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We study a multiserver loss system with two kinds of customers: subscribers and infrequent users. We model the infrequent
users’ requests for service by a Poisson process. However, noting that the Poisson process is unable to capture repeated
interactions as well as retrials, we propose a Markovian on-off-hold model for the subscribers’ requests for service that takes
into account retrials by subscribers denied service. We analyze this system in an asymptotic regime where the number of
subscribers and the arrival rate of the Poisson stream, and consequently the number of servers, grow without bound. In this
regime, we identify and prove convergence to diffusion limits for the system. We also prove the convergence of the invariant
distributions to the invariant distribution of the limiting diffusions.
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1. Introduction. The study of multiserver loss models, where customers who are not served on request are
lost, has a long history going back to Erlang (Erlang [13], Gross and Harris [16]). Such models are appropriate
for many applications like telephone circuits, rental systems, etc. Most of these models assume Poisson or, at best,
renewal arrival streams, independent of the number of servers being utilized. This assumption is justifiable in
some applications, but it is not appropriate in settings where the servers are used by a fixed pool of subscribers
and the number of servers is not negligible when compared to the size of the subscriber pool. Such a scenario
arises in rental systems, for example, where the number of units available to rent might be comparable to the
number of subscribers, and a nonnegligible fraction of the subscribers could be renters at any given time.

The setting of a rental system serves as a canonical application of the models studied in this paper. In particular,
our model corresponds to rental systems that have a pool of subscribers as well as an exogenous stream of pay-
per-use customers. The subscribers repeatedly request for service whereas the pay-per-use customers constitute
a Poisson arrival stream and can be thought of as infrequent users of the system. We model each subscriber as
a Markov chain having three states: on, off, and hold. A subscriber spends an exponentially distributed amount
of time with mean 1/A in the off state, after which she requests for a server. If no servers are available, she
transits to the hold state. Otherwise, a server is assigned to her and she transits to the on state. We do not allow
a server to be assigned to more than one subscriber at any time. In the hold state, she retries to obtain a server
after an exponentially distributed amount of time with mean 1/v until a server is available. Once a server is
assigned to her, she transits to the on state. In the on state, she uses the server for an exponentially distributed
amount of time with mean 1/u, after which she releases the server and transits to the off state. All the times are
independent and identically distributed and independent of each other. Figure 1 illustrates the transitions and a
precise formulation using Poisson processes is provided in Equation (1). This subscriber model is related to the
classical Engset model (see Kleinrock [21]) used in telecommunications. In fact, for the special case in which
the hold and off states are indistinguishable, i.e., when the rates at which a subscriber tries to obtain a server
from the hold and off states are equal, the subscribers can be characterized by a two-state Markov chain; this is
identical to the Engset model.

The natural performance metric in this system is the steady state probability that the servers are fully occupied.
The objective of this paper is to provide a means of computing this probability via asymptotic analysis. To this
end, we characterize the convergence of the number-in-system process under suitable scaling and parameter
regimes to diffusion limits and characterize the invariant distributions of these limits. These process limits are
interesting and important in their own right. Furthermore, we show that the invariant distributions of the scaled
systems converge to the invariant distributions of the limiting diffusions. In addition, for the special case in
which the hold and off states are indistinguishable, we show that the steady state distribution of the number-in-
system depends on the means of the on and off times and not on any other moments of their distributions. This
justifies the use of a Markovian model to obtain asymptotic results.
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FIGURE 1. The system with n subscribers and k servers.

We study the asymptotic behavior of this system as the number of subscribers n grows without bound. In order
to get an appreciable but not excessive impact from the Poisson stream, we set its rate A, = An + M1
Further, we choose the number of servers to be of the form k = k,n + k,/n for some k, and k,, as in Halfin
and Whitt [17]. When k, is set at a level that corresponds to the nominal utilization of the system, we derive
diffusion limits for the underlying system. In particular, we prove that a scaled and centered version of the
number-in-system process converges to a reflected affine-drift diffusion process. When k, is set at a higher
level, the limits obtained are similar to those for the critically loaded case, except that asymptotically this
system does not behave as a loss system, i.e., the resulting diffusion is an affine-drift diffusion process without
reflection. The asymptotic results for this system without reflection are quite similar to those in Mandelbaum
and Pats [27] and we do not treat it here. The limits obtained when k, is lower than the critical level are
uninformative as well as trivial. For the critically loaded case, we extend the process level convergence to steady
state convergence by proving the convergence of the corresponding invariant distribution. When the hold and
off states are indistinguishable for the subscribers, we are able to completely characterize the limiting invariant
distribution as a truncated two-dimensional Gaussian distribution.

The convergence of the invariant distribution provides a basis for performing a static economic analysis, for
example, setting prices and capacity levels as in Maglaras and Zeevi [26]. In the meantime, the diffusion limits
may provide a useful basis for dynamic control, for example, dynamic allocation of servers between subscribers
and exogenous arrivals along the lines of Savin et al. [38] may be feasible. Such an analysis also provides
economic justification for the choice of parameters under which we obtain the asymptotic results. This is the
topic of Randhawa and Kumar [34].

The model studied in this paper is related to many-server closed queuing systems. The literature for limit
theory of closed queuing systems is relatively small, with single server stations studied in Harrison and
Williams [18] and Kumar [24]. Krichagina and Puhalskii [23] and Kogan et al. [22] study queuing systems
that allow stations to have state-dependent service rates but infinite buffers. A very recent related paper is
de Véricourt and Jennings [11], which develops limit theory for a multiserver queuing system serving a pool
of subscribers. This work models the system as a queue, where requests that are not accepted immediately are
queued. Using the probability of queuing as the relevant performance metric, de Véricourt and Jennings [11]
use diffusion limits to size capacity. Critically loaded loss systems with customers arriving as a Poisson process
are a subject of study in papers such as Hunt and Kelly [19], Reiman [35], and Puhalskii and Reiman [32].

Though there are many reports in the area of limit theorems for Markovian systems, to the best of our
knowledge the combination of state-dependent rates, retrials, and loss systems has not been studied before in the
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literature. The tools existing in the literature for proving limit theorems are not entirely adequate to handle these
systems. In particular, handling boundary behavior in states where all servers are occupied and losses occur
requires a new argument via an intermediate system. This argument occupies most of §5.

The paper is organized as follows. In §3, we analyze the subscriber model and obtain the asymptotic limits.
In §4, we derive the asymptotic results for the general system with an exogenous Poisson stream along with the
subscribers. Section 5 contains a proof of the main diffusion level convergence and §6 contains a proof of the
convergence of the invariant distribution. Finally, in §7, we offer concluding comments and a comparison of
the subscriber model and the exogenous arrival model.

2. Mathematical preliminaries. All the random quantities in this paper are defined on a common probabil-
ity space (Q, F, P). For some appropriate dimension m, Dg.[0, o0) is the space of right continuous R™-valued
functions defined on [0, co) with left limits endowed with the Skorohod-J; topology, and M,, is the Borel
o-algebra on Dg. [0, 00) (cf. §3.5 of Ethier and Kurtz [14]). The stochastic processes that we shall consider in
this paper are measurable functions from (Q, #, P) into (Dga[0, o0), M,,). Let d denote the metric on Dy, [0, oo)
as defined on p. 117 of Ethier and Kurtz [14] using the Euclidean norm on R™. We can write x € Dg.[0, c0)
as x = (x, X, ..., x,,), where each x; € Dg[0, 00). Then, for T > 0, we denote ||x||; = sup,_, max,_, _, [x;(¢)]'
and use the convention that for any function f: R, — R, [[x(f(:))|l; =sup,.;max,_, _, [x;(f(¢))]. When a
stochastic process X takes values in Dg.[0, 00), we shall abuse notation to say that X € Dy, [0, o0). We note
that by the definition of the metric d, when a limit point of a sequence of random elements in Dy [0, 00) has
continuous paths a.s., convergence in the Skorohod topology is equivalent to uniform convergence on compact
time intervals. Thus, we shall say that for a sequence of random elements {X"} in Dg.[0, c0) and a random
element X € Dg. [0, co0) that has continuous paths a.s., X" — X if | X" — X||; — 0, a.s. for each T > 0.

For a collection of probability measures P" and P defined on (S, &), where S is a general metric space and
& its Borel o-field, we say that P" = P, i.e., P" weakly converges to P if and only if fs fdpP" — fs fdP for
all bounded, continuous real-valued functions f on S. Further, if X" and X are random elements of this space
such that P" and P are the probability measures associated with X" and X, respectively, then X" = X if and
only if P" = P. For any two random elements X, Y of (S, &), we use X 2 Y to denote equality in distribution.
If S=R and X" and X are random elements of this space, we define convergence in probability as X" L x
if lim,_,  P(]X" — X| > €) =0 for all € > 0. Unless stated otherwise, all convergence results in this paper take
place as the index n — oo.

For any stochastic process X € Dga[0, o0) and any measurable function f: R” — R, E, f(X(#)) =E[f(X(?)) |
X(0) = x], and if u denotes a probability distribution on (R™, &,,), where &,, is the Borel o-algebra on R™,
then E, f(X (1)) = [ E.f(X(2)) du(x). C"/* is the space of functions defined on R* that are i, j, and k times
continuously differentiable with respect to the first, second, and third argument, respectively.

We use the convention that for a vector a € R”, a’ denotes its transpose and |la|| = max,_, _, |a;|. For two
vectors a, b € R™, we say a <b if a, < b, for each i =1,2, ..., m. We shall denote e = (1,1, 1)" as the unit
vector in R, Finally, for f, g: R — R, we say that f(n) = O(g(n)) if there are positive constants ¢ and k such
that 0 < f(n) < cg(n) for all n>k, and f(n) =o0(g(n)) if lim,_, . f(n)/g(n) =0.

3. Subscriber model with retrials. We begin by introducing the subscriber model and carrying out the
asymptotic analysis in the regime, where the number of subscribers and the number of servers increase with-
out bound. We initially provide a verbal description of the model, followed by a mathematical definition in
Equation (1).

3.1. Model. We consider a system with n subscribers and k servers, where a server cannot be assigned to
more than one subscriber at any time. Each subscriber has an underlying continuous time Markov chain J(-),
where J(t) € {on, off, hold} for 7 > 0. A subscriber spends an exponentially distributed amount of time with
mean 1/A in the off state, after which she requests for a server. If no servers are available, she transits to
the hold state; otherwise, a server is assigned to her and she transits to the on state. In the hold state, she
retries to obtain a server after every exponentially distributed amount of time with mean 1/v until a server is
available. Once a server is assigned to her, she transits to the on state. In the on state, she uses the server for
an exponentially distributed amount of time with mean 1/u, after which she returns the server and transits to
the off state. We assume that all the times are independent and identically distributed and independent of each
other.
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' We would like to point out to the reader that our usage of |-|| is merely notational; we do not imply that this is a norm on Dgn [0, o).
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This system is a special case of that discussed in §4, where in addition to the subscribers an external arrival
stream of customers is also present. However, the novelty of this subscriber model and the interesting nature
of its diffusion limits motivate us to present the asymptotic results for this special case before doing so for the
general system.

We shall begin by introducing some notation. Let Q" € Dg.[0, c0) such that Q7(r) and Q5(f) repre-
sent the number of servers in use at time ¢ and the number of subscribers in the hold state, respec-
tively, when there are a total of n subscribers, i.e., Q7 (f) = >/} 1isupscriver 7 is in the on state at time 1 @0 Q5 (1) =
> 1 (subscriber 7 is in the hold state at ime 1}- @1> @5 can be obtained from the following fundamental equation’:

01(1) = 0}(0) + N* ( | Vgt (n = ©40) = Q50 du) + N’( [ Mot Qi(w) du)

—Nd<fOZMQ'f(M)du>,

t , W
010 = 0500+ ¥°( [ (r- 01w = Q3@ ) = N ( [ 11000 = 010 — Q3

t
N ( /0 o) V24 (1) du)

for t >0, where N°(-), N%(-), and N"(-) are three independent, one-dimensional unit rate Poisson processes.
As we are interested in asymptotic results, we consider capacity levels of the form k" = k,n + k,/n for some
k; €R, and k, € R. Define
Ap
m=-—— 2
At a (@)
and the centered and scaled process
An 0"() — (k. 0y
Q"()=—"—F=——=0.
Jn
Further defining ¢"(-) = Q"(-)/n and g = (;,¢,)" with g, = min(k,, A/(A+w)) and g, = A/(A+p) — g1,
we have the following asymptotic results for this system.

ProposITION 3.1.  If ¢"(0) = g, then
@) llg" —qlly =0 forany T =0. A
(b) If ky =A/(A+ ) and Q" (0) = Q(0), then Q" = Q, where

0,0)= 0,0~ [ ((A+m(@ () + k) + (A= 1)Bo(w) du+VImB(D) = Y (1), ®)
0.(1) = 0:(0) — [ vBa(u) du+ Y (1) @

where B is a standard Brownian motion independent of Q (0) and Y is the nonnegative, nondecreasing continuous
process such that Q, (1) <0 and fot Ql(u) dY(u)=0,Vt>0and Y(0)=0, and Qz(t) >0,Vt=>0.

(¢) The invariant distribution of Q”() 7" = 7, where T is the unique invariant distribution of the diffusion
process given by Equations (3)—(4).

All the asymptotic results in the paper are structured in a manner similar to Proposition 3.1. We first state the
fluid level convergence as in (a), followed by weak convergence to diffusion limits as in (b). In doing so, we first
establish that the equations describing the diffusion limit (Equations (3)—(4)) have a unique strong solution.
We also establish that the limiting diffusions have unique stationary distributions and establish the convergence
of the invariant distributions of Q" to the invariant distribution of the limiting diffusions as in (c). Finally, where
possible, we characterize this limiting invariant distribution.

This is a good place to point out the organization of proofs of results in this paper. The main result of this
paper, Theorem 4.1, has two parts. The first part is proved in §5 and the second is proved in §6. All propositions
are proved in Appendices A and B contains auxiliary results that are useful in proving the propositions.
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2 Proposition 4.1 proves the existence of a unique Q that satisfies a relation similar to that in Equation (1) for the general case in §4.1. The
proof can be adapted to prove the same for this case.
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The diffusion process given by Equations (3)—(4) is quite interesting. Note that there is a single one-
dimensional Brownian motion driving this diffusion and the only stochasticity in the process Q}() arises through
the “pushing process” at the boundary. This process is fairly complicated and it renders a further investigation
into its invariant distribution futile. (The reader is directed to §4 for an illustration of the difficulties that arise
in the computation of the invariant distribution of this process.) However, we shall see that for the case v = A,
where the off and hold states are indistinguishable, we obtain a far more tractable process for which we will be
able to compute the invariant distribution; this case is tackled in §4.1 in a more general setting.

Having investigated the subscriber model, we now incorporate an exogenous customer stream in addition to
the subscribers in the system, allowing for the eventual analysis of whether or not subscription is a desirable
option for the system designer. These customers do not subscribe but rather are considered to be one-time users
who attempt to get service on arrival and are lost if no servers are available. We will again develop asymptotic
results for this model and use them to obtain approximations for the invariant distributions.

4. Subscribers with a Poisson customer stream. Consider the system with a total of n subscribers as
before and an exogenous stream of customers that arrive according to a Poisson process with rate AJ. Let
Q" € Dy3[0, ), where Q7(-), Q5(-), and Qj(-) are the processes that denote the number of servers in use by

the subscribers, the number of servers in use by the exogenous customers, and the number of subscribers in the
hold state, respectively. To be precise, our model results in Q" being as follows:

010 = 010+ 8¢ ([ Varunsazir a0~ €10 - Q3 ) - N7 [ wya )
+ N*( /0 1107+ 0300 <k V@5 () du),

010 = 0310+ 8¢ (% [ Nigsogioae ) ~ N2 w2t )

010 = 0100~ N [ Nggursegioaev@i@an) 8 [ 0= 010 ~ Q300

t
— Ny (/0 1{Q7(u)+Q;(u)<kn}(” - Q;‘(u) - Q;(“)))‘ du),

for t > 0, where N?(-) fori=1,2, N ;1 (+) for j=1,2, and N'(-) are five independent unit rate Poisson processes.
For (x,y,z) € R}, let A"(x, y,2) = ((n—x—2)A, A, 0) and p"(x, y, z) = (ux, wy, 0)'. Then, using the notation
N“(x,y,2) = (N/(x), Ny (y), N¥(z))’ for u=a,d with N{(t) = N{(t) =0 for t > 0, the above relation can be
reexpressed as

01 = @O+ 8 ( [ 1grursas @ @) =¥ [ @) )
+ N’(fo 1{Q1‘(u)+Q£‘(u)<k"}Vle(u) d”)(L 0,—1)'+ (O’ 0, ANY(Q1, 03, Q;’)(t))/, ®)
where for A € Dg[0, 0),

AAQL 02 5)() = A( [ =010~ 010 du)
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B A(/O Ligrw+or<iny (n — Qf (1) — Q5 (u)) A du).

The following result proves the existence of a unique Q" that satisfies Equation (5).
PROPOSITION 4.1.  There exists a unique strong solution Q" defined on (), F,P) to Equation (5).

Note that Equation (5) can be rewritten as
Q'(1) = 0"(0)+ [ [N(Q"(w) +¥"(Q" () — w"(Q" ()]

80 [ e @ ) an) ([ @) )
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—_— t —_
([ e Q3@ ) (1,0, 1) + 0,0, AN (01, 02, 09

t
- fo Ligrw+osu=ky 6" (Q" (w)) du, (6)
where for (x,y,z) €RY, {"(x,y,2) =((n—x —2)A+vz, A}, —=(n —x —2)A +vz)’ and
)\"(x,y,z):((n—x—z))\, A+ Aa/n, 0)/, (7)
w'(x,y,2) = (ux, uy,0)’,  and ®)
v'(x,y,2)=(vz,0, —vz). 9)
We use the convention that for any given Poisson process N, N denotes its centered version, namely N () =
N(t)—t,t>0.
Before continuing, we introduce the following notation:
kﬂ
K'=—, (10)
n
0" (x,y,2) =A"(x, y, 2) +v"(x, 3, 2) = u"(x, 5, 2), (11)

_ t
@) =8 [ Niggursuow (@)

_ t
+Nr(/0 1{Q7(u)+Q;(u)<k"}VQ;(u) du)(l,(), O),, (12)
d N ! AT ! ’

1
anz_(Ma,n_Md,n), (14)

n

1 _
8" = (0,0, AN/(Q}. 03. 05))', (15)
S"={(x,y,2) €R’|x,y,2>0, x+y<k", x+z=n}, (16)

where §”" denotes the state space of the process Q". Rearranging terms in Equation (6), we obtain the following
characterization of ¢"(-) = Q"(-)/n.

PROPOSITION 4.2.  For t >0, q"(t) can be written as

70 = PLEO =X + [ R WY (w. (17)

where X", R" € Dy [0, 00) and Y" € Dg[0, 00) are defined as
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X"(1) = ¢"(0) + % /0 0" (ng" (u)) du + o (1) + 8" (1), (18)
R' ()= —((1 = q}(1) = g5 (O)A+vgi (1), Ay + Ay //n, —(1— g (£) — g3 (D)) A + v (1)), (19)
Yi(n = /0: Lig ez ao=eny 4 (20)
In addition, we have .
7 /0 R () dY" (1) = = sup (X{(s) +X3(s) - o 1)

where n= (1, 1,0)".

Note that the process — fot R"(u) dY"(u) counts the number of requests by the subscribers and the Poisson
stream denied by time 7. As the total number of denied requests must equal sup,_,_, (X} (s) + X5 (s) — k"), the
last relation follows. o

We now proceed with obtaining the asymptotic limits. To obtain meaningful limits, we shall choose A7 =
A+ Ay/n, where A, A, > 0 and the capacity level k" = k;n + k,/n as before. For convenience, we shall
recycle our earlier notation and define g = (A/(A 4 ), A/, 0)'. We now state the asymptotic results for this
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system corresponding to the fluid limit:

PROPOSITION 4.3.
(@) If ky = A/(A+p)+ A /p and q"(0) = g, then ||q" — gl = 0 for any T > 0.
) If ky < AJ(A+p)+ A,/ and ¢"(0) = q, where g, = (—=b — v/ b> —4ac)/2a with a=v+ (L/A)(v — A),

b=—(v(k1+1)+/\1 +%(v—h)k1>’

and c=kv, G =k, —q,, and g =1— ((A+u)/A)q,, then ||q" —Gl||; = 0 for any T > 0.

A point worth noting about this result is that we require ¢”"(0) to converge to the stable point (or equilibrium
point) of the fluid limit as n — oo. If this condition does not hold, i.e., if there exists a sequence along which
q"(0) converges to a point different from the equilibrium point of the fluid limit, then along this sequence ¢"(t)
shall converge to the equilibrium point only as both n — oo and t — oo.

We now wish to study the diffusion limits for this system. To this effect, define Q"(-) = /n(¢"(-) — q) —
(k,,0,0)". Note that if k; < A/(A+u) + A,/u, the correction process Q" is asymptotically not well-defined.
If £y > A/(A+ )+ A, /u, this case is identical to an infinite server setting and is treated in Mandelbaum and
Pats [27]. Thus, we focus on the case k; = A/(A+ ) + A, /u and state the corresponding diffusion result:

THEOREM 4.1. R R R R
@) Ifk,=A/(A+p)+ A, /u, ¢"(0) = g and Q"(0) = Q(0), then Q" = Q, the unique strong solution to

0,0 =0,0)+ [ 10— NGy — A+ (@) + )] du

+2mB, (t) — mY (1), (22)
Qz(t) = Qz(o) + /0’(/\2 - I-Léz(“)) du+ \/Z_)HBz(t) —MY(1), (23)
0,0 =0,0) ~ [ v@,w du+m¥ (1), (24)

where m is given by Equation (2), B, and B, are two independent one-dimensional Brownian motions that are
zndependent of Q(O) and Y is the nonnegative, nondecreasing continuous process such that Ql(t) + Qz(t) <0
and fO(Ql(u) + 0,(u))dY (1) =0, V>0 and Y(0) =0, and Q;(1) >0, V1> 0.

(b) The invariant distribution of Q”( ), " = 7, where T is the unique invariant distribution of the diffusion
process Q( ).

Noting the convergence in Theorem 4.1(b), it would be quite useful if we can characterize the invariant
distribution 7. However, we shall now demonstrate using a nonrigorous argument the difficulty in estimating 7.
Let us assume this invariant distribution has a density p € C>*!. Denote the state space of the diffusion
process (22)—(24) by S, i.e., S ={(x,y,2): x+y <0,z >0} and its boundary by 35 = {(x,y,z): x+y=0}.
Let L= ((v — M)z — (A +p)(x +k,))(9/dx) + (A, — uy)(3/dy) — vz(3/dz) + m(8°/9x*) + A,(?/9y?) denote
the generator of the diffusion process; its domain is C*>%!. Pick any f € C>%*! with compact support such
that m(df/dx) + A, (df/dy) =0 on 3S. Then, applying Ito’s lemma to f for this diffusion process and taking
expectations with respect to the invariant distribution, we obtain the condition

/S H)Lf(v) dv=0. (25)

Assuming sufficient regularity conditions on p, repeated use of integration by parts leads us to contend that p
should solve the following partial differential equation (p.d.e.):

At
D)
=5
24
5 E
>3
mh
RS}
o c
=
©
e c
5
22
23
a
3 e
o <
-
© ©
nQ
S O
>E
Q.'§
S
w2
£g
B
2o
£ 2
@ 9
= 0
S 9
o°
2 E
T ©
o2
L5
O c
T ®©
T o
@2
@&
< =
o)
Lc
- O
£ >
90
T £
E .
C
(o]
8 e
35
==
w_
=2
e o
=
o3
z-c
=<

9? *p ap ap R
alg—i-)\l —I—()\—l—,u)(x—l-kz) —( 2—,uy)£+vza—‘:+(/\+2,u+v)p=0
for (x,y,z) €S\ S, with the boundary condition
ap
—Ax+ (A ks — AP — ma—p a2 a —0, for (x,y,2)€ds.
X y

We are unable to solve this p.d.e. and thus cannot provide a better characterization of the invariant distribution.
We shall see in the following section that for the case ¥ = A, we can actually compute the invariant distribution
of the limiting diffusion process.
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4.1. Special case, v =A. When v = A, the off and hold state are indistinguishable, which implies that we do
not need to keep track of the number of subscribers in the hold state. This allows us to focus on a two-dimensional
process 0" € Dy [0, 00), where Q7 () and Q5(-) denote the number of servers in use by the subscribers and the
exogenous customer stream, respectively. For (x, y) € R7, let A"(x, y) = ((n—x)A, A})" and p(x, y) = (mx, py)'.

Then, we obtain the following characterization of Q":

00 = 0O+ ( [ Vgt @) an) = ¥( [ (@) ) (26)

for ¢ > 0, where we use the notation N*(x,y) = (Nj(x), N;(y)) for z = a, d. Defining ¢"(-) = Q"(:)/n, g =
(A/(A+ ), A /) and Q”() = /n(q"(") — q) — (ky, 0), the corresponding asymptotic results for this system
are as follows.

PrOPOSITION 4.4, Ifk; =A/(A+u)+ A/ and q"(0) = g, then

@ lq" —qll; =0 for any T =0.

(b) If 0"(0) = Q(0), then Q"= Q , where

0,(t)=0,(0) - f (At 1) (D () + k) duu+~/2mB, (1) — m¥ (1), (27)
0.(1) = 0u(0)+ [ (A = 1 O() du-+ V2 Bol1) = A, (1), (8)

where B, and B, are two independent one-dimensional Brownian motions that are independent of Q(O), and Y
is the nonnegative, nondecreasing continuous process such that Q,(t) + Q,(t) <0 and

[[(@w+B:@)arw=0, vizo, ad  Y©O)=0.

(¢) The invariant distribution of Q"(-), 7" = &, where 7 is the unique invariant distribution of the diffusion
process Q(-).
We shall now characterize the invariant distribution of this diffusion process.

PROPOSITION 4.5.
(a) If A, > 0O, the density corresponding to the invariant distribution of the diffusion process (27)—(28) is

exp(—(1/2)(((x + kp)* (A + ) /m+ (y — Ay/p)*p/A)) fxty<0
5, y) = § S S (=12 (x4 k) (At ) /m A+ (3 = Ao/ )/ A1) dy dx” T (29

0, else.

(b) If A, =0, the density corresponding to the invariant distribution of the diffusion process Ql given by
Equation (27) is:

exp(—(1/(2m))(A + ) (x + k»)*)
px) = L2 exp(=(1/@m) (A + w) (x + ky)?) dx

0, else.

ifx<-—

A
H (30)

4.1.1. Insensitivity of the steady state distribution of the number-in-system process in the original sys-
tem. It is well-known that the steady state distribution of the number in system in the M/G/k/k loss system is
independent of the service time distribution (see Gross and Harris [16], pp. 245-247). It is also known that the
steady state distribution of the number in system for the on-off source model is independent of the distribution
of on and off times (see Cohen [7]). We will now focus on the system with both subscribers and an exogenous
pay-per-use stream and show that the steady state distribution of the number in system of the prelimit process
is insensitive to the distribution of on times, off times, and the service times, i.e., it depends only on the means
of these distributions, when hold times are identically distributed as off times. This insensitivity result does not
hold when the hold time and off time distributions are different and when the exogenous stream does not arrive
as a Poisson process.

Before stating the result, we shall introduce some notation. Let F' and G denote the off time and on time
distributions, respectively, with 1/A and 1/u denoting their respective means. Note that G is also the distribution
of service times for the Poisson arrivals. We will assume that F(0) = G(0) =0, and F and G are strictly
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increasing on [0, 00). Let the total number of subscribers in the system be n, the arrival rate of the Poisson
stream be A7, and the number of servers be k. Let J*(t) be a set whose elements represent the subscribers
in the on state at time #, where each subscriber is numbered from 1 to n and U = {1, 2, ..., n} denotes the
set of all subscribers. Let J?(¢) denote the number of customers from the Poisson stream in service at time f.
Let R*(t) € R’} denote the residual times for the subscribers at time ¢, i.e., for subscriber u € J*(¢), Rj(t) denotes
the amount of on time remaining and for subscriber u ¢ J*(¢), it denotes the amount of off time remaining.
Let RP(¢r) denote the residual times for the customers in service from the Poisson stream. It can be verified
that {X(¢) = (J*(¢), R*(¢), JP(t), RP(t)): t > 0} is a Markov process. The number-in-system process is given
by {(|J(2)|, J?(¢)): t > 0}, where for a set A, |A| denotes its cardinality. As this process is not Markovian, its
invariant distribution is not well-defined. Thus, we shall work with the steady state probability of the number-
in-system process. We are now ready to state the main insensitivity result.

PROPOSITION 4.6.  The steady state distribution of the number-in-system process {(|J*(¢)|, J'(t)): t = 0}
depends on the distributions F and G only through their means.

This insensitivity result proves that to asymptotically characterize the invariant distribution for such systems,
it is sufficient to analyze a Markovian model. This allows us to circumvent the issue of obtaining the process
limits for these systems, which are known to be measure valued and fairly complicated, and provides a further
justification for using Markovian models.

Note that we can actually characterize precisely the invariant distribution of the prelimit process (see the proof
of Proposition 4.6). Thus, one can arrive at the result in Proposition 4.5 by evaluating the limit of this invariant
distribution. However, our aim is to prove the convergence of the invariant distributions for the general system
of §4, which does not follow directly. Further, the methodology developed to prove this convergence allows us
to extract the asymptotic invariant distribution for the process in §4.1 relatively cheaply.

5. Convergence to diffusion limits. This section is concerned with the proof of Theorem 4.1(a). If we
take a closer look at Proposition 4.2, we note that R"(¢), which can be thought of as a reflection direction
to keep the underlying process within the feasible region, depends on the state at time ¢ as well as on n.
This dependence complicates establishing regularity properties, such as Lipschitz continuity, on the reflection
map P7,. To circumvent this issue, we introduce an intermediate system that is defined on the same probability
space and differs from the original system only in the reflection direction. For this intermediate system, we
choose the reflection direction

R=—(m, A, —m), (31)

which by applying Proposition 4.3(a) and the continuous mapping theorem (Theorem 2.7 in Billingsley [3]) is
the weak limit of R", i.e., R" = R.

We shall prove that this intermediate system is indistinguishable from the system under consideration at both
the fluid and diffusion scale. It will then be sufficient to derive the diffusion limit for the intermediate system
alone. However, to prove the equivalence of these two systems, we shall require the existence of a weak limit
for the intermediate system. Thus, we shall first obtain the diffusion limit for the intermediate system and then
establish that this intermediate system is indistinguishable from the system under consideration at the fluid and
diffusion scale. This will complete the proof.

We shall now define the intermediate system. We shall use the same notation for the intermediate system as
we did for the original system, albeit with a modifier (°) to differentiate between the two, i.e., Q" € Dgs[0, 00)
represents the number-in-system process for this system. Before defining the intermediate system, analogous to
Equations (17) and (21) we introduce a mapping ®,: Dgs[0, 00) — Dgs[0, 00) such that

d,(X)=X+RY, (32)
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where R is given by Equation (31) and for 7 > 0

supOfsSt(Xl (S) + Xz(s) - a)+

Y(1)=— —
2 R

with 2= (1,1,0)". Note that the mapping 5,1 is independent of n. Further, given X € Dy:[0, 00), Y is well-
defined, and thus the mapping ®, is well-defined for each a.
We now define the number-in-system process for the intermediate system as follows:

0" (1) = D (U")(1), (33)
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(a) Original system (b) Intermediate system

tan—l( An+ A /n ) O
AMn—=00+@—1)05

3 o o5

FIGURE 2. Reflection directions in the two systems.

where

00 = ')+ v [ 2@ an) ([ @ ) )

+N’(/t(n A ég(u))vdu)(l, 0, -1y, (34)
0
where for (x,y, z) € R, we have
N'(x,y,2)=([(n—x—2)An]A,A2,0),  and (35)
' (x, 3, 2) = (x e, (v A (kg + [y [)n) T, 0))'. (36)

This system is similar to our original system as defined in Equation (5) and has the same initial state, i.e.,
0"(0) = 0"(0). However, unlike our original system, this system has an unbounded state space and the compo-
nents of Q” can take negative values as well. Thus, this intermediate system has no “real” interpretation. Note
that we modify the rate functions A” and u”" so that the process is “well-behaved.” This is useful in obtaining
the uniqueness of the solution of Equations (33)—(34) in the following result:

PROPOSITION 5.1.  There exists_a unique strong solution Q" defined on (O, F,P) to Equations (33)—(34).
Further, the state space of Q" is S" ={(x,y,2): x+y<k", x+z=<n, z>0}.

Figure 2 provides a two-dimensional cross-section of the state space along with the reflection direction of the
number-in-system process in the two systems.
We now write out the dynamics for the scaled process Q"/n as follows.
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7(=="=8.(X) 0 =X"(0)+R7"(), (37)
where
X"(1)=g"(0) +% [0 6 (n () du+ @ (1), (38)
?n(t) - _ SupOgsgt(i?(sti;(s) - Kn)+ i (39)
n'R
and we have the following analog to Equations (11)—(15).
0" (x,y,2) =A"(x,y,2) +7"(x,y,2) — B"(x, 3, 2), (40)
7"(x,y,2)=((zAn)v,0, —(z An)V), 41)
M®"(1) = N* (/t N'(nG" (u)) du) +N’<ft n(g (u) A 1)Vdu>(1, 0,0), (42)
0 0

M (r) = N4 ([0 A" (g (u)) du> + N([Q (G (u) A 1)Vdu> (0,0, 1Y, 43)
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17 = — (§(1) — (1)) (44)
= NG ,
1 ~ ~
" = _(Ma,n _ Md’"). (45)
n

We now obtain the asymptotic limits for the intermediate system. Defining 0*"(+) = +/n(¢"(-) —q) — (k,, 0, 0,
where g = (A/(A+ ), A, /1, 0)', we have the following asymptotic results.

PrOPOSITION 5.2. Ifk; =A/(A+u)+ A/ and §*(0) = g, then
@ 4" —qlly =0 for any T = 0.
(b) If 0**(0) = Q*(0), then Q*" = Q*, the unique strong solution to

0'() = Fy(2')(0), (46)

Zi(0)= 010)+ [ 1= NQ3(w) — A+ (@1 (w) + k)] du+V2mB, () @)
Z:()= 030+ [ (s~ w03 (0) du-+ 2N Bo(), @)

20 = 030~ [ v@3w du. 9)

where B, and B, are two independent standard Brownian motions that are independent of Q*(0).

We shall now prove that the intermediate system is asymptotically equivalent to the original system at the
J/n-scale, which implies that both these systems have identical diffusion limits. Although, this equivalence result
holds in far more generality, we shall prove it only for the case we are interested in.

PROPOSITION 5.3.  For any T >0, if ky = A/(A+ ) + A, /u and q"(0) = G, then || Q" — Q*"||; = 0.

This, along with Proposition 5.2, completes the proof of Theorem 4.1(a).

6. Convergence of invariant distributions. The subject of this section is the proof of Theorem 4.1(b). We
shall prove the convergence of the invariant distributions as well as uniqueness of the invariant distribution of
the limiting diffusion process. The proof employs a Lyapunov function argument as in Gamarnik and Zeevi [15].
However, as the processes we consider have state-dependent drift and Gamarnik and Zeevi [15] prove the limit
interchange for Jackson networks (with state-independent drift), their main results are not directly applicable
here. We shall begin with the following definitions for a Markov chain (Q(¢): ¢ > 0) with a complete, metrizable
state space & as in Gamarnik and Zeevi [15]:

DEFINITION 6.1. A function f: & — R, is said to be a Lyapunov function for the process Q with drift size
parameter —vy, where y > 0, drift time parameter 7, > 0, and exception parameter K if

sup  {E,f(Q(1) — f(x)} < —7.

{xeZ: f(x)>K}

A function f: & — R, is said to be a geometric Lyapunov function with a geometric drift size 0 <y < 1, drift
time 7, > 0, and exception parameter K if

sup  {(f())TESf(Q(1))} <.

{xeZ: f(x)>K}
Define ¢(r) = sup,.(f(x))"E,f(Q(¢)) and for any given 8 > 0,

LB, 1) = sup E,[exp(B(f(Q(1) = f(x)))],
Ly(B, 1) = sup E.[(f(Q(1) = f(x))* exp(B(f(Q(1) — f(x) )],
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for t > 0.

Let ¢" = n(q — q") — (ky4/n,0,0)". Recall that ¢" = Q"/n and g = (A/(A + u), A;/u,0)". Differing from
Gamarnik and Zeevi [15], we shall prove that the function f(z) = €'|z| is a Lyapunov function, where |z| =
(Iz1l 1zal» |z3])’- The fact that the centered and scaled process can take negative values leads us to this choice.
We shall use & =R? x R, equipped with the sup norm.
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PROPOSITION 6.1.  For all sufficiently large n, the function f(z) = ¢'|z| is a Lyapunov function for the pro-
cess q" with drift size parameter —./n, drift time parameter t,, and exception parameter cy/n. In addition,
there exits 3, > 0 such that the following hold.

limsup L, (B,y/~/1, ty) < 0, (50)
1

limsup —L,(By/~/1, t;) < 0. (51)
n—oo N

We now establish the required tightness of the invariant distributions {7”}. Note that the existence and unique-
ness of these invariant distributions follows from the fact that their corresponding Markov chains are irreducible
and are defined on a finite state space, and thus are positive recurrent.

PROPOSITION 6.2.  There exist constants C,, ¢, such that for all sufficiently large n, the sequence of invariant
distributions 7" satisfies
Pou(n™'2¢|3"(0)] > 5) < Cyexp(—c;s),

for all s > 0.
A consequence of this proposition is the following result.

PROPOSITION 6.3. Let q"(0)//n be distributed according to 7". Then, the sequence of random vectors
{@"(0)//n} is tight.
The following result combined with Proposition 6.3 completes the proof of Theorem 4.1(b).

PROPOSITION 6.4.  Any weak limit of {@"} is invariant for the diffusion process Q() given by Equa-
tions (22)—(24). Further, Q(-) has a unique invariant distribution.

7. Discussion. In this paper, we introduce a subscriber-based method of modeling customers, wherein each
customer is associated with a three-state Markov chain that determines the subscriber’s behavior. This model
is descriptively quite different from a Poisson arrival model and this difference persists even as the number
of customers grows without bound. To illustrate this effect, we compare the two systems: one with customers
modeled as subscribers and the other with customers arriving as a Poisson stream using the denial rate as our
performance metric. The denial rate is the steady state at which customer requests are denied. We shall vary
the number of servers in this study and set the retrial rate of the subscribers to v = A. For a fair comparison
of the two streams, we shall equate the offered load by the customers. Hence, we shall choose the arrival rate
of the Poisson stream to be (Ap/(A+ w))n.

We shall set the number of servers in each system at (A/(A + w))n + k,+/n and then vary k,. This is because
setting k; < A/(A+ p) creates an O(n) difference in the two systems, with the denial rate in the subscriber
model being significantly higher. We choose A = u =2 for our computations. The limiting denial rates for the
two systems can be computed as a limit of Y"(¢)/t as t — oo as in Proposition 6 in Randhawa [33]. Figure 3
plots the limiting denial rates as a function of k,.

We observe that if &, is small, the denial rate is lower in the exogenous arrival model: however, as k, increases,
the subscriber model has a lower denial rate, which demonstrates the difference in the two models. Figure 3 can
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FIGURE 3. Comparison of denial rates in the subscriber and exogenous arrival models.
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be explained loosely as follows. As the number of subscribers that are on increases, the number of subscribers
attempting decreases. Consequently, when the capacity is large, the denial rate seen by the subscribers is smaller
than that seen by the exogenous stream whose attempt rate is independent of the state of the system. When the
capacity is small, the number of on subscribers is small due to server unavailability. Consequently, the number
of subscribers attempting increases.

Appendix A. Auxiliary results and lemmas.

LEMMA A.1 (STRONG APPROXIMATION, LEMMA 3.1, KUrTZ [25]). A standard (rate 1) Poisson process N(t)
can be realized on the same probability space as a standard Brownian motion B(t) in such a way that the
positive random variable X given by

e N = 1= B
=sup————— (A1)
t20 10g(2 A\ t)

satisfies Ee™ < oo, ¥ > 0 sufficiently small. In particular, EX < oo.

LEMMA A.2 (cF. LEMMA 3.2 IN KURTZ [25], P. 14 oF McKEAN [29]). For any standard Brownian motion B
and any € >0, neN, and T >0
_ B(u)—B
M= sup |B(w) W <00, a.s. (A2)
wvzner \/|u—v|(1+log(neT /|u —vl))

Further; the distribution of M does not dependent on n.

LEMMA A.3 (THEOREM 6, GAMARNIK AND ZEEVI [15]). Suppose a Markov process Q(-) defined on a com-
plete, metrizable state space & possesses an invariant distribution , and suppose f is a Lyapunov function
with parameters vy, ty, K. Further, assume there exists 3 > 0 such that

BLy(B. 19) < - (A3)

Then, ¢’V is a geometric Lyapunov function with geometric drift size parameter (1 —yB/2), drift time param-
eter t,, and exception parameter ePX. Consequently, for every s > K

P.(£(Q(0)) > 5) < (1—yB/2) 'L (B, to)e Pe5).

LEMMA A4. If Q is a Markov process with an invariant distribution , for any sequence of time instants {t"}
such that t™ 4 oo, m is invariant for the discrete time Markov chain Q™ = Q(t™). Further, if Q™ is Y-irreducible,
then 1 is the unique invariant distribution of Q.

ProOOFE. The first part of the claim follows trivially. For the second part, we apply Proposition 10.1.1 and
Theorem 10.0.1 in Meyn and Tweedie [30] to conclude that 7 is the unique invariant distribution of Q™. This
immediately implies that 77 must be the unique invariant distribution of Q. O

LEMMA A.5. For a function f: R— R, if |f(x) — f(y)| < Clx —y| for x,y € R and some constant C > 0,
then for any a >0, |f(x)Aa— f(y)Aa| < Clx—y|.

Appendix B. Proof of results. For brevity, we omit the proofs of Propositions 3.1 and 4.4 as these results
are a special case of Proposition 4.3 and Theorem 4.1 in §4 and can be proved in an identical fashion. Proposi-
tion 3.1 follows from Theorem 4.1 by setting A, = A, =0 and Proposition 4.4 follows by setting Q%(-) =0, as
the system is equivalent to one in which subscribers turn off immediately when denied service.

B.1. Proof of results in §4.
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B.1.1. Proof of Proposition 4.1. For convenience, we shall fix n > 0 and drop it from the notation. We shall
argue on the same lines as in Theorem 9.2 in Mandelbaum et al. [28]. Let Q'={0!(t): t>0} for [=0,1,...,
where Q°(t) = Q(0) for t > 0 and for [ > 0, Q' is given by

(AT!

0= 000+ ([ tgpruear @ an) -8 [ w(@ ) )

(AT! _
o (-/0 L@ 1wy () d”) (1,0, -1y

+(0.0, AN (0. 0,7, 0y (LA TY) (B1)
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where the time for  events to occur 7' is given by
t _ 4 t _ /
leinf{t: Na (A I{Q’[l(u)+@*1(u)<k})\(Ql_1(”)) du) e“l‘lvd<\/0 /.L(Ql_l(u)) du) e

t N - — —
+Nr(/0 l{éi‘(u)+éél(u)<k}VQél(u)du>+ANl"(Qll1, -1 él)(t)=l},

Note that given Q'~!, Q' is well-defined for each I.
To complete the proof, we only need to show
(@) O'(t)=0Q"""(¢) forall 0 <t < T'.
(b) lim,_,  T' =00 as.
The solution to Equation (5) Q can be constructed by setting

Q(t)=0"""(t) forall0<tr<T'.

Uniqueness then follows by using induction on r and by noting that Equation (B1) implies that the uniqueness
of Q' follows from uniqueness of Q'~'.

Note that the second claim follows trivially as Q' is bounded. We prove the first claim using induction on [.
The case [ =1 holds trivially as Q'(7) = Q°(r) = Q(0) for t < T'. Now, assume that Q'(¢) = Q"' (¢) for all
0<t<T!for some r €N, then

tAT! _ IAT! _
N* (-/O 1{@ (u)+§£(u)<k})‘(Ql(u)) d”) =N? (/0 1{@471(u)+§'{l(u)<k})‘(Ql_l (u)) d”)
IAT! _ (AT! _
([ @@yan) = ([ w@ i au)
0 0
(AT! _ tAT! —
N’ (l(; l{éi(u)+Q§(u)<k}VQé (u) du) =N’ (/(; 1{(_211_1(11)-#@%_] (u)<k}VQ57 (u) du) ,

ANY(Q1. Q5. Q) (AT = ANF(Q, 0y, Q5 Nt AT

for 0 < < T', which implies that Q'*'(r) = Q'(¢) for 0 < < T".
For T!' <t < T,

! !
¥ ([ Vo ao-ad @@ au) = ([

W w@ ) =n( [ T’u@’-l(u»du).

T!

1{Qi"(u)+éé”(u)<k})\(élfl (1)) du)

Similarly,

t _ tAT! _
N’ (/0 110w+ 80 < VD5 (1) d“) =N (/0 g w2y 1wk Qy (1) du),
AN (01, 03, 05)(1) =ANI(Oy ', 03 L, O (A TY).

Hence, Q"*'(1) = Q'(t) = Q'(T") for T' <t < T'*'. Therefore, Q'*'(t) = Q'(t) for 0 <t < T™*', and the
inductive hypothesis holds. O
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B.1.2. Proof of Proposition 4.3(a). We shall prove the result for the case k; = A/(A+ w) + A, /u; the proof
for the case k; > A/(A+u)+ A, /p follows in a similar fashion.
Using Proposition 4.2 and the fact that g = (A/(A+ ), A,;/u,0)" and k;, = A/(A+ p) + A/, we obtain

(¢"(0)—q)+ (0, %t,O)/+/O[0(q"(u)) du+a"(t)+6"(t)—(1, 1’0),022()(?(5”)(;(” —Kk")*
<(¢"(1)—q)

<" (0)—q)+ (0, %t,O) +/(;t9(q"(u)) du+a"(1)+6"(t)+(0,0, 1)’Os<11;<)t(X{'(s)+X§‘(s) —-k")7t, (B2)
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where

0(x,y,2) = (A= (A+p)x+ @ =Nz, A, —py, —vz)’, for (x,y,2) €R’. (B3)

Noting that 0(g) =0, we have

llg" — 4l

— A ! n e n n n n n
<llg"(0) - gl + —= t+/ 10(g" (w)) — 0(q)| du+ [la" ||, + [[8"[l, + sup (X](s) + X5 (s) —&")"
\/ﬁ 0 0<s<t

e A ! n - n n
< IIq"(O)—QII+7%f+/() 10(q" (1)) — 0(q)| du+ |la"||, + 6",
+[||X?+X;_(671+‘72)||:+|Kn_(‘71+‘72)|]

- )\ ! n n n n e k
< IIQ"(O)—4|I+7%t+f() 10(q" (u)) = 0(q)| du+ [["[|, + 18", +2[| X —QII,+7%- (B4)

Note that 6 defined in Equation (B3) is Lipschitz continuous with constant K; =2A 4+ u + v.
Thus, we can rewrite Equation (B4) as

n - n - )\ ! n e n n
lg" =gl < llq (0)—4||+—2t+(2A+u+V)f0 lg" = qll, du+ "l + 118"l

/i

ok
20|X" — —.
+2Ax =gl +

We can repeat the argument in Equations (B2) and (B4) for X" to obtain

- n = A ! n - n n
1x" = gll, < llg"(0) - gll + —= t+(2A+M+V)f lg" = qll, du+ e[|, + 118" [l-
Jn 0

Thus, we have

n — n — )\2 ! n - n n k2
lo" =1, <3(la"O) = 71 + S+ @ack ) [l = et ol + 107, + 2 ).

Using Gronwall’s lemma, we obtain

n e n e A n n k
la" = 7he = D, (I4"0) = 71+ Z5T + 1l + 197+ 4 )2, (8)

where D, and D, are constants. Noting that ¢"(0) = g and g is a deterministic constant, we have | ¢"(0) — g| Lo
and thus ||¢"(0) — g]| = 0. Hence, we only need to show that ||&"||;, ||6"| = O to complete the result. Note that
we have the following bound on the rate functions: sup, s, max; A7 (x) 4 sup, g max; i/ (x) + sup, s max; v/ (x)
< Cn, where C < oo is some constant. Thus, for i = 1,2, we have ||N/([; A"(ng"(u)) du)|l; < [N(Cn-)]|;.
Using the functional law of large numbers, as |(1/n)N/(n-)||; = 0, we have ||(1/n)N/?(Cn-)|; = 0. Thus,
(1/m)|IN?(fy A" (ng" (u)) du)||z = 0. Similarly,

([ worw )

Hence, |a"|;, [|8"|l; = 0. O
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B.1.3. Proof of Proposition 4.3(b). The Skorohod representation theorem allows us to construct random
variables r"(0) defined on a different probability space ({2, 7, |]/3\’) such that r"(0) < ¢"(0) and "(0) — 7 a.s.
Let nr"(-) be the analog of Q"(-) on this space, i.e.,

~ t —~ t
nri(t) = nri(0) + Ny (_[) 1{n,?(u)+n,2n(u)<kn}(n —nry(u) — nry(u))A du) - N/ ([) unry (1) du)
~ t
+Nr</0 l{nrln(u)+nr£1(u)<k”}Vann(u) du),
—~ t ~4 t
20 =2 0)+ 85 (30 [ isiae ) = B2 ([t ),
~ t ~ t
nry(t)=nry(0) —N" (/0 Lot ety <oy VT3 (1) du) + NY (/0 (n—nr!'(u) — nri(u))A du>
~ t
- Nla (L l{nrl"(u)+nr£‘(u)<k”}(n - nrln(u) - ann (M)))\ dl/l) s
for # > 0, where ﬁi“(-) fori=1,2, N/(-) for j=1,2, and N (-) are five independent unit rate Poisson processes
defined on (Q, 7, P). Then, r"(-) 2 q" ().

For the following analysis, pick a sample path w € Q such that " (0) — g. We shall prove that r" — 7. We
use an algebraic rearrangement analogous to Proposition 4.2 to obtain the following relation for r"(-):

i (1) =r(0) + /Ot[)\ — A+ )i (u) + (v = My (w)] du + & (1)

t
= [ (= @A+ 0 = D) g0y it (B6)
0
n n ! n A2 ~n ! A2
ry (1) =r;(0) +/0 (A — pry ()] du+ ﬁt +a;(1) _/0 ()‘1 + ﬁ) Ly )=y A (B7)

t R t
@ =)~ [ v dut 80+ [ (0= @A+ @ = DA g s (BS)
0 0
where @" and 8" are defined analogous to Equations (14) and (15), respectively. Note that we must have
t
/o (r' (u) + 15 (1) = K") Ly r =y du =0 for all 1> 0. (B9)

Define: .
yn(t) E/(‘) 1{rfl(u)+rz"(u)=l<”} du, for ¢ > 0. (BlO)

Thus, y" € Cgx[0, 00), the space of R-valued continuous functions and we can rewrite Equation (B9) as
t
f (r(u) + () — k") dy" (u) = 0, for all £ > 0. (B11)
0

Further, define y"(¢) = fot((l = (@)X + (v = M)r5 () Lo 4rs =iy At € Cgl0, 00), and note that for
0 <s < t, we have:
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70 -FG1= [ 10 =X+ @= DOl du< @+ —s]

as 0 < r/'(u), r{(u) <1 for all u > 0. This implies that {y": [0, T] — [0, T']} is a family of equicontinuous
and pointwise bounded functions. Thus, {y": [0, T] — [0, T]} and {3": [0, T] — [0, T]} are two families of
equicontinuous and pointwise bounded functions defined on a separable space. Using the Ascoli-Arzeld theorem
(see Corollary 41 in §7.10 of Royden [37]), we obtain the existence of a uniformly convergent subsequence for
each family, which we denote by {y"} and {3"}, respectively. Let y and ¥ denote the corresponding limiting
functions (which exist as the space [0, 7] equipped with the uniform metric is complete), i.e., y"* — y and
y" — y. For convenience, we shall abuse notation and denote the subsequence n, simply by n.
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Define 7 to be any solution to
AW =3+ [ T = A+ w7 (0 + 0= D7) du—5(0)
A0 =3+ [ T = p ] du=Ay() (B12)
A1) =7, — V./(;t Fy () du+ 5(1).

Note that 77 must be continuous (as y and y are continuous).
‘We now show that the subsequence " — r. Note that we can write

t
I =7ll, < 7" (0) =gl + 2A + p + V)/O I = 7ll, du+ Ayt //n+ @],
10"+ 15" = 5l + Ay =yl +Asy" (1) //n. (B13)
Thus, applying Gronwall’s lemma we obtain, for any T > 0,

7" =7l < C (7" (0) =gl + Ast//n+ @ 1 + 110" 17 + 15" = 37
+ 4 1y" =yl + A" (1) //n)e?”

for some constants C,, C,. Proceeding as in the proof of Proposition 4.3(a), we can show that ||&" |7, ||3" Il — 0.
Further, using the convergence of r"(0) and those of y" and y" proved earlier, we can conclude that r" — 7
uniformly on [0, 7], almost surely (a.s.).

As r*(1) € {(x,y,z) eRY: x+y <k", x+z <1}, we must have 7(r) € {(x,y,2) eR: x+y <k, x+z=<1}.
Further, noting that —(k, + |k,|) < (r]'(¢) + r5 () — k") <0, we apply Lemma 2.4 in Dai and Williams [9] with
f(x)=xA0vV —(k, + |k,|) for x € R to obtain

[ 10+ ) =k dy () = [ O 4750 = k) dy () > [ FF )+ Fa() k) dy ()
= [ )+ 7a(w) k) dy ().

where the last equality follows by observing that —(k, + |k,|) < (#,(u) + 7,(«) — k;) <0. Thus, from Equa-
tion (B11) we have:

[ )+ B0~ k) dy(w) =0, (B14)

Another similar application of Lemma 2.4 in Dai and Williams [9] gives us [ (A(1 — r(u)) + (v — A) -
ri(u)) dy"(u) — [,((1 — 7, (u))A + (v — A)73(u)) dy(u). Noting that we can write 3"(¢) = fot((l —r(u)r+
(v — A)rf(u))dy"(u), this implies that 3" — [ ((1 — 7 (u))A + (v — A)73(u)) dy(u). However, we know that
" = and thus 5(1) = f5 (1= 7 () A+ (v = )73 (u)) dy (). _

We now prove that 7(¢t) =q for ¢ € [0, T]. To do so, we prove that there exists some € > 0 such that 7(z) =¢q
for t € [0, €]. The result then follows by using the time homogeneity of 7(-) and repeating the argument for
intervals [e, 2€], [2¢€, 3¢€], .. . .

We first prove that 7 is differentiable almost everywhere (a.e.) on [0, T]. Observe that y" defined in Equa-
tion (B10) satisfies |y"(#) —y"(s)| <|t—s| for all 5,7 >0 and n € N, and thus its limit y is Lipschitz continuous.
Noting that a function that is Lipschitz continuous must be absolutely continuous as well, it is almost everywhere
differentiable (cf. Corollary 12 in §5.4 of Royden [37]). This allows us to take derivatives in Equation (B12) to
obtain
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(1) = A= A+ w7 (6) + (v = M)75(0) = (1= F (DA + (v = A)75(0) (1)
R(1) = Ay — uh (1) = A 3(1) (B15)
7 (1) = —vis(1) + (1 = F)A + (v = M) 75(1) (1)
a.e. on [0, T].
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We now prove that there exists €, > 0 such that 7,(¢) + #,(¢) = k, for all 0 <t < €,. Suppose for some x > 0,
7 (x) + 7, (x) < k, (if such an x does not exist, then the result trivially follows). Then, if y(x) exists, it must

equal zero by Equation (B14). Thus, if 7(x) exists, we must have
Fi(x) = A — (A+ )i (x) + (v — V)i (x)
1 ] 1 ) 3 (B16)
r(x) = Ay — uiy(x).

Note that the right-hand sides in the above relations are strictly positive at x = 0. Thus, as 7 is continuous, there
exists some €, > 0 such that 7,(r) >0 for i=1,2 and € [0, €], and thus #,() 4 7,(r) > 0 on [0, €,]. Arguing
as in Lemma 1 of Dai and Prabhakar [8], we obtain 7,(¢) + 7,(¢) =k, for ¢t € [0, €,].
We now prove that 7(t) =g on [0, €] for some € > 0. As we have 7,(t) + 7,(t) = k, for t € [0, €,], we must
have 7,(t) +7,(t) =0 a.e. on [0, €,]. Using this condition in Equation (B15), we obtain
ek,
(= A+ (= DR+,

Using Equation (B17), we can rewrite Equation (B15) as
F(1) = ¢(7(1)), ae. on [0, €] (B18)

with the initial condition 7(0) =g, where for x € R?, the function ¢: R* — R? is given by

yt)y=1- a.e. on [0, €,]. (B17)

A
(0 =—pn “"‘1(1 C —x1>A+<v—A)x3+A1)’

1
(I—=x)A+ (@ —=N)x;+A,°

y(x) = —px, + A pk, (B19)

A
X)=(1—x; —x)A—pk, {1 — .
¢3( ) ( 1 3) 1 1( (l_xl)A+(V_)\)X3+A1)
Define B = {x € R3: x, +x; < 1} (recall that 7(¢) € {(x, y,z) € R}: x+y <k, x+z < 1}). Then, for any x € B,
we have: | | |

TR e e P W (R CE S P Wb W
Using this relation, it follows in a straightforward fashion that ¢ is Lipschitz continuous on B. Using the
continuity of r and arguing as in p. 42 of Coddington and Levinson [6], the differential equation (B18) can
be assumed to hold everywhere on [0, €,] without loss of generality. A further application of Theorem 5 in
Chapter 6 of Coddington [5] implies that Equation (B18) can have at most one solution on [0, €,] for some
0 < €, < €,. Thus, noting that 7() =7 is a solution to Equation (B18), it must be the unique solution. Defining
€ = €,, we obtain that #(1) =g on [0, €].
We can now repeat this argument over the intervals [i€, (i + 1)e] for i=1,2,...,K, where K > T/e —1 to
obtain 7#(t) =g on [0, T]. As the limit 7 is independent of the convergent subsequence and 7 is arbitrary, we
obtain 7" — g uniformly on compact sets, a.s. [

(B20)

B.1.4. Proof of Proposition 4.5. 'We shall prove Proposition 4.5(a); the proof of Proposition 4.5(b) follows in
a similar manner. Consider the process Q™ € Dg.[0, o) defined analogous to Q" but with an infinite number of
servers. Let 77" be the corresponding invariant distribution. Then, for any x, y € Z,, we can write 7" *(x, y) =
"~ (x)my < (y), where for i = 1,2, 7" is the invariant distribution of Q;"* and can be obtained using elemen-
tary analysis (see Equations (42) and (52) in Das and Srikant [10]). Define 0™ = /n(Q"*/n — g) — (k,, 0, 0)’
and let 7 * denote the corresponding invariant distribution of Q. Then, an application of the central limit theo-
rem as used in proving Fact 1 in Appendix I and Fact 7 in Appendix Il in Das and Srikant [10] gives us 7"~ = ®,,
where for any Borel measurable set A, ®,(A) = (1/+/27)/(A+u)/m Jyexp(—(1/2)(x + k,)? ()\—i—,u)/m) dx
and ®,(A) = (1//27)/u/AX, Jiexp(—(1/2)(y — Ay/m)*m/A,) dy. Thus, we obtain the invariant distribution of
Qm>, @1 = 7=, where for any A € Borel o-field on R?, 7% = = [, d®,(x)dD,(y).

Note that the process Q" is a truncation of 0™ to the set § = {(x,y) € R* x +y <0} (as in §1.6 of
Kelly [20]). We can verify that 7" > satisfies the conditions of Theorem 1.2 in Kelly [20], namely a detailed
balance relation, and thus Q™ is a reversible Markov process. It follows from Corollary 1.10 in Kelly [20]
that 7> /7™ >(S) is an invariant distribution for the process Q” Noting that Q has continuous sample paths
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a.s., we have D(Q) = {t > 0: P(Q(¢) = O(t—)) = 1} = [0, c0). Thus, we obtain the weak convergence of the
finite dimensional distributions of Q" to that_of 0 by Theorem 7.8 in Chapter 3 of Ethier and Kurtz [14].
Then, the finite dimensional distributions of 0" with Q"(O) distributed as 7" /7" *(S) converge weakly to
that of Q with Q(O) distributed as #%/7>(S). As Q" with 0"(0) distributed as 7"*/7">(S) is stationary,
so is Q with Q(0) distributed as 7%/7>(S). Thus, we obtain that 7%/7>(S) is an invariant distribution for
the diffusion Q The uniqueness of the invariant distribution established in Proposition 4.4(c) completes the
proof. [

B.1.5. Proof of Proposition 4.6. We begin by proving the following irreducibility property of the Markov
chain X(-).

LEMMA B.1. For any sequence of time instants {t"} with ™ 1 oo, the Markov chain X™ = X(t") is
Y-irreducible.

PROOF. The proof of this result is straightforward, and we only provide a sketch of the argument. Define the
state space § = 2U x R" x {0, 1, ..., k} x R% and its corresponding o-field & = 22" x B(R" ) x 2101 x B(RL ),
where %(R’,) denotes the Borel o-field on [REZ The result follows by Theorem 4.0.1 in Meyn and Tweedie [30]
if we prove that for every (a, x,i,y) € 2V x R" x{0,1...,k} xR, and A=A, x A, x A; x Ay € ¥ of positive
measure, there exists some w such that P(X” € A| X° = (a, X, 0, y)) > 0.

One can explicitly construct a set of paths of positive probability along which X* € A, conditioned on X° =
(a, x,i,y), for any w such that r* > max(max, x;, max; y,). A sketch of the construction is as follows: For each
subscriber whose residual clock runs out, if the subscriber’s desired state (in service or not) at time #* differs
from that at zero, we consider paths where the corresponding on or off time is chosen so that at time ¢", the
residual time will lie in the desired set. If the subscriber’s desired state is the same, we choose a small on or off
time and, upon completion of this time, draw the corresponding on or off time so that the residual time at *
lies in the desired set. Using the fact that both distribution functions F and G are strictly increasing on [0, c0),
we obtain that the probability of all such paths is strictly positive and the result follows. [

We will prove the result using the concept of reallocatable generalized semi-Markov processes (RGSMP)
as described in Miyazawa [31]. We proceed analogous to Example 5.1 in Miyazawa [31] and the reader is
advised to have a copy of this paper on hand. Let G’ =2V x {0, 1, ..., k} denote the set of macrostates (note
that we use the qualifier ’ to avoid confusion with the distribution G), S=UU{0, 1,2, ..., k} the set of sites,
and D = {e, f, g} the set of distribution indices. For each macrostate g’ € G’, a finite subset A(g’) € S and a
function vy, from A(g’) into D are defined. Elements of A(g’) are called active sites. Each active site has a clock
that counts the remaining lifetime of the present site. y, (s) denotes the index of the lifetime distribution of site
s € A(g') under macrostate g'. In this case, for (j*, j”) € G, ;s j»(0) = e denotes the exponential distribution
with rate A}, ¥ j»)(s?) = g for 1 <s” < j¥, and ;s (1) =g if u € j*, and f otherwise, where f and g denote
the distributions F and G, respectively.

We number the servers 1,2, ...,k and define the service discipline as follows: If there are j Poisson stream
customers in the system, they occupy servers numbered 1,2, ..., j. Then, an arriving Poisson stream customer
who finds j Poisson customers in the system is taken into service by server s with probability &, ; ;= 1/(j +1)
for s=1,...,j+ 1 and customers being served by servers s, s+ 1, ..., j move to servers s+ 1,s+2,...,j+1,
respectively. All customers in service are served at a unit rate and have service requirements i.i.d. according
to the distribution G. If a Poisson customer being served by server s leaves the system, customers in positions
s+1,s4+2,...,j move to servers s,s+1,...,j— 1.

The transition probabilities of this system are as follows:

q((7*, %5 0), (5 J" + L") =80 jorrs (114" <k, j" 20,1 <s" < j7 +1),
q((*,J%0), (%% 0) =1 ('l +J" =k, j* =0),

q((/*, " s"), G50 = Lé) =1, (If|+j" =k, j">0,1=s5" < "),
q((*, " w), (P U}, jPw) =1, (1)1 +)" <k, jF =0, u g j),
q((/*, " w), (. j%w) =1, (S| +J" =k, j" =z0,u g j°),
q((*, "> w), G\ {u}, j7 u) =1, (S’ 1+)" <k, 1’1 > 0,u € j).

Consider the “macrostate process” {Z(t) = (J*(¢), J(¢)): t > 0}. Assume for now that all distributions are
exponential. Then, {Z(7)} is clearly an irreducible, ergodic Markov chain (as it is defined on a finite state space),
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and thus possesses a unique steady state distribution that we denote by r,. In fact, a straightforward calculation

yields
A 1741 1 /A" JP
C(—) ,—'<—") A+ <k, jP =0,
() =1 K/ UK (B21)
0, else,

where C > 0 is chosen to ensure 7, is a valid distribution. The distribution 7, possesses the following balance
properties: For any j*, j” such that |j*| 4+ j” < n and j? >0, we have

7. (' A=, (" U{u}, jP)u,  for any u g j°
7.5 I, =7, + D"+ 1).

These conditions allow us to use Theorem 4.1 in Miyazawa [31] to obtain the density corresponding to a
stationary distribution for the RGSMP {Z(7)} as

7(j* 2 0 x) =, (50, ") [T wG () [T AF () [TuG (). (B22)

uejs ugjs i=1

The associated stationary distribution is given by

n JP
)= ¥ [ &G0 ] de,

JREA,, jreAy ¥ ArxAq =1 m=1

for any A, x A, € A, x A, € 22’ x Borel o-field on R" x 2(%1 x Borel o-field on R*.
The uniqueness follows by applying Lemmas B.1 and A4. O

B.2. Proof of results in §5.
B.2.1. Proof of Proposition 5.1. We shall proceed as in the proof of Proposition 4.1. For convenience,

we shall fix n > 0 and drop it from the notation. Let Q' = {Q'(¢): t >0} for [ =0, 1,..., where 0°(¢) = 0(0)
for >0 and for [ > 0, Q' is given by

0'(1) = B, (T,
0'(1) = 0(0) + N* ( I "N@ W) du) N ( I " E@ W) du)
+NT ( [0 MTl(n A Q;—l(u))udu)(l, 0,1, (B23)

where the time for [ events to occur 7' is given by

T! = inf {t: Ne </0 A0 () a'u)/e +N? (fo (0 (u)) du)/e + N'(fot(éé_l(u) An)y du> - 1}.
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Note that given Q'~!, U is well-defined and then using the mapping ®, defined in Equation (32), we obtain Q'
Thus, to complete the proof, we only need to show

(@) Q' (r)=Q""'(r) forall 0 <t < T".

() Q' (1) e{(x,y,2): x+y<k", x+z<n,z>0} forall >0 as.

(c) lim,,  T'=o00 as.

The solution to Equations (33)~(34) O can then be constructed by setting

0()=0""(r) forallO<t<T.

This gives us the existence of a solution. Uniqueness then follows by using induction on / and noting that
Equation (B23) implies that the uniqueness of Q' follows from uniqueness of Q'~!.
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We prove the first claim using induction on /. The case [ =1 holds trivially as 0'(r) = 0°(r) = 0(0) for
t < T'. Now, assume that Q'(t) = Q'~!(¢) for all 0 <t < T' for some [ € N, then

N ( [ R@wa)=n ([ X(Q’*(u))du),

J tAT! g _

N ( [ @) -

N '(/ @ An)vdu) -

for 0 <t < T*, which implies that Q"*!(f) = Q'(¢) for 0 <7 < T'.
For T! <t < T,
a "5 Al _ aya . Al—1
N ( [ i@ (u))du) - ( [ i@ (u))du),

w(f @ an) =n( [ Tlﬁ@’-%u))du).

(AT!

AT W) du), (B24)

IAT!

N"(fo
N</0

(Qé_l(u) An)v du),

Similarly,

N’(/Ot(éé(u) An)y du) = N*(/OMTI(QQ-I(u) An)y du>.

Hence, Q0'*'(r) = Q'(t) = Q'(T") for T' <t < T™!'. Therefore, Q"*'(t) = Q'(r) for 0 <t < T'*', and the
inductive hypothesis holds.

We now show that Q'(t) e S"={(x,y,2): x+y <k", x+2z=<n,z>0} for all >0, a.s. Noting that for any
process A € Dys[0, 00), (1, 1,0)®,.(A)(-) < k", we obtain Q! () + Q(¢) < k" for all > 0. We now show that
0!(1) 4 QL(t) < n for all >0 a.s. Using Equations (32), (B23), and (B24) and the fact that R, 4+ R; = 0, for
any ¢ >0 we can write

01(1) +03() = U\ (1) + Us(1)

~0,0+0.0+([

AT
N ([ B an).

Thus, using 0,(0) + 05(0) < n, we have Q'(r) + Q4(t) < n for t > 0 a.s. Finally, Q}(r) > 0 a.s. follows as
Equation (B23) implies that U!(¢) >0, and noting that (B (T (1) — TU' (1)) = 0.

Now, all that is left to show is that lim, 7' = co a.s. Note that we have the following bound on the rate
functions: sup, s, max; |A,(x)| + sup, s max; |, (x)| + sup,.o(y A n)v < Cn, where C < oo is some constant.
Thus, 7! > T!, where T' is defined using the upper bound Cn on the rate functions as follows:

tAT!

[(n— (O () + B(u))) AnA du)

T'=inf{t: N°(Cnt)'e+ N*(Cnt)'e + N'(Cnt) =1}.

Clearly, T' — oo a.s., as [ — oo, and the result follows. [
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B.2.2. Proof of Proposition 5.2(a). This proof follows in an identical fashion to that of Proposition 4.3(a).
The only difference is that, in this case, the rate functions are slightly different and there is no term corresponding
to 6". We reproduce the entire argument for completeness.

Using Equations (37)—(45) and the fact that g = (A/(A+ ), A, /@, 0)" and k; = A/(A+ p)+ A/, we obtain:

@O -+ (o, ATt 0> [ B0 du @0 = (1,100 sup (R 6) + Xe9) = )
<@ - (B25)

<(q"(0)—q)+ (0, %t, O) + /Ot 0(3" () du+ a&" (1) + (0,0, 1)/01281(2;’@) +X(s) — k™)™,
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where
0(x,y,2)=A[(1=x—2) Al]—=p[x]" +v[z A1 A, —u[y Atk + k)] —v[zA1]),  for (x,y,z)€R®. (B26)
Noting that 6(7) =0, we have

Ig" —all;

<14"(0) - f1||+7f+/ 16(3" () = 6(q)| du+ | & ||t+08521;(§1’(S)+§£'(S)—K”)+

<170 — gl + 7%” [ 16 @)~ 0@l du+ 13"l

X+ X5 = (@ + @)+ 6" = (G + 3]

ks
NG
Note that 6 defined in Equation (B26) is Lipschitz continuous with constant K; =2\ + u + v. To see this, note
that for (x;, x5, x3), (¥1, ¥2, y3) € R®, we can write:

<14"(0) - 61||+—t+/ 16(3" () = 6(@)| du+ || & ||, +21X" ]l + (B27)

|é1(x1’ Xp, X3) — él()’n)’p y3)l
ML =x = x) A =[(L=y, =) AL+ pl(x ADT = ADF [ +2[(A 1) = (3 A1)
<Cr+p+v)lx =y,

where the last inequality holds by using Lemma A.5 and the fact that for any function f: R — R, if |f(x) —
f()| = C|x—y| for any x,y € R and constant C > 0, then |f(x)* — f(y)*| < C|x — y|. Similarly, we can show
that the same upper bound holds for |6,(x,, x,, x3) — 6,(y,, Y2, y3)|, i =2, 3.

Thus, we can rewrite Equation (B27) as

- = v, A ! _ —
17" = gll, < 13"(0) = gl + —% t+(2)t+,u+1/)f 14" — gl du+lla"]l,
Jn 0

~ _ k
+2|X" - gl + —=.

/i

Note that we can repeat the argument in Equations (B25) and (B27) for X" to obtain

A oy ~n
IX"—gll, < 13" (0) - q||+7t+(2/\+M+V)f g" — qll, du+ "],
Thus, we have
- — ~ _ A, ! k,
" <3 "(0) — —1t+(2A - d "
17~ 21, <3(17 O =71+ S2r+ @k ) [ 17 = it 1@+ % ).

Using Gronwall’s lemma, we obtain:

17 =7l < D, (17O =1+ Z5T +1@ ) + 2 ) e
where D, and D, are constants. Noting that g"(0) = ¢ and ¢ is a deterministic constant, we have ||g"(0) — g|| o,
and thus |¢"(0) — g|| = 0. Hence, we only need to show that [&@"||; = 0 to complete the result. Note that we
have the following bound on the rate functions: sup, g max; /\” (x) + sup,5 max; i (x) +sup,.o(y An)v < Cn,
where C < oo is some constant. Thus, for i = 1,2, we have ||N“(f0 A (ng" (u)) du)ll; < | N¢(Cno)|lg
Using the functional law of large numbers, as ||(1/n)N¢(n-)||; = 0, we have ||(1/n)N*(Cn-)|; = 0. Thus,
(1/n)||N“(f0 /\”(nq (u)) du)| 7 = 0. Similarly,

([ e aa)

Hence, ||a"|;=0. O
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B.2.3. Proof of Proposition 5.2(b). We shall prove this result on similar lines as Theorem 7.2 in
Mandelbaum and Pats [27]. First, we shall rewrite Q*" in the following manner.

0" =/n (% (q+ MTOO)) - %(«ie)) = (k»,0,0), (B28)

where
2(1) = 0"(0) + By(n) + F1° (1) (829)
B0 =vi [ (3w -i@+ (0. 22.0) ) au (830)

with 6 as in Equation (B26), M" as in Equation (44), and e(¢) = (1,1, 1)’ for 7 > 0.
Using the fact that for any vector z € R?, CBQHIHZ (X+2)=®,(X)+z and forany b € R., b®y(X) = Dy (bX),
we can rewrite Q*" as L
0™ = dy(Z2"). (B31)

The result then follows by applying Lemmas B.2-B.8 below.

LEmMMA B.2. The mapping Cf)a is Lipschitz continuous in_the uniform metric for each a € R, i.e, there exists
K >0 such that for every T >0 and Z', Z* € Dy:[0, ), |®,(Z") — ®,(Z*)||; <K|Z'—Z?| ;.

Proor. Using Equation (32), we have for any process Z € Dy [0, o)
b,(2)(1)=Z(1) + RY (1), (B32)
where Y is a nonnegative, nondecreasing process such that

ARY (1) = — sup (Z,(s) + Z,(s) — a)". (B33)

0<s<t
Using this representation of ®, we obtain

1D,(2") — ®,(Z)ll;

max(m, A;)

<|z'-Z%,+
<| I Y

sup (Z; + 23 —a)*(s) = sup (Z] +Z, — a)*(s)

0<s<t O=s=t

T
=K|Z'-2’|l,

where the second inequality follows by noting that for any two real functions f, g, we have |supy_,_, f(s) —
SUPy,<, &(5)| = supo_y, If (s) — g(s)| and |2} +Z3 —(Z] +Z,)|l; < 2|Z' — Z*||;. Hence, the mapping is
Lipschitz continuous with the constant K =1+ 2(max(m, A,)/(m+A,)). O

LEMMA B.3. M" = W, where W,(-) = ~/2mB,(-), W,(-) = /2A, B, ("), and W,(-) =0.

ProOF. The proof involves using the strong approximation result to bound the error between the centered
Poisson processes and the corresponding Brownian motions, with appropriate time changes. We then use the
property that a spatial scaling of a Brownian motion remains a Brownian motion with an appropriate time change.
Finally, we use the fluid level convergence established in Proposition 5.2(a) to complete the argument.

We associate the independent unit rate Poisson processes N/(-), i =1, 2, de (), j=1,2, and N’(-) with a
family of independent standard Brownian motions By (-), i = 1,2, B¢(:), j=1,2, and B’(-) such that the strong
approximation result in Equation (A1) of Lemma A.1 holds. In particular, there exist random variables X; for
z€{a,d} and i=1,2 and X’, such that
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oy N = 1= B (1)
P = sup
>0 log(2Vvt)

and P ,
N O R (0]
=Ssu
120 lOg(2 \/ t)

Moreover, X; and X" are i.i.d and have finite means. Let X = X¢ 4+ X¢ + X{ + X{ + X".
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We shall first focus on the term M I'. Recall from Equations (42)—(44),

g = = 10 0) = 150 = = ([ Al = 710 = 200 A 1)

Ji NG
n %N' (fo (g (u) A1) du) - %Nﬁ <;Ln/0 g (u)* du>.
Using the strong approximation result, we obtain
gup U AL = 00 = 880) A Vi) = By Anl(1 = 00 = B ANl _ Xe
=0 V1 log(2V Jy An[(1 - G (u) — G (u)) A 1] du) "
L INT(fy (@ () A1) du) — B (fy vn(@i () A1) du)| _ X7
o Jn log2 v [} vn(Z(u) A1) du) =/ (B35)
LN f 00 du) = B (un ) @)t du)]_ X
o Jn log(2 v un [} 3}(u)* du) = (B36)

Defining K = (A + u + v), we note that Knt > max(Jfy An[(1 — G (u) — @ (u)) A 1]du, [, vn(gi(u) A1)du,
un fot G} (u)* du). Thus, combining Equations (B34)-(B36), we obtain

|Mp(t)—V'(1)] _ 1

2 Top2 v Kn) i o
where
V(1) = %BI“ (/O An[(1 =g (w) — g5 (w)) A du ) + %B’ </0 vn(q; (u) A1) du)
- %Bf (Mn./ot g (u)* du) (B38)

for t > 0 and K is some constant. Note that by definition, the distribution of X is independent of n. Using
Equation (B37), we obtain

o M2 (1) — V(1))
M — V", <log(2V KnT SN S
(| M [l <1log( n )TS;IZ’O log(2 v Knt)
M (1) — V(¢ log(2Vv KnT
< tog(2 KTy sup FO V0] _ log@v KnT)
=0 log(2V Knt) Vn
As the distribution of X is independent of 7 and lim, . . (log(2 v KnT)/y/n) =0, we obtain || M} — V"||, = 0.

Thus, using Theorem 3.1 in Chapter 1 of Billingsley [3], to prove the claim, it suffices to prove the convergence
of V". We first focus on the term (1//n)B{(f, An[(1 — g} (1) — G5(u)) A 1]du). Note that we can write

B (| An01 = 100 = ) A 1) = B )

€
v

T

(B39)

i ([ Ml a0 - @ A e = e ([ anl(1 -7 -3 4 1)

1

=
by noting that for any ¢ > 0, we can write nmt = fot An[(1 — g, — g5) A 1] du (the minimum with 1 is redundant
but we leave it in for clarity of the next step). We now argue as in Lemma 3.2 of Kurtz [25]. Define y"(¢) =

(1/n)| fot An[(1 — gt (u) — g5 (u)) A 1]du — fol An[(1 — g{' — qi') A 1]du| and y" = sup,_,_; y"(t). Note that
v"(t) < 2At, and thus 9" is well-defined. Using Lemma A.2, we have for 0 <t < T:

T
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2l ([ wnta = @10 - o A1) = g1 ([ a1 -7 - 7 A1)
LBy ML= G = () A T du) = Bi(fy Anl(1 = G, — G) A 1] du)|
Vn Vny (t)(1+1log(AT /y"(1))
x /ny"(t)(1+1og(AT /y" (1))
<My (1+1og(AT/¥")), (B40)

where the last inequality follows from the fact that /x(1 + log(AT/x)) is increasing in x.
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Combining this with Equation (B39), we obtain

< M\/7"(1+1log(AT/¥")).

T

= 81 Ml =@ - ) A ) - B

Further, applying Lemma A.5, we have:

<2AT|q" —qll;-

T

7= | [ A0 3= A= 10 -G - @) A

Thus, Proposition 5. 2(a) implies that 9" = 0. Noting that lim,_,, v/x(1 +10g(A7/x)) =0 and that the distribu-
tion of M is independent of n, we obtain M/y"(1+log(AT/¥")) = 0, and thus:

= 0. (B41)

v HBf ([ Anl1 = 10 = @) A 1) - B

T
Arguing similarly, we obtain:

= 0,
T

B'(/' (G (1) A l)du)

7
o 81 (e [ 1007 ) = Bt

= 0.
T

Thus, |M] — (1//n)B¢(nm-) — (1//n)B¢(nm-)||; = 0. In a similar fashion, we can prove that:

1
Bg(”)\l‘)

1 a
By(nA-) — ﬁ

NG

HJVI; - = 0,

T

and | M}, = 0.
Using the fact that for any Brownian motion B and constant C > 0, B(nC-)//n L B(C-) for all n> 0 and
Theorem 3.1 in Chapter 1 of Billingsley [3], the result follows. O

LEMMA B.4. The sequence {Q*'} adheres to the compact containment condition

lliTmlim supP{||Q*"|l; > I} =0.

PrOOF. Using the Lipschitz continuity of ®, in Equation (B31), we have:
o™, <K|Z",, 0<t<T, (B42)

where K is the Lipschitz constant derived in Lemma B.2.
Using the Lipschitz continuity of 6 with constant K; =2+ u+ v (derived in the proof of Proposition 5.2(a))
in Equations (B29)—(B30), we obtain
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~ 4 ~
12"l < lle™ O] +K1/0 1O Il du+ Ayt + [ M,
Combining the above with Equation (B42), and using Gronwall’s lemma, we get:
10"l < K(1Q™" (0) + (k. 0, 0)'| + [[M" || + A, T)e",

where K, is another constant. Now, as {Q*'(0)} converges weakly and {1\7 "} converges weakly to a process
W that is continuous almost surely, ||Q*"(0)|| and |M"|; converge weakly as well by an application of the
continuous mapping theorem. Thus, the result follows. O

LEMMA B.5. The sequence {(Q*", 7", 53, M")} is C-tight.
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PrOOF. We shall use the same notion of C-tightness used in Chen and Zhang [4]. Let {X"} be a sequence
of stochastic processes such that X" € Dga [0, 00). Then, {X"} is C-tight if {X"(0)} is tight, and for any T > 0,
for each €, 1 > 0, there exist 6 > 0 and N < oo such that for all n > N:

P s X=X ze) <

0<s,t<T,|s—t|<d

Note that using this notion of C-tightness, to prove that {(Q*", Z", 5(’;’, M™)} is C-tight, it suffices to prove that
the individual sequences {Q*"}, {Z"}, {5(’;‘}, and {M"} are C-tight. We now establish this in the reverse order.
First, note that the sequence {M"} converges to W (cf. Lemma B.3): by applying Lemma 4.2(ii) of Chen and
Zhang [4], we obtain that {M"} is C-tight. We now focus on {55} given by Equation (B30). Note that {53 0)}
is trivially tight. Further, we can use the Lipschitz continuity of 6 (derived in the proof of Proposition 5.2(a)) in
Equation (B30) to obtain the relation

1D;(1) = D)l < (CIQ™ s + M) (1 —s), O0<s<t<T. (B43)

Applying Lemma B.4 in Equation (B43), we obtain the required C-tightness of {D"} Using the tightness of
{0*"(0)} and the C-tightness of {D”} and {M"}, we can apply Lemma 4.2(i) of Chen and Zhang [4] to obtain
that {Z"} given in Equation (B29) is C-tight. Finally, using Equations (B32) and (B33) and arguing as in the
proof of Lemma 4.3 of Chen and Zhang [4], we obtain |Q*"(¢) — Q*(s)| < I?supssust 1 Z" (1) — Z"(s)|| for
0 <s <t <T and some constant K> 0, and thus using the tightness of Z”, we obtain that {Q*"} is C-tight.
Thus, the sequence {(Q*", Z", 5;’, M")} is C-tight. O

LEMMA B.6. Let (Q*, Z%, 55, W) denote the limit of any weakly convergent subsequence of
{(Q™,Z", Dy, M")}. Then, (Q*, Z*) satisfies Equations (46)—(49) with By = W,/~2m, B, =W,/\/2A,.

Proor. We shall use the Skorohod representation theorem (as in Theorem 1.8 in Chapter 3 of Ethier and
Kurtz [14] and noting that (Dg«[0, 00), d) is separable by Theorem 5.6 in Chapter 3 of Ethier and Kurtz [14]).
Let {n,} denote the index of the converging subsequence. Then, let {(Q"*"¢, Z'", 5;;"", M™)}, (Q*, 2%, 5;, W)
be defined on a different probability space (', 7', P’) such that (Q"*, Z'™, 5;"", M) < (O™, Zm, 5;“, M),
(Q/*, 7', 5:5’ W/) i (Q*, VA 5(5’ W), and (Q/*n“, Z/n", D’gtk, ]\7/"") N (Q/*, 7", 55, W/) as.

As the original sequence {(Q*", VAR 5; M ™)} is C-tight, the weak limit of any subsequence must be continuous
(cf. Proposition 4.1 in Chen and Zhang [4]). Thus, the convergence in Skorohod topology is equivalent to
convergence in the uniform on compact sets topology. For any fixed 7' > 0, this gives us |z —Z™||; — 0 as.,
or Z'" — Z'* uniformly on [0, T'], a.s., and we can use the continuity of CIDO proved in Lemma B.2 to obtain
Q™" = &y(Z™) — Dy(Z*) = Q* uniformly on [0, T], a.s. Noting the convergence of M" in Lemma B.3 and
comparing Equations (B31) and (B29) with Equations (46)—(49), the result follows if

D ()~ /0 (=(A+w)(Q (1) + k) + (v = M) Q5 (), Ay — wQ5" (), —v Q5 () du
uniformly on [0, 7], a.s. (B44)
To see this relation, define g"* = g+ (Q"" + (k,,0,0)")//n;. Then, by the convergence of Q™" it follows
that ¢ — ¢ uniformly on [0, T], a.s. Thus, for almost every sample path w € (), there exists N < oo such that

for all n> N, on [0, T], we have 1 — g, — @ <1, " >0, @, <k, + |k,|, and ;" < 1. For all such sample
paths w, we have for n, > N

Vi O(G"™) = 6(@) = (A )V (@ = 3" + (= VD ymeds™ s p/me(@y = @), —v/meds™) -

Thus, \/n_k((;(ii’”") —0(9) = (—(A+p)(QF + k) + (v — AN OY, —uQ5, —vQ5) uniformly on [0,T] as.,
which then immediately implies
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Hence, Equation (B44) holds. O

LEmMMA B.7. Egquations (46)—(49) have a unique strong solution.

ProOF. Note that the reflection &50 is well-defined in the sense that for any X € Dgs[0, 00), (50 (X)eS=
{(x,y,2): x+y <0, z>0}. Thus, using the Lipschitz continuity of the reflection map ®, (from Lemma B.2) and
the fact that the drift terms are linear, we obtain the existence of a unique strong solution to Equations (46)—(49)
by applying Theorem 2.1 in Atar et al. [1]. O

LEMMA B.8. We have (Q*", Z") = (Q*, Z*), the solution to Equations (46)—(49).

ProOF. This result follows immediately from Lemma B.6 in light of Lemma B.7. O

B.2.4. Proof of Proposition 5.3. We shall prove that ||Q” — 0|y = 0 by proving that for any sequence
{I10" — 0*||;}. there exists a subsequence denoted by n, such that ||Q" — Q|| = 0 as [ — oco. Proposi-
tions 4.3(a) and 5.2(a) imply ||¢" — qll+»> 114" — ¢l » 50, Let n, denote the common subsequence such that
g™ (0) —qll. llg™ — qll+> 1™ — qll+ — 0 a.s., as k — oo. (The existence of such a sequence follows by Theo-
rem 20.5 in Billingsley [2].) For convenience, we shall abuse notation to denote n, by n. For this subsequence,
we can write

0" (1) — Q™' (1) = V/n(X" (1) = X" (1)) +~/ﬁ</0tR"(u)dY”(u) - 137"(0)- (B45)

Consider the second term. As ||§" — 7|, — 0, we have ||[R"(-) — R||; — 0. Thus, for every € > 0 small enough,
there exists n* € N such that for all n > n*,

1R"() =Rl < 5. (B46)
This implies that for 0 <¢ <T
/I [ié_ S, 1)/] dY"(u) — RY"(1) < ( "R () dY" () — ﬁ?ﬂ(;))
0 2 0
< Ot [E+ g(l, 1, 1)/] dY" (1) — RY"(1),
and thus
[13_ 5(1, 1, 1)/] [Y"(1) = Y"(1)] — 5(1, 1,1)Y"(r) < (/OIR"(M) dy"(u) — E?"(r))
< [E+ g(l, 1 1)’] [Y" (1) — 7"(1)] + g(l, LY 7(r).
Hence, we obtain

<(m+A+e)|Y" =Y + e 7"]l; (B47)
T

H fo "R (w) dY" () — RY" (1)
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Note that Equation (B46) implies that
t
(m+A —)Y"(1) <—(1,1, 0)/ R'(u)dY"(u) <(m+ A, +€)Y"(1),
0

which combined with Equation (21) implies

U2 (XF () £ XEG) =KD S0P (XF(5) + X3 =)

(B43)
m+A, +e€ m+A —€
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Using Equation (39), we can write Y" as follows

SupOSsgz(Xfl(s) + XEL(S) - Kn)+

B49
Y (B49)

Y'(r) =
Thus, using Equations (B48) and (B49) in Equation (B47), we obtain

H fo "R (w) dY" () — RY" (1)

SUPy -, (X1(5) + X2(s) — k)" supy-,.,(X1(s) + XJ(s) —k")*
(a4 o) PRos= KT T X —)" supocy (Ki(5) + X7(s) —K")
m+A —€ m+ A, ,
SUPy, (X1(5) + X2(s) — k)" supy-,_,(X1(s) + X (s) —k")* ~
F(mtA +e) Po<s< (X1 (5) 5(s) ) _ Supg< <(X7(s) 5(s) ) +e| 7,
m+A +e€ m+ A, ;
m+A +e€
< ——— | sup (X](s) + X3 (s5) —x")" — Sup. (X7 (5)+ X5 (s) — ")t
m+)\1—e 0<s<t r
1 ~ ~
/\ — X'l Xn et
+(m+A +e) mAA —€ mtA OS;F;( () +X5(s) — k") .
sup (X7 (s) + X3 (s) —«")" — Sup (X7 () + X5 (s) — k")
O<s<t 0<s<t T
1 ~ ~ ~
+(m+A +e - sup (X!(s)+ X5 (s) — k)| +e€||Y"
(40 | | S RO+ K0 | el Pl
aggm+A +e€
@ IR up (X1 0) 4 X3(9) = )7 = sup (F1(5) + T3 (5) = )"
m+)\1_€ 0<S‘<t T
e(m+)\1+e) Tn n n n n +
+ V"l + | sup (X} (s) + X3 (s) —k")* — sup (X} (s) + X} (s) — k")
m—+ )\l - 0<s<t 0<s<t T
+2€|Y"|;

<CIX"= X"l + ¥Vl
where C is a constant and y(e) =e(m+ A, +€)/(im+ A, —€) +2e =€((3(m+ X)) —€)/(m+ A, —€)). The
relation (a) follows by using Equation (B49), and the last inequality follows by the observation that for any two
real functions f, g we have |supy_, f(s) — supy,, &(s)| < sup,_, [f(s) — g(s)|. I X} +X; — (X7 + X7 <

2| X" = X"y, and C > 2(m+ A, +€)/(m+ A, —€)+2 (C =5 suffices for € small enough).
Using the above relation in Equation (B45), we obtain

10" = 0" lly = (C+ DIVAKX" = Ry + y(&) VAT . (BS0)

Now, consider the term /n(X" — X"). Using the definition of X" and X" in, Equations (18) and (38), respectively,
we obtain

V0= 8% = = 10 1q" (0) = 0 @) da-+- (@0 = 0) +- /870
= i [ 106" @) = 6@ )] e+ V(@ (1) & (1) + /" (1),

where we use the fact that 6" (ng" (1)) =0"(ng"(1)) forall t >0 as ¢/(-) >0 fori=1,2,3,0<q{(-) +¢;(-) <1
and ¢2(-) <k"/n < (k, + |k,|), and 6" (nx) = nf(x) for x € R? with 0 defined in Equation (B26). Hence, using
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the Lipschitz continuity of § (derived in the proof of Proposition 5.2(a)), we obtain

WK =R, = [ @A+ o+ Vil = ) duc+ Ve =@+ Va8

Combining this relation with Equation (B50), we obtain

o~ T -~ ~n
10" = 0"l =(C+1D2A+u+ V)/O 10" — 0™, du+(C + 1)|Vn(a" —a") |
+(CHD[Vn8" |l +y(e) VY|l
Applying Gronwall’s lemma, we obtain
10" = 0™ < Ci(IWn(a" = @) [l + V18" [ + y(e) VY| 1), (B51)

where C;, C, are constants.
We now prove that ||\/n(a” —a")| 7, [[«/76"||; = 0. Note that we have:

T

Ivn(a" —a")|; <

1 (Ma,n Ma,n)
N

1 ~
+ _(Md,n_Md,n)
T H«/ﬁ

We use the family of Brownian motions defined in Lemma B.3 associated with the independent unit rate Poisson
processes N/(), i=1,2, de(-), j=1,2,and N"(-) to obtain

SupI(l/«/ﬁ)(Mfl’"(t)—1‘71“’"0))—(V”(t)—‘7"(t))| Gy
= 10g(2v51nt) B «/ﬁ '

where X is the random variable, with finite mean, defined in the proof of Lemma B.3, 51 and 52 are some
constants, and

n 1 a ! n n 1 r ! n
Vi =728 (fo Lararrasa=en i (nq (“))d“> 7B (fo Vgt tag o< V13 (1) d“)»

V() = %B? (/0 A (ng" (1)) du> n %B’ (/O (G (u) A 1)Vdu>,

where A" and A" are defined in Equations (7) and (35), respectively. Thus, as in the proof of Lemma B.3,
to prove |[(1//n)(M{"" — M{"")|l; = 0, it suffices to prove ||[V" — V"|; = 0. We can write:

. 1 ' 0 -
V7= 71 = o 82 ([ Vst ) = 1 | Ko @) )

T

1 t t -
+ ﬁ B’ (/0 l{qln(u)ﬂg(u)«n}vnqg'(u) du) — B (/0 n(qy (u) A1)y du)
We first prove the convergence of the first term of the right-hand side of the above expression. Noting that
A(ng" (1)) = Af(ng"(t)) for all t >0 as 0 < ¢/'(r) + ¢§(t) < 1, we proceed analogous to Equation (B40).
Defining 7" (1) = (1/n)] fy 1igt(uysg50 e AL(1 = q7w) = g5 ) A du = [} Anl(1 = G () — () A 1]
and y" =sup,_,., y"(t), we have for 0 <t <T

T
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o B2 ([ Vgt Ml = a0 = gt ) B ([ A1 = 70— ) A ) )|
1B gt MO~ 6100 — g20) A 1) — By Anl(1 = ) ~ 3(00) A 1))
V/ny" () (1 +1og(AT/y" (1))
x v/ny"(1)(1+10g(AT /y"(1))
< 17T+ g (VT /7). ®52)
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where M is given in Equation (A2) and the last inequality follows from the fact that /x(1 +log(AT /x)) is
increasing in x. Note that we can write

7= [ A0 =10 = a3 A 11— [ A = 00 = ) A 1)

T

+ H [ M= 6700 = 45 0) A T = [ 1015020 ML= 07(0) = 65 00) A 1]

T

>

T

<2AT|l¢"—q"ll; + H /0 Lgrwrapao=xny AL (1— g () — g5 (u)) A 1] du

where the last inequality follows by applying Lemma A.5. Clearly, the first term above converges to zero a.s.
For the second term, we can write

” /0 1{q1’(u)+q£’(u):K"}A[(1 —qy(u) — g5 (u)) A1]du

= H f 1{q7(u)+q;’(u):xn}/\(1 —qy(u) — g5 (u)) du
T 0 T

=

[ Vattrsagiomen A= 41 0) = g30)) + g5 (0]

T

<17 O+ | [ N0+ 700" 1)~ 0" )

T
Vool T
+ - Nla (/ 1{q{’(u)+q§(u)<:("})\?(nqn(u)) du) + - ‘ Nld (/ :U“;L(nqn(u)) du)
n 0 T n 0 T
1 Vs ’ n 1 n
+ - N /0 Lign uytq )<y V1G5 (u) du . + - 18"(| 7,

where the last inequality follows from Equation (6) by dividing both sides by n and rearranging terms and
noting that ¢'(ng"(u)) = A(n — ngy(u) — ngs(u)) + vngi(u). As |g" —qlir, 4"(0) — gl = 0, we obtain
llg" — ¢"(0)||; — 0. Repeating the argument in the proof of Proposition 4.3(a), we obtain that the third, fourth,
fifth, and sixth terms converge to zero almost surely as well. The second term can be written as

lH [ X (ng" () + v (ng" () = i (ng" ()] d
0

T

- H [ 1A = ) = 450) + vai () — g ()] di

T

_ H [ 10+ 0@ — ai@) + 0~ D] d

<Q@A+p+v)Tq" — gl

T

As ||¢"—qlly — 0O, this term converges to zero almost surely. Thus, ¥* — 0 and using the fact that
lim,_ ¢ +/x(1+1log(AT/x)) =0 in Equation (B52), we obtain

1 a ! n n a t~n ~n
T2 B8 ottt ) =1 ([ o )| = o (B53)
Similarly,
n B’ O.l{q?(u)ﬂ;(u)(,(n}vnqg‘(u)du - B O.n(cig‘(u)/\l)vdu = 0,
n T
and, hence,
| e ] = o
— (M — )
Jn Fly




Randhawa and Kumar: Multiserver Loss Systems with Subscribers
172 Mathematics of Operations Research 34(1), pp. 142-179, © 2009 INFORMS

In a similar manner, we can show that

= 0, i=23.
T

1 (Ma,n [‘W"a,n)
\/Z i i

Similarly, we obtain ||(1//n)(M{"" — M"")|l; =0, i =1,2, 3. Hence,

T

We can mimic the argument used to derive Equation (B53) from Equation (B52) to obtain

= 0.

1
”\/ESHMT:%

t t
B ([ Vs ina @) ) = 52 [ Ki(ngr @) an)
Using these results in Equation (B51), we obtain for any & > 0

limsupP(||Q" — Q™| = &)

n—oo

<limsupP(|v/n(a" = &) + [V/n8" I + y(€)|[VnY"|l; = C;€)

n— oo

<limsup P(|v/n(a" — &)y = C3¢/3) +limsupP(||Vnd" || > C3£/3)

n— oo n—o0o

. S C3é
1 P Y|, >
+lim sup (II«/E 7= 3y(6))

= C
< 1imsupnm<||ﬁyn||T > i)
n—>00 3v(e)
where C; = ¢ ©T/C, and the weak convergence of the terms [ /n(a"—&")|,; and |+/n8"|, implies
limsup, ., P(|«/n(a" —a&")|l; > C;¢/3) =0 and limsup,_,  P(||«/n8"||; = C3¢/3) = 0. Further, noting that €
is arbitrary, we have:

~ ~ C
limsupP(||Q" — Q*"||; > &) <limlimsupP( |v/nY"|; > i€ )
n—oo [ UNIONY 3')/(6)

Now, comparing X" (defined in Equations (37)~(38)) with Z" defined in Equations (B28)—(B29), we have
/(X" —gq) — (k,,0,0) = Z", and thus we can write

i) = sup YEKIOHXE) — (ki Hho/ At (1) Z0)"
0<s<t m—+ )\1 0<s<t m+ )\]

Further, by Lemma B.8, Z" = Z*, where Z* is defined in Equations (46)~(49), and thus using the continuous
mapping theorem, we obtain /a[|Y"|; = /nY"(T) = sup,_,. (Z}(s) + Z5(s))"/(m + A,). This implies that

_ C
i (712 5365 ) =0

and we obtain limsup,_, . P(|| 0" — Q*"||; = £) =0. Thus, we have ||Q" — 0*"||; = 0 and the result follows. [
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B.3. Proof of results in §6.

B.3.1. Proof of Proposition 6.1. We shall prove that there exist constants f,, ¢, > O that are independent
of n such that for all sufficiently large n

sup {E[e'17" (1)l 1 §"(0) = 2] — €/[z]} < —/n.

ZERZXR, 1 ¢'|z]>co/n
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In addition, there exists 3, > 0 such that

limsup sup Elexp(nBy(¢'lq"(1)] — €'|z)*) | §"(0) =2] < oo (B54)

n—o0o  zeR2xR,

and

limsup sup n~'E[(e'|§" (15)] — €'z])* exp(n™""2 By (e1§" (1) — €'[z)*) | §"(0) = 2] < o0, (B55)

n—>o0  zeR2xR,

where § =R? x R, . Definition 6.1 then immediately implies the result.
We begin this proof by defining a fluid trajectory g”(-) that starts at ¢g"(0) and then obtaining bounds on the
deviations of the process ¢” from this fluid trajectory. Formally, ¢” is defined as follows.

q—n — q)nn (in)’

K

P =70+ [ 07" @) du

where @ is given by Equation (17) and 6(x,y,z) = (—(A 4+ w)x — (A — ¥)z, —uy, —vz). " satisfies the
following ordinary differential equation:

dqy - -
gf=A—@+MMr%A—ﬂ%,
dg; -
— =M
9
dt 3
. k "z
q (0)=q—(7%,0) -
which is solved by
_ — 2 +kyn/n 23
"()=q, — —(A t
70 =7 (g ep-(et )
23
————=——exp(—vt),

— _ z
H)=q- ;2 exp(—ut),
. z

20 =2 expl-v),

if v A+ . For the case v = A 4 u, the solution is given by

7 =7- ((ﬂ n t%) exp(~(\-+ )0, 2 exp(—a). %exp(—vz)) .
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The following result will be useful.

LeEmMA B.9. The following results hold.

limsup sup n'E[Ig" — 4", 1 §"(0) =z] < oo, (B57)
n—oo  zeR2xR,
limsup sup E[exp(n'”BylI7" — q"[l,,) | §"(0) = 2] < oo, (B58)

n—oo  zeR2xR,

limsup sup nE[|" — g" [, exp(n'?Bo 17" — ¢"ll,) | 3" (0) = 2] < oo (B59)

n—o  zeR2xR,
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ProoF. We will begin by demonstrating that Equation (B58) implies both Equation (B57) and Equation (B59).
To see this, for a fixed 8, > 0, choose C large enough so that exp(8,x) > x? > x for x > C. Replacing
n'?lg" — q"|,, by max(C, n'*||g" — ¢"|,,) to obtain that Equations (B59) and (B57) hold provided the following
holds:

limsup sup E[exp(2B,max(C, n*7" — ¢"l,)) | 3"(0) = 2] < oo,
n—oo  zeR2xR,
which holds if and only if Equation (B58) holds. Hence, we will focus on proving Equation (B58).
For i=1,2, 3, we have

P( sup exp(Bn' 137 (1) — g (O) = u | §"(0) = z)

0<r<ty

_ P( sup 170 — g (0] = B~'n~ P logu | 7(0) =z). (B60)

0<r<ty
Note that
sup g (1) —q/ (DI =llg" —¢"ll,, =< llg" —qll,, + ll¢" = all,,

0<t<ty

A
=< a(to)j% + bt e[l + c(2) 118" I,
for some constants a(t,), b(ty), c(,) > 0. We use Equation (B5) to bound ||¢" — g, and an analogous argument
to bound [|g" — g]|,,- Using this bound in Equation (B60), we obtain:

[I3’<0i1tlg exp(Bn'?|g/' (1) — g/ (1)) = u| §"(0) = Z)
< P(“(to)%

We will now use the strong approximation result to bound the terms [|a"||, and [|6"|, . First, define the inde-
pendent and identically distributed random variables X} = sup,_,(|N/(t) —t — Bi(t)|/log(2 V 1)), for i € {a, d}
and j=1,2, and X" = sup,_o(|N"(t) —t — B"(t)|/log(2 v )). Lemma A.l ensures that Ee™ < oo for 17 small
enough, where X = X}, Xr.

Observe that the definition of «” in Equation (14), the fact that ¢/ is bounded by definition, and the strong
approximation result imply that there exists a constant y > 0 such that ||n'?a"||, < (1//n) > (1B (yn-) I, +
1B (yn-)ll,) + (LI B (yn)l,, + (5, Xi + X)) log(2 v yntg)//n and [n128" ], < (1/</n)|[BE(yn)ll, +
2X¢log(2 Vv ynty)/+/n. This combined with the above relation suggests the following

P( sup exp(Bn' |7} (1) — g ()]) = u | 4" (0) = Z)

0<t<t,

+b(t)lla"|l,, +ct)[18"[l,, = B~ n""*logu| §"(0) = Z>.

1 N J , - B~ logu — Aya(ty)
< (S 00-+ ) (B )l + 18 rm)l,) 18 (o ) = EB el

+ P((b(to) +2¢(ty)) (i(x;‘ + X+ X

i=1
<5P <(b(l‘0) + c(to)) ||W(y')||zo > B_l log Mlg )\za(to))

B~ logu — Mya(ty) Vn
10 log(2 Vv ynt,)

) - B~ logu — Aya(ty) Vn )
- 2 log(2 v ynt,)

L5p ((b(m +2e(1)X{ >

< Cyexp(—c,(B ' logu—{)*) + K, @(I><—”f7(3_l logu — 5)%)7
0

where { = Aya(t,) and K, C;, ¢, are constants. W(-) is an independent, standard Brownian motion. The last
relation holds using tail bounds on the maximum of the Brownian motion and using Ee™! < oo for some 1 > 0.
Now,

f C,exp(—c, (B ' logu —{)*) du = f Cyu 1B (B oeu20) gy oo,
2 2
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where C, is a constant and the finiteness follows as for u > u, = exp(2{B +28%/c,), the exponent of u in the
above relation is less than —2. We also observe that

/e: K, exp(—n(ﬁ1 logu — {)m) du < oo.

This implies

limsup sup [E[ sup exp(n”zﬁo(czf’(t)—q{‘(t)ﬁ)|é"(0)=Z]

n—oo  zeR2xR, LO0s<i<i

- gﬁ 1 °°K _ _11 _ L 2
<e +H,,Iis;lp/ezﬁ lexp( n(B logu g)log(2vynt0) et

+lim sup sup [P’( sup (g/(t) — ¢ (1)t =B 'n"*logu| §"(0) = z) du
2

n—>00 zeR2xR | 0=<r=ty
< 00,
and, hence,

limsup sup E[exp(n'By(llg; —qi'll,)") | §"(0) = 2] < eo,

n—oo  {z:e'z>0}

which concludes the proof of Equation (B58). O
For the remainder of the proof, we shall assume v # A + u. The case v = A + u can be handled in an
analogous manner. Using Equation (B57), we obtain the existence of a constant C, > 0 such that

E[I[¢'|g" (1)] — €'|n(g — §"(19)) — (kan/n, 0)'[1] | §"(0) = 2]
<2nE[llg" —q"ll,, 1"(0) =2]
< G/n.

Combining this with Equation (B56), we obtain that

E[¢'|§"(10)] | §"(0) = 2] < Cov/n + |z)| exp(— (A + m)1o) + |2 exp(—puto)
———(exp(— (A + p)1,y) + exp(—vt
O ) exp(-v1)

+ 1k, [Vn(1 — exp(—(A + w)1,))
= ¢'|z] + Cyv/n — [z,|(1 = exp(=(A + w)1y)) = || (1 = exp(—puty))

sl (1 (30 + e\ ) +exp(-21) )
< el + G/ = (Ja ] + ) (1 = exp(—piy)

sl (1 (exp-v + (©xp(-0-+ ) +exp(-m) ) ).

- (exp(—wo) ;

1
A+up—v|

where 52 = C, + |k,|(1 — exp(—(A + w)t,)). Hence, choosing ¢, = (52 +3)/2 and 1, such that c,exp(—ut,)
<1 and cy(exp(—vty) + (1/(JA + p — v])) (exp(— (A + w)ty) + exp(—v1,))) < 1 and noting that ¢'|z] > c,/7,
we obtain
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E[¢'|§" (8] | §"(0) = 2] = €|z] = —/n.
To prove Equations (B54) and (B55), note that for any 8 > 0, the following relation holds.
n"'2B(e1q" (1) = €'|z1)" < n7'2B(e3" (15)| — €' In(q — §"(15)) — (kp+/n, 0,0)')*
+n~ 2B (g = 7" (1)) = (kv/n, 0,0)'| = €'z)*
<2n'"Blq" — q"ll,, + Blkal, (Bo1)

as Equation (B56) implies (¢'|n(q — q"(ty)) — (kya/n,0,0)'| — €'|z])* < |k,|+/n. This relation along with
Lemma B.9 completes the proof. [
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B.3.2. Proof of Proposition 6.2. Using Proposition 6.1 for 8, = ¢B,n"/? where 0 < ¢ < 1 is a constant,
we obtain

lim sup n_l/ZBan(Bn, ty) =limsupn~'cByL,(B,. 1) <1

n—oo n—o0o

for ¢ chosen sufficiently small.

Now, applying Lemma A.3 and using 8, = cByn~"/?

, we obtain for every s >0

1(Bn’ O)
—cBy/2

Equation (50) implies that there exists a sufficiently large n, > 0 and a constant ¢, > 0 such that L,(8,, %)) < ¢,
for n > n,. Then, for all s > 0 and all n > n;:

P (€'1"(0)]//n > 5) < ———"—2 exp(—cBy(s = ¢p))-

P (13" O)l/V/n > 5) = 755 exp(=cBo(s = ¢y). O

Bo/2

B.3.3. Proof of Proposition 6.4. Noting that O has continuous sample paths a.s., we obtain the weak
convergence of the finite dimensional distributions of 0" to that of Q by Theorem 7.8 in Chapter 3 of Ethier
and Kurtz [14]. Let {#"'} be a subsequence such that 7" = 7. Then, the finite dimensional distributions of Q"
with Q" (0) distributed as 7" converge weakly to that of 0 with Q(O) distributed as 7. As Q" with 0" (0)
distributed as 7" is stationary, so is Q with Q(O) distributed as 7, and the first part of the result follows.

Now, using Proposition 6.3, we obtain the existence of an invariant distribution for the diffusion process Q
To prove uniqueness, we will show that a discrete time version of 0 is Y-irreducible by first proving a similar
property for a related driftless process, and then arguing using Girsanov’s theorem. The uniqueness then follows
by applying Lemma A.4. The details are as follows.

Define Qf fori=1,2,3 by

OF (1) = 0,(0) + V2mBf (1) — my*(1), (B62)
0% (1) = 0,(0) + /22X, BF (1) — L, Y (1), (B63)
05(1)=0,(0) — [ w0 du+my* (o), (B64)

where BF and B¥ denote two independent standard Brownian motions defined on (Q 7,P) ~along with a
filtration {7,} and Y® is the nonnegative, nondecreasing, continuous process such that QR(t) —+ Q2 (t) <0 and
fO(QR(u) + OF(u))dY®(u) =0, Vi > 0, and Y®(0) = 0. The fact that Equations (B62)—(B64) has a unique
strong solution follows analogous to the proof of Lemma B.7, noting that the key difference between QR and
0 is that Q i =1,2 do not have any drift terms. Adding Equation (B62) and Equation (B63), and defining
B¥() = \/_BR(-) +/2A, B(-), we note that

(m+A)YR(#) = sup (¥, + %, + B (u))™. (B65)

O<u<t

Let A; denote the Lebesgue measure on the measurable space (R?, B(R?)), where %(R?) denotes the Borel
o-field on R®. For A € B(R?), define ¢(A) = A;(A N {(x,y,2): x +y <0,z > 0}). Further, define T, =
inf{z: |BR(¢)] > n} Ainf{z: |BX ()| > n} Ainf{s: YR(¢) > n}. Finally, let x denote any point that lies in the state
space, i.e., x € R* and X, + X, <0, X; > 0.
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LeEmMMA B.10.  For any sequence of time instants {t"} with t" 1 oo and A € B(R?), if ¢(A) > 0, there exist n,
J €N such that P(QR(t)) € A, T, > ¢ | Q(0) = %) > 0.

Proor. Using the mapping I': (x, y, z) — (x, x+y, z) for any x, y, z € R, it suffices to prove that P(I'Q% (/) €
TA, T, >t | Q(0) = %) > 0 if ¢(A) > 0. Using Equation (B65), we shall write Y&(¢) = (1/(m+ A,))LE(?),
where L*(t) = sup,_,,(X; + X, + B5(u))*. Thus, given 0(0) = x, TQR(1)=(%, + v2mBE(t) — m/(m + \,) -
LR(1), %, + %, + BR(t) — LR(1), Q% (1)), where Q(¢) is given in Equation (B64).

Assume t° = 0 without loss of generality. It suffices to consider the case where there exists (z,, 2, 23) €
I'A such that z, <0, z; > 0, and for some 6 > 0, A=[z,—8,2,+ 8] x [z, — 8,2, + 8] x [z5 — 6,25 + 6]
C TA. Note that we can write QX(r) = &e™' + (m/(m+)\ D(LR(t) — ve™ [ LR(s)e™ ds). So, there
exist €,y; > 0 with € < §/2 and y; > €, and #/ > € such that L*(e) € [y; — €,y; + €] and LR(#) <
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LR(€) + 6/2 ensures QF(1/) € [z; — 6,25 + 6]. Choose any n > (|%,|+ |z,| 4 y; +3(8/2) +€)/v/2m +
(X + %[+ ]zl +y; + 0+ €)/(V2m+/24)) + (y3 + 8 + €)/(m + A). So, we can write

P(IO*(t) € A, T, = 1| 0(0) = %)
= P(% + V2mBI (1) €[z, = 8+ (vy + € +8/2)m/(m+ ), 2, + 8+ (5 = €m/(m+ 1)1,
L+5+BI(Y) €2, -8/2+y3+€,2,+ 84 y; — €], L¥(€) € [y; — €, y; + €], LF (') < L*(e) + 8/2,

181 < . 1Bl < n)

_ P(x, L IMBR() € [2y — 84 (vs + €+ 8/2m/(m+ Ay). 21 4+ 8+ (v — )m/(m+ A,)],
X+ %, +BY () €[z, —8/2+y;+€,2,+ 8+ y; — €], sup (X, +%,+ By (u))" € [y;— €, y; +€],

O<u<e

sup (%, +%, + By ()" < sup (%, + 3%, + By ()" +8/2, | Bf[l; < n. || By, < n)

O<u<ti O<u<e
= P()El +V2mB{ () € [2,,, 2,] Xy + %, + B (1) € [2y), 2], X + %, + BY (€) € [y3 — €, y; + €],

1%+ % + B{ ()l < ys +e€. sup Bi(u) < Bi(e) +8/2, || B[l <n, ||B§||[f§n>, (B66)

e<u<t/

where Z;; =z, =0+ (3 +€+6/2)m/(m+ X)), 2, =2, + 8+ (y; —€)m/(m+ X)), 2y =2, —§/2+ y; + €,
2, =2, + 6 + y; — €. Then, there exist h,, h, € Cx[0, 00), the space of R-valued continuous functions, and n > 0
such that

X +V2mhy (1) € (2,1, 21), X+ Xy +2mhy (1) + /20,1y () € (231, 20)s
X+ X+ V2mhy(€) + /2 hy(€) € (y3 — €, y; +€), X, + %, +vV2mhy + 22 by || < y; + €,
sup (v2mhy(u) +/2Ahy(u)) < ~2mh (€) ++/2Ahy(€) +68/2, ||yl <n, [Ihy,; <n,

e<u<t/
and for any realization € Q) such that max,_, , | Bf — ||, <1, we have

X+ V2mBR () € [2,1, 21,), X 4%+ BY (1) € (201, 200 X+ %4 B (€) €[y; — €, y; + €],
% + %+ Bf (). <ys +e, sup BY(u) <Bf(€)+8/2, |Bfl,<n. Bl <n.

e<u<t/ -
Combining this with Theorem 5.4 of Durrett [12] in Equation (B66), we obtain

P(TO*() e A, T,>+|0(0)=%)>0. O

s tp

LeEmMMA B.11. For every n =1,2, ..., there exists a probability measure P, such that for the processes
defined by:
B/(1)=Br(I AT, L " Mw=nor A 0% (u) +ky)]d d B67
t) = tAT,) — — Vv — u)—(A+ u)+ u, an
() =B (tAT,) «/ﬁfo [(v =) Q5 (1) — (A4 ) (Qy (1) + k)] (B67)
R 1 tnT, ~p
By(N=BEIAT) ——= [ (= p0¥(w) du, (B68)
21, Y0

{(B (1), By(1)), F,; t > 0} is a two-dimensional standard Brownian motion stopped at T, on (Q, Fy ,P,). Fur-
ther, for each n=1,2, ..., the measures P, and P are mutually absolutely continuous.

PrROOF.  For convenience, denote X{(f) = (1/32m)[(v — M) OR(1) — (A + w)(Q%(¢) + k,)] and XF(r) =
(1/y/20,) (A, — wOX(1)). Define

2 INT, 1 pinh
2ot ity =esn( [ Xt ant - 5 [T (EOF + (ko) i)
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and Z(X*, T,) =lim,_ Z(X®,t AT,). Define [?; on (Q, F; ) by

dP’
—=z(XR, T).
P ( )

As Z(X® t AT,) is an L*-bounded martingale, applying the Cameron-Martin-Girsanov theorem (cf. Theo-
rem 38.5 of Rogers and Williams [36]) completes the proof. [

LEmMA B.12.  For any sequence of time instants {t"} with t" 1 oo, the Markov chain o" = Q(t”’) is
Y-irreducible.

PrOOF. Pick any set A € B(R?) such that ¢(A) > 0. We prove that there exists j € N such that P( Q(tj JeA|
0(0) = X) > 0. Then, applying Theorem 4.0.1 of Meyn and Tweedie [30], the result follows.

Applying Lemma B.10, we obtain the existence of some 7, j € N such that P(Qf (/) € A, T, = #/ | Q(0) =
X) > 0. Let P, be the measure obtained in Lemma B.11. Then, as [/ and [P are mutually absolutely continuous,
we obtain

P (0" (t) € A, T, = 7] 0(0) = %) > 0. (B69)
Note that for r < T, and B,, B, as in Equations (B67)-(B68), we can rewrite Equations (B62)—(B63) as

01(1) = 0,(0)+ 2B (1) = —— [0 = MO(W) = A+ )(DF @)+ ko) du = m¥ ().
~ ~ 1 t ~
01(1)= 0:(0) + VIR B (1) + —== [ (4= wOI () du= A Y*(0).

Now, using Lemma B.11 along with the fact that Equations (22)—(24) has a unique strong solution, this implies
that {QF(1): 0 <t < T,} under the measure [ has the same law as {0(t): 0 <1 <T,) under the measure P.
Thus, we have P/ (Q%(¢/) € A, T, > t/ | 0(0) = ¥) = P(Q(+/) € A, T, > t/ | 0(0) = %), which combined with
Equation (B69) gives us P(Q(+/) € A, T, >t/ | 0(0) = x) > 0, and the result follows. [

The desired uniqueness now follows by applying Lemmas B.12 and A4. O
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