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1. Introduction

Fork-join queues are widely studied in many applications, such as communication systems and production pro-
cesses. However, because all service stations see exactly the same arrival process, which is the main characteristic of
fork-join queues, these fork-join queues are very challenging to analyze. Hence, there are only a few exact results,
which are mainly for systems in stationarity and are restricted to fork-join queues with two service stations.

In this paper, we focus on a fork-join queue in which the number of service stations is large. Our objective is to
analyze the queue length of the longest queue. We explore a discrete-time fork-join queue in which the arrival
and service times are nearly deterministic. In addition, we consider a heavily loaded system. That is, we assume
that the arrival rate to a queue times the expected service time of that queue, that is, the traffic intensity per

queue py;, depends on the number of service stations N and satisfies (1 — p, )N? ey B with > 0. Our main result
is a fluid limit of the maximum queue length of the system as N goes to infinity, which holds under very mild
conditions on the distribution of the number of jobs at time 0.

Both the model and the scaling studied in this paper are inspired by assembly systems. In particular, we are
inspired by problems faced by original equipment manufacturers (OEMs) that assemble thousands of components,
each produced using specialized equipment, into complex systems. Examples of such OEMs are Airbus and ASML.
If one component is missing, the final product cannot be assembled, giving rise to costly delays. In reality, for some
components, OEMs may hedge the shortage risk by investing in capacity or by keeping an inventory of finished
components. However, we study the maximum queue length, which is only relevant for components for which
there is no inventory. As such, our model is a somewhat stylized model of reality.

An interesting question is whether the manufacturer can produce on schedule. To answer this question, we
consider a make-to-order system, that is, suppliers only produce when they have an order, and we assume that
the manufacturer sends orders to all the suppliers at the same time. Now, we can model this process by a fork-
join queueing system, in which the various servers represent suppliers, jobs in the system represent orders
requested by the manufacturer, and queue lengths in front of each server represent the number of unfinished
components each supplier has. As the slowest supplier determines the delay that the manufacturer observes, we
wish to study the longest queue. Additionally, we consider a supply chain network operating under full capaci-
ty, which is indeed the situation in this industry. Finally, we capture the property that in high-tech manufactur-
ing arrival and service times have a low variance by considering nearly deterministic arrival and service times. A
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visualization of the fork-join queue as a simple representation of a high-tech supply chain is given in Figure 1.
Note that, in this paper, we focus on the backlogs of the suppliers and not on the assembly phase.

We now turn to a survey of related literature. As mentioned, the earliest literature on fork-join queues focuses
on systems with two service stations. Analytic results, such as asymptotics on limiting distributions, can be
found in Baccelli [3], Flatto and Hahn [10], de Klein [8], and Wright [24]. However, because of the complexity of
fork-join queues, these results cannot be expanded to fork-join queues with more than two service stations. Thus,
most of the work on fork-join queues with more than two service stations is focused on finding approximations
of performance measures. For example, an approximation of the distribution of the response time in M/M/s
fork-join queues is given in Ko and Serfozo [12]. Upper and lower bounds for the mean response time of servers,
and other performance measures, are given by Nelson and Tantawi [17] and Baccelli and Makowski [4].

A common property of the aforementioned classic literature is that it mainly focuses on steady-state distributions
or other one-dimensional performance measures. Some work on the heavy-traffic process limit has been done; for
example, Varma [23] derives a heavy-traffic analysis for fork-join queues and shows weak convergence of several
processes, such as the joint queue lengths in front of each server. Furthermore, Nguyen [18] proves that various ap-
pearing limiting processes are, in fact, multidimensional reflected Brownian motions. Nguyen [19] extends this re-
sult to a fork-join queue with multiple job types. Lu and Pang [13, 14, 15] also study fork-join networks. In Lu and
Pang [13], they investigate a fork-join network in which each service station has multiple servers under nonex-
changeable synchronization and operates in the quality-driven regime. They derive functional central limit theorems
for the number of tasks waiting in the waiting buffers for synchronization and for the number of synchronized jobs.
In Lu and Pang [14], they extend this analysis to a fork-join network with a fixed number of service stations, each
having many servers, in which the system operates in the Halfin-Whitt regime. In Lu and Pang [15], the authors in-
vestigate these heavy-traffic limits for a fixed number of infinite-server stations, for which services are dependent
and could be disrupted. Finally, we mention Atar et al. [2], who investigate the control of a fork-join queue in heavy
traffic by using feedback procedures. Our work contributes to this literature on the process-level analysis of fork-
join networks. To be precise, we derive a fluid limit of the stochastic process that keeps track of the largest queue
length. This study seems to be the first explicit process-level approximation of a large fork-join queue.

Moreover, our work also adds to the literature on queueing systems with nearly deterministic arrivals and serv-
ices. The only research line on queueing systems with nearly deterministic service times of which we are aware of is
Sigman and Whitt [21, 22], who investigate the G/G/1 and G/D/N queues and establish heavy-traffic results on
waiting times, queue lengths, and other performance measures in stationarity as well as functional central limit theo-
rems on the waiting time and on other performance measures. In these papers, they distinguish two cases, one in
which (1 -py)VN Nlofﬁ and one in which (1 - p, )N Aﬂfﬁ with py the traffic intensity and p some constant.

We now turn to an overview of the techniques that we use in this paper. Because we aim to obtain a fluid limit of
a maximum of N queue lengths, we mainly use techniques from extreme value theory in our proofs. This is, howev-
er, quite a challenge because, on the one hand, the queue lengths of the servers are mutually dependent. On the oth-
er hand, most results on extreme values hinge heavily on the assumption of mutual independence. Furthermore, we
consider a fork-join queue in which the arrival and service probabilities depend on N, which makes the queue
lengths triangular arrays with respect to N. This makes our paper also rather unusual as studies on triangular arrays
are rare. One paper on this subject, relevant for us, is Anderson et al. [1], in which they study the maximum of a
sum of a large number of triangular arrays.

Figure 1. Fork-join queue with N servers.
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In order to get fluid limits for the maximum queue lengths, we need to study diffusion limits for the individual
queue lengths. We, thus, combine ideas from the literature on extreme value theory with literature on diffusion
approximations, which we show in Section 2.2. In order to be able to analyze the queue lengths through diffusion
approximations, we impose a heavy-traffic assumption, namely, (1 — p,,)N?> — B. Then, for each separate queue
length, we have a reflected Brownian motion as diffusion approximation. By using the well-known formula for
the cumulative distribution function of a reflected Brownian motion (cf. Harrison [11]), we investigate the maxi-
mum of N independent reflected Brownian motions to get an idea of the scaling of the maximum queue length.

Now, we give a brief sketch of how we apply these ideas to prove the fluid limit. We start by considering the
slightly simpler scenario that each queue is empty at time 0. Because we want to prove a fluid limit that holds uni-
formly on compact intervals (u.0.c.), we need to prove pointwise convergence of the process and tightness of the col-
lection of processes. Our first step in proving this is by showing that each queue length is in distribution the same as
a supremum of an arrival process minus a service process. We then show in Section 2.2 that, under the temporal
scaling of tN®log N and the spatial scaling of NlogN, the arrival process minus a drift term converges to —pt as

N — oo. Furthermore, we derive, under that same temporal scaling but under a spatial scaling of N+/log N, that the
centralized service process satisfies the central limit theorem. This scaled centralized service process is given in
Equation (4.4). We use the nonuniform Berry-Esséen inequality, which is described by Michel [16], to deduce the
convergence rate of the cumulative distribution function of this scaled centralized service process to the cumulative
distribution function of a normally distributed random variable, which is given in Equation (4.8). It turns out that
this convergence rate is fast enough so that we can replace the scaled centralized service process with a normally dis-
tributed random variable in the expression of the maximum queue length in order to get the same limit. By Pick-
ands’ [20] result on the convergence of moments of the maximum of N scaled random variables, we know that the

expectation of the maximum of standard normally distributed random variables divided by +/log N converges to V2 as
N — oo. This gives us the convergence of the maximum of N scaled centralized service processes. After we have ob-
tained these limiting results for the scaled arrival and service process, we use these, together with Doob’s maximal sub-
martingale inequality, to prove convergence in probability of the maximum queue length, we show this in Section 4.3. Fi-
nally, in Section 4.4, we use Doob’s maximal submartingale inequality to bound the probability that the process makes
large jumps and prove that this probability is small so that the maximum queue length is a tight process.

After we have considered the maximum queue length for the process with empty queues at time 0, we then turn
to the scenario in which the length of each queue at time 0 is identically distributed. In this case, we can use Lind-
ley’s recursion to express the maximum queue length as the pairwise maximum of the maximum queue length
with empty queues at time 0 and a part depending on the number of jobs at time 0; this formula is given in
Equation (2.3). How to prove the fluid limit for the first part is already sketched. In order to derive a fluid limit for
the latter part, we first observe that this part equals the maximum of N times the sum of the number of jobs at time
0 at each server plus the number of arrivals minus the number of services at each server. Following a similar path
as earlier, we can prove that the scaled centralized service process at server i behaves like a normally distributed
random variable. Thus, we have to analyze a maximum of N pairwise sums of normally distributed random varia-
bles and random variables describing the number of jobs at time 0.

In Lemma 4.4, we prove a convergence result of this maximum. This is quite a challenge because we need to
apply extreme value theory on pairwise sums. In order to do this, we use the results from Davis et al. [7] and
Fisher [9] on the convergence of samples of random variables to limiting sets. The authors prove convergence

results of the convex hull of {(Zgl) /bN. - .,Zl(-k) /bn)i<n} to a limiting set as N — co with (Zgj),i < N) independently

and identically distributed (i.i.d.); Zi(»j ) and Z\)) are independent, and by is a proper scaling sequence. We show in
the proof of Lemma B.1 that these results can be extended in establishing convergence of extreme values of

max,-sNZ}‘:lzy ) / a%), where ag\l,) and ag,") are not necessarily the same, which is a stand-alone result of independent inter-

est. We did not find this extension in other literature. The result in Lemma 4.4 follows from Lemma B.1. In Lemma 4.9,
we show that the convergence proven in Lemma 4.4 implies convergence of the second part of our original process.

The rest of the paper is organized as follows. In Section 2, we describe the fork-join system in more detail; we give
a definition of the arrival and service processes, and we present a scaled version of the queueing model. In Section
2.1, we introduce the fluid limit and explain it heuristically. We elaborate a bit more on the scaling and the shape of
the fluid limit in Sections 2.2 and 2.3. Furthermore, we give some examples and numerical results in Section 2.4. We
finish with some concluding remarks in Section 3. The proof of the fluid limit is given in Section 4. In Appendix A,
we elaborate on the convergence of the upper bound that was given in Lemma 4.7. We prove in Appendix B a
()
N

convergence result of maxigNZ;‘:lZEj ) /ay - In Appendix C, we prove the lemmas stated in Section 4.2. An overview

of all notation is given in Appendix D.
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2. Model Description and Main Results

We now turn to a formal definition of the fork-join queue that we study. We consider a fork-join queue with
integer-valued arrivals and services. In this queueing system, there is one arrival process. The arriving tasks are
divided into N subtasks, which are completed by N servers. We assume that the number of both arrivals and
services per time step are Bernoulli distributed. The parameters of the Bernoulli random variables depend on the
number of servers. This is formalized in Definitions 2.1 and 2.2.

Definition 2.1 (Arrival Process). The random variable A (1) indicates the number of arrivals up to time 7 and equals
L]
AN = 23 X))
j=1

with X™)(j) indicating whether there is an arrival at time j. The random variable XN)(j) is Bernoulli distributed
with parameter p™). So

(N)
(N)( 5 — 1 W.p. P,
X (])_{O w.p. 1-p™.

Definition 2.2 (Service Process ith Server). The random variable SEN)(n) describes the number of potentially com-
pleted tasks of the ith server in the fork-join queue at time n with

[n]
sNm = > YV,

=1

where YSN)( j) is a Bernoulli random variable with parameter ) indicating whether the ith server completed a

service at time j:
(N)

W0={o wh 1
Both p™) and q™) are taken as functions of N, which we specify in Definition 2.3.

We assume that, for all N >1, the random variables (X™)(j),j>1) are mutually independent for all j and
(YSN) (j),j = 1,i < N) are mutually independent for all j and i. We also assume that an incoming task can be complet-
ed in the same time slot in which the task arrived. Finally, we assume that X™)(j) and YEN)( j) are independent; in
other words, YSN)( j) could still be one although there are no tasks to be served at server i at time j. As a result of this
assumption, we have, on the one hand, the beneficial situation that (AN (1),n > 0) and (Sl(-N)(n),n > 0) are indepen-
dent processes, but on the other hand, we should be careful with defining the queue length. However, it is a
well-known result that we can use Lindley’s recursion and write the queue length of the ith server at time # as

sup [(A™ ) - AM(0) - (s - 5V @)

0<k<n

provided that the queue length is zero at time 0. This is in distribution equal to

sup (A<N> (k) — s™ (k)).

0<k<n
As can be seen in this expression, the queue lengths of different servers are mutually dependent because the arrival
process is the same. When, at time 0, there are already jobs in the queue, then we can, after again applying Lindley’s
recursion, write the queue length of the ith server at time # as

max ( sup [(4%(m) - AM(0)) - (s () - s (0) | @ (0) + AN () - SN (),
0<k<n

with QEN)(O) the number of jobs in front of the ith server at time 0. Observe that the queue length of the ith server
equals the maximum of the queue length when the number of jobs at time 0 would be zero and a random vari-
able that depends on the initial number of jobs.

The aim of this work is to investigate the behavior of the fork-join queue when the number of servers N is very
large. The main objective is deriving the distribution of the largest queue as this represents the slowest supplier,
which is the bottleneck for the manufacturer. Therefore, we define in Definition 2.3 a random variable indicating the



Downloaded from informs.org by [192.16.191.136] on 25 July 2022, at 05:54 . For personal use only, al rights reserved.

Published in Mathematics of Operations Research on December 14, 2021 as DOI: 10.1287/moor.2021.1171.
This article has not been copyedited or formatted. The final version may differ from this version.

Schol, Vlasiou, and Zwart: Nearly Deterministic Large Fork-Join Queues
Mathematics of Operations Research, 2022, vol. 47, no. 2, pp. 1335-1364, © 2021 INFORMS 1339

maximum queue length at time #n. Furthermore, we explore this model in the heavy-traffic regime. To this end, we
let p™) and q™N) go to one at similar rates so that the arrivals and services are nearly deterministic processes.

Deflnltlon 2.3 (Maximum Queue Length at Time n). Let p™ =1—a/N — ﬁ/N2 and g™ =1-a/N with o, > 0. Let
Q(a ﬁ)(n) be the maximum queue length of N parallel servers at time n with Q(a 5) (0) =0. Then,

(N) (N) (N)
Qv () = max sukgn[(A(N)(n) A(N)(k)) (,, (n) - S! (k))]. 2.1)
So
Qv (m = max sup (A“V)(k) S(N)(k)) 2.2)

0<k<n

under the assumption that Q(N;; (0) = 0. From these choices of p™) and q(N ), it follows that the traffic intensity py
of a single queue satisfies (1 — pN)N2 — B as N — oo. Furthermore, if Q(N (0) > 0, the maximum queue length at
time 7 can be written as

Qi (n) = max maX(sup |(A%0n) - AV E) - (sM o) - sV 0) | QN ©O) + AV - SN | @3)
0<ks<n

Observe that we can interchange the order of the max<y and max terms and rewrite the expression in (2.3) as
the pairwise maximum of two random variables; one random variable is the maximum of N queue lengths with
initial condition zero as given in Equation (2.1), and the other is the maximum of N sums of the queue length at
time 0 plus the number of arrivals minus the number of services.

2.1, Fluid Limit
As we just have formally defined the fork-join queue that we study with the particular nearly deterministic set-
ting, we now state and explain the main result of this paper. Our central result is a fluid approximation for the re-
scaled maximum queue length process, which is given in Theorem 2.1. We prove that, under a certain spatial
and temporal scaling, the maximum queue length converges to a continuous function, which depends on time .
There is, however, not a straightforward procedure in choosing the temporal and spatial scaling; there are,
namely, more possibilities that lead to a nontrivial limit. For instance, when we choose a temporal scaling of N°
and a spatial scaling of N+/log N, we get the fluid limit that is given in Proposition 2.1. Here, we assume that the
initial condjition is zero.

Proposition 2.1 (Temporal Scaling of N° and Spatial Scaling of N+/logN ). For Qgi’}ﬁ)(m =0, a>0and B> 0 with (1)
pN) =1-a/N - B/N*and (2) ™) =1 - a/N, we have

Qlap) (5N e
P| sup (aﬁ)( ) —V2as|> e| =50 Ve > 0.
0<s<T N\/lOgN

However, we can also derive a steady-state limit, which is given in Proposition 2.2.

Proposition 2.2 (Steady-State Convergence). For a >0 and >0 with (1) p™) =1-a/N-B/N? and (2) g™ =
1—a/N, we have

N
Qap(® 5 a
NlogN 28

As we can see in Proposition 2.2, to obtain a nontrivial steady-state limit, we need a spatial scaling of NlogN.
Because this is the only choice that leads to a nontrivial limit, it is a natural choice to look for a fluid limit that
also has this spatial scaling. Our main result, stated in Theorem 2.1, is such a fluid limit, and it turns out that, for
establishing this limit, we need a temporal scaling of N°®log N. In Section 2.2, we explain why these scalings are
natural. We omit the proof of Proposition 2.1, but we do explain how Proposition 2.1 is connected to Theorem
2.1 at the end of this section. Furthermore, we give a proof of Proposition 2.2 in Section 4.

We now mention and discuss some assumptions under which our main result holds. First of all, we assume
that we have nearly deterministic arrivals and services.
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Assumption 2.1. p™V) =1 —a/N - /N? and q™) =1 - a/N with a, > 0.
Second, we have a basic assumption on the initial condition.
Assumption 2.2. (QEN)(O),I' < N) are i.i.d. and nonnegative for all N.

Furthermore, we want to prove a fluid limit with a spatial scaling of Nlog N. Therefore, we need to assume
that the maximum number of jobs at time 0 also scales with Nlog N. In order to do so, we allow (QEN)(O),I' <N,N2>
1) to be a triangular array, that is, a doubly indexed sequence with i < N. This is a necessity because, otherwise, we
would be limited to distributions in which the maximum scales as Nlog N, which would lead us to the family of the
heavy-tailed distributions for which we do not have convergence in probability of its maximum. Thus, in our set-
ting, QEN)(O) and QENH)(O) do not need to be the same. Consequently, we need to have some regularity on QEN)(O)
as N increases to be able to prove a limit theorem.

Assumption 2.3. QEZ;g)(O)/(NlogN) 5 q(0), with q(0) > 0 as N — oo with QgN)(O) = |rnU; ], where ry is a scaling sequence.

Finally, we can distinguish two cases in which Theorem 2.1 holds.
Assumption 2.4. U; has a finite right endpoint.
Assumption 2.5. U; is a continuous random variable and for all v € [0,1],

—log (P(U; > vt))
i —log (P(U; > 1))

= h(v).

Before stating the theorem, we give two remarks on Assumption 2.5. First of all, the function / has the property
that, for all u,v € [0,1], h(uv) = h(u)h(v). Thus, if h is continuous, h(v) = v* with a > 0. When & is discontinuous,
there are two possibilities: h(v) = 1(v>0) or h(v) = 1(v=1), and this corresponds to h(v) =v" with a = 0 and
a = oo, respectively. Second, the assumption of continuity of U; can be removed, which would lead to more cum-
bersome proofs.

Theorem 2.1 (Fluid Limit with a Nonzero Initial Condition). If Assumptions 2.1, 2.2, and 2.3 hold, and either Assumption
2.4 or Assumption 2.5 holds, then we have VYT > 0 that

ng,;?)(th IOgN) N—oo
with
a a a
q(t) = max ((VZat - ﬁt)ﬂ(t < Z_ﬁz) + 2 l(t > g),g(t,q(O)) - ﬁt). (2.5)
The function g(t,q(0)) has the following properties:
1. If Assumption 2.4 holds, then
8(t,4(0)) = 9(0) + V2at. (2.6)
2. If Assumption 2.5 holds, then
g(t,q(0)) = sup {V2atu + q(0)o|u* + h(v) <1,0<u <1,0<v < 1} 2.7)

(u, )

There is a connection between Assumptions 2.4 and 2.5 on U; and extreme value theory. If Assumption 2.4 holds, then
this means that U, is either a degenerate random variable or is in the domain of attraction of the Weibull distribution. On
the other hand, if Assumption 2.5 holds, then U is in the domain of attraction of the Gumbel distribution.

In order to allow dependence between the initial number of jobs at different servers, we can also replace
Assumptions 2.2 and 2.3 with the following assumption.

Assumption 2.6. Let Q™ (0) = U™ + V™), with UN) = | ryU,], where (U,,i < N) are i.i.d. and nonnegative and satisfy
either Assumption 2.4 or 2.5. Furthermore, V;N is nonnegative, and maxisNVz(N) /(NlogN) 5 0as N — oo,

When Assumption 2.6 is satisfied, there may be mutual dependence between QEN)(O) and Q](.N)(O) because VEN)
and V](N) may be mutually dependent.
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As can be seen in Theorem 2.1, the fluid limit has an unusual form; ¢(t) is, namely, a maximum of two func-
tions. The first part of this maximum is the fluid limit when the initial number of jobs equals zero, and the
second part is caused by the initial number of jobs. We elaborate on this more in Section 2.3. The logN term
in the spatial and temporal scaling of the process is also unusual. We show in Section 2.2 that this is because
we take a maximum of N random variables with N large. Scaling terms such as (logN)" are, in this context,
very natural.

We mentioned earlier that different choices for temporal and spatial scalings lead to a fluid limit and gave
Proposition 2.1 as an example. Because we analyze one and only one system, the two fluid limits that we present
should be connected to each other. An easy way to see this is by observing that, from Theorem 2.1, it follows
that, when Qg)ﬁ)(O) =0,

Q) (INlogN)

%TgNHVZat—ﬁtasN—)oo,

for t < a/(28?). Thus, for all t > 0 and for N large, we expect that QEZ?B)(tN:")/(N\/log N) = V2at - pt/{/logN Yo V2at.

This shows heuristically how Proposition 2.1 is connected with Theorem 2.1. The formal proof of Proposition 2.1
is analogous to the proof of Theorem 2.1 and is omitted in this paper.

2.2. Scaling

In Section 2.1, we presented the fluid limit under the rather unusual temporal scaling of N3 log N and spatial scal-
ing of NlogN. A heuristic justification for these scalings can be given by using extreme value theory and ideas
from literature on diffusion approximations. In particular, for the spatial scaling, we argue as follows: as we are
interested in the convergence of the maximum queue length, we can use a central limit result to replace each sep-
arate queue length with a reflected Brownian motion and use extreme value theory to get a heuristic idea of the
convergence of the scaled maximum queue length. To argue this, first observe that the arrival and service pro-
cesses are binomiall?l distributed random variables, and we can compute the expectation and variance of
(AN (tN3log N) — SV (NP log N)) /(N+/Tog N) as

1
E[N\/TW (A<N)(tN3 logN) — SM(EN®log N))l = —pty/logN +on(1), 2.8)
and
Var( ! (A‘M(m3 logN) - SV (EN° 1ogN))) = ﬁ LN®log N (/N + B/N?)(1 - a/N - B/N?) + a/N(1 — a/N))

Ny/logN 2lo

=2at +on(1).
(2.9)

From this, a nontrivial scaling limit can be easily deduced: observe that AM(tN*log N) — S™ (tN®log N) is a sum
of independent and identically distributed random variables, so this implies that

1 d
———— (AN (tN?logN) - SV (INPlog N) | % Z;,
N A (N log ) - S log )
as N is large with Z; ~ \V' (—ﬁtwlog N, Z(Xt). Furthermore, because AM(tN3log N) — S™((N3log N) is, in fact, the dif-
ference of two random walks, we also have
1 d
) N o) &
sup ——=|AW(n)=S; " (n)|=Ri(t),
0<n<iNG logNN\/logN( ) l
as N is large with R;(t) a reflected Brownian motion for t fixed. We can apply extreme value theory to show that
max<nR;(t) scales with y/logN. This can be deduced from the cumulative distribution function of the reflected
Brownian motion, which is given in Harrison [11]. Concluding, the proper spatial scaling of the fluid limit in
Theorem 2.1 is NlogN.
As Equations (2.8) and (2.9) show, the right temporal and spatial scalings are determined by the choice of the
arrival and service probability. When we change the arrival probability to p™ =1 - a/N — B/N*¢ with ¢ > 1 and
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keep the service probability the same, we can derive in the same manner that, under a different temporal and
spatial scaling of the queueing process, the fluid limit result still holds; we state this in Proposition 2.3.

Proposition 2.3 (Other Arrlval and Service Probabilities). For ¢ > 1, > 0 and g > 0 with (1) p™ =1-a/N - /N'**
and (2) gV =1-a/N and Q(a ﬁ)(O) On(N‘log N) and satisfies the same assumptions as in Theorem 2.1, then

P| sup
0<t<T

The proof of this proposition is very similar to the proof of Theorem 2.1. Thus, we omit it here.

QEZ{L)(tN *2clog N)

NcelogN

—q(t)

>e)N—”°>°o Ve > 0.

2.3. Shape of the Fluid Limit

In Section 2.2, we gave a heuristic explanation of the temporal and spatial scaling of the process. Here, we do the
same for the shape of the fluid limit. First of all, we rewrite the expression in (2.3) and get that the scaled maxi-
mum queue length satisfies

Qg)ﬁ)(tNg’ logN) ~ AN(tN3log N) — AN(sN3 logN)) - (SZ(.N)(tN3 logN) - SEN)(SNS logN))
NlogN i i S’E}Zt NlogN ’
(N)($7N\T3 (N) (1nj3 (N)
max AMN(tN3log N) + S; " (EN’log N) + Q; (0) (2.10)
i<N NlogN

Now, observe that, when QZ(N)(O) =0 for all i, the pairwise maximum in (2.10) simplifies to the first part of the
maximum. Furthermore, it turns out that the first and second parts of this maximum converge to the first and
second parts of the maximum in (2.5), respectively. To see the first limit heuristically, observe that, because of the
central limit theorem,

1
NylogN
with 9; ~ NV(0, at) independently for all i, and { ~ N/ ( Bty/log N, at). We can write max<n(9; + {) = max<n(9;) + C.
Then, by the basic convergence result that the maximum of N i.i.d. standard normal random variables scales as
y2logN, it is easy to see that max<n(9; + C)/+/logN 5 \2at —ptas N — oo. Because a queue length that is zero
at time 0 can be written as the supremum of the arrival process minus the service process up to time ¢, the fluid

limit yields sup,,__,(V2as — fs), which equals the first part of the maximum in (2.5).
Similarly, for the second part in (2.10), we observe that

AM(tNBlog N) — SN (NP log N) + QN (0)

(A<N>(tN3 logN) — SN (ENPlog N)) L9+,

max
<N NlogN
A(N)(tN3logN)—(1 oc/N)tN3logN . (1 a/N) tN3log N — S(N)(tN310gN)+Q(N)(0) @.11)
NlogN i NlogN .

It is easy to see that the first term converges to —ft as N — oo, and we prove later on that the second term con-
verges to g(t,(0)). This explains the second part of the fluid limit in (2.5).
Specific properties of the function g can be deduced. First of all, Assumption 2.4 considers the case that U; has

a finite right endpoint. In this scenario, we have that QI(N)(O) /(NlogN) = [ryU;]|/(NlogN) = [NlogNU;]/
(NlogN) ~ U;. Now, the theorem says that g(t,4(0)) = q(0) + V2at. This actually means that, for large N,

3 (N) (g3
max (1 a/N)tN*log N - S; " (tN°log N)
i<N NlogN

(1-a/N)tN3logN — s )(tN310gN)
NlogN

~ max U; + max
i<N i<

This behavior can be very well explained because, as a result of the assumption that U; has a finite right end-
point, there are many observations of U; that are close to the right endpoint as N becomes large, and thus, it is
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more and more likely that there is a large observation ((1—a/N)tN>log N — SEN J(tN3 logN))/(NlogN) for which
the observation U;- is also large.

Furthermore, when Assumption 2.5 holds, g(t,4(0)) can be written as a supremum over a set. To give an idea
of why this is the case, we first observe that we can write the last term in (2.11) as

max (“ —a/N)IN’logN - 5" (tN*logN) | QSN)(O)) (212)

isN NlogN NlogN

Thus, this maximum can be viewed as a maximum of N pairwise sums of random variables. For any N > 0, we
can write down all the N pairs of random variables as

1 (1-a/N)N°logN - SV(N°logN) 1 QV(0)
V2at NlogN "q(0)Nlog N | n '

(2.13)

Now, the expression in Equation (2.12) can be written as V2atu +g(0)v with (1,v) in the set in (2.13) such that
V2atu + g(0)v is maximized. Because of the central limit theorem, the first term in (2.13) can be approximated by

9i/V2at with 9; ~ N'(0,at) when N is large. Therefore, the convex hull of the set in (2.13) looks like the convex hull
of the set

1 s 1Mo
@,/]ogN/Q(O)NIOgNisN '

The convex hull of this set can be seen as a random variable and converges, under an appropriate metric, in prob-
ability to the limiting set

{w,0)u> +h(v) <1,-1<u<1,0<v<1}, (2.14)

in R? as N — oo; see Davis et al. [7] and Fisher [9] for details on this. Our intuition says that the limit of the ex-
pression in (2.12) is attained at the coordinate (u,v) in the closure of the limiting set given in (2.14) such that
V2atu + q(0)v is maximized. We show that this is indeed correct. In fact, we prove this in Lemma 4.4 in a more
general context than in Davis et al. [7] and Fisher [9]. In Davis et al. [7] and Fisher [9], the authors make the as-
sumption that the scaling sequences are the same, so the analysis is restricted to samples of the type
{(Xi/an,Yi/an),<n}. However, we show that, for proving convergence of the maximum of the pairwise sum, the
scaling sequences do not need to be the same.

2.4. Examples and Numerics
In Section 2.3, we showed that the shape of the fluid limit depends on the distribution of the number of jobs at time
0. Here, we give some basic examples of how the fluid limit is influenced by the distribution of the number of jobs
at time 0. We also present and discuss some numerical results.

As a first example, for U; = X, with X; ~ N(0,1), we can write for v > 0, P(U; > v) = exp (—v*L(v)) such that L
is slowly varying. Thus, for v € [0,1],

“log (P(U; > vt) _ . (@t)'L(vt) _ ,

M) = i e P> )~ S 2L
Thus,
g(t,9(0)) = sup {V2atu + g0)o|u® +* <1,-1 <u < 1,0 < v < 1} = 1/q(0)* + 2at.
Concluding, (®0)
(1 - a/N)tN*log N — S™(tN3log N) + Q™(0)
max
isN Nlog N
~ (1 - a/N)tN3log N — SN (EN?log N) + [g(0)Nlog NU; /42log N|
B iséII\JX NlogN

5 q(0)* +2at — Bt as N — oo,

where ry = g(0)Nlog N/+/2log N such that Q&%(O)/(Nlog N) 5 q(0) as N — oo.
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Another example is when we assume that U; is lognormally distributed, we hence know that P(U; > v) =
P(X; > logv) with X; ~ NV(0,1). Thus, P(U; > v) = exp (—1(v > 0)log (U)ZL(logv)). Then, for v € [0,1],

o) = lim 1(v> 0)1og2(vt)2L(10g (vt))
—o  log(tL(log (1))

=1(v>0).

In this case, we have that

g(t,q(0)) = sup {V2atu + g(0)olu® + 10> 0) < 1,-1 <u < 1,0 < v < 1} = max(g(0), V2at).

(1, 0)
We also consider the case P(U; > v) = exp (1 — exp (v)); then for v € [0,1],

lim —log(P(U; >0t)) . exp(vt)—1 _

=0 —log (P(U; > 1)) s exp(h) -1 1o=1.

Then,
g(t,9(0)) = sup {V2atu + q(0)olu* + 1(v=1)<1,-1<u <1,0<v <1} = g(0) + V2at.

(u,0)

As a last example, we observe the scenario that P(U; > v) = exp (—vL(v)), and thus, h(v) = v. Then,

g(t,9(0)) = sup{V2atu +q(0)ju* +v<1,0<u<1,0<v <1}

(1)

- (q(O) +%(’;))1(t < %0)2% @ﬂ(t > %0)2)

We give some extra attention to the case in which g(0) = a/(28). Then, it is not difficult to see that g(f) = a/(2B).
Thus, for these choices of h(v) and g(0), the system starts and stays in steady state. One can show that this limit is
only obtained for i(v) = v, so this gives us some information on the joint steady-state distribution of all the queue
lengths in the fork-join system.

Now, we turn to some numerical examples. In Figure 2, the simulated maximum queue length is plotted to-
gether with the scaled fluid limit NlogNg(t/(N°logN)) with g given in Theorem 2.1 and N = 1,000. The queue
lengths at time 0 in Figure 2, (a—c), are exponentially distributed. These figures show that, for N = 1,000, the max-
imum queue length is not close to its fluid limit.

As these figures show, for N = 1,000, the variance of the maximum queue length is still high. We could,
however, give some heuristic arguments why these results are not very accurate. As mentioned before, we
have that

N)(£N3 3
AN(tN3log N) — (1 — a/N)tN3log N y ptas N — o,
NlogN

which is one building block of the fluid limit.
For (AM(tN°1ogN) — (1 — a/N)tN>log N)/(Nlog N), we can compute the standard deviation. We have for a =
p=t=1and N = 1,000 that

JVar(AM(EN?log N) - (1 - a/N)IN®log N) = (1 - a/N - B/N2)(a/N + /N?)|{N*log N
= 2,628.26.

This is of the order of magnitude of the errors that we see in the figures.
Another way of seeing that there is a significant deviation is by looking at max<y((1—a/N)tN3

logN — S™(tN31log N)). As mentioned in Section 2.3, we have that
(1-a/N)tN*logN — S™(¢NPlog N)

Ny/logN

d
z‘91’/

with 8; ~ N'(0,at). Thus, this means that
max ((1 —a/N)tN>log N — ™ (¢N° logN)) g max 9iN+/logN.
i< i<
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Figure 2. (Color online) Maximum queue length and fluid limit approximation (Theorem 2.1) for N = 1,000. (a)
a=1,=1,9(00=06. (b) a=1,=1,9(0)=0.75. (c) a=1,=1,4q(0)=1. (d) a=1,=1,49(0)=0. (e) a=1,5=10,4(0) =0. ()
a=1,p=100,4(0) = 0.
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When we choose N = 1,000, a = f = 1, and simulate enough samples of max<y9;N+/log N, we observe a standard
deviation that is higher than 900.

In Figure 2, (a—), the high standard deviation is also caused by the distribution of the number of jobs at time 0.
For example, for E; ~ Exp(1/N), i.i.d. for all i, and N = 1,000, we have that y/Var(max<yE;) = 1,282.16, so this is
also of the order of magnitude of the errors that we see.

As mentioned, one can prove fluid limits under several temporal and spatial scalings. In Figure 3, the maxi-
mum queue length is plotted against the rescaled fluid limit given in Proposition 2.1, which is the curved dashed
line, and the rescaled steady-state limit, which is the straight dashed line. In these plots, N =1,000. The rescaled

fluid limit is y/2at/N3N+/log N, and the rescaled steady-state limit satisfies «/(28)Nlog N.
When we observe Figure 3, we see that, for small time instances, the maximum queue length follows
the fluid limit described in Proposition 2.1 with a negligible deviation, and we also see that, from the

Figure 3. (Color online) Maximum queue length, fluid limit approximation (Proposition 2.1) and steady-state approximation
for N=1,000.(a)a=1,=1.(b)a=1,=10.(c) « =1, = 100.
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Figure 4. (Color online) Maximum queue length and fluid limit approximation (Theorem 2.1) for N = 1,000. (a) a = 1,5 = 1. (b)
a=1,=10.(c)a=1,5=100.
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point that the fluid limit and steady state have intersected, the maximum queue length follows the
steady state though with a significant deviation. This latter behavior can be very well explained when we
plot the same maximum queue lengths together with the fluid limit in Theorem 2.1, and this is shown in
Figure 4.

In Figure 5, we zoom in on the graphs given in Figure 3, (a) and (b). As these figures show, for small time in-
stances, the maximum queue length follows the fluid limit described in Proposition 2.1 quite well. Again, we can

heuristically explain the deviations by approximating the maximum queue length with /1/N3N maxi<y9; with
9 ~N(0,at) iid. Fora=1,and t=7- 107, simulations show that this approximation has a standard deviation

around 95, and for + = 7-10°, we get a standard deviation around 30; this is of the order of magnitude of the er-
rors in Figure 5, (a) and (b).

3. Conclusion

In this paper, we analyzed a fork-join queue with N servers in heavy traffic. We considered the case of nearly de-
terministic arrivals and service times, and we derived a fluid limit of the maximum queue length in Theorem 2.1
as N grows large.

Figure 5. (Color online) Maximum queue length, fluid limit approximation (Proposition 2.1) and steady-state approximation
for N=1,000. (@)a=1,=1.(b)a=1,=10.
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Furthermore, we assumed delays to be memoryless. However, we are confident that these results can
be extended to nearly deterministic settings in which the delays have general distributions. Another,
less straightforward, extension of this result is to assume arrival and service processes that are not
Markovian.

Moreover, as the figures in Section 2.4 show, it should be possible to derive a more refined limit. Therefore, it
is interesting to look at the second-order convergence of the maximum queue length. We are currently exploring

this for the system in steady state. In other words, we try to gain more insight into the process by finding a con-
(N)
(ap)
much harder and more technical because the scaled maximum of N independent Brownian motions converges to
a Brown—Resnick process (Brown and Resnick [6]).

vergence result of Q' (00)/N —a/(2f)log N. For the process limit, proving a second-order convergence result is

4. Proofs

In this section, we prove Theorem 2.1. Because each server has the same arrival process, the queue lengths
are dependent. The general idea of proving Theorem 2.1 is to approximate the scaled centralized service
process in (4.4) by a normally distributed random variable. We can use extreme value theory to prove con-
vergence of the maximum of these normally distributed random variables in probability. By using the non-
uniform version of the Berry-Esséen theorem (cf. Michel [16]), we show that the convergence result of the
original process is the same as the convergence result with normally distributed random variables. Further-
more, we prove convergence of the part involving nonzero starting points. This gives us the pointwise con-
vergence of the process, which we prove in Section 4.3. In this section, we also prove convergence of the
finite-dimensional distributions. Finally, we prove in Section 4.4 that the process is tight. These three results
together prove the theorem.

4.1. Definitions
For the sake of notation, we use the expressions given in Definition 4.1 to prove the tightness.

Definition 4.1. We define the random walk f{l(-N)(n) as

a(N)

5 (N)
g™y A (WS (1)
RN ) = Tog N , 4.1)
where
A =200 _ 4oy, 42)
and
(N)
50 = =* s -y, 43)
Furthermore,
M (e = EEN)(tN3 logN)  +tN3logN (4.4)

Jat(T = a/N)log N y/[iN3logN]’

with AM (1) and 5™ (1) given in Definitions 2.1 and 2.2, respectively.
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As mentioned in Section 2.3, when QE%)(O) =0, the quantity in (2.10) simplifies to
Q) (IN*logN) (AM(N?log N) - AN (sN?log N)) ~ (S (N log N) - S (sN*og N)
NlogN TN (f;g NlogN '
Consequently, we can rewrite
Qlapy(tNlog N) AN (N2 10g N) - AN (1NPlog N) + 3V (NP log N) - 81V (NP log N
(@p) = max sup g & i & i g
NlogN =N o<r<t logN (4.5)
= max sup (REN)(tN3 logN) - REN)(rN3 log N))
=N o<rst

4.2. Useful Lemmas
In order to prove Theorem 2.1, a few preliminary results are needed. As stated in Definition 4.1, we can write
REN)(n) as

ANy + 5N

(1)

logN ’
Observe that A(N)(n) does not depend on 7 although SEN)(n) does. Hence, it is intuitively clear that A(N)(n) pays
no contribution to the maximum queue length. Therefore, in order to prove the pointwise convergence of the

maximum queue length, we need to analyze SEN) (n)/log N. Specifically, we use the fact that
MEN)(t) L ZasN — 00,

with Z a standard normal random variable, which can be shown by the central limit theorem. We can use this re-
sult to approximate the maximum queue length because we know that the scaled maximum of N independent
and normally distributed random variables converges to a Gumbel distributed random variable. To prove the
tightness of the maximum queue length, we have to prove that

Q(g) sN°log N Q(f) tN3log N
(wp)SN10gN) ~ Q5 (tNlog )§>€ = 0. (4.6)

NlogN NlogN

N—oo t<s<t+06

1
lim li P
tlSIlIOl imsup ( sup

In Lemma 4.1, a useful upper bound for the absolute value in (4.6) is obtained, which we use to prove the tight-
ness of the process.

Lemma 4.1. Fort> 0,6 >0, and Qgg)ﬁ)(O) =0, we have that
Q™ (sN*logN) Q) (EN*log N 3 3
sup |— al & )— pl & )| < sup max (REN)(SN3logN)—REN)(tNSIOgN))
t<s<t+o NlogN NlogN ‘ ts<t+d SN 4.7)

+2 sup max (REN)(tN3 logN) - REN)(SNS logN)).

tes<t+ IS
In our proofs, we use the fact that MI(N)(t) converges in distribution to a normally distributed random variable.
To be able to use this convergence result, we prove an upper bound of the convergence rate in Lemma 4.2.

Lemma 4.2. For t > 0, we have that an upper bound of the rate of convergence of tgl(-N)(tN3logN)\/tN3 logN/
Vat(1—a/N)log N[tN3log N| to a standard normal random variable is given by

P(MM(t) <y)- o) < —— (4.8)

1
NyIogN1+|y*’
with ¢; > 0.

Lemma 4.2 follows from the main result in Michel [16], in which the author proves the nonuniform
Berry—Esséen inequality. To prove tightness, we need the following lemma.
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Lemma 4.3. Fort >0,

limsup E < (2at)®*. 4.9)

N—oo

, 5/2
+3! (tN3 logN) O)

max (ma}i\}x log N

In order to prove pointwise convergence of the starting position, we show in Lemma 4.9 that

51 10gN) QM) _ may (Yaixi QM)
log N NlogN| isN |\/logN NlogN

max
i<N

with X; ~ N(0,1) as N is large.
In Lemma 4.4, we prove the convergence of max<n(VatX;/+/log N+ Q(N)(O) /(NlogN)).

Lemma 4.4 (Pointwise Convergence Approximation Starting Position).

atX; (N)
\/% glog(?\)l) 8(t,9(0)) as N — oo,

with X; ~ N(0,1) i.i.d. and the function g as given in Theorem 2.1.

The proofs of Lemmas 4.1-4.4 are found in Appendix C. Lemma 4.4 follows from Lemma B.1, in which a more

general result is proven on maxisNZ;(:lZf»j ) / ﬂ%)-

4.3. Pointwise Convergence
In this section, we prove pointwise convergence of the scaled maximum queue length appearing in Theorem 2.1.

Theorem 4.1 (Pointwise Convergence). Fort > 0,

QM (tN*log N
%gl\fg) 5 q(t) as N > oo, (4.10)

with q(t) given in Equation (2.5).

As Equation (2.10) shows, we can write the scaled maximum queue length as a maximum of two random
variables, namely, one pertaining to a system starting empty and one pertaining to a system starting non-
empty. We prove the pointwise convergence of the first part of this maximum in Lemma 4.5. In Lemma 4.9,
we prove the pointwise convergence of the second part. In order to do so, we need some extra results, which
are stated in Lemmas 4.4 and 4.6-4.8.

Lemma 4.5. Fort > 0 and Q(N) (0)=0,

(ﬁ)
Qa (tN°logN)
TN (I

To prove convergence of sequences of real-valued random variables to a constant, it suffices to show conver-
gence in distribution. Therefore, we use Lemmas 4.6—4.8 to prove that the upper and lower bound of the cumula-
tive distribution function converge to the same function.

Lemma 4.6. For 6 >0, t < a/(2p%) and Q™). (0) =0,

(ap)
[Qg)ﬁ)(tN3 logN)

limsup P NiogN

N—ooo

> \/Txt—ﬁtm):o. (4.11)

Proof. Let 6 > 0 be given. Let us assume that t < a/(28?). We then have that

[ing)(tN *logN)

NiogN > V2at—ﬁt+6]

=N g<s<t

5 (N) e
A" (sN®logN)+S; '(sN°logN) N
logN '

P(max sup



Downloaded from informs.org by [192.16.191.136] on 25 July 2022, at 05:54 . For personal use only, al rights reserved.

Published in Mathematics of Operations Research on December 14, 2021 as DOI: 10.1287/moor.2021.1171.
This article has not been copyedited or formatted. The final version may differ from this version.

Schol, Vlasiou, and Zwart: Nearly Deterministic Large Fork-Join Queues
1350 Mathematics of Operations Research, 2022, vol. 47, no. 2, pp. 1335-1364, © 2021 INFORMS

For t < a/(2p%), V2at — ft is an increasing function. Therefore,

5N A3 cN) 213
A" (sN°logN . (sN°logN
P[max sup (SN’logN) +5, (sN"logN) —V2at+pt >0
SN gcoet log N
SN 3 N 3.3
A 1 ; 1
< P|max sup (sN’logN)+5, (sN?logN) _ V2as +Bs|> 6
isN g<oct logN

G (N A3 N 13
=P|sup maxA (sN’logN)+5; (sN logN)—VZas +Bs]|> 6|
o<oxt | =N logN

Observe that

S (N 13 cMN) a3
P[sup (max A (sN7logN)+5, [sNlogN) — V2as + ﬁs) > 6)

0<sxt | <N log N
5 (N) c(N)
A" (sN*log N . (sN?log N
< P[sup [max (SN’logN)+ 5, [sN?logN) _ V2as + Bs| > 0
0<sxt| <N logN
5 (N) &)
A" (sN°log N) ) Imax;on 5, (sN°log N) 6
<P —_— =|+P — -V =|
B S;I; log N ol 2] g;l; log N 208> 2

Moreover, A(N)(n) /log N + Bn/(N*logN) is a martingale with mean zero. Therefore, by Doob’s maximal submar-
tingale inequality

A(N)(SN3 logN)

M R

O<s<t logN 2

5 (N)
A" (sN®logN) |sN3logN] [sN°logN| o
< LY 05V 0
a S;Et logN * N3logN +§;1;‘8 N3logN ﬁs‘ 72
5 (N)
A" (sN®logN)  [sN3logN]| 6 [sN?logN | 5
< e o et -z
D s o VS e e P(?igﬁ NologN " S‘ 4)
5 (N)
16 [A"(tNlogN)
< i v it = I
<5 Var logN +on(1)
16 [tN*1log N N—ooo

— - - 2 ’
=521 a/N =B/ Ye/N 4 BN R

Furthermore, in order to have

+on(1) —>0. (4.12)

N—oo

> 2) ¥=2 o, 4.13)

c()
[P’(sup 'maxisN S; (sN°logN) N
’ log N

0<s<t

we need to have that (max,SN S ,(.N)(SN3 logN)/logN,s € [0, t]) converges to (VZas,s € [0, t]) u.o.c. Thus,

lim P(‘maxfw 51 (sNlogN)

N—oo IOgN

> e) =0, (4.14)

and for all r € [0, £],

(4.15)

c) =(N)
lim lim sup 1p sup 'max,vSN S; (sN’logN) maxinS; (1N logN)| A
MO Nooo 11 \r<s<ran logN logN |
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To prove the limit in (4.14), we use the result of Lemma 4.2 and observe that, for all 6 > 0,

3
|}:D(I'I’laX1<NS (SN IOgN) S \/27—}—6)

logN

g(N)(sNBIOgN) .
=1-P|[———2—~2<V2as+6

logN
_ (N) \/27+6 ,— \/SN310gN
P(Mi )< Vas(l1—a/N) VI_SN310gNJ)
o1 [qf Y2as+d V2as +6 JiogN VsN3logN Cs N
B vas(l1—a/N) VIsN3logN| NyllogN
_ | Y2as+d V2as +6 \/— vsN3logN N Cs
vas(l—a/N) VIsN3log N NwllogN

N

N—oo

The proof that

, C 3
P(max,SN S ( N log N) < \/27 (S) N—)oo
log N

goes analogously. To prove the quantity in (4.15), we observe that, because EEN) (n) is a random walk that satisfies
the duality principle, max<yx; — max<ny; < maxen(x; — i), and P(|X|>€) < P(X > €) + P(—X > ¢€), we have the
upper bound

s |max,5N §§N)(SN3 logN) maxicy ggN)(rN3 logN)’ e
n y<s<lr9+,7| logN logN ’
N A3 1 c®) 3
Sl[P’ sup maxM>e +1P sup maxw>e +on(1).
0<s<n isN logN O<s<n iSN logN

The on(1) term appears because | (r + )N>log N| — [rN°log N] € {|nN?log N], [1N?log N] + 1}. Now, we have that
2N, . . . . . . . '
*+S, '(n) is a martingale with mean zero. The maximum of independent martingales is a submartingale; there-

fore, (max(O,max,'SNigl(»N)(nN *logN)/log N ))5/ isa nonnegative submartingale. Hence, by use of Doob’s maximal
submartingale inequality, we can conclude that

~(‘N) 31 ~(.N) 31
1Dj’ supmaxM e+1[P> supmaxw>e
O<s<n <N logN 0<s<y SN logN
) 3 5/2 ~(N) 5 5/2
1 S (nN°logN =S "(nN°logN
STE max | max M,O + Elmax|max M,O
ne>/ i<N logN ne>? i<N logN

By taking the limsup,_,  in this expression and applying Lemma 4.3, we see that this is upper bounded by

21/4(2a)’* /€52, This can be made as small as possible when 7 is chosen small enough. We also know that
~(N .

manSNSz( )(0)/ logN =0 3nd that the finite-dimensional distributions of (maxisNSf.N)(sN3 logN)/logN,s € [0,1])

converge to the finite-dimensional distributions of (V2as,s € [0, t]), which follows from Theorem 4.2. The lemma
follows. O

Having examined t € [0, /(26?)), we now turn to t € [a/(28%),0].
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Lemma 4.7. For 6> 0, a/(26%) <t < e and Q1)) (0) =0,

[Qzﬁ)ﬁ)(tlxﬁ logN) 4

limsup P NiogN > 2 +

N—ooo

Proof. We write

n

AN () = 3 XN
with =
X®N)(j) = { a‘/N"'ﬁ/Nz - m/Ni wp. 1- O‘/N_ﬁ/Nzr
-1+a/N+B/N*—m/N* w.p. a/N + B/N?,
with 0 < m < . Furthermore, we write

SNy = YN (),
j=1

with
Y(li,N)(].)z{ —oz/N—[S/N22+m/N22 w.p. 1-a/N,
' 1-a/N-B/N*+m/N* w.p. a/N.
Thus,
AN () = 570 () = AN () + 57 (),
and

sup (A(N)(k) - SEN)(k)) < sup AN(k) + sup "M (k).

0<k<n 0<k<n 0<k<n

We obtain by using Doob’s maximal submartingale inequality that

P

,N) s, N) (] _ N _plN)
sup AN (k) > x) < E[e% X <J>]e 047x = p=04"'x

0<k<n

with QX"N) the solution to the equation
B[t X0 = (a/N + B/N) exp{O4™ (<1 + /N + /N2 - m/N?)}
+(1—a/N-p/N?) exp{eﬁ;"M(a/N +B/N? - m/Nz)} =1.

When we consider the second-order Taylor approximation of this expression with 1/N around zero, we obtain

2mN? 1
5 + Opn 12 )
—a2N? + aN3 —2aBN — B° + m? + BN? N

o) =

Consequently, we have for N large GS"N) ~ 2m/(aN). By the monotone convergence theorem, we know that

P

sup A(u,N)(k) > x) < e_ggA,N)x ~ e—Zm/(aN)x.
k=0

In conclusion,

supyo A"N(k) p
—NlogN — 0 as N — oo.

Similarly, by using Doob’s maximal submartingale inequality, we obtain that

P(sup S{"N(n) 2 x) <e 0",

n>0
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with 6" the solution to the equation
B[ 0] = a/N explof (1 - a/N - p/N* +m/N?)}

+(1-a/N) exp{@l(."’N)(—a/N —B/N?+ m/NZ)} =1.

[eggu,[\l)

The second-order Taylor approximation of E Ygu'N)(f)] with 1/N around zero gives

w,N) _ 2N2(ﬁ - m) 1
Qi = 3 + On vl
—a2N2 + aN3 + (8 — m) N

Thus, for N large 65“’N S 2(p —m)/(aN). Concluding, supnzosg”’N)(n) is stochastically dominated by an exponen-

EEu,N)

tially distributed random variable with mean aN/(2(8 —m)). Because supnzOSE“’N)(n)LsuanOS}“’N)(n) for

i # j, we can conclude that also EE”’N) 1 E;”’N) for i # j. Therefore,

N
max;<y E*Y

P N <3G-m) (x+ logN)) oo,
and
maxisn EE”IN) A a as N — oo.
NlogN 2(B—m)
Because

(N) (N)
Q(a,ﬁ)(tN3 log N) < Qiap)() < SUPkx0 AN (k) 4 aXi< SUPyeo S EN) (k)
NlogN  ~* NlogN =~  NlogN NlogN ’

the lemma follows. [

Lemma 4.8. For 6 >0 and QE%)(O) =0,

liminf P —Qg’;)(tNS log)
NlogN

N—-oo

z(@—ﬁt)ﬂ(t<2iﬁz)+iﬂ(tzi)—a]=1. (4.16)

Proof. Let us first assume that ¢ < a/(28%). We have the lower bound

Qlup(IN*10gN) AN logN) - SV (N log N)
NlogN  ~isn NlogN

By Equations (4.12) and (4.13), we know that

(N)(#NT3 _ cMN)(As3
AMN(tN3log N) — S (tN logN)E)m_

max Niog N ptas N — oo.
Let us now assume that ¢ > a/(28%). We have that
QM (IN*logN (N) 2\\73 ) 2073
wp(tN’log )zst,maxA (a/@F)N"logN) =5, "(a/(2p)N’IogN) & o o
NlogN i<N NlogN 28

by again using Lemma 4.6. This proves the lemma. O
Proof of Lemma 4.5. By combining the results of Lemmas 4.6-4.8, Lemma 4.5 follows. O
In Lemma 4.9, we connect the convergence of

iy AV(Nlog N) S™M(tN31log N) + Q™(0)
i<N NlogN
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to the convergence of

[Nerx @Yo
A llog N NlOg NJ

Lemma 4.9 (Convergence Starting Position). Assume that, for X; i.i.d. standard normally distributed,

VaiX; QM) e

1<N 1l]og]\] NlOgN

) 8(t,9(0)) as N — oo, (4.17)
for a certain function g. Then,

AN(iN?log N) — S™(EN?log N) + Q(N)(O)
max NlogN — g(t,9(0)) — Bt as N — oo.

Proof. We have

(N) (73 — ¢ (g3 (N)
i AV (ENlog N) - 577N’ log N) + Q;™(0) (4.18)
isN Nlog N

_AM(ENlogN) - (1 - a/N)iN’logN (1 -a/N)iNlogN - §;"(t{N?log N) + Q" (0)
- Nlog N N Nlog N

(4.19)

We already proved in Equation (4.12) that the first term in (4.19) converges to —pt. Furthermore, we can rewrite
the second term as

3™ (N3 log N, Vo), ( 1 )
max + Oy .
i<N logN NlogN NlogN

We can easily deduce from Lemma 4.2 that

D SﬁN)(tN3logN) o Vat(1 — a/N)+/[tN3log N| < .G
log N JlogN  iN3logN )= NflogN’

with X; ~ NV(0,1) and ¢; given in Lemma 4.2. Then, it is easy to see that

UUING (N) = 3 )
P S; (tN logN)+ Q;7(0) S Vat(1—a/N)4/[tN3logN]| X+ Q;7(0) <y < o (4.20)
logN NlogN VlogN  /tN3logN NlogN Ny/logN

Now, because of the fact that we assume the convergence result in (4.17) and

yat(l1 - a/N) \/l_tN3logNJX \/_X 1y
VlogN  /tN3logN yllogN yllogN v

it is easy to see that

Vat(l—a/N) VIIN"logN]  _ QI™(0)
= VlogN  {/tN®logN " Nlo ogN
Let € > 0; then, because of the bound given in (4.20) and the convergence result in (4.17),
3V (NP10gN) QN (0)
P(Ige}\]x ( logN " NlogN <8(t:90) €
(N) (N)
Si (tN°logN) Q™ (0)
P( logN + NlogN <g(t.g(0))—€

) g(t,q(0)) as N — co.

IA
=)

Vat(1-a/N)\[IN°IogN] ., . QM (0) )
( JosN  yilogN T Niogn <80 €] ¥

N

Ct
—+1| -1
N+/logN )
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The proof that
o) (N)
S; (tN°logN) Q; (0)
P ! + = t,q(0 =y 0,
(nilse}\]x ( log N NlogN > 8(tq(0) +e

goes analogously. Hence, the lemma follows. O

Proof of Theorem 4.1. In Lemmas 4.5 and 4.9, we have proven that both parts in the maximum in (2.10) con-
verge to a limit. The lemma follows. O

We can easily extend this result to finite-dimensional distributions.

Theorem 4.2 (The Finite-Dimensional Distributions Converge). If
XN(#) = £(t)
forall t > 0, then for (t1,ta,. .., t)

(X(N)(tl), XN(ty), ..., X<N>(tk)) B (Ft),f(t2), . f(t) as N — oo.
Proof.
P(|[(XM(t), XM(t2), ..., XN (k) = (1) fit2), - (1) > €)
< P(IXN(0) = flen)] + -+ XNt = f(10)] > €
< P(XN(t) - ft)] > )+ - + PXV (k) - flt0)] >

with ||| the Euclidean distance in R¥. 0O

7

4.4. Tightness

It is known that, when a sequence of random processes is tight and its finite-dimensional distributions converge,
then this sequence converges u.o.c.; cf. Billingsley [5, theorem 7.1]. From Billingsley [5, theorem 7.3], we know
that a process (XN(t),t€[0,T]) is tight when, for all positive 7, there exists an 2 and an integer N, such that, for
allN > N, 0,

P(|X<N>(0)| > a) <n, 4.21)

and for all € > 0 and 1 > 0, there exists a 0 < 0 <1 and an integer N such that, for all N > Nj

1nm( sup |XM(s) - XN (#)| > e) <. (4.22)

0 t<s<t+6

The conditions given 1n Equatlons (4.21) and (4.22) hold for stochastic processes in the space of continuous func-
tions. The process (Q )(tN3 logN)/(NlogN),t €[0,T]) does not lie in this space because Q(N) (n)= Eg))g)(LnJ)
However, because th) is a continuous function, the conditions in (4.21) and (4.22) do also apply on
(Qgg)(tN3 log N)/(NlogN),t € [0,T]); cf. Billingsley [5, corollary 13.4].

In order to prove tightness for the process given in Theorem 2.1, we need to prove tightness of the maximum
of two processes as Equation (2.10) shows. In Lemma 4.10, we show that it suffices to prove tightness of the two

processes separately. Then, in Lemmas 4.11 and 4.12, we prove the tightness of the two parts.

Lemma 4.10. Assume that (XN(s),s € [0,t]) and (YN)(s),s € [0,t]) converge to functions (k(s),s € [0,t]) and (I(s),s €
[0,¢]) u.o.c., respectively; then (max(XN(s), YN)(s)),s € [0,]) converges to (max(k(s),(s)),s € [0,t]) u.o.c.
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Proof. The lemma holds because

(sup max (X(N)(s) Y(N)(s)) max (k(s), l(s))‘ > e)
0<s<t

< P(sup (max (X(N)(s), Y(N)(s)) — max (k(s), l(s))) > e)

0<s<t

[P’(sup (max (k(s), I(s)) — max (X(N)(s), Y(N)(s))) > e)

0<s<t

< P(sup max (X(N)(s) —k(s), YN)(s) — Z(s)) > e)
0<s<t

+ P(sup max (k(s) — XNs), I(s) — YN (s)) > e)
0<s<t

< 2[P’(sup XM (s) — k(s)] > e) + ZP(sup [YN(s) - 1(s)| > e) ~—30. O

0<s<t 0<s<t

(N)

Lemma 4.11 (Tightness of the First Part). For e >0, >0, T > 0, and Q(a,ﬁ)

that VN > Ng and t € [0, T],

(0)=0,30 < 06 <1 and an integer Ny such

(@p) (@) - 1o
NlogN NlogN ’ “=n (4.23)

1 Qi (sN1ogN) - QLY (N logN)|
<P| sup - =
0 I<s<t+0

Proof. We take t > 0. From Lemma 4.1 and the fact that REN) is a random walk that satisfies the duality principle,
we know that, for N large enough,

N N
1 Qi (eN*logN) Q@ (INlog N)| . w2
1) tSsSEb NlogN NlogN ‘ - ’
< 1p sup max R (sN3 log N) + 2 sup max R( (sN*logN) > €|+ on(1) (4.25)
0 \osszs <N 0<s<s SN
1 1
< <-P|sup max R( )(sN3logN) 251+3 P|2 sup max R( )(sN3 logN) > =|+on(1). (4.26)
0 \o<s<s i< 0 0<s<s =N
Now we focus on the first term in (4.26). The analysis of the second term goes analogously.
1 €
—P[ sup max R sN°log N) > = 4.27
6 0<SE§ i<N ( g ) 2) ( )
~ (N) 3 o) 3
A N°log N (sN°log N
= 1IP’ sup max (sN*logN) + 5; (sN"logN) > ¢ (4.28)
0 \p<scs =N log N 2
5 (N) 3 cN) 303
A 1 A 1
< Lpsup AN18N) €] ol o max 2 EN108N) | €} (4.29)
0 \o<s<s logN 4] 0 \p<ss =N logN 4

In the proof of Lemma 4.6, we show that the second term in (4.29) is small. With a similar proof as in Lemma 4.6, one can

also prove that the first term is small. Concluding, (ng’ ‘)8)(tN3 logN)/(NlogN),t € [0, T]) is tight when QEZ ?6)(0) =0. O

Lemma 4.12 (Tightness of the Second Part). Fore > 0,1 >0and T > 0, 30 < 6 < 1 and an integer Ny such that VN >
Noandt€][0,T],

AM(sN3log N) - SN (sN3log N) + Q" (0) AN(iN?log N) - S™M(tN*log N) + Q™ (0)
max — max
isN NlogN isN NlogN

1
<Pl sup
o t<s<t+6

. ) <n
(4.30)
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Furthermore, for all n, there exists a > 0 such that

o™ (0
[ wp(9) > a] <. (4.31)

Proof. First of all, we observe that, for a random variable X, P(|X| > ¢) < P(X > ¢) + P(-X > €). Thus, we can re-
move the absolute values in (4.30) and examine both cases. Because both cases satisfy analogous proofs, we only
write down the proof for the first case.

AM(sN?log N) - S™(sN?log N) + QY AM(EN?1og N) - ™ (EN?log N) + Q™)
Lo[ sup [max A ENI0gN) =5, "(sN*ogN)+ Qi 7(0) _ |\ AM(IN’logN) =5 "(IN’logN) + Qi 7(0) ) |
O \i<o<tes| isN NlogN i<N NlogN

(N) (N3 _ cMN)(ong3 (N)(+NT3 (N) (173

gll]D sup [ max AN(sN°logN) - §; 7 (sN°logN)  AM(tN°logN) — S;(tN°log N) oe
O \i<s<trs| isN NlogN NlogN
1 AN(sN3logN) - SN (sN3log N)
_SP(OSEES(I‘{L?\IX NlogN > e|+on(1).

This is the same expression as Equation (4.28). In Lemma 4.11, it is proven that this expression is small. At t =0,
we should Choose a>0 such that (4.31) holds for N >N;. This is the case because we know that

8[;)(0) /(NlogN) 5 g(0) as N — co. The lemma follows. O

Corollary 4.1 (Tightness of the Process). The process Q[ (EN*log N)/(N1ogN), t € [0, T]) is tight.

(ap
Proof. The process (Qg I)ﬁ)(tN3 logN)/(NlogN),t € [0,T]) can be written as a maximum of two processes. In Lem-

mas 4.11 and 4.12, it is proven that these processes are tight. Then from Lemma 4.10, it follows that

(QE%)(tNg’ logN)/(NlogN),t € [0,T]) is tight. O

Proof of Theorem 2.1. In Theorem 4.1, we prove that, for fixed f, the stochastic process converges in probability
to a constant; in Theorem 4.2, we prove that the finite-dimensional distributions converge, and in Corollary 4.1,
we show that the process is tight. Thus, the convergence holds u.o.c. O

We now prove that the scaled process in steady state converges to the constant a/(2).

Proof of Proposition 2.2. Because we look at the system in steady state, we can assume without loss of generality
that Q(a 5) (0)=0. Then, we have
N N
Ea fg)(oo) an,)ﬁ)(a/(Zﬁz)N3 logN)
NlogN ~ NlogN ’

because Q( » /3)(”) mMax<NSUPy <, (AN (k) - S(N) (k)). We know by Lemma 4.5 that

Qlupla/@FINI0gN) & o
NlogN 2p

as N — oo.

Furthermore, we know by Lemma 4.7 that, for all 6 > 0,

NlogN ~ 2B

N—oo

Quk(®) o
limsup [P’[ @) >—+ (5] 0.
The proposition follows. O
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Appendix A. Taylor Expansion of gﬁ‘u,N)
The parameter QX"N) is the strictly positive solution to the equation

E[eei;"”’xm’”(f)] = (/N +B/N?) exp{ 0UN(=1+a/N+p/N? - e(N))}
+ (1—a/N = B/N?) exp{ 0™ (/N + B/N* —e(N)| =1,
with €(N) =m/N?. We found an approximation of 6%"1\1) of 2m/(aN). To investigate the behavior of QX’N) more carefully,
we look at the function 6(x) such that
f(x,0(x)) = (ax + Bx?) exp{O(x)(=1 + ax + px* — mx?)}
+(1 — ax — px*) exp{O(x)(ax + x> —mx*)} = 1.
When we set xy =1/N, we get f(xy, O(xn)) = E[ee(f;"mx(“’m(f)] =1. We are interested in the case that N is large; therefore, we

have to investigate f for x around zero. Because f(x,0(x)) = 1, we know that f”(0,0(0)) =0 for all n>1. When we solve

these equations for 6 iteratively, we can find 6(0) for all i >0, and we get a Taylor expansion of (x) around zero. Be-
cause f(x,0(x)) =1, we know that

=—a+ae %9 +a0(0)=0.

x=0

& fx. 000

Hence, 6(0) = 0. When we look at the second and third derivatives of f(x, 6(x)) around zero while using that 6(0) =0, we see

:O,

x=0

2
& e 0)

and

d3 / ’
ﬁf(x, 0(x))| =36(0)(ab’(0) —2m).

x=0
Because we know that f(x,6(x)) =1, we solve 36’(0)(w0’(0) —2m) = 0. This gives 6'(0) =0 or 0'(0) =2m/a. 6'(0) =0 indi-
cates the situation in which 0 = 0. If we now use the information that 0’(0) = 2m/a and look at the fourth derivative of f,
we see that

%f (x0)| = 4m(36”(0) - w o

x=0
This gives that 0”(0) = 4m(3a% — 3B + 2m)/3a?. In general, we can compute each derivative of 6(0) iteratively. This gives
m 4m(3a® — 3B + 2m) x?
a 3a? 2
Because the function f(x,0) —1 is analytic, we know by the implicit function theorem that the solution 6(x) is also analyt-
ic. So, for x=1/N and N large enough, we know that GX"N) =2m/(aN) + On(1/N?).

O(x) = +0(x).

Appendix B. Extreme Values of Sums of Random Variables
In this section, we prove a convergence result of the maximum of N sums of k random variables. In order to do so, we
use and extend results from Davis et al. [7] and Fisher [9].

Lemma B.1. Consider sequences of continuous random variables (Yl(l),i >1), (Y}Z),i >1,..., (Y,(-k),z‘ > 1), where all random varia-
(7)
i

Yifl) are independent for all j,1€{1,2,...,k} and i,m>1, and Yy) satisfies Assumption 2.5 with function B9 (uW), Finally, we have
sequences (a;{,),N >1) such that [P’(Yl(.j) > a}{,)) =1/N. We assume that the random wvariables YI(.j) are relatively stable; thus,

bles in the sequence (Y;’,i> 1) are identically and independently distributed and have infinite right endpoints. Furthermore, Y,(-j) and

ma)quYl(-j)/u%) 5145 N> . Then,

kA7) k
ZY' )ﬂ sup {Zum

i
p (j) ) 4
j=1 ay (u(/),jgk) j=1

k
Zh(f)(u(f)) <1,u? <1 Vj< k} as N — oo.
=1

Proof. First of all, let us choose u®, ..., u® such that u') <1 for all j. It is a well-known result that

P(UN M 1 2 e ) =51 NN { YY) 2> u0a])}) =5 o,
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From this, it follows that
k i 7 i —00
log N + Z log (IP’(YEJ) > u(])a(bj,))) N>
=1
This is the case when

lim sup

N—oo

= log N

[zk: ~log (P(v!" 2 ua] )))J< .

Similarly,

_ () )
lim inf []Z:] log(ﬂj’(z‘;; i ))] >1= P(Uﬁlﬂle{Yﬁj) > u(f)ﬂ(hj})}) =0,

N—oo

Because we have [P’(ng) > a%)) =1/N, we can conclude that

. [ i —1og(um(y§f>2u<f)a%>))] ) Zkl ~log (P! 2 u0a)) Zk) )

= logN RS j=1 —log([P’(Ygf) > a%))) =1

N—oo

Let us now call

k
"= sup {Zum

(w1, =) =1

k
> h(]’)(u(ﬂ) <Lu’<1Vj< k},

=1

and let € >0 be small. Then, we distinguish two scenarios. First of all, we consider the case in which |{1,...,k|h(f)(u(f)) =
1" > 0)}| < k—2. Then, there exists a sequence (u(l) ..,ugk)) such that Z]Ileug) =c*—¢,and Z;.‘:lh(f)(ug)) < 1. Therefore,
k )
Y i —00
P(max (Z ( )) >c —e) > Uil’(UZ 1ﬂ {Y(]) u(] (])}) .
i<N 1 aN
If [{1,... kD D) = 1(u? > 0)}| > k— 1, we know that ¢* =1, and we know that
k Y(j) (1) k 7
max Z(;]) > max Z 2 1lasN - .
j=1 11 IIlN j=24a
Thus, at this moment, we can conclude that the limit cannot be smaller than ¢*. To prove that
k \A))
Y; N—
P(r%?\]x (Z ())>c +e)—>0 (B.1)

N~>oo

we first observe that the boundary is given by {(u!/,j < k)IZ]- u) = ¢* + €}. We already know that NP(Y(” uPay) —
for u) > 1. Hence,

k Y(])
limsup P|max Zﬁ >c +e|>0,

N—ooo isN j=1 ay

would mean that there are limiting points in the set {(u),j < k)|21.< u = c* +e,u) <1 Vj}. However, we know that, for
all ", j < k) with ¢* < Z]Ileu(f) <c*+ethat N P(ﬂ;{Yﬁj) > ug)a%)}) Y220. Thus, we know that there are no limiting points
in the positive quadrants with starting points @®, ..., u®) with ¢* < ijlu(f) < c¢*+e. The union of a finite number of

quadrants covers the set {(u'7,j < k)|Z;‘:1u(f) =c* +¢,u) <1 Vj}. For example, in the case that k = 2,

m=1

{wolu+v>c"+euecl0,1],0€[0,1]}C Urz/e’l/z]”{(u v)

€ me
> -1+—,v21+-———1.
uzc* +2 w214y 2}

For k > 2, an analogous proof can be given. Hence, the limit in (B.1) and the lemma follows. 0
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Appendix C. Proofs of Lemmas 4.1-4.4

Proof of Lemma 4.1. We take s >t > 0. We write ™) = tN%logN, s™) =sN3logN, etc. We first prove that, for s™ > NV,
the following upper bound holds:

(N) (N)
Quap(s™)  Qlap (1™ ))_ JRV609) - ROV
NlogN NlogN v

+max sup (REN)(t(N))—RI(-N)(r))A (C1)

SN 40 <)

Because of the defined auxiliary processes in Definition 4.1, we can write the maximum queue length in terms of R

in Equation (4.5). Similarly, we can rewrite Q( » ﬂ)(s(N)) /(NlogN) — Q&]) )(t(N)) /(NlogN) as

max sup (f{f )(S(N))—REN (r))—max sup (f{f )(t(N))— R; (u))
BN g<resm SN 0<ustn)

— max | RV )Wwwwwﬁmw%wmﬂ
1

0<r<s®™)

—max sup (R(N)( )) - (N)( ))

IEN ) <y<ty
Now, the following upper bounds for Qg;g)(s(l\f)) /(NlogN) — QEZ{L)(t(N)) /(NlogN) hold:
N) N
Qlap(s™)  Qp (™)
NlogN NlogN
< max (REN)(S(N)) R(N)(t(N))) +max sup (R(N)(t(N)) EN)(r))

i<N i<N 0<r<s™N)

—max sup (REN)(t(N)) - RZ(.N)(u))

i<N

0<u<tN)
< may (R6) - R (1)
+I¥1S?\]X sup (REN)(t(N)) (N)(r)) sup (REN)(t(N)) (N)(u))}

0<r<sN) 0<u<t®™)

Observe that both SuPOSrgs(N)(RgN)(t(N)) (N)

(r)) and sup0<u<t(\,)(R(N)(t(N)) Rgm(u)) are nonnegative random variables.
Furthermore,

sup (REN)(t(N))_REN)(r))_ sup (REN)(t(N))_RI(_N)(u))
)

0<r<sN 0<u<t™)

< sup (RV(EM)-R0).

tN) <r<sN)
Now, we can conclude that

Qap(s™)  Qap(t™)
Nlog N Nlog N

< ma (RE7(s) - R )

i<N

+max | sup (R;N)(t(N))—REN)(r))— sup (REN)(t(N))—REN)(”))
SN o<rest 0<ust®™

< ma [RV6) - RV 4 max sup (RV() - RV
i<N SN ) s

and hence, the inequality in Equation (C.1) is satisfied. We can similarly deduce the lower bound

(N) (N)
Qup™) _ Qap(t™) _
NlogN NlogN — TN

)R(N) ) = RM(s <N>)| (C2)



Downloaded from informs.org by [192.16.191.136] on 25 July 2022, at 05:54 . For personal use only, al rights reserved.

Published in Mathematics of Operations Research on December 14, 2021 as DOI: 10.1287/moor.2021.1171.
This article has not been copyedited or formatted. The final version may differ from this version.

Schol, Vlasiou, and Zwart: Nearly Deterministic Large Fork-Join Queues
Mathematics of Operations Research, 2022, vol. 47, no. 2, pp. 1335-1364, © 2021 INFORMS 1361

To show this, we write
(N) (N)
Quap(s™)  Quapt™)
Nlog N NlogN

=max sup (R(N)(S(N)) REN)(r))—rg?\fx sup (RI(.N)(t(N))—RZ(-N)(u))

0<r<sN) =N 0<u<tN)
=max sup (REN)(S(N)) - REN)(r))
i<N 0<r<sN)
—max Rf )(t( )) - RI(.N)(S(N)) + sup (REN)(S(N)) - REN)(u))
isN 0<u<t®™
> max sup (REN)(S(N)) - R,(-N)(r))
=N g<resth
—max (f(iN)(t(N)) - REN)(S(N))) max sup (REN)(S(N)) - f{l(-N)(u)).
i<N i<N 0<u<t®™

Observe that

sup (R( )( ) - R( )(r))> sup (RSN)(S(N))_REN)(M)),

0<r<s™) 0<u<t®™)

because s™) > #N), 50 on the left side of the inequality, the supremum is taken over a larger interval than on the right side of
the inequality. From this, we can conclude that

Qluky(s™) Qi (™)

NlogN NlogN
RN ) _ p™N)
>rﬂe]1\]x oji}sj(m (Rf (s™) R; (r))

—max (RZ(.N)(t(N)) - REN)(S(N))) max sup (R;N)(S(N)) (N)(u))

i<N i<N 0<u<t®

> ~max (f{ ((N)) R(N)( (N)))> I}l?\,X)R( )( ™) REN)(S(N))‘,

and indeed (C.2) holds. Combining (C.1) and (C.2) gives

Q) _ Q™) _
‘ logN NlogN |_ 1<N

)R( ) sN) - Rl(-N)(t(N))‘+max sup (REN)(t(N))—R,(.N)(r)).
isN N <r<sN)
Thus,
N N
[Qa(®) _ Q)
NlogN  NlogN |

< sup  max )fﬁfN)(s) RV ))|

N <5<tN) 45N N <5<t N 45N 7=

+ sup  max (REN)(t(N)) - REN)(S)). (C.3)
£ <ot 450 <N
~(N) N _ 7 (N) ~(N) (N)
Because both sup,w, .50 (R; (¢ )—R (s)) and sup; <, 4™ (R;(s) - (#")) are nonnegative random variables,
we have that
sup ~ max R( )(s) R(N)( N))’ sup m?\]x( (N)(s) R(N)(t(N)))

1) <5<V 450 1S

+  sup max (REN)(t(N))

) <5<t 45® SN

1N <5<t 50N 1=
(N)

©))- (C4)

Combining the inequalities in (C.3) and (C.4) gives us the desired result. O

Proof of Lemma 4.2. S (n) is a sum of 1ndependent and identically distributed random variables with E[+S(N)

(N) (N)

M1=0

and Var(=5; (1)) = (1-a/N)a/N°. So iM,- () = (tN®log N)4/tN3log N/+/at(1 — a/N)log N[{N3log N] has mean zero
and variance one and satisfies the central limit theorem From Michel [16], it follows that, for all y,
1 | =570 11
P(=MM (1) <y) - @ E JIN?logN| |——.
‘ ( 0 y) (y)| V[tN3logN]| |\/at(1 a/N)logN & i+ yl®
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Observe that, for N large enough and 0 < € < t, [{N°logN] > (t —€)N°log N. We also have that
_ N*VN
a(l-a/N)ya(l —a/N)N3

which holds for N >max(1,2a). Thus, the statement of Lemma 4.2 follows for N large enough with ¢ =2C(1+a?)/
Va(t—¢€). 0O
Proof of Lemma 4.3. We have

max,<N+S (tN3 logN)
max |0, Tog N

| (N)

+=5,7(1) [ -
|\/at(1 a/N)log N tN3logN'

((1 —a/NYa/N+a®/N3(1 - a/N)) < 2«/N'M,
Va

0o @)
E / P(maxi<NiSi (tN*1log N) o x2/5)dx
0

logN

= / P[max iMZ(.N)(t) > x?° log N I\i log NV dx
0 i<N Vat(T = a/N)log N [tN*log N|

N
00 2/5 1
=/ 1- P =M™ () < —— Vlog N dx
0 Va(1-a/N)[tN3log N|
N
< [T1-fo SSEANGITIV L dx
~J \/a(l—a/N)[tNﬂogNJ N\/logN1+( +2/54NBlog N )3
\/a(l—a/N)LtN3 log N|
N
00 2/5 l N
S‘/ -0 \/—0g Ct 1 3 dx
0 \/a(l —a/N)[tN3log N| 10gN1+( 2/5vNBlogN )
Va(1-a/N)[tN3 log N]
Vat(l-a/N)max;<n X;\/[ N3 log N|
= E|max|0, (C5)
\/logN \/tN3 logN
N
! dx, (C.6)

00 c
+/ -1+|1+
/0 NylogN . ( 22/5vNPlog N )3
+

Va(1-a/N)[tN3log N|

with X; standard normally distributed. By Pickands [20, theorem 3.2], we know that the expectation in (C.5) converges to
(2at)®’*. Furthermore, the term in (C.6) is upper bounded by

/m—l + exp a 3 ldx. (C7)
0 x2/5YN3logN

V1

°8 N[l " (\/a(l—a/N)LtN3 logN J) ]

3
We substitute y = 1/(1 + (x¥3VN;logN/+Ja(1—a/N [tN3logN]| ), and then the term in (C.7) can be rewritten as
Y g g

( LIN®logN] )5/4 /15(‘/m)5/2/ fo—tgwy)dy“ﬂ’;’o
) o -

N3log N(log N 6(1—y)/ey11/6 \_1 e
The lemma follows. O

Proof of Lemma 4.4. In order to prove that

[ M) -

A llog N NlOg N

we first observe that, from the definition of Q(.N)(O) in Theorem 2.1, it is easy to see that
\/—X Q(N)(O) - m \/_X U

JlogN NlogN i< «/logN NlogN

) g(t,q(0))as N — oo,

V(N) 1 »
g NlogN NlogN
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as N — oo. Thus, from this, it follows that
VatX; + 2

\/—X (0) logN
\/@ NlogN \/@
Let us first consider that U; satisfies Assumption 2.4; thus, U; has a finite right endpoint. Theorem 2.1 says that, when Uj;
has a finite right endpoint, g(t,q(0)) = V2at+¢(0). To prove this, first observe that g(t,q(0)) < V2at+4q(0) because
max<nVatX;//logN 5 V2at and Qg};)(O) /(NlogN) 5 g(0) as N — co. Hence, the only thing we need to establish is that,
for all y < V2at +q(0),

DJ’

(t 9(0))< max

nay 5 glt,q(0)) as N — oo,

N[P’(\/_X +N\/_>y\/logN)—>oo

When y <V2at, this is obvious because U;>0 and max<yVatX;/+/logN 5 V2atas N— 0. So let us assume that
V2at <y < V2at +q(0). Because U; has a finite right endpoint, ry/(N+/log N) = y/logN. By convolution, we have that

NP(Vatx; +logNU; > y/log N)

e—z2 /(at)

—NP(\/_X,Z)/VlogN +N/ \/logNU > y4/logN — z) NoHTE dz

1-02/(2at
> N/ PU; >y —v)——— \/logNdv / P(U; >y - v)w\/logNdv.

oo y=4(0) V2atn
From this it follows that, when 1—v?/ (Zat) >0, this integral converges to co. We chose \V2at < y < \/ﬁ+q(0); thus, the
lower bound y-¢(0) in the integral is smaller than V2af, and hence, this integral converges to co. Thus,
g(t,q(0) = v2at +4(0).

Let us now consider the scenario described in Assumption 2.5. Then, g(t,4(0)) satisfies the limit given in (2.7). We have
the straightforward limit result that, for standard normally distributed X;, lim;_, — log (P(X; > ut))/—log (P(X; > t)) = u?.
Furthermore, following the assumptions on U; in Theorem 2.1, we know that lim; . —log(P(U;>0t))/
—log(P(U; >t)) =h(v). Thus, from Lemma B.1, we know that, for sequences (ay,N>1),(by,N>1) with
P(X;zan)=PU; 2by) = 1/N,

N— 2 /(2at)

X- U;
max( ! )ﬂsup{u+v|u +h(v)<1,0<u<1,0<v<1}as N — co.
i=N \ay by (1,)

Now, we can use this result to prove that maXiSN(\/ogXi /ylogN +ryU;/ (N logN)) converges to the limit in (2.7). We first
observe that

VatX; rnU; X rnU;
ax | V2at +4g(0 .
(«/_ng NlogN| ™ &% sogn 10 G0N IogN

We have that aN/ v2log N N>%1  because max<nX;/an %1 and max<nXi/+/2log N B 1as N— oo Analogously,
bng(0)Nlog N/ry Y221, Thus,

— 0as N — oo.

X; VatX; ryU; P
%]x(\/z?_Jr 70) ) (@ NlogN)

With an analogous proof as before, max<n(V2atX;/an + q(0)U;/by) converges to the limit in (2.7). 0O

Appendix D. Notation
o N: the number of servers
o AN(n): the number of arrivals up to time | 7]
D X N )(n) Bernoulli random variable indicating a potential arrival at timen € N
o S (n) the number of finished services of server i up to time | 1]
Y(N)(n) Bernoulli random variable indicating a potential completed service at server i at time n € N
e 1, 3: system parameters
o pN): the arrival probability, p™ =1 - a/N — g/N?
q(N the service probability, ™ =1 - a/N
. Q @) (n) the maximum queue length at time |1

QEN (0): the number of tasks at time 0 at queue 7, QEN) 0)= u§N> + VZ(N)
o UZ(.N ): the independent part of the number of tasks at time 0 at queue i, Uf-N) =|rvli]
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. VI(N) : the dependent part of the number of tasks at time 0 at queue i

o U;: continuously distributed and positive random variable

o r\: positive scaling sequence

o 1i(v) = lim ;.o —log (P(U; > vt))/ —log (P(U; > 1))

o (#): fluid limit of the process

« g(t,4(0)): limit of max<y (A (EN*log N) — S™(tEN?log N) + Q™V(0))/(Nlog N)
&M =(A" m)+ 87 () /1og N

.A((N)(n) = ANMmn)/N - (1-a/N)|[n]/N

« 5" (m) = =M (m)/N + (1 - a/N)|n)/N

e MN(t) = g;N)(th log N)+/tN31log N/(/at(1 — a/N)log Ny/[tN3log N|)
. A(u,N)(n) — Z;’:lx(u,N)(j)

o XN(5) :

XON)(j) = a/N+B/N>~m/N* w.p. 1-a/N-B/N?,
PE\1+a/N+p/N>=m/N> wp.  a/N+B/N?,

with0<m<p
RS
YY)

YN () = —a/N-B/N?>+m/N* wp. 1-a/N,
i VT \1-a/N-p/N2+m/N> wp.  a/N.

. GK‘N) solves:

E[ee(/:’m XN ( ]»)] -1

o E"N) ~ Exp(2(8 — m)/(aN))
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