.12)

with 0 = s§ < 8§ < ... < sy =1t and maxy<;</|sf —sf_1| =0 asl— oco. Wecall {s{:0<i</(}a

partition of [0,t].

Before we show the well-definedness and covariance structure for the multi-dimensional process
(My,Z5,V5) in Lemma 3.2, we also need the following lemmas on the properties of I'“(-, -) defined

in (3.5).

Lemma 4.1. There exists a finite positive number Cy such that
T“(z,y)| < Co,

for any z,y € RE, where T'(-,-) is defined in (3.5).

Proof. By the definition of (-, ) in (3.5), for any z,y € R¥,

e}

T(x,y)| = (Eln(@)v®)] + Elny)yi))
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where the last inequality follows from the definition of a-mixing coefficients. By Assumption 1, we

see that > -2, a; < co. Thus, Lemma 4.2 holds by taking Cp =2 2, a;. O
Lemma 4.2. For any x,y € Rf with x <y, we have
AT((z,2); (y,9)) = ) (2AF((z,2); (y,y)) — 2AP((z,2); (¥,y))) -
i=2

Proof. Note that, for any z,y € Rf,

I(z,y) = >  (EMn(@)v®)] + Ey@)v)])

o

~
[|
N

(E1(n' <z)1(y' <y)] - F(x)F(y) + E[l(n' <y)l(n’ <z)] - F(z)F(y))

o

S
Il
¥

o

(Pi(z.y) + Pily, =) — 2P(x,y)).
=2

By (4.4), Lemma 4.1 and Fubini’s Theorem, we see that Lemma 4.2 holds. O

Proof of Lemma 3.2. To show the well-definedness of the multidimensional process (M 2, Z 2, VQ),
by (3.19), (3.23) and (3.28), it suffices to prove that M}, 2 and V5 are well-defined, k =1, ..., K. To
achieve that, by Definition 4.1, it is sufficient to prove, for each ¢ > 0,

l}@m E[(My2,(t) — Mg2()?] =0, (4.13)
Jim E[(Va(t) = Vau(t)?] =0, (4.14)

where we define My o,(t), Va;(t) and their associated partition {s! : 0 <4 < I} of [0,t] similarly as
My0.4(t) in (4.8), Va(t) in (4.9) and the partition {s¢:0 < i < £} of [0,1] in Definition 4.1 for each
t > 0, respectively.

We provide the detailed proof of (4.14) here, and the proof of (4.13) follows similarly. Without
loss of generality, we assume that the partition {s!:0 < i < £} of [0,¢] is finer than the partition
{st:0 <4 <1} of [0,¢]. Thus, by definition, we can write

V(1) — Vault Z > AR ((a(s)-0). (¢~ she)s (s, (t = she) ), =0, (4.15)
=1 j: s _ <5§§5§
By direct calculations using (3.4), we can show that for 0 < t; <ty < ¢} < t,, 0 <z <y and
0<a2' <y,
B | (AR (altn), o) atta). )| = (alta) ~ a(t) (AF(es o)1 - AF(sespe)
+ AT((ze, ze); (ve,ye))), (4.16)
B [AR((a(t), ve); (alt2), ye) AR ((a(th), @'e): (a(th), y'e))| = 0. (4.17)

By these two equations and (4.15), we obtain

B[ (Vaa(t) = Vau(®)’]
l
=3 Y (ash) - atsi-) ((AF((t ~ she; (¢ = s9)e)) (1~ AP((t — she: (t = s)e)

1=1 j:s§_1<s§§s£
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ATt — shye, (¢ — shyes ((t — sDe, (t - s§>e>>>

l
<> (a(s}) — a(s!_,)) ((AF((t ~ shle: (t — s5)e))

F AT st = s (1= e (0 55
l
< S(ateh) — alsh ) (AF( -~ sheste — s e)
AT~ she, (1= shegs (¢~ i) 0~ 5 )e))

!
< max {a(s) —a(st_,)} (1 ST AT((( = she, (¢ — she); ((t — st e, (i — si*)e))) |
== i=1
where jf := argmax {ATC(((t — sbe, (t — sb)e); ((t — sj) (t — s ) e))},i=1,...,1, and the last
j:s§71<s§§sﬁ

inequality follows from the fact that Zézl AF((t — sb)e; (t — sk_,)e) < Fu(t) < 1. Note that

ZAFC e, (t = si)e); ((t — sj-)e, (t — 55+ )e))

M-
M8

=2 ' (APQ(((t —sh)e, (t — s})e); ((t — s§-)e, (t — 5§ )e))

@
i

I
Il

[\V)

—AP(((t = she, (= she); (¢ — stz )e, (= 5i1)e)))

I
M
MN

(APL(((F = shhe, (¢ — she); ((t — st e (¢ — 51 )e))

<
[|

o
N
I

_

~AP((t ~ she, (t = she); (£ = st )e, (1 — st )e)))

Il
ot
MN

(P(G1iN Hya,) — P(Gri)P(Hg )

8
[N}
.
I
I

!
< 22 sup Z P(G1i N Hg1) — P(G1)P(Hgn))
—9 Hy1€0(n9) i=1

=2)  sup (P(GiNHy)— P(G1)P(Hyy))
q=2 Hq 160(’7‘1)

< QZO@ = Co,

where Gy ; == {(t—s)e<n1 < (t—sb)e}, Honi = {(t — sh)e <n? < (t — sh.)e}, G1 = U_ Gy,
and o(n?) is the o-algebra generated by n9. Here the first equality follows from Lemma 4.2. The
second equality holds by Fubini’s Theorem and Lemma 4.1, and the third equality follows by the
definition of the increment in high dimensions using (4.4). The first inequality holds by the fact that
Hgi14,i=1,..,1, are in o(n?), and the fourth equality is obtained by noting that Gy, i =1,...,1,
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are mutually exclusive. The last inequality is directly implied by the definition of the strong mixing
coefficients. Thus, we have

B[ (Vaa(t) = Var(#)] < max {a(s}) — alsl ) }(1 + o).

Since a(-) is continuous and maxi<;<;(a(st) —a(st_;)) — 0 as I — oo, we have proved (4.14).

To see the Gaussian property of the multidimensional process (M 2, Z 2, Vg), we first note that, for
a fixed t > 0, M]%Q’g(t), Zkg,g(t) and Vu(t) have normal distributions with mean zeros, k =1, ..., K.
By the definition of th(t), Zk72(t) and Vg(t), we see that Mkyg,g(t), Zk,u(t) and Vzg(t) converge to
Mk,g(t), ZAkQ(t) and Vs (t) in probability as £ — oo for each ¢ > 0 and k = 1, ..., K. Following from
Lemma 4.9.4 of [23], we immediately see that My o(t), Zyo(t) and Va(t) are normally distributed
with mean zeros, for each ¢t > 0 and k=1, ..., K.

We now show My o(t), Zj.2(t) and Va(t) are continuous in ¢ > 0, k = 1,..., K. Since the proofs for
the continuity property of the aforementioned processes are similar, we only consider Vs. Without
loss of generality, we assume V5 ¢(t) and Vo (s) have the same partition {s¢: 0 < i < £} of [0,¢] for
0 < s <t. Note from (4.9) that

14

Vo(t) = Vau(s) = Y AK((a(si_y), (s = si)e); (alsi), (t — sie)),
i=1

where we set K (t,2) = 0 for £ < 0. By (4.16) and (4.17), we further obtain

B [(Vae(t) = Vauls)’]
= Z(d(sf) —a(s 1)) [(AF((S —si)es (t = si)e))(1 = AF((s — s))e; (t — 57)e)

+AT((s = sh)e, (s — sh)e)s (¢ = sD)e, (¢ = sDe))]
Thus, we have

E [(VQ(t) - Vg(s))ﬂ = lim E [(Vz,e(t) - Vz,z(s)ﬂ

{—o00
= [IAP(s = wjes (0 = we) (1 = AF((s = wpes ¢ = we)
+ AT(((s —u)e, (s —u)e); ((t —u)e, (t —u)e))]da(u).

The second equality follows by applying Lebesgue’s theorem, while the first equality follows from
the definition of V5 ¢(t), the fact that V5 (t) is normally distributed and applying Lemma 4.9.4 in
[23]. Thus, we have shown that Vj(-) is continuous in probability. By Lemma 4.9.6 in [23], to

show that the sample paths of VM(') are continuous a.s., it suffices to show that for any partition
{sf:0<i <} of [0,1],

¢
lim limsup P (Z (Va(sf) — Va(st_1))* > L) = 0. (4.18)

L—oo  p_soo Py

By Markov inequality,

¢
P( (s = Vasl_))? L)
=1
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where Cj is specified in Lemma 4.1. Here the last inequality is implied by Zle AF((sf_;—u)e; (st —
u)e) < F(t) < 1, together with the fact that

1 — e, (sy — u)e); ((sL — we, (s{ — u)e))

g
>
3
=

—AP(((sf-y — we, (s{_1 — we)s (5] — we, (5] — we)) )

0o V4
<2 sup Y (P(GaiN Hyp) — P(Gai) P(Hyp))
q:2 Hq,2€0("1q) =1

=23 sup (P(GanHyp) — P(Go)P(Hyp))
q:2 H‘Z:Qeg(nq)
o0

<2 Z a; = Cp,
i=1

where Go; := {(sf_; —u)e <n' < (st —w)e}, Hyo:= {(st_; —u)e <n? < (st —u)e}, Go = Uf_ Gay,
and o(n?) is the o-algebra generated by n?. Here the first equality follows from Lemma 4.2. The
second equality holds by Fubini’s Theorem and Lemma 4.1, and the third equality follows from
(4.4). The first inequality holds by the fact that Hy2,, i = 1,...,¢, are in o(n?), and the fourth
equality is obtained by noting that Ga2;, i = 1,...,[, are mutually exclusive. The last inequality
is directly implied by the definition of the strong mixing coefficients. Therefore, we can see that
(4.18) holds, which implies that Vg() is a continuous process. Therefore, we have proved that the
multidimensional process (M 2, Z 2, Vg) is Gaussian with mean zero and has continuous sample paths.



AN INFINITE-SERVER FORK-JOIN QUEUEING SYSTEM WITH DEPENDENT AND DISRUPTIVE SERVICES 21

Next we compute the covariance functions of Mjg(t), Zk,g(t) and V(t), for each t > 0 and
j,k =1,..., K. Here we only show (3.47), and the rest of the formulas can be derived similarly.
From Definition 4.1, the processes My o ,(-) in (4.8), Vay() in (4.9) and Zj,2,(-) in (4.10) can be
written as, for k =1, ..., K,

L

Wizalt) == 3_AK ((@(st-1).0): @(s)). (t = shhex) )
= fj [K(a(s). (t = shex) = K(als{_y). (¢ = she)], >0, (4.19)
Va(t) =éAR (@(sf-1),0: @(s). (¢ = sbhe))
=S [Ra( - o)~ Kiale ). 0=l 120, (120

= > [K(@(s). (¢~ she) = K(@(s 1), (¢~ shex)
—K(a(s), (t — s})e) + K(a(sf_,), (t - sf)e)} , t>0, (4.21)

where {sf:0 < i < (} is a partition of [0,#]. Then, for j, k= 1,..., K,

(o)
<
~—

=
.
J[\')
~
—

~
S~—
>
J[\')
~
—

~~
S~—
SN—

)4
> [K(@si), (t = sp)ex) = K(alsi_y), (¢ = spex) = K(a(sp), (t = sp)e) + K (alsi_y), (t - Sf)@])
=1

1

Using (3.4) with some calculations, if sf < s/ | and sf < s,

Cov ([K(a(s)), (t — sbey) — K(alsi_y), (¢ = sh)e;)],

% i
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+ Fj(t — s§)Fu(t — 57) + T5(t = s, t — 57) = D5t = si,t = s7) |

Thus, for each t > 0 and j,k =1, ..., K,
1

Cov(Wjp,0(t), Zia 1)) = D (a(s?) = (i) [Funlt = 58) = Fyp(t = syt — sb) + Fy(t — sE) Fi(t — 1)
=1

— Fj(t = s Pt = 50) = T5u(t = sfyt = s0) + TG (1 = sbt = s0)]

By Lebesgue’s theorem, we obtain, for each ¢ > 0 and j,k =1, ..., K,

lim Cov(M;2,(t), Zr2.4(t)) = /0 [Fm(t —8) = Fypt —s,t — ) + Fj(t — s)Fy(t — 5)

{—00
— Fj(t— 8)Fun(t — 8) = TSt — 5,6 — 8) + TS0 (¢ — 5,1 — s)]da(s).

Following the analogous argument in Lemma 5.1 of [24], we observe that, for each ¢ > 0 and
i k=1, K,
ZILHOIO COU(M]',QJ(t), Zk,27g(t)) = COU(MLQ(t), Zk72(t)).

Therefore, we can see (3.39) holds. The proof for Lemma 3.2 is completed. O

We will next compute the covariance functions of M. 2(t), ZAkg(t) and V (t), for each t > 0 and
j,k=1,..., K, when the sequence of service vectors is generated from the DVAR(1) procedure in
(3.44) and each service vector is distributed according to F' in (3.43).

Proof of Corollary 3.1. Without loss of generality, we here only show (3.47), as the other covariance
formulas can be obtained similarly. Note from (3.5) and (3.44) that, for ¢ > 0 and j, k=1, ..., K,

Crtt) =2 (P(nj <ty <) = Fj(6)Fu(D))
1

(2

(P Fjn(t,) + (1 — p') (1) Fi(t) — E5(t) Fi(1))

1
p(Fj7k(ta t) - Fj (t)Fk(t))a (4'22)

Il
ot

-
Il

2

™

and

2

|
.Mg

@
Il
—

TS (¢, 1) (P(nj <t < t) — Fj(t)Fu(t))

2

M8

(P Fu() + (1 = p ) Fj () Fin(t) — F5(t) Fiu(2))
i=1
— 2%, (Fu(t) — Fy(t) Fu(t)). (4.23)
Since the joint distribution function F satisfies (3.43), we have, for each t > 0 and j,k =1,..., K
with j # k,

Fip(t,t) = pG(t) + (1 - p)(G(1)*,  F;(t) = Fi(t) = G(t), (4.24)

Fu(t) = pG(t) + (1 - p)(G(1)". (4.25)

Plugging (4.22)-(4.25) into (3.39) with some simple calculation, we immediately see (3.47) holds.
The proof of Lemma 3.2 is completed. U

We next provide the proof for Lemma 3.3.
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Proof of Lemma 3.3. Here we only show Cov(Mjg(t), Zk,g(t)), since other mean and covariance
functions of ijg(t), Zk,g(t) and Vg(t), fort > 0and j,k =1,..., K, follow from the similar argument.
From the assumption that N is Poisson, we have, by Fubini’s theorem, for ¢ > 0 and j,k =1, ..., K,

Cov(NEja(t), Zia(t)) = E[(Mj,gos)—E[Mj,3<t>}><2k,3<t>—E[Zk,3<t>]>}

5 [/ / B[ - 1)

(J(t) = J(s2) = A“Eldi](t — s2))A(s )A(Sz)de(t—Sl)dFk(t—82)]

LB [ / / — B[] - 1)
(it

(£) = J(s2) = A“E[da](t — 52))\(s )A(Sz)de(t—Sl)dFIfl(t—'Sz)]

/ / (1) = B ]t — s0)) (F(1) — J(s2) = NE[dh](¢ — )]
X )\(Sl)A(SQ)dch(t — Sl)dFk(t — 82)

T / / B((J(0) = J(s1) = XBla)(t — s0)(J(0) ~ J(s2) ~ X' Blai)(t ~ 52))]
X )\(Sl)A(Sg)dFjC@ — Sl)dFr%(t — 82)

Eld2) / / (= 1) A (t — 52)A(50)A(2)] dFE(t — 51)dFx(t — 52)

+AUE[d§]/O /0 (£ — 51) A (£ — $2))A(s1)A(s2)] dFS(E — 51)dFS (¢ — sa).

Therefore, the proof of Lemma 3.3 is completed. O

5. PROOF OF THEOREM 3.3

In this section, we prove the FCLT for the processes (X n,Yn, S’"), Theorem 3.3. We first give
representations for the processes (X n, Yn, S”) by the multiparameter sequential empirical processes
K",

Lemma 5.1 (Representations of X", V" and S™).  The processes X", Y" and 5" in (3.15) can be
represented as: for eacht >0 and k=1,..., K,

X"(t) =M (t) + My(t) + My(t), M;(t):= (MP(t), ... Mp,(t)), i=1,23, (5.1)
Y'(t) =21 (t) + Zy(t) + Z5(t),  Z;(t) = (Z2:(1), . Z0,4(1)), i=1,2,3, (5.2)
S™(t) =ViM(t) + Vi (8) + V' (1), (5.3)
where
M) = [ FEE(0) = €)ad"(s) = A0 = [ A (s)aFg(en(e) €65 (5.4)

a0 = [ [ 1= €0 = DR (47002

- /0 [, 1o < €20 = € @Dar” (4" (s).2) (5.5)
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Ny (0 = [ VACEEE"(6) — €°(6)  FE(t = 9)dals). 56)
%(»—/t<wu 5%»M%>:—43mﬂﬂaww—ww» 7)

0= /R ey <€)~ €°(s), ¥ AR (A'(s),2), (53)
0) = [ WAFR(E"0) ~ €6 ~ Bt~ s)ldals) 59)
236 = [ (BAE(0) ~ €'6) ~ Fa(€"(0) ~ € ())A"(5)

= [ A ) - ) - Fal€ () €51 (5.10)

250 /‘A;, (0p < €(1) — €'(s)) — La; < €(1) — €°(s), V ) dE™ (A"(s).2)

— N0 - V) (5.11)
236 = [ WA(E(E" (0~ €(6)) — Filt = ) ~ VAFu(€"(0)  €'(6)) — Fult — 9)}dals)

N0 - V), (512)

and the integrals in (5.4), (5.5), (5.7), (5.8), (5.10) and (5.11) are defined as Stieltjes integrals for
functions of bounded variation as integrators.

Proof. The representations of the processes X , ¥ and $" follow from equations (3.7), (3.8), (3.9),
(3.15) and direct calculations. The second equalities in (5.4), (5.7) and (5.10) follow from integration
by parts, and the second equalities in (5.5), (5.8) and (5.11) are obtained from simple algebra. [

We first prove the convergence of (M?,Z;L, Vf,M;,Z;, 173”)
Lemma 5.2.
(M?,MQ,ZT,‘AG”,ZQ,%”) = (Ml,Mg,Zl,Vl,Zg,Vg) m (D4K+2,M1) as mn — o0. (513)

To show this lemma, we first prove some continuity properties of functional mappings in the M;
topology. We define the mapping ® : C+ x D? — D*K+2 by

@(m,y,z) = (wk<x7z)7(pk(x72)vw(wvz)vfk(y)vgk<y)7h(y)7 k=1, ”'7K)7 (5‘14)
where the mappings @y, : C4 xD =D, ¢, : C xD =D, ¢ :Cy xD =D, frp:D—=D, g : D —D
and h : D — D are defined by

wi(x, 2)(t) :=2(t) — / z(s)dFg(z(t) — x(s)), t>0, (5.15)
0

iz, 2)(t) ::/0 2(s)d(Fu(x(t) — 2(s)) — Fr(x(t) — 2(s))), ¢ =0, (5.16)

W(z, 2)(t) == — /0 z(s)dFn(z(t) — z(s)), t>0, (5.17)

Felo)(®) == [ 100 = pDNFE(E = ). >0, (5.19)

gr()(t) == — /0 [(y(t) = y(s)A(S)]d(Fr(t — 5) = Fu(t = 5)), =0, (5.19)
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h(y)(t) := — /0 [(y(8) = y(s))A(s)]dFwm(t —5), =0, (5.20)

for x € Cy and y,z € D and k = 1,..., K. We now state the continuity property of the above
mappings in the following lemma.

Lemma 5.3. For z,,x € Cy, yp,y € D and zp,2 € D, n € N, if (xn,yn,2n) — (2,y,2) in
(Cp -1 % (DZ,Ml) as n — 00, then ®(xn, Yn, 2n) = P(x,y,2) in (]D)4K+2,M1) as n — 00.

Remark 5.1. We provide a counter example that the continuity of F'(-) is necessary in order to
prove Lemma 5.3. We focus on the mapping ¢ in (5.17). Let x,,(t) = z(t) =t for t > 0, and

0 if 0<t<1/2,
Fu(t)={ 1/3 if 1/2<t<]1,
1 if t>1.

Here Fy, is the c.d.f of a random variable taking values 1/2 with probability 1/3 and 1 with
probability 2/3. We thus have, for ¢t > 0 and n € N,

t 0 if 0<t<1/2,
D@, 2) () = / ot = S)dFu(s) =3 bz (= 3) i o12<t<l,
0 s (t— %)+ 22, (t—1) if t>1.
Similarly, for t > 0,
¢ 0 if 0<t<1/2
Y(z, 2)(t) :/ 2(t — 5)dFn(s) %z % if 1/2<t<1,
For n € N, let 2,(t) = $1(t € [3 — 755,3)) + l(t € [3.1)) —1(t € 1,0)), for t > 0. Let
z(t) =1(t € [5,1)) —1(¢ € [1,00)), for ¢ > 0. Thus, we obtain that for ¢ > 0 and n € N,
1 1 3 1 2 3 1 3
w(:ﬂmzn)(t)zgl(te[l_n+2 )) 3 (tE[1’§_n+2))+§1(t6[§_n+2’§)>
1 3
+§1(te [2 2)) 1(t € [2,00)),

and )
Y(z,2)(t) = 31(t € [1,2) —1(t € [2,00)).
See the plots of 1(xy, z,) and ¥(z, z) in Figure 1.

U, 2n) P, 2)
2/3 —
1/3 1/3
1/6 —
0 0
im 1 im0 2 t 1 2 t
1 -1
(a) The function ¥ (zn, zn) (b) The function ¥ (z, 2)

FIGURE 1. The functions ¢ (zy, z,) and ¥ (z, 2)
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It is evident that z, — z in (D, M;) as n — oo (refer to the example in page 81 of [41]). Notice that
Y(x,z)(t) =1/3 for t € [1,7/4], and thus, ¥(z, 2)(t) is a continuous function on [1,7/4]. Therefore,
Y(xn, 2n) = Y(z, 2) in (D([1,7/4],R), M;) is equivalent to ¢ (zy, z,,) — ¥(z, z) in (C([1,7/4],R), ||-]|)
asn — 00 (see, e.g., §3.3 of Chapter 3 in [41]). By noting that sup;<;<7/4 [|¥(@n, 2n) (1) =9 (2, 2) (1) [| =
1/3, we conclude that 1 (z,, z,) does not converge to 1(z, z) in the Skorohod M; topology on the
domain [1,7/4] as n — oo, directly implying that the mapping v is not continuous in the Skorohod
M topology.

Proof of Lemma 5.3. We first observe that as a function in ¢, f(f z(s)dF (z(t) — x(s)) is continuous
for any continuous distribution function F, z € D and x € C4. (For a proof, we refer to Step 3
in the proof of Lemma 6.3 in [36].) Thus, to prove the continuity of ¢, by Lemma 5.1 in [36] (or
Section 3.6 in [12]), it suffices to prove that for t,,¢ € [0, T] such that ¢, — ¢ as n — oo,
tn t
lim / Zn(8)dFm(xn(tn) — xn(s)) — / z(s)dFm(z(t) — x(s))‘ =0. (5.21)

Note that

/0 " o (5)dF (i (tn) — () — /0 S(s)Fa(alt) - x(s))‘

<

[ a1 (Buanttn) —0(5)) — Futatt) - x<s>>)\

+ +

tn tn
/0 [2n(s) — z(s)|dFm(z(t) — z(s)) /t z(s)dFm(x(t) — SC(S))‘ . (5.22)
The first integral on the right hand side of (5.22) converges to zero as n — oo because of the
continuity of Fy, and x,(t,) — 2(t) uniformly as n — oo (Recall that z;,, and x are continuous).
Since z, — z in (D, My), z,(s) — 2(s) as n — oo for almost all s € [0,7], and thus the second
integral on the right hand side of (5.22) goes to zero as n — oo. It is evident that the third integral
on the right hand side of (5.22) also goes to zero as n — oo. Therefore, we have proved (5.21) and
the continuity of .

To see the continuities of wy, for k =1, ..., K, we first note that following a similar argument as
above (replace F}, with F}), we obtain the continuity of the mapping

o\ (2, 2)(t) == — / 2(s)dFE(x(t) — 2(s)), t>0.
0

Note that w,(f) (x,2z)(t) is continuous in ¢ so that there is no common jumps of w,(f) (x,2)(t) and z(t).

By noting wy(z, 2)(t) = z(t) + w,(f) (z,z)(t) and Corollary 12.7.1 in [41] (continuity of addition in
(D, My)), we obtain the continuities of wy for k =1, ..., K.

The continuity of ¢y, for k =1, ..., K can be obtained easily from either ¢ (replace Fy, by Fi, — F})
or w,(f). The continuity of the mappings fi,gr for £ = 1,..., K and h can be obtained from the
continuity of mappings wy, ¢, and ¥ by treating z(s) = (y(t) — y(s))A(s) and z(s) = s for all
s,t € [0,T]. Since each of the mappings from (5.15)—(5.20) is proved to be continuous, the lemma is
proved. O

fort>0and k=1,..., K.
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Note that Fj,(-) is a monotone function, and is thus differentiable a.e. Let f,(-) be the a.e.
derivative of Fy,(:). Applying the Taylor expansion to the integrands of (5.9), we have

= [ V(€0 ~ €D~ Fult ~ ) S)ds

= [ V€0~ €6) ~ t+ e 51 +oy(1)
- /Ot VI(EM(t) — €"(s) — t + $)A(s)dFm(t — 5) + 0p(1)

=~ [0 - @A)+ 001

Thus we see that

Vi'(t) = h(EM)(t) + 0p(1),  Va(t) = h(=J)(1), ¢>0.
Similarly, we also have that for ¢t > 0 and k=1, ..., K,

Mis(t) = fi(€)() + 0p(1),  Mys(t) = fr(=)(®),

Zi () = ge(€M) (1) + 0p(1),  Zrs(t) = gr(=I)(D).
By Assumption 1, Lemma 2.1 and the continuity of the mapping ® (Lemma 5.3) as well as the
continuous mapping theorem, we immediately obtain the convergence in (5.13). O

In the next two lemmas, we prove the convergence of (M ;L, Z;L, VQ”) by Theorem 13.5 in [5]. Since
the limits of M Z, Z; and ‘72” are continuous, we will apply the criterion in Theorem 13.5 in [5] to
prove the convergence of (M ;,Z;, VQ”) in the Skorohod J; topology.

Remark 5.2. We emphasize that in the proof for the convergence of (M ;, Z;, 172”), the continuity
condition on the distribution function F'(-) is not required, as can be seen below. The results in
Lemmas 5.5-5.6 hold for any general distribution function F'(-).

In Lemma 5.5 we prove the convergence of finite dimensional distributions which is the first
condition in Theorem 13.5 in [5]. We first present the following lemma on random sequences
satisfying the strong mixing (a-mixing) condition, which is a special case of Lemma 2.1 in [10]
(choosing p = 2 and C' =1 and the random variables bounded by 1 a.s.).

Lemma 5.4. Suppose that {(, : n > 1} is a sequence of random variables satisfying the a-mixing
condition with the mizing coefficients {a%: n>1} . Let Wy € Fi, :=0{¢j : 1 < j <k} and
Uy € Gign :=0{(j: j > k+n}. Moreover, assume that |¥1| <1 a.s. and [¥a| <1 a.s. Then

| E[01W2] — E[W1] E[Wo]| < 6(ag,)"/?. (5.23)
Lemma 5.5. The finite-dimensional distributions of (M2 ) Z2 ) ‘72") converge to those of (MQ, Z, Vg)
as n — oo.

Proof. We first introduce some additional processes. For t > 0, we divide the interval [0, ¢] by the
sequence {s:0<i<I}: 0=s) <s| <..<sl=tsatisfying maxj<;<|sl —sl_ ;| = 0, as | — o0.
We define, for t >0 and k=1, ..., K,

NPy (t) = — / /R Lials,@)dK(a(s), @), (5.24)

NPy (1) / / Lo (s,2, €K™ (A" (s), 7). (5.25)
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20,1 //RK L (5:2) — Lnga(s, 2)|dK™ (a(s), ), (5.26)
275,(1) / / Less(5,2,€") — Lsa(s,z, €MAK" (A" (s), ), (5.27)
ﬁﬂ@):iétRflmLK&xﬁU@%5@%$% (5.29)
Vi (t) = /0 t o Togi(s, 2, ") dK™(A(s), x), (5.29)

where 1j,;4(-,-) and 1y, ;4(-,-) are defined in (4.11) and (4.12), respectively, and

!
1p4(s,2,6") Zl sty < s < sl <€) — £"(sh)),
=1

l
Lingi(s,2,6") =Y sty < s < sy <€) —E(sh), Vj = 1,..., K).
=1

_ We set {\2[122,1 = M7y () st > 0}, Mpy, = (Ml (1) - t > 0}, Zioy = {Zpoy(t) - t > 0},
Zigy = {Z};Q’l(t) t>0h k=1,..,K, V o 1= {V2nl( ):t >0} and V. oy 1= {VQ”Z( ) :t > 0}. Note
that, for k = 1,.., K and t > 0, Mkm( ), My (1), Zy (t), Z7y, (1), V3y(t) and V3i(t) can be

rewritten as

=1
l
Ny (1) = = D0 AR™ (A7 (1), 0): (A"(s1), (€7(8) = € (sD)ew))
=1
l
VEi(t) = Y0 AR™ ((@(si1), 0): (als)), (¢ = she))
=1

y <y

~n ~ ~ ~ ~ ~ 5N ~ ~ A1
Set My, = (Mg, Mg o,), Moy i= (M7 )., Mg o)), Zoy = (279, Zig o) and Zy =
(Z{L,Q,H ey Z?<,2,1>' For tﬁl,tf, 9t >0, cz 1> ck, 9, ¢; € R, and positive integers I}, 1, I 2 and I3, where
i=1,. 11,7 =1,...,Ik2, 7 =1,....I3 and k =1, ..., K, with the weak convergence of K" in (3.3),
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we see that, as n — oo,

Ik:l Ik2

Z ZclekM i1 +ZC’QZk2ltz’2 +ZCJV21tJ

Iy 1 Iy 2

:>Z ZclekQZ (ti1) —i—Zc,QZle o) +chv2l

where we recall Mk72,l, Zk7271 and VQJ are defined in (4.8), (4.10) and (4.9), respectively, for k =1, ..., K.
By the Cramer-Wold theorem (see Theorem 3.9.5 in [11]), we have

~n . 5n -~ ds ~ S ~
(My,Zy,,V3y) — (Mo, Z9y,Vay) as n — oo,
where M2,l = (MLQJ, -'-7MK,2,Z) and Z2,l = (Zl,Q,la ...,ZK,QJ). Then, we have
AN An o~ AN AN A ~n on -~ ds ~ ~ NI ~ NN ~ ~
(M17Z17Vln,M?)’Z37VE’)nvM2,l7Z2,l7V2T,Ll) — (Ml,Zl,Vvl,Mg,Zg,VE),,MQJ,ZQJ,VQJ) as n — oo,

since (MT,Z?,W,MQ,Z;L,%”) and (M;l,Z;‘J,%’}l) are independent.
Now it suffices to show the difference between (M ;J,Z;L,l, VQZ) and (M ;Z,l,Z;ZJ, VzT,ll) is asymp-
totically negligible in probability as | — oo, and the difference between (M ;L,l,Z;l,VQ’fl) and

(M ;,Z;, VQ") is asymptotically negligible in probability as n — oo and [ — oo, i.e., for any € > 0,
T>0andeach k=1,...,. K,

lim P ( sup | My, (t) — Mj'y,(t)] > 6) =0, (5.30)
n—00 0<t<T -
lim P( Sup_ |20 (6) = iy (0)] > ) o, (5.31)
n—r00 0<t<T ”
lim P < sup |V21( ) — VL (t)] > e) =0, (5.32)
n—o0 0<t<T ’
and,
lim limsup P (]Mk o(t) — M]?Ql(tﬂ > e) =0, (5.33)
=00 n—oco =
Jim Tim sup P (|Zk2( )= 20, ()] > e) ~0, (5.34)
=00 n—oo -
lim limsup P (\VQ (t) — Vay(t)| > e) =0. (5.35)
=00 n—oo ’

The claims in (5.30)-(5.32) follow directly by noting that U in (3.1) and @ in (2.2) are continuous,
together with (3.2), Assumption 2, Theorem 3.1 and Lemma 2.1.
Next we show (5.33)—(5.35) hold. We will focus on (5.33), and (5.34) and (5.35) follow from a

similar argument. We first observe that
1 A" (1)
My o(t) — My (t) fzxk‘ll

where

l
Xiia(8) =D (Lspoy <7l < sp) [LE" () = €'(sp) < mf, < € (1) — €" ("))



30 HONGYUAN LU AND GUODONG PANG

— Fi(€"(t) — €"(71) + Fr(€"(t) — €(sL))]),

and {sl:0 <4 <1} is a partition of [0,¢]. For fixed t > 0, let ¢ = ¢(¢) > 0 such that ¢ > a(t). Thus,
we obtain, for any € > 0,

P (1N (6) = Mg, (8)] > )
< P(A™(t) > ) + P(A™(1) < e, |Vip(t) = Mitay(8)] > )
1 . .
< P(A™(t) > ns) + 3 B[L(A"(¢) < n<)|Mjia(t) — M ()]
By Assumption 2, we have lim sup,,_,., P(A™(t) > ng) = 0. For the second term, we have

E[1(A™(t) < nc)[ M}y (t) — Mo, (t)[*]

1 A" (t)A|ns) 4 A" (t)A[ng]
= ﬁE Z Xz,z‘,z(t)4 + ﬁE Z Xz,i,l(t)xz,j,l(t)gl
i=1 i,j=1, i#j
6 A™(t)A|ns|
+ EE Z Xkia(t ) X g (t )2]- (5.36)
i,j=1, i#j
By conditioning, we have that for the first term on the right hand side of (5.36),
) A" (H)A|ng) 1 A™(t)Ang]
ngE Z Xz,i,z(tyl] = ﬁE Z E[xpi )Y A™(s),£"(s) : 0< s < t}]
i=1 i=1
1
< E —0 as n— oo.

n

By Lemma 5.4 and conditioning, together with E[x} ;,(t)] = 0, we obtain

4 A" ()N |ns| ) A (A |nc]
1/2
ok > XZ,i7l(t)XZ,j7l(t)3] s ek >, Go‘jéz‘]
i,j=1, i#j 1,J=1, i<j
[ns]
48
< Z 1/2—>0 as n — oo,
=T, i<

where the convergence follows from the Assumption 1. Now for the third term, by Lemma 5.4 and
conditioning, we obtain

A (t)Alng] 12
n 2 2
Z Xiia () X 4.1 (1) ] < EE
ij=1, i#j
It is clear that under Assumption 1,

[ns]

1
— Z 1/2—>0 as mn — 00.

n? 4L
i,j=1, i<j

A (A |nc]
> (BB 0 + ﬁal/z)] |

1,j=1, i<j

6
—E
n2

It suffices to show that
A™(t)A|ng]|

> E[XZ,Z-,I(t)Q}E[xZ,j,l(tV]] = 0.

1,j=1, 1<j

lim limsup - F
=500 n—oco n2
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We observe that by conditioning,

S (Ushoy < 7' < SH[FW(EM (D) — €"(71) — Fu(€" () — €"(s}))]

p=1

Elxii ()] = E

X [1 = Fi(€7(t) — €"(rf") + Fi(€"(t) — €"(sy))] )]

D (Uspoy <7 < ) [Fu(€() = €"() = Fil(€"(t) —5”(82))}],

and similarly,

EDG 7 S B[ Y (Uspor <77 < sp) [FR(€" (1) = €"(r]") — Ful(€" (1) —5“(82))}]-

Thus, we have

1 A" (t)Ans]

ﬁE Z E[Xz,z',l(t)Q]E[XZ,j,z(t)2]
ij=1, i<j
1 A (t)Alns]
<Bl Y [ (Mshor <7 < s)[F(E W) = () — Fu(€" () — €"(sp)] )]
ij=1, i<j p=1
l
< [0 (Ushor <7 < sO[FLE" (1) — €)= Ful€" (1) sn(si,»])}]
p=1
1 /\Lng l 2
gnQE< D (2o <7 < s [FlE () - sw»—Fk@"(t)—g“(s;))})])]
T 2
= F ( / [FR(E" () — €"(w) - Fk<§"<t>—§”<s§,>>]dﬁn<u>) ]

Now it suffices to show that

l 55) ) 2
LA™ () <) (Z | e - e w) - Bien) - 5”<s;>>]dA”<u>> ] ~0.
p=1"5p-1

(5.37)
By the convergence of A" = @ under Assumption 2 and £" = e in Lemma 2.1 under Assumption 3,
the continuous mapping theorem and the uniform integrability of

l Sé _ 2
{I(A”(t) <9) (Z/l [F1(€"(t) — €"(u) — Fi(€"(t) — 5"(82))]df1"(u)> sz 1} :
p=1 Sp—1

we immediately have

1(A™(t) <) (Z/lp

lim limsup £
=00 n—ooo

limsup F

n—oo

2
[Fio(t —u) — Fy(t — si,)]dfl"(u)) ]

I Ll 2
= (Z/l [Fi(t — u) —Fk(t—sﬁa)}dd(“)> :
p=1"%p—1
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Then, by Lebesgue’s theorem, the right hand side of the above equation converges to zero as [ — oo.
Therefore, we have proved (5.37), which completes the proof of (5.33)-(5.35). O

We next complete the proof of the convergence of the processes (M ’;, Z;, ‘72")
Lemma 5.6.
(M;L,Z;L, VQ”) = (MQ,ZQ, Vg) in (D*ETL 0 as n— oo (5.38)
Proof. We apply Theorem 13.5 in [5]. By Lemma 5.5, since the limits are continuous, it suffices to
show the third condition is satisfied, that is, for 0 <r < s <t < 7T and T > 0, and for ¢ > 0 and
k=1,...,K,

P ([N (8) = Ny (s)| A [Ny (5) = Mo ()] = €) < S (Hara(t) = Hup(), (5.39)

Ziat) = Zia(8)| A |Zials) = Zia(r)| 2 €) <

P ([V3(0) = V3 ()| A |V3() = V3 ()] = €) < S (Hy () = Hy (),

where Hpsp(-), Hzi(-) and Hy () are nondecreasing and continuous functions on [0,7] (to be
determined below). We focus on the proof for M ko since the proof for V3" follows from a similar

argument, and the property for 2};2 follows from results for M. o and VQ”.
We first observe that it is convenient to represent M 122 (t) for k=1,..,K in (5.5) as

NI (t) = — } Z (10} < €°() — €"(s1) — Fu(€"(t) — €°(T))), ¢ 0. (5.40)
Fix k > 0 such that k > a(T"). We write
P ([ NE2a(t) = Ny ()| A |V (5) = Ny ()] > €)

< P(AM(T) > nk) + P (A™(T) < ks, [Ny (8) = Vi (s)| A [Mia(s) = Mia(r)] = )
< P(A™T) > nw) + %E [1(A™(T) < ) [N (8) = M1 (s)[* [Ny (s) = M) 7]
1 R N 47\ 1/2
P(AY(T) > nk) + (E [1(A”(T) < i) | M o(8) — Mo (s)] ])
1/2

< (B [ (@) < | as) — 2200 P]) 7,

where the last inequality follows from Cauchy-Schwartz inequality. Since P(A™(T) > k) — 0 as
n — 00, it suffices to show that for all 0 < s <t <T and T > 0,

B [1(A"(T) < 1) NE2a(t) = Ny (s)]'] < (Hage(t) = Hagi(s))*
We have
B [1(A"(T) < k)| N2a(t) = Ny (s)]']

A (1)
N > [0+ €107 < €100) = A0 - )
A™(s)

Z (mf, +€"(1") < €"(5)) — Fi(€"(s) — € ()]

=1

— B14T) <)

|

§\
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. 1 A™(s) .
—E{l(A 1) <0)| 7 3 Gl
1 A" (1) 4
v [0+ €°(7") < €°(1)) — F(€"(t) — €"(7))] }
1=A"(s)+1
. 1 A™(s) . 4
<sB[1A"D) < )| - > e ]
B 1 A" (1) 4
+8E[1<A”<T> < )| - [0+ € (7)< €°(1)) — F(€"(t) — €"(e7))] } (5.41)
i=A"(s)+1

Te(sit) = L + (1)) € (€7(5), € (D)) — Fu(€" () — €7 (7)) + Fi(€"(s) — €"(71")).

We next provide an upper bound for the two terms on the right hand of (5.41). For the first
term, we have

. 1 A" (s) . 4
B ) <0l 3 Gl ]
Lo An(s) A (s
— SE[UAT) £ 0) 3 (@) |+ 1N ) S s Y|
i=1 1,j=1,i#j
6 1 An(s)
FREIINT <0 Y <<;?k<s,t>>2<<;%k<s,t>>2]. (5.42)
i j=1,i#j

It is easy to see that the first term on the right hand side of (5.42) is in the order of O(1/n)

and converges to 0 as n — oo. For the second term, by Lemma 5.4 and conditioning, since
E[((s,t)] = 0, we have that for i,j > 1 and j > i,

B[N (s, 0)(C(s,1)%] < 6a1/2

Thus,
4
—E|An Z CP(5, D(G(s,1)°
1,J=1,i#]
8 A™(s)
1/2
< n2E{1( ) > 6a; }
4,j=1,1<]
8 &,
SnQ Z oz/ —0 as n— oo, (5.43)
1,j=1,1<j

where the convergence holds under Assumption 1 with o, — 0 as n — oo.
Similarly, by Lemma 5.4 and conditioning, we have that for ¢, 7 > 1 and j > 1,

E[(C(s, )2, 0)7] < E[((s, )2 B[(Ca(5,8)?] + 60,5
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Thus,
B A" (s)
B M <) Y (@l 0P (Gl

ij=1,i£]
12 _ A%e)
< BEUA@ <0 30 Bl 02 Bl 0]

ij=1,i<j

An(D)

—i—:;E[l(A"(T)gn) 3 a;f}. (5.44)

ij=1,i<j
The second term on the right hand side of (5.44) converges to 0 as in (5.43). Notice that conditional
on the £" process,

B[(¢h(s, )17 (u) : 0 < w < t] = (Fi(€™(t) — € (")) — Fi(€"(s) — €"(7]")
X (1= (Fi(€"(t) = £°(77") — F(£"(s) = €"(7)")))
< F(€(t) = £M(7")) — Fi(€"(s) — €(7"))-
Thus, the first term on the right hand side of (5.44) is bounded above as follows:
A" (s)

SENAD <0 3 Bl 0P B[t 0F)
1,j=1,1<j
12 _ A%e)
< #E[I(A”(T) <h) Y (BE() — €M) — Fu(€'(s) — €M)
1,7=1,1<7g
< (B((t) — €%()) — Fu(€(s) — €°())) ]
6 B A" (s) 2
- an[uAnm - H>( (Fu(E(1) — €°(7)) — Fu(€™(s) — s”m")))) ]
=1
s 2
_ 6 [1<A”<T> < r»( [ e - e - Re ) - ) dA”(u)) }
s 2
Lal-N 6(/0 (Fo(t — u) — Fi(s — u)]da(u))
T 2
< 6(/0 (Fo(t — u) — Fi(s — u)]da(u)) , (5.45)

where the convergence follows from Assumption 2 and £” = e in Lemma 2.1 under Assumption 3.
Therefore we have shown that the first term on the right hand of (5.41) is bounded above by

Ch (/OT[Fk(t —u) = Fi(s — U)]d@(U))2

for all n with some sufficiently large constant C'; > 0. Similar calculations and arguments show that
the second term on the right hand of (5.41) is bounded above by Cy(a(t) — (‘1(3))2 for all n with
some sufficiently large constant Cy > 0. Thus, to prove the claim in (5.39) for M, o, We can choose
the function Hysx(+) as 7

Harp(t) = C(/OT Fy(t — uw)da(u) + a(t)>
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for ¢t € [0,T] and some sufficiently large constant C' > 0. It is evident that Hps (-) is nondecreasing
and continuous on [0, 7]. This completes the proof of the lemma. ]

Completing the proof of Theorem 3.3. By Lemmas 5.2 and 5.5, we have shown that
A A ~ A~ A ~ A~ A ~ d A A ~ A A ~ A A A

(MY, Z} V" My, Z3, Vi My, Zy, Vi) L5 (M, Z1,Vi, M3, Z3,V3, M3, Z5,V3) as n — oo.
By the continuous mapping theorem, we have

~ A A~ A A A ~ A~ A~ d A A~ N ~ A A A A A
(M + My + My, 2y + 2y + Z3, VI + V' +V5') =5 (M1 + Mo+ My, 21+ Zo+ 23, Vi + Vo + V)
as n — o0o. Thus,

~ ~ A~ d A A A
(X" Y",5") L (X,Y,8) as n— oo

Lemmas 5.2 and 5.6 also imply that the processes (X n,f/n, S“) are tight (applying Theorem 11.6.7

in [41]). This completes the proof of Theorem 3.3.
t

6. CONCLUDING REMARKS

In this paper, we have studied an infinite-server fork-join queueing system with NES and
sequentially correlated (strong mixing) service vectors which is subject to renewal alternating service
disruptions. By proving the FCLT, we have obtained the mean and covariance approximations in
transient and steady states for the service and synchronization processes. They provide important
insights on the impact of the interruptions, and the “component-wise” and “vector-wise” correlations
among service times of the parallel tasks, upon the service and synchronization processes.

Many interesting problems remain to be studied. First, we have assumed that the down times
in the random environment are asymptotically negligible comparing with the service times in this
paper. If the down times are of the same order as the service times, we can easily show an FWLLN
for the service and synchronization processes, where the fluid limit will be stochastic, and in fact, a
deterministic system in the random environment. It will be interesting to study the steady state of
the stochastic fluid limit and the convergence rate to the steady state. Second, we have assumed that
all service stations are simultaneously disrupted. It may be interesting to investigate the situation
where only some of the service stations are affected during the down times. In that regard, our
analysis is the worst-case scenario, and can be used to bound the associated performance measures.
For example, the results on the synchronized process will become a lower bound. Third, it will
be interesting to study such fork-join queueing systems in the Halfin-Whitt regime, and fork-join
models with multiple classes of jobs. In addition, we have assumed that the sequence of the service
times of all parallel tasks is weakly dependent, satisfying the strong mixing (a-mixing) condition.
It will be interesting to consider cases with strong dependence among service times. This is a
fundamental problem, even for infinite-server queues. Pang and Zhou [37] has recently studied
infinite-server queues with arrival dependent services (which result in strong dependence among
service times). These problems will be interesting future work.
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