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In the seminal paper of Gamarnik and Zeevi [17], the authors jus-
tify the steady-state diffusion approximation of a generalized Jackson
network (GJN) in heavy traffic. Their approach involves the so-called
limit interchange argument, which has since become a popular tool
employed by many others who study diffusion approximations. In
this paper we illustrate a novel approach by using it to justify the
steady-state approximation of a GJN in heavy traffic. Our approach
involves working directly with the basic adjoint relationship (BAR),
an integral equation that characterizes the stationary distribution of
a Markov process. As we will show, the BAR approach is a more nat-
ural choice than the limit interchange approach for justifying steady-
state approximations, and can potentially be applied to the study
of other stochastic processing networks such as multiclass queueing
networks.

1. Introduction. This paper considers open single-class queueing net-
works that have d service stations. Each station has a single server operating
under the first-in-first-out (FIFO) service discipline. Upon completing ser-
vice at a particular station, customers are either routed to another station, or
exit the network. There is a single class of customers at each station, meaning
that all customers are homogenous in terms of service times and routing.
A customer entering the network will exit in finite time with probability
one, hence the term open network. For each station, the external interar-
rival times (possibly null), service times, and routing decisions are assumed
to follow three separate i.i.d. sequences of random variables; the three se-
quences are assumed to be independent. Furthermore, the interarrival times,
service times and routing decisions are assumed to be independent between
different stations. Such a network is hereafter referred to as a generalized
Jackson network (GJN).
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In a seminal paper, Gamarnik and Zeevi [17] proved that for a sequence
of GJNs indexed by n =1,2,.. .,

(1.1) oL (00) = Z(c0)  as n — oo,

where the symbol = denotes convergence in distribution, {r,} is a sequence
of positive numbers that converge to zero, L™ (c0) is a random vector whose
ith component represents the steady-state number of customers at station
i in the nth network, and Z(o0) is a random vector that has the stationary
distribution of a certain d-dimensional semimartingale reflecting Brownian
motion (SRBM) Z = {Z(t),t > 0} that was first defined in [21]. Readers
are referred to the introduction of [17] for the importat motivation of this
problem, and a review of then recent literature. Gamarnik and Zeevi [17]
proved (1.1) under two key conditions: (a) the heavy traffic condition, and
(b) the exponential moment condition.

Condition (a) is standard and can be expressed in terms of a d-dimensional
(n)

,  is the traffic intensity at station 7 in the nth network.

This condition requires that pgn) < 1 at each station ¢, and ,01(»") — 1 as

n — 00. The scaling parameter 7, in (1.1) is closely tied to this heavy traffic
(n)

condition and describes how quickly each p;"
T goes to zero at the same rate as 1 —pgn). Namely, lim,, o0 (1 —pgn))/rn >0
exists for each station i. Condition (b) requires that interarrival and service
times have finite exponential moments; such a condition is unnecessarily
strong. In a follow up work by Budhiraja and Lee [7], this condition is relaxed
to a new moment condition: (b’) interarrival and service times have finite
second moments, and the sequences (indexed by n) of square interarrival
and square service times are uniformly integrable. Conditions (a) and (b’)
in [7] represent the weakest possible conditions for (1.1) to hold.

In this paper, we prove (1.1) under conditions (a) and (b’); see Theo-
rem 2.1 in Section 2.4. Our proof of (1.1) uses a novel approach, and is
drastically different from the ones in [7] and [17]. This approach was used
in [28] to study the steady-state approximation of a single server queue in
heavy traffic. However, ours is the first paper to apply it to the network
setting. In addition to proving Theorem 2.1, the ideas laid out in this pa-
per can be applied to study steady-state diffusion approximations of other
systems of interest. One promising direction for future work is to generalize
this approach to study multiclass queuing networks, such as those studied
by Bramson and Dai [4]. We now outline the approach.

For 6 € RY with § < 0, let (™ () be the moment generating function
(MGF) of Z("(00) = r,, L(™(c0), defined in (4.1). To prove (1.1), we show

vector p(™), where p

converges to one. In particular,
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that (™ () converges to p(#), the MGF of Z(occ). To do so, it suffices to
prove that the pointwise limit of any convergent subsequence {go("k), kE>1}
must be ¢(0), i.e.

(1.2) klim ™) (0) = ©(6) for each # € R with § < 0.
—00

Also associated with Z(co) are boundary MGFs ¢;(6) (j =1,...,d), defined
in (2.26). By a uniqueness result in [13], we know that ¢(6) and its bound-
ary counterparts are characterized by a basic adjoint relationship (BAR)
given in (2.30). We know that (™) (f) also has associated boundary MGFs

cpg.nk)(G) (j = 1,...,d) that are defined in (4.1). To prove (1.2), we show

in Proposition 4.1 that go(”k)(é) and its boundary counterparts satisfy BAR
(2.30) asymptotically. Namely, the limits ¢*(8) = limj_.o. ©™)(6), along
with ¢7(0) = limy 0 gog-nk)(e), satisfy BAR (2.30) exactly. On its own, this
result does not yet imply that ¢*(0) = ¢(6).

Apriori, we cannot exclude the possibility that ¢*(f) may be degenerate,
i.e. be the MGF of some nonnegative measure on R? that has total mass
strictly less than 1 (or possibly 0). To invoke the uniquness result in [13]
and conclude that ¢*(0) = ¢(#), we must also prove that ¢*(6) is the MGF
of some probability measure, i.e. that it is not degenerate. For example,
©*(0) = 0 and ¢j(#) = 0 clearly satisfy BAR (2.30), but ¢(6) # 0. To this
point, we show that

(1.3) i o™(6) = 1,
which implies that the sequence of probability measures corresponding to
{o™) k > 1} is tight; see Lemma 6.1. It turns out that condition (1.3) can
be verified algebraically from the fact that ¢*(¢) and ¢}(0) (j = 1,...,d)
satisfy BAR (2.30). Most of the steps in this algebraic procedure are car-
ried out in Proposition 5.1. Once we have this proposition, showing (1.3)
becomes straightforward; see for instance, the proof of (6.3). The proof of
Proposition 5.1 requires that the reflection matrix of the SRBM be an M-
matrix. An M-matrix is an invertible square matrix whose diagonal entries
are non-negative, and off diagonal entries are non-positive [2, Chapter 6].
This condition is always satisfied in the GJN setting, because the reflection
matrix of the SRBM has the form (I — P"), where P routing matrix of the
GJN.

The procedure of considering a sequence (™) (6) — ©*(6) (and gog-n’“) 0) —
©;(0)), and then verifying (1.3) looks like an application of Lévy’s conver-
gence theorem [37, Section 18.1], with one key difference. Lévy’s result says
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that if a sequence of characteristic functions (CF) converges, and the limit
is continuous at zero, then the corresponding sequence of probability mea-
sures converges weakly to a limiting probability measure. Our use of MGFs
in this paper, instead of CFs, is not accidental. Applying Lévy’s theorem re-
quires knowing apriori that the sequence (or at least a subsequence) of CFs
converges, and for a complicated model like a GJN this is nigh impossible
to verify. In contrast, MGFs are monotone functions, and any sequence of
MGPF's always has a convergent subsequence due to Helly’s selection principle
[10, Theorem 4.3.3].

To prove Proposition 4.1 (that (™) () and its boundary counterparts
satisfy BAR (2.30) asymptotically), we work with a continuous time Markov
process X = { X (t),¢ > 0} that describes the dynamics of the nth GJN.
In addition to the queue length process L™ = {L{" (t),t > 0}, this Markov
process also keeps track of the remaining interarrival times and remaining
service times at all stations. Although L™ is a jump process taking values
{ in Zi, the other component of X (™ is a piecewise deterministic process
taking values (u,v) in Rid. Nevertheless, the stationary distribution of X ()
satisfies a BAR (3.15) for all “good” test functions f(¢,u,v). The BAR for
X () has two components. The first component involves the deterministic
process and the second involves the jump process; the latter is generally
difficult to analyze. To handle this difficulty, we choose f(¢,u,v) to be an
exponential function of the state variable (¢, u,v) of the form

(14) f(,& U, Q}) — €<97€>+<7]7u>+<<71)>7

where (0,7,¢) € R3? are parameters and (-,-) is the Euclidean inner prod-
uct (we actually use truncated versions of these functions to accommodate
general interarrival and service time distributions, which may not have expo-
nential moments, see (3.21)). By judiciously choosing n = n(#) and ¢ = {(0)
as functions of § € RY, we eliminate the jump term of the BAR (3.15),
leaving us with the jump free BAR (3.26). To obtain Proposition 4.1 from
this jumpless BAR (3.26), we perform Taylor expansion on 7(#) and ((6)
to obtain their quadratic approximations (Lemma 4.1), and establish corre-
sponding error bounds (Lemma 4.2).

Both [7] and [17] focused on proving the tightness of {r, L (c0),n > 1}
by ingenuously constructing appropriate Lyapunov functions. Both papers
rely on the Lipschitz continuity of the Skorohod map corresponding to the
SRBM for their tightness argument. Such a map does not exist in the mul-
ticlass queueing network setting, which makes the generalization of results
from [7] and [17] to the multiclass setting difficult. Gurvich [19] is the only
paper that provides a sufficient condition for proving (1.1) in the multiclass
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setting. In addition to the strong exponential moment assumption, [19] as-
sumes a strong state space collapse (SSC) condition: (c) fluid solutions of a
critically loaded fluid model converge to their equilibria at a “uniform linear
rate” in finite time. Gurvich [19] focused on generalizing the approach in
[17]. In particular, he retained the strong exponential moment assumption.
In a recent paper, Ye and Yao [38] focused on generalizing the approach in
[7] to resource-sharing networks that lie outside of the multiclass queueing
network setting. Using a multiclass queueing network example, in Section 5
of [38], the authors outline the steps needed for generalizing their approach
to the multiclass queueing network setting. The authors are able to keep the
weak moment condition (b’), relaxing condition (c) to condition (¢’): fluid
solutions converge to their equilibria “uniformly fast”, but not necessarily in
finite time. However, they imposed a strong “bounded workload condition”,
which is difficult to check in general.

The approach of Gamarnik and Zeevi [17] is known as the limit in-
terchange argument, and has since been used by others to study steady-
state approximations of various queueing systems. In the single server set-
ting, Katsuda [25] studied a multiclass single server queue with feedback,
and Zhang and Zwart [39] studied a limited processor sharing queue. In
the many-server setting, Tezcan [36] considered a parallel-server system
with multiple server pools and no customer abandonment, Gamarnik and
Stolyar [16] examined a multiclass, many-server queue with abandonment,
where customer service and patience times are exponentially distributed
with means varying between different customer classes, and Dai et al. [12]
considered a many-server queue with abandonment, where service times fol-
low a phase-type distribution. In recent years, several papers [5, 6, 18, 20, 23]
have gone beyond limit theorems, and establish rates of convergence to the
approximating distribution. The framework underlying those papers (except
for [20]) is known as Stein’s method [35, 9, 32].

The limit interchange and Stein method frameworks represent the two
general approaches used to establish convergence of steady-state distribu-
tions. Our paper adds a third approach to this set. Each approach has its
own pros and cons. The Stein approach is able to provide rates of conver-
gence, which is a step beyond just convergence, but this comes at a cost.
Successfully applying it requires deeper knowledge about the underlying sys-
tem than either the limit interchange approach, or the one presented in this
paper. In particular, Stein’s method has not been applied to queueing net-
works and has so far been limited to systems with a single station. The limit
interchange approach has been the prominent method in the past decade. At
its core, it requires the use of a Lyapunov function to prove tightness. How-
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ever, each stochastic system requires a separate Lyapunov function. Finding
one is typically very difficult and can be considered an art. In contrast, the
method in this paper is algorithmic in nature, and requires no guesswork
to find any Lyapunov function. For instance, there is little wiggle room in
choosing the exponential test function in (1.4), and our tightness argument
in Section 5 is algebraic and “procedural”. In terms of generality of our
method, multiclass queueing networks do add an extra layer of difficulty to
our approach. Namely, the presence of SSC in those networks and the fact
that the reflection matrix of the SRBM no longer has to be an M-matrix. It
is the subject of ongoing research to extend our approach to the multiclass
setting.

The rest of the paper is structured as follows. In Section 2, we introduce
the sequence of GJNs, the heavy traffic condition, describe the approximat-
ing SRBM, and state our main results. In Section 3, we derive the BAR
(3.15) for each GJN in the sequence, and introduce conditions on test func-
tions under which the jump term there disappears. Section 4 is devoted to
proving Proposition 4.1, which states that the MGFs of the queue lengths
of the GJN approximately satisfy the BAR of the SRBM. In Section 5 we
present Proposition 5.1, which we use together with Proposition 4.1 to prove
our main result, Theorem 2.1, in Section 6. We defer proofs of certain tech-
nical lemmas to the Appendix.

1.1. Notation. All random variables and stochastic processes are defined
on a common probability space (2, F,P), and all stochastic processes X =
{X(t),t > 0} are assumed to be right continuous on [0,00), and having
left limits on (0,00). For a sequence of random variables {Y,,, n > 1} and
a random variable Y, we write Y,, = Y if Y, converge in distribution to
Y. For an integer d > 1, R? denotes the d-dimensional Euclidean space,
and Zi and Ri denote the spaces of d-dimensional vectors whose elements
are non-negative integers and non-negative real numbers, respectively. For
vectors z,y € R?%, we write x; to denote the ith component of z, 1 < i < d.
Furthermore, we write x < y if x; < y; for all i = 1,...,d and we let (z,y)
be their Euclidean inner product. All vectors are understood to be column
vectors. A function f : R* — R is said to be non-decreasing if z < y implies
f(z) < f(y). For a vector z € R?, define the sup-norm ||z||oc = sup;|z;|.
For integers a,b with a > b, we define Z?:a = 0. For integers ¢, 7, we let
d;; be the Kronecker delta; i.e. d;; = 1 if ¢ = j, and zero otherwise. We let
2T and AT denote the transpose of a vector z and matrix A, respectively.
We reserve I for the identity matrix, e for the vector of all ones and e(®)
for the vector that has a one in the ith element and zeroes elsewhere; the
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dimensions of these vectors will be clear from the context.

2. Heavy traffic approximation. In this section, we introduce the
generalized Jackson network and state the main results of this paper.

2.1. Network description. To be able to state our main results, we first
introduce a generalized Jackson network, and define a Markov process that
describes it. This network has d stations, numbered 1,2,...,d. Let J =
{1,2,...,d}. Each station has a single server that serves customers in the
first-in-first-out (FIFO) manner. A station may have customers arriving from
outside the network; we refer to such arrivals as external arrivals. A customer
who completes service at a station either goes to another station or leaves
the network. The following is a mathematical description of a GJN.

Let £ be the subset of J whose members are the stations that have
external arrivals. External arrivals at station ¢ € £ follow a renewal process
with i.i.d. interarrival times

(2.1) {T.i(m), m=1,2,...,},

and we let 7, ; be a nonnegative random variable having the distribution of
the interarrival times. We assume that 7, ; has finite variance and a non-zero
mean. External arrivals at different stations are independent.

Service times at station i are i.i.d. random variables

(2.2) {Tsi(m), m=1,2,....,},

and we let Ty ; be a nonnegative random variable having the distribution
of the service times. We assume that T ; has finite variance and a non-
zero mean. Service times at different stations are independent. Service time
sequences and external interarrival time sequences are assumed to be inde-
pendent.

A customer that completes service at station ¢ € J goes to station j € J
with probability p;; or exits the network with probability pjo = 1—)" jeg Pijs
independently of everything else. Let P be the d x d square matrix whose
(i,7)th entry is p;; for i,5 € J.

This queueing network is referred to as a generalized Jackson network
(GJN). We now introduce a Markov process for describing the GJN. For
time ¢t > 0, denote the number of customers, the residual external arrival
time, and the residual service time at station ¢ € J by L;(t), Rei(t) and
R ;(t), respectively. We set R ;(t) =0 for i € J \ &, and R, ;(t) = Tsi(m)
if no customer is in service at station i at time ¢, and the service time of the
next customer at station ¢ is T ;(m). In Section 2.1 of [11] and Section 2.1.1
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of [7], Rs,i(t) is defined to be zero if no customer is in service at time ¢. Our
definition will make it slightly easier to derive condition (3.19) in Section 3.1
to annihilate the jump term in (3.15) there.

Denote the vectors whose entries are L;(t), Rei(t) and R ;(t) by L(t),
R.(t) and R,(t), respectively. Throughout the paper we refer to {L(t),t > 0}
as the queue length process (even though it includes customers currently in
service as well). Let X (t) = (L(t), Re(t), Rs(t)), then X = {X(¢),t > 0} is a
Markov process with state space Zi X Rid

The GJN is a natural generalization of the Jackson network, but its sta-
tionary distribution is hard to get. This motivates the study of heavy traffic
approximations in [30] and [24]. To introduce the notation of heavy traffic,
we introduce a sequence of generalized Jackson networks in the next section.

2.2. A sequence of networks and their assumptions. Consider a sequence
of GJNs indexed by n = 1,2,.... We denote the nth GJN by superscript
("), For example, X (t), L(t), Re(t), Rs(t) are denoted by X (t), L (t),
R (1), R (t), respectively. We assume the routing matrix P = (p;;) is
independent of n. The networks are assumed to be open, i.e., the matrix
(I — P) is invertible; the inverse is given by

(2.3) (I-P)'=1+P+P*+

For i € £, we denote the mean and variance of Te(,?) by 1/)\£, and (o (n ))2,

e 3
respectively. For notational simplicity, we adopt the conventions that A, ; = 0

and (ag;))Q =0 for i € J\&. Similarly, for j € J, we denote the mean and
variance of TS(:;) by 1/ )\gr? and (O‘iz))Q, respectively. Let )\g’? for i € J be
the solution of the traffic equation:

A=A ST A e
JjeT

Then )\( ) can be interpreted as the total arrival rate at station ¢. The traffic
equatlon can be written as the vector valued equation:

(2.4) A =\ 4 pTA(),

where PT is the transpose of P. Equation (2.4) has a unique solution given
by Ay = (1 — PT)~A,

We assume the following heavy traffic conditions: there exists a positive
vector b € ]R , and a sequence of positive numbers r, such that

(2.5) A N = >,

S a
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(2.6) lim r, =0.

n—oo
It will be convenient to express condition (2.5) in terms of the primitive data
/\én) and )\gn). For this, we substitute /\gn) = /\S‘) — br, into both sides of
(2.4) to get

(2.7) AP A — pTAM — ., Rb,
where
(2.8) R=1-P7T

Note that 7, is chosen to be 1/4/n in [30] and much of the literature as well,
but it is intuitively clear that this is not essential as long as (2.5) holds and
ryn, converges to zero as n — oo. For example, some authors take r,, = 1/n
(see, e.g., [8]). In this paper, we do not make any specific choice for r,;
this conveys the same spirit of Kingman [26]’s heavy traffic approximation
(see [28] for details). We make the following moment assumptions on the
sequence of networks:

n)

(2.9) ag;) — e < 00, )\271- — Xe,i >0 foreachiecé,

(2.10) U(T;-) — 05 <oo foreachje J.

S,

In addition, we assume
(2.11) {(Te(z))z, n > 1} is uniformly integrable for each i € €,
(2.12) {(TS(Z))Q, n > 1} is uniformly integrable for each j € J.

Following traffic equation (2.4), conditions (2.5), (2.6), and (2.9) imply that

(2.13) A = ey, and AU s A=Ay forje g,

where \, = (I — PT)~!A..

The diffusion approximation focuses on the sequence L™ = {L(™(t),t >
0}, which is the first component of X (n) - Clearly, L™ is not a Markov
process in general, but the standard approach in the literature (e.g. [24, 30])
shows that the diffusion-scaled process Z(™ = {Z(™(t),t > 0}, defined as

(2.14) ZMW(t) = r, LM (t/72), t>0,

converges in distribution to a semimartingale reflecting Brownian motion

(SRBM) Z = {Z(t),t > 0} (to be defined in Section 2.3). The heavy traffic
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assumptions (2.5) and (2.6) are crucial for the time and space scalings in
(2.14) to be correct.
We also assume that for each n,

(2.15) XM = {X™(t),t > 0} is positive Harris recurrent.

This assumption is satisfied under heavy traffic condition (2.5) and some
additional regularity assumptions on the interarrival time distributions; see,
for example, Theorem 3.8 of Down and Meyn [15] and Theorem 5.1 of Dai
[11]. Since X (™ is positive Harris recurrent, it has a unique stationary dis-
tribution. We let X (™) (00) be the vector having that stationary distribution.

Since X (™ is assumed to have a stationary distribution, L(™ has a station-
ary distribution. We use L(™ (c0) and Z(™ (c0) to denote the random vectors
having the stationary distributions of L™ and Z("), respectively. Note that
the stationary distribution of Z(™ is independent of the time scaling in
(2.14) for each fixed n. Furthermore, it is clear that Z(™ (c0) 4 L (00).
For future reference, we use 7 to denote the stationary distribution of
Z™M . As stated in (1.1), the primary result of this paper is to prove that
Z™M(00) = Z(00), where Z(oco) has the stationary distribution of the SRBM
Z, which we now define.

2.3. Semimartingale reflecting Brownian motions and BAR. Recall the
matrix R, defined in (2.8), and set

(2.16) p=—RbeR?

where b is given in (2.5). Let ¥ = (¥;;) be a d x d symmetric matrix given
by
(2.17) X = Z Aok [Pri (8i5 — Drj)

keg

+ A2 102k (Pri — Oki) (Prj — Onj)] + A2 402 1645,
where ¢;; is the Kronecker delta, p;; are the routing probabilities in the GJN,
and the quantities \¢ ;, 0¢ i, 054, and A ; are given in (2.9), (2.10), and (2.13),

respectively. The matrix Y is always non-negative definite. Throughout the
document, we assume that

(2.18) ¥ is positive definite,

which is a standard assumption in both [17, 7]. Associated with the data
(u, X, R) is Z = {Z(t),t > 0}, a semimartingale reflecting Brownian motion
(SRBM) that satisfies

(2.19) Z(t) = £(t) + RY (t), >0,
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(2.20) ¢ is a d-dimensional Brownian motion with drift u
and covariance matrix X,

(2.21) Y (0) = 0, each component of Y is non-decreasing, and
(2.22) / Zi(t)dY;(t) =0, jeJ.
0

The matrix R is called the reflection matrix of Z. Recall that an M-matrix
is an invertible square matrix whose diagonal entries are non-negative, and
off diagonal entries are non-positive [2, Chapter 6]. Since R in (2.8) is an
M-matrix, it follows from [21] that the SRBM Z exists and is unique as a
strong solution to (2.19)-(2.22).

Again, because R is an M-matrix and condition

(2.23) Rlu=-b<0

is satisfied, it follows from [22] that the SRBM Z has a unique stationary
distribution m on (RZ,B(R%)), where B(R%) is the Borel field of RY. We
now discuss the characterization of .

Let E; denote the expectation when Z(0) has distribution 7. For j € J,
define the boundary probability measure m; by

1 1
7j(B) = ——E, [/ 1(Z(t) € B)dY;(t)|, B € B(R%).
’ Er[Y;(1)] 0 ’ i

We know that E.[Y;(1)] < oo by [22, Theorem 1]. Note that Y;(¢) increases
only on the face

Fj={reRi:z; =0}, jeJ.

Therefore, 7; concentrates on Fj, but we define it on ]Ri for notational
simplicity.

The following lemma gives a characterization of the stationary distribu-
tion 7 and its associated boundary measures 71, ..., 4.

LEMMA 2.1.  (a) The stationary distribution ™ and its associated bound-

ary measures my, ..., g must satisfy the following basic adjoint relationship
(BAR)
(2.21) Gf(@yn(de) + Y EolY;(1)] [ (V5 (), R)m(d) =0,

RY jeT RS

for each f € CZ(R?),
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where RY) is the jth column of R, CZ(RY) is the set of functions f on R
such that f, its first order derivatives, and its second order derivatives are
bounded and continuous, and

d d
1 0% f of
(2.25) Gflz) =35 Z Ez‘jm(w) + ZM%(HT)‘
ij=1 J j=1 J
(b) Conversely, assume that w, 71, ..., Tq are probability measures on Ri

satisfying BAR (2.24). Then m must be the stationary distribution of the
(1, 3, R)-SRBM, and 1, ..., mq the corresponding boundary measures.

PRrROOF. Part (a) follows from [22]. Part (b) follows from [13]. O

We denote the moment generating functions (MGFs) of m and 7; by ¢
and ;j, respectively. Namely, for § € R? with 6 < 0,

(2.26) Pp(6) = B[O,

We also define
1
(2.27) 1(0) = 5(6,20) + (~Rb,0),
v;(0) = (RV.9),  HecR% jeJ.

Plugging f(z) = e{®* into (2.24), the BAR (2.24) becomes

(2.28) )+ ZIE 0)p;(0) =0,
for each 0 € R? with 0 <0,

and we now use it to show that

(2.29) E-[Y;(1)]=b;, jeJ.

To do so, we let @ = ae®), where o < 0 is a real number and k € 7. Dividing
both sides of (2.28) by « and taking « 1 0, we obtain

d d
—(Rb, ™)) + > " EL[V;(1){RW, e®)) = (B [Y5(1)] = bj)r; =0
j=1

Jj=1
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for all k € J, where ry; is the (k,j)th entry of R. In vector form, this is
equivalent to

R(E[Y(1)] —b) =0,

and since R is invertible, (2.29) follows. Therefore, (2.28) can be rewritten
in the more practical form

d
(2.30)  Y(0)p(0) + > biv;(0)p;(0) =0, for each 6 € R? with 6 < 0.
j=1

We refer to this as the MGF version of the BAR.

It is shown in the appendix of the arXiv version of [14] that the MGF
version of the BAR (2.30) and the standard version the BAR (2.24) are
equivalent. Thus, it follows from the characterization obtained in [13] that
©(f) and ¢, (9) are the unique moment generating functions that satisfy
(2.30).

2.4. Main results. Recall that 7(") is the stationary distribution of Z(")
and for j € J, define wj(n) to be the distribution of [Z(”)(oo)‘Zj(n)(oo) =0].
We are now ready to present our main results.

THEOREM 2.1. Consider the sequence of GJNs indexed by n. Assume

the heavy traffic conditions (2.5) and (2.6), positive recurrence condition
(2.15), and moment conditions (2.9)-(2.12) hold. Then,

(a) Asn — oo, the stationary distribution 7™ of Z converges weakly to
w, the stationary distribution of the SRBM Z.

(b) Foreachj€ J, 7Tj(»n) converges weakly to mj, the corresponding boundary
measure on Fj.

Part (b) appears to be new. As mentioned in Section 2.2, Part (a) of the
theorem is known, but we prove it using a new approach. To elaborate on
this approach, we first discuss the existing approach that uses process limit
and tightness.

Assuming the distribution of Z(™(0) converges, Reiman [30] proves that
the scaled queue length process {Z(™(t),t > 0} converges in distribution to
the SRBM Z; we refer to this as the process limit. Namely,

(2.31) ZM ()= Z() asn— oo,
Also, it is proved in [22] that

(2.32) Z(t) = Z(00) ast — oo,
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where Z(00) is a random vector having distribution 7. From (2.31) and
(2.32), it is not surprising that Z((co) = Z(oo), which is the content
of part (a) of Theorem 2.1. Here, Z(™(c0) is the random vector having
the stationary distribution of {Z(™(t),t > 0}. As we mentioned earlier,
part (a) of Theorem 2.1 was already proved by Gamarnik and Zeevi [17],
and Budhiraja and Lee [7]. Both sets of authors rely on the process limit
result (2.31), and reduce the problem to showing tightness of the stationary
distributions {z(™ : n = 1,2,...}. Together with the process limit, this
tightness implies (1.1). Our proof of Theorem 2.1 will not use the process
limit (2.31). Instead, we work directly with the BAR associated with each
network in the sequence, which we now derive in Section 3.

3. Network dynamics and basic adjoint relationship. In Sec-
tion 3.1 we derive the BAR for the GJN and describe a special class of
test functions for which the BAR reduces to a very simple expression. In
Section 3.2, we focus on a family of exponential test functions that belong
to this special class. This lays down the foundation for Section 4, where we
compare the BAR of the GJN to that of the approximating SRBM.

3.1. Network dynamics and tractable BAR. In this section, we derive
the BAR (3.15) for a GJN using sample path dynamics of the network.
The main result of this section is Lemma 3.1 below. It describes a special
class of functions for which the BAR has a simple form. This lemma can
be compared to the BAR in Miyazawa [29], which studies a heterogeneous
multiserver queue. However, our approach is different and we make detailed
comments on this difference at the end of this section.

We first describe the network dynamics in terms of network primitives.
We fix a network in the sequence and temporarily drop the index n for the
remainder of the section. For station j € J, we introduce the sequence of
i.i.d. random vectors

(3.1) {pW(m)ezd, m=1,2,...}
with
P (1) =) =pji, keJ
PGV (1) =0)=1- > pjr = pjo,

keJ

where pj is the probability that a customer goes to station k after com-
pleting service at station j. These random vectors represent the routing of
customers after completion of service at station j.
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Recall the definition of X = {X(¢),t > 0} from Section 2.1, and let
X(0) = (L(0), Re(0), Rs(0)) € Z4 x RY!

be the initial state of the network. We recall the sequences of interarrival
and service times from (2.1) and (2.2), and for each integer ¢ > 1 we define
the primitive processes

q—1

(3.2) Uz(q) = Re,i(O) + Teﬂ‘(m), 1€ 5,
m=1
q—1

(3.3) Vilg) = Rs;(0) + ) Tsj(m), jeJ,
m=1

(3.4) oW (q) =Y ¢W(m), jedJ.

For station j € J, and time ¢t > 0, let F;(t) and Dj;(t) be the total number of
external arrivals and total number of departures, respectively, on the interval
[0,t]. Let

t
(35) Bj(t) = / 1(LJ(S) > 1)d8, jedJ
0
be the cumulative busy time of the server at station j. We can then define
(3.6) Sjlq) =inf{t >0: B;(t) =Vi(q)}, jeT,q=1,

to be the time of the gth service completion at station j. Recalling that only
stations in £ have external arrivals, we see that for every ¢ > 0 and on every
sample path,

(3.7) E;(t) =max{q € Z4 : Uj(q) < t}, i€E,
Ei(t)=0, ieJ\E,
(3.8) Dj(t)=max{q € Zy : Sj(q) < t}, jeJ.

Furthermore, one may check that the queue lengths, residual interarrival
times and residual service times satisfy

(3.9) Li(t) = L;(0) + E;(t) — D;(t) + > @M (Dy(t), jeJ,
keJ
Rei(t) =Uj(Ei(t)+1)—t, i€&,
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R.i(t)=0, ieJ\E,
Ry ;(t) = Vi(D;i(t) +1) = B;(t), j€J.
In the last equation, we have adopted the convention that when station j is

empty at time ¢, the remaining service time R, ;(t) is set to be the service
time of the next customer at this station. Clearly,

(3.10) %Re,i(t) =1, forie &
0
&Rs’j(t) =—1(L;(t) >0), forjeJ,

where the derivatives at a jump time ¢ are interpreted as the right derivatives.
With the network dynamics rigorously defined, we proceed to derive a BAR
for the network.

Let D be the space of all bounded functions f(¢,y) : Z‘i X R%rd — R
defined as follows. For any i = 1,...,2d, fix (z, (yr)rti) € Zi X ]Ridfl
and view f(z,y) as a one dimensional function in the y; component. We
require that this one dimensional function be continuously differentiable at
all but finitely many points, and have bounded derivatives whose bound is
independent of the point (x, (yx)xi). For instance, D contains the space of
all bounded functions f : Zi X Rid — R, such that for any ¢ € Zi, the
function f(¢,-) : R3 — R is continuously differentiable with a bounded
derivative, whose bound is independent of ¢. The reason for enforcing the
component-wise conditions on the set D is that the test functions we use in
this paper always have some form of truncation, which prevents them from
being everywhere differentiable in the variable belonging to Rid.

Now for any f € D, and any interval [t, ¢+ h] C R4 free of jumps, we can
use the fundamental theorem of calculus together with (3.10) to see that

t+h
FX(@E+h) - f(X(?) = Af(X(s)) ds,

t

where

of af
(3.11) Af(@) ==Y 2—(a)- I, (@)1 > 0),
: U; £ Vj
€€ JjeJ
z = (f,u,v) € Z1 x R x R4,
For the remainder of this section, we let v denote the stationary distribution

of X, and let P, be the probability measure conditioned on X (0) having the
distribution v. To deal with the jumps of X, we introduce some notation.
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We know that the jumps of the process X correspond to external arrivals
and departures at various stations. We use the term event to refer to a single
external arrival or departure. At time instance s, there may be simultaneous
events. A jump of X at time s constitutes all the events that occur at s.
Since we assumed that ET.; > 0 and ET; > 0 forall ¢ € £ and j € J, it
follows from basic renewal theory (see for instance [31, Theorem 3.3.1]) that

(3.12) > E,[Ei(t) - Ei(0)] + > _E,[Dj(t) — D;(0)] < 0.

€€ Jjeg
The finiteness of E, [D;(¢)—D;(0)] comes from the fact that {D;(t), t > 0} is
dominated by the renewal process corresponding to the times {V;(q), ¢ > 1}.
Therefore, for every t > 0 we know that P,-almost surely, the process X has
finitely many events on the interval (0, t]. It follows that P,-almost surely,

the process X has countably many jumps on the interval (0, c0),

(3.13) and every jump instant on this interval has finitely many events.

In what follows, we deal only with the sample paths where (3.13) holds.
Suppose now that k events occur simultaneously at time s. We can order
them in an arbitrary manner, provided that we do not violate the network
dynamics. For example, if station s is empty at time s—, and experiences
both an arrival and departure at time s, then the arrival must happen first.
The particular order assigned to the simultaneous events does not matter,
because (3.13) implies there are always finitely many events at a time in-
stance. We can therefore order all of the events that occur on the interval
(0,00), and represent them as d; < d2 < ..., where J,, represents the mth
event to occur after time 0. We let T'(d,,) represent the time at which the
mth event happens.

Now for integer m > 1, we write X5 to represent the value of the pro-
cess immediately after the mth event has been applied to it. Our use of
Xs,, as opposed to X (T'(d,,)) is intentional. If §,,, and J,,, represent two
simultaneous arrivals to some station, then X (7'(d,,)) = X(T'(dpn,)), but
KXo, =+ X5, We also write X5, _ to represent the value of the process X
right before the mth event is applied to it, but after the first m — 1 events
have been applied.

From (3.12), we see that

(3.14) E, [ i 1(0 < T(6,,) < t)}

m=

=Y B [Ei(t) - E0)] + Y _E,[D;(t) — D;(0)] < oo.

€€ JjeET
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By isolating times when jumps occur, one can verify that for any ¢t > 0 and
feD,

FX() = FX(0) + / AF(X (s
+ Z (Xs,) — f(X5,,-))1(0 < T(6) < t), P,-almost surely.

Since f € D is bounded, we can take the expectation under v to see that

E, [ / t Af(X(s))ds]

E, [ S (F(Xs,) — (X, )10 < T(3m) < )| =0,

m=1

Furthermore, we know that Af () is bounded for all z € Z4 x R2?, meaning
we can apply the Fubini-Tonelli theorem to interchange the expectation with
the integral in the first term. Stationarity implies that

E,[Af(X(s))] =E,[Af(X(0))], forall s € [0,

We therefore have the intermediate result

o0

~+ | =

E, [AF(X(0))] + E[ (F(X5,) — F(X5))1(0 < T(6,) < tﬂ 0.

m=1

We now use (3.14) and the boundedness of f € D to apply the Fubini-Tonelli
theorem again and arrive at the BAR for the GJN:

(3.15) E, [Af(X(0))]

+- ZE[ F(Xs.) f(X5m_))1(o<T(5m)gt)]=o, feD.

Before proceeding further, let us pause and discuss the implications of (3.15).
The equation above encodes information about the distribution v. To access
this information, we choose various test functions f € D and plug them into
(3.15). However, (3.15) is of limited practical use for most test functions
because the jump term is hard to handle analytically. To get around this
difficulty, we now describe how to engineer f € D so that the jump terms
above vanish. Roughly speaking, the idea is to ensure that

E[f(X(s)[X(s=) = 2] = f(=)



STEADY-STATE HEAVY TRAFFIC APPROXIMATION: BAR APPROACH 161

at each jump time s and for each state z, i.e. the test function remains
unchanged in expectation after a jump. In Section 3.2, we describe a family
of exponential test functions satisfying the above property, which is also rich
enough to asymptotically characterize the distribution of the queue lengths.

It may be helpful for the reader to compare the arguments that follow to
the proof of Lemma 2.3 in [29, Appendix A.2], where the author also seeks to
find test functions for which the jump terms vanish. In that paper, simultane-
ous events are handled by an approach that is slightly different from ours. To
make the jump terms vanish, we now analyze the terms f(X5, ) — f(X5,,—)-
If the event J,,, corresponds to the gth external arrival to station ¢ € £, then

X6, = Xo,— + (e(i)’ Te,i(Q)e(i)v 0),

where (e, T..(q)e®, 0) € Z4 x R? x R?. Since T, ;(q) is independent of
Xs,,— and U;(q), we have

(3.16) B[ (£(Xs,.) = [(X5,, )10 < Ui(q) )| =0
if
(3.17) E[f(e Felut Tw-(q)e@,v)} = f(t,u,v), i€E,

for every feasible state (¢,u,v) € Zi X Rid with w; = 0. Similarly, if 6,,
corresponds to the gth departure from station j € J, then

Xs, = Xs,— + (=9 + 09 (q), 0, Ty ;(q)e?).
Since T j(¢) and ¢\ (q) are independent of X, and S;(q), we have
(3.18) By | (£(Xs,.) = f(X5,,))1(0 < Sj(@) <] =0
if
(3819)  E[f(¢~¢ +6D(g), v+ Tyy(g)e?)| = f(buv), jed,

for every feasible state (£,u,v) € Z4 x R3? with ¢; > 0 and v; = 0.
We summarize our analysis in the following lemma.

LEMMA 3.1. Assume that X is positive Harris recurrent and X (0) fol-
lows the stationary distribution of X. For any function f € D satisfying
conditions (3.17) and (3.19), the basic adjoint relationship (3.15) reduces to

(3.20) ZE[%(X(O))} +y E[%(X(o»]
i€ ’ J J

JE
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of
— Y B[S (X(O)1(L;(0) = 0)| = 0.
; vj

PROOF. Apply (3.16), (3.18), and the definition of A in (3.11) to (3.15).
U

REMARK 3.1. The idea of engineering a test function to kill the jump
terms in (3.15) first appeared in the work of Miyazawa [28] for a single server
queue, which is further studied for a multiserver queue with heterogeneous
servers in [29]. The novel feature of the present paper is the careful consider-
ation of tightness in Section 5. This issue was not present in [28, 29] because
those papers deal with a single queue as opposed to a queueing network.

In the next section, we describe a useful family of exponential test func-
tions that satisfies (3.17) and (3.19).

3.2. Exponential test functions for a sequence of GJNs. We consider the
sequence of Markov processes {X (), n > 1} from Section 2.2. Recall our
goal, which is to show that the MGF of Z(™ (c0) = r, L(") (00) asymptotically
satisfies the BAR (2.30) of the approximating SRBM. As a first step, we have
already derived a BAR for X (™. We now describe a family of exponential
test functions that satisfy conditions (3.17) and (3.19).

For all n € Z, let us first define the truncation function ¢ : R — R as

9" (y) = min(y,1/r,), yeR.
Now for each § € R? 1 € R? and ¢ € R?, define fér;)c : Zi X Rid — Ry as

(3.21) fe(z)g(w) — 00+ ice 7i9™ (wi)+3 ;e 7 ng(")(vj)’

for z = (£,u,v) € ZL x R

It is not hard to verify that f(g;?’ ¢ € D. Our in (3.21) is meant to resemble
a moment generating function. Indeed, if 7 and ¢ were allowed to be inde-
pendent of # and if we chose ¢(™) (y) = y, then this family of test functions
would characterize the stationary distribution of X via its BAR (3.15).
However, applying (3.15) to fe(j:]),g is of little practical use, because the jump
terms become too complicated to work with.

Instead, we want to choose fé?v) ¢ to satisfy the conditions of Lemma 3.1,
so that we can use (3.20) instead. To do so, we must choose 1 and ¢ as
functions of 0 (i.e. n = 7™ () and ¢ = ¢™(h)), significantly reducing the



STEADY-STATE HEAVY TRAFFIC APPROXIMATION: BAR APPROACH 163

size of this family of functions. Following the logic behind (3.17) and (3.19),
we choose (™ (6) and ¢ (6) to satisfy

n n (n
(3.22) HE(en @9 ))) i €&,
(n) n n)
(3.23) LOEES QT —1, ey,
where

ti(0) = e b ( Z pike™ + ij)-
keJ

We have rewritten 77(”) (0) as nfn)(ﬁ,;) because it is independent of 6 for

1
k # i. For the remainder of the paper, we write

(n) _ ¢(n)
fa (z) = f97n(n)(9)’<(n)(0)(l‘)'

This reduced family of test functions can only characterize the distribution
of Z (”)(oo) asymptotically as n — oo, which is enough for our purposes. The
following lemma is similar to Lemma 2.3 of [29], and says that fe(n) satisfies
the conditions of Lemma 3.1.

LEMMA 3.2.  There exists M > 0 such that for all 0 € R® with ||0]| < M,
the solutions 771(") (0;) and CJ(-n) (0) to (3.22)—(3.23) are well defined and finite
forallm > 1,1 € & and j € J. Furthermore, conditions (3.17) and (5.19)
are satisfied for f = fen).

PROOF. Once we assume that nin)(t%) and C](-n) (0) are well defined and
finite, the second claim of the lemma becomes trivial to verify by (3.22) and
(3.23). We now check that these functions are well defined for all § € R?

with ||0|| < M. The argument to show that n(”)(ﬁi) is well defined is simple,

)

and is repeated here from Section 2.3 of [29]. For i € &, let

G (y) = E(WW(”%j yER,

€,7

be the moment generating function of ¢ (T e(?)) Then Gg;) (y) exists for

all y € R because g™ (Te(?)) is a bounded random variable for every n.

(n)

Furthermore, the inverse (G,.7)~! exists as Gg? (y) is strictly increasing.
Observe however that this inverse is only defined on the interval

( lim G( )( ), lim G(n)( )) (IF’(T(@) =0),00).

y——oo &t Yy—+00
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Hence, (3.22) yields

0 (0;) = (GU) Y e™®), e (oo, —log(B(TY =0))),

e,
with the convention that —log(0) = co. We know that there exists some
M ; > 0 such that

0< Mgy < —log(P(T =0)), n>1

because P(Te(;b) =0) # 1 for any n > 1, and lim,,_, IP(TS(Z) =0) # 1. The
former is true because 1/E(T, 6(7;)) = )\S’? < oo for each n, and the latter
follows from (2.9) and the fact that \.; < oo there. Hence, ngn)(ﬁi) is well
defined and finite for all §; € (—o0, M, ;). We now derive a similar expression

for Cj(n) (0). For j € J and y € R, define

G™ (y) = E(e™ T,

87-]

and observe that (GS?)_1 exists because G\ (y) is an increasing function.

S’j
Define X§n) (y) as

324) M) =@M e ), ye (— oo, —logB(TY = 0))),

S7j s?]

and let M ; > 0 be such that
0< My; < —log(B(T) =0), n>1.

We conclude that Cj(m(ﬁ) is well defined and satisfies

(3.25) " (0) = X (log £(0)) = (GL) ! (le](%ﬂ

for § such that logt;(0) < M,

where ¢;(0) is defined in (3.23). O

We now present the BAR for this special family of exponential test func-
tions.

LEMMA 3.3.  Assume that X" is positive Harris recurrent, and let

XM (00) = (L™ (00), R™ (c0), R (c0))

S
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have the stationary distribution of X ™. Then

(3.26) 0™ (0)E[L(RY) (00) < 1/r) £ (X ™ (00))]

ic&
+ 3 OE[L(RY (c0) < 1/rn) f5™ (XM (00))]
Jj€ET
S EOE[L(RI (00) < 1/rn, L (00) = 0) £5 (X (00))]
JjET
=0

for all ||0|| < M, where M > 0 is as in Lemma 3.2.

Proor. This lemma follows immediately from applying Lemmas 3.1 and
3.2 to the test function f(gn)(a:) from (3.21), because its right side partial
derivatives are

0
6ui

6 n n n .
5o d0" @) = O < 1) [V (@), Ged. O
J

£ (@) = n™ 01 (wi < 1/ra) £ (2), i € €,

In order for Lemma 3.3 to be of practical use, we need to know the behav-
ior of 771(") (0;) and ¢ ]("’(9); however, these functions are defined implicitly. In

the next section, we use quadratic approximations of ngn)(ﬁi) and ¢ ](n) (0) to

convert (3.26) into a more convenient expression that resembles (2.30).

4. Approximate BAR. This section is devoted to proving Proposi-
tion 4.1, which we now state.

PROPOSITION 4.1.  Assume that all conditions stated in Theorem 2.1 are
satisfied. Recall the definitions of v(6) and ~v;(0) from (2.27). For j € J and
0 <0, define

(4.1) o (6) = Bl ],
@} (6) = Ele 7" 20" (00) = 0],
Let
(4.2) €™(9) = 1(0)p™(0) + > biv(0)V(B) n>1, 6<0,

JjET
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then
(n)
lim sup —‘6 (9)‘:0,
n=oo  goq 9]
o<|loll<M

where M > 0 is as in Lemma 3.2.

This result states that the steady state distributions of the queue lengths
asymptotically satisfy (2.30) as n — oo. It plays an essential role in the
proof of Theorem 2.1 in Section 6.

The idea behind the proof is to use (3.26) as a starting point, and use
quadratic approximations of 771(") (0;) and Cj(n)(H) to arrive at (4.2). In Sec-
tion 4.1 we use Taylor expansion to obtain the quadratic approximations
of ni(n)(Qi) and CJ(-n) (0). We then show that under heavy traffic scaling, the
associated approximation error vanishes in an appropriate fashion. We prove
Lemma 4.1 in Section 4.3.

4.1. Taylor expansions. We begin with a general lemma, which describes
the behavior of functions that are implicitly defined in a manner similar to

ngn)(@-) in (3.22). The lemma is similar to Lemma 2.4 of [29].

LEMMA 4.1. Let H be a bounded, non-negative random wvariable with
EH > 0 and set

1
EH’
Then the function f(z): R — R satisfying

E(ef@H)y = e 2e (— oo, —log(P(H = 0))),

Ay = 0% = Var(H).

is well defined and finite, with the convention that —log(0) = oco. Further-
more,

(a) f(x) is infinitely differentiable.

(b) f(x) is decreasing and concave.
(¢) For any K € (0,—log(P(H =0)), f(x) satisfies

(4.3) f(x) 4+ Agx + %)\%U?{xQ < cpg(z),
(4.4) f(@)| < max{Ag, |[f(K)|[/K}a|, |z < K,
where
22
(4.5) cr(z) = — sup [f"(y) = f"(0)].

2 Jyl<]e]
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The proof of this lemma is deferred to Section A.1. We now apply it to
obtain expansions of nl(n)(Qi) and C](-n) (0). Let M > 0 be as in Lemma 3.2.
Set

% —E™(@™)), G2 = Var(g™(T™Y), iee,
NG ’ 7 ,
L n ~(n))2 n n .
Q) =E(g" (1Y), (3" = Var(g™(T), jeg.
S?j

Observe that the uniform integrability assumptions (2.11) and (2.12), to-
gether with the definition of (™) (x), imply that for all i € £ and j € 7,

(4.6) ngi) = Aeis Xg}) — As.js (") — 0ei, and 553) — 0.

(cf. (2.9), (2.10) and (2.13)). Lemma 4.1 now trivially applies to ni(n)(ﬁi) to
obtain

(4.7) n(n)(9)+)\(n)9 4+ ()\(n)) (~(n)) 62| < (n)<9i)7
(4.8) ™ 0] < &) anlel,  16:) < M,
where c((fi) corresponds to ¢y in (4.5) and for any K € (0, M], we define

&™) (K) as

e,

& (K) = max {AY, [n{" (K)|/K }.

e,i

Recall that C(n (0) = ( )(log tj(0)), where X§n) is defined in (3.24) and

log tj(6) = —6; +1og (Y pne” +pyo) € CX(R).
keJ

By Taylor expansion, one can verify that logt;(f) satisfies

(4.9) ) logt;(0) — ( —0+ pﬂﬂg’“)

keJg
+ %( > ik — (D kajk)2> ‘ < c14(0),
keJ keJ
)log t;( ( 0; + Zp]k0k> ‘ < c2,5(6),

keJ
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where

3 logt;
sup 01010 21— (y
lyli<liel k,l,%:e 7 901,00,00m,

1 93 log? tj
6 1y1<hal 2, O 06,0016, )|

(4.10) CLj(@) =

=

c2,5(0) =

Note that both ¢ () and ¢ ;(0) are finite for each 6 and j € J because
logt;(6) belongs to C>(RY).

Applying Lemma 4.1 to X(n)

J
we have the following result about ¢ j(-n)(ﬂ). For each j € J and n > 1,

, together with the Taylor expansions above,

(4.11) ¢ (9) + AL ( —0;+ Y pjk9k>

keg
+ %XS,? (D 6pa— (X 6upin)?)
keJg keg
1 < (n\3 /(. 2 _
+5 O G (— 05+ ;ijek) O
€

412) 1@< anlel, el < M,

where

n 1 n n
(413) @)= swp  log? tj(e)‘ )" () = (™ )”(0)’
ly|<[logt;(8)]

J(n 1~ n ~(n
+ )\ijj)617j(9) + 3 (/\g,j))?’(ff;j))%z,j(@),

c1,;(0) and ¢ j(0) are as in (4.10), and for any K € (0, M],

(4.14)  &"(K) = cpipy(K) max A, ) (E)|/K Y,

S7j

7 logt.(0
K = sup [logt;(0)], and cpip;(K) = fog;(9)]
lolI<K o<lo<x O]l

We know crip;(K) < oo because logt;(#) € C*°(R?) and is therefore is
locally Lipschitz.

4.2. Error bounds. In order for the quadratic approximations of 171(”) (6;)

and CJ(") (0) to be useful, we need the error bounds c("-)(é’) and cﬁ"}(@) to be

et
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small. Recall that (3.26) is a statement about the unscaled vector X (™ (o0),
but (4.2) deals with the scaled queue length vector Z(™(c0) = 7, L™ (c0).
From the form of the test function in (3.21), we see that by replacing 6
by 7,6, (3.26) becomes a statement about the scaled queue length Z(™ (c0).
Under the heavy traffic scaling, the errors from the quadratic approximations
vanish asymptotically in neighborhoods of the origin. The following lemma
presents this statement formally.

LEMMA 4.2. Let M > 0 be as in Lemma 3.2. For any K > 0 such that
rpnlK < M,

(n)
c. (rnb;
(4.15) lim sup %:0, 1€ €&,
N=00 o< |6 |< K r50;
and
(n)
c. (r,0
(4.16) lim sup M 0, jeJ.

n—oc o<k TENOIZ

This lemma is proved in Section A.2. Our next result states that the
functions nz(n)(HZ-) and Cj(-n) (0) are locally Lipschitz in small neighborhoods
of the origin, with Lipschitz constants that do not depend on n. Its proof is

postponed to Section A.3.

LEMMA 4.3. Let M > 0 be as in Lemma 3.2. Fori € & and j € J, and
K € (0,r,M],

sup éénl) (rnK) <oo and sup égn]) (rnK) < oo.
n>1 n>1

In the rest of this section, we will frequently use the following bound.
Recall the definition of fﬁ:g(x) from (3.21), where z = (¢,u,v) € Z% x R%4.
Using (4.8), (4.12), and Lemma 4.3, it follows that for any K € (0, M], we
can define cy(K) to satisfy

(4.17)  sup sup fr(:g(x)
n>1 60<0
I6I<K

— sup sup €00+ 1" (009 @) +E je s G (rm0)g ™ (v5)
n>1 6<0
o<k

A(n) A1)
< cf(K)=sup e2ice Ceii (B KFY jeg & (mE)K o)
n>1
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This bound holds for all z € Zi X R%rd. We now state several lemmas that
we will use to prove Proposition 4.1.

LEMMA 4.4. Recall the heavy traffic condition (2.5). For any station
jeJd,

IP)(L(-R)(OO) =0)=1- )\((173/)\&}) = 7"nbj/)\(;,lj)'

LEMMA 4.5. The sequences {Rgzi)(oo), n > 1} and {Rgtzj)(oo), n > 1} are
uniformly integrable for alli € € and j € J.

We would like to point out that Lemmas 4.4 and 4.5 are not novel, and can
be proved using the well developed theory of Palm calculus (see for example
[1, Chapter 1] or [3, Chapter 4]). However, to keep this paper self-contained,
we avoid using Palm calculus and prove these lemmas in Section A.4 using
the BAR (3.15).

LEMMA 4.6. Let M > 0 be as in Lemma 3.2, and K € (0,7, M]. The
following statements are true:

- %(Z a7 (r0) + 3 ¢ ) = (6)]
€€

418) lim  sup —‘
(418) om0 g

0<[lo] <K " je7
=0,
(4.19)  lim sup |[E[f")(X" (c0))] —w)(e)] —0,
n—oo 9<0
161K

1
(4.20)  lim sup —
n—oo 0<0 n

IolI<K

=0, jedJ.

E[l(LE'n)( ) = 0) (f:ng(X(")(oo)) . €<G,Z(n)(oo)>)]’

The proof of this lemma is postponed until Section A.5.

4.3. Proof of Lemma 4.1. We now prove Proposition 4.1 using the auxil-
iary lemmas stated in the previous section. As a starting point, we multiply
(3.26) by —1/72 to see that

1)) wn n n
(4.21) 0= _T_QE[f;ng (XM (Zm (rf) + > ¢! )(rn9)>
n €€ JET

+ 5 30 R (50) = 040X 00))]

" jeg
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L el

njeg
E[1 <R<">< ) > 1/r, L (00) = 0) £ (X (00))]

+T—22m” ruf)E[L(R") (00) = 1/r,) ) (X ™ (00))]
nojeg

Zd” LR (00) = 1/ra) f0(X ™) (c0))].

" jeg
We claim that the last three lines are negligible. For this, we wish to show
that
. n) n) (n)
lim  sup ||9||r2)zg 7]( o) > 1/ry ) (X (00 ))H

n—o0 0<0
o<floll<M

=0,

then similar statements hold for the remaining two lines. Observe that for
each j € J,

B[RS (00) > 1/r) f)(X ) (00))]|

sup .
ol ;
o<liell<M
N ]- n
< &) (raM)eg (M) —P(R(}) (00) > 1/r)

by (4.12) and (4.17). By Lemma 4.3 and Lemma 4.5, this upper bound
vanishes as n — co. Thus, we have succeeded in proving that

lim  sup 1 Z C(n)( )E[f;:g(X(”)(OO))l(Lgn)(oo):0)]
nso0 oo ||0]] — 2
o<llo <M J
1 n n n
- L (0 + X ) BN )]
nogeg JjeT
=0.

For the next step, we apply (4.17) and Lemma 4.6 to see that
: (n) )
LT ‘ Z”ﬁ () 2, &)
o<io<n €7

x E[£")(X ™ (00))] - v<9>s0(”)<9>\
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. ]' n n

< lim sup 5 ’ . Zm )(Tnﬁi)+ ZC]( )(Tn9)> —7(9)‘

L T A O 2.
0<||0]| <M S

X E[f7(X " (o0)
. 0 n n n
s dm s DB ( A 00)] - 0 0)] <o
I L
o<flel<M

We arrive at the intermediate result

(4.22) lim  sup ‘ o™ (6)
nsoo g0 |0
0<||9||<M
+ Y S 0B[N () = 0] =0
JjeTJ ”

Recall the definition of cp(n) (0) from (4.1) and use the telescoping sum

lim  su ™) OE[ (X ™ (00))1(L™ (00) = 0
Jim - sup HGII‘ G a0 [£15(X M (00 UL (00) = 0)]
0<[l0] <M
~b7,(0)"(0)|
. 11 b;
< lim  sup — = (rnf) — ~; (0
n=oo oo 01127 (ra9) P(L"™ (c0) = 0) it )‘
0<lif <M J
x E[£") (X" (00) 1L} (00) = 0)]
+ lim  sup = bi v;(0)
n=oo oo [0l (L (00) = 0)
0<||0||<M J

B[00 00) — 0PN (10 (00) = )]

Using (4.22) we see that to complete the proof of Proposition 4.1, all we
need to do is show the upper bound above equals zero. To show that the

first term is zero, we recall from Lemma 4.4 that

P(L{M (00) = 0) = 1= A" /A = 1y A e g,

Recalling the form of v;(#) from (2.27) and the bound cs(M) from (4.17),

we see that

lim su
A s gl < () -

o<floll<M
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X E[f75(X ™ (00)1(L]" (00) = 0)]
, P(L{"(00) = 0) ()
= lim sup ||9||‘ ! 2 G (Tne)—bﬂj(e)‘
o<|lol<M

x E[f£:z<X<"> !L@ (00) = 0]

< lim sup

(” (R
rn0) — b (RD_ )| e (21).

o<|lol <M
Furthermore,

lim  sup ‘ (n) rnd) — b; R(j),H ‘c M

e300 <0 HOH Tn)\(n) CJ ( ) ]< > .f( )
o<llol <M 8

~ lim sup  — ‘—b (RY),0) — b, <R<J’>,9)‘cf(M) —0,
noo g |0l )\(”
o<|lol<M

Where the first equality is justified by (2.13) together with the approximation

of ( ( ) from (4.11) and Lemma 4.2, and the second equality follows from
(2. 13) and (4.6). Now for the second term, Lemmas 4.4 and 4.6 tell us that
for j € J,

E[L(L" (50) = 0) () (X (50)) — 02 )|

le sup o) =0.
101<m B(L;7(00) = 0)

This concludes the proof of Proposition 4.1.

5. Tightness of stationary distributions: An essential Proposi-
tion. This section is centered around the statement and proof of Propo-
sition 5.1, which is critical to proving that the sequence {Z((c0), n > 1}
is tight. The tightness argument itself is provided as a part the proof of
Theorem 2.1 in Section 6, and relies on both Propositions 4.1 and 5.1. We
now motivate the proposition and introduce some notation needed to state
it.

Let C be the class of functions f that satisfy
(a) f:{0<0:0<cR} —[0,1]

(b) f is continuous on {# < 0: 6 € R?}

(c) 01 <62 => f(91) < f(62),

(d) £(0) =
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Clearly, the MGF of any probability measure on Ri belongs to C. Suppose
that f is a pointwise limit of a sequence of MGF's of probability measures.
Then, f € C. Such a pointwise limit is not necessarily the MGF of a prob-
ability measure; for example, this happens when the sequence of measures
is not tight. One can prove that the pointwise limit f is an MGF of a prob-
ability measure if and only if f is left continuous at 0; see Lemma 6.1 in
Section 6. By left continuity, we mean

where 6 1 0 means that § € R? approaches 0 from left in arbitrary way.

In the tightness argument of Section 6, we deal with the sequence of MGF's
corresponding to {Z(™ (c0), n > 1}. Loosely speaking, Proposition 4.1 tells
us that the pointwise limit of every convergent subsequence of the MGFs
satisfies the BAR of the SRBM (2.30). Proposition 5.1 then leverages the
structure of this BAR to prove that the pointwise limit of the MGF's is left
continuous at the origin, thereby proving tightness of the corresponding se-
quence of probability measures. This argument is made precise in Section 6.
Having sufficiently motivated the necessity of Proposition 5.1, we now con-
tinue with its setup.

For our purposes, it will be beneficial to take limits as 6 1 0 along rays
stemming from the origin. Each ray corresponds to some direction vector
ca=(c1,...,cq)T, where A C J and ¢; = 0 when i ¢ A. We write c4 > 0
if ¢; > 0 when ¢ € A. For a fixed ray c4 > 0, we consider the limits

lim f(acyq), a€R,
lim f(aea)
which always exist by the monotonicity of f. We note the following fact:

LEMMA 5.1. Fix A C J and consider any two direction vectors c4 > 0
and ¢4 > 0. For any function f € C,

g% (aeq) = 10%% flaca).

PROOF. Since ¢4 > 0 and ¢4 > 0, there exist constants m, M > 0 such
that

meg < cq < Mcey.
Using the monotonicity of f(6),

li — 1 Mey) < i &) < li — i . O
;golf(aCA) ngf(a CA)_%f(aCA)_%f(amCA) ;golf(aCA)
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In view of this lemma, we write
f(04—) =lim f(aey).
a0

The following proposition is one of the main tools used to prove Theorem
2.1. Tt will allow us to show that whenever the sequence of the MGF's of
Z™(00) has a limit, it must be left continuous at 0.

PROPOSITION 5.1.  Assume ¢ € C and {¢;,5 € J} C C satisfy

(5.1) Y(O)p(0) + > biv;(O);(0) =0,  for 6 <0,
jeTJ

and that 1;(0) is independent of ;. For any A C J,
(5.2) P(04=) 2 4j(04=), jeJ.
Furthermore, when A = J we have
(5.3) p(07—-) = ¢i(07=), jeJ.
PRrOOF. Recall the definitions of v(#) and 7;(6) from (2.27). For any
AC T, cq>0,and a <0, we set § = aecy in (5.1) to get
(; (ca,Xecq) a]%;b (ca, RY)) ) (acA)+a;bj<cA,R(j)>¢j(och):0.

We divide both sides by « and let o 1 0, which yields
*Z ca, R J) + Z ca, R ]w](OA ) 0.

JjeJ JjeJ

By Lemma 5.1, ¢4 = (c1,...,¢q)" can be arbitrary as long as ¢4 > 0. For
each fixed i € A, we set ¢; =1 and let ¢ | 0 for k € A\ {i}. We arrive at

> rihs( —1;j(04—)) =0, i€ A,

jeJ

where 7; is the (4, j)th entry of the reflection matrix R. Next, we split the
summation in this formula into two parts:

(5.4) Z Tijb; —¥;(0a— ))

JEA
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+ Y righi($(0a—) — ¥;(04—)) =0, i€ A

JET\A

We consider these equations as an |A|-dimensional vector equation. Let R4
be the principal sub-matrix of R whose entry indices are taken from A.
Since R is an M-matrix, R4 is also an M-matrix, so it has an inverse whose
entries are all nonnegative. Denote the (i, j)th entry of the inverse of R4 by
Ff}. Multiplying the vector version of (5.4) from the left by (R4)~!, we have

(55)  br((04=) — ¥x(04-))
+Y 0> Faribi(9(0a=) —;(04-)) =0, k€A

i€Ajeg\A

Set A = J \ B, where B C J and B # J. Using induction on the size of
the set B, we will show that

Y(0n5—) —¥Yr(0n5—) 20, keJ.

We first take B = (), meaning A = J. Since the summation in (5.5) vanishes,
we have

(5.6) $(0-) = ¢r(0-), ke,

which proves (5.3). Hence, the base case is true and we now justify the
inductive step. For a general set B C J, (5.5) becomes

(5.7) b (Y (0 p—) — W(OJ\B—))
+ D Z Vrish (w0 5—) — Y0 5—)) =0
€eJ\BjeB

for each k € J \ B. For j € B we have

V(0 \5—) = ¥i(0\5—) = (0 B—) — Vi (0 (B\(})—)
> Y0\ —) — Yi0nBGH )
where
Y(O08-) = V0BG ~)

follows because ¢ € C. We now assume that

(O m\Gn—) — O BEp—) =0, ke
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to immediately obtain
(5.8) Y(O0nB—) —¥j(0n5—) >0, j€B.

Note that r;; < 0 for j # ¢ and ?,‘Z\B > 0 because R and R* are M-matrices.
Hence,

P Urishi (00 5-) — (0 5—)) <0, j€B,
which together with (5.7) immediately gives us
(5.9) Y(05—) —¥Yr(05—) 20, keT\B.

We combine (5.8) and (5.9) to complete the proof. O

6. Proof of Theorem 2.1. For n > 1, recall that ¢(™(6) and ¢§n) (9)
are MGFs defined in (4.1). To prove Theorem 2.1, it suffices to prove
lim ™ (6) = o(6)

n—o0

lim @§n)(9) =0), je€JT, for <0,

n—o0

(6.1)

where ¢ and ¢; are MGF's defined in (2.26).
We now state a lemma that will be used frequently in this section. Its
proof is given in Section B.

LEMMA 6.1. Let {l/(”),n > 1} be a sequence of probability measures on
Ri with corresponding MGF's

RIOE / ey (dx),  for 0 € RT with 6 < 0.
i
Suppose that there exists a function f(6) such that

F™0) = £(0)  pointwise for all § € R* with 6 < 0.

(a) f(07—) =1 if and only if {v™,n > 1} is tight.
(b) If f(07—) =1, then f(0) is the MGF of some probability measure v on
R‘i, which immediately implies that

vV =y asn— .
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PROOF OF THEOREM 2.1. It follows from the weak compactness of a set
of probability distributions (e.g. see [34, Lemma 1]) that for every subse-
quence {n'} C {n}9°, there exists a further subsequence {n”} and some
non-decreasing functions v (6) and v;(#), such that for every 6 <0,

(6.2) P (0) = w(9) and  ©\"(@) = w(0), jeT.

Both (#) and () are functions in C, which was introduced in Section 5.
In particular we note that 1(0) = 1;(0) = 1. Furthermore, Proposition 4.1
implies that v(#) and () satisfy BAR (5.1). Suppose we know that the
limiting functions v and v; satisfy

(6.3) Y(07—) =1,
(6.4) bi(07—)=1, jedJ.

Then Lemma 6.1, BAR (5.1) and the MGF version of Lemma 2.1 imply that
Y(0) = p(0) and ;(0) = ¢;(0). Since {n’'} was an arbitrary subsequence,
we have proved (6.1), and consequently Theorem 2.1.

In the remainder of the proof, we prove (6.3), which implies (6.4) by (5.3).
Let A = {j}, then (5.2) implies

(6.5) Y(0gy—) —i(03—) =20, jeJ.
Since 1;(0¢;3—) = 1;(0) = 1, we have

(6.6) w(O{j}—) =1, j€J.

Recall that

is the scaled steady state queue length vector of the n”th GJN. Applying
Lemma 6.1 to (6.6), we see that {Z](n )(oo)} is tight for each j € J. Since all

the marginals are tight, {Z(")(c0)} is tight as well. We invoke Lemma 6.1
again to conclude that (6.3) holds. O

7. Concluding remarks. To summarize, this paper uses a novel ap-
proach to justify the steady-state diffusion approximation of GJNs. Our
method does not rely on first using the process limit Z(.) = Z(), fol-
lowed by the tightness of {Z(™(c0), n > 1} as in [17] or [7]. Rather, we
work directly with the basic adjoint relationships of the GJN and the SRBM,
which characterize their respective stationary distributions. By applying the
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BAR (3.15) of the GJN to a carefully designed exponential test function, we
show in Proposition 4.1 that the sequence of moment generating functions
of the GJN (together with a corresponding sequence of boundary measures)
asymptotically satisfies the BAR (2.30) of the SRBM.

In addition to Proposition 4.1, we also require tightness of the sequence
{Z™(c0), n > 1} like in [17] and [7]. However, unlike the previous two
papers, we do not rely on constructing Lyapunov functions to prove this
tightness. Our tightness argument from Section 6, relies on algebraic manip-
ulations of the BAR (2.30) of the SRBM, the bulk of which are presented as
Proposition 5.1. A critical condition for this proposition is that the reflection
matrix of the SRBM is an M-matrix, and in particular, that its diagonal
entries are non-negative and off diagonal entries are non-positive.

An important direction for future research is generalizing the method-
ology presented in this paper to the multiclass queueing network setting,
where new sources of difficulty emerge. One source of difficulty is the need
to handle state space collapse. In a multiclass network with d stations, the
vector of queue lengths is of a higher dimension than d, while the approxi-
mating diffusion process remains d-dimensional. This will manifest itself as
an extra error term on the right hand side of (4.2) in Proposition 4.1, and
we would need to have some way to deal with it. Another source of difficulty
is to relax the M-matrix currently needed to prove tightness, as the M-
matrix structure is a feature unique to GJNs. Preliminary experiments with
several multiclass networks suggest that a variant of Proposition 5.1 can be
established even when the reflection matrix is not an M-matrix. However,
it remains an open problem to find the minimal conditions on the reflection
matrix under which our approach can be carried out.

APPENDIX A: PROOFS OF LEMMAS IN SECTION 4
In this section, we prove the lemmas that were stated but not proved in

Section 4.

A.1. Proof of Lemma 4.1. The fact that f(x) is well defined and
finite is argued in the same way as in Lemma 3.2. We want to perform
Taylor expansion on f(x) and to do so we first show that it is infinitely
differentiable. Observe that the function

Gly) =E(e"),  yeR,
is well defined and belongs to C*°(R). Hence, F(z,y) = G(y) — e~ * belongs
to C°°(R?). Since

%F(‘Tay) - E(HeyH) # 0, (x,y) € R27
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the implicit function theorem [27, Theorem 3.3.1] implies that there is a
single valued and infinitely differentiable function y(z) of x which is the
solution of F(z,y(z)) = 0 for each z € ( — oo, —log(P(H = 0))). Therefore
f(z) = y(z) for z € (— o0, —log(P(H = 0))), proving (a). The first and
second derivatives of f(x) are

E(ef(w)H)
E(Hel @)’

vy - (1 BSOS
f()—LH)G B )

(A.1) Ja) = -

Observe that f’(x) < 0, which implies that f(z) is decreasing. To prove
concavity, we wish to show that f”(z) < 0. This follows from

(E(He!@H))? < B(f TR (H2/@H),

which is just the Cauchy-Schwarz inequality. A second order Taylor expan-
sion of f(z) combined with the facts that f(0) = 0, f/(0) = —Agy and
f"(0) = —A\%,0% immediately implies (4.3). Lastly, since f(z) is concave,

f(2) < F(0)a < Alal, 2 <0.

Furthermore, the function | f(z)| = — f(z) is convex when restricted to z > 0.
Therefore,

< EN O FE]

<z < K.
s < B e = B 0<as K

A.2. Proof of Lemma 4.2. We begin by proving (4.15), or

(A.2) I ani) (rn;)
. m Ssup ——55—
N0 0<|05] <K 7"72101‘2

= lim sup %}(nz-(n))”(rny) - (775"))”(0)| =0, i€ €.

0 |y <K

Using (A.1), we see that (nz-(n))”(Qi) can be written symbolically as

(™) (8:) = a1(6:) <1 _ Cl1(9i)a3(l9¢)>7

az(0;) (a2(0:))?
where

(n) n) (p(n)
(11 (OZ) = ]E(eni (Gi)g( )(Te,i )) = 6797;,
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n n n (") (g,)g(™ (T(™)
a§" (6;) = (g (T)en” O Ty,

E ( (g(n) (T(n) ))26775”) (0:)9™ (1) ) )

e,

a$"” (6;)

To prove (A.2), we want to replace each a;(r,y) by a;(0) one at a time. For
this, we need to show that

sup aj(rpy) < oo,  sup aé") (Tny) < o0,

n>1 n>1
ly|<K ly|<K

sup —c <00, sup agn)(rny) < 00,
n>1 ay’ (Thy) \;E}(

and

lim sup |a1(7’ny) - al(O)‘ =0,
0 y|<K

(A.3) lim sup agn) (rny) — agn) (O)‘ =0,

0 y|<K

(A4) li_>m sup ‘aén) (rny) — a(gn) )| =o.

We begin with a;(6;) = e~%:

sup €Y < oo and  lim sup ‘e_T”y — 1‘ =0.
n>1 Ty |<K
ly|<K

(n) n) (p(n)
Moving on to agn) (0;) =E (g™ (1) (6:)9"™ (T, ; )); we first prove (A.3).
By (4.8), we have

(A.5) 1" (ray) g™ (TN < &7 (ra By, |yl < K.

Now observe that

(n n (n)
lim sup |Eg™ (Te(’z)) — Eg™ (Te(?))em ' (ray)g™ (1Y)
n—)OO‘y|SK ’ )
~(n)
< lim sup |[E(g™ T(Tz.l) 2771.(”) Ty )elesi (rnK)lyl
Jm sup |E(0(T) " o)

~(n)
< lim K& (K )efer trIOKE(TM)2 _

n—00 €, €1
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In the first inequality, we use (A.5) together with the bound
(A.6) e — 1| < |z|el”l, zeR.

The second inequality is by (4.8) and the fact that the limit equals zero
follows from (2.11) and Lemma 4.3, proving (A.3). By (2.9), we know that

im o™ (0) = 1
nh_}llgo ay '(0) = o > 0.
Combined with (A.3), this implies
(n) 1
sup ay ' (rpy) <oo and  sup L < oo
n>1 n>1 as (rny)
ly| <K ly|<K

) 9.y q(n) (1)
Lastly, we tackle agn)(ﬁi) =E((g™ (Te(z)))ze"i (6:)9 " (T, ; )), first proving
(A.4). We have

sup ‘E(g(m (1)) 2en™ rn)g IS _ g (gl (T(n)))z‘
lyl<K

n n &
< sup E|(g"(T)) " n" (rag)etes O]
ly|[<K

n &M n
< K& (ro I )efer ORE(T A1 /r,)?

e,
A(n)

< Kégnz) (rpK)efe (raK)K

X E[(Tég))Q(rnTe(”;) A1) (I(Te(;f) S 12y 4 I(Téz) < r71/2))]
Si)(rnK)KE[(Te(j;))Ql(Té;t) > r—1/2) + (T(n))2r}/2] 50

n e,

< K& (rK)e®

as n — 0o. The first inequality is obtained by (A.5) and (A.6) and the second
one by (4.8). Convergence to zero is justified by (2.11) and Lemma 4.3 (whose
proof in Section A.3 does not use Lemma 4.2), which proves (A.4). Finally,
(2.9) implies

lim aén)(O) < 0.

n—o0
Combined with (A.4), this gives us

sup agn)(rny) < 00,

n>1
ly|<K

which concludes the proof of (A.2).
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The second claim of this lemma, (4.16), is now simple to verify. Indeed,

recalling the form of cglj)(O) from (4.13) and the definition of cr;p j(K) from
(4.14), we have

(n)
im sup (D)
n—=0 gc|ol<k TallOl?

. loth (T‘ne) (n)\ /' (n)\ 7
= lim su S W\nY) ' ‘ 0
noee |y|SCLip,j(7I")nK)TnK r2(10]? ‘( J ) ) (XJ ) ( )‘
~(n i(Tn . 1 ~ n —(n (rn,
+ lim sup ( )M + lim sup _(Ai7j))3( 27]'))2M

n=oc o<k 7 TENOI? T oo o o)< 2 r2)|0)%

From (4.6), (4.10) and the fact that logt;(0) € C>(R?) its easy to see that

(10 (rn0
lim  sup % =0 and lim  sup % =0.
=0 o< ||0)| <K rallell =0 0«9l <K 2|0
Furthermore,

. 1Og2t'(7“n9) (n)\ ONU

lim sup 4‘ X; ) () = (x; (0))
e e e 10600 = 06T

< lim sup C%ip,j(TnK>)(X§'n))ll(y) - (xﬁ-"’)"(o)\ =0,

oo ‘ylchip,j (T’VLK)T’VLK

because by the definition of X§n) in (3.24), it is not hard to repeat the
arguments used in this proof to see that a version (A.2) holds for X§n)
well.

as

A.3. Proof of Lemma 4.3. We want to show that for all 7 € £ and
all K € (0,r,M],

(A.7) sup égnl) (rn,K) = sup { max {Xg?, ]nin) (rnK)\/rnK}} < 0.
n>1 n>1 ’

By (4.6), Xén-) — Aei < 00. Now since n(n)(ﬁi) is finite for each fixed n, it is

K i

enough to show that

M) K
Jimn sup ;i (rnK)|

< 00.
n—00 2714
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Recalling the definition of nin) (0;) in (3.22) and the truncation function
g™ (y) = min(y, 1/r,) defined for y € R, we observe that

" (ro K))| ON
A8 i TnB)l (
(A.8) S OSyEEnK\(m ) ()]
e_y
= su
OgySEnK E (g (T(V}))egw(Té?)nﬁ")(y))

1
E (gm) (T s @™ k)

where in the last inequality, we used part (b) of Lemma 4.1, which states

that ngn) (0;) is a decreasing function of 6;. To bound this term, we first argue
that there exists an € € (0,1) and y; > 0 such that

(A.9) liminf P(T.7 > y1) > e.

n—oo

Suppose (A.9) is not true. Then lim inf,, P(Tég) >y) < eforanye € (0,1)
and y > 0. On the other hand, it follows from the uniform integrability
assumption (2.11) that for any €', there exists ag such that for any a > aq,

E(TUTY > a)) <€, n>1.

Hence,
E(17) = BT < y) + E(T DU € (y.a]))
+E(TDUTY > a))
<y+ aIP’(Te(Z-) > )+ €,
and

HIL%O E(T,;") lﬂng(Te,z ) <y+ hnnil.%f aP(T,;” >y)+€ <y+ae+e.
Taking €,y — 0 and then ¢ — 0, we conclude that lim, .. E(Te(:”)) =0,
which contradicts A¢; < 0o in (2.9) and therefore proves (A.9). In addition to
(A.9), the uniform integrability assumption (2.11) implies that there exists
a yo > yp such that

(A.10) 51;11) IP’(TE(Z) > ) < €/2.
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Fixing such y; and yo, and recalling that ngn)(rnK ) <0foraln>1, we
see that

1
E (g (T™)ed™ <Té,’?>n§”)<rnf<>)
1
= n) (7 (™), ()
E(g™ (Te(7;))eg< IO 1 (yy < T < y2))
1
E(g™ (yl)egw(yz)ng")(mk)1(y1 <1 < y2))

0™ (w2) 0™ (rn )|

9 () Py < T < ya)

<

We recall our choices of y; and ys from (A.9) and (A.10) to arrive at

" (ra )| 9™ ()l (1 )
lim sup — < limsup o)
< limsup i63’2"’%@(’"”[()'.
T nooo Y1€
(n)

Since n; "’ (r, K) < 0, it remains to show that

%

lim inf n(n) (rpK) > —oo.

n—oo v

Now for any y > 0,

n) (p(n)y, (n) n (n)
e_TnK — ]E(eg( )(Teﬂ; )771' (rnK)) < eg( )(y)m (TnK)IP)(Te(;L) > y) _{_]P)(T(Z’) < y)

— e

< M) L pr() < ).

X2

We choose y = y; from (A.9), and use the fact that e — 1, to see that

lim inf (e*’""K — IP’(Te(Z) < yl)) =1—limsup IP’(Te(;L) <y1)>1—-(1—-¢) =e

n—00 n—00

Therefore,

.. (n) i —rp K _ (”)

hnrgloréf n; (rp ) > hnrggf T ™ log (e P(T,; < 1))
1 n

= — liminf log (e*T"K — ]P’(Te(’i) <)),

y]. n—oo
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1
> —log(e),
> o log(e)
where the last inequality is obtained by taking the limit infimum inside the
logarithm. This proves (A.7). The argument to show that
sup &7} (ra ) = sup epap (ra) max (3], 1 (K| /ra K} < o0
n=> n-

(n)

is nearly identical to the one for ¢, ;

cations. First, observe that

(r,K), and requires two slight modifi-

Sup Crip,j (1K) < 0o,
n>1

which is a trivial consequence of its definition in (4.14). Second, the equality
in (A.8) would be modified to

(™) (tog 1) e Eu
Sup X ogtijly))| = sup ——
lyli<rak ’ lyl<rak (g (T)es™ (250" (oaty )
y€ER? yeRd 8,7
< a
= Iulrak E (g (T™))ed ™ (T4 gt 0))
yER? g s /¢ ’

where C' > 0 is an upper bound for supy, <, x [log t;(y)| that is independent
of n, and ¢;(0) is defined in (3.23).

A.4. Proofs of Lemmas 4.4 and 4.5 . Let (™) be the probability
measure corresponding to X (™ (co). For i € £ and j € J, recall the external

arrival process {Efn) (t),t > 0} and the departure process {Dj(n) (t),t > 0}
defined in (3.7) and (3.8), respectively. Set

EM (0,4 = B (t) - EM(0)  and  D{(0,¢] = D" (t) — D™ (0).

In this section we prove the following five statements, which imply Lem-
mas 4.4 and 4.5. We show that for all i € £ and j € J, any real number
K > 0 and any integer n > 1,
E, e [DY(0,1]]
(n)
Ao

9

(A11) P(LM(c0) > 0) =

)
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(A1) By [D(0.1] = A0

(A.14)  E[R"(c0)1(RY (00) > K)1(L{" (c0) > 0)]
B, [D{7(0,1]]
N 2

(A.15) E[R")(c0)1(RY)(00) > K)]

(n)[El(n (0, ]]
Ot

E[(TU)? 1T > K) - KT > K)),

T2 > K) - K2U(T" > K)).
Assuming these five equations are correct, we see that Lemma 4.4 is imme-
diately implied by (A.11) and (A.13). To see why Lemma 4.5 is true, we
write

E[R") (c0)1(R{") (0) > K)]

= E[R") (00)1(R("”(00) > K)1(L{"™ (c0) > 0)]

87]

+E[R" (00)L(R{") (00) > K)1(L\" (00) = 0)]

87] 87]

= E[R") (00)1(R(")(00) > K)1(L{" (c0) > 0)]

S,J S,J
+E[T1TY > K) P (00) = 0),

4

where in the last equality we use [R( (00)|L; n)( ) = 0] TS(Z.), which

is true by construction. Uniform integrability of {Rgli)(oo),n > 1} and

{Ritlj)(oo),n > 1} then follows from (2.9), (2.11)—(2.13), and (A.12)—(A.15),
thereby proving Lemma 4.5.

In the rest of this section, we prove (A.11)—(A.15) using the BAR (3.15),
which is repeated here as

(A.16) E [Af( (0))]

i ZE[ (Xs5,) = F(Xs, )10 <T(@G) <t)| =0, feD,

tion 3.1, the operator A is defined in (3.11), and the class of functions D is
defined above (3.11).

Fix an integer k > 1 and j € J. We now prove (A.11) by applying the
BAR (A.16) to fe1(x) = v; A & (which belongs to D) to obtain

where 55,?), T((Sﬁ:f)), X;?)) and X;ZL))_ are introduced below (3.13) in Sec-
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E[1(L{"(00) > 0)1(R{) (00) < x)]
1 (o)
= 1 30 B [ (X)X )10 <76 < 0]

For station j, we recall the sequence of service times {ng) (¢), ¢ > 1} and

the sequence of departure times {S(n)( ), ¢ > 1}, defined in (2.2) and (3.6),

respectlvely From the form of the test function, we see that f 1( ;?%) —

m

Ix, 1( ) = 0 for all events 57(n) that do not correspond to departures

from statlon j. Therefore,

(A.17) ;Eym) |:(f/4,1 X;ZL)) Jra (X §<n) ))1(0 < T(5%)) < t)
= Y By [ (T (@) 15 (0) < )]
q=1

= Y E[fua @)]E, 0 1S (a) < 1)
q=1
= B, [DY (0, 4] E[fua (T)).

In the second equality, we used the independence of T’ S(Z) (¢) and S j(-n) (¢), and
in the last equality we use the Fubini-Tonelli theorem, justified by the fact
that the summands are non-negative. We therefore have

E[1(L{"” (00) > 0)1(R("”(00) < k)]

1 n n 1
= 7B (DO AE[fan (1)), jed.

We set t = 1, take the limit as kK — oo on each side, and apply the monotone
convergence theorem to conclude the proof of (A.11).

To prove (A.12), we use the test function fy 2(z) = u; A £ (with k > 1,
and ¢ € £) and repeat the argument for (A.11), but instead of S](-n) (q), we

use Ui(n)(q), as defined in (3.2) to be the gth external arrival time to station
i € £. An alternative way to prove (A.12) would be to verify that the process
Ei(n) is stationary when Ei(n) (0) is initialized accoridng to v(™). Then (A.12)
would follow from [33, Theorem 76].

We now move on to prove (A.13). We recall from (3.9) that on every
sample path,

(A18) L)~ L) = B (0,4 - DV (0,4 + Y @ (DL (0,4)),
keJ
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where E;(t) = 0if j € J\ € and {®*)(m), m > 1} is the customer routing
process from (3.4). We first show that

B, [0 = LP(0)] =0,

which would have been immediate provided we knew that E [Lg-n) (00)] < oo.

Instead, we use the stationarity of v(™ to see that for every & > 1,
E, o [(LS" (1) A &) — (L (0) A w)] = 0.

We wish to take the limit as k — oo and apply the dominated convergence
theorem. To justify doing so, observe that

(L (1) A ) — (L8 0) A k)| < B 0,4+ Y DM (0,1,
keJ

and by (3.12), the expectation of the right hand side (with respect to v(™)
is finite. We apply the dominated convergence theorem to get

0= lim B, [(L (1) A ) = (L7 (0) A R)] = By [ L5 (8) = L7 (0)].

implying

By [B(0,4]] = By [DSV(0,4] + 37 By |07 (DL (0,4])| = 0.
keJ

Suppose we knew that
(A.19) B, |07 (D(0,1])] = pisE, e [ (0,1]].
Then

By [ES(0,8]] = ST By [DY(0,4]) (3k5 — prs) =0, j €.
keJ

Letting D™ (0,¢] € R? be the vector whose elements are D,gn) (0, t], we would
use (2.4) and (A.12) to conclude that

E[D™(0,4] = (I — PT)""]AMt = AW,

thereby completing the proof of (A.13). It remains to verify (A.19). Observe
that

E,c |07 (D{" (0.1)] = V@)[Zcz#’“ (55" (@) < 1)
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= k
= Y By [0 (@105 (@) <),
q=1

where ¢§-k) is the indicator that the gth customer departing station k routes
to station j, as defined in (3.1), and in the second equality we apply the
Fubini-Tonnelli theorem, justified by the non-negativity of the summands.
By definition, qﬁ;k)(q) is independent of S](n) (q) for all ¢ > 1, and

E,w[6\"(@)] =prj, a>1.

Repeating the arguments used to obtain (A.17), we see that

E,m [<I>§-k>(D,§”)(0, t])} = piiEyo [DYV(0,4]].

This proves (A.19) and concludes the proof of (A.13).
We move on to prove (A.14). For j € J and K > 0, we introduce the test
function

frg(@) =[vi1(v; > K) + K*1(v; < K)| A%, k> [K].
Observe that
fé73(vj) = 20;1(K < vj < K).

Plugging f, 3(x) into (A.16) and repeating the arguments used to get (A.17),
we get

E[1(L{" (00) > 0)R" (00)1(K < R("”(00) < k)]

87]

= 3B, [D)Y (O U]E[fua(TS}) - K7].

Taking k — oo and applying the monotone convergence theorem proves

(A.14). Finally, for i € £, the argument for (A.15) is identical once we use
the test function

foa(z) = uil(w; > K) + K?1(u; < K)] A K%, k2> [K].
This concludes the proofs of Lemmas 4.4 and 4.5.

A.5. Proof of Lemma 4.6. We begin with (4.18). Recall the definition
of 4(0) from (2.27) and for i € £ and j € J, the quadratic approximations
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of 771(”) (0;) and Q(n)(ﬁ) from (4.7) and (4.11). Lemma 4.2 tells us that the
error from these quadratic approximations vanishes. To conclude (4.18), it
remains to show that for all ¢ € £ and j € J,

n n . 1 Y (n n
lim \)\() A" =0, lim _\Ag,;_xg,;y:o,

n—00 Ty ’ n—00 'y
oM = oM =
ey =0l =0, Jim |5 ol =0

The latter two statements are a consequence of (2.9), (2.10), and (4.6). We
observe that

1~n n n n
SN = A = AT }ET;} —E(T AL/

= ww <Té’?1<Té,’? > 1/ra))

WAL }E VYT > 1/r))] 50 asn— oo,

where the convergence to zero is by (2.9), (4.6) and the uniform integrability

of {(Te( )2,n > 1}. The same argument holds for /\g J), proving (4.18).
We move on to verify (4.19), o

: () (x () _ o™ =
(A.20) Jim - sup ‘]E[frne(X (0o))] — ¢ (9)(_0.
16I<K

Recalling the definitions of fﬁ:g and ¢ (0) from (3.21) and (4.1), we have

(A.21)
sup ‘E i X(n)(OO)) - €<97Z(n)(oo)>]’
0<0 "
lol<K
< sup E‘Bzieg 0™ (ra02)g ™ (R (00) 45 je 7 €57 (ran0)g ™ (R (00)) _
<0
IolI<K
< cp(K sup E‘Z el 00) A 1/rp)n; )(Tnai)
i<k i€
+ SR (00) A /1) (187)] -
jeJ

To obtain the last inequality, we used (A.6) and

sup el Tiee m" rabg (R N+ T e GV 0™ (R < ¢ (),
ol <K
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where ¢y (K) is defined in (4.17). For i € £ we have

lim sup E|(R")(c0) A 1/r)nl™ (ra6;)

loIl<K

< lim &) (r,K)ro KE[R (00)] = 0,

where the inequality is by (4.8) and the fact that the limit equals zero is by

Lemma 4.3 and Lemma 4.5. A similar argument holds for Rgnj) (00), implying
(A.20).
We move on to verify (4.20), or

1
(A.22) lim sup —
n—o0 9<0 Tn

IolI<K

=0, keJ.

Tn

Repeating the steps used to obtain (A.21), we have

(A.23) sup —
0<0 Tn
o<k

< s (K) B Kl (K)UL (00) = 0) (R (00) A 1/r)

€€

B[ 00) = 0) () () — N

+op(K ZE‘KW i (0c) = 0)(R(") (00) A 1/1)|-
jeTJ

To show that (A.23) vanishes as n — oo, observe that by (2.11) and Lem-
ma 4.4,

E[1(L{" (c0) = 0)(R") (o0 )M/m)]
= E[1(L{" (c0) = 0)(RUY (00) A 1/ry) (LR (00) > 7y 1/?)
+ 1R (00) <7 1/2>)}
< E[R")(c0)L(RT) (c0) > V)] + E[L(L{” (00) = 0)r;, /2]

—0 asn— oo.

Repeating similar arguments for Rg?(oo) proves (A.22).
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APPENDIX B: PROOF OF LEMMA 6.1
We begin by proving (a). Fix M > 0 and § > 0. Setting
6=—6(1,1,....,1)F = a1,
we see that
B.1) o™ (0) =" ()
_ / 0L () (g
R

d
+

_ / ¢=5L) ) () + / =310 ()
{llz]lcc <M} {llz]lco<M}e

Hence, we have
6 (0) 2 e MW ||zl < M},

Assuming that {v(™} is tight, we can fix ¢ > 0 and take M large enough
and then ¢ small enough such that

$(6) = lim ¢™() >1—e

n—oo
Since each ¢(™ is monotone, ¢ is monotone too, which immediately implies

lim 6(0) = 1.

Furthermore, (B.1) also implies that
60) < {llelloe < M)+,
or

=M s (n)
o) —e §hnnl>1orolfu {||z]|oo < M}.

If limgyo ¢(A) = 1, we can fix e > 0 and choose a ¢ small enough so that
#(8) > 1 — ¢/2. Then take M large enough so that e~ < ¢/2 to conclude
that

imi (n) < > 11—
hnrr_1>1£f1/ {l|#]loo < M} >1—¢,

which proves (a). Statement (b) is an immediate consequence of the conti-
nuity theorem for moment generating functions [34, Lemma 4].
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